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Preface 
The emergence of organic chemistry as a scientific discipline heralded a new era in human develop 

ment. Applications of organic chemistry contributed significantly to satisfying the basic needs for food, 
clothing and shelter. While expanding our ability to cope with our basic needs remained an important 
goal, we could, for the first time, worry about the quality of life. Indeed, there appears to be an excellent 
correlation between investment in research and applications of organic chemistry and the standard of liv- 
ing. Such advances arise from the creation of compounds and materials. Continuation of these contribu- 
tions requires a vigorous effort in research and development, for which information such as that provided 
by the Comprehensive series of Pergamon Press is a valuable resource. 

Since the publication in 1979 of Comprehensive Organic Chemistry, it has become an important first 
source of information. However, considering the pace of advancements and the ever-shrinking timeframe 
in which initial discoveries are rapidly assimilated into the basic fabric of the science, it is clear that a 
new treatment is needed. It was tempting simply to update a series that had been so successful. However, 
this new series took a totally different approach. In deciding to embark upon Comprehensive Organic 
Synthesis, the Editors and Publisher recognized that synthesis stands at the heart of organic chemistry. 

The construction of molecules and molecular systems transcends many fields of science. Needs in 
electronics, agriculture, medicine and textiles, to name but a few, provide a powerful driving force for 
more effective ways to make known materials and for routes to new materials. Physical and theoretical 
studies, extrapolations from current knowledge, and serendipity all help to identify the direction in which 
research should be moving. All of these forces help the synthetic chemist in translating vague notions to 
specific structures, in executing complex multistep sequences, and in seeking new knowledge to develop 
new reactions and reagents. The increasing degree of sophistication of the types of problems that need to 
be addressed require increasingly complex molecular architecture to target better the function of the re- 
sulting substances. The ability to make such substances available depends upon the sharpening of our 
sculptors’ tools: the reactions and reagents of synthesis. 

The Volume Editors have spent great time and effort in considering the format of the work. The inten- 
tion is to focus on transformations in the way that synthetic chemists think about their problems. In terms 
of organic molecules, the work divides into the formation of carbon-carbon bonds, the introduction of 
heteroatoms, and heteroatom interconversions. Thus, Volumes 1-5 focus mainly on carbon-carbon bond 
formation, but also include many aspects of the introduction of heteroatoms. Volumes 6-8 focus on 
interconversion of heteroatoms, but also deal with exchange of carbon-carbon bonds for carbon- 
heteroatom bonds. 

The Editors recognize that the assignment of subjects to any particular volume may be arbitrary in 
part. For example, reactions of enolates can be considered to be additions to C-C n-bonds. However, 
the vastness of the field leads it to be subdivided into components based upon the nature of the bond- 
forming process. Some subjects will undoubtedly appear in more than one place. 

In attacking a synthetic target, the critical question about the suitability of any method involves selec- 
tivity: chemo-, regio-, diastereo- and enantio-selectivity. Both from an educational point-of-view for the 
reader who wants to learn about a new field, and an experimental viewpoint for the practitioner who 
seeks a reference source for practical information, an organization of the chapters along the theme of 
selectivity becomes most informative. 

The Editors believe this organization will help emphasize the common threads that underlie many 
seemingly disparate areas of organic chemistry. The relationships among various transformations 
becomes clearer and the applicability of transformations across a large number of compound classes 
becomes apparent. Thus, it is intended that an integration of many specialized areas such as terpenoid, 
heterocyclic, carbohydrate, nucleic acid chemistry, etc. within the more general transformation class will 
provide an impetus to the consideration of methods to solve problems outside the traditional ones for any 
specialist. 

In general, presentation of topics concentrates on work of the last decade. Reference to earlier work, 
as necessary and relevant, is made by citing key reviews. All topics in organic synthesis cannot be 
treated with equal depth within the constraints of any single series. Decisions as to which aspects of a 
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X Preface 

topic require greater depth are guided by the topics covered in other recent Comprehensive series. This 
new treatise focuses on being comprehensive in the context of synthetically useful coIIccpts. 

The Editors and Publisher believe that Comprehensive Organic Synthesis will serve all those who 
must face the problem of preparing organic compounds. We intend it to be an essential reference work 
for the experienced practitioner who seeks information to solve a particular problem. At the same time, 
we must also serve the chemist whose major interest lies outside organic synthesis and therefore is only 
an occasional practitioner. In addition, the series has an educational role. We hope to instruct experi- 
enced investigators who want to learn the essential facts and concepts of an area new to them. We also 
hope to teach the novice student by providing an authoritative account of an area and by conveying the 
excitement of the field. 

The need for this series was evident from the enthusiastic response from the scientific community in 
the most meaningful way - their willingness to devote their time to the task. I am deeply indebted to an 
exceptional board of editors, beginning with my deputy editor-in-chief Ian Fleming, and extending to the 
entire board - Clayton H. Heathcock, Ryoji Noyori, Steven V. Ley, Leo A. Paquette, Gerald Pattenden, 
Martin F. Semmelhack, Stuart L. Schreiber and Ekkehard Winterfeldt. 

The substance of the work was created by over 250 authors from 15 countries, illustrating the truly in- 
ternational nature of the effort. I thank each and every one for the magnificent effort put forth. Finally, 
such a work is impossible without a publisher. The continuing commitment of Pergamon Press to serve 
the scientific community by providing this Comprehensive series is commendable. Specific credit goes 
to Colin Drayton for the critical role he played in allowing us to realize this work and also to Helen 
McPherson for guiding it through the publishing maze. 

A work of this kind, which obviously summarizes accomplishments, may engender in some the feel- 
ing that there is little more to achieve. Quite the opposite is the case. In looking back and seeing how far 
we have come, it becomes only more obvious how very much more we have yet to achieve. The vastness 
of the problems and opportunities ensures that research in organic synthesis will be vibrant for a very 
long time to come. 

BARRY M. TROST 
Palo Alto, California 
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1.1 
Ene Reactions with Alkenes as 
Enophiles 
BARRY B. SNIDER 
Brandeis University, Waltham, MA, USA 

1.1.1 INTRODUCTION 
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1 J.2.2.1 Thermal reactions 
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1 . I  .2.3 Allenes as Enes or  Enophiles 

1.1.3 INTRAMOLECULAR REACTIONS: ALKENES AS THE ENE COMPONENT 

1.1.3.1 .I Unactivated enophiles 
1 J.3.1.2 Activated enophiles 

1 .I .3.1 Formation of I-Vinyl-2-alkylcyclopentanes fr-orn 1 &Dienes 

1 . I  .3.2 Formation of 1 -Vinyl-2-alkylidinecyclopentanes from 1,6-Enynes 
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1.1.1 INTRODUCTION 

The thermal reaction of an alkene having an allylic hydrogen (an ‘ene’) with a compound containing a 
double or triple bond (enophile) to form a new bond with migration of the ene double bond and 1.5-hy- 
drogen shift is referred to as the ene reaction (equation 1). The ene reaction is mechanistically related to 
the much better known Diels-Alder reaction since both reactions can be concerted, proceeding through 
cyclic transition states involving six Stepwise ene reactions proceeding through either a di- 
radical or zwitterionic intermediate are also known. Ene reactions proceed most readily when the eno- 
phile, like the dienophile in a Diels-Alder reaction, is electron deficient. Similarly, the ene, like the diene 
in the Diels-Alder reaction, should be electron rich. Although the exact order depends upon the enophile 
and reaction conditions, the relative reactivity of alkenes as ene components has typically been found to 
be 1,l-di- > tri- > tetra- >> mono- > 1,2-disubstituted. Unfortunately, ene reactions typically occur at 
higher temperatures than related Diels-Alder reactions, limiting the synthetic utility of the ene reaction. 

As in the Diels-Alder reaction, Lewis acid catalysis dramatically increases the rates of some ene re- 
actions. Complexation of a Lewis acid to an a,@-unsaturated ketone, aldehyde or ester makes the double 
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bond more electron deficient, thereby accelerating the ene reaction and making these reactions more 
synthetically ~sefu1.6,~ Recent investigations suggest that at least some of these Lewis acid catalyzed ene 
reactions are stepwise rather than concerted but that the intermediate bears more resemblance to a 
wcomplex than to an open zwitterionic 

Coverage in this chapter is restricted to the use of alkenes or alkynes as enophiles (equation 1; X = Y = 
C) and to the use of ene components in which a hydrogen is transferred. Coverage in Sections 1.2 and 1.3 
is restricted to ene components in which all three heavy atoms are carbon (equation 1; Z = C). Thermal 
intramolecular ene reactions of enols (equation 1; Z = 0) with unactivated alkenes are presented in Sec- 
tion 1.4. Metallo-ene reactions are covered in the following chapter. Use of carbonyl compounds as eno- 
philes, which can be considered as a subset of the Prins reaction, is covered in depth in Volume 2, 
Chapter 2.1. Addition of enophiles to vinylsilanes and allylsilanes is covered in Volume 2, Chapter 2.2, 
while addition of enophiles to enol ethers is covered in Volume 2, Chapters 2.3-2.5. Addition of imines 
and iminium compounds to alkenes is presented in Volume 2, Part 4. Use of alkenes, aldehydes and ace- 
tals as initiators for polyene cyclizations is covered in Volume 3, Chapter 1.9. Coverage of singlet 
oxygen, azo, nitroso, S-N, S=O, Se=N or S e = O  enophiles are excluded since these reactions do not 
result in the formation of a carbon-carbon bond. 

Intermolecular reactions will be presented first, followed by intramolecular reactions. Coverage will be 
organized by the nature of the enophile, The emphasis will be on material published since the field has 
been r e ~ i e w e d , ' - ~ J ~ . ~ ~ '  and on examples demonstrating the stereo-, regio- and chemo-selectivity of these 
reactions. 

1.1.2 INTERMOLECULAR REACTIONS 

1.1.2.1 Electron Deficient Alkenes as Enophiles 

1 .I .2.1 .I Thermal reactions 

Alkenes are relatively unreactive as enophiles in thermal ene reactions.' Maleic anhydride is the most 
generally used enophile of this class. Arnold and Showell showed that @-pinene reacts at 140 'C with 
maleic anhydride, dimethyl maleate, dimethyl fumarate and methylenemalonic esters to form mixtures of 
ene adducts.12 Berson and coworkers found that maleic anhydride reacts with cis-2-butene to give an 
85:15 mixture of (2a) and (5a).13 The major product (2a) is formed from endo transition state (la) with 
the carbonyl groups toward the ene component. The minor product (5a) is formed from ex0 transition 
state (4a) with the carbonyl groups away from the ene component. Similar results are obtained with cy- 
clopentene. On the other hand, truns-2-butene reacts with maleic anhydride to give a 57:43 mixture of 
(5a), formed from endo transition state (6a), and (2a) formed from ex0 transition state (3a). Hill and 
Rabinowitz demonstrated that ene reaction of an optically active ene component with maleic anhydride 
leads to optically active products, suggesting that the reaction is ~oncerted. '~ Friedrich et al. established 
that the ene reaction of deuterated 2,3,3-trimethyl- 1 -butene with maleic anhydride proceeds through cis 
addition of the 'ene' component and deuterium to the maleic anhydride double bond.I5 Hill and cowor- 
kers found that a hydrogen is abstracted exclusively from the face opposite the gem-dimethyl bridge and 
that a 3:l mixture of endo and ex0 isomers is formed in the thermal ene reaction of @-pinene with maleic 
anhydride.16 The effect of substituents on maleic anhydride on the scope of the ene reaction has been 
examined,I7 and competing free-radical pathways have been proposed for ene reactions of maleic anhy- 
drides with monounsaturated fatty acids.18 As part of a comprehensive study of ene and retro-ene re- 
actions of organosilanes and organogermanes, Dubac and Laporterie found that maleic anhydride 
undergoes thermal ene reactions with allyltimethyl-silane or -germane at 200 'C to give vinyl-silanes or 
-germanes.lg 

Dwyer et ~ l .  have determined rates of reactions and energy and entropy of activation for the ene re- 
actions of maleic anhydride with a series of terminal alkenes and cis- and trans-5-de~ene.2~ Nahm and 
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Cheng have used I3C NMR to determine the regioselectivity, endolexo selectivity and cisltruns selectiv- 
ity of the thermal ene reaction (200 "C, 16 h) of maleic anhydride with all nine decenes.21 Their results, 
which are consistent with those of Berson described above,13 can be summarized as follows: (1) maleic 
anhydride adds preferentially, but with only modest selectivity, to the less-hindered end of the double 
bond; (2) starting from a cis-alkene there is a > 6: 1 preference for the endo transition state (lb) leading to 
the threo isomer (2b) with a trans double bond exclusively; (3) starting from a trans-alkene there is only 
a -1.5:l preference for the endo transition state (6b) leading to the eyrthro isomer (5b) as a 4.2:l mixture 
of trans and cis isomers. Despite its reactivity, tetracyanoethylene has only rarely been used as an eno- 
phile.22 

Alkenes containing only a single electron-withdrawing group have seen little use as enophiles in ther- 
mal reactions. A DuPont group demonstrated that thermal ene reactions occur between enophiles such as 
methyl vinyl ketone, methyl acrylate, methyl methacrylate and acrylonitrile and simple alkenes on heat- 
ing at 200-300 "C for 0.15-9 h.23 Reaction of methyl acrylate with isobutene gives the ene adduct in 
46% yield, while reaction of methyl acrylate with 1-butene affords the ene adduct in only 8.5% yield. 
Under some conditions the initially formed ene adduct reacts as the ene component with a second molec- 
ule of enophile to give a 2:l adduct. Alder and von Brachel found that reaction of excess propene with 
methyl acrylate at 230 "C for 40-50 h gives a 7: 1 mixture of regioisomeric ene adducts (7a) and (8a) in 
30% yield.24 Similar reaction with 1-heptene provides a 3: 1 mixture of ene adducts (7b) and (8b) in 35% 
yield. Monoactivated enophiles not only are relatively unreactive but give mixtures of regioisomers in 
thermal ene reactions. 

- 
C02Me 

R x,H /;CoZMe 230°C RocozMe + 

(7) a : R = H  c: R = n-C3H7 
b: R = n-C,H, d: R = n-C5H,, 

More recently, Wolinsky has shown that acryloyl chloride reacts with P-pinene at only 70 "C for 2 d to 
give ene adduct (9a) in 84% yield.25 These atypically mild conditions for a thermal ene reaction result 
from the powerfully electron-withdrawing chlorocarbonyl group making acryloyl chloride a reactive 
enophile and the strained electron-rich exomethylene double bond making P-pinene the most reactive 
readily available ene component. P-Pinene reacts with acrolein on heating at 140 'C to give ene adduct 
(9b) in 30% yield.26 Nitroethylene polymerizes very readily but does undergo an ene reaction with p- 
pinene in low yield on heating at reflux in benzene for 16 h.27 Mehta and Reddy report that limonene 
reacts with acrylonitrile and methyl acrylate at 200 'C for 12-24 h to give the ene adducts (loa) and 
(lob) in 25 and 45% yield, respectively.28 Vinyltrichlorosilane reacts as an enophile with terminal al- 
kenes and cycloalkenes at 250 'C for 48 h to give ene adducts in 60% yield.', 



4 

0 

1.1.2.1.2 Lewis acidcatulyzed reactions 

(i) Acrylate esters 

Ene Reactions 

0 

(9a) X = C1 
(9b) X = H 

(loa) X = CN 
(lob) X = C02Me 

I n ~ k a i * ~  and SniderM first demonstrated that Lewis acids could be used to catalyze ene reactions of 
non-aldehyde enophiles. Inukai reported that reaction of l-hexene, methyl acrylate and AlCb for 3.5 h at 
150 'C gives ene adduct (7c) in 39% yield.29 Snider found that reaction of methylenecyclohexane than 
methyl acrylate in benzene in the presence of 0.1 equiv. of AlC13 for 48 h at 25 'C gives ene adduct (11) 
in 70% yield?O Ene adducts could be obtained from the AlC13 catalyzed reaction of methyl acrylate and 
reactive 1,l-disubstituted alkenes, although 2:l adducts were also formed in some cases. Two g r ~ u p s ~ ' . ~ ~  
reexamined these Lewis acid catalyzed ene reactions in response to Sands' erroneous report that alkenes 
and methyl acrylate undergo Lewis acid catalyzed [2 + 21  cycloaddition^.^^ Beckwith found that AlCb 
catalyzed reaction of isobutene or 2,3-dimethyl-2-butene with methyl acrylate in benzene gives only the 
expected ene adducts.32 In dichloroethane-nitromethane the initial products undergo isomerization or re- 
arrangement. Greuter and Bellus obtained ene adducts from AlC13 catalyzed reaction of methyl acrylate 
with isobutene, 2-methyl-2-butene or 2,3-dimethyl-2-butene in dichloroethane-nitromethane with careful 
control of reaction conditions to prevent isomerization of the double bond in the initially formed pro- 
d u c t ~ . ~ ~  herrnark and Ljungqvist found that ene reaction of 1-octene with methyl acrylate could be cata- 
lyzed by a AlClflaClKCl eutectic at 100 'C for 16 h to give the expected ene adduct (7d) in 40% yield 
as an 86: 14 (@:(a mixture.34 

0 0 
(11) 

Lewis acid catalyzed ene reactions of methyl acrylate with alkenes are regiospecific, giving only ad- 
duct (7), in marked contrast to the thermal reactions which give mixtures of adducts (7) and (8). Com- 
plexation of a Lewis acid to the acrylate ester makes the double bond electron deficient and polarizes it 
so that reaction with the alkene occurs only at the more electron deficient P-carbon of methyl acrylate. 

More highly functionalized products can be obtained, often in better yield, by the ene reaction of a- 
substituted acrylate esters.'"' EtAlClz is a more effective catalyst than AlCh for these reactions because 
it is a Bransted base as well as a Lewis acid? The EtAlC12 catalyzed reactions of methyl a-bromo- and 
a-chloro-acrylate with ?runs-1 ,a-disubstituted and trisubstituted alkenes are both regio- and stereo-spe- 
~ i f i c . ~ ~ . ~ ~  The major product (13a; 85-95%) is formed via transition state (12a) in which the methoxycar- 
bony1 group is endo.35.36 The stereochemistry of the major adduct was established by the stereospecific 
conversion of (13a) to both diastereomers of (i)-2-amino-4-methyl-5-hexenoic acid38 and confirmed by 
X-ray crystallographic analysis in a related system.39 
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(12a) R = H 
(12b) R = Et 

X = Br, CI (13a) R = H 
(13b) R = Et 

The selective formation of the ene adduct with the methoxycarbonyl group endo is analogous to the 
endo selectivity usually observed in the Diels-Alder reaction, probably for similar electronic reasons. 
With 1 ,Zdisubstituted and trisubstituted alkenes the endo selectivity of this ene reaction controls the 
relative stereochemistry of two centers in a 1,3-relationship. Since attempted thermal ene reactions of 
methyl a-haloacrylates give only polymer, the effect of the Lewis acid on the stereochemistry cannot be 
determined. 

The ene reactions of a-haloacrylate esters with trisubstituted alkenes are also regiospecific. Transfer of 
a hydrogen occurs predominantly (%loo%) from the alkyl group syn to the vinylic hydrogen to give 
(13b). This appears to be due to steric interaction of the ex0 substituent on the acrylate with the substi- 
tuent on the less-substituted end of the ene component, which is minimized if the substituent is hydrogen 
(12b) rather than carbon (14). This steric interaction is responsible for the failure of this ene reaction 
with cis-1,Zdi- and tetra-substituted alkenes. This regioselectivity is general, although there is also a 
competing preference for the formation of the more stable, more highly substituted double bond?5.36 

K 
1 

Similar results are obtained with methyl methacrylate, methyl a-acetamidoacrylate, methyl a-bromo- 
methylacrylate and dimethyl i t a ~ o n a t e . ~ ~  Those acrylates with electron-withdrawing a-substituents such 
as chloro or bromo are somewhat more reactive than methyl acrylate, while those with electron-releasing 
a-substituents such as methyl are less reactive with methyl acrylate. In an attempt to extend the scope of 
the ene reaction, acrylates containing a strongly electron-withdrawing a-substituent were examined. Tri- 
methyl a-phosphonoacrylate undergoes EtAlC12 catalyzed ene reactions in high yield at 0 'C with most 
classes of alkenes.40 The adducts are useful reagents for the phosphonate modification of the Wittig re- 
action. On the other hand, methyl a-cyanoacrylate undergoes Me2AlCl catalyzed reactions to give a 
zwitterion which reacts further to give a complex mixture of ene adducts, cyclobutanes, dihydropyrans 
and 2: 1 adducts!' 

A particularly elegant application of these ene reactions is the elaboration of functionalized steroid 
side chains with the natural stereochemistry at C-20 from (Z)-A'7(20)-pregnenes (16) and (18) by Usko- 
kovic and  coworker^.^^,^^ EtAlCl2 catalyzed ene reaction of (16) with methyl acrylate occurs selectively 
from the a face to give 25-hydroxycholesterol precursor (17) with the natural stereochemistry at C-20.39 
An additional equivalent of EtAlC12 must be used to complex any basic functional groups, e.g. acetate, 
on the steroid nucleus. For instance, reaction of (18) with methyl acrylate and 3 equiv. of EtAlC12 in 
CH2C12 for 3 d at 25 'C gives chenodeoxycholic acid precursor (19) in 72% yield?* Lewis acid catalyzed 
ene reactions of methyl propiolate can also be used to introduced functionalized steroid si&  chain^.^^.^ 
Reaction of methyl propiolate with (E)-A17(20)-pregnenes gives an ene adduct with the unnatural stereo- 
chemistry at C-20.45 

(ii) cY,PUnsaturated ketones and aldehydes 
ZnCh catalyzed ene reaction of methyl vinyl ketone and acrolein with P-pinene in ether at 25 'C gives 

the expected ene adducts in 62% and 32% yields, respectively?0 Methyl vinyl ketone is reported to 
undergo AlCb catalyzed ene reactions with limonene, carvone and perillaldehyde.28 Although Lewis 
acid catalyzed ene reactions of acrolein and methyl vinyl ketone with alkenes are probably general, the 
initial products often cannot be isolated since the unsaturated'carbonyl compound undergoes an intra- 
molecular Lewis acid catalyzed type I1 ene rea~tion!~.~' 
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Reaction of alkylidenecyclohexanes with acrolein derivatives and Me2AlCl generates unsaturated al- 
dehydes (20; R' = H) which cannot be isolated but undergo type I1 intramolecular ene reactions to give 
(21; R' = H)."6 Reaction of alkylidenecyclohexanes with methyl vinyl ketone derivatives gives (20 R' = 
Me) which can be isolated if the reaction is carried out at -20 'C but cyclize at 25 "C to give (21; R' = 

Similar results have been obtained with alkylidenecyclopentane~~~ and 2- and 3-substituted 
methylenecycloalkane~?~ 24-Oxocholesteryl acetate has been synthesized from (Z)-5,17(20)-pregnadi- 
enyl-3P-acetate by reaction with isopropyl vinyl ketone and 2 equiv. of MezAlCl at 25 'C to give the ene 
adduct in 46% yield followed by hydrogenation of the C( 16)--C( 17) double bond over Pt/C.46 In this 
case a type I1 intramolecular ene reaction is precluded by the absence of allylic ring hydrogens. 

Lewis acid complexes of @-substituted a,@-unsaturated ketones and aldehydes are unreactive toward 
alkenes. Crotonaldehyde and 3-penten-2-one cannot be induced to undergo ene reactions like acrolein 
and methyl vinyl ketone. The presence of a substituent on the @-carbon stabilizes the enal- or enone- 
Lewis acid complex and sterically retards the approach of an alkene to the @-carbon. However, Snider et 
af .  have found that a complex of these ketones and aldehydes with 2 equiv. of EtAlClz reacts reversibly 
with alkenes to give a zwitterion (22)."8 This zwitterion, which is formed in the absence of a nucleophile, 
reacts reversibly to give a cyclobutane (23) or undergoes two 1 ,2-hydride or alkyl shifts to generate irre- 
versibly a @,@-disubstituted-a,@-unsaturated carbon compound (24). 

1.1.2.2 Electron Deficient Alkynes as Enophiles 

1 .I 6.2.1 Thermal reactions 

Acetylenedicarboxylic ester, propiolic esters and dicyanoacetylene react with unactivated ene compo- 
nents below 200 0C.1*24 Isobutene undergoes ene reactions with dimethyl acetylenedicarboxylate 
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(DMAD), methyl propiolate or l,l,l-trifluoropropyne or hexafluoro-2-butyne at 145-250 'C.49 Ene re- 
actions with DMAD give only one product, while reactions with methyl propiolate give mixtures of re- 
gi0isomers.2~ Reaction of methyl propiolate with 1 -heptene for 30 h at 200 'C gives a 4: 1 mixture of 
(25a) and (26a) in 30% yield. Similar reaction with isobutene gives a 94:6 mixture of (25b) and (26b) in 
50% yield.24 Reaction of limonene with methyl propiolate for 24 h at 160 "C gives the ene adduct in 70- 
80% yield.?* 

C0,Me 

HCECC0,Me R' c C O z M e  + Rl& 

RZ R2 

R' 

(25) a: R' = H, R2 = Bu (26) 
b: R' = Me, R2 = H 

Alder and Bong discovered a tandem ene/intramolecular Diels-Alder reaction in which 1 ,Ccyclohexa- 
diene reacts with DMAD at 185 "C to give ene adduct (27a). which reacts further to give intramolecular 
Diels-Alder adduct (28a)?0*51 Recent studies by Giguere optimized the conditions for this reaction and 
extended it to monoactivated  alkyne^.^' 1 ,CCyclohexadiene reacts with methyl propiolate, propiolic acid 
or 3-butyn-2-one at 350 'C (or at 220 'C in the presence of ZnCl2) to give (ab) in 30-70% yield. The 
formation of (28b) indicates that ene adduct (27b). rather than the expected ene adduct (29b), is formed. 
This surprising result may be due to the formation of both ene adducts and competing retro-ene and 
Diels-Alder reactions. Alternatively, the selective formation of (27b) may result from a change in mech- 
anism of the ene reaction. The second double bond of a diene does not lower the activation energy in a 
'normal' concerted ene reaction, leading to (29b) in which carbon-carbon bond formation is more ad- 
vanced than hydrogen transfer in the transition state. The second double bond of the diene will lower the 
activation energy for an 'abnormal' ene reaction in which hydrogen transfer is more advanced than carb- 
on-carbon bond formation in the transition state. Adduct (27b) is the expected product of such an 'ab- 
normal' ene reaction. Similar factors may be responsible for the selective formation of the unexpected 
regioisomer in the ene reaction of acrylonitrile with ergosteryl acetate.52 

1.1.2.2.2 Lewis acid catabzed reactions 

Snider demonstrated that AlCb catalyzed reactions of methyl propiolate with a wide variety of alkenes 
give good yields of 1 : 1 adducts?s55 1,l-Disubstituted, trisubstituted and tetrasubstituted alkenes give ex- 
clusively ene adducts (30) (equation 2). 1 ,ZDiubstituted alkenes give exclusively cyclobutenes formed 
by stereospecific [2 + 21 cycloaddition (equation 3). Monosubstituted alkenes give mixtures of ene ad- 
ducts and cyclobutenes. EtAlC12 in CHzClz was found to be a more effective catalyst for this reaction 
since it can act as a proton scavenger as well as a Lewis acid.% Optimal yields are usually obtained with 
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(27) (28) 

a: R = C02Me, X = OMe 
b: R = H, X = OMe, OH, Me 

&cox 

(29) 

close to 1 equiv. of catalyst since the product a,P-unsaturated ester is more basic than methyl propiolate 
and complexes preferentially to the Lewis acid. Functionalized alkenes containing nonbasic functional 
groups are suitable substrates. Alkenes containing more basic functional groups are suitable substrates if 
an additional equivalent of Lewis acid is used for every basic site." Similar results are obtained in ZnClz 
catalyzed reactions of 3-butyn-2-0ne,'~ and EtAlC12 catalyzed reactions of ethynyl p-tolyl sulfone57 with 
alkenes. 

C02Me 25 "C 
n 

C02Me 

AICI, or EtAICI, 

CO2Me 25 "C 
(3) 

Lewis acid catalyzed ene reactions with methyl propiolate have been used for the construction of ste- 
roid side chains,"345 and for the synthesis of the A1 component of the female sex pheromone of the Cali- 
fornia red scale?* AlCb catalyzed [2 + 21 cycloadditions of methyl propiolate have been used for the 
synthesis of inside-inside bicyclics and [ lO]paracy~lophanes?~ An intramolecular version of this cy- 
cloaddition has been used in the construction of coronofacic acid.60 

Good yields of 1:l adducts have also been obtained from Lewis acid catalyzed reactions of methyl 
chloropropiolate or DMAD with alkenes.614 With methyl chloropropiolate, cyclobutenes are obtained 
exclusively from mono- and 1,2-di-substituted alkenes and mixtures of ene adducts and cyclobutenes are 
obtained with 1,l-di-, tri- and tetra-substituted alkenes.61.62 With DMAD, ene adducts are obtained ex- 
clusively from 1,l di- ,  tri- and tetra-substituted alkenes and mixtures of ene adducts and cyclobutenes are 
obtained from 1.2-disubstituted alkenes.6'* EtAlC12 is a more effective catalyst than AlCb since it is a 
proton scavenger as well as a Lewis acid. With AlCb, lactone byproducts are also f ~ r m e d . ~ ~ , ~  The 
relative reactivity of alkenes in these Lewis acid catalyzed reactions was found to be 1.1-di- > tri- > tetra- 
>> mono- > 1,2-di-substituted. With reactive ene components such as methylenecyclohexane, ethyl- 
idenecyclohexane and @-pinene, good yields of ene adducts can be obtained with DMAD by thermal re- 
action at 110-130 'C for 0.25-6 d.64 

With trisubstituted alkenes the ene reaction with DMAD or methyl chloropropiolate, but not methyl 
propiolate, is regiospecific.61.62 A hydrogen is transferred from the alkyl group trans to the alkenyl hy- 
drogen to give (32). An examination of possible transition states indicates severe steric interactions be- 
tween R and X (Cl or C02Me) in (33) leading to (34), while transition state (31) leading to the observed 
product (32) has no significant steric interactions. 
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1.1.23 Allenes as Ems or Enophiles 

Surprisingly few examples of the use of allenes as the ene components in ene reactions have been re- 
ported. In a series of papers, Taylor and coworkers reported that alkylallenes undergo thermal ene re- 
actions with DMAD, hexafluoro-2-butyne and 3,3,3-~ifluoropropyne to give cross-conjugated 
trienes.@lM Similar reactions occur between allenes and hexafluoroacetone and electron-deficient azo 
compounds P749 

Lewis acid catalyzed reactions of allenes with alkenes generally give cyclobutanes rather than ene ad- 
ducts. AlCl3 catalyzed reactions of alkylallenes with alkenes give alkylidenecyclobutanes.70 Similarly, 
AlC13 catalyzed reactions of alkynes with alkenes give cycl~butenes.~’ These reactions are believed to 
occur by stereospecific cycloaddition of the alkene with the vinyl cation formed by complexation of 
AlCb to the allene or alkyne. 

23-Butadienoate esters undergo AlCb and EtAlCl2 catalyzed stereospecific [2 + 21 cycloadditions 
with a wide variety of alkenes to give alkyl cyclobutylideneacetateates in good The stereospeci- 
ficity and ratios of (E)- and (a-isomers suggest a [,,& + ,,2,,] cycloaddition of the ester-Lewis acid com- 
plex to the alkene analogous to the cycloaddition of ketenes with alkenes. Similar results are obtained 
with methyl 2,3-pentadienoate, methyl 4-methyl-2,3-pentadienoate and methyl 2-methyl-2.3-butadi- 
enoate -74 

1.13 INTRAMOLECULAR REACTIONS: ALKENES AS THE ENE COMPONENT 

Intramolecular ene reactions are much more facile than their intermolecular counterparts due to the 
less negative entropy of activation for the intramolecular reaction. Even simple alkenes and alkynes are 
suitable enophiles in intramolecular reactions. Formation of cyclopentanes from 1,Uienes or 1,Genynes 
is a very facile process, providing some of the most impressive synthetic applications of the ene reaction. 
Formation of cyclohexanes from 1,7-dienes or 1.7-enynes is much less facile since the entropy of activa- 
tion becomes more negative with the longer tether connecting the ene and enophile. For similar reasons, 
formation of larger rings by intramolecular ene reactions is rarely a synthetically useful reaction. Two 
comprehensive reviews of intramolecular ene reactions by Oppolzer and Sniecku3 and by Tabes pro- 
vide more complete coverage than is possible here. 

Opplzer has classified intramolecular ene reactions into type I, 11 and 111 depending on whether the 
tether is attached to carbon 1,2 or 3 of the ene component (see equations 4,5 and 6). Type IV reactions, 
which are a variation of type I in which the tether is attached to the terminal rather than internal end of 
the enophile, are occasionally observed (see equation 7). Type I reactions with alkenes or alkynes as eno- 
philes have been extensively studied. Only a few examples of type 11, I11 and IV reactions with alkenes 
or alkynes as enophiles are known. Numerous examples of intramolecular type I, I1 and I11 reactions with 
carbonyl compounds as enophiles are discussed in Volume 2, Chapter 2.1. 
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Type I1 

* (CH2)n THXY heat or Lewis acid 

n = 3 , 4  

Type I11 icHD 
R 

Y 

heat or 

Lewis acid 

R 

(7) 

Type I intramolecular ene reactions give mixtures of cis- and truns- 1,2-disubstituted cycloalkanes de- 
pending on whether the ene reaction proceeds through an endo or exo transition state. In general, steric 
rather than electronic effects determine which transition state is preferred. The reaction is often very se- 
lective, as indicated below. 

1.13.1 Formation of l-Vinyl-2-alkylcyclopentanes from 1,6-Dienes 

1.1.3.1.1 Unactivated enophiles 

Pioneering studies by H~ntsrnan?~ OhlofP6 and 0 t h e r s ~ ~ 9 ~ ~  demonstrated that cyclization of unacti- 
vated 1,6-dienes occurs in a flow system at 4W500 'C or on heating for longer times at 250-350 'C. 
Despite the apparently harsh conditions, good yields of product are usually obtained if no thermally sen- 
sitive functional groups are present. Lewis acid catalysis of these reactions is not possible since there is 
no basic site on the enophile. 

A characteristic feature of these reactions is the selective or exclusive formation of cis-2-alkyl-l-vi- 
nylcyclopentanes (36). Intramolecular ene reaction with hydrogen transfer from an alkyl group cis to the 
tether containing the enophile must occur through exo transition state (35) to give (36) since the endo 
transition state (37). which would give (39), is too hindered. Intramolecular ene reaction with hydrogen 
transfer from an alkyl group trans to the tether containing the enophile occurs through endo transition 
state (38) to give (36) and through exo transition state (40) to give (39). The formation of (36) is usually 
strongly preferred in thermal ene reactions despite the possible formation of (39) from (40). 

More recent studies have utilized more highly functionalized substrates to prepare synthetic intermedi- 
ates. Oppolzer has shown that intramolecular ene reactions provide an efficient approach to substituted 
pyrrolidine~?~ Thermolysis of (41; R' = Me, OMe; R2 = H, Me; R3 = H, Ph) at 230-280 'C for 7 4 3  h 
gives pyrrolidine (42) in 5 5 4 0 %  yield. The cis isomer of (41) gives exclusively the cis-substituted 
pyrrolidine (42). The trans isomer of (41) affords 75-90% of cis-substituted (42). Oppolzer et al. have 
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used an intramolecular ene reaction to prepare a spirocyclic precursor to p-acorenol, P-acoradiene, 
acorenone-B and acorenone.80 Thermolysis of (43) in toluene at 290 'C for 72 h provides a 1.7: 1 mixture 
of (44) and (45) in 68% yield. The methyl and vinyl are cis on the five-membered ring in both isomers. 
Adduct (44) was converted to P-acorenol and P-acorenone and adduct (45) was converted to acorenone- 
B and acorenone. 

RivO R l V 0  

Oppolzer used an intramolecular ene reaction as the key step in a synthesis of isocomene.81 Thermol- 
ysis of (46) in toluene at 280 'C for 24 h gives tricyclic ene adduct (47) in 17% yield. As required for the 
synthesis of isocomene, the methyl and vinyl substituents on the newly formed cyclopentane are cis. 
Oppolzer and coworkers developed two approaches to modhephene using intramolecular ene reactions to 
construct the [3.3.3]propellane s y ~ t e m . 8 ~ * ~ ~  Pyrolysis of (48a) in toluene for 12 h at 250 'C gives (49a) in 
73% yield. Pyrolysis of (ab) in toluene for 16 h at 250 'C gives a 76% yield of (49b) containing the 
gem-dimethyl group needed for the synthesis of modhephene. Once again, the methyl and vinyl substi- 
tuents on the newly formed cyclopentane are cis. In model studies for the synthesis of pentalenolactone, 
Plavec and Heathcock developed routes to diquinanes based on intramolecular ene reactions." Flash 
vacuum pyrolysis of (50) at 500 'C gives (51) in 93% yield. Thennolysis of (52) for 40 min at 345 'C 

gives the highly functionalized diquinane (53) in 7 1 % yield. 
Ziegler and Mencel have described tandem Claisen-ne  rearrangement^.^^ Thennolysis of vinyl ether 

(54) for 2 h at 330 'C gives a 1 : 1 mixture of aldehydes (56) and (57) in 75% yield. Claisen rearrange- 
ment gives (53, which undergoes intramolecular ene reactions with the side-chain double bond acting as 
the enophile to give (56) and the cyclopentene double bond acting as enophile to give (57). Ziegler and 
Mikami then introduced a trimethylsilyl group on to the sidelchain double bond in an attempt to control 
the orientation of the ene reaction.86 Pyrolysis of either (5th) or (58b) in benzene at 300 'C for 15 h pro- 
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(47) 

0 
\\ 

o f  
\\ 

a:R=H 
b:R=Me 

vides a 1:l mixture of (59) and (60), indicating that in this case the trimethylsilyl group does not perturb 
the orientation of the ene reaction. On the other hand, pyrolysis of (61b) at 300 'C gives only (59b). 
while pyrolysis of (61a) gives a 3: 1 mixture of (59a) and (@a). Therefore steric interactions caused by 
the trimethylsilyl group in (61b) prevent the side-chain double bond from acting as the enophile. 

CHO \ 

(55) 

a,'" 1 -(& 
CO2Et \ C02Et \ 

(58) a:R=H (59) 
b: R = Me$i 

CHO \ 

(56) 

'CHO 

(57) 

d 
CO2Et \ 

(61) 

I .I 3.1 3 Activated enophiles 

As in intermolecular ene reactions, the presence of electron-withdrawing substituents, such as akoxy- 
carbonyl groups, on the enophile lowers the activation energy, permitting the ene reaction to occur under 
milder conditions. Type I intramolecular ene reactions with enophiles bearing two electron-withdrawing 
substituents on the terminal carbon occur under very mild conditions. Intramolecular ene reactions with 
enophiles bearing a single electron-withdrawing group on the terminal carbon sometimes proceed under 
mild conditions but, somewhat surprisingly, often proceed only at the elevated temperatures required for 
unactivated enophiles. Complexation of a Lewis acid to the electron-withdrawing group further activates 
the enophile, permitting these reactions to be carried out at or below room temperature. 

Kelly found that intramolecular ene reaction of triester (62) occurs rapidly at room temperature to give 
(63).8' Snider and coworkers investigated the scope of this reaction and found that 1-allylic 2,2-dimethyl 
ethylenetricarboxylates undergo intramolecular cyclization reactions at 80-140 'C to give mixtures of 
ene adducts and dihydropyrans resulting from inverse electron Diels-Alder reactions in which the a$- 
unsaturated ester functions as the diene.88 The trans-crotyl triester (Ma) reacts at 135 'C for 200 h giving 
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a 1:l mixture of the cis-substituted ene adduct (65) and the Diels-Alder adduct (66a). The cis-crotyl 
triester (64b) reacts similarly giving a 9: 1 mixture of (65) and (66b). Different products are formed with 
Lewis acid ~atalysis.8~ Treatment of (64a) with FeCL in CHzClz for 30 min at 25 'C gives chlorolactone 
(67), resulting from stereospecific trans addition of carbon and chlorine to the double bond in 85% yield. 
Similar treatment of (64b) gives chlorolactone (68) in 75% yield. 

T 

u+Rz 

(67) R' = Me, RZ = H 
(68) R' = H, RZ = Me 

(64) a: R' = Me, R2 = H (65) 
b: R' = H, RZ = Me 

Oppolzer and Sammes independently developed a route to a-allokainic acid (72) based on the thermal 
ene reactions of (a-alkene (69) and (E)-alkene (73).90-92 Pyrolysis of (69) for 5 min at 180 'C or 80 h at 
70 'C gives a 3:l mixture of (70) and (71). Reaction of (73) under similar conditions gives a 1:l mixture 
of (70) and (71). The trans isomer (70) was converted to a-allokainic acid (72) by hydrolysis and decar- 
boxylation. Oppolzer found that EtAlC12 catalyzed ene reactions of these esters proceed at very low tem- 
perature with improved selectivity for the desired trans isomer (70).91 Treatment of (69) at -78 'C with 3 
equiv. of EtAlCl2 for 8 h or 20 equiv. of EtAlC12 for 5 min gives only (70). Treatment of (73) at -35 'C 
with EtAlClz gives a 89: 11 mixture of (70) and (71). At least three equiv. of EtAlCh are needed to com- 
plex fully the ester groups in (69) and (73). The ene reactions of (69) and (73) differ from most ene re- 
actions of 1,6-dienes in that rrans-pyrrolidines are the exclusive or major products. 

COCF3 , N I dcoZEt 

COCF3 

COzEt 

+ 

H 

Oppolzer and coworkers have developed an enantioselective version of this reaction which permits the 
synthesis of (+)- and (-)-a-allokainic acid from (76) and (77), r e s p e ~ t i v e l y . ~ ~ . ~  Treatment of (-)-8-phe- 
nylmenthyl ester (74) with EtAlClz at -78 'C gives a 9 5 5  mixture of (76) and (77). Treatment of (-)-8- 
phenylmenthyl ester (75) with EtAlClz at -35 'C gives an 11:89 mixture of (76) and (77). Oppolzer and 
Mirza used 13C labeling to establish that the hydrogen is transferred exclusively from the frans-methyl 
group of (69).95 This result precludes a stepwise mechanism with a free cationic intermediate which 
should transfer hydrogen equally from both methyl groups. 
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COCF3 COCF3 COCF3 ' COzEt 

C02R '- COzR 

(74) fZ) R = (-)-8-phenylrnenthyl (76) 
(75) ( E )  

(77) 

Oppolzer and coworkers used an intramolecular ene reaction as the key step in the synthesis of a- 
kainic acid (81).% Thermolysis of diene (78) at 180 'C results in reversible isomerization to diene (79), 
which undergoes an intramolecular ene reaction to give the expected cis-substituted pyrrolidine (80) in 
90% yield. Hydrolysis gives a-kainic acid (81) in 60% yield. This approach was extended to the syn- 
thesis of (-)-a-kainic a ~ i d . 9 ~  Thermolysis of (82) for 40 h at 130 'C gives the key intermediate (83) in 
75% yield. 

COCF3 70CF3 H 
I 4 :4y COzMe 

___) 

COzMe COzH 
COZMe 

(78) A3*4 
(79) A2v3 

(80) (81) 

CO~BU' I COZBU' 

Ghosh and Sarkar examined the effects of activating groups and geminal substitution on the rates and 
stereoselectivities of the thermal ene reactions of (84).98 Cyclization of the (@-isomer (84, X = C02Me; 
Y = H) gives a 3: 1 mixture of (85) and (a), while cyclization of the (2)-isomer (84, X = H; Y = C02Me) 
gives a 2:3 mixture of (85) and (86). Diester (84; X = Y = C02Me) gives a -15:85 mixture of (85) and 
(86). Geminal substitution (R = Me) in (84) leads to a 34-fold rate enhancement over the unsubstituted 
case (R = H). The presence of a second ester on the dienophile (84, X = Y = COzMe) leads to a 13-17- 
fold rate enhancement over either the (E)- or (2)-monoester. Tietze and coworkers found that ZnBrz cata- 
lyzed ene reactions of a series of malonates (87; X = OMe) at 25 'C proceed in excellent yield with high 
selectivity for the all-trans isomer (88).99 Under these conditions the diketones (87; X = Me) give the in- 
verse-electron Diels-Alder adduct (89). 
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0- x X 
(87) R = H, Me (88) X = OMe (89) X = Me 

Introduction of an electron-withdrawing group on the internal carbon of the enophile should favor 
bond formation between the terminal carbon of the enophile and the ene to give a type IV adduct (equa- 
tion 7). Flash vacuum pyrolysis of (90) at 570 'C leads to a mixture of the type I adducts (91) and the 
type IV adduct (92).'O0 Lewis acid catalyzed cyclization of (90) should favor the formation of (92). but a 
stepwise reaction leading to other products occurs.'@ Cyclohexenylacrylamides (93) cyclize only to the 
type I product (94) on heating above 200 eC.lo' However, the magnesium salt of hydroxyphenylacryl- 
amides (95) undergoes intramolecular ene reactions at 140 'C to give mixtures of adducts (96) and (97) 
rich in the type IV adduct (97).Io2 Treatment of (98) with 0.9 equiv. of EtAlC12 at 40 'C for 5 d gives ex- 
clusively the type IV adduct (99).lo3 

I 
R1 

(93) 

* "G 140 OC 

(95) (96) 

+ 

A 
(97) 

1.1.3.2 Formation of 1-Vinyl-2-dkylidinecyclopentanes from 1,6-Enynes 

Alkynes are generally more reactive than alkenes as enophiles in both inter- and intra-molecular ene 
 reaction^.'.^ 6-Octen- 1 -yne (100) cyclizes to 1 -methylene-2-vinylcyclopentane (101) on brief heating at 
400 'C.104.'05 Dehydrolinalool (102) undergoes an ene reaction at 200 'C to give (103) in quantitative 
yield.IM*Io7 This ene reaction can also be carried by heating for 15 min in a microwave oven at 400425 
oC.108 Arigoni has used an intramolecular ene reaction followed by a retro-ene reaction for the synthesis 
of chiral acetic acid.IW Thermolysis of optically active (104) at 260 'C for 2.5 h gives (105). which 
undergoes a retro-ene reaction to give (106). Kuhn-Roth degradation of (106) gives (R)-[2H,3H]acetic 
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acid. Stork and Kraus carried out a prostaglandin synthesis using the intramolecular ene reaction of (107) 
at 250 'C to give (108) in 60% yield as the key step.'Io 

D D  
X 

260 o c  - 
O X o M e  

Me3Si0L/ 

Snider and Killinger have examined the intramolecular ene reaction of 1,Genynes containing a hy- 
drogen, methyl or methoxycarbonyl substituent on the alkyne."' Since the alkyne is acting as the eno- 
phile, a methyl substituent retards the reaction while a methoxycarbonyl group accelerates it. Pyrolysis 
of (109) for 62 h at 210 'C gives (112) in >95% yield. Pyrolysis of (111) for 48 h at 225 'C gives only 
15% conversion to (114). Pyrolysis of ester (110) for 24 h at 135 'C gives (113) in >95% yield. Nakai 
and coworkers have examined the intramolecular ene reactions of crotyl propargyl ethers (115) to give 
(l16).ll2 As in the all carbon system, esters cyclize faster than terminal alkynes which cyclize faster than 
internal alkynes. High 1 ,Zrruns diastereoselectivity is observed with a-alkylcrotyl systems, as shown in 
the formation of (116). 

(109) R = H (112) R = H (115) X = H, C02Me, Me$, Me (116) 
(110) R = C02Me 
(111) R = Me 

(113) R = COzMe 
(114) R = Me 

R = H, alkyl or aryl 

Trost has discovered that Pd(0Ac)z and other Pd" compounds catalyze the cyclization of terminal 1,6- 
enynes to give ene-type adducts.l13 Treatment of (117) with 5 mol % Pd(0Ach at 60-66 'C gives metal- 
locyclopentene (118), which reacts further to give a 6:94 mixture of (119) and (120) in 80% yield. Flash 
vacuum pyrolysis of (117) at 625 'C gives a 1OO:O mixture of (119) and (120) in 83% yield. The palla- 
dium reaction not only occurs under much milder conditions but gives different isomer ratios. In many 
other cases the palladium-catalyzed cyclization gives products which are not available from a thermal 
ene reaction. 
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1.1.33 Formation of 1-Vinyl-2-alkylcyclohexanes from 1,7-Dienes 

1,7-Dienes undergo intramolecular ene reactions much less readily than 1,6-dienes due to the more ne- 
gative entropy of activation with the longer tether. These reactions require higher temperatures, proceed 
in lower yields and are not generally synthetically useful except in the case of 1,7-dienes containing two 
electron-withdrawing groups on the terminal carbon of the enophile. Flash vacuum pyrolysis of (121a) at 
490 'C gives only 25% of (122a). Flash vacuum pyrolysis of (121b) with a monoactivated enophile at 
400 'C gives an 82% yield of (122b).11"116 

Intramolecular ene reactions of 1,7-dienes with doubly activated enophiles (123; X, Y = COzR, CN, 
COMe) proceed readily either thermally or with Lewis acid catalysis to give (124) and stereo- 
i ~ o r n e r s . ' ~ ~ J ~ ~ - ~ ~ ~  In an elegant series of studies, Tietze and coworkers have explored the stereochemistry 
of these cyclizations.11&121 Dienes (123a; X, Y = COzMe, CN) undergo thermal or ZnBr2 catalyzed ene 
reactions, providing the trans isomer (124a) selectively in up to 89% yield.118 Dienes (123a) in which 
one or both of the activating groups is a methyl ketone behave quite differently, giving mainly or exclu- 
sively the inverse electron demand intramolecular Diels-Alder adduct (125a).' l8 Dienes (123b) behave 
similarly, giving adducts (124b) and (125b) with high selectivity for the fully equatorial dia- 
~ t e r e o m e r . l ~ ~ * l ~ ~  Anhydrous FeCb on basic alumina proved to be the best catalyst for the cyclization of 
(124b X = Y = COzMe) giving, at -78 'C, a 98A1.2 mixture of (124b) and the other diastereomer with 
trans isopropenyl and malonate substituents in 92% yield.Il9 Malonate (124b) was converted to enantio- 
merically pure veticadinol by a six-step sequence.l2I Tietze has also exploited the inverse electron de- 
mand intramolecular Diels-Alder reaction of doubly activated l , 7 - d i e n e ~ . l ~ ~ - ' ~ ~  This process, rather than 
an intramolecular ene reaction, is the main or exclusive reaction when the activating groups in (123) are 
diketones, Meldrum's acid or dimethylbarbituric acid. 

Y Y Y 

a : R = H  
b : R = M e  
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Nussbaumer and Fdter have used a vinylogous carbonate as an enophile. Pyrolysis of a solution of 
(126) in toluene at 300 'C for 9 h gives (127). an intermediate in a synthesis of cis-y-irone, in 25% yield 
as the only cyclization product.125 Acid-catalyzed cyclization of (126) gives only the isomer of (127) 
with an endocyclic double bond. Thomas and Lander-Schouwey found that pyrolysis of (128) in decalin 
at 300 'C results in a retro-ene reaction to give propene and (129) which undergoes an intramolecular ene 
reaction to give (130).'26 

(126) (127) 

1.13.4 Formation of 1-Vinyl-2-alkylidinecyclohexanes from 1,7-Enynes 

Only a few examples of intramolecular ene reactions of 1,7-enynes are known. Pyrolysis of terminal 
alkyne (131) in toluene for 48 h at 255 'C results in 17% conversion to ene adduct (l33).I1l Ester (132) is 
more reactive, giving ene adduct (134) in 85% yield on heating for 62 h at 225 'C. Ficini and coworkers 
have found that similar reactions can be carried out conveniently by flash vacuum pyrolysis. Pyrolysis of 
(135) at 420 "C at 200 Torr gives 80% conversion to ene adduct (136), a model for the synthesis of the A 

ring of 1S,25-dihydroxycalciferol,127 Dreiding found that flash vacuum pyrolysis of ynone (137) at 550 
'C gives ene adduct (138) in 15% yield along with other products.12* 

(131) X = H 
(132) X = C02Me 

(133) X = H 
(134) X = C0,Me 
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1.135 Miscellaneous Reactions 

Allenes have occasionally been used as enophiles in intramolecular ene reactions.l3 Thermolysis of 
(139a) at 200 'C gives ene adduct (14Oa) in >!IO% yield. Similar reaction occurs at 25 'C with BF3.Et20 
catalysis. Flash vacuum pyrolysis of allene (139b) at 380 'C at 200 Torr gives ene adduct (140b) in 8096 
yield. Treatment of allenic ester (141) with EtAIC12 for 12 d at 25 'C in CH2Cl2 gives ene adduct (142) in 
49% yield, as a 2.9: 1 mixture of u-methyl and P-methyl isomers, and cyclobutane (143) in 27% yield, as 
a 2:l (E):(Z) mixture.74 Only cyclobutanes are formed in related reactions with mono- or 1,2-di- rather 
than tri-substituted alkenes. 

? a: X = SOPh 4 b: X = CHMeCOzEt 

(139) (140) 

(141) (142) (143) 

Allenes and alkynes occasionally react as ene components when other ene reactions are not possible. 
Pyrolysis of (144) for 2 h at 200 'C gives ene adduct (145) in 43% yield.79 Rash vacuum pyrolysis of 
(146) at 490 'C gives a 3:l mixture of cycloadduct (147) and ene adduct (148).130 

Type I1 reactions with carbonyl compounds as enophiles are well-known, synthetically useful re- 
act ion~. '~* Type I1 reactions with alkenes as enophiles are very rare because competing type I reactions 
usually occur more readily. Thermolysis of (149a) at 280 'C gives ene adduct (150a) in 40% yield.) 
Thermolysis of (149b) at 230-280 'C leads to type I adduct (151) rather than type I1 adduct (150b).79 

a: X = Ts, R = H 
Yo X X 

I I 

AN{ - QR + (& b:X=COMe,R=Me 

R 

(149) (150) (151) 
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Wender and Letendre have reported a series of transannular ene rea~t i0ns.I~~ F'yrolysis of (152s) for 2 
h at 210 'C gives cyclodecadiene (153a) as a transient intermediate which undergoes a transannular ene 
reaction to give (154a) in 95% yield. Ester (152b) gives a quantitative yield of ( l a b )  under similar con- 
ditions. Heating ether (152c) to 210 'C for 1 h gives (153c) which is stable at that temperature. Trans- 
annular em reaction to give (154c) occurs in 60% yield on heating (153c) at 260 'C for 5 h. 

, H h  

h! 

a : X = H  
b: X CO~MC 

le02C c: X = OMe 

X \ X \ 

Type III intramolecular ene reactions provide a route to medium sized  ring^.'^*-'^ Lambert found that 
heating (155a) for 24 h at 350 "C gives a quantitative yield of a 1:l mixture of (156a) and (157s). Both 
benzocyclononadienes result from intramolecular ene reactions, with different double bonds acting as 
e n ~ p h i l e s . ~ ~ ~ J ~  Pyrolysis of (155b) under similar conditions gives a 4:l mixture of (156b) and (157b). 
Marvel1 found that pyrolysis of bis-silyl ether (15th) for 90 h at 300 'C gives (159a) in 80% y i ~ 1 d . I ~ ~  
The cis isomer reacts three times faster than the trans isomer. Monosilyl ether (158b) gives a 9: 1 mixture 
of (159b) and (160b). 

OSiMe3 

R R 
+ a : R = H  

b:R=Me \ /  \ 

OSiMe3 OSiMe3 

a: X = OSiMe3 
b : X = H  

X X 

Lewis acid catalyzed intramolecular ene reactions with enones or enals sometimes occur in good yield. 
For instance, MeAlClz catalyzed ene reaction of enone (161) at room temperature gives ene adduct (162) 
in 85% yield.48 In many other cases, Lewis acid or proton catalyzed intramolecular additions of enones 
or enals to alkenes give zwitterions, which yield mixtures of p r o d ~ c t s . ~ ~ - ~ ~ ~ - ~ ~  

1.1.4 INTRAMOLECULAR REACTIONS: ENOLS AS THE ENE COMPONENT; 'THE 
CONIA REACTION' 

Conia and coworkers have developed an extensive series of thermal intramolecular ene reactions of 
unsaturated ketones which occur on extended heating (30 min to several hours) at 300-400 'C in 
pyrex.l4I The initial step of the reaction is reversible tautomerization of the ketone (163) to give enol 
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(la), which undergoes an intramolecular type I ene reaction with the enol as the ene component and the 
unactivated alkene as the enophile to give the cis-substituted adduct (165) selectively. If R2 = H, equili- 
bration with the more stable truns-substituted isomer (166) occurs rapidly under the reaction conditions. 
Related reactions with electron-defEient alkenes are Michael reactions rather than ene reactions. 

O-H 

R5 
''~3 R4 

As with other intramolecular ene reactions, this reaction is best suited to the preparation of cyclopen- 
tanes, but can also be used for the preparation of cyclohexanes. The reaction cannot be used for the for- 
mation of cyclopropanes or cyclobutanes since the unsaturated carbonyl compound is more stable than 
the ene adduct. &e-Unsaturated ketones (167) do not give cyclobutanes (171) by enolization to give 
(170) followed by a type I reaction but instead give cyclohexanones (169) by enolization to give (168) 
followed by a type I1 reaction. Alkynes can replace alkenes as the enophile. Enols can be prepared from 
pyrolysis of enol esters, enol ethers and acetals and from f3-keto esters and 1,3-dicarbonyl compounds. 
The reaction is well suited to the preparation of fused or bridged bicyclic and spirocyclic compounds. 
Tandem ene reactions in which two rings are formed in one pot from dienones have also been described. 
The examples discussed be10w142-163 are restricted to those published since Conia and Le Perchec's 1975 
re~iew.1~1 

H I&] 
Conia and Lange143 and Wolff and AgostaI4 have extended the reaction to the synthesis of bicy- 

cl0[2.2. llheptanones and bicyclo[2.2.2]octanones. Cyclization of (+)-dihydrocarvone (172) at 400 'C for 
20 h gives (+)-camphor (173) in 55% yield.'43 Pyrolysis of (174; R = H or Me) for 6 h at 375 'C gives 
endo-6-methylbicyclo[2.2.l]heptan-2-one (175; R = H, Me) in 60-7096 yield.14 Conia and coworkers 
have prepared [3.3.3]propellanes by tandem ene reactions. Pyrolysis of (176) for 2 h at 335 'C gives 
(177) in 50% ~ie1d.l~' Pyrolysis of (178) for 100 min at 290 'C gives (179) in 63% yield.147 Pyrolysis of 
(180) for 6 h at 335 'C gives a 1:3 mixture of (181) and (182) in 40% yield.'& Yates examined the pyro- 
lysis of J-vinylcholestan-3-0nes.~~~~~~ The Sa-isomer (183) gives (184) in 41% yield. 

R 

// 
0 

R/ - 1  
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(181) a-Me 
(182) p-Me 

Schostarez and Paquette used a 'Conia' ene reaction as a key step in their synthesis of m0dhe~hene.I~~ 
Pyrolysis of (185) for 4 h at 360 'C gives (186) as a single stereoisomer in 85% yield, which was con- 
verted to epimodhephene. Cyclization of the corresponding alkyne gives an intermediate that was con- 
verted to modhephene. Paquette and coworkers examined the cyclization of (187a4) as a part of a study 
directed toward the synthesis of proposed structures for senoxydene.'" Enones (1878) and (187c) cyclize 
cleanly to give (18th) and (188~); (187b) does not give (188b). Mandville and Conia discovered that the 
enol intermediates could be prepared regioselectively from a-hydroxymethyl ketones.15' Flash vacuum 
pyrolysis of (189) at 650 'C gives (190) which reacts further to give (191) in 99% yield. 

650 OC & -Cn20 

R' 

R' R3 
R2 R3 

R2 

A major advance in the past decade has been the development of catalysts for the cyclization of al- 
kynic ketones. Jackson and Ley found that (192) cyclizes to (193) in quantitative yield on heating at 280 
'C, treatment with Znb in toluene at reflux or treatment with SnC14 in CHzClz at 25 oC.'50 Conia has 
found that double catalysis by H+ and Hg2+ lowers the temperature necessary to achieve cy~1ization.I~~ 
Treatment of (178) with hydrochloric acid and mercury(I1) chloride in 1,1,2,2-tetrachloroethane at 110 
'C gives the isomer of (179) with one endocyclic double bond in 43% yield and the monocyclized pro- 
duct in 23% yield. Improved results were obtained with Hg2+ on a solid ~ u p p 0 r t . l ~ ~  

Drouin, Conia et al. have found that these reactions can be carried out under even milder conditions by 
cyclization of silyl enol ethers of alkynones.153.155,156,158 Treatment of (194), as an (E)+) mixture, with 
HgCh in CHzClz in the presence of hexamethyldisilazene for 30 min at 30 'C gives vinylmercurial (195; 
R = HgCI) in quantitative yield. Cleavage of the carbon-mercury bond can be carried out to give (195; R 
= H, D, C02Me, Br or COMe). 
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Kende has examined a variant of this reaction using trimethylsilylalkynes. Pyrolysis of (196) neat at 
300 "C for 2 h gives (197), which isomerizes to (198); the latter undergoes a 1,5-trimethylsilyl shift to 
give (199), which isomerizes to give (200) in 6 0 4 5 %  yield.159 Kende has also developed a 'vinylogous 
Conia' rearrangement. Pyrolysis of (201) for 1.5 h at 285 'C gives (202) in 72% yield.Im 

Marples and coworkers have found that ene reactions of unsaturated acyloins occur under much milder 
conditions than for the corresponding unsaturated k e t o n e ~ . I ~ l - ' ~ ~  Pyrolysis of (203a) at 110 'C for 18 h 
gives (205a) in 33% yield and (206) in 6% yield. Tautomerization of (203a) gives ene diol (204a) in 
which either enol can act as the ene component to give ene adducts (205a) and the isomer of (206) with 
the opposite stereochemistry at the methyl group. Apparently only ene adduct (205a) is formed; acyloin 
(206) is formed by isomerization of (205a). Ene reaction of the corresponding ketone requires much 
higher temperatures. Pyrolysis of the allyl ketone (203b) in decalin at 330 "C gives (205b) in 79% yield. 

(203) a: X = O H  (204) 
b : X = H  



24 Ene Reactions 

1.1.5 ADDENDUM 
Section 1 .I .2.1.2 ( i )  Acrylate esters. ,Narasaka and coworkers found that N-acryloyloxazolidinone 

undergoes a [2 + 21 cycloaddition with 1,l-bis(methy1thio)ethylene in the presence of TiClz(0Pr')z and 
(213) to give 74% of the cyclobutane in 88% enantiomeric excess.164 

Section 1 .I .2.1.2 (ii) a,,&Unsaturated ketones and aldehydes. Engler and coworkers found that a 
1: 1 mixture of Tic4 and Ti(OP& catalyzes the addition of methoxymethyl vinyl ketone to styrenes and 
methylenecyclohexane to give cyclobutanes. 165 

Section 1 .I .3.1 Formation of 1 -vinyl-2-alkylcyclopentanes from 1,6-dienes. Nakai and coworkers 
found that (207) undergoes an ene reaction on heating in toluene for 20 h at 200 'C to give 97% of 
(208).lM The stereochemistry of the enophile does not affect the stereochemistry of the product. The 
isomer with an ( E )  double bond in the ene component gives mixtures of stereoisomers. 

- -* $- C02Me a 
(208) 

~ o ~ c o 2 M e  - 
(207) 

Section 1 S.3.2 Formation of 1 -vinyl-2-a~kylidinecyclopentanes~om 1,6-enynes. Nakai and cowor- 
kers reported that pyrolysis of (209) in toluene for 90 h at 170 'C gives 86% of a 4: 1 mixture of ene ad- 
ducts (210) and (211).16' The major isomer (210) was converted to a steroid c/D ring synthon. 

(210) a-H 
(211) P-H 

Section 1 .I -3.3 Formarion of 1 -vinyl-2-alkylcyclohexanes from 1,7-dienes. Narasaka demonstrated 
that the chiral titanium alkoxide prepared from TiC12(OPri)2 and (213) catalyzes the asymmetric intra- 
molecular ene reaction of oxazolidinone (212) in Freon 113 at 0 "C to give 63% of ene adduct (214) in 
>98% enantiomeric excess and 25% of the hetero Diels-Alder adduct.168 

Section 1 .I .3.5 Miscellaneous reactions. Takeshita and coworkers reported the remarkable use of 
intramolecular ene reactions to form cycloheptanes and cyclooctanes.l@ Pyrolysis of (216) in toluene at 
200 'C gives 97% of the cycloheptane (215). Reaction of (216) with SnC4 in THF gives 85% of cy- 
clooctane (217), which is an intermediate in the synthesis of cycloaraneosene. 
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200 oc - H 
SnCb - 
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13.1 INTRODUCTION 

The ene reaction, discovered 45 years ago by Alder,' usually involves the thermal reaction of an al- 
kene containing an allylic hydrogen (ene) with an electron-deficient unsaturated compound (enophile) to 
form 1: 1 adducts via a cyclic six-electron transition state (e.g. A + B + C h  D; X = H Scheme 1). 

(D) 
(C) * (A) (B) 

X = H : ene reaction 
X = Met : metallo-ene reaction 

Scheme 1 

Starting with a few reports in the early l W s ,  additions of allylmetal compounds to alkenes and al- 
kynes became increasingly acknowledged. These reactions resemble the classical ene process (Scheme 
l), but involve a transfer of a metal instead of a hydrogen. This analogy prompted Oppolzer to classify 
transformations like (A) + (B) + (D), with X = metal, as metallo-ene reactions. However, allylmetal 

29 
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compounds (A) have specific properties mainly determined by the metal. This may profoundly influence 
their reactivity towards enophiles (B) and their compatibility with functional groups, as well as the final 
functionalization of the metallo-ene products (D). Furthermore, allylmetal species undergo relatively fast 
13-metal migrations, (A') t) (A2) t) (A3) (A4) and (A') t) (A4), also resulting in (E)@) equilibra- 
tion (Scheme 2). 

R3 

R' R2$3 ML, 

11 
R3 

R 2 f %  

R' 

Scheme 2 

R3 

R 3  

This 1,3-metal shift usually precedes the metallo-ene reaction and thus obscures rationalizations and 
predictions of the regio- and stereo-chemistry. As to the regiochemistry of metallo-ene reactions involv- 
ing nonsymmetrical ene (A) and enophile units (B), the question arises: which enophile (C-1' or C-2') or 
ene terminals (C-1 or C-3) will be joined by the new carbon-carbon bond? Regarding the stereochem- 
istry, it is worth noting that inversion of metalated sp3 centers C-M can occur either below (M = Mg, 
Zn, AI, Li) or above (M = Pd, Pt, Ni) the reaction temperature. Hence the suprafacial mode of allylmetal 
additions permits a C P d  -+ C P  chirality transfer and, regardless of the metal, controls the (l?)/(z) 
configuration of the vinylmetal moiety which results from an alkyne enophile. Employing alkenic eno- 
phile components (B) often leads to the generation of stereogenic centers in (D) which are linked by the 
new carbon-carbon bond. These are difficult to control since they depend on the (rapidly equilibrating) @)/(a configuration of the allylmetal component (A) as well as on its orientation towards the enophile 
unit in the transition state. Several of these problems may be efficiently overcome by employing intra- 
molecular versions which, consequently, are far more attractive and useful in organic synthesis. Given 
the lack of any comprehensive information, intermolecular metallo-ene reactions will be reviewed in the 
first part of this chapter. 

13.2 INTERMOLECULAR METALLO-ENE REACTIONS 

1.2.2.1 Magnesium-ene Reactions 

Starting in 1970, the addition of allylic Grignard reagents (A; X = MgC1) to alkenes or alkynes has 
been systematically studied.? Kinetic measurements showed negative activation entropies of AS*= -1 8 to 
-24 cal K-1 mol-' (-75 to -100 J K-* Further evidence for a concerted suprafacial reaction via 
transition state (C$; X = MgL,) (Scheme 1) was provided by the addition of 2-alkenylmagnesium halides 
(1) to 3,3-dimethylcyclopropene (2) at 0-20 'C; subsequent carboxylation with CO2 yielded cis-2- 
allylcyclopropanecarboxylic acids (3) (Scheme 3)FC Given that the configuration of a cyclopropyl-mag- 
nesium bond is stable and is carboxylated (C02) with retent i~n,~ it thus follows that the allyl unit and the 
metal are transferred to the same face of cyclopropene (2) to furnish intermediates (3). 

In contrast, bimolecular additions of allylmagnesium halides (5) to nonstrained alkenes (6) (Scheme 4; 
Table 1) are notoriously inefficient due to low reaction rates and the formation of regio- and stereo- 
isomer mixtures, as well as uncontrolled consecutive reactions of the metallated addition products (7) 
and (8).2 Only trimethylsilylethylene showed a useful reactivity towards allylic Grignard reagents2' 
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(1) R', R2, R3 =Me, H (2) (3)Y=MgX - 
X = C1, Br (4) Y = C02H -I '02 

Scheme 3 5147% 

(1,2dialkyl-alkenes do not react at all). Therefore it is not surprising that the bimolecular magnesium- 
ene reaction has received little attention as a strategic tool in organic synthesis. 

(8) X = MgHal - 
~ IH2O 

(7) X = MgHal 
A H 2 0  (10) X = H (9) X = H 

(6) 

Scheme 4 

Table 1 Additions of Allylmagnesium Halides to 1-Substituted Alkenes Followed by Protonolysis 

Reaction Yielp Ratio 

(time, h) (8) 
Entry R3 R4 Hal temp. ( C) (9) + (10) ( 9 ) : ~ )  

1 H C6H 13 C1 100 (48) 2.5 (2) 100.0 
2 Me C6H13 C1 100 (48) 32 (1 l)b 9 1 9  
3 H C H 4 H 2  Br 45 (96) 25 (25F -100:OC 
4 H Ph Br 100 (3) 

964 
-100:o 

5 H Ph Br 
6 H SiMe3 c1 
7 Me SiMw c1 

51 (25) 28:72 
39 (39) 19:81 

77 (77) 

'Yield based on allylmagnesium halide (in parenthesis based on alkene). b(9) isolated as a stereoisomer mixture. '2:l mixture of 
1,6- and 1.5-heptadienes. 

1.2.2.2 Zinc- and Alumiaumsne Reactions 

Preformed dicrotylzinc (11; I&, = Z n - C H d H M e )  underwent metallo-ene reactions with terminal 
alkenes under significantly milder conditions (20-50 'C) to give, after protonolysis, the alkenes (14) and 
(15) in 42-10096 yield (Scheme 5; Table 2, entries 1 4 ) .  However, the regioselectivity was low on addi- 
tions to 1.3-butadiene and styrene (entries 3,4)? 

Allylaluminum reagents, prepared in situ from triscrotylborane and tnethylaluminum, showed a com- 
paratively higher reactivity (-10 to 20 'C) and regioselectivity on additions to 1-butene, 1-hexene and 
styrene yielding, after methanolysis, alkenes (14) (entries 5-7,50-55%)? Both zinc- and aluminum-ene 
reactions suffer from a lack of diastereochemical control. 

(12) X = "LA- ROH 
(14) X = H 

(13) X = M l - 3  ROH 
(15) X = H 

Scheme 5 
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Table 2 Metallo-ene Reactions of Dicrotylzinc and In Situ Prepared Allylaluminum Reagents with Alkenes 
'Followed by Rotonolysis 

Reaction Yield Ratio Diastereomer 

(time, h) (W 
Entry R M temp. (e) (14) + (15) (14):(15) ratio of(14) 

1 H zn 20 (20) -100 99.9:O.l - 
2 c6H13 Zn 50 (20) 85 -lmo 35:65 

42 33:67 7525 
818 4258 52:48 

3 Ph zn 20 (66) 
4 C H 4 H 2  Zn 20 (43) 
5 Et A1 -10 50 - l m o  75:25 
6 Bu A1 0 (0.5) 55 -1oo:o 67:33 
7 Ph A1 20 53 91:9 63:37 

'Reaction mixture contains 3-methy1-1,Sheptadiene (10.2%). 

Intermolecular additions of allylzinc halides (16) to silylated alkynes (17) are apparently facilitated by 
the silyl group (Scheme 6; Table 3). This substituent also governs the regiochemistry as it directs the 
metal transfer to the silylated carbon, yielding the non-isolated 1,l -dimetalloalkene products (18). Selec- 
tive replacement of the zinc atom by iodination or protonolysis gave dienylsilanes (19) or (20),a These 
products may be useful in synthesis, as illustrated by the Pd-catalyzed carbon monoxide insertion se- 
quence (19a) d (21).& It is also worth mentioning that crotylzinc chloride (16b) formed the new C-C 
bond at the more substituted terminal C-3, in keeping with a six-centered transition state (C)* (the 
presence of Cp2ZrCl2 led to exclusive C - C  bond formation at C-1 which was attributed to a four-cen- 
tered insertion mechanisma8). As to the (E)@) configuration of the gem-dimetallated alkenic bond in 
(18), the products (19) and (20) indicate an initial cis addition process (entries 1-5); in contrast, the less- 
reactive branched enophiles (17f-h) require prolonged heating, which seems to result in a cisltrans 
isomerization of the intermediates (18) to furnish products corresponding to a net trans addition topicity 
(entries 6-8). The even more congested alkyne (17i) is completely unreactive (entry 9). 

R' 

ZnBr 

R2 

SiMe3 

R' 
5% Pd(PPh3)2C12 

NEt3, MeOH 
CO (600 psi) - 

89% from (18a) 

(16) (17) (18) X = Z n B q  
(19) X = I aq. ",CI 
(20) X = H  - 

Scheme 6 

Table 3 Zinc-ene Reactions of 1 -Trimethylsilylacetylenes 

Entry R' R2 Reaction Product Yielh Stereoisomer 
temp. ( C )  (76) ratioc 

l a  
2 b  
3 c  
4 d  
5 e  
6 f  

9 i  
3 

H 
Me 
H 
H 
H 
H 
H 
H 
H But 

- 
67 
67 
r.t. 
67 
67 
67 
67 

83 
68 

0 

8515 
%lo 
8515 
81:19 

>95:<5 
<5:>95 
<5:>95 
<5:>95 

'Yields in parenthesis determined by GC. %Jot reported. ER2/SiMe3 cis:rruns. 

A related approach to 1 Jdimetallated compounds relies on the allylation of 1-alkenyl-magnesium, -1i- 
thium, and -aluminum derivatives (23) with allylzinc bromides (22), which proceeds readily at 35 'C 
(Scheme 7; Table 4).' The resulting gem-dimetallic intermediates can be trapped by protonation (24 + 
26,25 + 29), stannylation (24 d 27) or, more interestingly, with aldehydes in the presence of BF3.OEt2 
(e.g. 24a + 28). The dimetallated species (24) were also trapped with alkylidene malonates, I2/H30+, 
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MeSSMe/H30+ or MeSSMe/aUyl bromides.7c Regarding the regioselectivity of the addition process, it 
appears that the nature of the C-3 substituent R2 in the allylzinc bromides (22) may direct the enophile 
attack either to C-3 (R2 = Me, OEt, entries 4.5.11) or to C-1 (R2 = SiMe3, entry 

(26) X = H 
(27) X = SnMe3 

T H I 3  

Table 4 Additions of Allylzinc Bromides to 1-Alkenyl-magnesium, -lithium and -aluminum Derivatives 

Yield (E):(Z) Entry R1 R2 R3 R5 M L  Ratio Find 
(24):(25) Product (%) ratio 

l a  H H H C a 1 3  H MgBr 
2a H H H Cd4i.1 H M a r  
3 b  Me H H H MiBr 
4 c  H Me H CsHi3 H MgBr 
S d  H Me H H SiEt3 MgBr 
6 e  H H Me H H MgBr 
7f H H Me Me H MeBr _ _  -~ . _. .~ 

8 g  H H H c-&13 H 
9 h  H H c&13 H H AEt2 

10 i H SiMe3 H C6Hi3 H MgBr 
l l ]  H OEt H GH13 H MgBr 

- 
1oo:o 
1oo:o - 
- 
- 

0:loo 1mo 

93 
75 
92 
82 
83 
58 
69 
90 
71 
% 
65 

‘Diastereoisomer ratios of products (E2 ratios of 23): (&), 7030 ( 9  1); (26j), 86:14 (1288). %action conditions: 5 ‘C, 15 h. 

13.23 Boron-ene Reactions 
Triallylboranes (30) add to 1-methylcyclopropene (31) with participation of up to two allyl groups at 

low temperature in a cis fashion. The resulting isolable cyclopropylboranes (32) and (33) afforded cis- 
allylcyclopropanols (34) on methanolysis/oxidation (Scheme 8).* 

( + A  B(C3bR)2 (RH4C3)2B “‘H 

i, MeOH 

$ ii, HzOz, OH- * b  
Ho H 

- -80% 

-70 to 0 O C  

(30) (31) (34) 
(32)R=H, 50-608 
(33) R = Me, 85-905 

Scheme 8 
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Analogous boron-ene addition to enol ethers (36) requires 110-140 'C. Under these harsh conditions 
the initially formed 2-alkoxyboranes (37).undergo a spontaneous pelimination to furnish 1,4-dienes (38) 
in good yields (Scheme 9; Table 9.9 Application of this cis-metallo-allylatiodsyn-elimination sequence 
to cyclic enol ethers provides a stereocontrolled access to 1,Cdienols containing a trisubstituted alkenic 
bond, as illustrated by the transformation (39) + (40) + (42) (Scheme 9). 

R3 

r.t., 48 h 

Scheme 9 

Table 5 Boron-ene Reactions of Enol Ethers: Preparation of 1,4-Dienes (38) 

Entry RZ R3 R4 R5 Reaction Yield 
temp. ('C) (5%) 

l a  H H H Bu 110-140 80 
2 b  H Me H Bu 120-135 50 
3 c  Me H H Bu 120-140 80-90 
4 d  H H Me Et 135 75-85 

Enophile activation by an alkoxy substituent was also observed with the particularly smooth and cis 
stereospecific additions of dialkylallylboranes (43) to ethoxyacetylene (44).l0 The resulting dienylbo- 
ranes (45) are interesting polyfunctional building blocks and provide 2-ethoxy-1.4-dienes (46) or 1,4- 
enynes (48) (7541%) by protonolysis or alumination/elimination (Scheme 10; Table 6). 

(45) X = BR2 
(46) X = H Et3Al 
(47) X = AlEtz 

Scheme 10 

Table 6 Boron-ene Reactions of Ethoxyacetylene: Preparation of 2-Ethoxy-1 ,Cdienes and 1.4-Enpes 

Entry R2 R3 Reaction (43) + (44) + (45) Yield of(46). Yield of(48)' 
temp. ('C) (96) (%b) 

l a  
2 b  
3 c  

H 
Me 
H 

H 
H 

Me 

-70 to 0 80-% 75 
-70 to 20 75-90 80 

0 to 20 9&95 81 

'Yield based on allylborane. 
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1.2.2.4 Palladium- and Nickel-ene Reactions 

Metallo-ene reactions involving the transfer of palladium and nickel have been described since the 
early 196Os, mostly in connection with their crucial role in the Pd- and Ni-catalyzed polymerization of 
butadiene. l1 Hence, insertions of 1,3dienes into allylpalladium compounds were extensively studied.12 
Thus preformed allylic complexes (49) underwent the metallo-ene reactions (49) + (51) at 20 'C (20 h) 
or 35 'C (4 min) or 70 'C (1 h); the reaction rate depended on the substituents R1 and R2 as well as on 
the ligand L and decreased in the order R1 = C1> H > Me; R2 = H > Me; L = Faacac > acac > C1. Further 
diene insertion into the resulting allylpalladium product (51) (polymerization) was generally slower than 
the initial step (49) + (51) and again relies on the nature of the ligand L (Scheme 1 1).12b 

Scheme 11 

Additional regio- and stereo-chemical information was obtained from palladium-ene reactions of 
strained alkenes. An instructive example is the reaction of stoichiometric amounts of the allylpalladium 
species (52) which undergo rapid, reversible formation of the a-allylpalladium-norbornadiene com- 
plexes (53) to give at 37 'C the cis insertion products (54) (Scheme 12). Carbon-carbon bond formation 
(at the least substituted allyl terminal) and palladium transfer from the same (exo) face of norbomadiene 
were ascribed13 to a a-allypalladium alkene insertion. 

L 

(53) L = hexafluoroacetylacetonate (54) 

Scheme 12 

An analogous regio- and stereo-selectivity characterizes the palladium-ene reaction (55) + (56) + (57) 
which, via a coupling of the isolated a-Pd product (57) with the lithium acetylide (58), afforded the pros- 
taglandin endoperoxide analogue (59) (Scheme 1 3).14 

ret. 

C02Me C02Me 
90% 

(55) (56) (57) 
L = hexafluoroacetylacetonate I i, PPh, (2 equiv.) 

Scheme 13 

CHCSH1 1 
OTHP 

I 

OTHP 
(59) 
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Allylnickel species undergo analogous additions to strained alkenes, as exemplified by the cis stereo- 
specific metallo-allylation/methoxycarbonylation of norbomene, (60) + (61) + (62), employing a stoi- 
chiometric amount of 2-methallylnickel chloride (Scheme 14).15 The nickelcatalyzed allylation (60) + 
(61) was accomplished on heating allyl acetate, norbornene and Ni{P(OPr')3}4 (2 mol %) in THF. The 
isolated products (64) and (65) (80% overall) result apparently from (61) via carbometallation, retrocar- 
bometallation and p-climination processes.16 

R=Me 
CO (1 am) 

L,Ni toluene, MeOH M ~ ~ C  
-50 O C  

reaocarbomctallation >- elimination 

(65) 56% 

L.Niw elimination 

Tetracarbonylnickel is an inexpensive (although toxic) source of Nio and its use for the in situ gener- 
ation of allylnickel intermediates dates back at least 25 years. In fact, the nickel allylationhethoxycarbo- 
nylation of alkynes with allyl chloride and an excess of Ni(C0)4 in methanol has been reviewed (Scheme 
15).17 Accordingly, dienoates (68) (3540%) were obtained in a regio- and stereo-selective manner 
corresponding to a metallo-ene cis addition of an allylnickel compound at the less-substituted terminal 
C-1 of (67), followed by a CO insertion into the resulting vinylnickel species. The dienyl esters (68) 
were accompanied by variable amounts of cyclopentenones, indicating the possibility of consecutive CO 
insertion processes. 

Ni(C0)4 (excess) 

MeOH, 20 OC 
,$ H W H ,  CO, 1 

(66) 

- 
1 

1 

A recent synthesis of methylenomycin-B (74), based on these observations, features an allylatidcar- 
bonylation (69) + (70) followed by a C - 1 4 - 2  bondhickel acyl insertion (70) + (71) and a final meth- 
oxycarbonylation (71) + (72). Thus 2-butyn-1-01 (1,2-dialkylacetylenes are inert) afforded in one 
synthetic operation a 1:4 mixture (78%) of regioisomeric cyclopentenones (72) and (73) which was con- 
verted to the antibiotic (74) (Scheme 16).18 

An interesting example of anchimeric assistance is the catalytic isomerization of allyl 3-butenoate (75) 
to (E)-2,bheptadienoic acid (78), which proceeded at 20 'C with 4 mol '3% of an equimolar mixture of 
Ni(COD)fl(OPr')3. It seems that the appropriately placed carboxylate substituent serves as a ligand for 
Ni", facilitating the transformation (76) + (77); a subsequent pelimination of H, leads to (78) with con- 
comitant regeneration of the Nio catalyst (Scheme 17).19 
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Ni(C0)4 (2 equiv.) 
+ 1, MeOH, 14OC ~ 

'c1 I CHzOH 

4% Ni(COD)* 

20 O C ,  144 h 
4% P(P+O), 

- 

(74) 

Scheme 16 

(71) 

1-788 

Mea%:: 0 

(72) R' = Me, R2 = CH20H 
(73) R' = CH20H, RZ = Me 

(75) (76) 

Scheme 17 

A HO 0 

(78) 54% 

1.23 INTRAMOLECULAR METALLO-ENE REACTIONS 

1.2.3.1 General 

Intermolecular metallo-ene reactions have received until now virtually no attention as a method in tar- 
get-oriented organic synthesis despite the extensive work and interesting prospects. Problems of regio- 
and stereo-selectivity and overall efficiency seem to limit their applicability to specifically activated eno- 
philes. 

In contrast, intramolecular versions of the metallo-ene process may be regio- and stereo-selective as 
well as entropically favored and are thus more efficient, similar to intramolecular ene reactions (Volume 
5, Chapter 1.1)20 and [4 + 21 cycloadditions (Volume 5 ,  Chapter 4.4).21 This holds for two different 
modes of cyclization in which the enophile is linked by a suitable bridge, either to the terminal carbon 
atom C-3 (type I) or to the central carbon atom C-2 (type 11) of the metallo-ene unit (Scheme 18). The 
propensity of the cyclized alkylmetal intermediates (F) and (H) for further functionalizations and cycli- 
zations, involving the metallated and two alkenic sites, offers a considerable potential in organic syn- 
thesis. 

1.232 Intramolecular Magnesium-, Zinc- and Lithium-ene Reactions 

Essential for the practicality of (inter- and) intra-molecular magnesium-ene processes was a conven- 
ient preparation of the 2-alkenylmagnesium precursors (E) and (G) (Scheme 18, with metal = Mg). In 
particular, the conventional treatment of allylic halides with Mg turnings in Et20 frequently led to coup- 
ling products, e.g. (79) + (80) (Scheme 19). 

Magnesium, activated by evaporationzb or, much more conveniently, by sonication with anthracene 
(5%)?zb usually accomplished the metallation of 2-alkenyl chlorides, e.g. (79) + (81), at 4 5  'C in "HF 
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(GI (W 
Type I : enophilic chain linked to terminal carbon of ene unit (C-3) 
Type I1 : enophilic chain linked to central carbon of ene unit (C-2) 

Scheme 18 

-65 "C, THF 80-1 30 "C 

X 
O=C=N-Ph (83) X = MgCl 
70%fmm 

(79) 

MgCl 
(81) L (84) X = C(0)NHPh 

.. Mg-xTHF 
anthracene (5%), m, Mg 

4 . 1  mmHg 65 OC, sonication 

(82) 
Scheme 19 

without significant coupling.22c The resulting clean, alkali metal and alkali halide free solutions of Grig- 
nard reagents (81) are compatible with the thermal cyclization/trapping sequence (81) + (83) + (a)." 

1.23.2.1 Type I cyclizations 

(i) Initial Studies 

The first encouraging example of an intramolecular type I magnesium-ene reaction dates back to 1972. 
As described by Felkin et al., 23a 2,7-octadienylmagnesium bromide (85) cyclized in boiling Et20 to 
give, after aqueous work-up, selectively cis-2-methylvinylcyclopentane (88) in 67% yield (Scheme 20). 
Heating the solution of the transient Grignard product (87) to 110 'C (sealed tube, 24 h) furnished, after 
hydrolysis, mainly the thermodynamically more stable trans-cyclopentane (90) (90:88 > 1 l:l), indicat- 
ing the reversibility of the cyclization (85) f) (87) at a higher ternperat~re.2~~ It is worth noting that (85) 
could be obtained in situ from 13-butadiene, FVMgBr and (PPh3)?NiC12 (2 mol 96) and that (87) and 
(89) were also trapped by D2O or acetone. The conversion (85) + (87) was also reported in a patent.& 
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... 
Br 

110 OC I 
Br 
(89) 

Scheme 20 

35 o c  - 
-c- 

110°C 

Two years later, the transformation of the isoprene dimer (91) to (94) (mixture of stereoisomers) was 
observed and interpreted as a conjugate addition of BunLi to diene (91) followed by a (surprisingly 
smooth) intramolecular lithium-ene addition (92) + (93) (Scheme X)." 

OH 
(94) (4258) 

Bu"Li 
TMEDA 

-25 to 0 O C  I 
1 

(CH20), 
20 "C, 30 min 

52% from (91) 

Li 

(93) 
Scheme 21 

A comparative study demonstrated the moderate efficiency of a metallatiodcyclizatiodhydrolysis re- 
action sequence of enynyl bromides, (95) + (%) + (97), which obviously implies intramolecular zinc- 
and magnesium-ene additions to a terminal alkyne unit (Scheme 22; Table 7).' 
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Table 7 Int~amolecular Zinc- and Magnesiumene Reactions of Alkynes 

Leaving Group Metal Solvent Temp. ('C) Yield (W) 
X (time, h) (%KO) 

43 
15 

Br zn THF 20 (2) 
Br Mg Et20 reflux (2) 

(ii) Applications to Syntheses of Natural Products 
After these more or less isolated reports it was the challenge of natural product synthesis that spurred 

the most relevant exploration and extensions of the intramolecular magnesium-ene reaction. Its strategic 
role in synthesis is also illustrated by the following examples. 

The synthesis of A9(12)capnellene (103), published in 1982?6 addressed the issue of rendering this 
process iterative to assemble progressively polycyclopentanoid systems (Scheme 23). Thus in the fmt 
key step (99) + (100) the congested bond between C-4 and C-1 1 was formed with high stereochemical 
control, whilst trapping of the cyclized Grignard intermediate with acrolein set the stage for the second 
magnesium-ene cyclization which occurs at room temperature. Scavenging the bicyclic magnesium-ene 
product with oxygen furnished alcohol (102) as a 3:2 mixture of stereoisomers. This kinetically derived 
lack of diastereoselection was of minor importance since the remaining closure of ring c was accom- 
plished by an intramolecular aldolization with thermodynamic control over the configuration at C-6 
and/or at C-10. Hence the mixture (102) was channelled efficiently into the pure cis-anti-cis-triquinane 
(103). 

i, Mg powder, Et20 
ii, 60 "C, 23 h 
iii, -0 

i, F L i  
ii. S0Cl2, r.t. 

76% - GC* 57% - 

(102) 

Scheme 23 

H I  

72% SOCl,,EbO i 

Highly diastemxontrolled formation of a cis-1,2-disubstituted five-membel.ed ring was again ob- 
served in the key step (105) + (106) of the synthesis of (f)&protoilludene (111) (Scheme 24h2' Cop- 
per-promoted trapping of the cyclized organomagnesium species (106) by 1,Caddition to methyl 
2-butynoate furnished the conjugated ester (107) in one synthetic operation from (104) (76%). The thus 
generated 1,2-cis-disposed functionalities in (107) were ideally suited to form the remaining six- and 
four-membered rings simultaneously by an intramolecular vinylketene/alkene cycloaddition (108) + 
(109) (cf. Volume 5, Chapter 2.1). The carbonyl group in (109) (chromatographically purified) further- 
more directed the alkene bond into the 6/7-position (instead of the otherwise favored 7/8-position). Al- 
though the [2 + 21 addition (108) -) (109) did not show the desired high stereoselectivity, this approach 
to the protoilludene skeleton (109) in only 2-3 synthetic operations from the readily available acyclic 
diene (104) exemplifies the general potential of magnesium-ene cyclizations when coupled with cycload- 
dition processes. 
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(104) X = C1 -1 act. Mg 
(105) X = MgCl - -60 'c 

(110) x = 0 
(111) X = H2 

i, NaOH 
ii, (COCl)2 

iii, R'*NEt 
1 

Another approach to an unusual sesquiterpene, sinularene (116)?* involves the diastereocontrolled for- 
mation of a six-membered ring by a magnesium-ene process (Scheme 25). Successive treatment of 
allylic chloride (112) with activated magnesium, heating to 50 'C and Co;? trapping led to the formation 
of the bond between C-5 and C-6 as well as that between C-7 and (2-15, giving the crystalline carboxylic 
acid (115) (47% overall) in a single operation. In this case, however, the kinetically controlled cis rela- 
tion of magnesium donor and acceptor sites in (114) required an epimerization at C-5 at a later stage of 
the synthesis of the target molecule (116). 

(112) x = c1 
(113) X = M g C J  THF, -80 "C 

act. Mg (114) X = MgCl 1 
(115) X = CO2H - 'OZ 

Scheme 25 

A related synthesis of 12-acetoxysinularene (122)29 differs in that the magnesium-ene unit is part of 
the norbomene skeleton which carries the enophilic chain at C-2 (Scheme 26). Hence, by reversing the 
relative position of the reaction partners the bond between C-5 and C-6 was closed in the key step (119) 

(120) with simultaneous formation of both the C-7K-15 methylene group and the C-12 Mg function- 
ality. Accordingly, one synthetic operation provided alcohol (121) in 62% yield from allyl chloride (118) 
(again the initial cis relation of C-12E-7 was altered thereafter by an epimerization at C-5). 

The stereodirecting bias of a preexisting stereogenic center on the intramolecular magnesium-ene re- 
action is illustrated by the enantioselective syntheses of (+)-a-skytanthine (130) and (+) - 8-skytanthine 
(131), as well as of (+)-iridomyrmecine (132) (Scheme 27).30 Allylic chloride (123), easily available in 
94% enantiomeric purity, was metallated with commercial Mg powder. Heating of the resulting solution 
under reflux followed by oxidative trapping of (125) with MoOPH at -78 'C yielded an 88.4:5.9:3.0:1.4 
stereoisomer mixture of cyclized alcohols (58%). The major isomer (126), isolated by flash chromato- 
graphy (49% from (lW), has the desired (4aS,7uR) configuration. This result is consistent with a favored 
transition state (la)$ (with the C-7 methyl group oriented toward the convex face) assuming that 2.3- 
substituted 2-alkenylmagnesium halides react in their (a-form (cf. Section 1.2.3.2.2 (i)). Stereoconver- 
gent control over the remaining center C-4 was achieved by hydroboration (BHs)/oxidation of the free 
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(117) X = OH 3 NCS, DMS 
(118) X = C1 
(119) X = M g C J  act. Mg, -65 " c  

(120) X = MgCl MoOPH 
84% (121) X = OH - 1 62% overall 

Scheme 26 

alcohol (126) to give diol (128), which was cyclized to give (+)-&skytanthine (130); alternatively, hy- 
droboration (BBN)/oxidation of the benzoate (127) furnished predominantly the C-4 epimer (129) which 
was transformed either to (+)-&skytanthine (131) or to (+)-indomymecine (132). 

?Ti,, ii. i. Mg, 40 OC. Et20 16 h 

b 

c1 

(123) 

f$,, 

0 

(1W* (125) X = MgCl 
(126) X = OH, 49% from (123) 
(127) X = OC(0)Ph 

- (129): i, NaOH 

i, BH3 or 9-BBN 1 ii, H202. NaOH 

1. 

\OH  OR^ 
Me 

(130) R' = Me, R2 = H 
(131) R' = H, R2 = Me t (128) R' = Me, R2 = H, R3 = H 

(129) R' = H. R2 = Me, R3 = C(0)Ph 

(132) 

i, CrO,; ii, KOH iii, HCI; 39% 

Scheme 27 

Whereas all foregoing applications rely on a kinetically determined stereoselectivity of magnesium- 
ene cyclizations, it is apparently thermodynamic control which governs the cyclization (134) + (135) at 
138 'C over 61 h to give, after oxidative quenching with 02, an 83:8:9 mixture of stereoisomers. The 
major 'all-trans' alcohol (136) was converted to the dimethyl ester of truns,rruns-boschnialic acid (137) 
(Scheme 28).31 

- '%,, 

MeOzC C02Me 

i, act. Mg, THF 
ii, 138 O C ,  61 h 

53% 

31% 

r "" - 
X X 

(133) X = C1 
(134) X = MgCl 

(135) X = MgCl 1 02, ,, ec 
(136) X =OH c- 

(83:8:9) 

Scheme 28 

(137) 
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1531.2 Type 11 cyclizPrtions 

(i) Type II Magnesium-ene Cyclizations 
This version, in which the enophilic chain is attached to the central atom C-2 of the metallo-ene 

moiety, was not described until 1982. A systematic investigation dealing with the efficiency, regie and 
stereo-selectivity of this reaction (Scheme 29; Table 8)32 involved heating (2-alkeny1)allylmagnesium 
chlorides (81) followed by quenching of the cyclized Grignard reagents with phenyl isocyanate (entries 
1-5) or water (entry 6). It is worth noting that a six-membered ring (entries 2, 5,  6) was formed more 
readily than a five-membered (entry 1) or a seven-membered ring (entry 4), reflecting the counterplay of 
entropic and angle strain factors. 

c1 R 

(79) 

4 5  "C act.Mg I 
&t,, / 

MgCl R 

(81) 
4 
I 

a,' R X  

(83) X=MgCl 
(84) X = C(0)NHPh 
(138) X = H 

Table 8 Intramolecular Type II Magnesium-ene Reactions (79) + [(Sl) + (83)] + (84) or (138) 
Entry Bridge length R Temp. ('C) Product Yield 

n (time, h) (%) 

l a  
2 b  
3 c  
4 d  
5 e  
6f 

1 
2 
3 
3 
2 
2 

H 
H 
H 

Me 
Me 

n-C6H13 

130 (23) 
80 (17) 
80 (17) 

80 (17) 
z {:I 

71 
72 
71 
40. 
86 
81 

'20% of noncyclized dienylanilide isolated. 

This study also revealed an astonishing regioselectivity insofar as only products (84) or (138) (but no 
isomers derived from 139 or 142) were observed regardless of the distance between the reactive units. 
Accordingly, the magnesium was transferred to the distal site C-1' of the enophile and the new C - C  
bond was formed at the proximal C-2' site. As to type I1 cyclizations of nonsymmetrically substituted 
magnesium-ene species (entries a), a rapid 1.3-metal migration (81) - (140) (cf. Scheme 2r3 leaves 
two possibilities: C-C bond formation with either the more or less substituted ene terminal C-3 (81 + 
83) or C-1 (140 + 141), of which only the former regiochemistry was observed. Also the 3,3-dimethyl- 
substituted magnesium-ene component of (144) underwent C - C  bond formation only to C-3, generating 
a quaternary center to give (146; 80%) (Scheme 30). 
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c 
80 "C, 17 h 

80% 1 

X 

(145) X = MgCl 
(146) x = C(0)NHPh 

(143) X = C1 act. Mg 
(144) X = M s z 4 5  

Scheme 30 

Focusing on the stereochemistry, it is intensting to note that only cis isomers (84) and (138) w e n  ob- 
served; this indicates highly selective alkene 'insertion' into a (2)-ene unit (81) (Scheme 31) which is in 
a rapid equilibrium with (,??)-(81) (via the 1,3-Mg shift, 81 140). 

L 

(81e)* (83e) 
Scheme 31 

This type of sterewntrol is featured in a synthesis of the fungitoxin (f)-chokol-A (156) (Scheme 
32).34 Alcohol (147) (easily prepared from 1-hexen-5-one in two steps) efficiently gave the allyl chloride 
(148) (CCWBu3). The metallation/cyclization/oxidation step (148) + (149)h (150) + (151) (de- 
scribed in detail) furnished ciscyclopentylmethanol(l51) (64% from 148 together with 2% of its truns 
epimer and 6% of a positional isomer derived from 141) which was oxidized to ciscarboxylic acid 
(152). Iodolactonizationlnduction (152) + (153) + (154) secured the desired cis disposition of the t-hy- 
droxy ((2-1) and s-methyl ((2-2) groups. Basic methanolysis of lactone (154). accompanied by C-3 epi- 
merimtion, furnished (155) with a trans-related c-3 methoxycarbonyl substituent which was 
transformed into the pentenol side chain of (156). 

i, act. Mg, -78 'C 
ii, 130 OC, 6 h 

c 

(147) X = OH 
(148) x = c1 

n 

A 

(149) * 

64% from (148) 

MeONa. MeOH 

OH 
I 

c 

i o  
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By contrast, no diastereoselectivity was found in the type 11 magnesiumcne cyclizatiodoxidation 
(158) + (159) (160). which aiTorded the carrion beetle defense compound p-necrodol (la) together 
with its C-1 epimer (160b) (61% 1:l mixture) (Scheme 33).35 This is not surprising since the corn- 
sponding transition states suffer similar steric crowding due to the gem-dimethyl substitution. Neverthe- 
less, (R)-(157), obtained in enantiomrically pure form via a methylcopper addition/Mannich reaction of 
a chiral N-crotonoylsultam, provided, after separation from (16Ob), optically pure p-necrodol (16Oa), 
thus enabling an assignment of the absolute configuration of the natural product. 

X X 

130 "C. 23 h 

x =  

(159b) X = MgCl -1 0 2  ( l a b )  X = OH 2 0 2  

act. Mg, -65 OC (159s) X = MgCl 
(160s) X = OH - 

Scheme 33 

T T H F  
(157) X= C1 
(158) X = MgCl 

A culmination of the type I1 magnesium-ene cyclization methodology is its ideal application to the 
regio-, diastereo- and enantio-selective synthesis of the otherwise elusive, odoriferous norsesquiterpene 
(+)-khusimone (168) (Scheme 34)." Conjugate addition of a chiral dienolate (161) to cyclopentenone, 
coupled with enolate trapping by allyl bromide, chromatography and crystallization, directly gave 
enantiomerically pure (162) (37% from cyclopentenone), which was readily converted into allylic 
chloride (164). Slow addition of (164) to Mg powder in THF, heating the solution at 60 'C for 17 h and 
quenching with COZ gave, after crystallization, bicyclic carboxylic acid (167) (85% from 164). No regio- 
or stereo-isomer of (167) was found in the mother liquor. This particularly strong bias of the preexisting 
centers C-5 and C-1 in (164) on the generation of stereogenic center C-8 conforms with the sterically 
least congested transition state (165)t. Hence the magnesium-ene step provided the thermodynamically 
unstable, encumbered 7,7-dimethyl-6-methylene moiety with perfect control over the chirality at C-8. 

i, LiAlH4, THF 
ii, MsCl, "Et, 

iii, aq. HCl, Et20 
iv, Bu'OK 
I. 

84% 

s", 

3% (166) X = MgCl 

Scheme 34 

(167) X = CO2H 

Mg powder 
i, r.t. 
ii. 60 OC. 17 h I 

L 
(165)* 

* 
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(ii) Type 11 Zinc-ene Cyclizations 
The thermal type I1 cyclizations of akenic allylzinc bromides (171) show interesting possibilities; the 

latter were prepared in situ from chlorides (169) via transmetalation of the Grignard intermediates (170) 
with ZnBr2 (1.5 equiv). Quenching of the cyclized alkylzinc species (172) with HzO (+ 173) or 
ClSnMes (+ 174) provided oxygen and nitrogen heterocycles (Scheme 35; Table 9).37 Analogous at- 
tempts to cyclize the allylmagnesium chlorides (170) failed except for the transfomation (17Og) + 
(174g) (76%). However, the less nucleophilic zinc derivatives (171) cyclized readily at 80 'C even with a 
terminally methyl-substituted alkenyl (although at 130 'C, entry 3) but not with a cyclohexenyl enophile 
unit (entry 6). 

(169) X =C1 
(170) X = MgCl 
(171)X=ZnBr (174) X = SnMe3 

(172) X = ZnBr 
(173) X = H -1 

Scheme 35 

Table 9 Intramolecular Type I1 Zinc-ene Reactions Followed by Trapping (171) + (172) + (173) or (174) in THF 

Entry Y R' R3 R2 Temp. ('C) Product riel& 
(time, h) (5%) 

57 
80 
50 
76b 
62 
0 

64 

l a  0 H H H 80 (23) 
2 b  0 H H Me 80 (45) 
3 c  0 H Me H 130 (22) (173) 
4 d  0 Ph H H 80 (48) (173) 
5 e  OCH2 H H H 80 (24) (174) 
6 f  0 -(cH2)3- H 130 (24) (173) 
7 g  NMe H H H 80 (24) (174) 

' Based on (169). 2: 1 translcis mixture. 

1 3 3 3  Intramolecular Palladium- and Nickel-ene Reactions 

1333.1 Catalytic type I palluiium-ene cyclizations 

Whereas stoichiometric additions of allylpalladium species to norbomene and 1,3dienes are known 
(cf. Section 1.2.2.4), simple alkenes (e.g. styrene, cyclohexene, 1 ,Ccyclohexadiene and 1,5-cycloocta- 
diene) did not undergo this rea~ti0n.l~ However, it can be assumed that the intramolecular ene process 
(L) + (M) (Scheme 36) is entropically favored and that a subsequent irreversible p-elimination (M) + 
(N) withdraws the ene product (M) from the equilibrium (L) - (M). Further options are insertiodreduc- 
tive elimination processes (M) + (0). The thereby regenerated Pdo species should continue the catalytic 
cycle by oxidative addition to allyl derivatives (I) or (J) (e.g. X = OR), thus providing in situ the alkenic 
allylpalladium intermediates (K). 

The first example of this concept was published in 1987.38 Acetoxydienes (176) were readily obtained, 
predominantly as their (E)  isomers, via Pd(PPhs)4 catalyzed alkylation39 of disulfones (175a; Y = S02Ar) 
or malonates (175b Y = C02Me) with 4-acetoxy-2-butenyl methyl carbonate. Heating diene (17% Y = 
Ts) with Pd(dba)z (0.07 equiv)/PPh3 (0.2 equiv) in THF at 70 'C for 2 h gave the expected cyclized 1,4- 
diene (177a; Y = Ts) in 82% yield. Even more conveniently, product (177a; Y = Ts) was obtained (76% 
yield) in one operation from (175a) via Pdo catalyzed alkylatiodcyclization (Scheme 37; Table 10, entry 

Solvent effects significantly influence this novel ene process, as illustrated by the cyclization of malo- 
nate (176b) + (177b Y = CONe). Whereas no reaction took place in toluene, dichloromethane or 
DMF, the rate and yield increased on proceeding from THF (20%) to methanol (65%) to acetic acid 
(77%; entries 3-5). Interestingly, the presence of the phosphine turned out to be indispensable for the 
transformation (176b) + (177b).38 

2).38 
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- - 

P elimination 

(MI : ....................................... : ................................................................. 
insertion /reductive elimination 

X = OAc, OH, OTHP; Y = C(S02Ar)2, C(C02Me)2, CH2, NR, 0 

Scheme 36 

5-7% Pd(PPh,),, 20 "C 

(175) (176) (177) 
AcO OCO#e, 7% Pd(dba)2, 20% PPh,; i, 20 "C; ii, 75 'C; 76% I t 

Scheme 37 

Table 10 Pd(dbaWh3 Catalyzed Cyclizations (176) (177) 

Entry Solvent Reaction temp. ( C) Yield of (177) 
(time, h) (766) 

l a  S02C6H4Me-p THF 70 
2 s  SoZC6H4Me-p THF '1-pot 
3 b  C a M e  THF 80 (40) 
4 b  C a M e  MeOH 80 (8) 
5 b  C a M e  AcOH 80 (1.5) 

82 
76 
20 
65 
77 

"1-pot' from (1750). 
The significance of the medium for this type of reaction accounts also for unsuccessful attempts to 

achieve Pdo catalyzed cyclizations of various 2,79ctadienyl acetates in aprotic solvents. Nevertheless, 
Pdo catalyzed cyclization of 4-alkyl-4-hydroxy-2,7-octadienyl acetates such as (178). (181) and (184) 
were readily accomplished in boiling acetonitrile." Some of these (presumably hydroxy assisted) ring 
closures led preferentially to products with cis-related hydroxy and vinyl groups, e.g. (179) and (182) 
(Scheme 38). 

Intramolecular insertion of a 1,l-dialkylalkene into an allylpalladium unit (188) -P (189) proceeded 
under the usual conditions, as illustrated by the cyclization (187) 4 (192) (Scheme 39).4l It appears that 
the cyclized alkylpalladium intermediate (189), unable to undergo @elimination, carbometallates the ad- 
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OH R 

(178) R = H 
(181) R = Me 

75% (179) R = H, 80% 
82% (182) R = Me, 94% 

3% Pd(PPhp), n 
75% 

(185) 57% 

Scheme 38 

+ 

+ 

"TR ti"' 
(180) R = H, 20% 
(183) R = Me, 6% 

(186) 43% 

jacent vinyl group to give the transient cyclobutane (190) which undergoes retro-carbometallatiodp- 
elimination, (190) + (191) + (192). 

7% Pd(dba), +$- Ts AcOH, 20% 80 PPh, "C, 3 h - 
AcO 

(187) 

Ts 

- r Ts Ts 

r t  
cu 

I I 
L, 

- Ts 

carbometallation I 
l- carbometallation I I -"  

L (191) 

Scheme 39 

In striking contrast to 8-alkyl-substituted 2,7-dienylmagnesium halides that did not cyclize (cf. Section 
1.2.3.2). the allylpalladium unit of (194) inserted readily into a terminally mono- and even di-methyl- 
substituted alkenic bond, (194) + (195) (Scheme 40; Table 11)?* The efficient Pdo catalyzed cycliza- 
tions (AcOH, 75 'C, 1.5 h) of acetoxydienes (193a) and (193b) gave, in each case, a single 1J-diene 
product (196a; 91%) and (196b; 71%), respectively. It follows that the cyclic alkylpalladium intermedi- 
ate (195) eliminates the exocyclic Hb preferentially over Ha, in agreewent with the conformational con- 
straints of a syn p-elimination process. Again acetic acid proved to be a better solvent than THF (cf. 
entries 1.2 and 3.4). 

A study of the stereochemistry of the cyclization (197) + (198) + (200) showed a kinetically control- 
led 2: 1 preference for the formation of the trans-divinylcyclopentane (200) (independent of the ene E1Z 
configuration, c$ Scheme 48) which increased to 9: 1 when more catalyst and a longer reaction time were 
employed (Scheme 41, Table 12).4' This useful predominance of the thermodynamically more stable 
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Ts Ts 
7% Pd(dba)z 
20% PPh3 

AcO 

A 

Scheme 40 

Table 11 Pd(dbaWPh3 Catalyzed Cyclizations (193) + (1%) 

E n 0  R Solvent Reaction temp. ( C) Yield of (1%) 
(time, h) (%) 

l a  H THF 75 (15) 
2 a  H AcOH 75 (1.5) 
3 b  Me THF 85 (40) 
4 b  Me AcOH 75 (1.5) 71 

truns product (200) (entry 4) presumably involves a palladiumcatalyzed 'Cope-type' equilibration (198) - (199) - (200). 
As expected, Pd(PPhs)4 also proved to be a suitable catalyst for intramolecular palladium-ene reactions 

(Scheme 42). Conversion (201) + (202) illustrates the feasibility of this method for six-membered ring 
formation?* Acetoxydiene (203), containing a cyclic enophile unit, finished stereoselectively the bicy- 

Scheme 41 
(200) 
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Table 12 Stereochemishy of Pd(PPh& Catalyzed Cyclizations* (197) + (198) + (200) 

Entry Educt (197) Equiv. Reaction Yield of Ratio 
(E):@) Pd(PPhd4 time (h) (198) + (200) (%) (198):(200) 

1 
2 
3 
4 

0100 0.05 
60:40 
m40 
m40 

0.05 
0.07 
0.10 

5 70 36:W 
5 67 36:W 
2 26 (80)b 32:68 
24 52 1o:m 

7 5  'C, AcOH. bYield in parenthesis based on recovered (197). 

clic product (204) in 86% yield. The palladium-ene unit may be also part of a ring, as shown by the 
stereoselective formation of a spiro system, (205) + (206).38c+42 

7% Pd(PPh3)d 
AcOH, 85 "C, 2.5 h 

63% 

AcO 

7% Pd(PPh3)d 
AcOH, 85 "C, 2.5 h 

w I I 
63% 

f$ 86% - 6 7% Pd(PPh3)d 
AcOH, 80 "C, 1 h 

\ 

(203) (204) 

AcO 
H 

10% Pd(dba), 

AcOH, 100 "C, 30 min 
30% PPh3 

SOzph 

77% 

Stereochemically even more striking are the cyclizations depicted in Scheme 43 and Table 13. Com- 
parison of entries 1 and 2 shows that the trans or cis alkenic cyclohexenyl acetates (208a) or (211a) gave 
the same cis-annulated hexahydroindene (210a).38 However, the conversion (211a) + (210a) is signifi- 
cantly slower and presumably implies a relatively slow trunslcis isomerization (212a) + (209a). It a p  
pears that in initially formed (212a) the coordination of the Pd atom with the trans-disposed enophile is 
highly unfavorable, which prevents its conversion to (213a). However, a longer bridge or a larger pre- 
existing ring should permit allylpalladium alkene coordination even in the trans intermediates (212). In- 
deed, the trans-acetoxydiene (208b) furnished exclusively the cis-fused octahydronaphthalene (210b), 
whereas the cis-acetoxydiene (211b) gave, with 95% stereospecificity, the trans-annulated product 
(213b) (entries 3, 4).42.43 This interesting C-0 + C-Pd + C P  chirality transfer also provides selec- 
tive routes to cis- or trans-fused hexahydroazulenes (21Oc) or (213c) (entries 5, 6).41,43 These findings 
confirm that the alkene inserts predominantly into the a-(or .rr-)allylpalladium unit cis relative to the Pd 
atom (Le. in a suprafacial manner). 

Scheme 44 exemplifies the analogous enantiospecific preparation of a hexahydropentalene (217) from 
a readily available, optically pure hydroxyacetate (214).43 

The gem-disulfone and malonate functionalities described above facilitate the preparation of the 'pal- 
ladium-ene' precursors (I) (Scheme 36) and can be readily removed or modified, but they are not essen- 
tial for the cyclization process. Thus 3-acetoxy-l,7-octadienes (J) (e.g. 218) containing simple carbon 
bridges are very easily accessible and undergo smooth Pd-catalyzed cyclizations (Scheme 45).41,44 Only 
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cat. Pd(PPh3)4, 
AcOH, 70-75 'C  

( R C '  I 

a: m = 2, n = 1 
b: m = 2, n = 2  
c: m = 3, n = 1 

E = C02Me 

E y v  
E 

NaH, THF, 

cat. Pd(PPh3)4, 
AcOH. 70-75 O C  

- 

Scheme 43 

1 a, b, c 

(213) 
k 

Table 13 Stereocontrolled Syntheses of [4.3.0], [4.4.0] and [5.3.0] Ring Systems by Pdcatalyzed Cyclizations of 
Acetoxydienes (208) and (211) 

Entry' Starting m n Reaction Yield (%) Ratio 
material time (h) (210) + (213) (210):(213) 

2 1 1.1 84 29852 
2 1 4 55 29852 

l a  (208) 
2 a  (211) 

2 
2 
1 

3 
3 
4 

60 >W<1 
69 5:95 
73 99: 1 

1 1.8 8G92 2:98 

'Entries 1 4 :  7 mol % Pd(PPh,),. 75 'C; entry 5: 10 mol % Pd(PPh& 70 'C; entry 6 5 mol % Pd(PPh3)4,70 'C. 

products (220) containing an (E)-akenic bond were found, indicating the ene-type reaction of (E)- 
allylpalladium intermediates. 

Catalytic palladium-ene cyclizations may also open new perspectives in alkaloid synthesis, consider- 
ing the smooth formation of pyrrolidines and Scheme 46 and Table 14 illustrate the cy- 
clizations of 'palladium-ene' precursors (1) (221; entries 1 4 )  and (J) (223; entries 5, 6) containing a 
nitrogen atom as part of the bridge. The leaving group in (223) can even be a simple hydroxy group 
(entry 6)?5a 

Stereospecific formation of a cis-fused octahydroqdnoline (226; 85%) is depicted in Scheme 47, 
which also shows the conversion of diallyl ether (227) into a 1:l cisltrans mixture of tetrahydrofurans 
(22&75%).45a It is worth noting that analogous nickel(0)-catalyzed cyclization of the corresponding ace- 
tate gave exclusively the trans isomer of (228).45b 

Pdo catalyzed cyclizations of ( E a - ,  (Z,Z)-, (E,E)- and (Z,E)-N-txifluomacetamides (229) and (232) 
again represent the insertion of terminally methyl-substituted alkenic bonds into (E)-allylpalladium com- 
ponents followed by p-elimination of a methyl-hydrogen atom (Scheme 48; Table 15).45a 
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(214) 100% ee (215) 

E = C02Me 
NaH, THF 63% 

5% Pd(PPh3)4 
AcOH, 70 "C, 2.5 h 

67% 

(217) >%%ee 
Scheme 44 

R* Rl$T 7% Pd(PPh3)4 
AcOH, 80 O C  

* 

(219) (220) 
(a) R' = H, R2 = CF3; 67% 
(b) R' = OMe, R2 = H; 94% Scheme 45 

Table 14 Pyrrolidines and Piperidines by Pdo Catalyzed. Cyclizations (221) + (222) and (223) + (222) 

Entry Starting R' n RZ Reaction Yield 
material time (h) 6) 

l a  (221) CH7Ph 1 - 3 72 - .- 
1 - 1 69 - 0.5 72 

2 b  (22ij CO2-EHiPh 

S02C6H4Me-p 2 - 4 77 
C(0)Ph 1 C(0)Ph 0.5 81 

6b f (223) S02WMe-p 1 H 3.5 78 

4b d 
S e  

3 c  (221) S02C6H4Me-p 1 {;%I 
'AcOH, 80 'C, Pd(pph3)4 (5 mol %). b7 mol % of Pd(PPh3)4 used. 

Entries 2 and 5 in Table 15 exemplify the use of a polymer-supported palladium(O)-phosphine catalyst 
which may offer practical advantages for carrying out palladium-catalyzed ene-type  cyclization^.^ As to 
the stereochemistry, dienes (229) containing a (2)-enophile gave, under kinetic control, predominantly 
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Ts 
I 5% Pd(PPh3)d 

AcOH, 80 'C, 1 h 

AcO J3\"') - 
(225) 

4% Pd(PPh3)d - 
AcOH. 80 'C 

AcO' ,,d 

(226) 85% 

(228) 75% (1:l) 

Table 15 Pdo Catalyzed Cyclizations (229) + (230) + (231) and (232) + (230) + (231) 

Entry Starting EIZ Reaction Yield (%) Ratio 
material C ( 2 k W )  time (h) (230) + (231) (230):(231) 

E 0.6 76 88:12 
E 20 75 88:12 
Z 1.9 59 91:9 
E 2 67 28:72 
E 52 62 30:70 
Z 2.5 51 30:70 

1 (229) 
2a (229) 
3 
4 
5a (232) 
6 (232) 

g; 
'10 mol % of (polymer-C&-PPhz)tPd (Fluka). 

the trans-divinylpyrrolidine (230) (-8: 1, entries 1-3) whereas dienes (232) containing an (E)enophile 
afforded, less selectively (2.5: 1). the cis product (231) (entries 4 4 ) .  This stereochemical outcome was 
independent of the (E/Z) configuration of the allyl acetates (229) and (232), in agreement with a (a- + 
(a-allylpalladium isomerization prior to the insertion (indeed, isomerizations (Z)-(229) + (E)-(229) and 
(2)-(232) + (E)-(232) were observed under the cyclization conditions). 

By contrast, if the (Z) configuration of the allylpalladium unit (e.g. in 233t) is enforced by incorpora- 
tion into a ring, only cis-substituted insertion products were expected, as confirmed by the annulation 
(233) + (235) (Scheme 49)."5* 

A recent report described analogous palladium(O)-catalyzed cyclizations of allyl acetates containing a 
conjugated dienyl-enophile c0mponent.4~ Thus heating trienes (236) with acetic acid and lithium or so- 
dium acetate in acetonitrile under reflux furnished mixtures of trans and cis cyclization products (238) 
and (239). It appears that the cyclized allylpalladium species (237) is trapped by acetate (via reversal of 
the oxidative addition (I) + (K), Scheme 36) which results in an overall isomerization (236) + (238) + 
(239). As previously observed (cf. Scheme 37), the presence of triphenylphosphine was required for the 
corresponding transformation of the malonate (236e). Cyclizations of the monodesulfonated substrates 
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/Ts 5% Pd(PF'h& PdL, 
AcOH, 80 OC, 0.9 h 

Ts 
(234) - 

AcO 

(233) 

Scheme 49 

(2364 and (2361) provided exclusively the all-cis products (23%) and (239d), respectively (Scheme 50, 
Table 16). 

l*lllX 6% Pd2(dba)3*CHC13, AcOH 
AcOLi (AcONa). M e a .  reflux 

c 

AcO 

Y 

\OAc 
(238) 

+ 

i, Pd2(dba)pCHC13 
ii, AcOH, 105 OC 

OAc 
(239) 

56% 

Scheme 50 

Table 16 Pdo Catalyzed Cyclizations via Isomerizations of a-Dienylu-allyl Acetates 

Entry R Y X P Ph3 (mol 8) Yield Ratio 
(238) +(239) (238):(239) 

- -70 7090 - 62 58:42 - 68 0100 
0100 - 62 

COzEt 24 75 

a H S@Ph SO2Ph 
b Me S@Ph SO2Ph 

H S@Ph H 
H Me S W h  

H cwt e - : 
Ttatio not reported. 
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Direct palladium(O)-catalyzed bisalkylation of disulfone (241) by (240) and (242) and acetylation fur- 
nished the cyclohexenyl precursor (243) with a cis-related acetoxy group and dienyl chain. This configu- 
ration is, however, unfavorable for the cyclization step (cf. Scheme 43). which explains the high reaction 
temperature (AcOH, 105 T). The all-cis configuration of (244) parallels that one of (235) (@. Scheme 
49). 

Trapping of the cyclized a-alkylpalladium species by carbon monoxide (2 a m )  is exemplified by 
Scheme 51.48 Again the use of acetic acid as a solvent was essential for the cyclization of the butadiene 
telomer (245) giving initially a-Pd species (246). Subsequent C-Pd/CO insertion (246) -+ (247) + (248) 
was followed more readily an alkene/acylpalladium insertion+-elimination sequence (248 -+ 251) when 
the two adjacent moieties were cis disposed, whereas the trans intermediate (247) mainly provided the 
trans-vinylcyclopentane acetic acid (249) (50% from 245). Ligand variations have so far failed to in- 
crease the diastereoselectivity of these cyclizations. 

2.5% Pd,(dba),-CHCl, n 15% PPhq, AcOH 
2 a m  CO, 80 OC, 20 h d" 72 c 

) l  811 
AcO 

-80% 

(246) 
0 

(247) trans . .  
imj cis I I 

C02H 

1 

8 
0 0 

(249) 62% (250) 12% (251) 26% 

Scheme 51 

1.2.3.3.2 Catalytic tvpe II palladium-ene cyclizations 

Scheme 52 illustrates the feasibility of canying out catalytic type I1 palladium-ene cyclizations; for 
example, the transformation (252) + (253) (1 18 'C, 8 h, 66% yield).42-49 Cyclization of (254) proceeded 
under milder conditions (80 'C, 6 h) to give piperidine (255; 63%).49 

OAc 
(252) 

Ts 
I 

OAc 
(254) 

7% Pd(dba), 

AcOH, 118 OC, 8 h 

66% 

20% PPh, 

c 

7% Pd(dba)z 
25% PPh, 

AcOH, 80 "C, 6 h 

63% 
c 

Scheme 52 
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Dienyl acetate (256) (readily prepared from 1-hepten-Gone and lacking the disulfone moiety) was also 
easily transformed to Q-1,4-diene (259 87%) (Scheme 53).42*49 This regiochemistry parallels that of 
stoichiometric additions of allylpalladium complexes to norb~madiene,'~ but was subject to uncertainty 
in view of the relatively fast 1,3-Pd migration within the allyl component.39 Therefore the conversion 
(256) + (259) demonstrates a new stereocontrolled access to exocyclic trisubstituted alkenes which im- 
plies C-C bond formation at the less-substituted allylpalladium terminal and thus shows a regie and 
s temhemistry both opposite to the type II magnesium-ene process (cf. Section 1.2.3.2.2; 81 + 83). 

n 7% Pd(dba)z 

AcOH, 80 O C ,  6.5 h LJJA 1' 2' 
Ph 209bm3 - [Ph. F 

OAc 
V 

87% 
H 

L 

(256) (257)* 

* 
- 1 

1.2.3.33 Catulytic platinum- and nickel-ene cyclizntions 

The above concept of catalytic metallo-ene cyclizations (Scheme 36) may also be extended to plati- 
num and nickel, as one would expect in view of previous work on intermolecular nickel-ene reactions 
(cf. Section 1.2.2.4). 

Recently, a platinum-catalyzed cyclization/elimination was accomplished on heating dienyl acetate 
(26Oa) with 3.5 mol % of Pt(PPh3k in acetic acid at 80 'C, which furnished the expected cyclopentane 
(261a) in 84% yield (Scheme 54; Table 17, entry 1) . "29508  

-A7 
3.5% Pt(PF'h3)4, AcOH, 80 "C or 

10% Ni(COD)?, dppb. THF, 20 "C 

(261) 

AcO f? 
(260) 

Scheme 54 

Table 17 Pt(PPhd4 (RO, or Ni(C0D)ddppb (1:l) (Nio) Catalyzed Cyclizations (260) + (261) 

Entry Bridge Catalyst Solvent Reaction temp. ('C) Yield 
Y (mol %) (time, h) f%) 

PtO(3.5) AcOH 
Nio (10) THF 

l a  C~S02Phh 
Nio (10) THF 

2 a  C(S02Phh 
3 b  NS02CaMe-p 
4 e  N-CPh3 Nio (10) THF 

85 
83 
76 
92 

The first indication, repofied in 1971, for a nickel-catalyzed intramolecular allylation of an alkenic 
bond was the dimerization of butadiene to 2-methylvinylcyclopentane (263).5* This efficient transforma- 
tion (90%) proceeded with 1.2 mol 8 of a Nio catalyst (prepared in situ from (BuS)?NiBrz and BuLi) in 
the presence of methanol and presumably involves a nickel-ene reaction of (262) followed by a p-elimi- 
nation of Ha (Scheme 55). 

The feasibility of Nio complexes as catalysts for intramolecular metallo-ene reactions was, despite the 
encouraging precedents, not straightforward and depended strongly on their ligands. Systematic studies 
showed that a 1:l mixture of Ni(COD)2/1,4-bis(diphenylphosphino)butane catalyzes (10 mol %) the 



Metallo-ene Reactions 57 

1.2% (Bu3P),NiBr2, 1.2% BuLi 
MeOH (0.3 equiv.), C6H,,60-75 "C, 40-50 h 

Scheme 55 

allylation/elimination (260) + (261) at 20 "C in THF with a syntherhlly useful efficiency (7692%) 
(Scheme 54; Table 17, entries 24),50a 

The catalyst Ni(COD)dppb, formed in situ, also induced smooth conversion of monocyclic truns-ace- 
toxydiene (264) to the cis-fused 3-methylenehexahydroindole (266; 88%), which is also formed much 
more slowly (12 h, 58%) from the cis precursor (267) (Scheme 56).50a This indicates a preferred cis- 
allylnickeValkene insertion (265) + (266) analogous to the closely related palladium-catalyzed annula- 
tions (209a) or (212a) + (210a). 

I I I  I I 
AcO' 

I1 
(267) 

The nickel/chromium-catalyzed cyclizations of 1,2,7-trienes (270) to (272) were postulated to proceed 
via a metal hydride addition to the allene unit of (270), generating an allylmetal intermediate (271) which 
undergoes a metallo-ene/P-elimination sequence.52 It is worth noting that these cyclizations can be 
stereocontrolled by the presence of resident stereogenic centers, as demonstrated by the transformations 
(273) + (274) and (275) + (276) (Scheme 57). 

Coupling of an intramolecular nickel-ene process with a methoxycarbonylation shows a striking pref- 
erence for products with cis-related metal donor (C- 1) and acceptor (C-8) sites.so Thus tricarbonyl(tri- 
pheny1phosphine)nickel (25 mol %),53 a stable, easy-to-handle solid [compared with the highly volatile 
and toxic Ni(C0)4], readily catalyzed the conversion of dienyl iodide (278) (THF/MeOH 4: 1, 1 atm CO, 
r.t.) into monocyclic cis-substituted pyrrolidine (280; 29%) and the bicyclic cyclopentanone (281; 47%, 
4:l isomer mixture) (Scheme 58).50a 

It follows that a cis stereoselective nickel-ene process yields (279) and that (279) forms a C-acylnickel 
intermediate which inserts into either methanol (+ 280) or the internal alkenic bond affording, after final 
methoxycarbonylation, keto ester (281). It is interesting to note that the bidentate ligand dppb favored the 
latter process and that no p-elimination of (279) was observed. Thus a catalyst, prepared in situ from 
Ni(C0D)ddppb (1: 1) under CO, effected complete bicyclization of (278) to give only (281; 80%, 10: 1 
epimer rnixture)?Ob 

Direct p-elimination cannot interfere with allylnickel/alkyne insertion-carbonylation sequences. In ex- 
tension of previous work (cf. Scheme 16) the bicyclization of (E)- and (2)-(282) to (283; 50%), promoted 
by 200 mol % of Ni(C0)4 at 40 'C, has been reported (Scheme 59).54 

Using 25 mol % of the more practical Ni(C0)3PPh3 catalyst under CO (1 atm, THF/MeOH 4:1, r.t.), 
exclusive monocyclization of iodoenyne (284a) + (286a) was accomplished (Scheme 60; Table 18, 
entry 1)>O This unusual stereocontrolled approach to an exocyclic trisubstituted alkenic bond is consist- 
ent with a suprafacial allylnickeValkyne insertion, (284; X = NiL,,) + (285). Malonate (284b; X = I) 
yielded, under similar reaction conditions, monocyclized ester (286b; 41%) and bicyclo[3.3.0]octenone 



58 

‘Ni(CO)2(dppb)’ 
THF I MeOH ( 4  1)  

CO (1 am). r.t. 

Ene Reactions 

29% 47% 

10% cp-diphenylphosphino- 
‘OZMe polystyrene)NiC12 / 30% CrClz 

+C@Me THF/EtOH(4l),r.t. 

BuwQsioY-t 

I 

L 

(271) 

-L ButMezSiO,, 
c 

H %, - 1 M  78% 

(274) 

+ + &  
H H 

(276) 91% (277) 9% 

Scheme 57 

Ni(C0)3PPh3 
THFIMeOH(4:l) 

CO (1 am), r.t. 
c 

(281) (4:l) 
COzMe 

(BO) 
Scheme SS 

b 

200% Ni(C0)4 
MeOH / hexane (4: 1)  

15 OC, 10 h; 40 OC, 1 h 
MeOzC 

50% 

Br Hq OMe OMe 

(282) (283) 

Scheme 59 
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(287; 36%) in a stereospecific manner (entry 2). Exclusive bicyclization (28413) + (287; 87%) was ob- 
served in the presence of the bidentate ligand dppb (entry 3).* 

Ni(CO),PPh, 
THF / MeOH (4 1) 

CO (1 am) 
- 

X py 1 8  

CO2Me 

Scheme 60 

f l  CO2Me 

Table 18 Nickel(O)-catalyzed Intramolecular Allylation/Carbonylation of Iodoenynes (284) 

Entry Bridge Catalyst Reaction temp. ('C) Monocyclic product Bicyclicproduct 
Y (mol 9i) (time, h) (yield, %) (yield, %) 

'Addition of dppb to Ni(COD)2 (1: 1) under CO ( 1  a b ) ,  THFMeOH (4:l). 

1.2.4 SUMMARY 

Intermolecular metallo-ene reactions show interesting prospects when applied to strained or strongly 
polarized enophiles. Intramolecular versions, however, have proved to be far more powerful in the hands 
of synthesis-oriented chemists. Based on the criteria of (established and/or potential) utility in organic 
synthesis the following summary is focused on intramolecular magnesium-, palladium- and nickel-ene 
reactions. 

Stoichiometric, intramolecular magnesium-ene reactions involving terminal or strained alkene eno- 
phile units have served extensively as a cornerstone in efficient syntheses of natural products. One of the 
reasons is the propensity of the cyclized Grignard intermediates to be trapped by a vast m y  of electro- 
philes. On the other hand, the use of Mg is incompatible with several functionalities such as certain het- 
eroatoms in the acyclic precursor (zinc-ene cyclizations seem to surmount some of these limitations). 

However, palladium and nickel catalyzed versions promise, at the moment, an even wider range of 
possibilities. The need to maintain the catalytic cycle by continuous regeneration of the zerovalent metal 
catalyst limits, nevertheless, the functionalizability of the metallated center in the cyclized intermediate. 
For the same reason, the readily accessible starting materials may contain various functional groups 
which are compatible with the reaction conditions and which may be of value for the syntheses of com- 
plex heterocycles such as alkaloids. Carbon monoxide insertion reactions of the cyclized a-metal inter- 
mediates were shown to afford monocyclic methyl carboxylates and/or annulated cyclopentanones 
(cyclopentenones) with concomitant stereocontrolled formation of up to four carbon-carbon bonds. 

The following further trends can be seen from the available evidence. 
Ring size. The ease of cyclization decreases in the following order relative to the size of the developing 

ring: type I, 5 > 6 >>7; type II,6 > 5 - 7 >> 8. 
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Regioselecriviry. Carbon-carbon bonds are preferentially formed between the proximal sites of ene and 
enophile in the type I process and between the more (Mg-ene reaction) or less substituted (Pd-ene re- 
action) ene terminal and the proximal enophile site in the type 11 version. 

Stereosefectiviry. All described metallo-ene reactions proceed apparently in a suprafacial manner. 
Other stereochemical features depend strongly on the metal as summarized below. 
Type I magnesium-ene cyclizations usually furnish under kinetic control predominantly five- and six- 

membered rings carrying cis-disposed magnesium-donor and -acceptor units even when a quaternary 
center is generated. 2,3-Dialkyl-substituted allylmagnesium moieties react preferentially in their (z> 
form, inducing a cis relation of the C-3 alkyl substituent and the magnesium-acceptor site in type II cy- 
clization products. However, the stereoselectivity of type I and type 11 magnesium cyclizations can be 
greatly diminished by severe steric hindrance, e.g. by critically placed gem-dimethyl groups (#. 101 + 
102; 158 + 160). 

Related palladium-catalyzed ring closures permit simple and selective either cis or rruns annulation 
processes via an almost 100% stereospecific C - 0  + C-Pd + C - C  transfer. The diastereoselectivity 
of the palladium-ene cyclizations depends on the (E)/(Z) configuration of the enophile units and becomes 
exclusively cis when the (n-ene geometry is secured by incorporation into a ring. However, even acyclic 
allylnickel intermediates add to internally bound alkene units to form five-membered rings with cisdis- 
posed nickel-donor and -acceptor sites. 

As to our own work, mentioned in this chapter, it is a privilege to acknowledge the crucial connibu- 
tions of my coworkers whose names are cited in the appropriate references. We thank the Swiss National 
Science Foundation, Sandoz AG, Basel, and Givaudan SA, Vernier, for generous support of this work. 
We are grateful to Professors E. Negishi and J. Tsuji for kindly communicating their results prior to pub- 
lication. 
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2.1.1 INTRODUCTION 

This chapter reviews thermal [2 + 21 cycloadditions of alkenes to form cyclobutanes, extending the 
coverage provided by earlier summaries of the It does not deal with [2 + 21 cycloadditions 
that are achieved photochemically, or that utilize allenes, arynes or ketenes, or that are deliberately cata- 
lyzed,%14 or that result in heterocyclic four-membered rings, even though these other varieties of [2 + 21 
cycloaddition reactions are important and of substantial interest. 

Thermal [2 + 21 cycloadditions of alkenes are both well known and often overlooked or underutilized 
in synthetic practice. Yet a maturing mechanistic understanding of these reactions, and the growing im- 
portance of cyclobutane structures and of cyclobutanes as synthetic  intermediate^,'^ may soon lead to 
more widespread applications of this synthetic method. 

2.1.2 DIMERIZATIONS OF ALKENES VIA 1,4DIRADICALS 

Dimerizations of monosubstituted ethylenes were among the earliest recognized examples of thermal 
[2 + 21 cycloadditions; the fact that acrylonitrile (1) gives 1,2-dicyanocyclobutanes (3,4) led to postula- 
tion of reaction by way of a tetramethylene diradical intermediate (2).16 

CN - c:; - GCN + d: 
CN 

(1) (2) (3) (4) 

Styrene,17-19 butadiene*O and divinylacetylene21 similarly give [2 + 21 cycloadducts of head-to-head 
regiochemistry as mixtures of cis and trans 1 ,Zdisubstituted cyclobutanes. The tetramethylene diradical 

63 
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hypothesis accounts for the regiochemistry: these [2 + 21 cycloadditions take place through an initial 
carbon-carbon bond-forming step to give the most stable 1 ,Cdisubstituted 1 ,Cdiradical. This view was 
extended to explain why the reaction lacked generality (why some alkenes did not dimerize efficiently 
when heated) and to interpret relative rates of dimerization. The dimerization of ethylene itself, for 
example, is kinetically well behaved22 but quite difficult to realize, for the diradical intermediate in- 
volved has a much higher heat of formation23 than tetramethylene diradical systems having good radical- 
stabilizing groups at C-1 and (2-4, and the reaction is associated with a very unfavorable change in 
entropy. Relative rates of cycloadditions may be correlated qualitatively with the relative potency of sub- 
stituents as radical-stabilizing groups: styrene dimerizes at 240 'C faster than acrylonitrile, for phenyl is a 
better radical-stabilizing group than 

The diradical mechanism for such reactions was substantially bolstered through the theoretical insights 
of the Woodward-Hoffmann theory and through a number of telling stereochemical studies. Orbital 
symmetry considerations led Woodward and H ~ f f r n a n n ~ ~  to a recognition that the [2 + 21 cycloaddition 
of two ethylenes would not be a favored process: the [,2s + ,2J option is not thermally allowed, and the 
[,2$ + ,2,] alternative is ordinarily geometrically inaccessible. This analysis reinforced the view that 
such reactions must proceed by way of tetramethylene diradicals, or possibly zwitterionic intermediates. 
The theoretically based generalizations and the experimental facts are mutually reinforcing, thus provid- 
ing firm guidance as to when [2 + 21 cycloadditions are likely to occur at rates and with sufficient selec- 
tivity to be synthetically useful. Structural features destabilizing an alkene and stabilizing a 1.4-diradical 
(or 1 ,Czwitterionic) intermediate should facilitate such reactions, and regiochemistry may then be pre- 
dicted with considerable confidence. More quantitative techniques for predicting or rationalizing regio- 
chemistry based on this simple idea have been developed;26 alternative approaches based on 
perturbational molecular orbital theory are also quite suc~essfu l .~~  

Cyclobutanes may be converted to alkenes thermally, the reverse of the [2 + 21 cycloaddition reaction. 
These retroaddition or cycloreversion reactions have important synthetic applications28 and offer further 
insights into the chemical behavior of the 1,4-diradical intermediates involved:29 they may proceed to 
product alkenes or collapse to starting material with loss of ~tereochemistry.~~.~' Both observations are 
readily accommodated by the diradical mechanism. Generation of 1,4-tetramethylene diradicals in other 
ways, such as from cyclic diazo precursors, results in formation of both alkenes and cyclobutanes, with 
stereochemical details consistent with kinetically competitive bond rotations before the diradical gives 
cyclobutanes or alkenes. From the tetraalkyl-substituted systems (5) and (6), cyclobutane products are 
formed with very high retention stereo~pecificity,~~ while the diradicals generated from the azo precur- 
sors (7) and (8) lead to alkene and cyclobutane products with some loss of stereochemical definition.3s35 

Diradical intermediates may occur in other types of cycloadditions and cycloreversions. Kinetic data 
for the thermal transformation of cis&- 1,5-~yclooctadiene to butadiene and 4-vinylcyclohexene are 
consistent with a diradical intermediate;36 the same intermediate may be involved in the reaction of buta- 
diene leading to [2 + 21 adducts and to the Diels-Alder product 4-~inylcyclohexene.~~*~~ That a Diels- 
Alder product may arise from a stepwise path is not as unimaginable today as may have been the case 
just a few years In more elaborate contexts as well, regiochemistry may be successfully ration- 
alized through estimations of the relative stabilities of diradical inte1mediates.4~ 

When 1,l-disubstituted ethylenes are dimerized, the same regiochemistry is observed. Alkenes (9),4*45 
and (ll)so all dimerize with head-to-head regiochemistry and give cislfruns mixtures of 1,1,2,2- 

tetrasubstututed cyclobutanes. In more highly substituted systems the same pattern is followed: the triflu- 
orostyrene (12) gives the head-to-head dimers (13) and (14),51 and the cyanodihydropyridine (15) gives 
the tricyclic structure 

One may see [2 + 21 cycloadditions of alkenes even when radical-stabilizing groups are lacking if the 
alkene is of relative high energy: cycl~propenes?~ methylenecyclopropenes, bridgehead alkenes54 and 
trans-cycloalkenes exemplify the point. 
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3,3-Dicyclopropylcyclopropene5s and 3,3-dimethoxycyclopropene56~s7 both dimerize readily (17 + 
18). Cyclopropenes having a hydrogen at C-3 often give dimers generated through ene reactions, rather 
than from [2 + 21 cycloadditions. 

(17) R = cyclopropyl or methoxy (18) 

Methylenecyclopropene (19) dimerizes to give (20) and (21) in a 9223 Bicyclopropylidene 
(22) is converted in 35% yield to dimer (23);,j2 a competitive methylenecyclopropane rearrangement for- 
ming (24) is the major side reaction. 

7-Methylenenorbornadiene and tetracyanoethylene give a [2 + 21 adduct, even though the methylene 
double bond is not directly conjugated with the other two double bonds;63 the formal [2 + 21 cycloaddi- 
tions of pentalenes are probably best viewed as allowed [2 + 81 reactions.64 

Bridgehead alkenes such as adamantene,jS7O and 3-homoadamantene (25)71 dimerize to give mixtures 
of head-to-head and head-to-tail [2 + 21 cycloadducts. 3-Homoadamantene reacts to form five dimers, 
four of which have been assigned as structures (26) and (27). The diradical intermediates corresponding 
to the regiochemical alternatives are apparently of comparable energy, and the intermediates show com- 
petitive rotations about carbon-carbon single bonds and cyclobutane bond-forming reactions. 1 -Norbor- 
nene7* and bicyclo[2.2.2]oct- 1-ene73 react similarly. 

Bicyclo[4.4.l]undec-1( 1 1)-ene (B), however, exhibits different behavior, for it dimerizes in 95% 
yield to form structure (29).74 Whether this process involves hydrogen atom transfer from a tetra- 
methylene diradical, or an unusual pericyclic reaction reminiscent of an ene reaction, remains unclear. 
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Bicyclo[2.2.0]hex-l(4)ene (30) dimerizes cleanly at 0 'C in very dilute solution; the products event- 
ually isolated plausibly stem from a [2 + 21 cycloaddition to form (31), followed by [2 + 21 retroadditions 
in two different ways to give (32) and (33).75,76 

The [2 + 21 dimerizations of cis,rruns-1,5-cyclooctadiene (34), uncovered by Ziegler and coworkers in 
1954,77 have been studied more recently by other groups; L e i t i ~ h ~ ~  showed that three stereoisomers are 
formed, and assigned them as (39, (36) and (37). 

e-m+m+m H H 

When (R)-(-)-(34) is dimerized, only the second and third isomers are formed (26% 74%), both in 
dextrorotatory form, suggesting that the first isomer obtained with racemic starting material stems from a 
pair of enantiomers. Even though the monoinversion product (the [,2s + ,2,J product) is not the major 
product with either racemic or optically active cis,truns-diene, the fact that it is formed at all has been 
read as an indication that Woodward-Hoffmann theory has some predictive validity even for reactions 
which are not concerted.78 The normal diradical formulation rationalizes this outcome differently. 

Largely similar behavior is evident in the dimerizations of cis,rruns- 1,3-cyclooctadiene (38),'9 
truns,cis-2,4-cyclotadienone (39)80 and bicyclo[4.2.2]deca-3-truns,7,9-triene (40).81 

The dimers from the bridged truns-cyclooctene (40) include the [,2s + ,,&I product (41), a result 
which in 1969 was seen as a beautiful example of a [.n2s + r2a] cy~loaddition?~ a characterization ampli- 
fied in the secondary literature.82 The same nomenclature is legitimately and conveniently used here for 
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two different purposes, once to designate the stereochemistry of a product and again to describe a re- 
action mechanism; but the product here, as elsewhere, does not inevitably signal the mechanism. The 
Woodward-Hoffmann theory fails to account for the other two dimers, one of which is the major isomer 
at 40 'C. Perhaps all three could be rationalized in a uniform and unexceptional fashion through a diradi- 
cal formulation, and special treatment for the [,2, + ,24 product could be unnecessary. 

Stereochemical studies add great support to the proposition that [2 + 21 cycloadditions involve tetra- 
methylene diradical intermediates, for these additions take place with partial or complete loss of cisltrans 
stereochemical relationships present in alkene reactants. The dimerization of acrylonitrile, for example, 
studied with cis-l,2-dideuteriocyanoethylene (42), gives six distinct [2 + 21 adducts:83 the distribution of 
deuterium labels in the cis-l,2-dicyanocyclobutane products are given in structures (43), (44) and (45); 
an analogous set of three trans stereoisomers is formed. Recovered starting material shows partial loss of 
stereochemical integrity. 

D E C N  D + D 

4- 

CN D"" D 
D 2 CN CN 

D 

2.1.3 INTRAMOLECULAR AND MIXED [2 + 21 CYCLOADDITIONS 

Several fascinating intramolecular [2 + 21 cycloadditions of cyclopropenes have been explored by 
Padwa and  coworker^;^^* a typical example is 1,2-diphenyl-3-methyl-3-o-vinylphenylcyclopropene, 
which gives a [2 + 21 intramolecular product in 100% yield. The analogous o-trans-propenyl system (46) 
reacts to yield isomers (47; 82%) and (48; 18%). 

Ph 4 \ + 

If this reaction is initiated through formation of a cyclopropylbenzylic/benzylic diradical, then product 
regiochemistry is set when the first bond is made to generate (49) or (50). The former leads to the major 
product while the latter gives the endo isomer (48), following a conformational isomerization involving 
substantial rotations about several carbon-carbon bonds. The substituted tetramethylene diradical (50) 
may then have a substantial lifetime, and formation of diastereoisomeric diradicals may lead to dia- 
stereoisomeric products; such product mixtures need not derive from partitioning of a single, common 
intermediate, though in many cases they undoubtedly do. 

phpQ 

\ 

Ph 
t Ph 3 \ 

The cis-propenyl analog (51) gives exclusively an ene reaction product, (52). 
Intramolecular [2 + 21 cycloaddition of acyclic substrates take place when some activating substituent 

is present; for hydrocarbons, conjugating vinyl or phenyl groups are sufficient. Tetraene (53) gives pro- 
ducts (54) and (55),93 and the diphenylheptadiene (56) is converted thermally to the bicyclo[3.2.0] sys- 
tem (57).94 
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The regiochemistry of intramolecular [2 + 21 cycloadditions depends on the relative stabilities of alter- 
native 1 ,Cdiradical intermediates, which may depend both on C-l/C-4 substituents in the tetramethylene 
and on geometrical constraints. 1,8-Divinylnaphthalene (58) isomerizes at 150 ‘C to cyclobutane pro- 
ducts (59) and (60) in a 75:25 ratio, implying that diradicals (61) and (62) have similar heats of forma- 
tion.95,96 The dibenzylic diradical intermediate (62), presumably, is restricted geometrically so that both 
radical centers may not simultaneously be in full conjugation with the n-system of the naphthylene 
moiety. The analog (63) gives just one isomeric product (64). formally corresponding to a [712s + &la] cy- 
cloaddition. The diradical involved has ample time to achieve this stereochemical result. 

(-7 
Ph Ph 

rj:! \ /  __c 

H gph 
The styrene derivatives studied by Oppolzer are less constrained, and the regiochemistry is governed 

by the placement of substituents (65 -+ 66; 67 + 68).97 
A variation on these themes allowed Alder and Bellus to realize a thermal head-to-tail [2 + 21 addition 

of two acrylic units (69 + 70).98 
Annulated polyenes like (71) and (72) isomerize at 180-200 ‘C to give [2 + 21 intramolecular cycload- 

ducts, with yields and stereochemical details dependent upon the structure and stereochemistry of the 
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starting material.*Io2 At higher temperatures one obtains products derived from a cycloaddition-cyclo- 
reversion sequence, such as phenanthrene (from 71 and 72) and acenaphthalene (from 72). 

Pairs of similar alkenes may give useful yields of cycloadducts when one may be employed in large 
excess: the isomers of 2-butene will add to ethylene at 360-430 'C, giving 1,2-dimethylcyclobutanes 
showing some but not complete loss of stereochemi~try.~~~~~"" 

Pairs of alkenes with complementary donor-acceptor properties often give good yields of [2 + 21 cy- 
cloadducts. The relatively electron-deficient fluoro- and fluorochloro-alkenes, such as tetrafluo- 
roethylene and 1,1,2,2-difluorodichloroethylene, are excellent participants in thermal [2 + 21 
cycloadditions, providing efficient access to many novel and valuable compo~nds.~ Mechanistic investi- 
gations with these alkenes sustained the credibility of the diradical intermediate mechanism, and at- 
tributed heightened reactivity both to destabilization of the ethylene reactant and stabilization of the 
intermediate by substituents. 

In a series of classic papers, Bartlett and coworkers determined regiochemistry and reaction stereoc- 
hemistry for additions of 1,1-dichloro-2,2-difluoroethylene with conjugated  diene^.^.^ These cycloaddi- 
tions invariably proceed with the first new bond made between one end of the diene and the 
difluoro-substituted carbon of the halogenated alkene. For the isomers of 2,4-hexadiene, all cycloaddi- 
tion products were formed with this regiochemistry, one consistent with formation of the more stable 
allyl dichloro-substituted diradical intermediate; from each isomeric 2,4-hexadiene the adducts observed 
were consistent with competitive rates of rotation about carbon-carbon single bonds and formation of the 
cyclobutane adduct through bond making.IM The trans,rruns isomer gave rise to cyclobutanes (73) and 
(74), while the cis,cis diene gave only isomers (75) and (76). cis,fruns-2,4-Hexadiene gave a mixture of 
all four adducts (73)-(76). 
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Loss of stereochemical relationships present in starting alkenes in product cyclobutanes was demon- 
strated as well for additions involving ethylene or the 2-butenes with tetrafluoroethylene (TFE). The cis 
and trans isomers of 1,2-dideuterioethylene and TFE gave a mixture of both (77) and (78) in comparable 
 proportion^.'^^ The isomers of 2-butene give (80) and (81) (4258 from cis-Zbutene, 28:72 from trans-2- 
butene). 

F F  F F  F F  F F  

The loss of stereochemistry possible at the diradical stage, and the possible reversion of the diradical to 
alkenes, may lead to some loss of stereochemical integrity in recovered starting material. This occur- 
rence is consistent with the mechanistic model, and it may be exploited by employing a reagent capable 
of reacting with an alkene to form a diradical, but reluctant to give a [2 + 21 adduct. 9-(Difluoro- 
methy1ene)fluorene (81) serves well in this capacity: it will catalyze the isomerization of, but does not 
give cycloaddition products with, the 2,4-he~adienes.~ 

Fluorine and hydrogen appear comparable as radical-stabilizing groups, for both 1,l -difluoroethylene 
and trifluoroethylene react with butadiene to give mixtures of [2 + 21 regioisomers, as well as some [2 + 
41 products.lwJ1O Captodative substituted alkenes, not surprisingly, are well suited to [2 + 21 cycloaddi- 
tions.ll1-113 

For alkene4iene or diene4iene reactions, [2 + 21 additions are often in competition with Diels-Alder 
reactions: the balance is extremely system dependent. Only [2 + 21 products will be formed when the 
diene is restricted to the (S)-trans geometry, as in the reactions of dienes (82)Ik4 and ( 8 4 ) 1 1 5  with TCNE 
to give [2 + 21 adducts (83) and (85). Other conformationally mobile dienes give [2 + 21 rather than [2 + 
41 adducts when reacting intramolecularly because the Diels-Alder alternative would lead to relatively 
unstable products, as in the isomerizations of (86) to and of (88) to (89).'l7 

NC. ,CN 

When the tetramethylene intermediate involved in [2 + 21 cycloadditions lacks stabilizing functionality 
at both termini, and the diene is free to assume, or is locked into, the (S)-cis conformation, the Diels- 
Alder process dominates: ethylene and butadiene give vinylcyclobutane and cyclohexene in 1 :5000 pro- 
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portions? While 4-methylpenta-l,3-diene'18 or bicyclopropylidene and TCNE give both [2 + 21 and [2 + 
41 addition p r o d ~ c t s , " ~ J ~ ~  only [2 + 21 cycloaddition is seen with 2,5dimethylhe~a-2,4diene.'~~ 

For dienes existing as mixtures of (S)-cis and (S)-trans conformational isomers, reaction in the (S)- 
trans form will lead to [2 + 21 adducts, while reaction to generate a diradical from the (S)-cis form may 
lead to either [2 + 21 or [2 + 41 products. Temperature-dependent product ratios correlate with tempera- 
ture-dependent (S)-cis/(S)-truns conformer populations for the reactions between 1,l -difluoro-2,2-dichlo- 
methylene and butadiene.'22 

This competition between [2 + 21 and [2 + 41 cycloaddition modes presents both a fascinating mechan- 
istic and an occasionally daunting synthetic hazard, especially since many alkenes that are 
particularly reactive in [2 + 21 additions are also excellent dienophiles in Diels-Alder reactions. Frontier 
molecular orbital analysis provides useful insight regarding this parallelism in relative reactivity. Houk 
and others127-129 have developed this treatment, especially for reactions between a substituted ethylene 
and another n-system, finding that cycloaddition rates may be increased when strong electron-withdraw- 
ing groups are present on the ethylene. Correlations between reaction rates for Diels-Alder reactions of 
9,lO-dimethylanthra~ene~~~ and the ionization potentials (or LUMO energies) of cyano- and polycyano- 
ethylenes as dienophiles validate this view. According to the FMO model, when substitution reduces the 
donor-acceptor HOMO-LUMO energy separation, the transition state energy may be reduced through 
configuration interaction. Although Diels-Alder reactions may be symmetry allowed, they still may be 
facilitated through configuration interaction between ground state and charge-transfer configuration. Evi- 
dence of other sorts indicative of significant charge-transfer configuration involvement in Diels-Alder 
reactions continues to a ~ ~ ~ e . 1 ~ ~ - ~ ~ ~  

For [2 + 21 cycloadditions of electron-poor and electron-rich pairs of alkenes, configuration interaction 
is not just marginally helpful: it is of dominant importance. Without it, activation energies would ordi- 
narily be not just a bit higher, but drastically higher. Interestingly, the nucleophilicities of the 
cyanoethylenes as two-bond nucleophiles in Diels-Alder reactions and as one-bond nucleophiles in [2 + 
21 cycloadditions going by way of 1P-dipolar intermediates are projected to be approximately the 
same.128 

Careful product and kinetic studies for selected electron-deficient alkenes, electron-rich dienes and 
vinyl-substituted aromatic systems have provided some clarification of the [2 + 21 versus [2 + 21 cy- 
cloaddition issue. The thermodynamically favored product can often be anticipated on structural 
grounds. Reactions of TCNE with vinyl-substituted benzenoid aromatics? protoporphorin~~~~ or hete- 
roar~mat ics '~~  give [2 + 21 products, but for some styrenes the [2 + 41 addition may be kinetically fa- 
vored. p-Methoxystyrene and TCNE react to form a charge-transfer complex which leads reversibly to 
the Diels-Alder product, and eventually to the finally isolated [2 + 21 a d d ~ c t . ' ~ ~ - ' ~ ~  An isomer of di- 
cyclopentadiene shows the same pattern, with the initially formed Diels-Alder adduct giving rise to a [2 
+ 21 adduct.143 

It is not known with firm assurance if products in these reactions come directly from a charge-transfer 
complex. Under normal reaction conditions the kinetic behavior of these systems is not sensitive to 
whether the complex is on the reaction path or is just the product of a dead-end side-equilibrium pro- 
Cess.''''' For one Diels-Alder reaction, Kiselev and Miller have demonstrated that the donor-acceptor 
complex is on the reaction path.'45 Similar studies for representative [2 + 21 additions remain on the 
agenda, for the issue is of fundamental importance even though it has proven to be a very difficult one to 
resolve. 

Other [2 + 21 cycloadditions based on electron-rich and electron-poor alkenes, such as alkoxyethylenes 
and TCNE, an extremely electron-deficient alkene, were reported in the late 1950s. Dienes restricted to 
an (S)-truns geometry, thus obviating competitive [2 + 41 additions, and electron-rich alkenes of all sorts 
give [2 + 21 adducts with TCNE.'4"'48 The scope of such additions has continued to develop impressive- 
ly: TCNE has been added successfully to hundreds of substituted alkenes, and other pairs of alkenes hav- 
ing complementary substituents, making one electron-rich (donor substituents), the other electron-poor 
(acceptor substituents), have been shown to give similar facile [2 + 21 cycloadditions. Vinylcyclopro- 
 pane^,'^^'^^  enamine^,'^^-^^^ ketene  acetal^'^^-'^^ and other activated a l k e n e ~ ' ~ ~ - ' ~ ~  will combine with 
alkenes substituted with electron-withdrawing groups. Ketene acetal (W), for instance, reacts with ac- 
rylic ester (91) to give adduct (92).158 -* Ph" CN 
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Substituent effects for typical [2 + 21 cycloadditions between electron-rich and electron-poor alkenes 
demonstrate a high degree of dipolar character in the transition structure; for p-substituted styrenes and 
TCNE? the first-order rate constants for disappearance of the Ir-complexes and for formation of cyclobu- 
tane products correlates well in a Hammett treatment with [ a  + 1.21(a+ - a)], and p = -7.1 f 0.5; there is 
a high degree of charge transfer in the transition structure. For aryl alkenyl sulfides reacting with TCNE 
the p-value of the Hammett correlation is similarly large and negative, -5.5.IM These and other studies 
lead naturally enough to consideration of whether 1 ,4-zwitterionic intermediates might be involved. 

2.1.4 DIRADICAL VERSUS ZWITTERIONIC INTERMEDIATES 

The 1,44etramethylene diradical has been subjected to numerous theoretical investigations using a full 
range of calculational m e t h o d ~ I ~ ’ - ~ ~ ~ ,  from the most rudimentary to the most computationally sophisti- 
cated. The dimerization of ethylene to generate the diradical has also been modeled theoretically. The 
diradical mediated path is strongly favored over the orbital symmetry allowed but geometrically awk- 
ward [n2s + 712a] concerted cycloaddition. 

From the perspective of theory, a tetramethylene intermediate substituted with a donor such as meth- 
oxy and an acceptor such as cyano is viewed as a resonance hybrid of a singlet diradical canonical form 
(93) and a zwitterionic form (94).173-178 Alternatively, the state wavefunction for the substituted tetra- 
methylene may be derived through configuration interaction which mixes the molecular orbital elec- 
tronic configurations appropriate to forms (93) and (94). (Another, higher-energy zwitterionic 
configuration could be included in the calculation, but would contribute relatively little). Such tetra- 
methylene systems would then in principle span a full range of possibilities from diradicals at one ex- 
treme to real zwitterions at the other. In between these extremes the resonance hybrid form, neither a 
perfectly pure diradical nor a true zwitterion, would be of lower energy than either canonical form would 
have by itself, and one may validly consider there to be a continuous range of possibilities between di- 
radical and zwitterionic forms. The relative weights of diradical and zwitterionic forms will depend upon 
the donor and acceptor substituehts, other structural factors, and probably on conformation and sol- 
vent.I7”82 

The issue here is not merely semantic, or of interest only to theoreticians, for the representations (93) 
and (94) imply different chemical propensities and properties to a synthetic organic chemist, and one or 
another style of representation will influence synthetic planning and rationalizations of observed reaction 
product mixtures. 

Interestingly, some polar character may even be involved in what would seem to be a purely diradical 
mediated cycloaddition, the dimerization of ethylene. The transition structure for the first step in this,ad- 
dition, according to some calculations,183 is of tricentric geometry (95) and it involves transfer of 0.1 1 
electron unit of charge from the ethylene moiety in the three-membered ring to the distant CHz of the 
other ethylene, a reminder that the diradidzwitterion dichotomy need not be absolute. Other calcula- 
tions suggest other geometries for this transition 

Calculations for substituted tetramethylene systems, using both semiempirical and ab initio methodo- 
logies, have been reported for several representative [2 + 21 cycloaddition reactive intermediates one 
might expect to have some dipolar character. Hydroxyethylene and acrolein lead to a l-formyl-4- 
hydroxytetramethylene (%) having high diradical character and low zwitterionic character, according to 
spin density and charge transfer criteria. 186~187 The net transfer of electric charge from hydroxyethylene 
to acrolein is only 0.09 of one electron unit, suggesting that there is no essential theoretical difference be- 
tween the diradical character of the intermediate of a polar and of a nonpolar [2 + 21 cycloaddition. Hy- 
droxyethylene and TCNE similarly react to give, according to MNDO with CI calculations, an 
intermediate of extended conformation (97) that is essentially a diradical. 188 

For the [2 + 21 cycloaddition of hydroxyethylene to 1,l-dicyanoethylene the intermediate exists in a 
very shallow potential well and has largely diradical, but some zwitterionic, character: the charge trans- 
fer amounts to 0.2 e1e~trons. l~~ The overall transition state for the reaction, which is the transition state 
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leading from intermediate to product, has more zwitterionic character, with 0.53 electrons transferred, as 
the second bond is just beginning to be formed. 

Similar calculations of acid-catalyzed [2 + 21 cycloadditions between hydroxyethylene and acrolein 
show drastic alterations in reaction profile, with the catalyst lowering the overall energy requirements 
and changing the rate-determining For the reaction catalyzed by BF3, "4+ or H+, the forma- 
tion of the first bond to give the tetramethylene becomes rate limiting; for the uncatalyzed cycloaddition 
the second bond formation is the slow step. The catalyst stabilizes both intermediate and second transi- 
tion state as it 'amplifies' charge transfer between the cycloaddition partners. The first transition state is 
only slightly lowered, so by default it becomes the rate limiting step. 

Other theoretical studies have been concerned with diradical or zwitterionic tetramethylenes ap- 
proached from [2 + 21 cycloreversions. For 1,1-dicyano-2-methoxycyclobutane, cleavage of C- 1 4 - 2  
gives a gauche intermediate (98) which may isomerize to the trans intermediate (99). They are nearly 
isoenergetic, and both have predominant diradical character. 191,192 

CN 
(98) 

CN 
I 

CN 
Me0 & . 

(99) 

Hall has introduced an empirical test to estimate the relative importance of diradical and zwitterionic 
forms in tetramethylene intermediates: trans- 1,4-tetramethylene diradical intermediates may initiate al- 
ternating radical copolymerizations if they add to another alkene faster than they undergo conformational 
isomerization to the gauche form and give a cyclobutane product through carbon-carbon bond forma- 
tion, while zwitterionic 1 ,Ctetramethylene intermediates may initiate ionic homo polymerization^.^^^^^ 
This empirical yardstick draws a boundary between [2 + 21 cycloadditions that occur through essentially 
diradical or essentially zwitterionic tetramethylenes; the resonance hybrid view which encompasses a 
continuous range of more or less dipolar intermediates is neglected in favor of a more decisive either/or 
discrimination. 

Application of this postulate to a wide variety of reactions demonstrates that diradical behavior persists 
even with substitutents one might have expected to support zwitterionic behavior. Vinyl ethers and 1- 
cyano-1-alkoxycarbonylethylenes, for instance, according to the Hall hypothesis, react to give [2 + 21 ad- 
ducts by way of diradical intermediates (loo), and dimethyl cyanofumarate and p-methoxystyrene show 
the behavior expected of a reaction mediated by diradical (101), even though both reactions might well 
have been plausibly represented as involving 1 ,Czwitterionic intermediates. Diradical (101) was suc- 
cessfully trapped using the 2,2,6,6-tetramethyl- 1 -piperidinyloxy free radical. 

CO2Me 
(101) 

A matrix display of reactive alkenes, with more and more powerful donor and acceptor substituents ar- 
rayed in columns and rows, affords a visual representation of the transition between diradical and 
zwitterionic additions;199 this 'periodic chart' of thermal [2 + 21 cycloadditions of alkenes makes vivid 
the wide range of acceptor- and donor-substituted alkenes which show these additions and the demarca- 
tion, as derived from the empirical rule or hypothesis given above, between diradical and zwitterionic be- 
havior. The chart contains mostly diradical entries; zwitterionic intermediates are inferred, according to 
the criterion adopted, for only a few very strong donor-substituted-strong acceptor-substituted pairs of 
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reactants. When the donor-acceptor potency of reactants becomes somewhat more extreme, electron 
transfer processes intervene and products derived from radical ion pair intermediates are formed. 

While this empirical approach has undeniable merits, its application through experimentation poses 
some potential limitations, since any extraneous initiation of an ionic homopolymerization could be mis- 
interpreted as indicating the presence of a zwitterionic intermediate. This concern is underscored by re- 
ported instances of polymerization initiated by TCNE or by impurities in TCNE,2°5.206 or by acidic 
products derived from an electron-poor alkene and adventitious water,207 and by other manifestations of 
acid-catalyzed chemistry accompanying attempted cycloaddition reactions. The isomerization of 
rruns,rruns-2,4-hexadiene to 1,3-hexadiene in the presence of 1, 10-difluoro-2,2-dichloroethylene,5 and 
the catalyzed addition of methanol to anti-sesquinorbornene (102) to afford ether (103)208 are illustrative. 

For a series of 10 donor-acceptor substituted trans-tetramethylenes, calculationsm+2'0 have shown a 
trend paralleling the empirical diradical/zwitterionic test proposed by Hall. Three of the ten cases, (104), 
(105) and (la), were predicted to have zwitterionic ground states. 

H 

CN MeO+- COzMe 
H 

(105) 

OMe 

(106) 

Some cases found empirically by Hall to fall in the zwitterionic category were redesignated as diradi- 
cals through these calculational findings, but the overall trends of the empirical scheme were duplicated. 

Reviewing the various sorts of evidence employed as mechanistic criteria for cycloadditions involving 
dipolar intermediates, Gompper2" concluded that detection of such intermediates through spectroscopic 
or kinetic methods, or through interception reactions, offers the most generally valid proof. Alternative 
grounds for mechanistic deductions, based on stereochemical tests, substituent effects, solvent effects on 
rates, kinetic isotope effects, and activation parameter comparisons, all suffer from a lack of wide-rang- 
ing applicability: they may be used only in special cases. 

This cautionary attitude toward the standard enumeration of mechanistic criteria seems fully justified 
when one reflects on the sorts of evidence advanced in support of 1,4-tetramethylene zwitterionic inter- 
mediates in thermal [2 + 21 cycloadditions. 

Numerous [2 + 21 cycloadditions which may proceed through dipolar intermediates (tetramethylenes 
which may be represented as resonance hybrids of singlet diradical and zwitterionic forms) react with 
partial or even complete loss of the stereochemical relationships present in starting materials. Reactions 
between the cis and trans isomers of 1,2-bis(trifluoromethyl)- 1,2-dicyanoethylene and cis- and truns- 
propenyl n-propyl ether are not completely stereoselective. The trans electrophilic alkene (107) and the 
cis isomer of the enol ether (lo@, for instance, give rise to products (109), (110) and (lll), the last hav- 
ing trifluoromethyl groups in cis relationship one to the 

NC CF3 F3C CN F3C CN 

"OPP 

N C A l C F 3  + N C ~ ~ ; ; ~ ~ ; ~ ~ C F 3  + 

F3cxcN 
(107) - ,+' ,,, 

\+' "OPP ,s OPP + 
(109) 6% (110) 41% (111) 53% 
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A thorough stereochemical study of a very similar reaction with cis- and trans-propenyl methyl ether 
as electron-rich alkenes provides comparable findings.213 The trans isomer of 1,2-bis(trifluoromethyl)- 
1.2-dicyanoethylene and cis-propenyl methyl ether (112) gave adducts (113), (114) and (115). In some 
cases, adducts revealing some loss of stereochemistry in the enol ether component were detected and 
identified. 

/-70Me 
(113) 4% (114) 47% (115) 49% 

For other examples of ostensibly similar cycloadditions, however, quite different stereochemical re- 
sults have been obtained, ranging from complete loss (116 + 117 -+ 118; the trans-propenyl enamine 
also gives adduct 118!)2'4+215 to complete retention of stereochemistry: tetramethoxyethylene reacts with 
(107) to give only the [2 + 21 adduct (119).216,217 

P O  

Loss of stereochemistry may be plausibly rationalized either through postulation of a diradical inter- 
mediate, or a zwitterionic .intermediate, or a dipolar intermediate; an observed loss of stereochemistry in 
[2 + 21 cycloadditions does not help one determine the relative importance of diradical and zwitterionic 
forms. Complete preservation of stereochemistry, as in the reactions between the I ,2-bis(trifluoro- 
methyl)-l,2-dicyanoethylenes and tetramethoxyethylene, does not necessarily imply a concerted re- 
action, one with no intermediate on the potential energy surface. There are cogent theoretical reasons for 
believing that [2 + 21 cycloadditions between very electron-rich and very electron-poor alkenes might be 
concerted pericyclic p r o c e ~ s e s ; ~ * * - ~ ~ ~  the Woodward-Hoffmann rules presuppose that a reaction under 
consideration may be modeled adequately from start to finish with single configuration wavefunctions, 
and they may be quite irrelevant here, where strong mixing of a charge-transfer configuration is probably 
i n v 0 l v e d . 2 ~ ~ ~ ~ ~  These reactions could also involve an intermediate that collapses to product faster than it 
can suffer rotations about carbon-carbon single bonds. This situation may obtain in the decomposition of 
(120) to (121) with high stereoselectivity, even though the reaction is believed to proceed in a step-wise 
fashi0n.2~' 

Early work on dipolar [2 + 21 cycloadditions showed that some were extremely sensitive to solvent ef- 
fects. Qualitative observations for the reaction between p-methoxystyrene and TCNE showed that it was 
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faster the more polar the solvent; it proceeded about 105 times faster in acetonitrile than in cyclohex- 
ane!232,233 

More systematic studies with trans-p-methyl-p-methoxystyrene and with alkyl vinyl ethers confirmed 
and extended these remarkably large solvent effects on reaction rates; the reactions of such alkenes with 
TCNE show large solvent effects and good correlations between solvent polarity, as represented by the 
ET parameter, and reaction rates. These large effects were interpreted as support for the intervention of 
zwitterionic  intermediate^.^^^-^^^ 

The significance of such observations may be inferred from comparisons with solvent effects on the 
rates of other types of reactions, or on the rates of other reactions believed to be within the same rnechan- 
istic category; or one can undertake the thermochemical work necessary to determine changes in heats of 
solvation for reactants in various solvents and deduce then how much of the observed solvent effect on 
reaction rates is due to variations in ground-state energies and how much to solvent-sensitive changes in 
the enthalpy of solution of the transition structure. 

For the reaction of (122) with TCNE to form (123) the rate increase in going from carbon tetrachloride 
as solvent to acetonitrile is about 4900, while for the reaction of (124) with (125) to produce (126) there 
is only about a factor of six increase in rate for reaction in acetonitrile relative to reaction in toluene;239 
there is no spectacular solvent effect. Does the latter reaction have a fundamentally different mechanism 
than is operative in [2 + 21 cycloadditions of enol ethers with TCNE? Are the tetramethylene intermedi- 
ates of quite different dipolar character? 

NC +$:: 
CN CN 
(123) 

OMe 

The [2 + 21 adduct from propenylidenecyclopropane and TCNE undergoes a cycloreversion at 100 "C 
to give 1,l-dicyanoethylene; the solvent effect on this reaction is quite modest, a result not readily inter- 
pretable in terms of a zwitterionic transition state.240 

Some Diels-Alder reactions have only modest rate responses to changes in s ~ l v e n t , ' ~ ~ * ~ ~ '  and when 
contrasted with a [2 + 21 addition exhibiting a strong dependence on solvent polarity, a neat mechanistic 
demarcation may be drawn; distinctions between concerted versus nonconcerted reactions, and between 
early and late transition may be advanced. The large solvent effect in the [2 + 21 addition may 
be ascribed to solvent stabilization of a zwitterionic intermediate. However, when similar reactants, one 
set giving Diels-Alder product, the other [2 + 21 product, are examined for solvent effects on reaction 
rates, the dependencies may be virtually identical. A case in point is provided by the reactions of TCNE 
with 9,lO-dimethylanthracene (Diels-Alder reaction) and with 2,5-dimethylhexa-2,4-diene ([2 + 21 cy- 
cloaddition). 

The solvent effects on rates shown by these two reactions were determined employing the solvents 
chloroform, dichloromethane, acetonitrile, ethyl acetate, benzene, tetrahydrofuran and d i o ~ a n e . ~ ~ ? ~ ~  
Solvents which react with TCNE, such as nitromethane, dimethylformamide and protic solvents, as well 
as cyclohexane, carbon tetrachloride and tetrachloroethylene, in which the reactants have very low solu- 
bility, were deliberately excluded from the study. The observed solvent effects were virtually identical 
for both Diels-Alder and [2 + 21 cycloaddition processes. Statistical correlations of rate data using a 
multiparameter equation with dependencies based on acceptor properties, polarizability and inherent po- 
larity of the solvents gave nearly identical coefficients through the regression analyses for each term for 
both reactions, and excellent linear fits to the rate data. 

Thermochemical studies on the reaction between anthracene and TCNE in various solvents show that 
solvent-dependent changes in reactivity are largely determined by changes in the enthalpies of solvation 
of the r e a ~ t a n t s . ~ ~ , ~ ~  The same is true for the [2 + 21 cycloadditions between TCNE and n-butyl vinyl 
ether, and TCNE with trans-~-methyl-p-methoxystyrene.248 Experimental values for heats of solution 
and heats of sublimation of reactants allow one to calculate enthalpies of solvation of the reactants in dif- 
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ferent solvents; plots of AH$ against AH(so1vation of reactants) determined for different solvents are li- 
near with slopes of -0.8 and -0.9. The observed changes in enthalpies of solution for the transition struc- 
tures in these [2 + 21 cycloaddition reactions hardly exceed experimental uncertainties. Only carbon 
tetrachloride gives points well off the correlation lines, which may be related to the fact that kinetic 
measurements defining AI+‘ values were made in carbon tetrachloride solutions containing high concen- 
trations of enol ether? 

Since solvent effects are so variable, and when studied rigorously provide no support for the involve- 
ment of solvent stabilization of zwitterionic intermediates, definite mechanistic and synthetic implica- 
tions follow: observed rate effects in response to changes in solvent must be interpreted with great 
caution, and heats of solution studies are highly desirable to distinguish solvent-induced variations in 
ground-state versus transition-state energies. At least in the immediate future, new [2 + 21 cycloadditions 
required to attain given synthetic objectives may be optimized most expeditiously with respect to yield 
and selectivity through an empirically determined choice of solvent. The importance of solvent effects 
for the practical exploitation of such reactions can hardly be overemphasized, even though the theoretical 
explanation of such effects must be approached with discretion. 

There are instances when a loss of stereochemistry accompanying a [2 + 21 cycloaddition, as well as 
the overall rate of reaction, may change with solvent, and typically there is more loss in more polar sol- 
v e n t ~ . ~ . ~ ~ ~ - ~ ~ ~  This may reflect a longer lifetime of a tetramethylene species, thus advantaging rotations 
about carbon-carbon single bonds relative to ring closures, which in turn could be associated with a 
growing importance of zwitterionic character for the intermediate. Alternatively, the effect might be the 
outcome of small shifts in relative importance of initial bond-making to form gauche versus extended 
trans tetramethylenes. The latter, whether formulated as diradical or zwitterion, should have better pros- 
pects of losing stereochemical integrity prior to forming a cyclobutane product. This possibility may be 
compared with the cycloaddition chemistry of cyclopropene (47) discussed above. 

When [2 + 21 cycloadditions are followed as a function of pressure, the volume of activation, A F ,  
may be deduced. A number of representative [2 + 23 additions have been investigated in this way: the re- 
actions take place with very large negative activation volumes, ranging from -25 to 4 5  cm3 m01-1?52-265 
Intermolecular Diels-Alder reactions typically exhibit large negative volumes of activation also: from 
-25 to 4 5  cm3 m01-1.2667267 As mechanistically discriminating indicators for concerted versus stepwise 
cycloadditions, then, AV values are not especially telling; nor, incidentally, are DFP or AS$ parame- 
ters.245 

The most curious point respecting volume of activation considerations, however, relates to synthetic 
applications. While high pressure is now often employed to secure intermolecular Diels-Alder adducts 
that could not otherwise be formed in reasonable yields, there has been little application of the same tac- 
tic to recalcitrant [2 + 21 cycloadditions. The opportunities for synthetic exploitations of the mechanisti- 
cally oriented AV determinations for [2 + 21 cycloadditions seem essentially untapped (and enormous). 

When donor-substituted and acceptor-substituted alkenes complex and suffer a oneelectron transfer, 
the cation radical of the radical cation-radical anion pair may suffer rearrangement at rates competitive 
with back electron transfer or with radical ion pair recombination. Some vinylcyclopropanes show this 
phenomenon (127 + 128 + 129 + 130);268 TCNE and the diphenylbenzocyclobutene (131) react simi- 
larly to form (134) by way of (132) and (133).269 
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In other cases the one-electron transfer mediated mechanism for rearrangement and final adduct 
formation is only a conjecture, a possibility, an alternative interpretation. Might it be involved in the 
reaction of (135) with dimethyl methylenemalonate leading to (136)270.271 or of dimethyl fumarate with 
(137) to give (138)?272 

COzMe 

The case for 1,4-zwitterionic intermediates based on chemical trapping experiments depends on 
obtaining such products using reagents reactive toward the tetramethylene and unreactive toward both 
addends and the [2 + 21 cycloadduct. 

There have been a number of unsuccessful attempts to trap 1,4-zwitterionic  intermediate^,^*^.^^*^^^ but 
there have also been some reported successes. At best, then, such trapping experiments are not uniformly 
diagnostic for zwitterionic intermediates. trans-Propenyl ethyl ether reacts with TCNE in ethanol solvent 
at 25 'C to give product (140).27"279 The normal [2 + 21 adduct (139) gives this same product when 
allowed to react in ethanol, but at a slower rate. Just how fast this solvolysis might take place under the 
conditions of the cycloaddition reaction, with enol ether and TCNE present, is not clear. Acetone does 
not interfere with the addition of ethyl vinyl ether to TCNE, but the adduct (141) is converted over one 
week at room temperature to the six-membered ring product (142), which may be postulated as being 
derived from capture of a 1 ,4-zwitterionic intermediate in equilibrium with the cyclobutane structure. Al- 
ternatively, since acetone like ethanol is known to react with TCNE,147 it may be a case of acid-catalyzed 
solvent-assisted solvolysis. 

OEt 

OEt NC & 
NC 

CN CN CN CN CN CN CN 
NC 

Solvolyses of structures containing relatively polar C-C(CN):! bonds have been found by other wor- 
kers, when the bond cleaved is in a four-membered ring280 and in larger ring structures: adduct (143) 
gives (144) in methanol.281 Acid catalysis may play a role; it may too in other cases involving cleavage 
of other kinds of bonds.282 

NC 9 NC CN CN 
M Q C N  CN 

(143) (144) 

Bicyclopropylidene and TCNE give rise to structures corresponding to trapping of a zwitterionic inter- 
mediate by such agents as acetonitrile.283 

Whatever the difficulties associated with attempts to demonstrate the intervention of 1 ,Czwitterionic 
intermediates, there are undoubtedly reactions for which the zwitterionic formalism provides a conven- 
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ient model for accounting for the unexpected products sometimes 
assure some continuing efforts toward trapping and kinetic experiments designed to test that model. 

and this fact should 

2.1.5 STEREOCHEMISTRY AND SUMMARY 

The stereochemistry of thermal [2 + 21 cycloadditions of alkenes is fairly predictable: which of two 
double bonds in a molecule, and the regiochemistry of addition, may be anticipated with confidence; the 
extent to which cisltrans relationships in alkene reagents will be lost in the adduct is in general not 
known in advance, and this factor must be taken into account in synthetic planning. The normal expedi- 
ents (limiting geometrical options through employing cyclic substructures, or using reagents without 
cisltrans stereochemistry, such as 1,l -dimethoxyalkenes) can often obviate this limitation. While solvent 
effects on loss of stereochemistry during cycloadditions are potential variables to be utilized, the effects 
are often minor, and the stereochemical objectives have to be balanced against other considerations, in- 
cluding reaction time and yield. The great augmentation in scope of [2 + 21 thermal cycloadditions to be 
attained through the use of high-pressure reaction conditions may also have a benefit for stereochemical 
concerns: at higher pressures there may be less loss of stereochemistry accompanying the addition. 

The diastereofacial selectivity of [2 + 21 cycloadditions can be quite high, as in the reaction of TCNE 
with diene (82)Il5 or with the chiral alkene (145) which gives product (146) in 94% yield.289 

C02Me Me026 H CN 

(145) (146) 

Substituents on the carbon atoms involved in the first bond-making step give rise to stereochemical re- 
lationships in the product with fairly high selectivity; the larger substituents are disposed in a trans orien- 
tation in the product, as in the reaction (90) + (91) 4 (92). Models and theoretical rationales for this 
favored mode of combination of the two trigonal centers have been advanced.2w292 

In summary, then, the diradical versus zwitterionic issue seems to have shifted in recent years, away 
from an either/or dichotomy and toward a more integrated view, one seeing tetramethylene intermediates 
as more or less dipolar diradicals. A small amount of zwitterionic character does not obviate the essen- 
tially diradical nature of these intermediates, any more than monoradicals forego radical character if they 
are more or less electrophilic or nucleophilic. 

A little bit of zwitterionic character goes a long way energetically, especially in transition states for cy- 
clobutane formation. 1,4-Zwitterionic tetramethylene intermediates in [2 + 21 cycloadditions may well be 
important in some reactions, where donor and acceptor substituents are so strong that diradical character 
is overshadowed and yet one-electron transfer does not take over, but they do not at this point seem com- 
mon. 

The stereochemical characteristics of thermal [2 + 23 cycloadditions of alkenes seem fairly well 
defined, but substantial further developments and elaborations on stereochemical aspects of the reaction 
may be anticipated. The ground work has been done, but full development of the potential of the reaction 
for stereocontrolled synthetic operations still lies ahead. 
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2.2.1 INTRODUCTION 

Among the four-membered heterocycles, 2-azetidinones have received considerable attention due to 
the presence of a p-lactam ring as an important structural feature for the biological activity of penicillins, 
cephalosporins and related antibiotics.*s Recent reviews of f3-lactam syntheses have been given by 
Samrnes? Isaacs? Mukerjee,5I6 H e g e d ~ s , ~  LabiaE and BarreK9 The most complete and exhaustive ac- 

85 
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counts covering the chemistry of small heterocyclic rings are found in the well-known series edited by 
Weissbergerlo and Hassner. 

The replacement of carbon atoms of cyclobutane by heteroatoms introduces functionalities which 
show increased reactivity resulting from the ring strain. This often leads to unusual properties which 
make four-membered heterocycles useful as synthetic intermediates. 12-18 However, it also adds a new 
dimension of difficulty concerning the synthesis of these heterocycles. A valuable source of four-mem- 
bered heterocycles uses the combination of wbonds. This section is devoted to a survey of these re- 
actions with special focus on selectivity in all of its forms. Photochemical cycloadditions are not 
discussed here since they are covered elsewhere. In several instances, reactions will be described which 
can formally be considered as combinations of 7r-systems but probably take alternate pathways, How- 
ever, since the real mechanisms are often unknown, these very useful reactions will be discussed here. 

2.2.2 2-OXETANONES FROM KETENES AND CARBONYL COMPOUNDS 

2-Oxetanones ( p - l a c t o n e ~ ) ~ ~ . ~ ~  are useful synthetic intermediates which have been most often prepared 
by cyclization21*22 of P-halo or P-hydroxy acid derivatives or by addition of  ketene^^^-^^ to carbonyl 
compounds. They are starting materials for useful polymers and  copolymer^^^.^* and have been used for 
the synthesis of  alkene^^^.^^ and carboxylic acid  derivative^.^^.^' P-Lactones possessing antimicrobial ac- 
tivity have recently been found in bacterial c ~ l t u r e s . ~ ~ - ~ ~  

2.2.2.1 Chemo- and Regio-selectivity 

The carbonyl v-bond has been found to add chemo- and regio-selectively across the alkenic wbond of 
ketenes.24 Thus diphenylketene readily reacts with benzoquinone to yield a stable [2 + 21 adduct (equa- 
tion l).25 With an excess of diphenylketene the bis-adduct is formed, which decomposes into tetraphe- 
nylquinodimethane and carbon dioxide (equation 2).25 With the less stable ketene, thermal [2 + 21 
cycloadditions are observed with highly electrophilic carbonyl compounds (equation 3).25 With unacti- 
vated aldehydes and ketones, yields are much lower due to a faster oligomerization of the ketene reagent. 
However, in the presence of a Lewis acid catalyst, most aldehydes or ketones form p-lactones with 
ketene (equation 4).35 Cycloadditions with ketones usually require more active catalysts than with alde- 
hydes. The catalyzed reaction of ketene with methyl vinyl ketone is chemo~elective,~~ yielding a 1O:l 
ratio of [2 + 21 versus [4 + 21 adducts (equation 5) .  In the absence of catalyst, methyl vinyl ketone reacts 
with ketene to give exclusively the [4 + 21 adduct. 

in the presence of a carbonyl 
compound. Thus the highly reactive dichloroketene generated in situ from the reaction of dichloroacetyl 
chloride with triethylamine has been trapped by aldehydes (equation 6) or activated ketones (equation 7) 

A practical extension of the reaction uses ketenes generated in 

Ph 

Ph w 
0 0' 

Ph Ph 
Ph 

2 )==-.=o + 
0 -  85% ph Ph 

0 

H 

H 
+=o + 

Ph' 'Ph 1 

NC h0 $- 
NC 82% 

0 

(3) 
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(4) 
H Me BF3*OEt2, -40 OC 

90% 
+.=o + 
H Me 

ZnC1, (20 "C) 91 
no catalyst (A) 0 

9 
100 

to give p - l a c t ~ n e s ? ~ - ~ ~  Simple ketones do not react under these conditions. However, p-lactones are 
formed when ketones are reacted with dichloroketene generated from trichloroacetyl chloride and zinc 
(equation 8). Zinc chloride formed in situ activates the ketone partner. 

There is ample evidence40 that, in these reactions, the ketene is behaving as the nucleophilic partner. 
Ketenes are ambiphilic molecules41 which are characterized by a low-energy LUMO but also by a high- 
energy HOMO resulting from the interaction of an oxygen lone pair with the alkenic IT- bond. Thus the 
dominant interaction between the two partners occurs via the highest occupied molecular orbital of the 
ketene and the lowest unoccupied molecular orbital of the carbonyl compound. This readily accounts for 
the regiochemistry of the reaction, the C-2 carbon atom of the ketene being always linked to the carbon 
atom of the carbonyl compound. From the information available it is not possible to ascertain whether 
these reactions are stepwise or concerted cycloadditions. Formation of the p-lactone could well occur in 
a single step involving a transition state (1) similar to that of the ketene-alkene reaction41 but in which 
bonding is more advanced between C-2 of the ketene and the carbon of the carbonyl compound. How- 
ever, the formation of a 1,6dipolar intermediate (2) cannot be rejected. Complexation of the carbonyl 
compound with a Lewis acid catalyst will lower the LUMO, thus favoring the reaction. 

Alternatively, when the ketene is generated in the presence of triethylamine, one cannot exclude the 
formation of a nucleophilic intermediate (3) which would then add to the carbonyl compound (Scheme 
I)?* 

2.2.2.2 Stereoselectivity 

10). Mixtures of cis and trans p-lactones are usually f ~ r m e d . ~ ~ ? ~  
The diastereoselectivity of addition of ketenes to carbonyl compounds is moderate (equations 9 and 
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+ ,c-cro 
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W,,  

I"-0- 

E(sN Et3N R' 

R2 R2 NEt3 
c1 - 
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Enantiopure P-lactones have been obtained from the reaction of acid chlorides45 or ketenemvW9 with 
aldehydes in the presence of optically active tertiary amines. The reaction of ketene with chloral has been 
studied in considerable detail (Scheme 2). In the presence of 2 mol k of quinidine at -50 'C the p-lac- 
tone is formed in virtually quantitative chemical and optical ~ield.4~ By proper choice of the catalyst, 
either enantiomer of the p-lactone can be obtained. The transition state picture (4) has been proposdo 
for the ketenechloral addition in the presence of quinidine. Hydrolysis converts the @-lactone to malic 
acid with inversion of configuration (Scheme 2)!' 

Similarly, the quinidine-catalyzed cycloaddition of ketene to 2.2dichloro aldehydes gives @-lactones 
of high optical purities which are easily converted to the corresponding methyl (3S)-hydroxyalkanoates 
(Scheme 3).30 

In the presence of catalysts such as ZnEtfi20 or AlEtdH20, optically active 2-substituted p-propio- 
lactones readily polymerize48~~~ to give optically active stereoregular polyesters exhibiting quite unique 
properties compared with the corresponding racemic polymers (Scheme 4). 
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233 2-THETANONES FROM KETENES AND THIOCARBONYL COMPOUNDS 

These reactions, first described by Staudinger,24 have received little attention. A more recent investiga- 
tion shows5* that the C d  bond of the thiones regioselectively adds across the c--C bond of the ketenes 
(equation 11) to form 2-thietanones (p-thiolactones). Primary adducts have been isolated only in a few 
cases. Most often they spontaneously decompose to yield an alkene and COS (equation 12). 
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Ph S 60 o c ,  3 days 

Ph + PhAPh 74% 
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2.2.4 2-AZETIDINONES FROM KETENES AND IMINES 

2.2.4.1 Direct Combination of Ketenes with Imines 

Ph P P h  

0 

1 

The f i s t  2-azetidinone (p-lactam) was obtained by StaudingeS2 from the reaction of diphenylketene 
with benzylideneaniline (equation 13). Most of the p-lactams prepared by this method have been made 
from imines derived from aromatic carbonyl compounds and keto ketene^.^*^^.^^^^ The reaction of 
ketene itself with imines has been recently reinve~tigated.~~ Good yields of p-lactams are obtained when 
a stream of ketene gas is passed through the imine in the absence of solvent (equations 14 and 15). No [4 
+ 21 cycloadduct is formed with N-cinnamylideneaniline. 

Ph Ph 

(13) 
Ph petroleum ether, 20 O C  
&*=O + Ph-CH=N-Ph 

Ph' 90% 

Ph 
H 

H 
+=o + 

90% 0 Ph 

Cyanoketenes are conveniently prepared54957 by thermolysis of 2,5-diazido- 1 ,Cquinones or 4-azido-3- 
halo(or phenoxy)-5-methoxy-(SH)-furan-2-0nes in refluxing benzene (Scheme 5). 

With the exception of t-pentyl- and t-butyl-cyanoketenes, which are stable to self-condensation, cyano- 
ketenes are generally generated in Reactions with imines, formimidates and thioformimidates 
yield the corresponding 3-cyano-2-azetidinones (equations 1 6 1  8). The reactions proceed stereoselec- 
tively, yielding p-lactams having the 3-cyano and 4-protio substituents in a trans relati~nship.~~ 

There is ample evidences7 that these cycloadditions involve the initial formation of a dipolar inter- 
mediate (5; Scheme 6). Conrotatory cyclization of (5) leads to the p-lactam. Intermediates of type (9 
can be trapped by another molecule of ketene to yield (6)24 or by sulfur dioxide to yield sulfone (7)?* 
This mechanism also explains the formation of [4 + 21 adducts (8) which are sometimes observed with 
conjugated  imine^.^^.^^ 

Intermediates of type (5) have been independently generateds4 and found to yield p-lactams (Scheme 
7). The stereochemistry of the p-lactams has been rationalizeds7 on the basis of a conrotatory ring clo- 
sure of the intermediate dipole in a way which minimizes steric interactions (equations 19 and 20). How- 
ever, this explanation is weakened by the fact that configurations proposed for dipoles are purely 
speculative. 
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CN OEt - -  

Scheme 7 

CN Ph - -  N 

0 Ph But Ph 
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0- 
(single product) 
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The preparation of p-lactams by the direct combination of isolated ketenes with imines is severely 
limited by the instability of monosubstituted and heterosubstituted ketenes, which show a great tendency 
to polymerize?1 The discovery that ketenes can be readily generated by the reaction of an acid chloride 
with tertiary amines offers a practical solution to this problem.60 

2.2.4.2 Reactions with Ketene Precursors 

2.2.4.2.1 Chemo- and regw-selectivity 

p-Lactams are readily prepared by reaction of acid chlorides or bromides with imines in the presence 
of a tertiary base, usually triethylamine. The method is extremely versatile. Conditions are very mild 
(inert solvent, room temperature) and sensitive functional groups are tolerated on both the imine and acid 
chloride partners (equations 21-24).6*4 

Particular attention has been focused on cycloadditions of acid chlorides bearing a masked amine func- 
tion6s75 since they are potential precursors of penicillin or cephalosporin analogs (equations 25-27). 

Thiazines have been successfully used as cycloaddition partners (equation 28)76 but only thiazolines 
bearing a substituent at C-2 were found to yield p - l a ~ t a m s . ~ ~ . ~ ~  In this context, thio and, even better, sele- 
no groups are useful as precursors of a protio group in the resulting (3-lactams (Scheme 8)."81 

Cl Ph - -  Et3N, benzene, 20 "C 

(21) 
* clT=H + PhCH=N-Ph c1 100% 

c1 0 Ph 
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Scheme 8 

Imines derived from glyoxylic acid derivativesMS8* successfully lead to p-lactams which are potential 
precursors of various antibiotics (equation 29). Conjugated imines have also been used in this context: 
they give exclusively [2 + 21 cycloadducts with azido-,66*E3-E6 ~hthal imido- ,~~ phenoxy-E7 and vinyl- 
keteneEE precursors (equations 30 and 3 1). However, [4 + 21 adducts are the only observed products with 
haloketene precursors (equation 32).s9.61 
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0 Me02c,11 Et,N, CH2CI2.0 OC 

- O Q (29) 
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C02Et 
OSiBu'Me2 

(214 c1 
C1 

+ 
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Alternative syntheses of p-lactams which circumvent the use of acid halides involve carboxyl group 
activating reagents (equations 33-35).89-98 These are more practical when the corresponding acid 
chlorides are unstable or unsafe.89 

H H  - -  
COZMe 

~ N3P- (33) 

(CF,CO),O, EtjN, CH2Cl2 
20 o c  

Meozc)/ N 

N3 JOH -t +OMe 45% '$0- 

Me0 OMe 

CI 

CIANACl  

-4 
H H  , Et3N, CH2CI2, 0 OC 

P h O p P h  - -  

(35) * 
58% 

OH 0 CO2Et 

0 

P h O A  + N - COZEt 

A practical synthesis of a-amido p-lactams uses a 'Dane salt' (9) formed by the reaction of a methan- 
olic solution of the potassium salt of glycine with methyl acetoacetate (Scheme 9). The salt (9) readily 
reacts with a Schiff base in the presence of triethylamine and e.g. a chloroformate ester."' Other activat- 
ing agents such as phenyl d i c h l o r o p h ~ s p h a t e ~ ~ ~ ~ ~ ~ ~  or phosphorus oxychloride'01*102 have also been suc- 
cessfully used. 

i, CIC02Et, Et3N CiH,h H H  
Ph 

ii, imine 

0 OMe iii, HCI 
b 

65% 
(9) + 

OMe 

OMe 
Scheme 9 

2.2.4.2.2 Stereoselectivity 

The stereochemical course of the reaction varies with the nature of the substituents on both the ketene 
precursors and imines and also with experimental Under the usual conditions (addi- 
tion of the acid chloride to a solution of imine and Et3N, in CHzClz at 0-20 'C), a-functionalized acetyl 
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chlorides yield cis p-lactams as major or often single stereoisomer (equations 24.25, 27.29, 30, 31, 33 
and 35) except with imidates or thioimidates (equations 22,23,26 and 28). The sequence of addition of 
the reactants can also influence the isomer ratios (Scheme Both cis and tram p-lactams appear to 
be stable under the experimental conditions. 

addition of acid chloride (to imine + Et3N) 
addition of Et3N (to imine + acid chloride) 

cis 
66% 
33% 

trans 
34% 
67% 

Scheme 10 

Tentative rationalizations of these stereochemical results have been offered on the basis of a mechan- 
ism involving a ketene intermediate reacting with an imine.103-107 However, it is by no means proven 
that all these reactions involve an intermediate ketene. Several pathways can lead from an acid chloride, 
an imine and triethylamine to a p-lactam (Scheme 11). Thus the origin of the stereochemical selection in 
these multistep processes is not very well understood. 

0 

I 
R3 Cl- 

R1 F L R 2 C 1  

R' J - N C R 2  

c1 

NEt3C 

-Et3NH Cl- I '  
RICH= C =0] 

R' 

R3 

Scheme 11 

Enantiopure p-lactams have been prepared using chiral ketene precursors or chiral imines.103*107~1(#1 
Acyclic imines derived from optically active a-amino acid derivatives have been used in the Staud- 

inger reaction,105,106,109,113,1 14J17J l 8  Variable levels of diastereoselection have been reported (equations 
36 and 37). In several cases the poor diastereoselectivity has been shown to result from some racemiza- 
tion of the imine synthon under the experimental conditions.lOgvl10 Only a few examples of high levels of 
diastereoselection have been reported (equations 38 and 39).111*112*115,116 

The condensation of imines derived from glyceraldehyde acetonide1w.11%121 or a,pepoxy aldehyde122 
with phthalimidoacetyl chloride proceed with high diastereoselection. Thus the addition of phthal- 
imido acetyl chloride to the aldimine (10) derived from (9-glyceraldehyde acetonide in the presence of 
triethylamine yields a p-lactam (11) which possesses the (3S,4S) configuration (Scheme 12). Compound 
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y3 ph 
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(11) is readily transformed into p-lactam (12), a useful chiral synthon for the production of new analogs 
of p-lactam antibiotics (Scheme 12). 
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Sharpless asymmetric epoxidation provides direct access to epoxy alcohols which are precursors of the 
required epoxy imines for the cycloaddition process.122 Reaction of (13) with a protected glycine acid 
chloride yields the cis azetidinone which can be isolated in >98% diastereoisomeric purity by either 
chromatography or crystallization. Oxidation gave aldehyde (14; Scheme 13). The mode of asymmetric 
induction correlates with that of the corresponding reaction from (S)-glyceraldehyde acetonide. The n- 
facial discrimination imposed by the a-oxygen substituent of the imine is at least in part stereoelectronic 
in nature.121 Accordingly, the preferred orientation of the C-0 bond should be antiperiplanar to the for- 
ming C(3)-C(4) p-lactam bond for transition state stabilization by delocalization into the C - 0  anti- 
bonding orbital. In addition, 1,3-allylic strain interactions might be expected to force the 
electrocyclization to be initiated from a nonplanar reactant conformation (Scheme 14).lo3 These effects 
appear to be maximal when the C-0 bond is part of a ring since lower levels of diastereoselection are 
usually obtained with imines derived from chiral a-alkoxy aldehydes. 1049123*124 

P h t h N T C H O  H H  +,/ 75% H,IO, 

0 

/ 
Me0 

Scheme 13 

Ph 

Scheme 14 

Significant progress has been made in the development of asymmetric syntheses of the biologically 
important 3-amino-p-lactams from homochiral ketene precursors. 103*123-128 High levels of dia- 
stereoselection have been observed with chiral l ,3-oxazolidinones. Thus (4R)-phenyloxazolidylacetyl 
chloride, readily prepared from (S)-phenylglycine, reacts with N-benzylaldimines in the presence of tri- 
ethylamine to yield the cis p-lactams in high diastereoisomeric excesses (Scheme 15).126 

In addition to providing excellent diastereoselection in the cyclocondensation process, the chiral oxa- 
zolidinone auxiliary can be reductively removed to give the enantiomerically pure 3-amino-p-lactam in 
good overall yields (Scheme 16).126 Homochiral 1.4-imidazolidinones also give cis p-lactams with ex- 
cellent induction when the asymmetric carbon atom is next to the nitrogen atom (15 in Scheme 17).129 
High inductions can also be observed with a y-lactam (16),125 but the cycloaddition yields a mixture of 
cis and trans isomers. The level of diastereoselection is much lower with imide synthons (17).103,125 
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Ph 90 94 
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H OH 
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94 

1 i, Li/NH3, -18 "C 

0 X x4N-R 0 

(16) R = CHzCOCl (17) R = CH&OCI 
X = OMe, OCOCH2Ph, OCOMe 

Scheme 17 

A good level of diastereoselection has also been obtained with (3S)-triisopropylsilyloxybutyric acid 
chloride as chiral precursor (equation 4O).l3O 

Finally, all attempts to develop an asymmetric cyclocondensation of an acid chloride with an imine in 
the presence of a chiral tertiary base have failed.lo3 No induction was observed when the reaction be- 
tween diphenylketene and benzylideneaniline was effected in cholesteric liquid crystals.131 

2.2.43 Cycloadditions of Ketenes to Carbodiimides 

Ketenes readily react with ~arbodi imidesl~*- '~~ to yield 1:l adducts (equation 41). The formation of 
2:l adducts (18) is observed139 when the C=N double bond of the 1:l adduct is activated by strain 
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+ 

OMe 

EtNRz, CHZCl,, 4 0  "C 

90%, de 74% Q \ 

OMe 

(Scheme 18). The reaction occurs at the most nucleophilic imine bond:136J38 C=NMe > G N B u '  > 
C-N-aryl > CgNSiRs (equation 42). The reaction takes place by an ionic m e c h a n i ~ m ~ ~ ~ , ~ ~ ~  in which 
ring closure is the slowest step. In the reaction of prochiral ketenes with chiral carb~di imides ,~~~ ring clo- 
sure creates a new c h i d  center with good selectivity (equation 43). 

n = 5  - 
n =  1 1  90% 

91% 
- 

Scheme 18 

i, Et3N 
i i ,  MeOH 

40% 
(42) + Me$i-N=*=N-C6HII 

c1 0 
CI 

2.25 ZAZETIDINONES FROM ENOLATES OR ENOL ETHERS AND IMINES 

Zinc enolates (Reformatsky reagents), generated from cy-bromo esters and zinc, react with imines 
derived from aromatic amines to yield p-lactams (Scheme 19).1*142 The stereoselectivity of the reaction 
~ a r i e s l ~ * ~ ~  with the nature of ester substituents R1 and R2: the bulkier the groups, the more trans isomer 
is produced. 

A useful variation of this reaction involves lithium enolates derived from  ester^.'^'.'^* They react with 
imines derived from non-enolizable aldehydes to form p-lactams (equations 44 and 45).14e15* 

The cis stereoselectivity can be explainedlS0 by a six-membered chair-like transition state model (19) 
resulting from the interaction of an Q-enolate with an imine in its trans configuration (Scheme 20). 
Conditions favoring (E)-enolate formation (LDA, THF) predominantly yield cis p-lac- 
t a m s . 1 ~ ~ 1 5 2 ~ 1 5 5 ~ 1 5 6 ~ 1 s 8  Addition of HMpA152,159 or reactions at higher t e m p e r a t ~ r e l ~ ~ ~ ~ ~  favor the forma- 
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COzEt * 

43% 
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/ '  

% cis % trans 
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tion of trans f3-lactams. In several cases this has been shown to result from a change in enolate geometry 
but in other cases, e.g. with imines derived from aromatic amines, isomerization of the f3-lactam oc- 
curred under the reaction c o n d i t i ~ n s . ~ ~ ~ J ~  Trans p-lactams were also obtained in the presence of 
ZnC12I6l or Et2A1C1162 while A1Me3163 was reported to enhance cis selectivity. 

R2, 
N i  

Ph 
___) LDA Lioh 

E t 0  R' 
R1 AC02Et 

R' Ph 
R' Ph 

EtO2C N-R2 

- -  
H p H  --EtOLi 

H" 

Li ' 0 R2 

Scheme 20 
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Attempts to prepare homochiral @-lactams using chiral reactants under Reformatsky conditions de- 
scribed above gave poor r e s ~ l t s . ~ ~ ~ J ~  Good diastereoselectivities are observed in the reaction of lithium 
enolates with imines bearing a c h i d  group on either a nitrogen (equation 46)l" or carbon atom (equa- 
tion 47).165 Esters derived from isoborneol- 10-diisopropylsulfonamide give enolates which condense 
with cinnamaldimines to yield cis (3-lactams with excellent enantioselectivity (equation 48).lM 

i,LDA (2 equiv.) 

/ '  65 % 
de 82% 

i, LDA, THF, -78 OC 

y 

OBz 

i, LDA, THF, -70 "C 
ii, Ph 

Et 

81% 
ee 92% 

cixtrons = 9 1 :9 

0 

, 
OMe 

Using (3R)- or (3S)-hydroxybutyric esters as chirons, it was possible to construct p-lactams with some 
control on three contiguous asymmetric centers.165*167-174 Chelation maintains the dilithium derivative of 
ethyl (3S)-hydroxybutyrate in the (2) configuration (Scheme 21). Approach of the imine from the less- 
hindered p-face leads to the (3S)-p-lactam with a high degree of facial selectivity but to a much lower 
degree of diastereoselectivity at C-4. The corresponding reaction using ethyl (3R)-hydroxybutyrate gave, 
as expected, high diastereofacial selection in favor of the (3R)-p-lactam. 

Silylketene acetals react with imines under acidic conditions (Scheme 22). With N-alkylimines in the 
presence of a stoichiometric amount of TiCl4, p-lactams are formedk75 in good yields. N-Aryl-176178 and 
N-trimethyl-~ilylimines~~~ also react under acidic conditions but yield only open-chain products. On the 
other hand, bis(trimethylsily1)ketene acetals yield p-lactams with both N-alkyl- and N-aryl-imines 
(Scheme 22).lEo 

High diastereoselectivities have been observedkE1 for the reaction of dimethylketene methyl trhethyl- 
silyl acetal with imines derived from (2s)-amino esters (equation 49). However, the scope of this method 
must be further investigated. 

2.2.6 ZAZETIDINONES FROM ISOCYANATES AND ALKENES 

2.2.6.1 Scope 

The cycloaddition of an alkene across the C=N bond of an isocyanate is a useful method of synthesis 
of p-lactams (equation 50).249182 The reaction requires the activation of the alkene by electron-releasing 
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ii, Bu'OH 
L 

gH phr:+;: OSiMe3 

Me02C Ph R = Me, 75% 
I 

1 

SH 0 Ph 

Scheme 22 

TiCI4, CH,CI, 
-78 to 20 'C 

* (49) 
81% 

de 98% 

OSiMe3 

substituents or that of the isocyanate by electron-withdrawing groups. Alkyl and aryl isocyanates do not 
react with alkenes or enol ethers but cycloadd to enamines, ketene acetals and ketene aminals. The initial 
product is a p-lactam (20) which is stable when there is no available hydrogen at C-3 (Scheme 23). How- 
ever, when RZ = H, enolization yields intermediate (21) which undergoes a fast electrocyclic rearrange- 
ment to give the open-chain isomer (22). Ketene acetals behave similarly (Scheme 24). In both cases the 
rearrangement is driven by the release of strain and the presence of an electron-releasing group at C-4. 

+ R-N=C=O 

O R  
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~ 3 0 ,  ,RZ 

HO Ar 

(21) 

R2 = H 

0 

R' H R*  OR^ c=c, 
R3d R' 

+ 
Ph-N=C=O 

OR3 (R30)zC%N\Ph - R1+t 0 Ph 0 

Scheme 24 

Acyl isocyanates18s185 are more reactive than alkyl or aryl isocyanates. However, the presence of an 
additional n-bond conjugated to the C.-N bond of the isocyanate opens the possibility for [4 + 21 cy- 
cloadditions to compete with noma1 [2 + 21 additions. Reactions with alkyl and aryl substituted alkenes 
are rather slow. Propene, rruns-Zbutene, styrene and conjugated dienes give only P-lactams, albeit in 
moderate yields (Scheme 25). The strained double bond of norbomene, a reactive dienophile, adds across 
the conjugated  IT-system of trichloroacetyl isocyanate (equation 5 1). 

R l =  Me, Ph, CH=CH,; RZ = H, Me; R3 = C13C, Ph 

Scheme 25 

0 + c13cj-N=c=0 0 
CH$12,20 72% "C, 12 d * d ' c c l 3  

(51) 

More nucleophilic alkenes such as enamines or enol ethers react faster with acyl isocyanates but the 
reaction is of little value for the preparation of p-lactams since it often produces [4 + 21 or open-chain 
adducts. The chemoselectivity apparently varies with subtle changes in the structures of the reactants as 
well as experimental conditions (equations 52-55). 



Formation of Four-membered Heterocycles 105 

0 

(54) 
80 "C, benzene, 3 h 

I 
KOEt + p h k N = C = O  57% * Et0 

H 0 

(55) 
Et0 

CC13 H 
H + c131Y-N=C=0 8 0 4 7 %  

0 

60% (in CClJ 40% 
40% (inMeCN) 60% 

These results are best explained by the formation of 1,4-dipolar intermediates which can cyclize from 
two conformations (23) or (24) leading respectively to a p-lactam or to a six-membered heterocycle 
(Scheme 26). When R1 or R2 = H, open-chain adducts can also be formed. 

Scheme 26 

A more general and practical approach towards p-lactams utilizes the cheap chlorosulfonyl isocyanate 
(CSI),186191 which was first described by Graf19* more than 35 years ago. The chlorosulfonyl group of- 
fers several advantages over the acyl groups described above: (a) it has a stronger activating effect on the 
isocyanate function; (b) it does not offer the possibility for competing [4 + 21 cycloadditions; (c) it can be 
smoothly removed by simple basic hydrolysis or even more effectively via unstable sulfinic acids pro- 
duced by reduction with zinc dust, iron powder or sodium sulfite. A two-phase system consisting of an 
organic solvent and aqueous sodium sulfite kept slightly basic by addition of KOH has been recom- 
mended.lg3 

Chlorosulfonyl isocyanate reacts with a wide range of alkenes under mild conditions to produce p-lac- 
tams (25) a ~ c o m p a n i e d ' ~ ~ J ~ ~  by variable but usually minor amounts of open-chain adducts (26; Scheme 
27). In most cases, p-lactams and open-chain products are formed independently. Thus N-chlorosulfonyl 
amide by-products are not formed by further reaction of N-chlorosulfonyl-P-lactams. 

A large number of p-lactams have been prepared188.189*191 by this method (equations 56-61). Cycload- 
ditions of CSI with 1 ,5-hexadiene,lW allyl iodideIg5 and vinyl yield azetidinones which 
have been used as starting materials in the synthesis of carbapenems and penems. In some cases the cy- 
cloaddition must be conducted at low temperature to avoid open-chain products (equations 61 and 62). 

Conjugated dienes react with CSI to yield198 N-chlorosulfonyl-f3-lactams as the primary products 
(Scheme 28). These [2 + 21 adducts undergo stepwise thermal rearrangements with variable degrees of 
ease to thermodynamically more stable [2 + 41 adducts, cyclization occurring at oxygen or nitrogen of 
the intermediate ambident zwitterion. These rearrangements can be avoided by in situ reduction of the N- 
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Scheme 28 

chlorosulfonyl-P-lactams to the more stable NH p-lactams. 199*m CSI reacts with a l l e n e ~ ~ ~ - ~ O ~  to give 3- 
alkylidene-&lactams accompanied by variable amounts of 2-vinylacrylamides when the R2 substituent is 
a methyl group (Scheme 29). 

R3 

RZ' R4 
0 'S0,Cl 

R1 R2 R' % 
Me Me Me Me 67 
Me Me H H 23 
H P h H H  60 
H OAc Me Me 50 

NHSQCI 

R' 

9L 
28 
36 
0 
0 

Scheme 29 

Both concertedm and stepwise'% mechanisms have been proposed for these mctions although the 
experimental facts can be readily accounted for by the formation of a 1,4dipolar intermediate (27; 
Scheme 27). The reaction rates are markedly increased in polar solvents.188 The cycloadditions of iso- 
cyanates to alkenes are always regiospecific, the reaction taking place so as to form the most stable 1.4- 
dipole. 

2.2.6.2 Stereochemical Aspects 

Reactions of activated isocyanates with alkenes are highly stemspecific (equations 63 and 
64). 183,187.2OI 

i, CSI, CH2C12, 20 OC 

acetone, -30 OC 

82% 

ii, PhSH, Py. H I !  - -  

i, CSI. CHzClz, 20 OC 
ii, PhSH, Py, H - -  11h 

acetone, -30 OC '+ H 
\ - b N H  

85% 0 
Ph 
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In a few cases it was found that the primary adduct epimerizedms under the reaction conditions 
(Scheme 30). 

H OEt - -  H H  - -  
Et0  Et TSNCo,CDC1~,20°C E t v p d O E t  + E t p ~  

L d  - 
0 'Ts 'Ts 

Reaction rime (min) cis 

18 65 
1440 27 

1 >95% 

Scheme 30 

trans 
4% 
35 
73 

Excellent stereoselectivity is also obtained in the cycloaddition of CSI with the optically active enol 
ether (28)?06 The reaction gives the trans p-lactams (29) and (30) in a 1O:l ratio (equation 65). 

i, CSI, ether, -50 OC 
Bu'MezSiO H ii, LiAIH4, -60 "C 

NH >OSiMe3 56% NH 

[2 + 21 Cycloadditions of activated isocyanates to 3.4-dihydro-2H-pyran derivatives are highly sensi- 
tive to the nature of substituents attached to the dihydropyran ring.207,208 Thus, at normal pressure, the re- 
action of tosyl and trichloroacetyl isocyanates to give acetylated glycals is entirely shifted toward 
starting materials. Application of 10 kbar ( lo6 kPa) pressure led to the formation of unstable p-lactams 
(equation 66). The cycloadditions proceed regio- and stereo-specifically, yielding adducts resulting from 
a trans addition relative to the acetoxy group at C-3. Glycals having nonpolar blocking groups react at 
normal pressure. Again the cycloadditions proceed regio- and stereo-specifically with formation of the 
p-lactam ring anri to the C-3 substituent (equation 67). 

6 + Ts-N=C=O ether, 50 "C, 59% lo6 kPa * AcO gjTS (66) 
Ad) 

0 

(OR (OR 

(67) 
ether, 20 "C, 50 h 

RO & + CCl F N = C = O  50% 

R = ButMe2Si 
0 

2.2.7 2-AZETIDINIMINIUM SALTS FROM KETENIMINIUM SALTS AND IMINES 

2.2.7.1 Scope 

2-Azetidiniminium salts2w*210 are available from the reaction of imines with iminium salts derived 
from tertiary carboxamides. These smoothly react with phosgene2l1V2l2 to yield a-chloroiminium 



Formation of Four-membered Heterocycles 109 

chlorides (31; Scheme 31). Elimination of HCl with a tertiary base f0ms2133214 the corresponding achlo- 
roenamines (32) in good yields. These are ambiphilic molecules215 which exhibit nucleophilic reactivity 
at C-2 and electrophilic reactivity at C-1 (Scheme 31). Thus they can react either as enamines or as kete- 
niminium chlorides. Consequently, they readily undergo self-condensation reactions and have often to be 
prepared in situ. However, when they bear no hydrogen at (2-2, their nucleophilic reactivity is reduced 
and they are stable enough to be purified by di~ti l lation.~'~ 

0 Nu 

Scheme 31 

P-Disubstituted achloroenamines are readily converted into the corresponding keteniminium salts 
(33)216,217 in the presence of a Lewis acid (equation 68). Silver tetrafluoroborate, zinc, tin and aluminum 
chlorides have been successfully used. f3-Disubstituted keteniminium salts have been isolated and char- 
acterized?' Unlike the Corresponding ketenes, they do not dimerize or polymerize. However, they read- 
ily undergo [2 + 21 cycloaddition reactions with unsaturated substrates?' 

R2 R3 Lewis acid R ' b  + '  R3 

RI+'.R4 R1, R2. R3, R4 # H R2 R4 
X = BF4, ZnCI,, AIC14, Tic1 ,... 

(68) .=N X- 

C1 

(32) (33) 

While alkenes and alkynes only react with the most reactive keteniminium salts, imines are nucleo- 
philic enough to cycloadd210~218~219 to a-chloroenamines (32) which then behave as keteniminium 
chlorides (Scheme 32). The latter are often conveniently prepared in situ from the corresponding a-chlo- 
roiminium chlorides (31). A wide variety of 2-azetidinimimium salts (34) has been prepared by this 
method.222 They are conveniently purified as perchlorates (Scheme 33). Paths A and B (Scheme 32) 
usually give similar results. In general, path B, which does not involve the isolation of (32), is more prac- 
tical. However, neither path A nor path B allows the preparation of 4-alkyl substituted azetidiniminium 
salts: open-chain products are formed. This limitation is overcome by using a keteniminium salt gener- 
ated from the corresponding a-chloroenamine and a Lewis acid (path C).222 

Basic hydrolysism*210 of azetidiniminium salts proceeds via a tetrahedral intermediate which can frag- 
ment in two ways (Scheme 34): cleavage of the exocyclic C-N bond yields a P-lactam; alternatively, 
cleavage of the endocyclic C-N bond leads to an open-chain product devoid of any strain. Experimen- 
tally it is found220-222 that P-lactams are the major hydrolysis products of 2-azetidiniminium salts bearing 
alkyl groups on the endocyclic nitrogen. When this substituent is an aryl group, the course of hydrolysis 
is pH dependent: at pH 5 10, @-lactams are the major products; at higher pH, @-amino amides are fonned 
predominantly (Scheme 35). 
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Azetidiniminium salts have also been conver&ed222*223 into azetidine-thiones, -imines or -hydrazones 
(Scheme 36). Yields of imine derivatives are high when the azetidiniminium salts bear no hydrogen atom 
at C-3. Otherwise the reaction is best effected by first forming the corresponding 2-azetidinethione which 
is further treated223 with an amine in the presence of mercury(I1) acetate (Scheme 37). 

The high reactivity of these strained amidinium salts (34) is further illustrated by their unusual ability 
to react with nucleophilic peroxides (equation 69).210,222 None of the above transformations is observed 
with the corresponding 2-azetidinones. 

-N [ H o e ]  / \  ::::vag: ~ O R  

endocyclic - \N&Z*R I 
C-N cleavage 

I 
Scheme 34 
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2.2.7.2 Stereochemistry 

While cycloadditions of imines with ketenes or their precursors often produce cis P-lactams, the corre- 
sponding reactions of keteniminium salts are truns stereoselective (equations 70 and 71).210,222 It is not 
clear whether the truns stereoselectivity is kinetic or results from an equilibration of 2-azetidiniminium 
salts under the basic conditions used in both cycloaddition and hydrolysis steps. 

Use of chiral  imine^^^^^^ produces p-lactams with low diastereoselection (Scheme 38). 
A potentially more interesting application of the method for asymmetric synthesis210v222 uses chiral a- 

chloroiminium chlorides as starting material. Best results are obtained with iminium salts derived from 
(2S)-(methoxymethy1)pyrrolidine. They react with imines in the presence of triethylamine to give opti- 

i, COCI,, HC1 H Ph - -  - -  
ii, F’hCI-I=NPh, EtBN 
iii, KOH/H,O - PH 

41% 0 Ph I 
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R trans (%) cis (8) 

(3S,4R) (3R.4S) (3R,4R) (3S.4S) 
22 11  Me 35 32 
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Scheme 38 

cally active p-lactams after hydrolysis (Scheme 39). The bulk of the C-3 substituents R1 and R2 plays a 
decisive role in the diastereoselectivity. When R1 and R2 are different from hydrogen, the dia- 
stereoselection is very high. However, it drops dramatically when R' and/or R2 are hydrogens. 

c1 
i, Et3N R' - -  H 

L R2*R3 
OM' ii.NaOH 

4. 

R3CH = N\ 
R4 

j -N\  
0 R4 

R1 R2 Yield (8) cisltrans ee (8) 
Me Me Ph & 42 - 98 
Me Me SPh CHzPh 65 - 99 
Ph Me Ph Me 29 0/100 97 
Me H Ph Me 30 20BO 40 
H H P h  Me 41 - 4 

Scheme 39 

A notable exception is found in the reaction of iminium salt (35) derived from N-phthaloylglycinamide 
with imines (Scheme 40). The presence of the phthalimido substituent requires a modification of the pro- 
cedure222*223 converting the adduct (36) into the p-lactam (38). While basic hydrolysis destroys com- 
pound (36), treatment with sodium hydrogensulfide smoothly gives the azetidinethione (37) which is 
readily oxidized to the corresponding p-lactam (38) with modest overall chemical yield but high enanti- 
omeric purity. 

The nature of the anion associated with the iminium salt appears to play an important role in the dia- 
stereoselectivity of the reaction.222 Thus while tetramethyl-a-chloroenamine (39) gives a p-lactam in 
high optical purity, the corresponding tetramethylketeniminium tetrafluoroborate (40) reacts with almost 
no diastereoselection (Scheme 41). 
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2.2.8 CYCLOADDITIONS OF KETENIMINES 

There a only few reports of [2 + 21 cycloadditions with ketenimines.u6u2 In most cases, reactions 
occur across the (J-.c bond. Only y n a r n i n e ~ ~ ~ ~  and polyfluorinated alkenes2% cycloadd to the C - N  
bond. 

2.2.8.1 2-Iminoazetidines from Ketenimines and C=N Bonds 

(equation 72). 
The nucleophilic C=C bond of ketenimines reacts235 with isocyanates to yield a single [2 + 21 adduct 

- F . = N a  + R-N=C=O 80-140 O C  

R = Ph, 76% 
R = Ts, 73% 

- 

N-Alkyl- and N-aryl-ketenimines are poo' electrophilic partners and do not react with benzylidene- 
anilineu6 or dicyclohexylcarbodiimide. 37 The introduction of an electron-withdrawing substituent 
( t o ~ y l ~ * * ~ ~  or cyanou9) on the nitrogen atom enhances the electrophilic character of the cumulene and 
cycloadditions to imines occur under very mild conditions (Scheme 42). In most cases, the reactions are 
trans stereoselective. 
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2.2.8.2 2-Iminwxetanes from Ketenimines and C=O Bonds 

Thermal cycloadditions of ketenimines to carbonyl compounds requires activation of the C=O bond. 
The highly electrophilic bis(trifluoromethy1) ketone reacts240 at high temperature with diphenyl-N-to- 
lylketenimine (equation 73). Lanthanide shift reagents241 such as tris(6,6,7,7,8,8,8-heptafluoro-2,2-di- 
methyl-3,5-octanedionato)-europium or -ytterbium [Eu(fod)3 or Yt(fodh1 are efficient catalysts for the 
cycloaddition of ketenimines with aldehydes (equation 74). The use of chiral catalysts such as tris[3- 
(heptafluoropropylhydroxymethylene)-(+)-c~phorato]-europium or -ytterbium [Eu(hfc)s or Yt(hfc)sl 
has been found to generate only moderate enantiomeric excesses (20410%).241 

MeCN, 1 10 "C 

p h F * = N e  Ph + 14% 
(73) 

(74) 

2.2.83 ZIminothietanes from Ketenimines and C 4  Bonds 

Thermal reactions of ketenimines with thiobenzophenone have been investigated in detai1.242-245 Tri- 
substituted ketenimines bearing an alkyl or an o,o'-disubstituted aryl group on nitrogen give 2-iminothie- 
tanes (equation 75). When there are no ortho substituents on the aromatic ring, the G-S bond adds 
across the conjugated system involving the C-N bond of the cumulene and one CI-C bond of the am- 
matic ring (equation 76). With aldoketenimines, and irrespective of the nature of the nitrogen substituent, 
the initially formed 24minothietanes isomerize to give the more stable conjugated thioamides (equation 
77). 
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Ph 80% Ph-ffPh (75) 

S 
CHzCIZ, 20 OC 

Ph 
)=*=N-Me + ph,kph 

(76) 

* GTCHPh2 CC14, 20 OC 

Ph P h F * = N e  + ,A Ph 85% 

Ph Ph 

Ph 

H Ph 50 OC Ph S \-.=N-ph 

* / s  70% P h v N H P h  (77) 
CC14, 25 OC 

+ 
Ph-N Ph S 

II 

PhA Ph 

2.2.9 CYCLOADDITIONS OF THIOKETENES 

Bis(trifluoromethy1)thioketene 
Thioketenes are generally unstable and difficult to prepare. Therefore only few compounds have been 

with a wide range of c--C and C - X  bonds (equa- 
tions 78-80). The products always result from addition across the C-iE bond of the cumulene. 

2-Azetidinethiones are formed248~249 in the reaction of imines with dialkylthioketenes (equation 8 1). 
These also react across the C - N  bond of electrophilic isocyanates (equation 82).250,25' 

But f - -  (82) 

i, ether, 0 "C 
ii, HzO, MeOH, Zn *=S + O=C=N-S02Cl  * 

S " But 48% 
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22-10 FOUR-MEMBERED HETEROCYCLES FROM ACTIVATED ALKYNES AND C-X 
BONDS 

Few reactions of alkynes with G-X bonds are valuable for the preparation of four-membered hetero- 
cycles. Ynaminesu21u3 react with aldehydes and ketones in the presence of Lewis acids to give unstable 
oxetene derivatives*" which undergo electrocyclic opening (Scheme 43). Open-chain products are also 
obtained with thiocarbonyl comp~unds,Z~~ Schiff bases256 and iminium salts.u7 Reactions of ynamines 
with carbon dioxide,u8  ketene^,^^-^^ ketenimines261*262 and isocyanates26s2266 often give mixtures of 
products and are of little preparative value. 

r -9 

NMe2 

BF3*OEt2 (cat.) 

82% 

Ph 

+ 8, Ph 
Ph 

Scheme 43 

Lithium phenylethynolate (41), which is readily obtained from 3,4diphenylisoxazole and butylli- 
thium, reacts2677.268 with aldehydes and ketones to yield 2-oxetanones after protonation (Scheme 44). 

H L 

Scheme 44 

The reaction of (41) with electron-deficient imines yields 2-metidinones resulting from a 1:2 addition 
(Scheme 45).2699270 The total stereoselectivity of the reaction has been explained on the basis of steric ap- 
proach control and chelation in transition state (43). The intermediate fl-lactam enolate (42) is more nu- 
cleophilic than the starting ynolate. This unfavorable nucleophilicity ratio is responsible for the 
formation of a 1:2 adduct. This represents a severe limitation of the reaction as a general route toward fl- 
lactams. 

(42) 

imine I 

Scheme 45 
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3 [ r q K + ]  R-Ph 

But - 69% 

H But 

Scheme 46 

85% V 
Scheme 47 

2-Iminooxetanes have been prepared from aldehydes and lithium (N-pheny1)phenylethynamide 
(Scheme 46).2719272 2-Thionooxetanes are similarly formed from carbonyl compounds and lithium thioal- 
kynolates (Scheme 47).273 None of these reactions is of general preparative value. 

2.2.11 MISCELLANEOUS 

There are many other cases of combination of Ir-bonds leading to four-membered heterocyclic rings. 
Few of these are of great preparative value and most have been little studied. Some representative exam- 
ples are shown in equations (83)1274 (84)?75 (85),276 (86)277 and (87).2’* 

Ph-N=C=O 
H NMe2 

+ 

CI DN 
benzene, 20 O C  

85% 
5 

(84) 
20 “C. 10 d -N-f .-@Me 

0 A N .  Me 

eoMe 86% - Ph-N=C=O + Me-N=C=N 

ph)=*=O + Ph-N=N-COMe (85) 
Ph 60% N 
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Ph 

N 

Ph CCI,, 20 “C 

Ph 43% 
)=.=N-Tol + Ph-N=O 

Ph’ N-To1 
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23.1 INTRODUCTION 

The photochemical [2 + 21 cycloaddition reaction of alkenes, the light-induced cycloaddition of two 
carbon-carbon T-bonds to produce a cyclobutane, is a potentially highly useful reaction in organic syn- 
thesis since two new carbon-carbon bonds are formed and a maximum of four new stereocenters are in- 
troduced in the process.' Ciamician reported the first example in 1908 when he observed the formation 
of carvone camphor (2) on prolonged exposure of carvone (1) to Italian sunlight (equation 1).* 

After Buchi confirmed this finding in the 1 9 5 0 ~ , ~  numerous other investigators immediately recog- 
nized the rapidity with which complex molecular architectures could be constructed by this reaction. 
Cookson inadiated the Diels-Alder adduct (3) of cyclopentadiene and benzoquinone to produce the 
caged diketone (4) (equation 2)4 while Eaton utilized a photochemical cycloaddition of diene (5) in a 
synthesis of the platonic solid cubane (6) (equation 3).5 

123 
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Corey? Eaton,' de  may^*+^ and many others began to investigate the various synthetic and mechanistic 
ramifications of the photocycloaddition which resulted in the total synthesis of caryophyllene1° and bour- 
bonene" as well as a proposed mechanistic rationale for the reaction.6 Subsequently, numerous natural 
and unnatural products have been prepared by synthetic routes which have a [2 + 21 photocycloaddition 
as a crucial step in their synthesis, and the reaction has become recognized as an important transforma- 
tion in the repertoire of the synthetic organic chemist. 

23.2 MECHANISM 

While there is still much which is not well understood about the mechanism of the photochemical cy- 
cloaddition, several points about a working hypothesis (Scheme 1)6,8-10 are worthy of note and serve as a 
basis for the discussions which follow. 

[ 1 ,4-Diradical11 

A*1 

A*3 

- Cyclobutane A0 

[ 1 ,4-Dir$dica1l3 

Scheme 1 
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Excitation of the ground-state alkene Ao (either n+w* or normally produces the excited 
singlet A*' which can (1) combine with a ground-state alkene Ao to form a singlet exciplex [A*. . .Ao]', 
(2) undergo a concerted cycloaddition with Ao to form a cyclobutane, (3) intersystem cross to an excited 
triplet A*3, or (4) collapse back to the ground state. The singlet is fairly short lived, particularly in enone 
systems, and will decay back to the ground state if cis-trans isomerization can occur.14 The singlet exci- 
plex can decay back to the ground state or generate a cyclobutane directly, or produce a 1,4-diradical 
which can also collapse to the ground state or proceed to cyclobutane. The triplet A*3, which can result 
from the singlet A*' or from sensitized excitation of the ground state Ao, can either decay to the ground 
state or combine with a ground-state alkene to generate a triplet exciplex [A*. . .AoI3> The exciplex can 
then form a carbon-carbon bond and produce a triplet 1 ,Cdiradical which can undergo spin inversion to 
the singlet diradical followed by production of the cyclobutane. Additionally, at any point along the path 
to cyclobutane, i.e. (1) the triplet exciplex [A*. . .A0I3, (2) the triplet diradical or (3) the singlet diradical, 
the ground-state alkenes can be regenerated. While it is convenient to invoke the intermediacy of exci- 
plexes in photocycloadditions, Schuster has recently presented kinetic evidence which is inconsistent 
with exciplex f ~ r m a t i o n . ~ ~  

In the majority of cases the pathway which leads to cyclobutane adducts is most likely excitation to a 
short-lived singlet A*', followed by crossing to the longer-lived triplet A*3 which forms an exciplex and 
then a triplet diradical. The triplet diradical spin inverts to the singlet and closes to the cyclobutane. If the 
singlet can undergo rotation, energy wasting cis-trans isomerization will compete with intersystem 
crossing and subsequent photocycloaddition. This occurs primarily in acyclic systems which are not rig- 
idly held by hydrogen bonding or in cyclic systems which are larger than six members.16 

23.3 INTERMOLECULAR PHOTOCYCLOADDITIONS 

23.3.1 Regiochemical Control 

When two unsymmetrical alkenes undergo [2 + 21 photocycloaddition, two regiochemical isomers, the 
head-to-head and head-to-tail isomers, can result. For example, when cyclohexenone is irradiated in the 
presence of isobutene the head-to-head product (8) is produced along with the head-to-tail isomer (7) 
(equation 4). The preponderence of the head-to-tail isomer (7) is generally thought to be controlled by 
electronic interactions. The excited enone is assumed to have a charge distribution which is the opposite 
of its ground-state configuration and thus the enone p-carbon bears a partial negative ~ h a r g e . ~ , ~ '  During 
the exciplex formation the ground-state alkene and the excited-state enone are oriented to maximize elec- 
trostatic interactions. This interpretation is supported by results with more highly polarized alkenes and 
enones which both show significantly higher regioselectivity (equations 5-7).6*18,19 While this electro- 
static interpretation is a useful predictive tool, regioselectivity may be greatly influenced by the rate with 
which each initially formed exciplex proceeds to products or reverts to the ground state. 

Steric interactions can dramatically affect regioselectivity as well. This is demonstrated by the result 
that cyclohexenone reacts with vinyl acetate to give exclusively the head-to-tail regioisomer (9)20 while 
3-methylcyclohexenone produces a 1 :4 mixture of the head-to-head:head-to-tail isomers (10):(11) (equa- 
tion Q2' Additionally, 3-n-butylcyclopentenone undergoes photocycloaddition with vinyl acetate to give 
a 3: 1 mixture of head-to-tai1:head-to-head photoadducts while 1-acetoxy- 1-hexene gives rise to exclu- 

0 0 0 
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sively the head-to-tail adduct, presumably due to the steric interaction between the two alkyl chains 
(equation 9).22 

R = H  
R = M e  

90%; 1oO:O (9) 
68%; 20:80 (10) (11) 

R = H  75:25 
R=W 1OO:O 

Regioselectivity in photocycloadditions may also depend on the production and partitioning of various 
1 ,4-diradicals as has been proposed by Bauslaugh (equation IO).' In this treatment, unstable 1,4-diradi- 
cals are presumed not to form to any appreciable extent while the more stable diradicals are presumed to 
revert to starting alkenes preferentially. The diradicals of intermediate stability thus determine the selec- 
tivity of the reaction. While the product ratio may clearly depend in some instances on the rates of parti- 
tioning of the diradicals to cyclobutane versus ground-state alkenes, it is often very difficult even 
qualitatively to determine which diradicals are more or less stable, making this interpretation somewhat 
difficult. Overall, the polar exciplex theory serves as a useful model for predicting regioselectivity in 
most photocycloadditions. 

0 0 
hv II It I 

0 
II 

most stable 

least stable 
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The observed regioselectivity can be perturbed to varying degrees by choice of reaction parameters. 
Solvent polarity can play a role in the control of regioselectivity, as would be predicted by the polar exci- 
plex model. The regioselectivity of the dimerization of cyclopentenone (equation 11) produces a larger 
proportion of the head-to-head adduct in more polar s0lvents.2~ The photoaddition of enone (11) to al- 
kene (12) also displays a pronounced solvent dependence (equation 12)." A consequence of the solvent 
effect is that nonpolar solvents tend to produce products which would be predicted from the polar exci- 
plex model, while more polar solvents result in somewhat more of the minor product but do not cause 
complete reversal of the regioselectivity. 

0 
neat 57:43 
cyclohexane 85: 15 

OAc 
U 

(11) (12) 

n 
I \  

I 0, ,o 

I 
cyclohexane 2:98 
methanol 5545 

Organized media have also been used to influence the regiochemical outcome in the reactions?* 
Photoaddition of 3-n-butylcyclopentenone with various terminal alkenes has shown a pronounced pref- 
erence for the alignment of the enone and the alkenes with their polar groups toward the surface of the 
micelle. This effect is most pronounced in the case of 1-acetoxy-1-heptene, which gives exclusively the 
head-to-tail adduct in cyclohexane solvent but a 2.3: 1 mixture in favor of the head-to-head isomer in the 
presence of potassium dodecyl sulfate (equation 13). 

cyclohexane 0:loo 
potassium dodecyl sulfate 70:30 

Varying the temperature of the photoaddition reaction can also produce minor changes in the regio- 
selectivity. Typically, lowering the temperature tends to enhance the selectivity in favor of the major 
regioisomer, as seen in equation (14p 

25 "C 29:7 1 
4 0  O C  0:loo 
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233.2 Stereochemical Control 

Since up to four new stereogenic centers can be produced in a photocycloaddition reaction, prediction 
of stereoselectivity becomes extremely important with regard to the use of [2 + 21 photoadditions in syn- 
thesis. Stereoisomerism in the products of photoaddition can manifest itself in several different ways. 
First of all there is the question of geometry about the cyclobutane ring. In the addition of acyclic alkenes 
to cyclic enones, the geometry of the alkene is normally scrambled during the cycloaddition as a result of 
the rotational freedom in the intermediate long-lived 1 ,Cdiradical. Thus cis- and trans-2-butene pro- 
duced the same mixture of three stereoisomeric photoadducts when irradiated with cyclohexenone.6 
Similarly, cyclopentenone and 1 ,Zdichloroethylene produced all four possible cis photoadducts when 
either the cis or trans alkene was used.26 Here the ratios of the products are somewhat different depend- 
ing on the geometry of the alkene, but this may simply be a result of different rates of cyclobutane clo- 
sure of the initially formed diradicals (equation 15). 

\ Y 

Loss of geometric integrity is not observed with cyclic alkenes which have ring sizes of five members 
or less since cis-trans isomerization is inhibited. Larger rings, however, can result in loss of alkene stere- 
ochemistry (equations 16, 17).22,27 The cyclobutane ring juncture derived from the excited-state alkene is 
always cis if the enone is contained in a five-membered ring (or smaller), since the excited state is not 
substantially twisted (equations 7, 15-17). 19*22,26,27 Conversely, cyclohexenones often produce signifi- 
cant amounts of trans products at the cyclohexane-cyclobutane ring juncture (equations 6, 18, 19).6,28*29 
This has been attributed to the spectroscopic observation that some cyclohexenone triplets are substan- 
tially twisted, allowing bond formation on one side of the ring at the a-carbon and bond formation from 
the opposite face at the P-~arbon. '~  Cyclohexenones which are conformationally more rigid tend to 
produce predominantly or exclusively cis ring fusions (equations 20-22).21930 The cis product is also 
obtained with cyclohexenones if the product cyclobutane contains an unusual amount of ring strain, 
e.g. with cyclobutenes, alkynes or allenes as the ground state alkene (equations 5 ,  23, 24).18,31,32 As can 
be seen in equations (3, (1 l), (12) and (20), if the cis product is obtained the cis-anti-cis geometry as 
opposed to the cis-syn-cis geometry is by far the dominant product, presumably as a result of the steric 
interactions between the two rings. 
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The remaining stereochemical point which must be addressed is the effect of a preexisting stereogenic 
center on either the excited-state or ground-state alkene. As a general rule, a stereogenic center in the 
ground-state alkene will affect the stereochemical outcome of a photocycloaddition reaction much as it 
would be expected to affect any other chemical reaction. That is, the excited state enone normally adds to 
the sterically most accessible face of the ground-state alkene, as in the photoadditions utilized in the syn- 
theses of loganin (equation 25),33 sarracenin (equation 26),% acorenone (equation 27)35 and bourbonene 
(equation 28).*l The addition of the dimethylfuranone (13) to enol derivatives (14-18) (equation 29) pro- 
duces the product which would appear to result from approach from the more hindered face of the al- 
kene.36 This can perhaps be rationalized by AI,Z strain in a similar manner to the epoxidation of 
1,5-dimethyl~yclopentene.3~ 

Stereochemical induction by a stereogenic center on the excited state enone, particularly cyclohexe- 
nones, has been rationalized by Wiesner as resulting from attack of the ground-state alkene on the most 
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stable conformation of an excited enone which has a substantially pyramidalized For 
example, addition of allene to octalone (19) produces (20) which results from addition of allene opposite 
the angular substituent (equation 30).39 Similar results are obtained in the dissolving metal reductions of 
(19), which are presumed to proceed through a species in which the Pcarbon is pyramidalized.40 Results 
for the addition of allene to 3,4-dimethylcyclohexenone (equation 31) support this model since the pre- 
dicted product should arise from cis approach to the C-4 However, an alternative explanation 
which invokes  AI,^ strain, as in the epoxidation of 1,6-dimethylcyclohexene, is also plausible. Converse- 
ly, 4-isopropylcyclohexenone shows no s e l e ~ t i v i t y ~ ~ ~ ~ *  while 4-r-butylcyclohexenone yields the tram ad- 
duct as the major albeit with ethylene as the ground-state alkene (equations 32, 33). Thus it 
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would appear that most examples might be better rationalized as proceeding through an excited state 
with a trigonal p-carbon with pyramidalization occumng during the reaction with the ground-state al- 
kene, which conforms more closely to theory, and that cases such as 3,4dimethylcyclohexenone are 
somewhat distorted due to torsional strain induced in a conformation with a trigonal P-carbon. It should 
also be noted that Dauben has recently proposed that photoadditions involving allenes as ground-state al- 
kenes may be very different mechanistically from ordinary alkenes, at least in intramolecular ~ases.4~ 

H 

(19) 

0 

H 

-78 'C 
40 'C 

20230 
5050  

0 0 0 0 

Cyclohexenones with substituents at the 5- and 6-positions tend to give the product which would be 
predicted by steric approach control to an excited state with a trigonal @-carbon (equations 34-36).- 
As a final cautionary note, while these hypotheses are often useful for prediction of stereochemical re- 
sults, the true source of the selectivity may involve the rates of cleavage of the intermediate diradicals to 
the ground state versus rates of cyclobutane ring closure. Insufficient data are currently available to ex- 
plain these results completely. 
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2.3.33 Enantioselectivity 

Control of absolute asymmetry is a relatively untouched area for [2 + 21 photochemical cycloaddition 
reactions despite the recent advances in the field of asymmetric synthesis. The first example of the use of 
a 'removable' chiral auxiliary was reported by Tolbert?' who obtained impressive enantioselectivity in 
the photocycloaddition of bornyl fumarate to stilbenes (equation 37). More recently, Lange48 has shown 
that menthyl cyclohexenonecarboxylates are useful in control of absolute stereochemistry (equation 38). 
B a l d ~ i n ~ ~  and MeyersSo have also obtained excellent facial selectivity in systems where the stereogenic 
center which controls the diastereoselectivity can be excised to afford products of high enantiomeric 
purity (equations 39,40). 
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2.3.4 INTRAMOLECULAR PHOTOCYCLOADDITIONS 

Regiochemical and stereochemical control can be excellent in many examples of the intermolecular 
photochemical [2 + 21 cycloaddition, but the frequency of cases where selectivity is low, or worse, un- 
predictable, has inhibited the use of this powerful reaction. While the major disadvantage of the infer- 
molecular photocycloaddition is its low selectivity in some systems, this problem can be substantially 
overcome by incorporating the two sites of unsaturation into the same molecule. Although many of the 
early examples of the [2 + 21 photocycloaddition were intramolecular, this variation of the reaction saw 
only limited use until the 1970s when its potential for the rapid construction of complex polycyclic car- 
bon skeleta was recognized by Oppolzer, Pattenden and others. 

23.4.1 Regioselectivity 

Regioselectivity in the intramolecular photocycloaddition reaction is generally higher and more pre- 
dictable than in the intermolecular version. This derives primarily from the geometric constraints which 
are placed on the transition states during initial ring closure. Formation of five-membered rings, if 
possible, is favored in the initial ring formation by attack of the excited-state on the ground-state alkene. 
This empirical observation was termed ‘the rule of five’ by Hammond and Srinivasansl and is similar to 
the observation by Beckwiths2 that the 5-hexenyl radical undergoes cyclization to the cyclopentylmethyl 
radical 75 times faster than to the cyclohexyl radical. An excellent illustration of this model is seen in the 
cyclization of enol ether (21) to the crossed adduct (22), presumably proceeding through the intermediate 
diradical formed by the closure of a five-membered ring (equation 41).53 The system (23), with a three- 
atom tether, produces exclusively the straight adduct (24) also by initial formation of a five-membered 
ring (equation 42).54 While there are exceptions to this generalization, systems with two- and three-atom 
tethers give either exclusively or predominantly the product predicted by the ‘rule of five’ (equations 43- 
47).55-59 Cyclohexenones and cyclopentenones with tethers of two and three atoms attached at C-2 or C- 
3 are particularly reliable with respect to their regiochemistry. Of particular note is the interesting case of 
the furan (25), which cyclizes to (26) in accord with the above rule while completely overcoming the 
normal electronic preference observed for intermolecular photocycloadditions (equation 47).59 The major 
exceptions to the ‘rule of five’ in these systems have an allene as the ground-state alkene and Dauben has 
presented convincing evidence which indicates that photocycloadditions involving allenes may be quite 
different mechanistically .“3 

When the two alkenes are tethered by four or more atoms, the favored product is typically the straight 
adduct. For example, systems with a four-atom tether give products derived from initial formation of a 
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85% 
(47) 

six-membered ring, as in equations (48)--(53).6065 Winkler has studied a variety of tether lengths in the 
photocycloadditions of dioxolenones and observed only the straight adduct in all cases (equations 54, 
55).66 However, Baldwin has pointed out that the regiochemistry in these dioxolenone systems is particu- 
larly sensitive to subtle steric and electronic effects (equations 56-58).30 

n n 
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One very unusual case which does not follow the 'rule of five' is shown in equation (59). Enone (27) 
produced a 1 : 1 mixture of straight and crossed adducts at 65 'C and a 9: 1 ratio in favor of the crossed ad- 
duct at -50 to -60 'C. The result was completely reversed when the methyl substituted alkene (28) was 
utilized, producing exclusively the straight adduct (29) (equation 60).67.68 

ii, h v ,  -60 to -50 "C * % +&) (59) 6 i'Ac20 
40 h, ether, pyrex OAc OAc 

11239 
25 OC, hexane m:jo 
65 OC, ethanol 5 1 :49 

(27) 

Wolff and Agosta have taken advantage of a similar result in the photocycloaddition of 1J-dienes in 
an efficient approach to substituted f enes t r ane~ .~~ .~~  The unsubstituted system (30) yielded a mixture of 
photoadducts (equation 61) while enone (31), containing a methyl group on the internal carbon of the 
double bond, gave excellent yields of a single regioisomer (32) which was transformed to the 
[4.4.4.5]fenestrane (33) (equation 62). The photocycloadditions of 1 ,5-hexadienes have been carefully 
studied by Wolff and Agosta, who note important structural features for the reversal of regiochemistry in 
these  system^.^^.^^^ Alkyl substitution at C-5 and incorporation of the enone double bond into a ring, 
particularly a five-membered ring, appear to effect a change in the mechanism for the cyclization. The 
simple systems such as (34) (equation 63; also equation 44) appear to cyclize initially from C-1 to C-5, 
in accord with the 'rule of five', and as substitution is added at C-5 the rate of cyclization is retarded. 
This is very similar to the steric effect observed in the cyclization of 5-substituted 5-hexenyl radicals, 
which show a depressed rate for the formation of the cyclopentylmethyl radical and an increase in the 
rate of formation of the cyclohexyl radical. Incorporation of the conjugated double bond into a ring re- 
duces the twisting of the excited triplet and can severely alter the geometry for the cyclization. When 
both effects are combined, as in enone (31). the result is exclusive 1 ,dcyclization. 
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23.4.2 Stereoselectivity 
Some of the most important recent advances in the use of [2 + 21 photocycloadditions in synthesis 

have been in the control of stereochemistry in complex polycyclic systems. The geometric constraints in- 
volved in the cyclizations to the photoadducts often result in extremely stereoselective cycloadditions. 
Additionally, preexisting stereogenic centers in the photocycloaddition substrate can be utilized to induce 
relative stereochemistry in the cycloadduct. The resident stereogenic center of the diene can be on the 
tethering chain, on the ring containing the excited state partner or on a ring containing the ground-state 
alkene. 

First of all, the stereochemistry about the cyclobutane in the photoadducts is cis in almost all cases 
(equations 64-68).66.73-77 There are rare exceptions, but these usually result from systems where the cy- 
cloalkenone is larger than six members or when the tethering chain can easily accommodate the trans cy- 
clobutane (equations 69-72).7&81 The most noteworthy exception is the recent example reported by 
Winkler in which dioxolenone (35) produced exclusively the trans cycloadduct (36) which was readily 
converted to the smallest known inside-outside bicycloalkanone (37).82 This photoproduct presumably 
arises from initial cyclization in the chair-like conformation (38) (equation 73). Similarly, (39) has been 
converted to the carbon skeleton of the naturally occumng inside-outside bicyclic compound ingenol 
(equation 74).83 

phcH20Yo hv. pyrex 
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Stereochemical induction by a stereocenter on the tethering chain has been used effectively in the total 
synthesis of several natural products. In a synthesis of acoradiene, Oppolzer irradiated cyclohexenone 
(40) and obtained a 5 1  mixture of the p:a methyl diastereomers (41) in 76% yield together with some 
starting diene which had partially isomerized at the isolated alkene (Scheme 2)." The stereoselectivity 
was attributed to radical reversion of the 1,4-diradical (42) leading to the minor product due to a steric 
interaction between the secondary methyl group and the carbonyl a-hydrogen during the final cyclobu- 
tane closure. The resulting product ratio was presumed, therefore, to be a result of the thermodynamic 
preference for the major product. An alternative explanation is that the major product arises from a 
kinetic preference for the formation of the 1,4-diradical (43) because of the difference in energy of the 
two diastereomeric exciplexes (44) and (45). There is an A1.3 interaction between the secondary methyl 
and the a-vinyl hydrogen in exciplex (45) while the equivalent interaction in (44) is between two hydro- 
gens. Becker has recently presented evidence that there is no radical reversion in some closely related 
systems.85 

Which of these two pathways is operative is unclear at this time, but it is clear that the vinyl substit- 
uent on the cycloalkenone plays an important role in the selectivity. Pattenden, in a synthesis of epipre- 
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capnelladiene,86 carried out the photocycloaddition of enol acetate (46) and obtained a 92:8 mixture of 
diastereomers (equation 75). However, when the corresponding enol benzoate was utilized a single dia- 
stereomer was produced, presumably due to the increased steric interaction between the methyl group 
and the vinyl substituent. Similarly, Crimmins noted a sequential increase in stereoselectivity in the 
photocycloaddition of esters (47)-(49) from 93:7 with the methyl ester to >97:3 with the isopropyl ester 
(equation 76).87 A similar case (50) gave a single cycloadduct in high yield (equation 77).88 
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(47) R = Me 
(48) R = Et 
(49) R = pr' 

93:7 
94:6 

>97:3 

When the substituent is placed adjacent to the ground-state alkene in these systems, similar levels of 
stereoselectivity are observed as seen in equations (78)-(8 1).8-' Interestingly, diene (51), with a methyl 
group on the alkenic carbon adjacent to the isopropyl, is nonstereoselective while the system lacking the 
methyl group proceeds with complete stereoselectivity?' Apparently the A1.2 strain between the methyl 
and the isopropyl groups in exciplex (52) counterbalances the A1.3 strain between the hydrogen and iso- 
propyl group in exciplex (53). 

Modest asymmetric induction was seen in the cycloaddition of dioxolenone (54) to produce the eight 
membered photoadducts (55) and (56) (equation 82). The major product can be seen to arise from an ex- 
ciplex in chair-like conformation with the silyloxy group in a pseudoequatorial position, while the minor 
isomer would require the silyloxy substituent to occupy a pseudoaxial site and would create a steric in- 
teraction between the OTBS and the ring oxygen.56 Similar explanations can be put forth for the exam- 
ples in equation (83)?2 

cyclohexane h V , P Y r e X  gf1 @R2 (78) 

OAc R' OAc 76% 

3.3: 1 Epibu1nesene:bulnesene 

hv 

uranium glass .+' , 

HA 85% 
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Becker has carried out a careful study of the effects of positioning a preexisting stereogenic center at 
the 4-position of cyclohexenones with the tethering chain attached at the 2-positi0n.~~ Substitution at the 
4-position generally influenced the alkene to approach the enone from the face opposite the alkyl group 
(equation 84) and increasing the steric bulk of the C-4 substituent resulted in a modest increase in stereo- 
selectivity (equation 85). The selectivity increased from 2.3: 1 to 2.7: 1 when a methyl group was placed 
on the internal carbon of the alkene (equation 86). but the improvement is most notable when either one 
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(equation 87) or two methyl groups (equation 88) are added to the terminal carbon of the ground-state al- 
kene. These results can be explained by comparing the energies of the diastereomeric exciplexes or by 
invoking a radical reversion explanation (Scheme 3). However, Becker has presented evidence in very 
closely related systems (equation 89) that no radical reversion is operative since the quantum yields are 
quite high and no alkene isomerization could be detected in recovered starting material.85 In a similar 
case, Pirmng irradiated (57) to produce a single cycloadduct (58) which was converted to isocomene in 
two steps (equation 9 0 ) . " 9 9 5  

Several additional examples of stereochemical control in [2 + 21 photocycloadditions which include 
systems containing preexisting stereogenic centers on the ground-state alkene are shown in equations 
(9 1)-(97)?5*76*9"i03 The stereoselectivity in these systems is typically controlled by the nonbonded inter- 
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actions between the two alkene portions and the tethering chain, as in the previously discussed cases. Of 
particular note is the diquinane enone (59), which produced only recovered starting material upon irradi- 
ation in hexane at 25 'C, but underwent smooth cycloaddition to (60) when irradiated at 110 'C in chlo- 
robenzene at 350 nm (equation 96).'O','O2 There is a severe nonbonded interaction between the angular 
and vinyl methyls in the transition state for initial cyclization in this system. The success of the higher 
temperature may be a result of accessing the reactive conformation by overcoming this steric interaction, 
or it is possible that there is a thermal barrier between two excited states of different reactivities. The 
photoadduct (60) has been elaborated to the naturally occurring fenestrane laurenene. 

Also of interest are cyclohexenones with the tether attached at the Cposition, which have not been as 
widely applied as the 2- and 3-substituted cycloalkenones. Croft and Jeffries irradiated the dia- 
stereomeric enones (61) and obtained two cycloaddition products and two products from intramolecular 
hydrogen atom abstraction (equation 98).'04 All the products contained a rruns decalin, however. This re- 
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sult can be rationalized by assuming the excited triplet enone is twisted, with the tether occupying a 
pseudoequatorial site on the cycloalkenone as in (62). Smithio5 also saw predominantly trans products in 
the cycloaddition of (63) (equation 99), but obtained some cis product (64) probably due to the reduced 
degrees of freedom in the alkyne which would destabilize the transition state for the initial formation of 
the trans decalin. Both photoadducts were converted to hibiscone C. Dauben43*1M*107 has studied a var- 
iety of allenes attached to cyclohexenones and cyclopentenones at the 4-position. These all produce pre- 
dominantly or exclusively the cis decalin products, in contrast to the cases above. This result (equation 
100) in combination with some anomalous results (equations 101, 102) have prompted Dauben to sug- 
gest that intramolecular [2 + 21 photocycloadditions involving allenes as the ground-state partner (with 
the allene tethered at the 3- or 4-position) are likely proceeding through initial cyclization at C-2 of the 
enone rather than C-3.43 This could explain the different stereochemical result with these systems. If al- 
lenes in general proceed through a different mechanistic pathway, this might also explain some inconsist- 
encies in the intermolecular photocycloadditions with allenes. 

23.5 UNACTIVATED ALKENES 

Synthetic applications of [2 + 21 photocycloadditions of unactivated alkenes have been limited due to 
the low regioselectivity and stereoselectivity observed in this process. However, Wender recently re- 
ported an intramolecular example of a dienediene photochemical [2 + 21 which provides rapid access to 
cis-fused 5-8 ring systems and subsequently linearly fused triquinanes.108 Sensitized irradiation of (65) 
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produced the cis-fused 5-4 product. This product is a result of the initial formation of a five-membered 
ring from the more stable conformer (65). The cis diradical (66) presumably closes rapidly to product 
while the trans diradical (67) cannot form the cyclobutane because of the inherent strain in the product 
and thus reverts back to the diene. Thermolysis of the product (68) produced the cyclooctadiene (69) 
which was converted to coriolin (Scheme 4). 
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2.3.6 COPPER CATALYZED [2 + 21 PHOTOCYCLOADDITIONS 

Salomon has recently investigated the copper(1) triflate catalyzed photocycloadditions of allylic alco- 
hols and allylic ethers in an effort to improve the selectivity in photocycloadditions of unactivated al- 
kenes (equations 103-105, 108).'09 One particularly interesting case is illustrated in equation (104), 
where the more sterically hindered product is produced as a result of the photocycloaddition of a rigidly 
held tridentate copper complex. McMurry has also utilized a copper(1) catalyzed [2 + 21 photocycloaddi- 
tion in the synthesis of P-panisene (equation 106).' lo Interestingly, the noncatalyzed cycloaddition 
shown in equation (107), which might also produce a precursor for P-panisene, was unsuccessful. 
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2.4.1 INTRODUCTION 
In the 80 years since the original report' of a photochemical addition to form an oxetane, the Patem+ 

Buchi reaction2 has become increasingly familiar to chemists engaged in the synthesis of complex mol- 
ecules. Existing reviews" have summarized mechanistic considerations and defined the scope and 
limitations of the photocycloaddition reactions. In confluence with the widespread advances in synthetic 
methods and asymmetric synthesis, the PaterneBuchi reaction has prospered and led to significant de- 
velopments in the area of organic synthesis. 

The chemical and biological relevance of oxetane-containing materials is illustrated (vide infra) by 
compounds such as thromboxane A2 (l)? oxetanocin (2)8 and the unique amino acid antibiotic oxetin 
(3).9 The elusive thromboxane A2 molecule, for example, is unstable owing to its strain from the acetal 
linkage of the four-membered ring oxetane unit. While there are many useful methods for oxetane for- 
mation, including ring expansion,IO ring contraction"*17 and alkylation,12 oxetane synthesis from the 
'quenching' of photochemically excited carbonyl compounds and alkenes is perhaps the most direct and 
flexible. In addition, both the thermal13 and Lewis acid catalyzed14 [2 + 21 cycloadditions of electron-rich 
alkenes with carbonyl compounds are known and generally occur with regioselectivity complementary to 
that of the photochemical process. For example, the photochemical reaction of biacetyl with ketene di- 
ethyl acetal provides solely the 3-alkoxyoxetane (4), whereas the thermal reaction gives the more labile 
2-alkoxyoxetane (5). l 4 9 l 5  

This photochemical umpolung is useful from the perspective of chemoselectivity in synthetic transfor- 
mations. In addition, oxetane-containing products, prepared regioselectively, can be valuable synthetic 
intermediates. Both oxetane and vinyloxetane derivatives react with nucleophiles in intermolecular and 
intramolecular condensations and with transition metalsI8 and ~arben0ids.I~ A second feature of oxetane- 
containing photoproducts, which has important implications, is that they can act as vehicles for sub- 
sequent manipulations and stereocontrolled synthesis. For example, the oxetane photoproduct (6) 
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undergoes consecutive hydrogenolysis and hydrogenation to form stereospecifically the tetrahydrofuran 
compound (7):O a precursor to hybrid platelet activating factor (PAF) antagonist ligands.21 
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The chemo-, regio- and stereo-selectivity observed in the Paterno-Buchi photocycloaddition make the 
reaction a valuable synthetic method as its numerous applications to targets in synthesis attest. This re- 
view will summarize the important mechanistic and synthetic advances. Knowledge of these precedents 
will likely initiate further scrutiny and applications of the reaction to the synthesis of architecturally com- 
plex targets. 

2.43 MECHANISTIC CCONSIDERATIONS 

The Paterno-Buchi reaction has been studied mechanistically ever since Paterno and Chieffi' fmt re- 
ported that the photoreaction of ketones and alkenes produced, unexpectedly, the corresponding oxetane. 
Indeed, a recent surge of studies of the photoreaction mechanism has stimulated numerous applications 
in organic synthesis. 

Early mechanistic studies by Arnold3 supported the Schlenk mechanism, in which a putative 1,4-di- 
radical intermediate resulted from the addition of the n,n* triplet state of benzophenone to cis- and rrans- 
2-butene. The preoxetane diradical led to the same mixture of cis and trans oxetanes (1:6), suggesting the 
existence of a 'most stable' diradical species in which rotation occurred prior to oxetane ring closure. 
Further support for the existence of diradical intermediates came from work by Nishida?l in which ir- 
radiation of benzophenone with 1,l -dicyclopropylethylene gave 8 1% of product (8) at room temperature, 
but 65% of the tetrahydroxepin (9) at 160 'C. The thermal stability of oxetane (8) at 160 'C suggests the 
cyclopropyl-carbinyl rearrangement of an intermediate diradical. Subsequently, Caldwe1122 refined the 
Schlenk mechanism to include an initial charge transfer, generating an exciplex intermediate. In the re- 
action of benzophenone with both deuterated and nondeuterated cis- and trans-2 butene, a negligible pro- 
duct isotope effect of 1.03 f 0.01 was obtained. This observation is contrary to the prediction of a small 
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inverse isotopic effect as a result of the rehybridization from sp? to sp3 at the labeled site in oxetane for- 
mation. A --bonded charge transfer complex that aligns the orbital of the carbonyl symmetrically with 
respect to the alkene double bond was formulated (Figure 1) to account for the observed isotope effects. 
Additionally, product isotope effects for the cis-trans photoisomerization of 3-methyl[2-2H]-2-pentene 
(1.003 f 0.007 for the trans isomer) indicate that the preference for intermediate diradical (10) versus 
(11) is negligible. Therefore the 'most stable diradical' hypothesis= is apparently not applicable in cer- 
tain cases, and other factors such as charge distribution and polarizability can be significant. 

Ar 

w 
Figure 1 

I I 

Further support for the prior generation of electron transfer complexes has come from recent investiga- 
tions by It was found through fluorescence and phosphorescence quenching studies of enol 
ethers with both singlet and triplet ketones that charge transfer occurred to the extent of 10 or 15%; in the 
case of electron-rich alkenes, donation of charge from the alkene p-orbitals to the ketone n-orbital pro- 
duced an 'invisible' exciplex. This mechanism successfully accounted for the low regioselectivity ob- 
served in oxetane formation from enol ethers, since the 'best diradical' model would suggest higher 
regioselectivity. However, the involvement of triplet exciplexes in [2 + 21 photocycloadditions of cyclic 
enone -,IT* triplets to alkenes has been recently found to be inconsistent with kinetic data.s The greater 
rate of quenching of enone triplets by electron-poor alkenes was seemingly inconsistent with polar exci- 
plex formation, but the implication of the formation of triplet exciplex precursors in oxetane formation to 
the 'fundamentally different case of photoannulation' was found to be inappropriate. 

The nature of the intermediates in the Patemo-Biichi reaction has been inferred largely from indirect 
measurements. However, recently the reaction course has been monitored through spectroscopic meth- 
ods. The first observation of a 1 ,Cdiradical intermediate was claimed by Hayashi,% who used a nanosec- 
ond laser-photolysis technique to monitor the time dependence of the intermediate 1 ,Cdiradical 
absorption produced by the irradiation of benzophenone and cis-3-methyl-2-pentene. Experiments invol- 
ving methyl viologen dication quenching indicate that a transient absorbing at 530 nm had a lifetime of 
6-25 ps. Scaiand7 has recently pointed out that the spectrum reported by Hayashi is indentical with the 
UV band of the ketyl radical of benzophenone (Amax = 332 nm) and that the lifetime of the putative di- 
radical is implausibly long. These conclusions have received further support from recent work by Cald- 
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A study of the transient spectroscopy of benzophenone in the presence of both tetramethyl- 
ethylene and ethyl vinyl ether found UV absorptions (Amax = 330 nm) with lifetimes of 1 . 5 4  ns. Similar 
results have been obtained in recent studies by Peters.29 In an effort to determine the pathway for fonna- 
tion of the 1,4-diradical, a picosecond dynamics study monitoring the quenching of the triplet state of 
benzophenone with 1,Cdioxene was undertaken. The transient triplet spectrum is quenched with a half- 
life of 175 f 25 ps to form a new species, Xmm = 535 nm, which is assigned as the 1,4-diradical. As the 
diradical decays, intersystem crossing of the triplet to the singlet occurs concomitant with oxetane ring 
closure. In addition, a new species appears (A,,,,, = 690 nm in MeCN) whose absorbance corresponds to 
that of the radical anion of benzophenone. It has been postulated that this species arises from heterolysis 
of the 1 ,Cdiradical to generate a radical anion and an alkene radical cation. To determine whether exci- 
plexes are formed prior to diradical formation, the photolysis of 4-phenylbenzophenone in 1 ,Cdioxene 
was examined and a transient absorption (Amax = 520 nm) was found to persist at least 250 ns followjng 
irradiation. Since both benzophenone and 4-phenylbenzophenone undergo similar rates of electron trans- 
fer with DABC0,30 a polar transition state best describes any pre-diradical intermediate. Scheme 1 sum- 
marizes a mechanism for the Patemo-Biichi reaction which accommodates the available data. 

TI 

SSIP CIP 

Scheme 1 

Recent investigations of the solution photochemistry of biacetyl lend further support to the polar exci- 
plex hypothesis. Luminescence quenching studies reveal the donor-acceptor nature of biacetyl hiplet 
quenching and stereochemical scrambling in the product oxetane and recovered alkene.31 An extension 
of the basic exciplex mechanism was recently reported by Mattay and coworkers.32 ESR measurements 
of the reaction of biacetyl with electron-rich 1,3-dioxoles with in situ irradiation led to the observation of 
both the biacetyl radical anion and the dioxene radical cation. This ‘ionic photo-association’ process con- 
trasts with Peters29 observation of a diradical transient that was postulated to exist in equilibrium with a 
contact ion pair. Scheme 2 shows some typical photoproducts which result from photolysis of 1.3-diox- 
oles in the presence of biacetyl. Oxetane-containing products are obtained in all cases, and dioxoles con- 
taining allylic hydrogens readily form addition products. In the case of the parent unsubstituted 
1,3-dioxole, one-third of the product mixture results from 1 ,Caddition. Calculated exciplex lifetimes 
(0.2-0.5 ns) and nonvariance of this lifetime with the alkene quencher led to extension of the exciplex 
mechanism to include electron transfer as shown in Scheme 3. Insofar as the ESR measurement supports 
both the radical anion and cation structures, clear differentiation between an exciplex with charge trans- 
fer and a contact ion pair may not be possible. However, the theory is a powerful tool for predicting 
photoreaction chemoselectivity. In the previously described photochemical addition of biacetyl and 1,l- 
diethoxyethylene, spin densities obtained from ESR measurements indicate that the 1,l -diethoxyethylene 
radical cation contains 80% of the spin density at the &carbon (Scheme 4). This explains the regio- 
selective joining observed with biacetyl to form exclusively the 3-alkoxyoxetane, a useful photochemical 
‘umpolung’ of the reactivity of biacetyl.14*32 

To probe further the nature and reactivity of the transient species produced in the Patern+Buchi re- 
action, trapping experiments have been recently performed. Putative diradical intermediates have been 
trapped with many reagents, including molecular oxygen33 and sulfur d i o ~ i d e . ~ ~ ~ ~ ~  A mechanistic study 
of trioxane formation from quinones has implicated both quinonealkene CT exciplexes and preoxetane 
diradicals as intermediates. For example, in the laser photolysis of tetramethylallene and benzoquinone, 
irradiation under a high pressure of oxygen gave oxetane (15). which arises from the less-stable vinyl 
diradical (14), and the 1,2,4-trioxane (13) which results from oxygen trapping of the longer-lived allyl 
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diradical (12). However, in the analogous reaction with t-butylethylene it was found that the oxetane 
ratio (17):(16) was relatively insensitive to the oxygen pressure. Increased pressure should increase the 
ratio (17):(16) by trapping out the more stable preoxetane diradical leading to (16). These results may re- 
quire that another intermediate precedes the preoxetane diradical intermediate and dominates in the trap- 
ping process. 

Adam and coworkers have recently trapped laser-generated Patemo-Buchi intermediates on a prep- 
arative scale in the synthesis of synthetically and medicinally useful p e r ~ x i d e s . ~ ~ . ~ ~  Artemisinin, or qin- 
ghaosu (18), is a potent antimalarial drug of low toxicity and is effective against chloroquine-resistant 
malaria.37 The necessity of the proxy group for the biological action of the drug has been established. 
Dioxygen trapping of diradical intermediates in the Patemo-Buchi reaction affords 1,2,4-trioxanes. For 
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example, the previously described triplet of the preoxetane diradical derived from benzophenone and 
1 ,Qdioxene (lifetime approximately 1.5 n ~ ) * ~  can be trapped by molecular oxygen (10 atm) to form the 
cis-fused 1,2,4-trioxane (19) in 7% isolated yield. Similarly, argon ion laser irradiation of dioxene and 
benzoquinone provided the trioxane (20) in 20% isolated yield. In a more recent study, qinghaosu-like 
1,2,4-trioxanes have been ~ynthesized.~~ Visible laser irradiation of 3,4-dihydro-4,4-dimetyl-W-pyran- 
2-one (21) with benzoquinone gave trans-(22), cis-(22) and cis-(23) in a 29:9:18 ratio, as well as small 
amounts of regioisomeric oxetane products. However, under the same conditions, phenanthraquinone 
(24) yielded only oxetane-containing photoproducts. The differences in trapping reactivity were at- 
tributed to either the existence of zwitterionic intermediates or short lifetimes for triplet diradical inter- 
mediates. The construction of novel lactone trioxanes of the qinghaosu class has demonstrated the utility 
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of trapping, and yields spiro-annulated lactone trioxanes as potentially active artemisinin analogues. The 
Patemo-Biichi reaction thus offers an alternative to other available methods for 1,2,4-trioxane syn- 
thesis.36,38*39 In addition, the recently reported conversion of 1,2,4-trioxanes to syn- 1,2-di01~~ and elec- 
trophile-induced rearrangements of trioxane systems4 bode well for continued interest in the preparative 
trapping of transient intermediates and illustrates how the study of reaction mechanism has produced 
new and useful synthetic methods. 

0 6 

0 

0 

2.43 PHOTOCHEMICAL SYNTHESIS USING ALKENYL AND ALKYNYL ADDENDS 

The synthesis of oxetanes from alkenic precursors has been demonstrated and the range and scope of 
Paterno-Biichi photocycloadditions are broad. In general, both the reaction regioselectivity and stereose- 
lectivity can often be predicted by considering the reaction mechanism (Section 2.4.2); for example, the 
directing effects of alkene substituents are readily understood. Synthetic applications are numerous 
owing to the rapid stereocontrolled assembly of multifunctional targets. 

A photochemical approach towards prostaglandin analogs relied on stereoselective use of the Paterno- 
Biichi reaction.40 The analog (25), which possesses the natural prostaglandin configuration, was shown 
to be a potent inhibitor of ADP-induced platelet aggregation in vitro."1 Irradiation of a benzene solution 
of (26) and m-acetoxybenzaldehyde, followed by benzylic hydrogenolysis of the oxetane ring, gave (27) 
in 30% overall yield from (26). Further analysis of the product mixture revealed the formation of 10- 
20% of a regioisomeric oxetane. However, the predominant formation of (27) in the reaction possibly re- 
flects the ability of the cyclopropyl group to stabilize an incipient radical. 

A similar application of a vinylcyclopropane in a stereoselective photoreaction has been reported by 
Diirr and coworkers."2 Scheme 5 shows the addition of a bicyclo[3.l.0]hexenol derivative and acetophe- 
none, which afforded the strained 7-oxatricyclo[4.2.0.0]octane and a comparable amount of tetraphe- 
nylcyclopentadiene. Since the vinylcyclopropane is known to undergo photochemical isomerization and 
photofragmentation to the cyclopentadiene, it is conceivable that these reactions precede photocycloaddi- 
tion. If this is the case, the major oxetane (4:l selectivity) arises from addition of the alkoxy radical to 



158 [2 + 21 Cycloadditions 

hv Pd-CEtOH , "( 
H 30% overall 

HO 

HO 

produce a cyclopropyl-carbinyl radical. The photoreaction thus demonstrates the trapping of a photo- 
fragmentation intermediate and the formation of a strained oxetane structure. 

Ph 
Ph 
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Ph ph* ph hv , benzene Ph fx Ph Ph + Ph phd Ph 
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Scheme 5 

Araki has made use of the Patemo-Buchi reaction in the synthesis of C-glycosyl compounds and bran- 
ched-chain sugars. For example, irradiation of a benzene solution of 1,3-diacetoxyacetone (28) and vi- 
nylene carbonate gave the oxetane photoproduct (31) in 55% yield. This adduct was subsequently 
hydrolyzed to (+)-apiose (32) in 60% ~ie ld .4~  Photocycloaddition of (28) with (Q-vinylene diacetate 
gave mixtures of cis- and trans-photoproducts (46% and 49% yield, respectively). An independent con- 
trol experiment established that the excited ketone promotes equilibration of the alkene. The higher over- 
all yield of open-chain ethylenediol derivatives compared with vinylene carbonate in the 
photocycloaddition was attributed to the photolability of (31). A limitation of the cycloaddition process 
was uncovered with the use of carbonyl compounds (29) and (30); competitive Nomsh type I1 photopm- 
cesses formed alternative oxetane products (33) and (34). A similar problem has been noted for benzyl 
glyoxalate as a carbonyl addend in Patemo-Buchi photoadditions.44 In a related series of experiments, 
the more easily prepared silyl enol ethers45 reacted with (28) to form the 3-siloxyoxetane ( 3 3 . 4 1 ~ ~  The 2- 
alkoxyoxetane was not isolable, but careful derivatization of the crude reaction mixture revealed that it 
was a significant side-product (22% vs. 46%). This is consistent with the modest regiochemistry in the 
Paterno-Buchi reaction of enol ethers and the lability of 2-alkoxyoxetane observed by Schroeter and co- 
workers.16 

A similar approach to branched-chain aldonolactone sugars has been recently reported by Maaay.46 
Lithium aluminum hydride reduction of photoproduct (36) afforded the desired alcohol which rearranged 
under acidic conditions to the deoxygenated apiose derivative (38). This process is notable since such re- 
ductions usually proceed with cleavage of the oxetane moiety. Also noteworthy are the rapid assemblage 
of highly oxygenated functionality and the ease of the synthetic procedure. 

Carbohydrate templates have provided interesting applications of the Patemo-Buchi reaction. In a 
series of papers, Araki has demonstrated the feasibility of oxetane formation from g l ~ c a l s . ~ ~ A ~  Photocy- 
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cloaddition of acetone to 3,4,6-tri-O-acetyl-~-glucal was found to exhibit a remarkable solvent effect, 
providing oxetane (39) when acetone was employed as solvent in addition to varying amounts of ring- 
opened product (40) depending on the chromatographic  condition^.^^ C-Glycoside (41) was the major 
product when the photolysis was performed in isopropanol. The general mode of oxetane formation was 
believed to occur as shown in Scheme 6. Since the carbonyl oxygen in the n,r* triplet state is electron 
deficient?O attack occurs at the P-carbon of the glucal to form an anomerically stabilized glucopyranosyl 
radi~al .~ '  Stereochemical control is thus exerted by the adjacent P-acetoxy group. Additionally, an elec- 
tronic effect may be operative, in which the axial P C-0 bond5* is aligned synplanar to the singly occu- 
pied p-orbital, providing for SOMO(p)-LUMO(a*) ~tabilization.~' The high orientational selectivity is 
in accord with the results of C a r l e ~ s ~ ~  in which cyclic enol ethers give rise to 3-alkoxyoxetanes predomi- 
nantly. This is contrary to the case of acyclic enol ethers where only modest regioselectivity is ob- 
served.16* Oxetane formation did not occur in benzene, thus illustrating the need for hydrogen donating 
solvents such as isopropanol. Acetone-sensitized formation of glycoside (41) from isopropanol can be 
explained by addition of an electron-donating radical to the less electron-rich glycal carbon in an equa- 
torial fashion. 
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Scheme 6 

A recent effort to improve the modest regioselectivity observed in photochemical additions to enol 
ethers was recently reported by Smith and  coworker^.^^ Vinyl sulfide (42) was prepared using a standard 
Homers-Emmons alkenation reaction and irradiated with benzophenone in degassed benzene. A high se- 
lectivity for rrans-4-alkyl-3-methylthi~xetanes (43) was observed, as shown by analysis of the product 
using X-ray diffractometry. In addition, reaction times were reduced approximately eight-fold relative to 
similar enol ether substrates, which indicates possible radical stabilizing and electronic effects. 
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PhCOPh 
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6.5 h , 79% 

(42) (43) trans 

The photochemistry of more complex and highly substituted alkenic partners has been studied. In 
1978, Hartmann and coworkers reported the photocycloaddition of 4-oxazolin-2-one with acetone, used 
as a photosensitizer in the reaction of 4-oxazolin-2-one with alkenyl and alkynyl partners, to form oxe- 
tane (44).56 Recently, Scharf has described the photochemistry of 3-acetyl-2,3-dihydro-2,2-dimethyloxa- 
zole (45).57 Irradiation of (45) in the presence of acetophenone produced the oxetane (46) with the 
phenyl group endo (17%), in addition to 21% of a ring-opened derivative. The stereoselectivity is in 
agreement with the high ex0 carboxyl selectivity observed in the photocycloaddition of methyl phe- 
nylglyoxylate with 2,2dimethyl- 1.3-dioxole to produce oxetane (47). 

n n 

In a related study, 2.2-diisopropyl- 1.3-dioxole was found to undergo cycloaddition with ethyl pyruvate 
to form a 4:l mixture of regioisomeric oxetanes (48) and (49).14 However, the strongly accepting diethyl 
mesoxalate fails to undergo photocycloaddition, whereas cyclopentene forms oxetane photoproducts 
with this carbonyl compound. Mattay has dem~ns t r a t ed '~ .~  that 2,2-diisopropyl- 1,3-dioxole can be ir- 
radiated with trimethylpyruvic acid ethyl ester to form a single (unassigned) stereoisomer of oxetane 
(50). It would be interesting to determine the stereochemistry of this transformation since this informa- 
tion is relevant to the issue of the relative importance of steric and electronic effects in the photocycload- 
dition reaction.58 
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A recent application of the PatemBiichi reaction involved the synthesis of novel polymeric struc- 
tures. Guillet and coworkers have described the photolysis of benzophenone and cis- 1 ,Cpolyisoprene 
(natural rubber) that forms a copolymer (51) of isopropene and isomeric isoprene-diphenyloxeuine ad- 
d u c t ~ ? ~  NMR analysis indicates incorporation of about 25 mol % oxetane rings, giving a stiffer polymer 
with a higher glass transition, the result of inclusion of motionally restricting ring structures and bulky 
phenyl groups in the polymer chain. Another type of 'photopolymerization' that uses alternatively the 
photoexcited group as the polymerization template involves the solid-phase photocycloaddition of al- 
kenes to poly(viny1benzophenone) (Scheme 7).@-' In addition, polyfunctional alkenes such as squalene 
have been utilized in photocrosslinking of poly(viny1benzophenone). Further studies of polymeric sys- 
tems offer much potential, especially in areas of polymer modification and in the development of novel 
macromolecular materials. 
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I \  
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Ph 

Scheme 7 

While most of the previously described photochemical reactions of alkenes have centered on aldehyde 
and ketone partners, there have been recent reports on the behavior of nitriles and carboxylic acid deriva- 
tives. Cantrell has reported the photochemical cycloadditions of benzonitrile to alkenes.61 A dramatic de- 
pendence of alkene structure on the chemoselectivity of benzonitrile addition was noted. For example, 
Scheme 8 shows that 2,3-dimethyl-2-butene reacts under photolytic conditions to give mainly the azabu- 
tadiene product (66%) plus 8% of the thermally stable azetine valence isomer, suggesting that the azabu- 
tadiene isomer results from a photochemical ring opening. Photolysis of 2-methyl-2-butene with 
benzonitrile, on the other hand, gave as a major product the l-cyanobicyclo[4.2.0]octadiene derivative. 
While the reasons for this divergent photochemical behavior are not clear, it has been proposed that sin- 
glet exciplexes or charge transfer complexes of benzonitrile with alkenes are generated with various ge- 
ometries. Thus electron-poor alkenes locate themselves over the high electron density of the benzene 
ring (A), whereas electron-rich alkenes such as enol ethers will form an exciplex oriented over the elec- 
tron-poor cyano group (B). 

In a recent study, Mattay and coworkers62 have studied the photoreactions of benzonitrile with cyclic 
enol ethers. Both methoxycyclohexene and methoxycyclopentene show a preference for type I1 cycload- 
dition, giving the azabutadiene derivatives (52) and (53), respectively. The regioselectivity of the pro- 
cess, although in disagreement with the assignment reported by Cantrell?' was proven by hydrolysis of 
(53) to the methyl 7-phenyl-7-oxoheptanoate derivative. In addition, irradiation of benzonitrile and dihy- 
drofuran produced a 20% yield of the type I ortho adduct (54). while photoreaction of 1,3-dioxole pro- 
duced 4-phenyloxazole (55), presumably by hydrolysis of an incipient azabutadiene derivative. The 
formation of 2-azabutadiene derivatives is of considerable interest in both the construction of medium- 
membered ring nitrogen-containing heterocycles and in the synthesis of 5.6-dihydro-W- 1.3-0xazine~~ 
and pyridineM structures. 

The photochemical reactions of arenecarboxylic acid esters with alkenes has received recent attention 
by Cantrell.65966 For example, irradiation of 2,3-dimethyl-2-butene and methyl benzoate gave a mixture 
of alkoxyoxetane (56)' carbonyl-alkene metathesis4 product (57) and ketone (58), resulting from alkoxy 
radical allylic hydrogen abstraction and radical recombination. Such alkoxyoxetane photoproducts are 
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66% 

useful synthons, as shown by the acid-catalyzed hydrolysis of acetal (59) to the diketone (60). a useful 
precursor to the tricarbonyl functional unit?' 

(56) 52% (57) 7% (58) 9% 

Numerous papers have been published describing the photochemical production of enones from carbo- 
nyl compounds and The first detection of an oxetene intermediate involved low-temperature 
(-78 'C) photolysis of 2-butyne and benzaldehyde to form the photoproduct (61). which was observed by 
NMR. The oxetene undergoes further photoreaction with benzaldehyde to form the novel fused oxetane 
(62). Recently, Friedrich has reported further studies on the reactivity of oxetenes and developed alterna- 
tive syntheses of the parent compound and 3-phenyloxete (a).@ The parent oxetene is found to have a 
thermal half-life of approximately 8 h in solution at room temperature. The phenyl-substituted derivative 
(64) underwent slow ring-opening under acidic conditions to form 2-phenylpropenal and air oxidation to 
yield a formate derivative, probably via a radical process. 
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A related photochemical process in which an oxetene intermediate may not be involved is the photo- 
lysis of benzaldehyde and l-hexyne?O yielding as major products (65) and (66). Since no ring-opening 
products derived from regioisomeric oxetanes could be observed, it was proposed that benzoyl radicals 
were adding to the alkyne from the unsubstituted terminus. Further photoreaction of (65) to (66) was ob- 
served upon prolonged irradiation. This result is in contrast to the original report by Biichi?’ in which ir- 
radiation of benzaldehyde and 5-decyne produced 6-benzylidene-5-decanone (1 3%), presumably from 
electrocyclic oxetene ring opening. 

0 hv 0 O Y P h  

Bos and coworkers have developed several applications of alkyne-ketone photoadditions to organic 
synthesis?2 Irradiation of a solution of acetone and 1 -methylthio- 1-propyne gives as a major product the 
cycloadduct (67); this results from selective oxetane formation due to radical stabilization by the methyl- 
thio group, followed by electrocyclic ring opening. Similarly, photoreaction of benzil and 1 +butylthio- 
1-propyne gave the adduct (68) in 45% yield, which was transformed in 90% yield to the furan (69). 

n SBut 

’ ‘SMe OAPh 
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Photoaddition of carboxylate esters to diphenylacetylene has also been rep~rted.’~ For example, irradi- 
ation of methyl p-cyanobenzoate and diphenylacetylene gave in 86% overall yield the enol ether (71), 
presumably a result of carbonyl n.r* triplet addition to the alkyne to form the unstable oxetene, which 
rapidly ring opens. This complements the utility of aromatic esters in the Paterno-Buchi reaction with al- 
kenes as discussed by Cantre11.65.66 

0 OMe 

* phkyx (71) CN 1 N C a P h ]  (70) - OMe 
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Preliminary investigations describing the photoadditions of ynones to alkenes74 have determined that 
these species may react through n , ~ *  excitation to produce alkynic oxetanes. Irradiation of 3-butyn-2- 
one with isobutene gave a 46% isolated yield of (72) and (74) (14:86). 3-Octyn-2-one analogously pro- 
vided a 50% isolated yield of (73) and (75) (15:85), a regioselectivity predicted on the basis of the ‘best’ 
diradical intermediate. 

(72) R = H  
(73) R = B u  

(74) R = H  
(75) R = B u  

In a related series of experiments, A g ~ s t a ~ ~  and coworkers have discovered alternative pathways for 
1 ,Cdiradicals generated from addition of photoexcited ynones to alkenes. For example, in the photolysis 
of 3-pentyn-2-one with tetramethylethylene, products arising from both [3 + 21 and [2 + 21 cycloaddition 
have been noted (Scheme 9). It is proposed that oxetane formation proceeds from the short-lived first ex- 
cited singlet state of the alkynone, since addition of triplet quenchers to the reaction has no effect on oxe- 
tane formation. On the other hand, the [3 + 21 mode of cyclization is quenched by triplet scavengers such 
as naphthalene, which suggests the existence of a longer-lived quenchable state that can add to tetra- 
methylethylene to form a carbenoid. The intermediacy of the carbene has been implicated by deuterium 
and alcohol-trapping experiments; however, attempts to observe this species via laser flash photolysis 
and ESR were unsuccessful?6 
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Scheme 9 

An example in which the chemoselective photoaddition of carbonyl compounds to a conjugated enyne 
becomes an important issue has been reported by Carless.” A solution of 2-methylbut-1-en-3-yne and 
benzophenone was irradiated to form in 58% yield the oxetane (76). which was converted under acid 
catalysis to conjugated enyne (77). Surely the synthetic utility of such a process, as well as further appli- 
cations of alkynyl-carbonyl photocycloadditions, will be forthcoming. 
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2.4.4 PATERNO-BUCHI REACTION OF DIENYL AND ALLENYL SYSTEMS 

The use of dienes such as piperylene in the quenching of triplet states of carbonyl compounds is well 
known?8 However, in many photochemical studies, attempts to quench the carbonyl TI state are often 
complicated by the formation of oxetane  photoproduct^.^^ Since the photosensitized dimerization of 
diene triplets is well known,s0 synthetic applications utilizing dienes in the Pateme-Biichi photocycload- 
dition are rather limited. However, the diene addend not only allows for rapid assemblage of function- 
ality but remains a continuing challenge in terms of experimental efficiency and generality. 

H H 

Et 
H 

Perhaps the earliest use of a conjugated diene system was the photoaddition of propionaldehyde to cy- 
clohexa-l,3-diene, first reported by Kubota and coworkers.*I Oxetanes (78) and (79) were obtained in a 
4: 1 ratio, presumably through attack of excited singlet propionaldehyde on the whereas diene di- 
mers are thought to originate via attack of triplet diene on another ground-state diene molecule. The use 
of F’yrex filters in these experiments suggests that propanal is excited to its n,m* singlet state. The case of 
endocyclic versus exocyclic alkene selectivity has been considered by Duthaler and coworkers.83 Irradia- 
tion of diene (80) and acetaldehyde gave a 45.5: 11:43.5 mixture of isomeric oxetanes (til), (82) and (83), 
which indicates low site-selectivity in oxetane formation but preferential endo stereoselectivity for spi- 
rooxetane (83). 

Likewise, photocycloaddition of acetaldehyde to (E)-penta- 1.3-diene 
major products (51%, 25%), indicating that attack at the more substituted double bond is preferred with 
high orientational selectivity.@ The formation of (86) and (87) from (Z)-penta-l,3diene (48%. 27%) im- 
plicates a singlet intermediate because of the observed retention of stereocherni~try.~~~~~ 

(83) 

gave oxetanes (84) and (85) as 

Further evidence for singlet 1,Cdiradical intermediates has been obtained in the case of photocycload- 
dition of cyclopropanecarbaldehyde with (E)-penta- 1,3-diene, in which the formation of the cyclopropyl- 
oxetane (?S) dominated. This is in contrast to the case of aromatic carbonyl compounds and 
cyclopropylethylene in which the formation of considerable amounts of ring-opened products and ox- 
epins, formed by cyclopropylcarbinyl-allylcarbinyl rearrangement, implicates the intermediacy of a tri- 
plet 1 ,4-diradica1F3 

Jones and coworkers have utilized a carbonyl-alkene metathesis sequence in the synthesis of insect 
Oxetane (89) was synthesized efficiently from adduct (78) by hydrogenation (Pt02, 

EtOH) since direct irradiation of cyclohexene and propionaldehyde gave photoreduction products, poss- 
ibly owing to the greater availability of allylic hydrogens. Pyrolysis of (89) (270 ‘C) or treatment with 
(Rh(C0)2Cl]2 in benzene gave trans-non-6-enal (90, 89%). LiAlh reduction of (90) provided trans- 
non-6-en-1-01, a sex attractant of the Mediterranean fruit fly. Similar thermala7 or catalyzeda8 cyclorever- 
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sions were noted previously to be both stereoselective and favor the formation of metathesis products in- 
stead of regenerated carbonyl-alkene pairs. 

Several applications of the Patemo-Buchi reaction in medium-membered ring functionalizations have 
been documented. Sakurai and coworkersE9 have reported the photoaddition of acetone to 1,3-cycloocta- 
diene to produce a 4: 1 mixture of cis and trans oxetanes (91) and (92). Interestingly, acetone adds stereo- 
randomly to cyclooctene to give a 1:l mixture of cis and trans oxetanes. These results have been 
interpreted in terms of a mechanism in which diradicals are generated from ketone triplets. Jones and co- 
workersg0 have recently uncovered a critical dependence of the photoaddition stereoselectivity on the 
concentration of the alkene component. Irradiation of butanal and cyclooctene in acetonitrile resulted in 
a 65: 17: 18 mixture of adducts (93), (94) and (95). A different (2.8:47.5:49.7) mixture results when irradi- 
tion was performed in neat alkene. At low concentrations of alkene a more stereorandom triplet path may 
be operative. At higher alkene concentrations, addition of aldehyde singlets leads predominantly to cis 
isomers, most likely by formation of a singlet exciplex in which the n,T* electrophilic carbonyl attacks 
the alkene in an ‘edge-on’ arrangement.g1 

rJ+ H 

A recent synthesis of the tricyclic secoiridoid (*)-sarracenin (98) relied on the Patemc+Biichi addition 
of acetaldehyde and cyclopentadiene as the initial step.92 Irradiation of cyclopentadiene and acetaldehyde 
provided a 5 :  1 mixture of bicyclic oxetanes (97) and (96) in 5-10% yield. Treatment of the crude photo- 
lysate with CSA and methanol followed by tosylation of the crude product gave (99), which represents 
the toluenesulfonate ester derived from the major oxetane (97).93 The tosylate was displaced by the anion 
prepared from dimethyl P-styrenylmalonate to afford the substituted malonate (100) in 84% yield 
(Scheme IO). Attempts to effect ring opening of the oxetane mixture were unsuccessful.17 Decarboxyla- 
tion and demethylation gave the alcohol (102) which was subjected to ozonolysis and reductive work-up 
to afford (+)-sarracenin in 60% yield. The oxetane-based synthesis is noteworthy due to its brevity and 
use of a biosynthetically postulated trialdehyde equivalent. 
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I 

H 
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Scheme 10 

In studies directed towards the synthesis of the fungal isonitrile antibiotic isonitrin B (103)," a cy- 
clopentanoid metabolite related to trichoviridine (lO4)? various trialkylsilyl enol ethers were irradiated 
with propionaldehyde to produce equimolar amounts of stereoisomeric bicyclic oxetanes (105).% The 
corresponding silyl dienol ethers, however, gave little oxetane product owing to preferential diene photo- 
polymerization. The use of vinyl epoxide derivatives such as (106), however, offers a possible access to 
the epoxycyclopentanoid system with simultaneous control of the face selectivity of the photoaddition by 
the epoxide moiety. 
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Even more rare are photocycloadditions involving carbonyl compounds to a l lene~.~ Arnold9' has 
found that acetone and tetramethylallene can be irradiated to form a mixture of 2-alkylideneoxetane and 
1,5- and 1,6-dioxaspiro[3,3]heptane products (107:108:109 = 8:51:27), all resulting from initial attack of 
the carbonyl n,n* state on the central carbon linkage. H a m m ~ n d ~ ~  subsequently reported a study in 
which alkylideneoxetane derivatives (111) were photoisomerized to cyclobutanes (110). 

Similarly, it was found that (111) rearranged to a 78:22 mixture of cyclobutanes (112a) and (112b), 
presumably through a cyclopropylcarbinyl cation.w Extension of the alkene photocycloaddition to keten- 
imines has been reported by Singer and coworkers.'@' Iminooxetane (113) was formed by irradiation of 
an acetoneldimethyl-N-phenylketenimine mixture and was found to possess a 2 1.8 kcal mol-' banier to 
syn-unti imine exchange determined from variable-temperature NMR experiments. An effort to use the 
allene-carbonyl photocyclization in a photopolymerization reaction has been described by Andrews and 

f 
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triphenylene 

Feast.lol Dibenzoylbenzene derivative (114) was irradiated with tetramethylallene for 3.5 minutes in 
benzene to produce a polymeric structure in which there were 90% oxetane structures incorporated along 
the backbone. This process constitutes an example of step-growth photopolymerization via the triplet 
state of an aromatic carbonyl moiety. The products are thermally unstable and readily degraded by acids, 
but are quite soluble in organic solvents and may possess useful properties as new materials. 
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2.421 THE FURAN-CARBONYL PHOTOCYCLOADDITION 

The Patem-Buchi photocycloaddition r e a c t i ~ n ~ . ~  of various carbonyl compounds to furans was in- 
itially investigated by SakuraiIo2 in 1965 and was found to afford only the head-to-head photoproducts 
with high ex0 relative face selectivity. An NMR study by Whipple and Evanegalo3 later confirmed the 
ex0 mode of cycloaddition. Since the time of the original report the photoreaction has been systemati- 
cally studied by several groups and the 2,7-dioxabicyclo[3.2.0]hept-3-ene ring system has been exploited 
in several facets of synthesis. 

A recent synthesis of 3-substituted furan derivatives illustrates an important application of the furan- 
carbonyl photocycloaddition.104 Zamojski has reported the rearomatization of oxetane (115) in the 
presence of p-toluenesulfonic acid to 3-furylmethanol derivative (116). Synthesis of (117). itself a sub- 
strate for the intramolecular photocycloaddition reaction (Section 2.4.6), involved a similar rearomatiza- 
tion process (PPTS/CH2C12) and capitalized upon the chemoselectivity observed in the ketone-furan 
photocycloaddition,~os Similarly, a synthesis of perillaketone (118) by Kawanisil% involved irradiation 
of a carbonyl compound and furan. A complication in the rearomatization is that acid also catalyzes the 
reversion of the photoadduct to starting materials; to circumvent this problem the photoreaction was run 
in the presence of acid, so that rearomatization would occur in situ and the products of competitive rever- 
sion would promptly recombine. 
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Irradiation of furan with Cmethylpentanal in the presence of methanesulfonic acid gave 3-substituted 
furans (119) and (120), the latter formed by Nomsh type I1 cleavage of the starting aldehyde to acetalde- 
hyde and subsequent photocycloaddition and rearomatization. Oxidation of (119) with Collins reagent 
gave the desired perillaketone ( 118).'04 Isomerization of furan-carbonyl photoproducts with Lewis acids, 
on the other hand, is a more complicated process.107 Jarosz and Zamojski have found that treatment of 
bicyclic oxetane (121) with BF3.Et20 gave a 16:36:48 mixture of substituted furans (122), (123) and 
(124). the latter two compounds arising from Lewis acid catalyzed reversion to and subsequent reaction 
of 2-methylfuran and butyl glyoxylate. 
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An effort to use the methods of asymmetric synthesis to obtain substituted 3-furylmethanol derivatives 
in optically active form has been reported by Zamojski. Irradiation of @)-(-)-menthyl glyoxylate and 
furan gave the e m  photoproduct (R)-(-)-menthyl2,7-dioxabicyclo[3.2.0]hept-3-ene-6-carboxylate (125), 
which was determined by degradation and comparison with (-)-dimenthy1 maleate to have the (S)-con- 
figuration at C-6. Similarly, irradiation of 8-phenylmenthyl glyoxylate gave oxetane of 15% ee.lW An 
explanation for the low enantioselectivity has been advancedlM and is summarized in Scheme 11. Photo- 
cycloaddition between furan and alkyl glyoxylates probably occurs in both ex0 and endo fashions; how- 
ever, in the endo diradical intermediate ( B )  a 180' rotation around the C - 0  bond must occur before 
oxetane closure occurs. In addition, the s-trans (C) and s-cis (D) conformations of the glyoxylate system 
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should lead to opposite enantiomers of the bicyclic oxetane if the glyoxylate enters in an ex0 fashion. Al- 
though the use of chelation to produce entirely s-cis conformers of chiral glyoxylate derivatives may 
hold promise for asymmetric synthesis in the Patern*BUchi reaction, the high 'non-chelation' selectivity 
achieved with chiral phenylmenthyl glyoxylates may suggest alternative explanations for asymmetric in- 
duction (Section 2.4.7). 

The use of conformationally rigid carbonyl compounds in an attempt to enhance the asymmetric in- 
duction in the photocycloaddition has been reported by Zamojski."O Irradiation of (!?)-(-)-menhone 
(126) and subsequent acid-catalyzed rearomatization gave a 2: 1 mixture of diastereomeric 3-fury1 alco- 
hol derivatives (127) resulting from Nomsh type I photoisomerization and subsequent Paterno-BUchi 
cyclization with furan. The major stereoisomer was assigned as in structure (127), indicating 1,3-asym- 
metric induction in accord with Cram's model.11' The conformationally restricted hexofuranose (128) 
gave four diastereomeric adducts upon irradiation in the presence of furan. Photoproducts (129) and 
(130), which result from attack of the furan molecule from the less hindered @-face of (12.8). constituted 
approximately 75% of the product mixture. The authors suggest the importance of steric factors in this 
reaction and show how conformationally restricted systems may in certain cases be useful for obtaining 
asymmetric photoproducts. 

The relationship of the furan-carbonyl photocycloaddition to the aldol condensationI6 has been noted 
in studies by Schreiber and coworkers.112,121 Scheme 12 shows that the furan is equivalent to a (a-enol- 
ate and that hydrolytic unmasking of the 'photoaldol' adducts affords threo aldols of 1 ,4-dicarbonyl 
compounds.'I3 The cup-shaped cis-dioxabicyclo[3.2.O]heptene skeleton of the photoaldol lends control 
to a variety of reactions wherein electrophilic reagents add to the enol ether on its convex face (Scheme 
13). Hydroboration-oxidation [BHyTHF (inverse addition); H202/NaOH] of the photoaldol (131) 
(Scheme 14) gave the 1,3-diol (132) in 82% yield, resulting in total stereocontrol over five contiguous 
chiral centers in a two-step procedure. The stereochemistry of (132) was verified by single-crystal X-ray 
diffractometry of the corresponding bis(p-bromobenzoate) derivative (Figure 2). 
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In addition to the functionalization protocols of Schemes 13 and 14, vinylic substitution reactions in- 
volving metalation and palladium-mediated carbon+arbon bond formation have been formulated, * l4 
which further broaden the variety of structural types available from the Patemo-Buchi reaction. For 
example, deprotection and stannylation of photoaldol (133), followed by refunctionalization of the a- 
enol ether position of vinylstannane (134), gave the substituted oxetane (135) in good overall yield. 
Similar functionalization of bicyclic oxetane (136) via em-face dihydroxylation and acid-catalyzed reor- 
ganization of the acetal to the protected 3-deoxy-(+)-streptose (137) has been reported, which illustrates 
the synthetic utility of such processes in the synthesis of polyoxygenated materials.115 

An application of the furan-carbonyl photocycloaddition to the synthesis of the antifungal metabolite 
(f)-avenaciolide (146)116.121 involved as the first step the photocycloaddition of nonanal to furan on a 
multigram scale (Scheme 15). Hydrogenation and hydrolysis of the resulting bicyclic oxetane (138) gave 
a butyrolactol derivative (139) which was reacted with vinylmagnesium bromide to give a 5:  1 mixture of 
stereoisomeric allyl alcohols (140). The two proximal, secondary hydroxy groups were engaged as an 
acetonide that upon oxidation (PCC, NaOAc) provided aldehyde derivative (141). Ozonolysis of (141) in 
MeOH and reductive work-up produced dialdehyde (142) that was epimerized via 'ancillary stereocon- 
trol' to the equatorial isomer (143).l17 Acidification of the dialdehyde acetonide in the same pot de- 
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livered the bis-methoxy lactol (144), which was oxidized using Grieco's procedure' l8 to the bis-lactone 
(145) in 80% yield. Methylenation of (145) gave (&)-avenaciolide (146) in 10 steps. 

A recent application of the furan-carbonyl photocycloaddition involved the synthesis of the mycotoxin 
asteltoxin (147).11"21 Scheme 16 shows the synthetic procedure that began with the photoaddition of 
3,4-dimethylfuran and P-benzyloxypropanal to furnish photoaldol (148). which was epoxidized with 
MCPBA to afford the functionalized product (149) in 50% overall yield. Hydrolysis (THF, 3N HCl) pro- 
vided the monocyclic hemiacetal which was protected as its hydrazone (150). Chelation-controlled addi- 
tion of ethylmagnesium bromide to the latent a-hydroxy aldehyde (150) and acetonide formation 
produced compound (El), which was transformed through routine operations to aldehyde (152). Chela- 
tion-controlled addition of the lithium salt of pentadienyl sulfoxide (153) followed by double 2,3-sigma- 
tropic rearrangement provided (154) as a 3:l mixture of isomers (Scheme 17). Acid-catalyzed 
cyclization of (154) (CSNCHzCIz) gave the bicyclic acetal (155), which was transformed in several 
steps to (f)-asteltoxin (147).I2O 

The furan-carbonyl photocycloaddition reaction has also been used in the determination of the abso- 
lute stereostructure of asteltoxin. 122 The photocycloaddition of D-glyceraldehyde acetonide and 3,4-di- 
methylfuran gave a 1.2:l.O mixture of photoproducts (156) and (157) each obtained in about 54% 
enantiomeric excess, reflecting the lability of the aldehyde towards racemization under the reaction con- 
ditions. The relative configurations of (156) and (157) were proven by converting the major photopro- 
duct (156) (MCPBAICHKh followed by hydrolysis) to the bis-tetrahydrofuran (159) (Scheme 18). The 
cis relationship of hydroxyl and acetoxymethyl substituents at C-5 and C-6 was proved by comparison of 
the coupling constant (J5,6 = 2.2 Hz) with related compounds prepared in the racemic synthesis.'" Treat- 
ment of (158) under previously described conditions gave bis-tetrahydrofuran (160); comparison of opti- 
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cal rotation values with an identical sample prepared by degradation of asteltoxin demonstrated that the 
absolute configuration of asteltoxin is as drawn in structure (161). 

In synthetic studies directed toward the synthesis of the antileukemic cembranolide isolobophytolide 
(162),123 the photocycloaddition of 2,5-bis(hydroxymethyl)furan and p-t-butyldimethylsiloxybutanal 
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proceeded smoothly (53%) in tetrahydrofuran on multigram scale and provided, after acetylation, the 
photoaldol product (163) (Scheme 19).'05J24 The reaction proceeds with normal ex0 selectivity but re- 
sults in a mixture of diastereomers by virtue of the lack of facial selectivity in the addition of chiral alde- 
hydes. Hydrogenation of the enol ether from the convex face using Rh/A1203 minimized competing 
hydrogenolysis of the allylic acetate, a process that was problematic when palladium- and platinum- 
based catalysts were used. Subsequent hydrolysis of the photoproduct, acetylation and Wittig methylena- 
tion afforded the acyclic derivative (164), which contains three of the four stereocentem present in 
isolobophytolide. A series of protecting group interconversions and routine transformations parlayed 
(164) into epoxy bromide (165), which was alkylated with an allylic selenide anion to afford epoxy sel- 
enide (166). The seco derivative (166) contains all the carbons and stereocenters present in the natural 
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product. Unfortunately, conditions to effect the ring closure that will be required in order to complete the 
cembranolide synthesis have not yet been discovered. 
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One limitation encountered in synthetic studies of this reaction is the lack of chemoselectivity in the 
addition of aldehydes to unsymmetrically substituted furans. For example, the photochemical addition of 
benzaldehyde to 2-methylfuran provides a 1:3:1 mixture of oxetanes resulting from the ex0 addition of 
aldehyde to the more and less substituted alkenes, respectively. Ketone photocycloadditions are more se- 
lective. For instance, irradiation of 2-butanone and furan forms a 7: 1 mixture of regioisomeric oxetanes 
(167) and (168) ( 1 : 1 mixture of epimers). 

A recent use of silyl- and stannyl-substituted furans'25 in the photocycloaddition reaction has resulted 
in the short synthesis of a ginkgolide B-kadsurenone hybrid, potential antagonists of the platelet activat- 
ing factor (PAF) (Scheme 20). Photoaddition of 2-tributylstannylfuran and n-butyl glyoxylate resulted in 
the formation of a single photoproduct (169). A Stille coupling'26 of bromoveratrole [Pd(PPh3)4mF] 
produced the arylated dihydrofuran (170), which was hydrolyzed1I2 to an unstable keto-aldehyde. Che- 
moselective reduction of this species using conditions described by L ~ c h e ' ~ ~  resulted in the formation of 
a mixture of lactol isomers (171). Treatment of this mixture with Otera's distannoxane transesterification 
catalyst (toluene, 50 eC)'28 afforded a separable mixture of bicyclic compounds (172) and (173). These 
studies illustrate the use of a main group metal both to direct the site of addition and to participate in a 
transition metal catalyzed coupling reaction. In this fashion, the inherent lack of chemoselectivity of 
photochemically excited aldehydes in their addition to unsymmetrical furans can be overcome. 

The stereoselective synthesis of unsaturated oxetanes has recently been achieved by Feigenbaum and 
coworkers. 129 Previous studies have indicated that photochemical cis-trans isomerization of enals is 
rapid and results in the formation of equivalent amounts of stereoisomeric alkene a d d ~ c t s . ' ~ ~ J ' ~  For 
example, irradiation of trans-crotonaldehyde and 2,6-dimethylfuran produced a 1 : 1 mixture of alkenic 
isomers (174) and (175) in 64% yield. Irradiation of 4-trimethylsilylbutyn-2-one and furan129 provided 
with 5:  1 stereoselectivity the bicyclic oxetane (176) in which the methyl group occupies the ex0 position, 
presumably because of the small steric requirement of the triple bond. Desilyation of the protected al- 
kyne produced an alkynic oxetane which was hydrogenated under Lindlar conditions to bicyclic vinyl- 
oxetane (177); attempts to use the unprotected butyn-2-one gave low isolated yields of oxetane because 
of extensive polymerization. The stereochemical outcome thus broadens previous alkynyloxetane syn- 
 these^^^>^* and makes possible the preparation of new oxetane structures that may be synthetically useful. 

Recent work by Cantrell'" extends the range of possible carbonyl addends in the furan-carbonyl 
photocycloaddition to include arenecarboxylic acid esters. For example, irradiation through Vycor of 
methyl benzoate and excess furan gave a mixture of alkoxyoxetane (178) and enol formate (179). Pro- 
longed irradiation led to the predominant formation of product (179), most likely through a photo-in- 
duced [2 + 21 cycloreversion process. In the reaction of 2,5-dimethylfuran with methyl benzoate, an 
(E/Z> mixture of product (181) amounted to 44% of the product mixture, indicating possible intervention 
of a photochemically allowed suprafacial 1,7-sigmatropic rearrangement of (180). 

Andrews and FeastI3I have described a further application of the Paterno-Buchi reaction in which fu- 
rans are used in step-growth polymerization. Irradiation of m-dibenzoylbenzene and furan produced the 
monomeric 2: 1 adduct (182), which was polymerized further with rn-dibenzoylbenzene to produce poly- 
mers containing isomeric oxetane units. The step-growth polymerization in this case was limited by low 
monomer solubility, slow oxetane formation, and hydrogen abstraction processes that led to crosslinking. 

In addition to furan, other heterocycles have been examined.lo5 Thiophene undergoes efficient photo- 
cycloaddition with benzaldehyde to afford a single ex0 photoproduct (183) in 60% yield. As reported by 
Jones and the photolysis of N-methylpyrrole in the presence of aldehydes or ketones yields 
the corresponding 3-hydroxyalkyl derivative (la), even when the reaction mixture is free from any trace 
of acid. In order to use the pyrrole nucleus for stereoselective alkaloid synthesis (cf. caesalpinine, 185)'33 
in the fashion developed with the furan nucleus, pyrrole substituents that stabilize the presumed inter- 
mediate bicyclic oxetane must be discovered. 
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2.4.6 THE INTRAMOLECULAR PATERNO-BUCHI PHOTOCYCLOADDITION 

The intramolecular attack of an excited carbonyl on an alkene can occur to provide oxetane products, 
even in cases when the corresponding intermolecular reaction is unsuccessful. Thus the intramolecular 
reaction surely benefits from favorable entropic considerations. Jones4 and Carless5 have summarized the 
scope and utility of intramolecular Paterno-Biichi photocycloadditions. There is general agreement that 
successful implementation of an intramolecular reaction requires that the Norrish type I1 photoreac- 
tions’” and other hydrogen abstraction processes be overcome. In addition, the intramolecular reaction 
provides access to polyoxygenated ring systems that can exhibit remarkable properties because of their 
strain. 

Early reports by Kossanyi and coworkers’35 illustrate the variety of strained products that can be ob- 
tained from intramolecular photoreactions. For example, irradiation of 2-allylcyclohexanone gave a mix- 
ture of (186; 32%), (188; 22%) and (189 14%), the latter two arising presumably from decomposition of 
the strained tricyclic oxetane (187). In a related azulene synthesis,136 Kossanyi obtained high yields of 
oxetanes (190) and (191), the latter comprising 80% of the reaction mixture. When thermolyzed, com- 
pound (191) formed a mixture of isomeric dihydroazulene compounds that could be dehydrogenated 
(Pd/Alz03) to form azulenes. 

Engel has reported13’ the synthesis of the strained oxetane (193) from the P,y-unsaturated ketone 
(192). the reaction being facilitated by the high welectron density of the alkene and a flexible tether, 
which allows the alkene IT- and oxygen n-orbitals to become coplanar. A similar oxetane product (194) 
has been made by Cookson and Rogers.138 Smith and Dieter139 have reported the chemoselective forma- 
tion of oxetane (196) from ketoalkene precursor (195), in which geometrical constraint leads to selective 
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reaction at the remote y,&alkenic site. The curious formation of oxetane (198) in the course of a syn- 
thesis of 2,4-methanoproline derivative (197)'40J41 further attests to the ability of the intramolecular 
Patemo-Biichi reaction to form oxetane rings more strained than could likely be formed in an intermol- 
ecular reaction. 
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Several reports of transannular Patemo-Biichi photocyclizations have been d o c ~ m e n t e d . ' ~ * , ~ ~ ~  Mihai- 
lovi has demonstrated that cholesterol can be hydroxylated indirectly but stereoselectively at C- 1 through 
a Patemo-Buchi reaction, thus allowing access to vitamin DJ ana10gues.l~~ Scheme 21 illustrates the 
procedure in which the A-B ring fusion of alcohol (199) was first cleaved via photochemical hypoiodite 
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fragmentation to give ketone (200). This material was then irradiated in acetone to provide in 42% over- 
all yield the oxetane (201). which was converted directly to la-hydroxycholesterol 3-acetate (202) by 
acid-catalyzed ring openings. The sequence is notable for its ability to functionalize cholesterol efficient- 
ly and with useful chemoselectivity. On a related terpenoid system, Adam and Sung144 used Nomsh type 
I photocleavage and subsequent photocycloaddition of gibberellin C derivative (203) to construct the 
strained oxetane (204). Acid-catalyzed ring opening of (204) delivers the C-1 1 hydroxylated gibberellin 
derivative (205), in which nucleophilic attack has occurred stereospecifically with inversion at C-8. 
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The intramolecular photocycloaddition has been used in the synthesis of medium and large ring com- 
pounds. Carless has described a photochemical route14’ to an analog of the thromboxane A2 ring sys- 
tem.’& Irradiation of vinyloxy ketone (206) in benzene gave 1 1 % of (207) and 54% of the orientational 
isomer (208). Unlike thromboxane Az? the dioxaoctane (207) was stable towards methanol but reacted 
readily with nucleophiles under acidic conditions. The need for gem-disubstitution y to the carbonyl 
group for a successful photoreaction was established by irradiation of the demethyl version (206), in 
which Norrish type I1 photoreactions dominated, illustrating a further limitation of the intramolecular 
process. In a similar manner, Carless14’ has synthesized the cyclic acetal (211) by irradiating seco deriva- 
tive (209) to give the 2-alkoxyoxetane (210) which undergoes rapid reaction with M e O W A .  Photoad- 
dition of shorter-chain ketone (212), on the other hand, gave a 1: 1 mixture of oxetane products (213) and 
(214) in high yield. In these examples it is worth noting that there are no y hydrogens, which precludes 
any Nonish type I1 photocleavage process. However, a related photochemical synthesis of tetrahydrofu- 
ranol and tetrahydrapyranol derivatives uses the Norrish type I1 photoreaction in the abstraction of 6 and 
E hydrogens to form useful oxygen heterocycles. 148 
The secochamigrane sesquiterpene 1aureacetal-C (215)149 provides a fitting introduction to the syn- 

thetic applications available to the intramolecular furan-carbonyl photocycloaddition. Initial investiga- 
tions by Schreiber and Hoveyda used 3-substituted furans as substrates, and many of these were available 
themselves through the intermolecular photoaldol reaction (Section 2.4.5). lo5 For example, irradiation of 
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(209) n = 3 
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a 0.1 M solution of fury1 aldehyde (217) in Pyrex gave as major products the oxetanes (218) and (219) in 
a 3:2 mixture (Scheme 22), with Norrish cleavage occurring to the extent of only about 10%. Aldehyde 
(216), on the other hand, gave solely Norrish type I1 cleavage, illustrating the dramatic effect of substitu- 
tion. In a study of five-membered ring carbocycle formation, aldehyde (220) was irradiated and formed a 
single stereoisomeric photoadduct (221) in 42% yield (ca. 5% Nomsh cleavage). By comparing the ex- 
pected diradical intermediates (eight- versus seven-membered rings), the increased yield (221) relative to 
(219/218) can be understood. Even the highly strained product (223) could be obtained by irradiation of 
(222), presumably because of the ready formation of a six-membered ring intermediate diradical. 

Synthesis of similarly strained p-lactam products has been reported by Aoyama and coworkers.150 
Asymmetric induction by an a-fury1 stereocenter was demonstrated by irradiation of compound (224) in 
benzene to form photoproduct (227) as a single stereoisomer (Scheme 23). Molecular models indicate 
that the transition state leading to the alternative stereochemistry (228) would be destabilized by steric 
interaction between the MOM ether and ketal hydrogen,151 which may explain the high degree of facial 
selectivity in the reaction. The suggestion was made that the initial carbon-xygen bond formation is re- 
~ers ib1e. l~~ Although diradicals (225) and (226) may be formed with little selectivity, the rate of coup- 
ling of diradical(226) is expected to be considerably slower than that of diradical(225). 

In contrast to intermolecular photoaldols, which can be manipulated with facility, intramolecular cy- 
cloadducts undergo retro-[2 + 21 cycloaddition when subjected to hydrolytic conditions. In an alternative 
protocol, oxymercuration of (229) afforded a-mercurio ketone (230; 42%) which was acetylated under 
standard conditions to provide 1 ,Cdiketone (231) q~antitative1y.l~~ Similarly, epoxidation of (229) pro- 
vided functionalized photoaldol (232). which was hydrolyzed and acetylated to form a-acetoxy deriva- 
tive (233). Finally, hydrolysis of (234) (4:l THF/O.I N HCl) gave lactol (235) in nearly quantitative 
yield, illustrating the utility of the intramolecular furan carbonyl photocycloaddition in spirocycle forma- 
tion. 

Intramolecular PatemWBuchi reactions of imides with alkenes provide some interesting examples of 
oxetane formation and rearrangement. lS3 Photolysis of cyclic imide (236) gave quantitatively oxetane 
(237) which, upon treatment with aqueous acid, underwent fragmentation to amide (238), illustrating a 
potentially useful medium-membered ring synthesis. 154 Mazzocchi has reported155 that irradiation of an 
acetonitrile solution of the phthalimide (239) produces (NO), possibly through an oxetane intermediate. 
A similar photolysis156 of substrate (241) in 8:l MeCN/H20 gave, in a 17:43 ratio, 6 H-abstraction pro- 
duct (243) and spiroazepinedione (244), both resulting from initial intramolecular formation of an oxe- 
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tane, followed by heterolytic cleavage and transannular ring-opening of spiroazetidine intermediate 
(242). 

2.4.7 EXCITED-STATE ASYMMETRIC SYNTHESIS15' USING THE PATERNO-BUCHI 
PHOTOCYCLOADDITION 

In a previous section (Section 2.4.5), it was noted that the photoreaction of aldehydes containing an 
asymmetric center adjacent to the carbonyl with furan results in the production of a 1:l ratio of two e m  
photoproducts. Irradiation of 2-phenylpropanal and furan results in a nearly quantitative yield of ex0 
photoproducts (245) and (246) in approximately a 1 : 1 ratio. This suggests a mechanism that is insensitive 
to the substitution pattern of the aldehyde; one such mechanism is depicted in Scheme 25. Reaction of an 
excited carbonyl and the electron-rich furan proceeds with initial carbon-oxygen bond formation to pro- 
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duce either of two diradical species. The newly formed asymmetric center is now in a 1,Crelationship 
the stereocenter a to the carbonyl and is not expected to exert much influence as a stereocontrol device. 
Since each cyclization produces a cis ring fusion with an exo-substituted side chain, the reaction pro- 
ceeds to form photoproducts in which the stereocenter on the side chain is of no consequence in initial 
acetal formation or the final diradical ring closure. The site-selectivity of diradical ring closure may be 
related to the free valency index of the incipient diradical intermediate.'21 The free valency index pro- 
vides an indication of the amount of n-bonding that is available at each atom of the n system. Scheme 
25 also shows a simple Hiickel molecular orbital calculation for the 1-methoxyallyl radical and the 
values of the free valency index at the three carbon centers. The calculation indicates that bond formation 
with carbon-based radicals would be favored at the C-3 position (oxetane formation), since bonding at C- 
1 would involve a greater loss of the n-bonding character present in the furanyloxyallyl radical inter- 
mediate. 

0 0 

0 0 

0.34 

e OR 

Scheme 25 
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A direct solution to the problem of enantioselective furan-carbnyl photoproduct synthesis would re- 
quire a photoaddition that proceeded with enantiofacial selectivity in the aldehyde or furan component 
and maintained the relative face selectivity that is intrinsic to the reaction. Preliminary work used host- 
guest chemistry to achieve this o b j e c t i ~ e . ~ ~ ? ~ ~ ~  In aqueous dioxane, a 1:l:l inclusion complex of un- 
modified P-cyclodextrin, furan and benzaldehyde is formed. Upon irradiation (Hanovia 450 W lamp, 
Vycor filter), a rapid photoaddition occurs to afford a photoproduct of 10-2096 ee. 

Despite the limited number of examples available on asymmetric induction in the furan-carbonyl 
photocycloaddition, workers have nonetheless been interested in learning to apply the methods of asym- 
metric synthesis to the Patemo-Buchi reaction. An early report by Gotthardt and of optical in- 
duction in thietane synthesis using a chiral menthyl methacrylate derivative encouraged examination of 
the Patemo-Buchi reaction. Optically active phenylglyoxylic (-)-menthyl ester undergoes cycloaddi- 
tion to 2,3-dimethyl-2-butene to form a diastereomeric mixture, which upon hydrolysis of the chiral aux- 
iliary gave oxetane product with 53% enantiomeric excess. Scharf and coworkers161 have investigated 
the effect of chiral auxiliaries on the diastereoselectivity of oxetane formation. Among the cases studied, 
the phenylglyoxylic acid derivative (247) was optimal and gave high endo phenyl selectivity. 16* The 
endo selectivity is not a result of the chirality of the ester, as it is also observed in the achiral methyl ester 
case. Lithium aluminum hydride reduction of adduct (248) allows complete recovery of the auxiliary; 
subsequent acid-catalyzed transacetalization forms furanose (249), which is oxidized under the condi- 
tions of S h a r p l e ~ s l ~ ~  (RuCls.xHzOINaIO4) and then reduced with LiAlH4 in ether to form p-1-apiofu- 
ranoside derivative (250). Side reactions due to the chiral auxiliary were uncovered when attempted use 
of keto ester (251) resulted in competitive transannular photochemical cyclization, indicating a favorable 
stereochemical arrangement of keto carbonyl and benzylic hydrogens. A similar process has been noted 
by Araki and coworkers in the photoreaction of hexafuranos-5-ulose derivative (252) to form cyclized 
derivative (253).lU 

Chiral induction in the photochemical reactions of phenylglyoxylic ester (247) can be explained by re 
face addition of the alkene to the keto carbonyl in a roughly s-trans conformation (254).165 The confor- 
mational mobility of the a-keto ester subunit has been implicated by the readiness with which these com- 
pounds undergo Nomsh type I1 cleavage, a carbonyl-carbonyl torsional angle of 180' being optimal.lM 
In order to understand better the role of the phenyl group in photoreactions of (-)-8-phenylmenthyl 
glyoxylate derivatives, a crystal structure (-)-( lR,X,5R)-2-( 1-methyl- 1 -phenylethyl)-5-methylcyclohe 
xyl phenylglyoxylate was obtained (Figure 3).16' In the solid state the molecule adopts a conformation 
wherein the phenyl group is rotated away from the reactive a-keto ester. In addition, the keto carbonyl 
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points towards the C-8 methyl group of the phenyl menthyl moiety (torsional angle -103.3'), while the 
ester carbonyl is nearly parallel to the C - l H  bond (deviation 23.2'). The twisting of alicyclic diketo- 
carbonyl derivatives is well studied,'@ and the UV absorption of the carbonyls has been found to depend 
on the angle between carbonyl planes. The crystal structure of the (-)-menthyl p-bromophenylglyoxy- 
late, shown in Figure 4 for comparison,169 reveals a similar conformation, except for the reversed sign of 
the dihedral angle between carbonyl groups (+104', average of four independent molecules in the unit 
cell) with the keto carbonyl pointing away from the isopropyl hydrogen. 

Figure 3 

O C  Br 

Figure 4 

A combination of 'H and I3C NMR showed that a mixture of solution conformations exists. The 
relative proportion of conformer (255a) (Pa) is found to be increased by adding hydrogen-donating sol- 
vents and lowered by hydrophobic solvents such as benzene, which indicates that conformation (255a) 
allows for maximum dipole-induced-dipole interaction between keto and aromatic moieties. 170 Although 
the solid-state conformation of these glyoxylates may not be relevant to solution photochemistry, a dif- 
ference in solid-state keto orientation may provide insight into the origin of the observed decrease in dia- 
stereoselectivities obtained with nonaromatic face-differentiating groups. 

A model for stereoselection that has been developed from the analyses of face-discriminating Paterno- 
Biichi reactions has been reported by Scharf and coworkers. 171 Isoselective relationships"* were ob- 
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served in Eyring plots to change considerably with different chiral auxiliaries and alkenes. Figure 5 
shows the isoselective relationship for three phenylglyoxylates (256a-c) in photochemically induced 
oxetane formation with furan. The rate constants k and k' for the formation of diastereomeric oxetanes 
were found to be highly temperature dependent. In all cases a characteristic inversion temperature (Tinv) 
was noted, and the plots were strictly linear on either side thereof. The existence of inversion tempera- 
tures implies that a different selection step dominates in each temperature region. In the low-temperature 
region, T < Tinv, entropy-determined selection for the formation of 1,4-diradicals was noted. In the diradi- 
cal intermediate, energetically unfavorable conformations undergo predominantly retrocleavage instead 
of ring closure, which results in diastereoselectivity. For T e c n v ,  increase in temperature increases the 
rate of heterocleavage. In the high-temperature region, T > Tinv, selection is determined largely by enthal- 
py. The diastereomeric excess in this region is controlled predominantly by the steric effects of the chiral 
auxiliaries. 

In a related study, Scharf and coworkers have studied isoselectivity relationships in the asymmetric 
Paterno-Buchi reaction using carbohydrates as chiral auxiliaries. 173 D-Glucofuranose derivative (257) 
underwent photocycloaddition with furan to give an oxetane product in 79% chemical yield, and the 
stereoselectivity depended linearly on temperature (48% de at 20 'C, 70% de at -78 "C). The reaction 
with benzylidene derivative (258), on the other hand, gave an oxetane photoproduct in 80% chemical 
yield and 80% diastereomeric excess upon irradiation at room temperature, but showed linear isoselec- 
tivity to produce photoadduct of approximately 75% diastereomeric excess at -78 "C. Cyclohexylidene 
(+)-galactopyranose compound (259) gave an oxetane product of only 6% de; previous use of this auxil- 
iary in asymmetric amino acid synthesis174 involved the use of metal ion chelation to enforce conforma- 
tional rigidity in the system. The discovered competition between enthalpy- and entropy-determined 
partial selection steps is very likely general; thus consideration of mechanism may allow for rational op- 
timization of photocycloaddition diastereoselectivity, which bodes well for the future of asymmetric 
photocycloadditions. 

2.4.8 SUMMARY 

The Paterno-Buchi [2 + 23 photocycloaddition is becoming increasingly popular as a method for the 
synthesis of chiral molecules with multiple functionality. Investigations of reaction mechanism have 
been fruitful and have led quickly to improved procedures and interesting applications. For example, it is 
through these studies that radical intermediate trapping techniques were developed, and that the tempera- 
ture dependence of reaction diastereoselectivity was explained. Since photoreactions can be performed 
on multigram scale and often proceed in high yield and with stereocontrol, these reactions are quite use- 
ful and merit special consideration in the early steps of a complex molecule synthesis. Stereocontrolled 
syntheses of four-membered ring photoproducts have provided efficient, concise syntheses for a number 
of chemical transformations resulting in the synthesis of naturally occurring substances and analogs, in- 
cluding of carbohydrates and mycotoxins. Further advancements in the Patemo-Buchi process will sure- 
ly come from the exploitation of the entropic favorability of intramolecular photocycloadditions and a 
more widespread knowledge of the potential of photochemical, asymmetric synthesis. As an entry point 
in complex molecule synthesis, the Paterno-Buchi reaction offers the possibility of concise and econ- 
omic solutions to problems in synthesis involving naturally occurring molecules and also target systems 
containing modified functionality. 
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2.5.1 INTRODUCTION 

25.1.1 Historical Remarks 

12 + 21 Cycloadditions 

The term di-+methane rearrangement is meant to  scribe the photoisomerization of 1,4-dienes (i.e. 
two mystems separated by a methane unit) leading to vinylcyclopropanes. The reaction can be gener- 
alized in schematic form as in equation (1). As will be discussed more specifically in the section dealing 
with mechanism, such a simplistic presentation is not intended as the actual reaction path, but it greatly 
helps in predicting the reaction products. 

The di-mnethane rearrangement was discovered and conceptually developed by H. E. Zimmerman 
(University of Wisconsin), one of the earliest examples being the photoisomerization of barrelene (1) 
into semibullvalene (2) (equation 2). Through intensive subsequent work, this photoreaction was shown 
to be quite general for 1A-dienes. In view of the major contributions by the original author, the rear- 
rangement is also referred to as the Zimmerman rearrangement. 

The 1Q-diene moiety can include atoms other than carbon. Particularly common are oxygen and ni- 
trogen (see later in this chapter and in Chapter 2.6). 

Prior to Zimmerman's recognition of the generality of the reaction scheme outlined in equation (l), 
other photorearrangements falling into the di-wmethane category had been observed. Most of these 
examples have already been reviewed.* The mechanism of the reaction has also been studied in detail for 
several systems and carefully scrutinized." 

2.5.1.2 Nomenclature 

Owing to the numerous possibilities in which a 1,4-diene can be assembled, especially when het- 
eroatoms are included, a nomenclature issue arises that needs to be addressed from the outset. According 
to the Hantzsch-Widman nomenclature system in combination with the IUPAC rules? hetera-di-m-meth- 
ane reactions are those transformations in which a particular heteroatom replaces the carbon atom of the 
1,4-diene moiety; the position is specified by means of a numerical prefix. We will use this suggested 
nomenclature for the di-wmethane photorearrangement as indicated for the substrates shown in Scheme 
1. 

X 0 
1 -hetera-di-x-methane 2-hetera-di-x-methane 3- hetera-di-x-methane 

fi 
X Y  X cy> cy) x z  

1,5-dihetera-di-~-methane 1.3-dihetera-di-x-methane 1,3,5-trihetera-di-x-rnethane 

Scheme 1 
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2.5.2 SCOPE 

2.5.2.1 Acyclic 1P-Dienes 

Study of the di-Ir-methane rearrangement of the parent system is hampered by the low extinction coef- 
ficient of the lP-pentadiene chromophore. In the practical wavelength ranges, this substrate does not 
possess a useful chromophore besides the unconjugated Ir-bonds. The effective wavelength is too en- 
ergetic so that side products, usually arising from radical chemistry with the solvent, are observed. For 
this reason the original photoreaction of the parent system was canied out under conditions of mercury 
sensitization and vapor phase irradiation.6 

Sensitization by mercury is useful for performing the photoreaction on all those 1,4-dienes that lack 
chromophoric groups, e.g. alkyl and/or cycloalkyl substituted systems. These reactions appear to proceed 
by triplet energy transfer from the mercury to give vibrationally exited diene triplets. Thus, at variance 
with solution phase photoreactions, the exited states possess greater vibrational energy and substantially 
different products are possible. While such comparison is impossible for the parent system because no 
solution phase photochemistry has been reported, the di-n-methane product (4) was not observed when 
irradiation of the 3,3-dimethyl-substituted diene (3) (equation 3) was carried out under acetone sensitiza- 
tion in solution. Hydrocarbon (4) was the major component under mercury-sensitized conditions in the 
vapor phase? 

Hg vapor 
(4) 

K h v >  

(3) 

(3) 

More recently, the parent system has been investigated under radio frequency plasma conditions. The 
plasma generated by an electric discharge provides an unusual medium for reactions in the gas phase. 
The free electrons that are present in the plasma are responsible for the chemical reactions that take 
place. The electrons are accelerated by an applied electric field and collide with the molecule, thereby 
activating it for the reaction. Most procedures employ radio frequency (RF) discharges so as to keep the 
pressure, temperature and energy of the system relatively low. The substrate is usually volatilized into 
the plasma zone with residence times of the order of a second. Because there is no need of chromo- 
phores, the technique has been used to activate those cases that are inert to the normal photoexcitation in 
solution, e.g. the parent 1,4-~entadiene.~ 

It is worth mentioning that direct irradiation of molecules possessing low extinction coefficients at 
standard wavelengths (A < 250 nm) can be accomplished at 185 nm? 

Aryl substitution produces a bathochromic shift on 1,4-pentadienes so that standard reaction condi- 
tions (in solution at A > 250 nm) can be applied. The reaction of equation (4) shows one of the latest 
examples aimed at understanding the effect of an hydroxy or alkoxy function at the 3-position on the 
photorearrangement.I0 In the case of the free hydroxy group, two secondary photoproducts were ob- 
served besides the two expected vinylcyclopropanes. At variance with this observation, no secondary 
photoproducts were detected for the phenyldimethylsilyloxy substituent. Direct or benzophenone-sen- 
sitized irradiation did not cause significant variation in the reaction products. 

R = H or SiMe,Ph 
Ph 5 Ph 

P h w  Ph Ph Ph -+ 

(4) 
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2.5.2.2 Cyclic Dienes 

By cyclic dienes are implied those systems in which at least one of the two w-bonds is part of a ring, 
excluding aromatic rings which will be treated in Sections 2.5.2.4 and 2.5.3.2. 

Unsubstituted cyclic dienes, such as l,kyclohexadiene, which contain both double bonds in the same 
ring, possess very low extinction coefficients at standard wavelengths. The reaction can be canied out by 
mercury sensitization" or under direct irradiation at 185 nm (equation 5).12 The next higher homolog, 
i.e. 1,4cycloheptadiene, can be generated in the photolysis of bicyclo[4. 1 .O]hept-3-ene (5) and further 
transformed into the expected di-w-methane product (6) at 185 nm (equation 6).13 

hv 

185 nm 

hv 

185 nm 

hv 

(5) + other products 

When only one of the two double bonds is part of a ring, there are many possible combinations; these 
have already been reviewed. A recently reported representative example involves the photochemistry 
of (7), which contains both the aryl and the acetyl chromophores (equation 7).14 The observed products 
arise both from the standard di-r-methane and oxa-di-mmethane rearrangements. 

2.5.2.3 Polycyclic Dienes 

Polycyclic dienes are probably the best represented class of substrates for the di-.rr-methane rearrange- 
ment. The rigid geometry of these molecules places the reacting double bonds in closer proximity, thus 
allowing for more efficient through-space interaction than is present in acyclic or monocyclic dienes due 
to conformational mobility. Among the latest examples, the photoisomerization of bicyclo[3.2.2]nona- 
2,6,8-triene (homobarrelene; 8) and its dihydro derivatives, which lead to the products illustrated in 
equation (8), has been rep01ted.l~ The absence of valence tautomer (9) in the photoreaction of (8) has 
been attributed to geometrical causes. 

& -  hv @ + e  
The di-.rr-methane photoisomerization also occurs with high efficiency when one of the two double 

bonds is exocyclic.l-s A significant effect is exhibited by dicyano substitution on the exocyclic double 
b ~ n d . ' ~ . ' ~  For example, 5,5-dicyanomethylenebicyclo[2.2.2]oct-2-ene (10) gives upon direct irradiation 
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good yields of the highly strained di-a-methane product (1l).l6 Upon heating or in the presence of cata- 
lysts (e.g. SiOz), the latter is quantitatively isomerized back to the starting diene (equation 9). 

- aCN hv 

H C N  heat or cat. 

When both the endocyclic and exocyclic systems are present as in (12), reaction occurs only at the en- 
docyclic di-n-unit to afford (13) (equation lo).'* Deuterium labeling experiments revealed that this di-a- 
methane product can be rationalized by postulating the cyclopropyldicarbinyl diradical (14) as 
intermediate. 

(12) 

2.5.2.4 Benzo and Dibenzo Systems 

The di-n-methane rearrangement readily occurs when one of the two n-bonds is part of an aromatic 
ring. The aromatic ring substantially increases the extinction coefficient of the substrate and, as expected, 
these reactions are usually quite efficient, except for the parent system 3-phenylpropene. Indeed, 3-phe- 
nylpropene is reported not to photorearrange to di-n-methane products under standard photochemical 
conditions in solution, but to give the expected vinylcyclopropyl product under RF-generated plasma re- 
action conditions (equation 1 1).8 In the plasma reaction, indene is also produced. The 2-deuterio-sub- 
stituted analog gave 1 -phenyl- 1 -deuteriocyclopropane, suggesting a reaction pathway consistent with the 
di-a-methane rearrangement, and thus ruling out the possibility of a 1,Zhydrogen shift. 

+ 

Methyl-substituted arylpropenes afford the expected cyclopropanes, but the latter undergo facile ring 
opening to the corresponding aryl-substituted butenes (equation 12).19 

X = p-MeO, m-MeO, p-CN, m-CN 

A minimal structural feature for di-a-methane rearrangement of acyclic arylpropenes to occur in solu- 
tion appears to be the presence of an additional phenyl g r o u ~ . ~ - ~  A similar requisite seems valid also for 
cyclic 1,4-systems such as indenes, while the scope for 1,4-dihydronaphthalenes is 

In comparison with acyclic and cyclic substrates, polycyclic systems are far more reactive. The di-T- 
methane unit par excellence is benzonorbomadiene, which affords on triplet sensitization the tricyclic 
product (15) (equation 13).20 The favorable geometry of this substrate, which by virtue of the methylenic 
bridge possesses the two a-bonds fixed at an optimal interacting distance, is largely responsible for the 
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increased reactivity. Interestingly, this di-n-methane photoisomerization can be achieved thermally in 
the presence of 1.2-dio~etanes.~' Since the latter decompose thermally to give preferentially triplet state 
carbonyl fragments (equation 14), such a chemically energized transformation provides rigorous confir- 
mation that the di-.rr-methane rearrangement of benzonorbornadieneZ0 is triplet sensitized. 

hv 

acetophenone 
(13) 

(15) 

Bridges other than methylene, e.g. those present in benzobarrelene and its dihydro derivative, also pro- 
vide for reactive di-n-methane systems.'" In the benzobarrelene case, aryl-vinyl or vinyl-vinyl bonding 
is possible. As shown in equation ( 1 3 ,  the products derived from these two pathways are distinctive for 
the labelled substrate. This aspect has been studied for several barrelenes containing different aromatic 
groups, including naphthalene (both at the 1.2- and 2,3-positions), anthracene, The observed pro- 
ducts are rationalized most frequently via vinyl-vinyl bridginge2 Similar behavior is exhibited by diben- 
zobame1enez2 and related  system^.^,^ 

Di-wmethane products arising from aryl-aryl bonding are much more rarely observed. In these cases, 
the aromaticity of one aryl group has to be sacrificed in the final di-wmethane product. A well studied 
system is shown in equation ( 16).23 

2.5.2.5 Cyclopropyl-+methane Rearrangements 

In this case, one of the two +bonds is a cyclopropane unit and a vinyl cyclobutane is formed (equa- 
tion 17), the photorearrangement still resembling closely the di-wmethane process of equation (I). Such 
an unsymmetric substrate should in principle afford, besides the cyclobutane (path b), also dicyclo- 
propane (path a) by opening of the other a-bond in the cyclopropyl diradical intermediate; this pathway 
has not been observed so far. 

U 



Di- mmethane Photoisomerizations 199 

An example of the photoisomerization of a cyclopropyl-lr-methane system is depicted in equation 
(18). Five products are observed, the first three of which are primary products, while the last two derive 
from secondary photochemical fragmentation of the vinylcy~lobutane.~~ 

Ph f i p h  Ph ph 
- phpq + F'h'Ph + 5 Ph + 

Ph Ph 

The benzo version of the cyclopropyl-lr-methane rearrangement has been reported for substrate (16).25 
The products are shown in equation (19), of which cyclobutane (17) corresponds to the cyclopropyl-lr- 
methane product. The two alkenes are secondary products from the cyclobutane, while the last two pro- 
ducts derive from photocycloreversion of the starting material (Griffin fragmentation)?6 the 
diphenylcarbene being trapped by the solvent (Bu'OH) in the form of the ether. 

hv 

Ph ph& 
Ph pp + Ph'Ph + 

(16) (17) 0" + 1x0 + Ph F O B u '  

Ph / / 

2.5.2.6 Hetera-substituted Systems 

The hetera-substituted di-lr-methane rearrangement is currently an active area of investigation. So far, 
most examples have been reported for oxa and aza substitution. From the available data, it appears that 
the rearrangement is operative only when the heteroatom is in the 1-position. Replacement of the s$ 
carbon at the 2-position or the sp3 carbon at the 3-position by heteroatoms such as 0, N, S, Se, B, P, etc. 
entails systems which have not been investigated or which have proved incapable of giving di-lr-meth- 
ane products. 

An exception is given by silicon as heteroatom. The silabarrelene (18) undergoes photoreamngement 
very similar to barrelene, affording the silasemibullvalene in quantitative yield (equation 20).27 

Me A A 

Other types of sila systems also give di-lr-methane products. In the case of (19), irradiation at 10 K in 
an argon matrix or at 77 K in a 3-methylpentane glass affords the di-lr-methane product (20), which on 
further irradiation or upon heating reverts to the starting material (equation 21). Photolysis of (19) at 
room temperature gives instead retro Diels-Alder fragmentation to tetramethyldisilene, whose interme- 
diacy was established by means of [4 + 21 cycloaddition with 2,3-dimethyl- 1 ,3-butadieneq2* 
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M C , p  Me 
hv 

hv or heat 

* * 

MeMe 
I \  Me - si- si. Me 

+ 

251.6.1 Ora-di-lr-methane rearrangements 

The chemistry of the oxadi-wmethane rearrangement is covered in Chapter 2.6, so that here, for the 
sake of completeness, only a few remarks on its more salient features are presented. 

Of the two possible oxa-di-wmethane systems, only the 1-oxa has been extensively studied. The 
presence of the carbonyl group significantly alters the photophysical characteristics of the 1 ,4-diene 
moiety, e.g. the type of excitation (from IT,IT* to  IT*>, level ordering, spin state, and extinction coeffi- 
cients. Other reaction pathways such as Norrish type fragmentations become operative and such products 
often accompany the di-n-methane ones. Of the two possible reaction paths arising from cleavage of the 
cyclopropyldicarbinyl diradical, usually the one leading to the carbonyl-substituted cyclopropane is ob- 
served. An illustrative example is given in equation (22).29 The triplet sensitized oxa-di-IT-methane rear- 
rangement of pure enantiomers of bicyclo[2.2.2]oct-5-en-2-one affords enantiomeric 
tricycl0[3.3.0.@.~]octan-3-ones, which have been used as building blocks for the synthesis of natural pro- 
ducts. 

The 3-oxadi-IT-methane rearrangement is far less common. As a symmetrical system, the product 
should be a vinyl epoxide (equation 23). So far, no 3-oxa-di-1r-methane products have been observed 
from the divinyl ethers depicted in the equation.30 It was shown that the solution photochemistry of (21a) 
derives from its singlet n,n*-state and parallels that of the unsubstituted divinyl ether (21d) and of furan 
in the gas phase. All products could be rationalized in terms of the initial formation of a singlet vinyl-vi- 
nyloxy radical pair (equation 24). Triplet sensitization brings about cis-trans isomerization and conse- 
quent deactivation. Had the 3-oxa-di-IT-methane product, Le. the vinyloxirane (22), been formed, it 
would have decomposed via Griffin fragmentation26 as confirmed by irradiation of an authentic sample. 

An explanation for the lack of formation of 3-oxa-di-IT-methane products is offered in terms of Zim- 
merman's bond order control." Thus, while the 1,4-diene is a four-electron system with bonding between 

R' A L I R 4  - 
R' R2 R3 R' f i R 4  R2 R3 ----) R2 R3 

(21) a: R14 = Ph 
b: Rid  = To1 
C: R1*4 = Ph, R2*3 = H 
d: RI4 = H 
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C-2 and C-4 in the reacting LUMO, the divinyl ether is a six-electron system with antibonding between 
C-2 and C-4 in the reacting LUMO of the excited states species. Presumably on account of this, the divi- 
nyl ether substrate is di-m-methane inactive. This rationalization is shown in Scheme 2. 

/ 3 \  
2 4  

1,4-Pentadiene '1' 5 II Divinyi ether 
1 2 3 4  1 2 3 4 5  

M 0 4  + - + - + - 0 + -LUMO 
M 0 3  + - - + LUMO 
M 0 2  + + - -HOMO 
M 0 1  + + + + + + + + +  

+ 0 - 0 + H O M O )  hv 1 hv + + o - -  

Scheme 2 

Of mechanistic interest in this context is the independent generation of di-wmethane diradicals of 3- 
oxa-di-wmethane systems which do not give the rearrangement, in order to probe whether such diradi- 
cals at least in principle are prone to give di-v-methane products. For this purpose, the 
cyclopropyldicarbinyl diradical in equation (25) was generated via photochemical carbon monoxide ex- 
trusion?' Indeed, the expected oxa-di-wmethane product 2,5-dimethyl-4,5-epoxy-2-hexene was formed, 
as well as other products. 

0 15% 

2.5.2.6.2 Aza-di-w-methane rearrangements 

In nitrogen systems, all three arrangements are in principle possible, Le. the 1-, 2- and 3-am-di-T- 
methane rearrangements. Only the first of them has recently been investigated, while examples of the 2- 
and 3-aza-di-.rr-methane rearrangement appear still missing from the literature. 

The first aza-di-.rr-methane remngement to be reported is illustrated in equation (26). The product of 
the reaction is the imine and not the aziridine; the latter could have formed upon rupture of the alterna- 
tive bond of the cyclopropyldicarbinyl diradical inte~mediate.~~ In this regard, the aza-di-wmethane re- 
sembles the 1-oxa case, with reestablishment of the imine bond. 

R = CHzPh, Ph, OAC not formed 
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The 1-aza-di-n-methane rearrangement depends on the type of substitution of the nitrogen atom.33 For 
example, ma-di-n-methane rearrangement occurs with aryl-substituted imines and with oxime acetates, 
but not with the oxime (23) or the nitrile (24).” 

Ph Jp Ph 

The 1 -aza-5-oxadi-n-methane rearrangement of (25) does not occur. Instead, cis-trans isomerization 
and photoelimination of methanol are observed for this oxime (equation 27).35 Finally, the 1-oxa-4-aza- 
di-n-methane rearrangement of compound (26) also did not take place. This substrate gave rise to the 
photo-induced 1,5-benzoyl migration shown in equation (28).36 

2.53 MECHANISM 

253.1 General Aspects 

The mechanism of the reaction has been extensively reviewed on several occasions.24 We intend, 
therefore, to highlight only the essential features. Moreover, it should be kept firmly in mind that, in 
most instances, diradical intermediates have been postulated for mechanistic convenience and rigorous 
experimental confirmation of their intervention is often lacking. 

Recent achievements in the elucidation of the mechanism have been obtained by computational meth- 
ods. The results of a SINDOl ~ t u d y 3 ~  are in agreement with the general mechanistic pathway suggested 
by Zimmerman.* For the parent 1.4-pentadiene system the calculated correlation diagrams suggest that 
opening of the cyclopropyldicarbinyl diradical is prevented by a high barrier on the singlet surface. Thus 
the rate of formation of the parent vinylcyclopropane should be negligible under direct irradiation. How- 
ever, the singlet-state reaction becomes efficient where no barriers appear in the first excited singlet 
state, e.g. the case of gemdimethyl substitution at the central carbon atom. For this substrate, calcula- 
tions predict that the cyclopropyldicarbinyl diradical is not an intermediate.37 

On the other hand, these calculations suggest that the triplet-state process can be efficient only if the 
cyclopropyldicarbinyl triplet intermediate is avoided during the reaction because of high vibrational en- 
ergy. If the ground-state triplet cannot be circumvented, back reaction to the ground-state reactants 
should be observed.37 However, the existence of the cyclopropyldicarbinyl diradical on the triplet energy 
surface has been advanced by Borden et al.,3a who compared the calculated geometries and energies of 
reactants, intermediates and products. 

The general impression of the present computational status on this complex photochemical rearrange- 
ment is that the results are still contradictory. Presumably the mechanistic details depend on the system 
under consideration, so that a spectrum of possibilities applies. More intensive efforts should be invested 
in the future to resolve this perplexing situation. 
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2.533 Divinyl versus Benz-Vinyl Bridging 

The question arises whether there is any need for formation of the cyclopropyldicarbinyl diradical in 
the aryl di-wmethane rearrangement. In the event that this intermediate is indeed formed, one has to 
keep in mind that the aromaticity of the aryl moiety has to be sacrificed along the reaction coordinate. 
Alternatively, a 1,2-aryl shift with direct formation of the 1,3-diradical may operate, which irreversibly 
cyclizes to the di-.rr-methane product. In Scheme 3 these mechanistic alternatives are illustrated for ben- 
zonorbomadienes, which have been studied in great detail by Paquette et 

1 1  

2 

S 6 5  3 

aryl-vinyl 

bridging 

sens. 

shift 

2 ‘  
Scheme 3 

Experimental scrutiny of this mechanistic problem has been approached from several points of view; 
substituent effects on the aromatic ring have been investigated with special intensity (Scheme 3). The 
significant features can be summarized as follows. 

(a) Substitution at C-7 by electron-acceptor groups (S = EA) results in rebonding via the para position 
in the rearrangement (equation 29),39a,b while electron-donor groups (S = ED) at C-7 favor rebonding via 
the meta position (equation 30).39a9b 

1 1  2 

2 I 1  

(b) Substitution at C-6 favors rebonding via the ortho carbon atom, irrespective of the electronic nature 
of the group (equation 31).39c,d 

1 1  I 1  2 

S =EA or ED 

(c) Bridgehead substitution at C-1 promotes regiospecific migration of the proximate aryl site (equa- 

(d) In the case of 1-methoxy4substituted benzonorbomadienes, with few exceptions the reaction 
tion 32), except for Br (heavy atom effect) and D (isotopic c ~ n t r o l ) . ~ ~ . ~  

channel involving the aryl carbon atom proximate to the substituent is f a ~ o r e d . ~ ~ g  
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11 2 

S =EA or ED 

(e) A cyano group in the 2-position strongly induces migration of the distant aryl the effect of 
a methyl group at the same position is less pronounced (equation 33).39j 

S 

(33) 
3 g 10 11 

11 
S 
1 2  

(33) 

S = CN or Me 

(0 In 1 ,Zdimethyl- and 1,2-bis(trimethylsilyl)-benzonorbornadienes, both the possible reaction chan- 
nels operate, showing that the substituent effects in the two positions are matched. Bridgehead cyano 
substitution overwhelms the effect of a vinylmethyl group, while bridgehead bromine augments the ratio 
of product derived from rebonding at the distal site of the methyl group (equations 34 and 35).39k 

control by S' 

I 1  7 
/ 

7 

\ control by S" 
w 

S' = Me, SiMe3, CN, Br; S" = Me, SiMe3 

S" (34) 

9 10 ' I 

S" 
12  

(35) 
a \  

9 10 1 1  

s' = CN, Br, S" = Me 

(g) In bridgehead-substituted 6-methoxybenzonorbornadienes, electron acceptors have a dominant ef- 
fect over the methoxy substituent; for electron donors, competition with the directing control by the 
methoxy group in the aryl ring is observed.391 

(h) The deuterium isotope effect associated with the triplet state di-wmethane rearrangement of [ 1-DI- 
and [2-D]-benzonorbornadiene has been determined to be quite large, i.e. kdkD = 1.27 and 1.34, respec- 
t i ~ e l y . ~ ~ '  These findings strongly support a mechanistic pathway via 1 ,2-aryl migration (Scheme 3). 

253.3 Independent Generation of the Diradical Intermediates 

A useful mechanistic probe for the diradical intermediates postulated in the di-+methane rearrange- 
ment entails generating them via authentic routes and elucidating their chemical behavior. One of the 
early examples concerns the cyclopropyldicarbinyl diradical postulated in the photoisomerization of bar- 
relene into semibullvalene by nitrogen extrusion from the appropriate azoalkaneSm Indeed, as shown in 
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equation (36), beside the expected semibullvalene, barrelene and cyclooctatetraene were also formed, 
thereby suggesting that the postulated cyclopropyldicarbinyl diradical is a reasonable intermediate in this 
photoreaction. 

In a similar way, the 1,3-diradicals postulated in the di-wmethane rearrangement of several benmnor- 
bomadienes and related species have been produced via denitrogenation of the appropriate azoalkanes 
(27)-(30).4' The products obtained in the thermal and photochemical denitrogenation of (27), for 
example, are the norbomadiene and the tricyclic di-.rr-methane product (occasionally other products not 
derived from denitrogenation have been The latter hydrocarbon, which derives from direct 
collapse of the 1,3-diradical, is formed almost exclusively (equation 37). 

R 
(27) 

(29) 

hv or heat 

-N2 

The question arises whether the generated diradicals are indeed the same as the ones involved in the 
photoreaction. Recent investigations on bicyclo[3.2.l]octa-2,6-diene (Scheme 4) and its benzo 
have brought into focus a more complicated picture. The product compositions derived from thermal and 
photochemical denitrogenation of the three azoalkanes (31)-(33) and of some deuterated species, all 
potential entry points into the same diradical manifold, suggest that the di-.rr-methane rearrangement and 
the photochemical denitrogenation of the azoalkanes are disjointed chemical e~ents .4~  The retro di-.rr- 
methane product (the octadiene) obtained in the amalkane photolyses is better explained by postulating 
diazenyl diradicals (stepwise bond cleavage of the azoalkane). However, the major pathway leading to 
the di-.rr-methane products unquestionably involves cyclization of the 1,3-diradicals postulated in the di- 
.rr-methane rearrangement, so that their intermediacy is secured. In this context, it is immaterial whether 
the 1.3-diradical is formed directly or via the diazenyl diradical in the photolysis of the azoalkane. None- 
theless, caution should be exercised in using azoalkanes as mechanistic probes for elucidating the diradi- 
cal manifolds postulated in photochemical reactions because the intermediate diazenyl diradical may 
lead to unexpected products. 

Although the utility of azoalkanes as mechanistic probes is being questioned, their utilization in syn- 
thesis is well documented.# The sequence of reactions shown in equation (38) is definitely a useful alter- 



206 [2 + 21 Cycloadditions 

Scheme 4 
(33) 

native for preparing unusual di-n-methane products. This fact rests on the interesting feature that triazo- 
linediones cycloadd to polycyclic dienes via the same skeletal modifications that occur in the di-.rr-meth- 
ane  arrangement?^ In this sense, triazolinedione cycloaddition, coupled with hydrolysis of the resulting 
urazole to the azoalkane and subsequent denitrogenation (thermal or photochemical), represents a syn- 
thetic equivalent to the di-n-methane rearrangement. An illustrative example is given in equation (39), in 
which the di-m-methane product was prepared via these two distinct routes."6 

0 

* I heat & 
or hv 

(39) 

25.4 SELECTIVITY 

2.5.4.1 Chemoselectivity 

Several processes are known to be capable of competing with the di-n-methane rearrangement. The 
following list is, however, by no means exhaustive and refers only to those side reactions that are more 
frequently encountered. 

2.5.4.1 .I 12 + 21 Photocycbadditions andlor photoreverswns 

[2 + 21 Photocyclizations are usually observed with symmetric systems. Indeed, when vinyl-vinyl 
bridging is equally possible for the four alkenic carbons, a [2 + 21 photocyclization can occur. As an 
example, norbomadiene prefers to give quadricyclane via photocyclization rather than the tricyclic di-m- 
methane product?' The latter, however, has been generated from the appropiate azoalkane as shown in 



Di- 7-methane Photoisomerizations 207 

Scheme 5?* It should be noted that for this substrate all three possible diradical species have been pre- 
pared from the respective az0alkanes.4~ 

t 

- A -  . .  
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& N = N  
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t 

Scheme 5 

More complicated nonsymmetric systems can sometimes produce [2 + 21 cycloadducts, although this 
is usually a very minor process. The example of equation (40) illustrates one such case where [2 + 21 cy- 
cloaddition (product 34) as well as [2 + 21 cycloreversion (formation of naphthalene) are observed simul- 
taneously with the di-n-methane rearrange men^^^ Cycloreversion can usually only be observed when 
one of the double bonds of the 1,4-diene is part of a cyclobutene. 

NC 

& direct & + & + a ( 4 0 )  \ / 

55% (34) 5% + others 

The possibility must be considered as well that triplet sensitization with carbonyl sensitizers can lead 
to competition by the Paternc+Buchi reaction, i.e. the [2 + 21 cycloaddition of the sensitizer to the sub- 
strate. To the best of our knowledge this possibility has not yet been observed. 

2.5.4.1.2 Cis-trans isomerizations 

Such isomerizations can only be observed in open-chain structures and, of course, medium-large ring 
systems. The mode of irradiation is important, as illustrated in the representative example of equation 
(41)?* i.e the direct and sensitized irradiation of the 1A-diene (35). While direct photolysis leads to the 
expected di-n-methane product, sensitized irradiation brings about cis-trans isomerization before cycli- 
zation, resulting in products with inverted stereochemistry at the double bond.51 

2.5.4.1.3 1,3-Sigmatropic shift 

This photochemical transformation, shown in equation (42), is a process that occurs especially fre- 
quently in the oxa-di-n-methane rearrangement. This isomerization may proceed via a Nomsh type I re- 
action. 

An extension of the simplistic but practical diradical mechanism of equation (1) leads to the gener- 
alized di-m-methane process given in equation (43).4l Thus, the initial 1,3-diradical, instead of cyclizing 
across C-3 and C-5 to the final vinylcyclopropane, bonds across C-2 and C-5 to generate a cyclopro- 
pyldicarbinyl diradical, which on opening of the C-2/C-4 bond affords the isomerized 1P-diene. A num- 
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f i P h  - hv nL 
direct Ph Ph 

ber of photochemical transformations may be rationalized via the reversible generalized di-n-methane 
process of equation (43), but have so far not been scrutinized from this mechanistic perspective. As a sig- 
nificant example the photoisomerization of the CsHs hydrocarbon series, depicted in Scheme 6, is illus- 
trated. The mechanistic postulate in equation (43) helps to predict and to rationalize photoisomerized 
1 ,Cdiene products in the di-mmethane process. 

t I I t  

Scheme 6 

2.5.4.1.4 Radical-type rearrangements 

Such processes have been encountered in the photolysis of highly aryl-substituted systems. Repre- 
sentatively, 1 -phenylindane is formed in the photolysis of rruns- 1,3-diphenylpropene (equation 44).52 To 
the best of our knowledge, no cases have as yet been reported in which radical-type hydrogen abstrac- 
tions compete with the di-w-methane rearrangement. 
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Ph 

25.4.1.5 Fmgmentations 

In some cases the initial cyclopropyldicarbinyl diradical fragments into a carbene. Such diradicalxar- 
bene fragmentations are quite common in the 185 nm photochemistry of alkenes? but seldom in photo- 
lyses under long wavelength conditions. An example, however, is given in equation (43 ,  in which the 
driving force of the fragmentation is rear~matization.~~ An analogous process constitutes the photofrag- 
mentation of triptycenes." 

25.4.2 Regioselectivity 

The regioselectivity that arises from unsymmetrically substituted dienes has already been discussed for 
several systems in the cited reviews.24 For acyclic 1,4-dienes substituted with alkyl and/or aryl groups, 
the general rule applies that the product with the less substituted vinyl moiety (conversely the higher sub- 
stituted cyclopropane) is formed. This type of regiochemistry derives from the need for producing the 
more stable 1,3-diradical intermediate. In the arylpropene cases the resultant regiochemistry is mandated 
by the need for maintaining the aromaticity of the aryl ring. 

The general trend for acyclic 1 ,4-dienes substituted with functional groups possessing electron donor 
or acceptor characteristics is highlighted by the examples shown in equation (46).55 The polarity of the 
intermediates plays a major role in determining the regiochemistry. From an empirical viewpoint, the 
more electron-rich double bond in the substrate remains as the double bond in the product. 

X = OMe 

X 
X = C N  

NC 

(46) 

PhA Ph 

The regioselectivity associated with orfho,meta-substituted, bridgehead- and alkene-substituted benzo- 
have norbomadienes has already been discussed in Section 2.5.3.2. These studies by Paquette er 
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provided valuable insights into the mechanism of the complex di-.rr-methane process. Latest reports con- 
cern the regioselectivity exhibited by the pyridine ring in the heterobenzonorbomadiene series (equation 
47).56 The ring nitrogen atom in the parent system favors migration of the distal carbon. The 'metu' chlo- 
ro and methoxy substituents act cooperatively with the ring nitrogen atom and cause a higher proportion 
of the same product. An 'ortho' methoxy group acts in an antagonist fashion and the only observed pro- 
duct reflects total control by the methoxy substituent. These results consolidate the mechanistic ration- 
ales developed in the study on the substituted benzonorbomadiene~.~~ The regioselectivities associated 
with substituted b e n ~ o - ~ ~  and dibenzo-barrelenes8 systems are also in line with these mechanistic no- 
tions. 

A hv " 

sens. 

X = Y = H; X = OMe, Y = H; X = C1, Y = H; X = H, Y =OMe 

2.5.4.3 Stereoselectivity 

The 
general trend is that configuration at C-1 is retained, while that at C-3 and C-5 is inverted (equation 48). 
The disrotatory motion at C-3 and C-5 is responsible for inversion, provided that no untoward geometric 
factors operate. 

The stereochemistry of the di-wmethane photorearrangement has been reviewed in 

R4 
R'R4 R ' R 5  

(48) 

The retention of stereochemistry at C-1, as, for example, in the direct photolysis in equation (41). im- 
plies that rotation between C-1 and C-2 in the cyclopropyldicarbinyl diradical does not occur. Study of 
the stereochemical event at the central carbon atom requires optically active substrates containing an 
asymmetric C-3 carbon atom. The example of equation (49)s9 and all other cases studied2 demonstrate 
that in the two diastereomeric vinylcyclopropanes which form, the central carbon atom has inverted its 
configuration. Knowledge of the stereochemical fate of C-5 can be gained by inspection of the examples 
shown in equation (50).@' Rearrangement of the cis and trans isomers of the diene gave the cis and trans 
vinylcyclopropanes, respectively.60 

n 

Recent efforts have focused also on the possible realization of enantioselective reactions. The use of 
organized chiral media has met with some success. Benzonorbomadiene forms stoichiometric complexes 
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with Pcyclodextrin. These P-cyclodextrin-benzonorbomadiene complexes, either in solution or in the 
solid state, gave on acetophenone sensitization optically active tricyclic product (15)?l No quantitative 
data are available, however. In view of the rapid equilibrium between the free substrate and its com- 
plexed form, the major problem with such experiments is the difficulty of ascertaining whether the 
photoreaction has occurred for the complexed or free substrate. Another problem is the difficulty experi- 
enced by the sensitizer in approaching the complexed substrate. 

Finally, a few di-.rr-methane reactions have been reported to occur in the solid state using chiral crys- 
tals. The success of such experiments rests on the fact that racemic, but more significantly nonchiral, 
compounds form chiral crystalline lattices. An example is the dibenzobarrelene (36) (equation 5 1).62 The 
enantioselective photoreaction occurs on the crystal surface with a high degree of asymmetric induction. 
It is worth noting that reactions within the crystalline state also exhibit a marked regioselectivity as the 
result of augmented steric interactions in the lattice compared with isotropic liquid 

(36) P2,P2,P2, crystals 100% ee 

25.5 SYNTHETIC UTILITY 

So far the di-wmethane photoisomerization has found few applications in synthesis, despite the fact 
that vinylcyclopropanes are versatile intermediates. Several reviews discuss these compounds from a 
general point of view.64 For example, vinylcyclopropanes are prone to rearrange to cyclopentenes. 
Hence, in sequence, these two rearrangements may serve as a way to produce cyclopentenes from 1,4- 
dienes.65 

It is perhaps worth pointing out that the di-wmethane rearrangements of 1A-cycloheptadienes produce 
bicyclo[4.1 .O]alkenes which are present in several natural products (e.g. in carenes). However, the most 
striking utility is perhaps evident in polycyclic transformations. The di-wmethane rearrangement re- 
mains the most efficient and effective method for synthesizing semibullvalene and its benzo and dibenzo 
derivatives. It is, indeed, surprising that this synthetic protocol has found so little utilization, especially in 
the subsequent transformation of products into useful complex target molecules. 

For synthetic applications, the stability of the di-wmethane product is very important. Generally, vi- 
nylcyclopropanes exhibit different extinction coefficients from the starting dienes, but frequently they 
are not inert photochemically. This is especially crucial in aryl vinyl systems where the radiation wave- 
length excites the aryl chromophore and hence both reagent and products. For example, arylcyclopro- 
pane photochemistry affords alkenes and indane, as illustrated by 1,2-diphenylcyclopropane (equation 
52).& 

sens. I 
Ph Ph Ph 

In other cases the addition of the ketone sensitizer to the cyclopropane moiety has been observed 
(equation 53).67 This secondary reaction is probably occumng because of the notably stable benzyl radi- 
cal center that results upon rupture of the cyclopropane. 

On the other hand, retro-di-.rr-methane rearrangements have been observed. For example, the rear- 
rangement of (38) has been rationalized in terms of a reverse di-wmethane reaction, followed by 1,3-hy- 
drogen shift (equation 54).68 
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(54) 
(38) 

hv 1.3-shift I 

Even more complex is the mixture of products which arises from the direct irradiation of benzotricy- 
~1013.1 .0.@*6]hex-3-ene (19, the di-rr-methane product of benzonorbornadiene (equation 12). In cyclo- 
hexane as solvent, 2-vinylindene and benzonorcaradiene are the major primary products (equation 55).69 

25.6 PRACTICAL ASPECTS 

The di-wmethane rearrangement, being a photochemical process, is subject to all basic practical con- 
siderations important in routine photochemical work. These are well described in books dealing with this 
topic.7O General considerations which are possibly valid for classes of substrates are given in this section. 

Apparatus. Exploratory and mechanistic photochemistry does not need large quantities of material 
(up to 1 g) and can be accomplished with external light sources. The Rayonet photoreactor is a typical 
apparatus. The merry-go-round device allows for more uniform irradiation and simultaneous photolysis 
of larger amounts (10-100 g) of material. In this simple photoreactor, the radiation intensity can be 
augmented or diminished by removing light bulbs. Another advantage is the possibility of directly ir- 
radiating NMR tubes in order to monitor the progress of the reaction. 

Problems arise with this apparatus when low temperatures are needed and when stirring of larger 
quantities of material is necessary. In these cases, immersion-well photoreactors are more useful. Cool- 
ing jackets permit the use of low temperatures and external magnetic stirring can provide good agitation. 
The latter can be also achieved by passage of a vigorous inert gas stream, most usually pure, dry nitrogen 
gas, into the solution. 

Lumps and filters. The combination of radiation source and filter accounts for the actual radiation 
wavelength to which the reaction mixture is exposed. An unavoidable filter is the glass type of the re- 
action vessel. In the direct irradiation of substrates not containing functionality other than the phenyl 
groups, wavelengths in the 280 nm region are needed. Typically a Hanovia 450 W medium-pressure 
mercury lamp and a 2 mm Corex cylindrical filter (A > 270 nm) are employed. Triplet-sensitized re- 
actions need a higher cut-off, which can be obtained by the use of the same lamp with a 2 mm Pyrex fil- 
ter (A > 300 nm). The Rayonet photoreactor can be equipped with 254,300 and 350 nm lamps. 

Solvents, concentration and sensitizers. Purity standards for solvents to be used in photoreactions 
may differ substantially from those in usual preparative chemistry. It is of outmost importance that ab- 
sorbing impurities and radical initiators are avoided. Furthermore, the reaction mixtures should be 
purged with pure, dry nitrogen before and during the irradiation. 

Common solvents for direct di-rr-methane reactions are hexane, cyclohexane or acetonitrile. The sub- 
strate concentrations depend on the extinction coefficient of the substrate. 
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Acetone and acetone-benzene are standard solvent systems for triplet-sensitized reactions. Altema- 
tively, acetophenone or benzophenone (depending upon the triplet energy required) can be used in hy- 
drocarbon solvents, acetonitrile or benzene. The presence of benzene is particularly useful to avoid 
adsorbance by aryl groups present in the substrate. For example, in the reaction of the benzonohoma- 
dienes, in order to guarantee triplet sensitization the irradiation should be carried out in dilute benzene 
solutions (cu. 1W2 M) containing acetophenone (cu. 1W2 M) and using a 3500 A light source. The ex- 
cited triplet energy of benzophenone (ET = 73.6 kcal mol-’) ensures sufficient energy for most rearrange- 
ments. In all cases the isomerizations for these substrates are rapid (complete within 20-40 min) and 
essentially quantitative. 

Hazards. Eyes and skin can be severely injured by ultraviolet radiation. One should avoid looking at 
the reaction mixture when the irradiation source is activated. The photochemical apparatus, especially 
when using immersion set-ups, must be wrapped appropriately to avoid exposure to the ultraviolet radia- 
tion. In view of the high temperatures produced by the lamp, efficient cooling is mandatory. Special care 
must be exercised when flammable solvents are used. Ozone is also produced, so that working in an effi- 
cient hood is essential. Furthermore, proper electrical safety is necessary to avoid high voltage shocks. 
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2.6.1 INTRODUCTION 

The knowledge and body of P,y-enone photochemistry have continued to grow rapidly during the past 
decade following the last comprehensive reviews.'-' One main interest in this area is the oxa-di-wneth- 
ane (ODPM) photoisomerization, a reaction that has become a powerful synthetic tool and has hence 
served successfully in natural product Based on detailed investigations, a convincingly 
consistent picture of the mechanistic events of the reaction has evolved and predictions of the reactivity 
of new substrates can nowadays be made with reasonable assurance. 

ODPM rearrangements can be readily controlled by the use of appropriate triplet sensitizers and selec- 
tion of the wavelength. Excellent reproducibility is assured since the optimum reaction conditions are not 
sensitive to small changes of the experimental parameters (light source, concentration, irradiation time, 
and temperature). In this context it should be pointed out that the ODPM reaction is typically run at am- 
bient temperature, bringing about rearrangements even of substrates with complex functionality patterns. 
Very often the rearrangement can be achieved with unprotected functional groups, an aspect which is 
certainly not restricted to the area of ODPM chemistry but is a valuable bonus for a large number of 

215 
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phototransformations compared with most ground-state processes. This offers a solution to a very promi- 
nent goal of modem synthetic methodology. 
The chemical yields of ODPM transformations are generally high, i.e. yields of 80-95% are achieved 

in several cases together with quantum efficiencies of 0.5-1.0. In summary, the title reaction has the es- 
sential characteristics of a general synthetic method permitting easy and safe handling and has the poten- 
tial to be employed in medium- to large-scale applications, at least on a multigram to kilogram scale. 

2.6.2 MECHANISTIC ASPECTS 

Most P,y-unsaturated ketones rearrange upon triplet sensitization to cyclopropyl ketones via the so- 
called oxa-di-wmethane (ODPM) rearrangement, the result of which is an overall 1.2-acyl shift as sche- 
matically shown for (1) + (2).' Ply-Enone arrangements in which the alkene moiety is further 
conjugated to either phenyl or C-0 sites also undergo this transformation upon direct excitation, i.e. via 
the singlet excited state. 

RZ 

hv 

O (sens.) 

R' 

2.6.2.1 Correlation of Excited States and Reactivity 

As shown for the transformations of the cyclopentenyl methyl ketones (3a-d) to mixtures of (4a-d) 
and (5a-d) (Scheme l), the ODPM rearrangement occurs from the lowest electronically excited Ply- 
enone triplet ~ t a t e . ' ~ , ' ~  The IT,%* configuration has been assigned to this state on the basis of CNDO-MO 
 calculation^,*^^'^ phosphorescence studies at 77 K,15J6 and mechanistic examinations.'6.17 The phospho- 
rescence data together with sensitization experiments have revealed a T I  energy range of 289-310 kJ 
mol-' (4.18 kJ = 1.0 kcal) for (3a-c) and a much lower TI of 253 kJ mol-' for (3d).16 

\ 
R3 

hv, sens. - 
A 

R 3  

+ 

a: R' =Me, R2= R3= H 
b: R' = R2= Me, R3 = H do \ 

- hv, sens. a \ 
c: R1 = R2= R3= Me 

0 d : R 1 = R 2 =  H,R3= Ph 
R' R2 e: R1 = R2= H, R3= Me 

R2 R' 

(6c,e) ( 7 ~ )  

Scheme 1 
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Further detailed information on the reactive excited states of P,y-unsaturated ketones has been ac- 
quired with (3a4). Inefficient intersystem crossing from the singlet to the triplet state precedes popula- 
tion of T2(n,7r*) from which the 1,3-acyl shift, induced by Nomsh type I cleavage, occurs more readily 
than internal conversion to Ti.2 T2 has been estimated to lie within 8 kJ mol-' of the acetone triplet (335 
kJ rnol-').l8 That the 1,3-acyl shift is coupled not only with singlet-state but also T2-state reactivity has 
been unequivocally shown by two methods. Thermal decomposition of a dioxetane, a derivative of (3a), 
generates predominantly the T2 state from which the 1,3-acyl shift product is formed concurrently with 
the ODPM products (4a) and (5a) via T1(n,7r*).17 A photo-CIDNP study has independently demon- 
strated that the 1,3-shift with (3a-c) originates from both excited states, SI and T2, on direct excita- 
t i ~ n . ' ~ . ~ ~  This correlation of excited-state multiplicity and electronic configuration, at least with regard to 
the ODPM reaction, has recently been supported by more examples such as the rearrangements of (6c,e) 
to the corresponding cyclopropyl ketones (7~,e) .~l  Furthermore, this latter investigation has uncovered a 
novel facet of ODPM photochemistry. Whereas (6c) rearranges exclusively to (7c) upon direct irradi- 
ation, the analogs (6e) and (60 afford, under the same conditions, products derived from multiple re- 
action paths, i.e. three reaction channels: decarbonylation, 1,3-migration, and the ODPM rearrangement 
to (7e,f). Interestingly, the formation of (70, but not of (7c) and (7e), is efficiently suppressed by triplet 
quenchers, a finding that parallels the results of experiments employing triplet sensitizers in which (60 
cleanly undergoes the rearrangement to (70 but, in contrast, no reaction occurs with (6c,e). The authors 
conclude that on direct excitation of (60 the ODPM product (70 is formed from the TI(T,T*) state via 
intersystem crossing from Sl(n,.rr*). Both (7c) and (7e), however, are thought to originate from the 
S~(T,IT*) state. A reason for the selective S~(T,T*) reactivity of (7c) and (7e) may be that triplet excita- 
tion of (6c) and (6e) does not extend to the vinyl group, i.e. is preferably localized on the benzo ketone 
part. 

Scheme 2 summarizes all the knowledge available up to the present time of the energetic order, spin 
multiplicity, and configuration of excited states involved in the photochemistry of P,y-enones. 

1.2-acyl ~ s2 - (x,x*)  
shift (ODPM) 

1 

1,3-acyl 
shift 

3 1.3-acyl 
R1* *R2 shift 

1,2-acyl 
TI (x ,x* )  shift (ODPM) 

SO 
Scheme 2 

In sole conflict with this coherent picture of the conelation of excited states and reactivity in the 
ODPM context is the claim that a representative of the 1 -methoxy-substituted bicyclo[2.2.2]octenones 
[cf. (66a) in Scheme 13, Section 2.6.3.4.21 may not necessarily rearrange from the TI state but rather 
from ~2.22923 

Evidence in favor of a stepwise rather than a concerted mode of rearrangement is gained from the 
three examples (8) + (11) (Scheme 3)," (12) + (14) + (15) (Scheme 4),25 and (16) + (18) + (19) 
(Scheme 4),26,27 in which the reaction paths can most satisfactorily be described by a sequence of diradi- 
cal intermediates. In the first case, complete stereochemical scrambling of the isotopically labelled gemi- 
nal methyls of the products (lla,b; 1:l ratios) during the ODPM rearrangement requires the formulation 
of a stepwise reaction mode. The depicted sequences of diradicals via (9a,b) and (10a,b) are proposed as 
the likely reaction cascades fitting the experimental findings. Similarly, the ODPM products resulting 
from the rearrangements of (-)-(12) and (+)-(16) demand, by analogy with the previously postulated in- 
termediacy of (lo), transients such as (13) and (17), respectively, to account for scrambling of the 
substituents prior to permanent bond formation, i.e. the assembly of the cyclopropane [+ (-)-(14) + (-)- 
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(15) and (&)-(18) + (&)-(19)]. In summary, one may suggest that the majority of ODPM reactions be 
classified as stepwise processes. 

Nevertheless, several examples are interpreted to be in accord with either of the two allowed concerted 
modes of the rearrangement, a [,,% + ,2J or [,2, + ,2,] process. Whereas the suprafacial case involves 
retention2* of the methane carbon, the antarafacial variant gives rise to of this center. How- 
ever, serious doubts136 about the interpretation of some of the results must be raised since geometrical 
restrictions may also lead to a stereoselective reaction course in the case of stepwise pathways. 

2.62.2 Selective Population of Excited States: The Clue to Reaction Selectivity 

High quantum and chemical yields of ODPM rearrangements are obtained with substrates in which the 
p,y-enone chromophore is part of a conformationally rigid molecular assembly which at the same time 
guarantees adequate orbital overlap of the C=C and G-0 wbonds. Whereas in bicyclic and bridged 
P,y-unsaturated ketones these prerequisites are widely met, acyclic P,y-unsaturated ketones usually rear- 
range inefficiently since other channels of energy dissipation from the tiplet state predominate. Excep 
tions to this rule are substrates in which the C 4  n-bond is part of a styrene or an a,&enone moiety 
(Section 2.6.3.1). In this context it should also be noted that P,y-unsaturated aldehydes, except for one 
case, are ODPM unreactive (Section 2.6.3.2). 
The principle of efficiency and selectivity control of the 1,2-acyl shift can best be demonstrated by the 

bicyclo[2.2.2]octenone transformations given in Scheme 5 .  
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R5 
IV wnr R4 m 

(22) (20) 

a: Rl4 = H (refs. 5-1 1,39,40; available enantiomencally pure) 
b: R1 = Me, RZd = H (refs. 5-1 1,39) 
c: R1v4 = Me, R2975*6 = H (ref. 5 )  
d: R1 = CH2CH(OMe)2, R2*3*5*6 = H, R4 = OMe (refs. 8,41) 

Scheme 5 

As mentioned previously, the energy of the lowest and, at the same time, ODPM-reactive triplet state 
of structurally plain p,y-unsaturated ketones is in the range of 289-310 kJ m01-1.12-17 This means that 
sensitization of the 1,2-acyl shift starts to be effective with acetophenone or acetophenone-type donors, 
known to possess a TI energy of 302-310 kJ mo1-1.37+38 Most efficient energy transfer is guaranteed with 
sensitizers transferring their energy exothermically, e.g. a quantum yield close to unity is determined for 
the conversion (20a) (21a) in 1-2% acetone solution [&TI) of acetone approx. 335 kJ mol-1] when ir- 
radiating at Xi, 300 nm; (D = 0.3 is found for the same transformation when sensitized by acetophenone 
[20% of acetophenone added to acetone, benzene or cyclohexane solutions of (20a); him > 340 
The chemical yields are uniformly high, 8691%. under either condition at 9696% conversions of start- 
ing enone. The reaction run in pure acetone solution at hi, 300 nm is, in addition to its efficiency, very 
attractive from a practical viewpoint. Acetone serving both as solvent and sensitizer renders the work-up 
and purification preparatively easy: no separation procedure is required. It should be noted, however, that 
the substrate concentration under the latter conditions should not exceed 24% because another reaction 
path, the 1,3-shift induced by Nomsh type I cleavage, becomes noticeably competitive, affording the cy- 
clobutanone (22a). This side reaction is a consequence of direct light absorption by (20a) competing in- 
creasingly with absorption by the acetone at the wavelength employed. For the same reason, even greater 
direct absorption of light renders the yield of (21a) much lower (34%) when the acetone solution of 
(20a) is irradiated with 254 nm light."O 

Cyclobutanone formation becomes more bothersome in the acetone-sensitized rearrangements of the 
homologs (20b-d) to (21b-d) in which approximately 10% of (22b-d) are already formed as by-pro- 
ducts when 1-2% acetone solutions are irradiated. For these substrates, and generally for all 1-substituted 
bicyclooctenones of type (20), it is therefore advantageous to employ acetophenone sensitization at >340 
nm, where the absorbance of the enone chromophore is negligible. Preparatively attractive high substrate 
concentrations of up to 10% of (20) can be employed under the latter conditions. 

2.6.3 CLASSES OF ODPM-REACTIVE SUBSTRATES 

Semicyclic, bicyclic and among these especially bridged P,y-unsaturated ketones give rise to ODPM 
products in good to excellent yields. This does not only apply to the simplest case of ODPM chromo- 
phores, but also to those which are conjugated additionally either at the ketonic or at the alkenic site. 
These latter two arrangements undergo efficient singlet to triplet intersystem crossing and hence also 1,2- 
acyl migration upon direct excitation. Besides exclusive ODPM arrangements, mixed chromophores 
have been investigated in which additional di-n-methane (DPM) reactive sites42 are present. Such com- 
binations, however, react highly selectively via the DPM route rather than following the ODPM option 
(Section 2.6.4.3). 

With respect to the preparative usefulness of the ODPM reaction, it should be noted that the chemical 
yields depend strongly on the skeletal arrangement and substituents of the reactants; the yields increase, 
at least as a general trend, in the order of Sections 2.6.3.1-2.6.3.4. 
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2.63.1 Acyclic P,y-Unsaturated Carbonyls 

Acyclic P,y-unsaturated aldehydes do not undergo the ODPM reaction and acyclic P,y-unsaturated 
ketones rearrange efficiently only if the C 4  n-bond is further conjugated, e.g. part of a styrene moiety. 
In all the other cases where the vinyl group is less favorably substituted, other channels of deactivation 
from the triplet state are more important than the ODPM path. The main process then becomes twisting 
around the carbon-carbon double bond, resulting in cis-trans isomerization. This form of energy dissipa- 
tion has been called the 'free rotor effect' for P,y-unsaturated ketones, adopting an earlier formulation 
made for unconstrained DPM  arrangement^.^^^ This process is the main event in the case of irradiation 
of the isomers (23) and (24) (R = D) (Scheme 6), which interconvert with a quantum efficiency of 0.12; 
the potential ODPM product (25) is not formed at all.& Successful competition of the 1.2-acyl migration 
with the free rotor effect is suggested to depend on the degree of orbital mixing in the TI state, which in 
turn is reflected by an enhanced n + T* absorption.' If the vinyl group is part of a styrene moiety, 
ODPM reactivity, in competition with cis-trans isomerization, is again encountered. One example of this 
type is the transformation of the cisltrans isomers (26)/(27), which affords the sole product (28) in 93% 
yield.'" 

(23) R = H or D (24) 

0 
(25) 

(26) (27) 

0 

p h g  Ph - hv Ph4y-( Ph 

Ph Ph 
(29) (30) 

Scheme 6 

A number of cases have been found where the ODPM rearrangement also occurs on direct excitation, 
e.g. compounds in which the alkene is further conjugated to either ( L O  or phenyl sites. It should be 
noted that the first example of an ODPM reaction belongs to the latter category: (29) rearranges without 
sensitizer to (30) in 7% yield4* (for further examples of ODPM reactions on direct excitation, see the fol- 
lowing Sections 2.6.3.2 and 2.6.3.3). Introduction of a 14C label has shown that the rearrangement to (30) 
proceeds by migration of the benzoyl group. A closely related analog of (29) that bears a methyl ketone 
instead of the benzoyl group also undergoes cis-trans isomerization exclusively from the triplet state?9 a 
result that may reflect enhanced susceptibility of the methyl derivative to vibrational energy dissipation. 

The reluctance of the acyclic substrates to undergo the ODPM reaction, apart from the few exceptions 
cited above, represents a methodological gap, at least from a synthetic viewpoint; it can, however, be 
overcome by resorting to the respective imine derivatives of such P,y-unsaturated aldehydes and ketones 
(Section 2.6.3.1.1). 

2.6.3.1 .I Am-di-wmethane rearrangement 

Specific imine derivatives of otherwise reluctant (see preceding section) P,y-unsaturated aldehydes 
and ketones are again photochemically reactive and cyclize in high yields when irradiated in the 
presence of a triplet sensitizer: they undergo the aza-di-wmethane rearrangement, typical examples of 
which are shown for (31) + (32) (R1 = alkyl or phenyl).50~51 
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(31) (32) 
a: R' = Ph, R2=  H or Me, R3= OAc 
b: R' = Me, R2= H, R3= OAc 

no reaction (hv, direct or sens.) in case of R' = Ph, R2 = H or Me, R3 = OH or OMe 

This reaction depends on the type of nitrogen substitution and it is proposed that the reactivity may 
correlate with the ionization potential of the imine.52 Oxidized derivatives, i.e. the oxime (31; R3 = OH)53 
and the oxime ether (31; R3 = OMe)?4 fail to undergo the aza-di-wmethane reaction. Instead, isomeriza- 
tions around the C-N and C--C bonds are the main paths of deactivation. Only for one oxime, a cyclic 
and additionally constrained derivative, has aza-di-wmethane reactivity been reported.55 

In order to increase the ionization potential of the oxime group, oxime acetates have been prepared and 
investigated recently.56 The acetophenone-sensitized rearrangement of (31a) turns out to be highly effi- 
cient, providing the cyclopropane (32a) in 79% yield in addition to the nitrile derivative, which derives 
from elimination of acetic acid, to the extent of 11%. The aza-di-lr-methane reaction also proceeds in 
benzene; direct excitation, on the other hand, fails to trigger this process. The authors suggest that initial 
energy transfer to the 1.1-diphenylalkene moiety may be responsible for the success of cyclization. This 
notion is substantiated in the same work56 by the lack of rearrangement of (31b) in the presence of aceto- 
phenone. The sole product formed under these conditions is an oxetane. The aza-di-.rr-methane reaction 
path, on the other hand, is again activated when (31b) receives the energy from acetone to form (32b), a 
result which confirms the necessity for exothermic energy transfer to the alkene moiety of the starting 
material. 

In a synthetic context, it is important to note that liberation of the carbonyl from the respective imine 
photoproducts has so far not yet been probed. A potential 'drawback' of this step could be simultaneous 
cleavage of the c y c l o p r ~ p a n e ~ ~ . ~ ~  under the necessary hydrolytic conditions, a transformation which is, 
however, by itself part of the synthetic strategy in many in~tances.5~ 

2.6.3.2 Semicyclic @,y-Unsaturated Carbonyls 

In cases where either the C 4 ,  the C=O or both moieties of a P,y-unsaturated enone are part of a cy- 
clic system, the ODPM reactivity is noticeably enhanced and less substituent-dependent compared with 
the previously discussed acyclic arrangement of the chromophore. Two examples of this category have 
already been given earlier in Section 2.6.2.1 (Scheme 1): the transformations of (3a-d) to a mixture of 
(4a-d) + (5a-d)12.13J6330 and (6c,e,f) to (7c,e,02* which proceed in yields as high as 65% and 84%. re- 
spectively. 

Efficiency and limitation of the ODPM reaction are strongly coupled to the degree of flexibility of the 
alkene moiety. The energy dissipation from the triplet state via twisting of the C=C bond is indicated by 
a comparison of the following examples. When the c--C bond is geometrically constrained, for example 
being part of a five-membered ring, the rearrangement proceeds smoothly, as documented by the repre- 
sentative reactions of (3a-d) and (60, cited above, as well as (33) + and (35) + (36) (Scheme 
7)?5.59 On the other hand, no rearrangement occurs when the vinyl group is embedded in a six-mem- 
bered ring such as in (37).46 In this connection it should be pointed out that strong evidence for the exist- 
ence of alkene twisting has recently been gained in a closely related field, the photochemistry of 
a,@-unsaturated cyclohexenones.m 

Substrates in which the methane carbon is not fully substituted, for example in (35; R = H), are simi- 
larly ODPM unreactive, irrespective of the ring size of the alkene moiety; Ply + a,@ isomerization of 
the W bond appears to constitute a major path of chemical energy dissipation.61 One exception in this 
category is, however, the earlier cited (3d) in which the alkene is part of a styrene moiety.16 

When the G=C bond is part of an @-unsaturated ketone moiety as in (38) (Scheme 8), direct (Le. 
T,T* excitation) triggers the ODPM reaction: a stereoisomeric mixture of (39) and the 1,3-shift product 
(40) is formed in 93% and 6% yield, respectively, at 91% conversion of starting material.62 Compounds 
(40) and (39) are suggested to be generated from the singlet and triplet state, respectively.62 This finding 
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hv, sens. 

n =  1 
R 

(35) 

0 

(36) R = Me or CH2C02Me 

(35) n = 14 ;  R = H hv, no rearrangment --=) 

(37) 
Scheme 7 

of 1.2-acyl migration via the singlet state seems to be characteristic for various categories of substrates 
with an extended chromophore (additional conjugation of the vinyl group to either phenyl or C - 0  
sites). Examples of this type are also encountered with bicyclic (8 and 16 in Schemes 3 and 4, respective- 
ly), acyclic (29 in Scheme 6) and bridged chromophores (201 in Scheme 11). 

0 q o  semordirect * 0% + o& Ac 

hv 

(3) (39) (40) 

Scheme 8 

A concluding result, albeit of little synthetic value, should still be mentioned because of its uniqueness. 
One congener (41) of the otherwise ODPM-resistant P,y-unsaturated aldehyde class exhibits ODPM re- 
activity on direct excitation, giving rise to the formation of (42), albeit in moderate yield, besides decar- 
bonylation and 1,3-acyl migration (+ 43) as the major reactions (Scheme 8).63 

2.6.3.3 Mono-, Bi- and Spiro-cyclic P,y-Unsaturated Ketones 

Representative examples of conversions of bicyclic @,yenones have previously been cited in the 
mechanistic context: the efficient transformation of (8) into (11) (Scheme 3)F4 the reaction of an analog 
of (8) lacking the C-7 c a r b ~ n y l , ~ + ~ ~  and ultimately the preparation of (14) and (15) from (12) (Scheme 
4).*5 
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In agreement with the findings concerning the reactivity of (38) and (41) (Scheme 8), the -4- 
C=C-C=O chromophore in (8) also undergoes the 1,2-acyl shift on direct e ~ c i t a t i o n . ~ ~ . ~  This rear- 
rangement has been shown to occur from the lowest triplet state (T,T*) in the energy range typical of 
a,p-enones.66 

Two unusual findings concern ODPM reactions encountered on direct excitation of structurally simple 
P,y-enone chromophores as in (44; R = H; Scheme 9) and in the steroidal analog (46), which rearrange 
to (45)674 and (47),68.69 respectively. Intriguingly, a number of closely related compounds do not rear- 
range to ODPM products in the absence of a s e n s i t i ~ e r , ~ . ~ ~ . ~ ~  two examples of which are (44; R = Me)@ 
and the 2-keto isomer of (46).68,69 It has been suggested that the dihedral angle between the carbonyl and 
the vinyl group in the enones controls the efficiency by which the 3 ( ~ , ~ * )  state is populated on direct ir- 
radiation; hence the reaction selectivity of 1'2- vs. 1'3-acyl  migration.'^^' 

hv 

0 JyLzpzl R 0 

(44) (45) 

hv - - voAc A 

0 0 

hv 

hv 
- - * "OAc 

(52) 
Scheme 9 

In the monocyclic series, the 2,4-cyclohexadienones rearrange to photoproducts of potential synthetic 
value?2 However, for efficient 1,Zacyl migration, only a relatively small number of substrates are suit- 
able. These must be highly substituted, for example (48). Whereas on direct excitation in methanol, 
cleavage to the isomeric ketenes (49) (a 2 0.42)  predominate^,'^ the remarkably stereoselective 1,2-acyl 
shift to the bicyclohexenone (50) is found either in trifluoroethanol or when the dienone is adsorbed on 
silica gel.74 The conversion to (50) is followed by a reversible phototransformation to the cross-con- 
jugated dienone (51)75*76 and accompanied by aromatization to (52) to a minor extent.77 Such reactivity 
has also been verified for tetra- and penta-methylated 2,4-~yclohexadienones.~~~~~ The only photoreac- 
tion of the hexamethylated homolog, on the other hand, is ketene formation?8.80*81 

In a third category of cyclic P,y-enones of synthetic potential, the chromophore moieties are linked by 
a spiro carbon; typical examples are a P,y-unsaturated 6-diketone82 and P,y;G,E-unsaturated spirocyclic 

A representative of the latter category is (53), which upon triplet sensitization with Mich- 
ler's ketone affords the isomers (54) and (55) in a ratio of about 2:l and a total yield of 82% (Scheme 
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(54) 7 1 % (55) 29% 

+ 

total yield: 74% a: R' = Me, R2 = H 75% 20% 

51% c : R ~ = R ~ = H  33% 55% 
95% d: R' = C02Me, R2 = H 100% 0% 

60% b: R' = H, R2 = Me 68% 24% 

Scheme 10 

(59) 

5% 
8% 

12% 

0% 

lop3 Analogous homoconjugated spirocyclobutanones in which the diene moiety is part of a seven- or 
eight-membered ring have similarly been rearranged.83 Analogously, the acetone-sensitized rearrange- 
ment of (56a,b) leads to a mixture of vinyl cyclopropyl ketones, the major isomers of which are (57a,b) 
besides two minor components (58a,b) and (59a,b).84 Reduced selectivity and yield have been found for 
the conversion of (56c).@ However, a preparatively attractive result is reported for the sensitized reaction 
when R1 is an electron-withdrawing group such as the methyl ester in (56d): the trans isomer (57d) is 
obtained exclusively in 95% yield.85 The rearrangement of (56d) is also highly selective when direct ir- 
radiation is employed (>340 nm light): the trans product (57d) is formed solely.85 Interestingly, if the ir- 
radiation is conducted with 254 nm light, other reaction channels are activated, Le. electrocyclic opening 
of the diene moiety  predominate^.^.^^ With regard to potential synthetic exploitation of this chemistry, 
the smooth thermal isomerization of (57d) to (59d) is worth men t i~n ing .~~  The photochemical results 
with (56a-d), Le. the striking wavelength dependence of the reactions, are interpreted as being indicative 
of the mechanistic involvement of more than one excited state with exceptionally high selectivity.86 

2.63.4 Bridged @,y-Enones 

2.6.3.4.1 General 

Since the efficiency of the ODPM reaction depends strongly on the degree of potential twisting of the 
c--C moiety of the P,y-enone in the excited state (cf. Sections 2.6.3.1 and 2.6.3.2). the conformationally 
rigid [2.2.1]- and especially the [2.2.2]-bridged skeletons are generally excellent candidates for good per- 
formance. Synthetically very useful examples of bicyclo[2.2.2]octenone transformations via the ODPM 
path have already been given in Scheme 5;  for the extension of the list, further analogous conversions are 
cited in Scheme 11 (for older examples, consult refs. 1 4 ) .  

The rearrangement of bicyclo[2.2.1]heptenone (6Oa) in acetone affords mainly the 1,2-acyl shift pro- 
duct (ala) accompanied by a small amount of the 1,3-shift isomer (62a),32.99 the latter being convertible 
to (ala) photochemically by acetone sensitization (Scheme 12).99 In accord with the results discussed in 
Section 2.6.2, formation of (62a) can be suppressed if acetophenone (Ain > 340 nm) is employed as the 
sensitizer. Identical photoreactivity has been found for the two higher-substituted congeners (60b)'Oo and 
the spiro-2-norbomenone A mechanistic study has revealed that (60a) and (62a) both give 
(61a) on triplet sensitization and that the triplet diradical (63), generated independently by benzophe- 
none-sensitized nitrogen extrusion from the parent ketoazoalkane, is a common intennediate.lo1 
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(20) (21) 

a-d: cf. Scheme 5 
e: R1*497-10= H, Rz*3 = COZMe, RSV6=Me (76% yield) (refs. 87,88) 
P: R'*z74.7-'0 = H, R3 = COZMe, R5p6 = OMe (ref. 89) 
g: R*"-"O = H, R7 = Me, R8 = CHzOH (91% yield) (ref. 90) 
h: R'4,8*10 = H, R7s9 = CH=CH (66% yield) or C B d H  (80% yield) (ref. 91) 
i: R1-35-8 = H, R4*9 = cycle, R'O = Me (structure cf. Scheme 21,70% yield) (refs. 92-94) 
j: R'-7 = H, R8*'0 = cycle, R9 = Me (structure cf. Scheme 21, 72% yield) (refs. 92-94) 
k: R' = Me, R2 = H, R3v4 = cycle, R5-l0 = H (structure CJ Scheme 21,50% yield) (ref. 95) 
1: R'*4-8 = H, R2*3 = CMe2(CHz)2C0, R9g1O = Me (direct or sens., 78% yield) (ref. 96) 
m: R134*7-10 = H, R2*3*5 Or IS = COzMe, R5 Or = Me or CHzPh ( 5 1 4 5 %  yield) (ref. 97) 
n: R14v7-9 = H, R5 = COZMe, R6+'0 = four-, five- or six-membered cycles (6649% yield) (ref. 98) 

Scheme 11 

* R ' a : z  
hv, sens. 

R' R2 

8: R ' =  ~2 = H R' 
b: R' = H, R2 = OMe 
C: R' = CHZCH,, RZ = H 

a: R ' =  RZ= H @' hv,sens., R@ 0 noreaction: b: R'= Me, Rz= H 

c: R' = OMe, R2 = H RZ 
(64) (65) d: R' = OMe, RZ = Me 

Scheme 12 

While the bicyclo[2.2. llheptenones and bicyclo[2.2.2]octenones are both excellent ODPM reactants, 
the higher homolog bicyclo[3.2.2]nonenones (64)10z-104 are rather reluctant regarding the 1 ,2-shift. In 
acetone solution (him > 290 nm), (64a) and (64b) rearrange in moderate yields of 18% and 2396, respec- 
tively, to the cyclopropyl ketones (65a,b) besides formation of the 1,3-shift products in about equal 
amounts.1o4 Surprisingly, the 1-methoxy derivatives (64c,d) do not undergo the 1,Zshift at all.'@' Spe- 
cific patterns of substituents in the enone can sterically control or even alter the course of ODPM re- 
actions. Similarly, additional unsaturation in the starting enone gives rise to competitive reaction modes 
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(DPM reaction), yielding products which are of great synthetic value as well. The following classes of 
substrates exhibit such reaction properties: 1 -methoxy-substituted P,y-unsaturated ketones (Section 
2.6.3.4.2), P,y-unsaturated E-diketones '(Section 2.6.3.4.3). P,y;P',y'- and a,P;F,y1;8,E-unsaturated 
ketones (Section 2.6.4.3). 

2.6.3.4.2 I-Methoxy-substituted cyclic /3, yunsatuwed ketones 

The rearrangement of 1 -methoxy-substituted bicyclo[2.2.2]octenones (66a-d) follows a mechanistic 
variant of the ODPM reaction, which includes two consecutive single-step phototransformations, i.e. the 
ODPM path to (67a-d), again triplet sensitized, and conversion to the final 1.4-diketones (68a-d) (cf. 
Scheme 13).5-11J05-108 The second step involves cleavage of the transient cyclopropane in (67a-d) ac- 
companied by loss of the methoxy methyl, most likely via methyl radicals, and transfer of a hydrogen 
atom from the s0lvent.10~ 

R 
I 

R R 

OMe 
(66) 

l h v  
(67) (68) 65-70% overall 

a: R = H (refs. 5-1 1,23, 105-107) 
b: R = CH2CH20Me (refs. 41, 107) 
c: R = CH2CH(OMe), (refs. 41, 107) 
d: R = Me (ref. 108) 

Scheme 13 

Notably, diquinane products of type (68) are of particular synthetic interest. Firstly, their rings are con- 
veniently functionalized by keto groups that can be chemically distinguished and allow further individual 
elaboration of the functionality pattern into polyquinanes (cf. Section 2.6.6). Secondly, the starting ma- 
terials (66a-d) are readily available, each in about 30% yield, from anisole, p-methoxytoluene, p-meth- 
oxyphenylacetic acid and p-methoxybenzyl cyanide, respectively!'.105-'08 The optimum reaction 
conditions, resulting from detailed mechanistic studies, lo' are as follows. Irradiation with 300 nm light 
(Rayonet) of argon-flushed 1 % solutions of (66a-d) in 2: 1 mixtures of acetone and isopropyl alcohol at 
room temperature affords 65-70% yields of (68a-d) and 5-10% of cyclobutanones (69a-d). The latter 
1.3-shift products are accessible as the main components in yields of 5040% on direct irradiation of the 
starting enones.4l 

It has been proposed that the sensitized conversion (Ma) + (68a) proceeds via the 1,2-acyl shift pro- 
duct (67a).lo5JM The three-membered ring in (67a) is photolytically cleaved,lm*l10 followed by loss of 
the methoxy methyl and addition of a hydrogen atom to give (68a).105-107 In neat acetone, serving both 
as solvent and triplet sensitizer of the homologous (66b), and in benzene containing acetophenone, the 
formation of a transient in low concentration has actually been o b s e r ~ e d . ~ ' - ' ~ ~ . ' ~  The analytical data and 
chemical behavior are clearly in favor of the proposed tricyclic structure (67b).4'Jo7 However, the 
donor/acceptor substitution of the three-membered rings89l l * L  l2 renders the compound too labile to allow 
its isolation. Compound (67b) reacts not only photochemically to give (68b) but also undergoes this 
transformation in protic media.41.'07 

The ODPM reactivity of higher homologs in the series of bridged 1-methoxy compounds, Le. bicy- 
clo[3.2.2]nonenones, has also been investigated.IM In contrast to the nor-methoxy analogs (64a,b) (cf. 
Scheme 12), which undergo the 1,2-migration in moderate yield, a 1,3-shift is observed exclusively for 
the derivatives (64c,d) [note: the substituents Y and Z in structure (4) of ref. 104 are erroneously inter- 
changed]. 



Om-di- Ir-methane Photoisomerizations 227 

2.63.43 /3, yUnsatumted d i k t o n e s  

The ODPM rearrangement has been very successfully probed with extended chromophores such as 
p,y-unsaturated e-diketones (Table 1). The e-diketones (70), (72) and (75) afford the tricy- 
clo[3.3.0.@.*]octane-4,7-diones (71),113J14 (73) + (74)113-'15 and (76),Il6 respectively, upon triplet sen- 
sitization. The rearrangements of (70) and (72) have been carried out in acetone at him = 300 nm and the 
conversion of (75) to (76) has been achieved in acetophenone employing 350 nm light. These rearrange- 
ments proceed efficiently with quantum yields of 0.17-0.93 and deliver the products in 60-9596 ~ie1d.I '~ 

Table 1 

f3,')cUnsaturated &-diketone Photoproduct Quantum yield (a) Chemical yield (96) Re$ 

0 

R&R 

R = H  
R = M e  

7 & 0 

0 

I & 0 

V2b) 

&- 0 

*& R 0 

H 

(734 

0 

0 

H 

(73b) 

0.93 
0.34 

0.36 

75 113,114 
60-75 113, 114 

7&74 113,114 

0.17 

- 
H Minor product 113, 114 

95 116 

(75) R = COzMe (76) 
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A preparatively attractive aspect of this chemistry is the exceptionally high enme concentration of 
more than 20%, as shown with (72), at which the transformations can still be run without noticeable for- 
mation of side products. In the case of the mmethyl derivative (72), a regioselective photochemical rear- 
rangement favoring the formation of (73) over (74) has been encountered. The course of the reaction 
seems to be sterically controlled by the methyls. In situ photochemical equilibration of the C-5 epimers 
(72a,b) allows preferential rearrangement involving the C-6 (+ 73a,b) rather than the C-3 (+ 74a,b) 
keto l5 

It has been argued that bridging in the primary photochemical step between C-6 and C-7 of (72a), on 
the way to (73a), should be the sterically least-hindered ODPM path since the C-5 methyl occupies the 
'em' position with respect to the bonding sites.'I4 In contrast, the corresponding bridging in (72b) 
should be impeded by the secondary methyl now occupying the 'endo' position. The same argument 
should apply to the bridging process between C-3 and C-8 of (72a,b) which leads to (74a,b). Quantum 
yield measurements indeed support the notion of steric hindrance exerted by the 'endo' methyls; decreas- 
ing values are found in the order of the reactions (70) -+ (71; R = H), (72a) + (73a) and (72b) + (73b). 
The efficiency of the tetramethyl homolog (70) + (71; R = Me), that has the option of two identical 
bridgings yielding a single product, is greater than for (72b) 4 (73b) which competes with the process 
(72a,b) + (74a,b). 

In conflict with this coherent picture of steric control of the ODPM rearrangement of the c-diketones 
(72a,b) is the course of the transformation of (79.' lo This compound is reported to yield cleanly the 1,4- 
diketone (76) which is the isomer derived from bridging between the vinyl and C-6 in (75). In the pre- 
viously described examples this reaction path has been shown to be unfavorable - an open mechanistic 
riddle! 

2.6.4 LIMITATIONS OF THE METHOD 

2.6.4.1 General 

Skeletal arrangements, substituents and ring size of the P,y-enones are key parameters controlling the 
ODPM reactivity. As outlined in Section 2.6.3.1, the reactivity of acyclic P,y-unsaturated carbonyls de- 
pends strongly on the pattern of substituents since cis-trans isomerization of the C-C bond is often 
competitive, disfavoring ODPM reactions. They are even suppressed in cases where no phenyl group is 
attached to the enone y-position, such as in (23) of Scheme 6. The semicyclic arrangements, discussed in 
Section 2.6.3.2, suffer from ODPM inertness under two circumstances: incorporation of an isolated vinyl 
moiety in a ring of size larger than a five-membered one (37 in Scheme 7) or absence of a quaternary 
methane carbon as in example (35; R = H). 

2.6.4.2 Bridged Bicyclic p,y-Enones 

Generally excellent ODPM substrates are encountered in the classes of mono-, bi- and spiro-cyclic as 
well as bridged a,P-unsaturated ketones (Sections 2.6.3.3 and 2.6.3.4). In the latter category, the bicy- 
clo[2.2.l]heptenones and bicyclo[2.2.2]octenones, with the exceptions ( 2 0 0 4  (Scheme 14), undergo 
the 1,2-acyl shift much more readily than the homologous bicyclo[3.2.2]nonenones (64) in Scheme 12. 
The enones of type (64a,b) rearrange in moderate yields to (65a,b), but most interestingly the I-methoxy 
derivatives (64c,d) do not give any ODPM product, a result which is yet difficult to rationalize. The 
switch of reactivity from the [2.2.1] and 12.2.21 skeletons to the [3.2.2] homologs, however, could rea- 
sonably be explained by enhanced skeletal flexibility (see the discussion of the acyclic series) or unfa- 
vorable orbital overlap, or both. 

0: n = 2, R' = Me, R2,3 = H, R4 = OMe (refs. 8,41) 

p: n = 2, R' = C02Me, C02H or C02Na, R 2 s 3 s 4  = H (ref. 5 )  
q: n = 1, R'92*4 = H, R3 = OMe (ref. 124) 0 

R3$+ R2 

R' 

(20) 

Scheme 14 ODPM unreactive substrates 
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Only with compounds ( 2 w )  are bicyclooctenones found which are unreactive either on direct exci- 
tation (Xi, = 300 nm) or by triplet sensitization (acetone or acetophenone as s e n s i t i ~ e r ) . ~ ~ ~ * ~ ~ * ~ ~  On com- 
parison of these exceptional cases with the substrates in Schemes 5 and 11, it becomes apparent that 
ODPM reactivity vs. inertness is influenced by very subtle differences in the substitution pattern. For 
example, shortening of the acetal chain of (2Od) to R1 = Me for (200) renders a photoreactive substrate 
(2Od + 21d 90% yield) photochemically 

A model has been proposed which allows an empirical prediction of reactivity for this class of com- 
pound? Accordingly, if R1 or RZ are donor-type substituents or R3 or R4 acceptors, the substrates (20) are 
ODPM reactive. The complementary pattern of substituents (R’ or R2 = acceptors or R3 or R4 = donors) 
is characteristic of the unreactive enones. Bicyclo[3.2.2]nonenones ( W d ;  no reaction, Scheme 12, Sec- 
tion 2.6.3.4.1) and mixed bicyclo[2.2.2]octenones (2Oe + 21e; Scheme 11, Section 2.6.3.4.1) need not 
fit into this reactivity scheme. 

2.6.43 B,y;p’,y’- and a,p;P’,y’;G,e-Unsaturated Ketones 

Besides parent ODPM arrangements, mixed chromophores have also been investigated in which 
DPM-reactive sites can compete with the ODPM reaction. P,y;P’,y’-Unsaturated ketones, i.e. barrele- 
nones of type (77), rearrange to the corresponding unsaturated cyclopropyl ketones (78) upon acetophe- 
none sensitization via a highly regioselective DPM process, rather than the optional ODPM variant, in 
42-73% y i e l d ~ . ~ l ~ . ~ ~ *  These results contrast with the observations in a benzobarrelenone series119*1z0 but 
are in full agreement with the following mechanistic investigation. The question as to which of the two 
possible mechanisms is operative has been answered by the acetone-sensitized reaction of labelled ma- 
terial (77; R2s3 = D, R4,5 = Me).121 The products must derive from a DPM process rather than from the al- 
ternative ODPM reaction paths. 

R3 & hv,sens. 

R4 

R1-3 = H, Me or But 
(DPMrearr.) R2 0 R4*’ = oxime R6 

c 

R6 = C02Me R6 R1 ~6 R6 R I  
0 

In summary, the above results reveal relative bridging ‘rates’ between the optional chromophoric sites 
in bicyclo[2.2.2]octadienone-type substrates (77) in the following order: vinyl-vinyl > keto-vinyl > 
benz-vinyl bridging. I 17-121 

Similarly, a,P;P’,y’;S,e-unsaturated ketones react in a DPM fashion as shown for the rearrangement of 
steroidal dienones, e.g. (79) + (80).122J23 

2.6.5 APPLICATIONS IN NATURAL PRODUCT SYNTHESIS 

The search for efficient methods for the construction of five-membered rings with the aim of gaining 
access to polycondensed cyclopentanoids, which are also found in nature, has been a major concern in 
synthesis during the past 15 years.125.126 Preparatively attractive routes to a remarkable number of struc- 
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tural variants of such natural products have been established by the use of tricyclmtanone-type building 
blocks and congeners thereof, all products of high-yield ODPM transformations, 

A considerable number of ODPM products have been made available in optically pure form. Resolu- 
tion techniques prior to the photorearrangement as well as the use of enantiomerically pure starting ma- 
terials in general provide ready access to such building blocks. In contrast, enantioselection via 
sensitization has so far turned out to be preparatively of little value. The latter possibility has been 
probed with a racemate of (20a), the rearrangement of which has been sensitized by an optically active 
he~ahydrofluorenone.3~ The enantiomeric excess of (-)-(21a) after 7 4 4 %  conversion of (*)-(20a) 
reaches 4.5% in benzene or in ethyl acetate at ambient temperature, and 10% in ethyl acetate at low tem- 
perature. Interestingly, the same degree of induction can be achieved when racemic sensitizer is e m p  
loyed for the rearrangement of (20a) in optically active solvent, Le. in diethyl (+)-tartrate (Scheme 15).39 

ii (32%) A 
,iii (96%)- 4 iv - 

8b% 1 (lS,4R)-(-)-(20a) 0 
4 *O 

( lR,5S)-(+)-(21a) 

i 

>94% 
(i)-(20a) - 

COzEt 
(lR,lS)-(81) 

iq ii (32%) L-&o 89% 

0 H iii (96%) 

i ,  diethyl (R,R)-tartrate, p-TsOH, toluene, reflux; ii, chromatography; ii i ,  1N HCl, THF, 40 OC; 
iv, hv (300 nm), acetone 

Scheme 15 

The ODPM transformation of bridged P,y-unsaturated ketones is, as expected on mechanistic grounds, 
enantiospecific. This aspect has been first documented by the production of (+)-(2la) and (-)-(21a) from 
the pure enantiomers (-)-(20a) and (+)-(20a), respectively, without loss of optical activity; this implies 
that the configuration of the starred carbon (see scheme above) is retained throughout the reaction cas- 
~ a d e . ~ ~  This circumstance has paved the way to ready access to enantiomeric target materials simply by 
the choice of the appropriate optically pure precursors of the photochemical step or starting materials. 
The enantiomers of (20a)127-129 and (70)114.115 are obtained in >98% enantiomeric excess and in multi- 
gram amounts via a resolution step which involves ready chromatographic separation of diethyl tartrate 
derivatives such as (81). followed by their hydrolysis to the enantiomers. The use of the photoproducts 
(21a), (71) and (73), which can be functionalized in a manifold manner by cleavage of the cyclopropane, 
e.g. reductively, via nucleophile addition or 1 4 s 1  15,130,131 offers a conceptually new ap- 
proach to the synthesis of enantiomerically pure cyclopentanoid natural 

Four basic structural arrangements as shown in Scheme 16 have so far proven to be of broad utility in 
synthesis: a parent type (I), with a minimal but very variable set of functionalities, and three more target- 
oriented complexer units (IIHIV). The bold lines in the formulae depicted emphasize the functionality 
pattern characteristic of each representative, constituting in sum a fully flexible and complementary set 
of possible synthetic modifications at the diquinane core. 

Among the first synthetic achievements, based on the use of tricyclooctanones, are the following prep- 
arations of mono- and sesqui-terpenes. Four members of the monoterpene iridoid family have been ob- 
tained by a single approach (Scheme 17). The disadvantage of the stereononselective reduction of (21b), 
affording (82) and (83) in a 1:l ratio, is compensated for by the benefit of simultaneous access to four 
natural products: (f)-boschnialactone and the epimer (84), this being a suitable precursor to attain (f)-al- 
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I (cf. also Section 2.6.3.4.1) II (this section) 

I11 (cf. also Section 2.6.3.4.2) 

do 0 

:ao 
IV (cf. also Section 2.6.3.4.3) 

R 2 k & o  R' 

Scheme 16 

lodolicholactone, (&)-iridomyrmecin and (f)-isoiridomyrmecin? The sesquiterpene cedrol and more 
highly oxygenated cedranoids, in racemic form, have been accessed from the Stork-Clarke P-diketone 
(S), which in turn can be assembled in a novel way via the 76% yield rearrangement of (2Oe) to (21e) 
(cf. Scheme 1 l).87,88,132 In 10 steps and in a 15% overall yield, a synthesis of (f)-forsythide aglucone di- 
methyl ester has recently been accomplished by similarly exploiting the potential of ODPM photochem- 
istry for the key step.133 

(82) (f)-Boschnialactone 

R' 
0 

OAC - - 
(83) (84) 

(f)-Allodolicholactone; R' = R2 = H 
(f)-Iridomymecin; R' = Me, R2 = H 
(f)-Isoiridomyrmecin; R' = H, R2 = Me 

G0--$go 0 

(Zle) R = C02Me (f1-W) 
Scheme 17 

An enantioselective access to a number of different structural variants of the cyclopentanoids is given 
by the use of the tricyclooctanone building blocks ( 4 2 1 a )  and (+)-(21a), both of which are available in 
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optically pure form as mentioned previously. These particular photoproducts offer an alternative to ear- 
lier exercised principles aiming at individually designed target-oriented syntheses. The enantiomers 
(21a) exhibit structural features allowing for a multitude of synthetic transformations of predictable 
regio- and s t e ~ ~ e l e c t i v i t y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  As part of this concept, the first stereocontrolled assembly of natural 
iridodial has been achieved from (4486) via oxidative ring B cleavage in the last step of the sequence 
(Scheme Five steps are required for the elaboration of the target material from the intermediate 
(-)-(Mi), which is the product of exclusive ex0 methylation of (-)-(21a). Rearrangement of the cyclopro- 
pane moiety of the latter intermediate constitutes the basis for extensive ring A functionalizations, includ- 
ing oxidative enlargement, on the way to (+)-loganin aglucone 6-a~etate.I~' This synthesis is 
distinguished by a higher overall yield of 7%, starting from 1,3-cyclohexadiene and acrylonitrile, than 
previous efforts and the lack of separation problems. 

&. 
H 

(-)-(21a) R = H 
(-)-(86) R = Me 

(+)-Indodial 

(+)-Loganin aglucone 6-acetate 

Scheme 18 

The cleavage of all rings of (21a) has led to stereocontrolled access to (88; Scheme 19). which is 
viewed as a segment to serve in the construction of the 16-membered lactone carbamycin B.134 The num- 
bered carbons in the target derive from the respective centers of the intermediate (87), which has been 
prepared from (21a) in a high-yield sequence involving consecutive rearrangement of the cyclopropane, 
Baeyer-Villiger oxidation and methylation. Evidently the correct absolute configuration, as depicted for 
(88), should derive from (-)-(21a) in the final version of the synthesis. 

H H 

0 
I 

I CHO 

(88) Carbamycin B (R = amino sugar) 

Scheme 19 

The enantiomer (+)-(21a) has been considered configurationally suited as starting material to approach 
&,antids tricycloundecane-type targets, e.g. the antitumor and antibacterially active coriolin, a poten- 
tial progenitor (89) of which has been synthesized, at first in racemic form (Scheme 20).135J36 However, 
this route has been abandoned in favor of a much shorter synthesis outlined later (see Scheme 22). Two- 
step transformations from (+)-(21a) to a number of c, 18-bisnor- 13a, 17a-dehydroestrone derivatives 
(-)-(W, R = OTs, OCOCF3, C1) have been elaborated;131i137 these are intermediates from which ring c 
enlargement to (91) can be achieved in three further steps which are all realized in high yields (Scheme 

In an extension of the previous concept, starting materials which are readily available in enantiomeri- 
cally pure form have served for the construction of bridged P,y-enones with an additional five-mem- 
bered ring?2*93 In this way the first total synthesis of enantiomerically pure (-)-silphiperfol-6-en-5-one 

20).13* 
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Scheme 20 

has been The acetone-sensitized photorearrangement at hi, = 300 nm of (+)-(2Oi) 
cleanly furnishes the angularly fused (-)-(21i; 72% yield of purified product), the structural features of 
which have allowed economic elaboration into the silphiperfolenone target (Scheme 21). A by-product, 
which results from a 1,3-acyl migration, is formed to a negligible extent (4%) under the reaction condi- 
tions employed. Such a smooth rearrangement of (+)-(2Oi) is a priori not predictable in view of some 
P,y-enones bearing bridgehead substituents known to be unreactive under ODPM conditions (see Sec- 
tion 2.6.4.2). Similarly efficient is the conversion of (20j) to the linearly arranged cis,syn,cis tetracy- 
cloundecanone (21j), for which the initially wrongly assigned cis,anfi,cis structure93 has later been 
revised on the basis of an X-ray a n a l y s i ~ . ~ ~ . ~ ~  Cis,anti,cis fusion of the five-membered rings in tetracy- 
cloundecanone-type skeletons has been achieved by the rearrangement of appropriately assembled tricy- 
cl0[5.2.2.@*~]undecanediones in racemic A very economic preparation of racemic modhephene, 
a unique natural product with [3.3.3]propellane structure, has been prepared from (21k), which in turn is 
obtained in 50% yield upon irradiation of (20k) in acetone solution.95 These results are complementary 
in that three types of important cyclopentanoid ring fusions, i.e. the [3.3.3]propellane assembly, linearly 
and angularly fused skeletons (cf. Scheme 16: structures type 11). can be attained by resorting to a com- 
mon class of bridged P,y-enones (20ij,k). These enones are accessible via thermal [4 + 21 cycloaddi- 
tions in an efficiently regio- and stereo-controlled manner. Whereas the stereochemical result of the 
addition of the etheno bridge is responsible for the ultimate synlanfi relation of the rings in the photopro- 
ducts, the regiochemical location of the C==C bond in the enones determines whether a propellane, a 
linearly or angularly fused photoproduct results. 

The acetone-sensitized (Xi, = 300 nm) preparation of a mixture of enantiomerically pure (-)-(73a,b) in 
70-74% yield (cf. Table I), besides the minor regioisomers (74a,b), has opened access to the first total 
synthesis of the antitumor agent coriolin in its natural configuration (Scheme 22).113-115 The key step is 
characterized by a novel facet of ODPM photochemistry, steric control by the methyls in (72a,b) giving 
rise to a site selective rearrangement to (73a,b) (cf. Section 2.6.3.4.3). Both epimeric photoproducts (-)- 
(73a,b) are equally suitable for the A + B + ABC building-up principle of the target. Concurrent with the 
ODPM reaction and favoring the most efficient ODPM channel, a second and fast photoreaction results 
in a 5:l equilibration of the epimers (72a) and (72b). Although the mechanism of this process has not 
been fully identified, it has at least been shown that Nomsh type I cleavage and reclosure is unlikely to 
be responsible for the epimerization. l4 The earlier mentioned, preparatively attractive, high substrate 
concentrations of more than 20% at which the transformation of (72a,b) can still be run without notice- 
able side reactions (1.3-acyl shift) have to be stressed again at this point. This preparation of (-)-coriolin 
comprises 14 steps in all, entirely from readily available starting materials; the sequence compares favor- 
ably with the shortest synthesis of the racemate achieved earlier. 

Similarly, the photorearrangement of P,y-unsaturated E-diketone (75) (cf. Table 1) has been probed in 
view of its potential application as a key step for the synthesis of cedranoids.116 Although the tricyclooc- 
tanedione (76) is cleanly accessible, the scheme has been abandoned in view of difficulties in assembling 
the ultimately required functionalities; routine P,y-enone photochemistry has been employed instead. 

In a final example, use has been made of a mechanistic variant of the ODPM reaction: the conversion 
of a 1-methoxy-substituted bicyclo[2.2.2]octenone (92) to the bicyclo[3.3.0]octadione (94; Scheme 23). 
The highly substituted P,y-enone (92) is accessible via hydroxymethylation of (&), a compound which 
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0 
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(94) (95) 58% yield from (92) 

Scheme 23 

itself is photoreactive (cf. Scheme 13). Enone (92) rearranges in two consecutive single-step photoreac- 
tions to (94) via (93). The photoproduct (94) cyclizes smoothly upon purification on silica gel, affording 
a potential progenitor (95) of pentalenolactone G in good yield?,10.41,140 This natural product is a member 
of a family of antibiotic and tumor inhibitory agents. The photorearrangement (92) + (94), which is 
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mechanistically in accord with the reactions ( 6 6 4 )  + (mad), can be performed either in acetone with 
20% acetophenone added (hi, 1 540 nm) or by following the procedure described in Section 2.6.3.4.2.4’ 
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3.1.1 INTRODUCTION 

The past 15-20 years have witnessed a tremendous growth in the number and type of reactions which 
are applicable to the synthesis of five-membered rings. The underlying reasons for the growth, and for 
the continued activity one finds in this area of research, have been elegantly described by others and will 
not be recounted here.' The material which follows focuses primarily upon the use of derivatives of a 
very reactive diradical, trimethylenemethane (TMM), to construct carbocyclic systems through use of the 
1.3-diyl trapping reaction, and upon the use of 1,3-dipolar cycloaddition reactions to synthesize both car- 
bocyclic and heterocyclic ring systems. The latter field is, of course, very rich, intricate and extensive. 
The present treatment provides only a brief overview of it and, unfortunately, many elegant pieces of 
work have not been discussed. 

239 
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3.1.2 TRIMETHYLENEMETHANE (TMM) 

3.13.1 Regioselectivity 

3.13.1.1 Fused versus bridged (intermolecular 1,3-diyl trapping) 

Both the thermally and the photochemically initiated extrusion of nitrogen from bicyclic diazene (1) 
leads to the formation of a 13-diradical (diyl) which is structurally related to trimethylenemethane.* As 
shown in the cascade mechanism illustrated, two forms of the diyl can be intercepted by alkenes bearing 
electron-withdrawing groups (diylophiles), vir. the open form of the singlet diyl and the triplet diyl 
which is formed via intersystem crossing from the singlet (Scheme 1).2 

A or hv 
x x  
w 

b 

R 81 
singlet 

I 

+x X 

\ /  
X = electron withdrawing group I ISC Y 

triplet X 

Scheme 1 

Fortunately, for synthetic purposes, the diyls are sufficiently long lived to be trapped in high yie1d.z~~ 
Of equally good fortune, the singlet undergoes cycloaddition with maintenance of diylophile stereochem- 
istry and with a marked regiochemical preference for formation of fused adducts. The triplet, on the other 
hand, undergoes cycloaddition with loss of the diylophile stereochemistry and with the formation of both 
bridged and fused cycloadducts; little preference is expressed for the formation of either product type 
(Table 1).28,b 

Table 1 Product Composition as a Function of Diyl Spin State 

Diyl spin state' Diylophile Fused bridged ratio Trans:cis ratiob 

Singlet Dimethyl fumarate 65.7 
Triplet Dimethyl maleate 0.72 
Triplet Dimethyl fumarate 0.72 

Trans only 
88: 12 
9293 

'From d m n e  ( 1 )  when R =Me. bRefers to relationship between esters in the product. 

Frontier orbital theory has been used successfully to rationalize the regiochemical course of the singlet 
diyl chemistry (Table 2).1 To do so, the assumption is made that the formally degenerate nonbonding 
molecular orbitals of TMM are perturbed, placing the symmetric form below the antisymmetric and 
making the former the HOMO. Only when the exocyclic carbon of the diyl is substituted with two 
strongly electrondonating methoxy groups is it suggested that the antisymmetric orbital lies below the 
symmetric. In this case, bridged cycloadducts are formed preferentially, in accord with expectations 
based upon this ordering of frontier molecular orbitals. 
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Table 2 Frontier Molecular Orbital Analysis of Intermolecular Diyl Trapping 

TMM nonbonding molecular orbitals HOMOILUMO combination Predicted product 
(symmetry) 

Symmetric diyl HOMO with diylophile LUMO 

Antisymmetric diyl HOMO (R = OMe) with diylophile LUMO 

3.1.2.1 f Linear versus bridged (intramolecular 1 J-diyl trapping) 

Like its intermolecular counterpart, the intramolecular diyl trapping reaction can, in principle, afford 
either fused or bridged cycloadducts? Because of the geometric constraints imposed by the intramolecu- 
lar variety, however, one might anticipate that bridged products, strictly analogous to those produced in 
the intermolecular cycloaddition, would form only when the length of the tether is long enough to min- 
imize the angle strain which would be associated with maintaining a double bond at C-7 of the bicy- 
cl0[2.2.1] cycloadduct. When the length of the tether is three or less, therefore, one might safely dismiss 
from consideration the formation of products of this type, the type I1 bridged products. Indeed, no evi- 
dence is available to suggest that these products have ever been produced (Figure l). 

Linear Type I bridged Type I1 bridged 

Figure 1 

Both linear and type I bridged cycloadducts can be produced selectively and by design? The regio- 
selective formation of linearly fused cycloadducts occurs from the singlet state of the diyl when the 
diylophile is substituted with an electron-withdrawing group at either the internal or terminal carbon, and 
also when the diylophile bears the tether as its only substituent. It has recently been firmly established 
that type I bridged cycloadducts arise from the triplet diyl and that they can be formed regioselectively 
when the internal carbon of the diylophile is substituted with a large alkyl group.5 The mere presence of 
an alkyl group at this carbon is sufficient to ensure the formation of the bridged cycloadduct. However, it 
is not sufficient to ensure the formation of synthetically useful amounts. Table 3 clearly indicates5 that 
the selectivity increases as the size of the substituent increases, and eventually to a value where syntheti- 
cally useful amounts of the bridged cycloadduct are obtained. The trend is reminiscent of the way in 
which the 6-end0,trig to 5-ex0,trig cyclization ratio increases as the size of the substituent on the internal 
carbon of the 5-hexenyl monoradical increases.6 

These results suggest that when an electron-withdrawing substituent is placed on the internal carbon of 
the diylophile, then the diyl HOMO-diylophile LUMO energy gap is small enough such that the singlet 
form of the diyl is trapped at a rate which significantly exceeds the rate of intersystem crossing to the 
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Table 3 Influence of Diylophile Substituents Upon Bridged versus Linear Regioselectivity 

R Bridged:linear ratio Yield (%) 

CH2OH 
CH(0Meh 

CMe(0Meh 
COMe 
cO2Me 

1.2:l 
2: 1 
16:l 
1:7 
1:19 

90 
93 
83 
98 
85 

triplet manifold. On the other hand, when an alkyl group occupies the same site, then the rate of trapping 
of the singlet decreases sufficiently to allow intersystem crossing and the expression of triplet diyl chem- 
istry. Provided the alkyl group is large enough, type I bridged cycloadducts form regioselectively. This 
discovery promises to be of utility in a variety of synthetic endeavors. 

3.1.2.2 Stereoselectivity (Intramolecular) 

3.1.23.1 Diylophile stereochemistry 

Diylophile stereochemistry is nearly always maintained. This generalization is adequately exemplified 
by the chemistry of the diradicals derived from diazenes (2) and (3). the former possessing a diylophile 
with (E)  geometry, the latter (Z) (Table 4)? The observed stereospecificity suggests either that the two 
new a-bonds are formed in concert or, assuming a nonconcerted process wherein the a-bond is formed 
first between the exocyclic carbon of the diyl and the P-carbon of the diylophile, that rotation about the 
C a 4 p  bond with concurrent loss of diylophile stereochemistry is not competitive with formation of the 
second a-bond. 

Table 4 Maintenance of Diylophile Stereochemistry 3'"" "%, M ~ C N  - & + & 
/ =  

H 
/ -  reflux 

N H 
N 

(293) cis,anti cis,syn 

R' R* Cis,anti:cis,syn ratioa Yield (96) 

COzMe H 87:13 
H COzMe 75:25 

285 
87 

'Both the cis,onri and the cisjyn products are formed with retention of diylophile stereochemistry. 

The only instance wherein the diylophile stereochemistry is lost was recorded upon examination of the 
chemistry of the diyl derived from diazene (4), one possessing a two-carbon tether.* In this case, four 
products were isolated in an 83% yield and in the ratio 165: 1.5: 1. Formation of tricycle (5) as the major 
product, as well as the diene (6), argue convincingly for the existence of a stepwise pathway where rota- 
tion about the C 4 p  bond with loss of diylophile stereochemistry and hydrogen atom abstraction occur 
in competition with formation of the second a-bond (Scheme 2). 
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UJ 
I 

LkN 
(4) 

H 
I 

a (rotatiodclosure) 1 

Scheme 2 

3.1.2.2.2 Ring junction stereochemishy 

Linearly fused tricycles are produced stereoselectively, the major product corresponding to one with 
the cis,anfi ring junction stereochemistry. This selectivity made the intramolecular diyl trapping reaction 
well-suited for the synthesis of several natural products, including the mold metabolite hirsutene?~~ the 
marine natural product A9(12)-capnellene,10 and the antitumor agents coriolin and hypnophilin?b.l Table 
5 shows how the degree of stereoselection, expressed by the cis,anti/other products ratio, is a function of 
the temperature at which the diyl trapping reaction is conducted;I* the highest selectivity is obtained 
when the diyl is generated photochemically at temperatures below 0 ‘C. 

Table 5 Ring Junction Stereoselectivity in Intramolecular Diyl Trapping Reactions 
OH 
1 

Solvent Temp. ( ‘c) A o r h u  cis,anti:rninor products 

MeCN 
MeCN 
McOH 
MeOH 
MeOH 

81 
6 
61 
6 
-60 

A 
h v  
A 
h v  
h v  

3.8:l 
9.1:l 
4.7: 1 
9.1:l 
30: 1 

Both the relative and the absolute stereochemical outcome of the intramolecular diyl trapping reaction 
can be predicted by assuming that the cycloaddition is kinetically controlled. The objective, then, is to 
formulate a model of the alternative transition states and to choose among them the one of lowest energy. 
Two examples, each dealing with optically active diazenes, are illustrated in Schemes 3 and 4. In the first 
case,12 the major diastereomer arises via the extended pseudochair transition-state formulation wherein 
the diylophile and tether coil to the rear, in a manner which places the OR unit in a pseudoequatorial 
orientation. Coiling to the front forces OR to assume an energy -raising pseudoaxial orientation (Scheme 
3). 

In the second example the diazene possesses a four-carbon tether with two stereogenic centers.13 The 
major product can be viewed as arising via a pathway where the tether coils to resemble a chair form of 
cyclohexane with the methyl, silyl ether and five-membered ring occupying pseudoequatorial positions. 
That the observed stereospecificity is due to the preference for the substituents to orient themselves 
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pseudoequatorially is exemplified by the failure to observe any stereoselection in the diyl trapping re- 
action originating from a diazene possessing an unsubstituted four-carbon tether (Scheme 4).13J4 

48.5: 1 R = TBDMS 
E = C02Me 

4 

1 . 
Scheme 3 

0 

B u l q C W Y  MeCN, reflux, 1.5 h kiy OSiMe2Buk 80-904s c 

= } optically active Y = OCHzPh 

r 

L 

Scheme 4 

3.13 TRZMETHYLENEMETHANE SYNTHETIC EQUIVALENTS15 

3.13.1 Palladium Trimethylenemethane Complex [(q3-TMM)PdL21 

An exceptionally powerful means of constructing five-membered rings surfaced in 1979 with the re- 
port of the reaction between 2-acetoxymethyl-3-allyltrimethylsilane and electron-deficient alkenes in the 
presence of Pd0.l6 Through this process, one can conduct the equivalent of a [3 + 21 cycloaddition be- 
tween trimethylenemethane and an alkene,” a reaction which otherwise occurs in low yield.2c*18 Several 
sources of Pdo have been utilized including (a) (Ph3P)#d/Ph2PCH2CHzPPhz @PPE) and (b) 
Pd(OAc)d(Pr’O)sP, the latter generating Pdo in situ and often leading to higher yields. Typically, 0.1-10 
mol 96 of the resulting catalyst, { (Pr’0)3P},,Pd, is used in a ‘typical’ laboratory-scale reaction. Table 6 
provides several examples of the cycloaddition. 

Evidence clearly indicates that trimethylenemethane (TMM) is not an intermediate in these reactions 
and establishes, instead, the existence of a trimethylenemethane-palladium complex with dipolar charac- 
ter, viz. (q3-TMM)PdL.2 (7).16*19 
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Table 6 Examples of Cycloaddition with (q3-TMM)PdL2 

Pdo 
+ - 

R' 
R2 EWG 

Me$i A O A c  

R2 EWG 

R 1 R Z C 4 R 3 E W G  Solvent Temp. ( 'c) Time (h )  Yield (8; comment) 

Methyl acrylate PhMe 85-90 43 68 

coumann PhMe 115 14 52 
C yclohexenone THF reflux 20 17 (cis fused) 

Chalcone PhMe 115 1 1  85 (with retention of alkene geometry) 
1 -(Phenylsulfonyl)cyclopentene THF reflux 40 58 (cis fused) 

Acry loniy le PhMe 60 150 35 

The cycloadditions proceed stereoselectively with the geometry of (E)-alkenes being preserved, but 
that for (2)-alkenes being partially lost (equations 1 and 2).*O Excellent diastereofacial selectivity has 
been observed in cycloadditions to cyclic alkenes,17 the major product resulting from the addition of the 
TMM-PdL2 complex to the least-hindered face of the alkene (equations 3-5). Modest (4:l) to high 
(S9:  1) diastereoselectivity is also observed when enantiomerically pure acyclic alkenes are used (equa- 
tions 6, 7).21 

(PhsP)dPd, DPPE 

THF, A, 12 h. 51% 
n-C6HI 3 + Me3Si L O A c  

- b (2) 

(Ph3P)dPd, DPPE 
p-\ 

THF, A, 3 h, 55% 
Ph COzMe + Me3Si&OAc 

Ph COzMe 
EIZ 1:lO truns:cis 1:1.3 to 1:1.2 

5 mol % (Ph,P),Pd 

2.5 mol % DPPE. A, 

THF, 52% 0 

Me& A O A c  + % 
0 
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>99:1 de 

4:l de 

A nonconcerted mechanism, involving a least-hindered approach of the cycloaddends and a stepwise 
addition of the palladium complex to the P-carbon of the a$-unsaturated alkene, followed by cycliza- 
tion without loss of alkene geometry and/or competitive rotation about the C,-Cp bond prior to cycliza- 
tion with loss of stereochemistry, provides a reasonable account of the cycloaddition (Scheme 5).22 

Scheme 5 

3.13.2 Organo-tin and -zinc Reagents Derived from 3-lodo-2-[(trimethylsilyl)methyl]propene 

Addition of bifunctional conjunctive organometallic reagents derived from 3-iodo-2-[(trimethylsi- 
1yl)methyllpropene to 1 ,2-diones provides a stereoselective pathway to cis-4-methylenecyclopentane- 
1,2-di0ls.2~ Both zinc and tin(II) fluoride have been used to generate the organometallic. The latter has 
proven more advantageous, presumably because the Sn4+ generated during the reaction serves more ef- 
fectively than Zn2+ to complex with the carbonyl group of the initially formed ketolate, thereby increas- 
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ing the electrophilicity of the carbonyl carbon toward nucleophilic addition. The observed cis stereose- 
lectivity is believed to result as a consequence of chelation control, as illustrated in Table 7,23a 

Table 7 Diastereoselectivity in Cycloaddition to 1.2-Diones 

+ diastereomer 

R' R2 Yield (96) Diastereoselectivity 

Me 
Me 
Me 
Bun 

Me 
Et 
Ph 

72 
88 
72 
73 

>75: 1 
>32: 1 
>28: 1 
>50: 1 

Reasonable diastereofacial selectivity has also been observed in the addition of the allylstannane 
referred to above to 2-acetoxy-3,4-octanedione (equation 8).23 Chemoselective Felkin-Anh addition to 
the more reactive carbonyl carbon located a to the stereocenter is presumed to occur first, followed by an 
intramolecular chelation-controlled addition of the allylsilane to the second ketone. 

7.5:l mixture 
of diastereomers 

p-Keto esters and p-keto amides, each substituted between the two carbonyl units with a 2-[2-(tri- 
methylsilyl)methyl] group, also undergo Lewis acid catalyzed, chelation-controlled cy~l iza t ion .~~ When 
titanium tetrachloride is used, only the product possessing a cis relationship between the hydroxy and 
ester (or amide) groups is produced; yields range from 65 to 88% (Table 8). While loss of stereochem- 
istry in the product and equilibration of diastereomers could have occurred via a Lewis acid promoted 
retro aldol-aldol sequence, none was observed. Consequently, it is assumed that the reactions occur 
under kinetic, rather than thermodynamic, control. In contrast to the titanium tetrachloride promoted pro- 
cess, fluoride-induced cyclization produces a 2: 1 mixture of diastereomeric products, and the nonchelat- 
ing Lewis acid BF3.OEt2 leads to a 1:4.8 mixture of diastereomers. 

3.1.4 l&DIPOLAR CYCLOADDITIONS25 

3.1.4.1 Regioselectivity 

The ability to use a given reaction in synthesis depends heavily upon understanding the nature of the 
factors controlling regiospecificity/regioselectivity. A rationale for the regiochemical outcome of [2 + 31 
cycloaddition reactions became available in the early 1970s through the use of frontier molecular orbital 
(FMO) theory.26 With it, a further sense of order was established in an area where an understanding of 
the factors responsible for regiochemical control was absent. Since that time, nearly all practitioners of 
organic synthesis have developed a fundamental grasp of this matter, and it is commonplace to find pre- 
dictions couched in terms of FMO arguments. 
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Table 8 Diastereoselection in Cycloadditions Promoted by Titanium Tetrachloride 

SiMe3 

TiC14, CHzC12 - 
-78 "C, 2 h 

R1 RZ X Yield (%) (8):(9) 

Me 
FY 
Ph 

But 
Me 
Me 

Ef 

Me 
Me 

3 _. 

H 
H 

Me 
Me 

OEt 
OEt 
OEt ~~ 

OEt 
NMe2 
NMe2 
OEt 
OEt 

88 
66 
73 
65 
56 
75 - - 

1oo:l 
1oo:l 
100:l 1m1 
1oo:l 
loo: 1 
2: la 
1:4.8b 

~ ~ ~ ~~~ 

'Bu"&F, TW, bBF3*OEtz, CHzCIz. 

Dipolar cycloaddition reactions are generally classified into three types, dipole HO controlled, dipole 
LU controlled or H0,LU controlled, depending upon the relative energies of the dipole and dipolarophile 
frontier molecular orbitals.27 If the energy gap separating the dipole HOMO from the dipolarophile 
LUMO is smaller than that between the dipole LUMO and the dipolarophile HOMO, then the reaction is 
said to be dipole HO controlled. If the dipole LUMO-dipolarophile HOMO energy gap is smaller, then 
dipole LU control prevails. If the energy difference between the dipole HOMO and the dipolarophile 
LUMO is about the same as that between the dipole LUMO and the dipolarophile HOMO, then neither 
interaction dominates and H0,LU control is operable. 

Substituents placed on either the dipole or the dipolarophile affect the energy of the frontier orbitals in 
a manner which leads to either an acceleration or a deceleration depending upon whether the pertinent 
FMO energy gap increases or decreases, respectively, as a consequence of the substitution. In general, 
electron-withdrawing groups lower the level of both the HOMO and the LUMO, electron-donating 
groups raise the energy of both, and conjugating groups raise the HOMO but lower the LUMO energy.28 

Once the dominant FMO interaction has been identified, then a choice as to which regiochemical out- 
come is preferred is based upon a comparison of the sizes of the coefficients at the atomic orbital centers 
involved in the formation of the new bonds. Consequently, at least a qualitative knowledge of the form 
of the FMOs is useful in assessing the relative merits of one over the other regiochemical outcome. If, as 
is usually but not always (vide infra) the case, the coefficients in both the HOMO and the LUMO differ 
in size, then the new overlap can occur in either of two ways. It can readily be shown, however, that 
overlap between the atomic orbitals with the larger coefficients (and, by default, the two centers with the 
smaller atomic orbital coefficients overlap at the other site of bond formation) is preferred over the alter- 
n a t i ~ e . ~ ~ . 2 ~  

Table 9 illustrates the direction of polarization of the HOMO and the LUMO of simple monosub- 
stituted alkenes (CH2=CHC,Z,X) and dipoles (a==%--c); the atom with the larger coefficient is 
marked with a Except in cases where C2 symmetry exists (e.g. the azomethine ylide, 

Table 9 Direction of Polarization of Dipole and Dipolarophile FMOs 

Dipolarophile Dipole 
HOMO LUMO HOMO LUMO 

* p z  * e 2  

*fit * e c  

*a=b-c * P x  & a=b-e* 
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CHp=+NH---CH2), or for the parent nitrone, CHz=+NH--O, where the coeficients are nearly the 
same at both termini, dipole HOMOS are polarized toward the ‘anionic’ terminus c, the LUMO toward a. 
Use of this information, in accord with the principles put forth above, allows one to make the predictions 
illustrated in Scheme 6?& 

b 
a’ ‘c 

X 

Scheme 6 

These generalizations are applicable to a large number of cycloadditions, particularly to the intermole- 
cular variety. The examples in equations (9)-(13)’”” and Schemes 7-931935*36 illustrate these points and 
also highlight the tremendous power of [2 + 31 dipolar cycloaddition reactions in the rapid and selective 
construction of a rich array of both carbo- and hetero-cyclic ring systems. 

(9) 
80% 
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Exceptions do exist, however, and one must be particularly alert to substituent-induced changes in the 
direction of polarization, as well as to their affect upon the energy of the frontier molecular orbitals.37 
For example, nitrone cycloaddition regiochemistry is generally LU ~ontrolled?~*~* leading to the produc- 
tion of C-5 substituted isoxazolines in excellent yield. However, as the ionization potential of the nitrone 
decreases or the electron affinity of the dipolarophile increases, there exists an increased propensity for 
formation of the C-4 regioisomer. Eventually, a switch from LU to HO control occurs and substantial 
amounts of the C-4 isomer are produced (equation 14). 

A substituent-induced change in the direction of polarization of one of the FMOs can also lead to a 
change in regiochemistry. Thus, in contrast to acrylates, crotonates undergo nitrone cycloaddition to af- 
ford the regioisomer where the alkyl, rather than the ester, unit is attached to the carbon linked to the ni- 
trone oxygen atom (Scheme 10). While the coefficient at the p-carbon in the HOMO of an acrylate is 
larger than at the a, the reverse is apparently true for c ro tona te~ .~~ This result has been put to exception- 
ally elegant use in the construction of a number of alkaloids.39a 

As indicated above, the parent azomethine ylide possesses C2 symmetry. When the symmetry is re- 
duced by placing a substituent at either end of the dipole, the FMOs polarize. Assuming HO control, the 
example in Scheme 11 suggests that the largest coefficient of the dipole HOMO resides on the unsub- 
stituted carbon to which the silyl group was attached.40 

Ph Me0 ?NOH 2 [ Me0 ph+LO-] - phJph 43% ii c 

overall 
Me0 

p h G O H  .s 
Me0 0 

i, Chlorox, & Ph , Et3N, CH2C12, r.t., 1 h: ii, H2, Raney Ni, MeOH&O/AcOH, r.t., 16 h 

Scheme 7 

I 

COZEt 

OMOM 

COzEt 

2.5: 1 mixture of diastereoisomers 

i, Bu'OCl, -78 OC; ii, Et3N, -78 OC to ret.; iii, PhH, 80 OC, 20 h 

Scheme 8 
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i, h e y  nickel, HZ. H' 
ii, BzzO 

iii. DBU 
4 

251 

The average yield over a 20-step sequence, four steps of which are 
illustrated, was 90% 

Scheme 9 

But But 
I I >q + (14) 

But CHCI,, MUX, 3 h ' + + p S 0 2 P h  
//N-o- 87% 

SO2Ph PhO2S 
3.4: 1 

Highly regioselective cycloaddition to monosubstituted 1,3-dienes has been observed, the preferred 
product corresponding to one formed via addition to the less-substituted double bond (equations 15, 
16)?9a Here again, the regiochemical outcome is in accord with simple FMO arguments. 

i (80%) 

I ii (94%) 
0- 

+ HO&C02Me 

X = O H  
X = OMS 

iii (95%) 

C02Me 
I 

&OH ~ ( 5 0 % )  & iv (35%) 

(*)-Suphidine 

N - 0  N-O - &OH 
i, CHCl3.4 h, 25 "C, then reflux, 12 h; ii, MsCl, C5H5N, 0 OC, 3 h; iii, H,, 10% Pd/C, MeOH, 24 h; 

iv, POCl,  C,H,N, 0 "C, 12 min; v, LiAlH,, Et20, r.t., 15 min 

Scheme 10 
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Retronecine 

i, MeOTf, CH2C12, overnight; ii, b C 0 2 M e ,  CsF, DME , 2 0  "C, 24 h 

Scheme 11 

- 
61% 

(f)-Myrtine 

Occasionally, molecular mechanics calculations provide a lationale when FMO theory fails to account 
for a given regiochemical o u t ~ o r n e ? ~ * ~ ~ ~ ~  For example, cycloaddition of C-phenyl-N-methyl nitrone to 
methyl 2-methyl-2,3-butadienoate leads exclusively to the 5-exo-methylene cycloadduct, as one would 
expect based upon FMO theory. In contrast, C-phenyl-N-?-butyl nitrone affords only the 4-exo- 
methylene isoxazolidine, a result which clearly cannot be in accord with the same principles (Scheme 
12). Molecular mechanics calculations, canied out under the assumption that the relative energy dif- 
ferences between the products parallel the energy differences between transition states, were in accord 
with the experimental results, suggesting that the difference in behavior between the two nitrones may 
have a steric rather than an electronic origin (Table 

Me Me 
I I 

M: i 
P h V N ,  + 

0- 88% 

MeO2C 
4: 1 

But 
But I 

I 
N 

COzMe (/+'O- + =*- 20% Ph 

only regioisomer isolated 

i, PhH, 45 "C, 10 h; ii, PhH, 80 OC, 8 h, sealed tube 

Scheme 12 
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Table 10 Results of Molecular Mechanics Calculationsa 

R 
I 

MeO2C 

D R D 

R = Me, 24.48 R = Me, 27.65 
R =But, 28.96 R = But, 29.05 R = But, 27.13 R = But, 27.84 

R = Me, 25.40 R = Me, 26.61 

a Energy in kcal mol-'. 

While the cycloadditions illustrated thus far involve polarized dipolarophiles, regiospecificity can also 
occur in instances where the alkene is unpolarized. For example, the N-alkenyl nitrone (lo), an important 
intermediate in an elegant synthesis of the lycopodium alkaloid (+)-lucidulineP6 undergoes intramolecu- 
lar cycloaddition to afford only the tetracyclic heterocycle (11; Scheme 13). Nitrones (12a; n = 2) and 
(12b n = 3), two compounds which differ only by the length of the chain linking dipole to dipolarophile, 
also undergo regiospecific cycloaddition, but do so to produce precisely opposite regiochemical out- 
comes (Scheme 14). The next higher homolog, nitrone (12c; n = 4), affords a 3:l mixture of regio- 
isomeric products, as shown. 

Clearly, M O  arguments do not assist in understanding the nature of the preferences expressed above. 
Instead, attention has been directed toward differences in the geometry of the presumed transition-state 
structures for each mode of cycloaddition.46c.d In each case it was assumed that the C - 4  bond is more 
fully developed than the C-0 bond in the transition state. From models it is clear that when two 
methylene units separate dipole from dipolarophile, the preferred transition state is the one suffering least 
from angle strain. When the length of the chain link is three, the preferred product arises via formation of 
the entropically favored six-membered ring, instead of the alternative seven-membered ring. 

Interestingly, the balance can be tipped toward formation of the seven-membered ring by simply plac- 
ing an electron-withdrawing group on the terminal carbon of the dipolarophile (Scheme 15). This leads 
to polarization of the alkene and to an FMO-controlled process. Incidentally, the reaction shown proved 
critical in a total synthesis of anatoxin u, the so-called 'very fast death factor'.47 

i (87%) 

Me 
I 

ii (96%), iii (98%) 

0 
(f)-Luciduline (11) 

i, (CH20), , 4  A molecular sieves, PhMe, sealed tube, 115 "C, 4 h; ii, MeOS02F, Et20, 0 "C, 30 min; 
iii, LiAlH,, THF, 25 OC, 4.5 h; iv, Jones reagent, MezCO, 0 to 25 "C, 1 h 

Scheme 13 
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(i + ii) 

n = 2: i, CH20, PhMe, 10 OC, 12 h; ii, PhMe, reflux, 6 h; n = 3: i ,  CH20, PhMe, -20 "C, 15 min, quant; 
ii, PhMe, reflux, 3 h; n = 4: i, CH20, PhMe; ii, PhMe, reflux 

Scheme 14 

i (70%) 

0.- N I OH ii (96%) 
0- 

iii (71%) 
- 1 

i, HgO, PhH, reflux, 3 h; ii, MnOz, Celite, CH2C12, r.t., 24 h; iii, MCPBA, 0 OC, 20 min; KzC03, H,O; 
reflux, 18.5 h (in the dark), CH2C12 

Scheme 15 

3.1.4.2 Stereoselectivity 

3.1.4.2.1 Relative stereoselection 

Dipolar cycloaddition reactions proceed with preservation of dipolarophile stereo~hemistry?~~ a result 
which is obviously of synthetic utility. The dipole and dipolarophile approach one another in parallel 
planes with the substituents attached to the dipolarophile oriented in either an endo or an exo relationship 
with respect to the dipole in the transition state. Depending upon which orientation is of lower energy, 
varying degrees of diastereoselectivity result (vide The consequences of these generalizations 
are expressed repeatedly in the chemistry described below. 

Synthetically useful amounts of endo selectivity have been observed in the intermolecular cycloaddi- 
tion reactions of some acyclic nitrones. For example, the reaction between C,N-diphenyl nitrone and di- 
methyl maleate leads to a 9:l mixture of products, the major arising via the (a-nitrone and endo 
transition state (equation 17).48 The endo but not the ex0 transition state experiences an energy-lowering 
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secondary orbital interaction between the coefficient on nitrogen in the LUMO of the nitrone and the 
coefficient on the carbonyl carbon in the HOMO of the dipolarophile, thereby making it the kinetically 
preferred product. 

90 10 
E = COzMe 

The possible existence of such an interaction by no means ensures that endo selectivity will be ob- 
served. Table 11 makes this point abundantly ~ l e a r . 4 ~  Notice particularly how changes in substituents on 
the carbon and nitrogen of the nitrone can lead to a complete reversal of endolexo selectivity. 

Table 11 Influence of Nitrone Substitution Upon endolexo Stereoselectivity 

I 
N -  

R2' +'O I 
R2 R2 

R' R2 endo:exo 

Ph Ph 87:13 
Ph Me 5050 

Pr' CH2Ph 33:67 
pr' Ph 1oo:o 

Me CH2Ph 0:loo 
E = C02Me 

ex0 transition state endo transition state 

Nitrones are known to undergo (E/?) i~ornerization;~~ both forms may therefore be available for re- 
action. For example, the heats of formation for the (@- and Q-forms of N-methyl€-phenyl nitrone 
place the latter 1.46 kcal mol-' lower in energy than the f ~ r m e r . ~ ~ . ~ ~  This implies that approximately 10% 
of the @)-form is present in solution even at room temperature. On the other hand, the (@-form of N-r- 
butyl-C-phenyl nitrone is 6.3 kcal mol-' less stable and only the (2)-isomer exists in solution.37 For steric 
reasons the (@-isomer has been proposed to undergo cycloaddition at a faster rate than the (Z)." Interes- 
tingly, cycloaddition of the (@-isomer via an ex0 transition state leads to the same product as that from 
the (a-isomer through an endo transition state. This factor must obviously be considered when interpre- 
ting experimental results. 

The reaction of methyl 1,Zbutadienoate with C-methyl-N-phenyl nitrone (Scheme 16) leads to a single 
diastereoisomer and is believed to take place through a transition state (13) which places the methoxycar- 
bony1 and phenyl groups above one a n ~ t h e r ? ~ . ~  thereby allowing maximal woverlap (attractive van der 
Waals interaction). To do so requires that the (@-form of the nitrone exist in solution and that it react 
faster than the (a, both being reasonable suggestions (vide supra). 

Vinyl ethers and esters display a marked preference for undergoing cycloaddition through an endo 
rather than an ex0 transition state. The sole product isolated from the reaction of nitrone (14) with ethyl 
vinyl ether and vinylene carbonate arises in this manner (equation 18).52 This selectivity has been at- 
tributed to stabilization of the endo transition state by developing anomeric and gauche interactions 
which are absent in the ex0 transition state.53 Thus, it is assumed that the transition-state structure resem- 
bles the product in its lowest-energy conformation, one which places both the dipolarophile OR unit and 
the alkyl group attached to nitrogen in pseudoaxial orientations. In this manner, a stabilizing anomeric 
interaction between OR and the nitrone oxygen develops, as does a gauche interaction between the latter 
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and the developing lone-pair electrons on nitrogen. By assuming the gauche relationship, the system 
avoids the alternative energy-raising anti- and syn-periplanar amtngement of lone pairs shown in (15). 

* 50% (A+B) when EWG = C0,Me; 99% (A) when EWG = CN 
i, EWG = C q M e ,  45 OC, 20 h (silica gel chromatography converts A to B); EWG = CN, PhH, 

40 OC, 3 h; ii, Bu"Li, THF, -78 to 0 OC 

dipole HOMO (E-isomer) 

dipolarophile LUMO 

Scheme 16 

r R' 

L R  
I I 
R2 OR1 1'0 

With cyclic nitrones, where (E/Z) isomerization is not possible, the ex0 transition state is usually steri- 
cally preferred (equation 19-21).sM When steric factors in the endo and ex0 transition states are nearly 
the same, however, the existence of bonding secondary orbital interactions in the end0 transition state 
can tip the balance in its favor; this appears to be the case for the reaction of methyl crotonate and 
1-pymdine 1-oxide (equation 22).57 

Nitrone cycloaddition nactions are reversible?8 thereby offering the opportunity to change stereose- 
lection from that of kinetic to thermodynamic control, should the selectivities associated with these path- 

M e ,  reflux 

73% 
\ * + Ph- 

I 
0- 

G H  
i.0 

\ Ph 

ex0 

- bi Ph (19) 
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H ('I 3,4-dimethoxystyrene, PhMe, reflux . ! A  

93 % 
* . "3 + (21) 

U 0' 
20: 1 

L -I 

E = COzMe 

ways differ. To illustrate, consider the cycloaddition portrayed in Table 12; it served as a key step en 
route to 1a,25S,26-trihydroxycholecalciferol~8b Unfortunately, a 36:45:7: 12 ratio of four diastereomeric 
isoxazolidines was produced when the reaction was conducted at room temperature, albeit with complete 
regiochemical control and in high yield. The required 23S,25S-isomer was separated from the other three 
and the latter were heated overnight (refluxing xylene) in the presence of an excess of methyl methacry- 
late to effect cycloreversion and equilibration. After four cycles, the total yield of the 23S,25S-isomer 
reached 7 1%. 

The two major products, the 23S,25S- and the 23R,25S-isomers, arise via the sterically less encum- 
bered ex0 transition state, the minor products (23S,25R and 23R.25S) from an endo transition state. The 
analogous N-benzyl and f-butyl nitrones, on the other hand, display high endo selectivity, further attest- 
ing to how the group attached to nitrogen can play an important role in determining stereoselectivity 
(vide supra). In this case, the larger the group on nitrogen, the larger the endolexo ratio (Scheme 17). 

Molecular mechanics calculations have recently been used to assist in explaining the stereochemical 
course of several intramolecular cycloaddition reacti0ns.4~9~~ In one calculations were carried out 
to determine the relative energies of four diastereomeric products which could have been produced in the 
intramolecular azomethine cycloaddition reaction displayed (equation 23). A single product was isolated, 
though in only 25% yield. The assumption was made that the calculated differences in product stability 
were reflected by similar, but smaller, energy differences in the transition states. 

Both ground state and transition state molecular mechanics calculations have been used to account for 
the stereochemical outcome of intramolecular nitrile oxide cycloadditions involving a series of vinylaze- 
tidinones and azetidines (Scheme 18).43 Qualitative accord with the experimental results was observed 
once again (Table 13). Given the good agreement between theory and experiment, and the ease with 
which these calculations can be carried out, one is certainly tempted to use them (cautiously) in a predic- 
tive sense. 

The preferred mode of addition to cis-3,4-disubstituted cyclobutenes varies from one where the dipole 
adds exclusively anti to the substituents, to instances where exclusive syn cycloaddition is observed 
(Table 14).60 The latter observation is true particularly when the substituents are electron donating (e$. 
C1, OR), and is intriguing in that it is clearly opposite to that predicted solely on steric grounds. Several 
theories have been put forth to explain the results and the reader is directed to the original literature for a 
detailed account.61 The tendency for the .rr-bond of these systems to distort toward a pyramidal geometry 
in the ground state, even by as little as ca. 1 3 ,  is generally believed to be associated with the selectiv- 
ity; distortion reduces the torsional interaction between vicinal substituents.61c Thus the trigonal hydro- 
gens move out-of-plane, away from the electron-donating substituents6Ia and, as the reaction progresses, 
away from the dipole. The movement is toward a geometry which allows attainment of a staggered 
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Table 12 Influence of Reaction Conditions Upon Product Composition 

- (23R,25S)-(16) 

C02Me 

Product composition 
23S,25S : 23R,25S : 23S,25R : 23R,25S Solvent, temp. ("C) 

CH&l~,22 35 : 45 : 7 : 12 
PhMe, 90 34 : 38 : 11 : 16 

Xylenes, 140 31 : 22 : 26 : 20 

arrangement between the trigonal C-H bonds as well as the bonds which are being formed to the di- 
pole, and the C-X and C-H bonds at the allylic carbon. It has been suggested that 'the tendency for 
staggering of vicinal bonds with respect to partially formed bonds is greater than for fully formed 
bonds'.61b Perhaps the syn-facial selectivity observed in these cycloadditions reactions is an expression 
of this idea. 

@ 

HO 

0- 

R 
N,' 

(2)-nitrone; endo, &face approach (Z)-nitronc; endo, a-face approach 

OAc OAc 

C02Me 

endo:exo yield (%) SS-isomer 

Methyl methacrylate, r.t., 15 h R CH2Ph 83: 17 72 
Methyl methacrylate, 50 OC, 42 h R = But >99:<1 81 

Scheme 17 
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-- (f)-a-Lycorane (23) 
(Me3Si)2NH, PhMe 

reflux, 25% 
Ph 

__f 

cis trans 
n = 2, cisltrans = 100: 1,90% 
n = 3, cisltrans = 2:3, unspecified yield 

i, n = 2: PhNCO, Et3N, CHC13, r.t., 10 h; n = 3: PhNCO, Et3N, CHCl3, r.t., 6 h 

Scheme 18 

Table 13 Results of Molecular Mechanics Calculations for Nitrile Oxide Cycloaddition 

Total energy (kcal mol-') 
Cis Trans Energy difference Cis:transa 

Ground state 53.93 56.94 3.01 1m.1 
Transition state 43.13 44.67 1.54 

0 

Ground state 64.82 65.43 0.61 2:3 
Transition state 53.81 54.04 0.23 

a Experimental ratio determined by NMR. 

Table 14 Diastereofacial Selectivity in Additions to 3,CDisubstituted Cyclobutenes 

X e( 3" Yield (5%) Product(s) 

-(cH2)3- 5.1 (toward X) 
nearly coplanar 

3.1 (away from X) 
--o(-)- 

--OCaCMe 

70 
82 
95 

anti only 
1.8: 1 antilsyn 

syn only 

'Deviation of trigonal C-H bonds from planarity based on STO-3G calculations. 
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3.1.4.2.2 Absolute stereosekction 

There is no doubt that the field of asymmetric induction occupies a very important place in modem 
synthetic methodology. Elegant protocols designed to carry out dipolar cycloadditions have been de- 
veloped and important advances in the theoretical description of these processes have taken place as a 
consequence (vide i n j k ~ ) . ~ ~  Diastereoselective cycloadditions have been carried out between optically ac- 
tive nitrile n i t r ~ n e s ? ~ , ~ ~ ~  azomethine ylidesW and achiral dipolarophiles, and between opti- 
cally active dipolarophiles and achiral nitrile and achiral n i t r ~ n e s . ~ ~  The products have been 
put to good use, either by ‘translating’ the cycloaddition diastereoselectivity to the construction of useful 
optically active acyclic intermediates, or in the total synthesis of natural products (vide infra).25399.*66”9b 

The ‘inside alkoxy effect’ is useful for predicting the stereoselectivity of nitrile oxide cycloaddition re- 
actions with chiral allylic ethers.65 The hypothesis states that ‘allylic ethers adopt the inside position and 
alkyl substituents prefer the sterically less-crowded anti conformation in transition states for these elec- 
trophilic cycloadditions’. The terms ‘inside’ and ‘outside’ are defined in (17) for a hypothetical nitrile 
oxide cycloaddition transition state. Both ab initio (Gaussian 80 with 3-21G basis set) and molecular 
mechanics calculations agree, each predicting the lowest-energy transition state to be the one described, 
i.e. (18*; H outside); just above it lies one where the alkyl group is anti, OR outside and H inside (19*)?5 
As illustrated, the former leads to a product wherein OR and the nitrile oxide oxygen are anti, the latter 
to one with them syn (Scheme 19). 

r R 

H E R C  R 

OR 
anti 

Scheme 19 

It is argued that if the OR unit occupied the anti position, then the electron withdrawal by the u*co- 
orbital from the n-orbital of the dipolarophile would destabilize the electrophilic transition state.65 By 
assuming the inside (or outside) position, u * c w  interaction is minimized and overlap of the electron- 
donating UCH and UCR orbitals with the p-orbital is maximized. 

The model correctly predicts (rationalizes) the observed preference for formation of the anti rather 
than the syn product in the cycloaddition reactions of a wide variety of chiral allylic ethers, thus success- 
fully laying to rest years of frustrated d i s c u ~ s i o n . ~ ~ * ~  It also correctly predicts that as the size of R in- 
creases (Me - Ph < Et < Pri < But), the preference for transition state structure (U*) should increase 
leading to enhanced anti stereoselectivity (Table 15)?5 At first, this prediction seems stran e. However, 
once it is realized that, like the Felkin-Anh model for nucleophilic addition to a carbonyl! the outside 
position is actually more sterically demanding than the inside, then the prediction is sensible on purely 
steric grounds. Thus, the angle of approach of the nitrile oxide oxygen to the alkene actually places it 
nearer the outside than the inside substituent located at the allylic carbon?’ 
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Table 15 Antilsyn Stemselectivity in Nitrile Oxide Cycloadditions to Chiral Allylic Ethersa 

Ar R' R2 Anti:syn 

Me 
Ph 
But 
Me 

Et. 
pr' 

OMe - ~ ~. 

OMe 
OMe oms 

OTMS oms 
OSiMeflh 
OSiMezPh 
OSiMeflh 

64:36 
67:33 
>95:5 
71:29 
69:3 1 
>95:5 
6535 
8020 
91:9 

'Conditions: CH& 25 'C when Ar =p-QNC&; Et20.20 'C when Ar = Ph. 

On the other hand, the ratio varies little with changes in electronic or steric demands of either the ni- 
trile oxide substituent or the alkyl group attached to the oxygen of the allyl ether (Table 16).65*M*a*69 
Similar observations have been made when R2 = Me, THP, OAc and SiR3.65.M 

Table 16 Insensitivity of Cycloaddition Stereoselectivity to Ether SubstituenP 
~~~~~~ 

R2 Yield (%) Anti:syn 

ArCNO + Me 63 
OR2 CaOMe-p 89 

93 
91 

64:36 
66:34 
60:40 
m40 

~~ - 

'CHzC12.25 'C. 

In contmt to allylic ethers, chiral allylic alcohols give rise to a modest preference for the syn product, 
presumably a reflection of stabilization through hydrogen bonding between the incoming nitrile oxide 
oxygen and the allylic alcohol.67 Ab initio calculations agree that the outside OH position is favored over 
the inside. Additional support for this idea comes from the fact that in good hydrogen-bonding acceptor 
solvents like DMF, the 4060 anrilsyn ratio observed in diethyl ether becomes 60:40, nearly the same 
value as that found for the corresponding allyl ether (Table 17).67 

Table 17 Influence of Hydrogen Bonding and Solvent Upon Stereoselectivity 

+ - p h q  + p h q  
P h e N - 0 -  + 

p p OR 
RO Rd 

H-bond , 

L J 
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Studies dealing with the general case where the groups attached to the stereogenic center of the allylic 
framework differ in size have only recently been performed. Remarkably good agreement between the 
results of MM2 calculations and experiment were evident and are summarized in Table 18.68 The major 
product arises from a staggered transition state (20) similar to those shown above, with the largest group 
(L) anti, the medium-sized group (M) inside, and the small group (S )  outside. 

Table 18 Comparison of Calculated and Experimentally Determined Diastereoselectivity 

R1 R2 Total yield (%) Experimental (S%) Calculated 

Et Me 
Me 
Me 

Ph 
Pr' 

C(OMe)Me;? Me 
Bu Me 
Me OMe 
But OMe 

72 
70 
50 
93 
82 
63 
64 

5050 5050 
59:41 53:47 
6535 
8020 
77:23 
64:26 
>97:3 

72:28 
87: 13 
97:3 
68:32 
96:4 

~ ~~ ~~ ~ 

Interestingly, the transition states are calculated to be relatively early in terms of bond making and 
breaking, but are product-like in terms of conformational preferences about the bonds to the alkene?' 
For example, the X-ray crystal structure for the product of the reaction between p-nitrobenzonitrile oxide 
and 3,4,4-trimethyl- 1 -pentene resembles the transition-state model. Similarly, comparison of the ORTEP 
plot resulting from a single-crystal X-ray analysis of the major product resulting from the reaction of 
benzonitrile oxide with a chiral (a-oxyallyl)silane, CH2=CHCH(OTBDMS)SiEt3, closely resembles the 
predicted, preferred transition-state model, one which places the large trialkylsilyl group anti, the me- 
dium-size alkyl or oxy group inside, and the small hydrogen outside. The minor product apparently 
arises from a transition state where the location of the medium and small groups is reversed (Scheme 20). 

ph\ /N.O + ph\ /N.O 

___) + 
SiEt3 $ SiEt3 

BurMezSiO B u'MeZSi0 

SiEt3 
OSiMezBu' 

96:4 

Scheme 20 

The addition of (ethoxycarbony1)formonitrile oxide to (+)-(S)-isopropylidene-3-butene- 1 ,2-diol led to 
an 80:20 mixture (60% diastereomeric excess) of diastereomers in ca. 70% yield (Scheme 21); the major 
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product was converted to 2-deoxy-~-ribose to illustrate the utility of the process.69 The observed dia- 
stereoselectivity was explained using a different transition-state model than the one discussed thus far. In 
particular, it was assumed that cycloaddition occurred preferentially via a transition state where the ni- 
trile oxide oxygen adds anti to the C - 0  bond in the dipolarophile as shown.72 This approach does ap- 
pear to minimize steric interactions. However, it maximizes u*co electron withdrawal from the alkene in 
a process which is, like most other nitrile oxide cycloadditions, LU controlled. The 'inside alkoxy' tran- 
sition-state model invoked previously also accounts for the observed diastereoselectivity via a transition 
state which minimizes the o * c m  interaction. 

+ Et20 -+ 
- 0 J y y C O z E t  

X 9 p + O-N-COzEt 
r.t. 

70.8% 0 -N -L 
via 

or 

l T H  

Scheme 21 

4: 1 mixture of diastereomers 
Ill 

COzEt 

$. 

addition of 0 anti to C-O 'inside alkoxy' formulation 

Poor (<4% de) to modest (56% de) amounts of diastereofacial selection is observed in the cycloaddi- 
tion of nitrile oxides to optically active acrylates.70 The plan in each case, of course, was to use a chiral 
auxiliary which would preferentially shield one of the two r-faces of the dipolarophile. Of the auxiliaries 
used, the sulfonamide esters derived from (+)-camphorsulfonyl chloride worked best, the menthyl esters 
derived from (-)-menthol the poorest ( ~ 4 %  de). As illustrated in Table 19, changes in both temperature 
and solvent had either no or little affect on the product ratios. Unlike Diels-Alder reactions, the addition 
of Lewis acids, specifically EtzAlCl, EtAlClz and TiCL, resulted in significant decreases in both the rate 
of cycloaddition and isolated yield, without an appreciable change in diastereomer ratio?O 

Examination of the structure of the major diastereomer suggests that it is derived from a cycloaddition 
between the nitrile oxide and the s-cis conformer of the acrylate. Calculations performed on simple tran- 
sition-state models for the process do indeed place the formulation involving the s-cis conformer at lower 
energy than the alternative s-trans 

Table 19 Influence of Conditions Upon Diastereoselectivity in Cycloadditions to Chiral Acrylates 

R 2 6 E j - G  ~ & O G R z  + f&O/NR2 0' 

0 S O ~ N R $  0 F O P  S02NR12 0 S02NR'z 

R = cyclohexyl (21) (22) 

R2 Solvent Temp. ( "c) Diastereomer ratio (% de; 21:22) 

Ph PhH or PhMe Ambient 77:23 (54) 
Ph a 0 b 
Ph a -20 b 
Ph Hexane Ambient 76:24 (52) 
Ph Et20 Ambient 72:28 (44) 
Ph CH2C1z Ambient 70:30 (40) 
But PhMe Ambient 77:23 (54) 
But a 185 66~34 (32) 

'Not specified. bNo detectable change. 
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R'y-0-  

R = CHzPh 

A variety of elegant experiments serve to highlight the nature of the subtle factors which control dia- 
stereofacial selectivity in dipolar cycloaddition reactions between optically active nitrones, of the type il- 
lustrated, and electron-rich d i p o l a r o p h i l e ~ . ~ ~ J ~ * ~ ~ ~  In general, facial selectivity is found to be influenced 
by the nature of the substituent on nitrogen and by the presence of a second stereogenic center. As illus- 
trated, selectivities ranging from zero to 'complete' have been observed (Scheme 22). Notice also the 
preference for formation of the endo transition state derived product. 

I 1 1 1 1 1 1  

/' OAc * 
72 "C, 36 h H 

70% 
PhCHZN, '',o,OAc 

0 OAC 0 
PhCH2N \ 

1 :4 
PhH, 45-50 "C 

48 h, 85% 
* 1 : 1 mixture of diastereomers 

I reflux, 72 h, 93% 

exclusively 

Scheme 22 

To rationalize the stereochemical outcome of the reactions illustrated as well as a host of other exam- 
ples, the following arguments have been put f0rth.5~ Firstly, since the cycloaddition reactions are 
exothermic and have an early, reactant-like transition state, those factors which influence the relative en- 
ergy of the equilibrating rotamers (23)-(25) also influence the transition-state energies. Examination of 
(23x25) reveals that (23) is sterically most congested, suggesting that the equilibrium should lie toward 
(24) and (25). Yet (23) could be the highest-energy and most reactive form of the nitrone. However, 
molecular mechanics calculations place it 8-10 kcal mol-' higher in energy than (24), making it only a 
minor contributor to the conformational equilibrium during cycloaddition. Of (24) and (25), rotamer (25) 
finds one of the ketal CO bonds located anti to the IT framework of the nitrone, thereby stabilizing it 
through an energy-lowering u*co-ncc interaction. Secondly, attack of the dipolarophile is assumed to 
occur on to the face of the nitrone indicated by the double arrow. One concludes that cycloaddition 
should occur to give the major diastereomer via (24) and the minor diastereomer via (25), as observed 
(Scheme 23). 

Diastereofacial selectivity is also expressed in the cycloaddition reactions of optically active nitrones 
bearing stereogenic centers on nitrogen, rather than on  arbo on.^^^,^^^,^^^,^^ For formylation of 
trans-propenyl acetate with Brederick's reagent led to acrylate (26) in 91% yield. The latter was con- 
verted to nitrone (27) by heating it with the oxalate salt of (S)-(-)-N-hydroxy-or-methylbenzenemethan- 
amine. Under these conditions the nitrone undergoes intramolecular cycloaddition leading to a 68% yield 
of an 82: 18 mixture of diastereomers (Scheme 24). While the dipolarophile stereochemistry is preserved 
in the usual manner, this example is the first recorded instance of preferential addition of the nitrone 
oxygen to the non-oxygen bearing carbon of an enol ether.74 In contrast, intermolecular nitrone cycload- 
ditions with enol ethers and esters shows a marked preference for the opposite regiochemical outcome 
(vide supra). 

A working model, which may account for the results, proposes that transition state (28*) leads to the 
major and (29*) to the minor diastereomer. Notice that, in each, the a-methylbenzyl group is oriented 
with the small hydrogen atom directed toward the d ipo la r~ph i l e .~~~  As anticipated from this model, the 
degree of diastereoselection is dependent upon the substituents R2 and R3 located on the dipolarophile 
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I 

I 
t 

OEt 

I 

Scheme 23 

0 
- -  

,,, 0; + ,+ : - 

Ph 
0 

R * =  ), 
's, Ph 

82: 18 

Scheme 24 

since each is in position to interact with the other and with R* in the transition state (30). The largest se- 
lectivity is observed when R2 or R3 = Me, the smallest when both are hydrogen (Table 20).63d 

The same chiral auxiliary has been used in the cycloaddition of an optically active azomethine ylide to 
benzaldehyde and to 1 -nitro-2-(3,4-methylenedioxyphenyl)ethylene; the ylide was generated in situ by 
treating (R)-(+)-N-(1-phenylethyl)-N-cyanomethyl-~-~methylsilylmethyl~ine (33) with silver flu- 
oride.64 Unfortunately, no selectivity was observed in the first case and only a 3:2 preference was ex- 
pressed in the second. Use of the azomethine ylide derived in the same manner from 
(R)-(-)-A'-( 1 -phenyl-2-methoxyethyl)-N-cyanomethyl-N-~methylsilylmethyl~ine (34) displayed a 
modest, but potentially useful, 4: 1 diastereofacial selectivity in its reaction with 1-nitro-2-(3,4- 
methylenedioxypheny1)ethylene. The precise structure of the major and minor product was not deter- 
mined (Scheme 25). 
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Table 20 Diastereoselectivity in Intramolecular Nitrone Cycloaddition Using a Chiral Nitmne 

L . l  

R2 R* 

0 

R*= 
' Ph 

I R* 

0 
(31) 

+ 

(31):(32) 

73:27 

Ph 

NCn -SiMe3 PhCHO - 
Ph 

(E)-Ar -=I NO2 ph  R, 
50% 

Ph 

3:2 mixture of 
diastereomers 

Ar = 3,4-(OCH20)C6H, 

02*dAr L O,,OMe 

4: 1 mixture of diastereomers 

Scheme 25 

Ph 

3.15 1,SDIPOLAR SYNTHETIC EQUIVALENTS75 

3.1.5.1 Polarized Cyclopropanes 

3.1 S.1 .I Cyclopropenone ketals 

In 1984, the facile [3 + 21 cycloaddition of cyclopropenone ketals to alkenes bearing geminal electron- 
withdrawing groups was reported.76 The reaction proceeds regiospecifically, always placing the ketal ad- 
jacent to the carbon bearing the electron-withdrawing group. The reactions are typically run at 
temperatures of 70-80 'C in benzene or acetonitrile. Isolated yields range from cu. 40 to 80%. Repre- 
sentative examples of this mechanistically interesting and synthetically useful process are shown in 
Table 2 1 .75 
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Table 21 Reaction of Cyclopropenone Ketal With Electron Deficient Alkenes 

+ n 
O - K O  

PhH 
____) 

267 

Substrate Equiv. of ketal Conditions Product Yield (%) 

0 

\I E=C02Me 

Meo2cYco2Me Me0 

Ph 

2.0 80 O C ,  5 h 

n 

42 

84 

45 

86 

/ 
Ph 

The synthetic utility is restricted somewhat by the failure of alkenes activated by only one electron- 
withdrawing group to undergo the cycloaddition. Instead, vinylcyclopropanes, corresponding to [ 1 + 21 
cycloadducts, are formed. Unfortunately, attempts to affect a vinylcyclopropane-cyclopentane rearrange- 
ment were unsuccessful. 2-Acetoxyacrylonitrile fails to participate in either [ 1 + 21 or [2 + 31 cycloaddi- 
tion (Schemes 26, 27).76b 

The cyclopropenone ketal behaves as the 1,3-dipolar equivalent (35; Scheme 28). Yet attempts to de- 
tect it, or to affect the rate of the process by varying solvent polarity, indicate that little discernible dipo- 
lar character is associated with the intermediate involved in the rate-determining step.76 Detailed 

CN 75 "C, 16 h 

9: 1 cis:trans 
Scheme 26 

n 
120-200 "C I I  

NC 
.I 
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COZMe 140 OC n 
MezOC 

+ y C O z M e  

1:l cis:truns 
Scheme 27 

mechanistic studies have ruled out several potentially viable mechanisms. It has been suggested that a P- 
delocalized singlet vinylcarbene is formed via a reversible, thermal process and is followed by single 
electron transfer from it to the electron-deficient doubly activated alkene to generate a P-delocalized cat- 
ion radical-radical anion pair; their combination leads to the product.76 

Scheme 28 

EWG 0 

-EWG Po 
R 

3.1 5.1.2 Cyclopropylphosphonium salts 

It is well known that cyclopropane rings, activated toward reaction by the existence of geminal elec- 
tron-withdrawing groups, can be opened by  nucleophile^.^^ One such system is ethoxycarbonylcyclopro- 
pyltriphenylphosphonium tetrafluor~borate.~~.~~ When allowed to react with an enolate derived from a 
p-keto ester or a 1,3-diketone, the salt suffers ring opening to generate an ylide which subsequently 
undergoes an intramolecular Wittig cyclization on to the ketone, leading to the creation of a five-mem- 
bered ring.78 In so doing the phosphonium salt clearly behaves as a synthon for a 1,3-dipolar reagent?5 
Equations (24)-(26) provide an indication of the scope of the reaction. 

0 + [xPPh3 BF4- NaH, THF, reflux 
* 

L C O 2 E t  CO2Et 95% 

0 + 
COzMe + [xPph3 BF4- 

NaH, HMPA - 
COTEt r.t. v 90% 

+ 
NaH, HMPA 

r.t. 
85% 

c 

(24) 

EtO2C 

(25) 
COzMe 

EtOzC 

Bo 
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3.2.1 GENERAL INTRODUCTION 

Five-membered ring systems are rapidly emerging as important structural features in a large number of 
natural products and theoretically interesting molecules. The development of methodologies for the con- 
struction of these systems has thus become a subject of great interest and intense effort for synthetic 
chemists. In recent years, one has seen a number of CS annulation procedures, with the majority focusing 
on multistep sequences based on 1 ,Cdicarbonyl compounds or their functional equivalents. 

One particularly attractive and logical approach to a five-member+ ring is the [3 + 21 cycloaddition. 
This reaction couples a three-carbon 47r unit directly with a two-carbon   IT unit, forming two C--C 
bonds in one operation. The net result is rapid and efficient construction of complex cyclic structures 
from simple building blocks. This direct method is analogous to the highly effective and popular [4 + 21 

27 1 
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Diels-Alder reaction. The [3 + 21 methodology has the promise and the potential to achieve similar suc- 
cess if one can likewise control the chemo-, regio- and diastereo-selectivity of these reactions, 

The ready availability of starting materials, such as dienes and alkenes, has contributed to the popu- 
larity of the Diels-Alder reaction. Unfortunately, this is not true in [3 + 21 cycloadditions. While the C2 
unit is well represented by simple unsaturated molecules as in the Diels-Alder reactions, the source of 
the odd-numbered   IT fragment is less obvious because it is not a common stable entity. Hence, the suc- 
cess of using the [3 + 21 methodology in a synthetic sequence depends critically on the effective gener- 
ation, reactivity and selectivity of this C3 synthon. 

Thermal [3 + 21 cycloadditions have been discussed in the previous chapter. Transition metals also 
play a critical role in mediating such reactions.' Reaction of a commercially available or readily syn- 
thesized organic substrate with an appropriate transition metal reagent or catalyst can generate a reactive 
intermediate which can function as the three-carbon synthon. One can view this as the stabilization of the 
C3 fragment by ligation to the transition metal center. One unique advantage of these transition metal 
mediated reactions is the ability to modulate the selectivity of the cycloaddition by the judicious selec- 
tion of the metal and its ancillary ligands. The opportunity to use chiral ligands to effect enantioselective 
synthesis is another useful feature. In addition, the properties of this three-carbon unit can be so marked- 
ly altered by the metal that the resulting complex may undergo completely different types of reaction 
from those of the thermally generated systems. This may open up new synthetic avenues not available 
before. The transition metal complexes described in this section are not esoteric, but are either commer- 
cially available or readily prepared. In most cases, these transition metal-mediated reactions require only 
routine oxygen- and moisture-free laboratory techniques. 

3.2.2 CLASSIFICATION OF REACTIONS 

The main research efforts in transition metal mediated [3 + 21 cycloaddition can be categorized into 
the development of three important types of C3 synthon: dimethylenemethane, 2-oxyallyl, and trimethy- 
lenemethane. This review summarizes some recent achievements up to the first quarter of 1989, and cen- 
ters around these three synthons. Emphasis will be placed on the chemo-, regio- and stereo-selectivity of 
these reactions, their preparative aspects, and their synthetic potential. 

3.23 THE DIMETHYLENEMETHANE SYNTHONS 

A [3 + 21 cycloaddition involving a dimethylenemethane (1) and an unsaturated receptor is depicted in 
equation (1). A number of these three-carbon synthons has been developed. They include stable and eas- 
ily prepared organometallic species, as well as the activation of an organic precursor with a transition 
metal reagent or catalyst. The discussion on the generation and reactions of this three-carbon synthon 
will be organized according to precursor types: allylic, alkynyl, allenylic, cyclopropyl and others. 

323.1 Allylic Precursors 

Cycloaddition reactions of 1 8electron transition metal ql-allyl complexes with unsaturated electro- 
philes to form five-membered rings have been extensively investigated. These transformations con- 
stituted a family of metal-assisted cycloaddition reactions in which the metal functions as an 
electron-donor center. These are typically two-step processes that involve the initial formation of a dipo- 
lar metal q2-alkene intermediate (2) and subsequent internal cyclization (equation 2).24 The most exten- 
sively investigated application of this methodology has been with dicarbonyl-qs-cyclopentadienyliron 
(Fp) complexes from the laboratory of R o ~ e n b l u m . ~ ~ ~  These (q*-ally1)Fp complexes are available either 
by metallation of allyl halides or tosylates with a Fp anion, or by deprotonation of (alkene)Fp cations?.s 

The parent (ql-allyl)Fp (3) reacts readily with a highly activated electron-deficient alkene such as di- 
methyl methylenemalonate at room temperature to give the Fp-cyclopentane (4) (equation 3).4 As dis- 
cussed previously, the mechanism apparently involves the initial Michael addition of (3) to the 
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M = transition metal fragment (2) 

electron-deficient alkene to produce the intermediate complex (5). Ring closure is achieved via the attack 
of the stabilized anion on the Fp-coordinated (and thus activated) alkene. 

Et20 
rat. 

* 

(3) - COzMe 
Me02C 

The cycloadditions of (q’-allyl)Fp complexes to alkenes proceed with high chemoselectivity. Only 
highly activated alkenes such as methylenemalonates, benzylidenemalononitle$ TCNE4 or 1.2-di- 
cyano-4,5-dichloroquinon& will participate in the reaction. With the less electrophilic a,p-unsaturated 
systems, cycloaddition can only be effected with Lewis acid activation. Thus the cycloadduct (6) is 
formed in reasonable yield (as a mixture of stereoisomers) from (3) and cyclohexenone using freshly 
sublimed AlBr3 (equation 4). The same reaction gives only a 8% yield with AlCb. The exclusive forma- 
tion of a cis-hydrindanone system can be explained by suprafacial attack of the enone on the allyl unit, 
which is then followed by another suprafacial ring closure of the dipolar intermediate, affording the 
thennodynamically preferred cyclic system (7a) and (7b).6 

(4) 

5 mol % AIBr, 
CHZClz 

(3) + 6 
-78 to 0 O C ,  1 h 

p””̂ ’”” - 
FP 

The more sterically demanding (q1-2-butenyl)Fp cycloadds to diethyl methylenemalonate to give ad- 
duct (8) as a mixture of stereoisomers (equation 5).6 In this case the poor stereoselectivity may be due to 
the fact that the starting butenyl complex is a mixture of cis and trans isomers. Formation of the bicyclic 
ketone (9) from the reaction of (q*-Zmethally1)Fp and 2-ethoxycarbonylcyclopentenone suggests that 
alkyl substituents can also be tolerated at C-2 of the (ally1)Fp unit (equation 6).6 The corresponding (ql- 
2-methoxyally1)Fp fails to produce any cycloadduct with 2-ethoxycarbonylcyclohexenone or 2-cyclo- 
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hexenone in the presence of AlBr3. In this case it appears that closure of the zwitterionic intermediate is 
impeded by the electron-donating methoxy group. 

Et20 

(5 )  - 4  CO2Et 

r.t. 
overnight 

64% 

-Fp + 

COzEt 
EtOZC 

(8) 

CH,CI, 
reflux 

overnight 

45% 
(6)  

H 
(9) 

The construction of hydroazulenes using (ally1)Fp chemistry exemplifies a synthetic application of this 
[3 + 21 cycloaddition and illustrates some rather interesting regioselectivity of these reagents. The tropy- 
liumiron tricarbonyl(10) reacts with (q'-allyl)Fp (3) to give the dinuclear cis-hydroazulene complex (11) 
as a mixture of C-2 epimers (equation 7)? With 1-substituted (al1yl)Fp complexes such as ketal (12), re- 
action with (10) affords exclusively the 1-substituted hydroazulene complexes (13) in good yield (equa- 
tion a).' Another remarkable regioselectivity of the (ally1)Fp cycloaddition is manifested in the reaction 
with substituted tropyliumiron tricarbonyls. The readily available troponeiron tricarbonyl can be acti- 
vated for the [3 + 21 cycloaddition by trimethylsilyl or di-n-butylboryl triflate at low temperature. Treat- 
ment of the resulting trimethylsilyloxy- or di-n-butylboryloxy-tropylium salt with a number of (ally1)Fp 
complexes yields the cis-4-ketohydroazulene as the sole product (equation 9).8 These reactions are likely 
to proceed via intermediate (14), which is derived from attack of the allyl organometallic nucleophile at 
the least sterically hindered position of the pentadienyl ligand, i.e. on the opposite side of the Fe(CO)3 
moiety. The formation of a single regioisomer is remarkable in view of the known dynamic equilibrium 
of structural isomers of a substituted tropyliumiron tricarbonyl. The oxygen substituents (Z = TMS or 
BBu2) on the tropylium unit appear to exert the regiocontrol. Reaction of the corresponding 2-methyltro- 
pone system with the parent (ql-allyl)Fp (3) also results in a single regioisomer (equation Likewise, 
the hydroazulene complex (15) is formed in the reaction of 4-methyltroponeiron tricarbonyl and (3) 
(equation 1 l)? 
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Nucleophile R Activator 2 Yield 

H Me3SiOTf Me3Si 58% "\ H Bun2BOTf Bu"2B 60% 
R Me Bun2BOTf Bun2B 62% 

i, 1 equiv. of activator added at -78 "C, CH2C12, 3 h; 
ii, nucleophile at -78 "C, 2 h, then reflux 2 h, then EtOH, K2C03 

0 

Me3SiOTf (3) 
c -- 

41% 

oc+co 
co 

' Fe 
OC'I 'CO co 

The subsequent transformation of these cycloadducts further illustrates the versatility of this approach 
in the construction of guaianolide sesquiterpenes (Scheme l).7 The Fp moiety incorporated in the adduct 
allows for the introduction of diverse functionalities at C-5 and C-2. For example, reduction of the cy- 
cloadduct (11) with sodium borohydride produces a good yield of the iron complex (16). Oxidation of 
this complex with cerium ammonium nitrate gives methyl ester (17). In addition, (11) reacts with nucleo- 
philes such as lithium dimethylmalonate and methanol to give the alkylated complex (18) and the meth- 
oxylated complex (19), respectively. Oxidative demetallation of (11) with bromine leads to selective 
replacement of the Fp moiety at C-2 by bromide.' 

This [3 + 21 strategy can also be extended to include other heteroatom substrates. The (ql-allyl)Fp (3) 
reacts smoothly with toluenesulfonyl isocyanate to afford butyrolactam (20) (equation 12). lo 

Other ql-allyl transition metal complexes have also been investigated, but mostly they are less effec- 
tive than the corresponding Fp system. For example, the tungsten, cobalt, chromium and molybdenum 
analogs of (3) cycloadd with the highly electron deficient TCNE at indistinguishable rates;4 however, 
with the less reactive o-chlorodicyanostyrene there is a distinct difference in their reactivity. The tung- 
sten ql-allyl complex affords only 6% of the adduct after 4 h in refluxing THF, whereas the chromium 
complex fails to react even after prolonged heating. For comparison, the iron complex (3) cyclizes 
smoothly with the same styrene in only 3 h at room temperature (equation 13): 

Cycloaddition of the analogous 16-electron (ql-allyl)Ptn complexes (21) with TCNE proceeds at -78 
"C for three days to give the adduct (22) (equation 14).2 The reaction of ql-allylpalladium complexes 
(23) with maleic anhydride has also been reported (equation 15).11 This reaction is sensitive to the nature 
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OC’I  ‘CO co 

FP 

\eoH K2C03 

41% 

Me02C ,,COZMe 

Li[CH(C$Me),] / ( 

GFP - -  Fe 

32’1 ‘CO co 
/ 58% (18) 

Fe 
OC’I ‘CO co 

(16) Scheme 1 

0 
II r.t., 30 min 

-I- II 
4&70% Ts 

(20) 
“TS 

(12) 

of the aryl ligand on the metal. Replacing the pentafluorophenyl ligand with a 2,3,5,6-tetrachlorophenyl 
group gives propene as the main product. No reaction is observed with (23) and dimethyl fumarate or 
maleate. 

CN 

c1 + “>=<“ - :A+: (14) &b NC CN 
CN 

(21) (22) 
L Yield 

Ph3P 70% 
PhzPMe 54% 
PhZPCH--CHPPh2 64% 
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0 

CHZCI, 

0 "C, 10 min 

r, Yield 

PhzPCHZCHZPPhZ 60% 
PhZPCH=CHPPhz 30% 

A novel [3 + 21 cycloaddition of allylstannanes to cr,P-unsaturated (acy1)Fp complexes in the presence 
of a Lewis acid has been reported. Allyltributyltin reacts smoothly with an (acryloy1)Fp complex at low 
temperature with a stoichiometric amount of AIC13 to give the bimetallic cyclopentane (equation 16).12 It 
should be noted that allyltrimethylsilane fails to produce any cycloadduct under similar conditions. 

3.2.3.2 Alkynyl Precursors 

Alkynyl organometallic reagents based on the Fp system have also been used in [3 + 21 cycloadditions 
to give cyclopentene systems. The mechanism is similar to the allyl case (equation 17). Reaction of (ql- 
butyny1)Fp (24) with cyclohexenone activated with aluminum bromide generates the bicyclic adduct (25) 
in moderate yield (equation 1 8).6 The same butynyl complex cycloadds to the tropyliumiron tricarbonyl 
(10) and its oxo derivative to give good yields of iron carbonyl adducts (equation 19).7,8 The Fp group in 
adduct (26) is readily removed by exposure to dilute sulfuric acid. The cycloadditions of FpCHzC-CR 
(R = Me, Ph, CHzFp) with unsaturated substrates such as toluenesulfonyl isocyanate, sulfonylurethane, 
diarylketene and N-sulfinylaniline in variable yields have been reported. l3  The butynyl complex (24) 
reacts with diphenylketene and N-sulfinylaniline to give cyclopentanone (27)13 and y-sultam (28),1° re- 
spectively (equation 20). 

3333 Allenylic Precursors 

A novel nucleophilic cyclopentene annulation with (trimethylsily1)allene mediated by titanium tetra- 
chloride has been developed by Danheiser and One powerful feature of this one-step cy- 
cloaddition is its capability to generate substituted five-membered rings regiospecifically. As illustrated 
in equation (21), the reaction proceeds with high stereoselectivity via effective suprafacial addition of the 
allenylic unit to the electron-deficient alkene. This [3 + 21 annulation methodology is most effective with 
1 -substituted TMS-allenes, which are available from propargyl alcohols (equation 22). 14,1s Methyl vinyl 
ketone reacts smoothly with 1-methyl-1-(trimethylsily1)allene (29) at -78 'C to give a good yield of the 

FP+ 9) 
I A 

Fa= Fp d 
E + 

E = N u  

7) 
E -Nu 

Nu- 
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MeNO, 
r.t., 15 rnin 

(24) 

as equation (9) 

Fe co’coco 

QgFp (. 

Fe+ 
OC’I ‘CO co 

oc’ “co co 
(26) 

FP 

95% 

Fe 
co OC’I ’CO 

annulation product (32) (equation 23).15 The reaction is likely to involve initial complexation of the 
enone with TiCL Regiospecific electrophilic substitution at the least-hindered end of the allene by the 
activated enone produces a stabilized vinyl cation (30). A 12-shift of the TMS group isomerizes (30) to 
cation (31), which is then intercepted internally by the titanium enolate to produce the cyclic product. Al- 
kynoic ketones, such as 3-butyn-2-one, also undergo smooth annulation to generate a cyclopentadiene 
system (equation 24).15 Isopropylidenecyclohexanone gives the spiro adduct with the silyl allene (29) 
only at room temperature (equation 25).15 The low yield formation of the highly sterically congested cy- 
clopentene adduct (33) (equation 26), and the failure of annulation with the more hindered isophorone,14 
demarcates the steric limit of this cycloaddition. 

The reactions of (E) and (2)-3-methy1-3-penten-2-one demonstrate the high stereoselectivity of this cy- 
cloaddition. From the (E)-isomer a single cyclopentene (34) is observed. The reaction of the correspond- 

* Rf*iSiMe3 HO i, MsCl 
R2 SiMe3 

R3 ii, R’MgX, CuBr R3 R‘ 
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0TiCl3 7 

TiC14 

-78 OC, 1 h 
51me3 (24) 

%,, cH2c12- 53% -v 
51me3 

(29). TiCI4 
CHzCIZ, 25 "C, 1 h 

86% 

ing (2)-isomer generates mainly the other diastereomer (35) (equation 27). l5 Cyclopentenone and cyclo- 
hexenone yield exclusively cis-fused adducts with (29). Cycloheptenone also gives predominantly the 
cis-fused bicyclic system (equation 28).15 The stereoselectivity of this [3 + 21 annulation is further shown 
in the formation of a single stereoisomer (36) from the reaction of carvone (37) with (29) (equation 29).15 
The vinylsilane moiety incorporated in these cyclic products can serve as the basis for a variety of useful 
transformations. Regiospecific electrophilic substitution reactions of vinylsilanes are well documented. 
For example, TMS-cyclopentene (32) can be readily converted to the diacetyl derivative (38) in high 
yield under mild conditions (equation 30). 

This TiCb-promoted allene cycloaddition has also been extended to the synthesis of five-membered 
ring heterocycles.16 In this case, increasing the steric shielding about the silicon atom seems to improve 
the cyclization process by suppressing the unproductive desilylative alkylation. For example, 1,3-di- 
methyl(t-butyldimethylsily1)allene (39) reacts smoothly with cyclohexanecarbaldehyde to give in high 
yield the dihydrofuran predominantly as one stereoisomer (equation 3 1). Similar reaction with an N-acyl- 
iminium ion precursor (40) produces the pyrrolizidine system as a mixture of bicyclic isomers (equation 
32).16 

(Alleny1)Fp complexes have also been used successfully in cycloaddition reactions. Thus (q '-alle- 
ny1)Fp cycloadds to tropyliumiron tricarbonyl (10) to give the hydroazulene complex (41) (equation 
33)? However, reaction of the same allenyl organometallic species with cyclohexenone generates only 
the four-membered ring cycloadduct (42) (equation 34h6 In the latter case it is likely that the (ql-alle- 
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0 1  

(z)- -Y '&SiMe3 + (34) 

(35) 13-19:l 

0 1  H 

-1 
&SiMe3 4.9:l &SMe3 

H H 

ny1)Fp complex is initially isomerized by traces of acid to (q'-l-propynyl)Fp, which is then responsible 
for the observed product. 

TiC14, CH2C12 
PYCH0 \ SiButMe2 -78 OC, 15-45 min 
I I  + - v \ 97% 

(39) 

7: 1 
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F p 7 \  + \ 

- 60% *SiBu%le2 + &Si13utMe2 (32) 

1.2:l 

MeNOz 
r.t., 15 min 

55% 
c ?- rp (33) 

:e+ 
OC'I 'CO co 

0 0 

AIBq, CH2CIz 

+ 6 24% - 
3.2.3.4 Cyclopropyl Precursors 

While simple unactivated cyclopropanes have yet to be used for [3 + 21 cycloaddition, Tsuji and co- 
workers have developed a palladium-catalyzed cycloaddition reaction using electrondeficient vinylcy- 
~lopropanes.'~J~ Thus, vinylcyclopropane (43) undergoes smooth cyclization with methyl acrylate in the 
presence of a palladium catalyst to give vinylcyclopentane (44) as a mixture of diasteroisomers (equation 
35). l8 The cycloaddition probably proceeds through the zwitterionic (wally1)palladium intermediate (45) 
and its stepwise reaction with the acrylate (equation 36). Enones such as cyclopentenone and methyl 
vinyl ketone will also react. Reaction of the same vinylcyclopropane with phenyl isocyanate produces vi- 
nyllactam (46) (equation 37).19 Some cycloaddition reactions with (cyclopropy1)Fp complexes have also 
been reported. However, the substrates are limited to SO2 and TCNE and the yields have not been dis- 
closed (equation 38)?O 

2.5 mol % Pd2(dba)3.CHC13, Meo2c 

M e 0 2 C T  (35) 
10 mol % dppc, DMSO 

80 OC. 2 h 
M d 2 . 6  + 7 CO2Me - 

MeOzC 
84% C02Me 

(43) (44) 

2.5 mol % Pd2(dba),*CHC1, Me02C 

= M d 2 C y p  (37) 
15 mol% Bu"~P, HMPA O=o=N, 

0 Ph 
(46) 

r.t., 10 min 
87% 

Ph + 
MeO2C 

(43) 
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n 

3.23.5 Other Precursors 
The isolation of cyclopentanecarboxylates from 1,3-diiodopropane and an acrylate in the presence of 

metallic copper and an alkyl isonitrile has been reported by Saegusa and coworkers (equation 39).21,22 
The reaction is proposed to involve formation of a transient 3-iodopropylcopper-isonitrile complex (47) 
from the diiodopropane, which then adds to the unsaturated ester in a Michael fashion (equation 40). The 
nonconcertedness of this reaction results in stereoselective cycloaddition. For example, both diethyl ma- 
leate and fumarate produce the same cyclopentane adduct in identical yields (equation 41). The gener- 
ality of this cycloaddition has not been explored. 

Cu, Bu'NC 

(39) - 4  CO2Me 

e&,, 80 OC, 12 h 7 
1-1 + CO2Me 

58% 

Another TiC4-mediated electrophilic annulation using acetal stannane (48) has also been developed 
recently." As an example, the silyl enol ether of 2-methylcyclohexanone has been shown to form the cis- 
fused bicyclic alcohol (49) in reasonable yield with this tin reagent (equation 42).24 

OMe 

M e 0  SnMe3 

TiC14, CH2C12, -78 OC, 1 h 
60% 

(4) 
OSiMe3 

OMe 

3.2.4 THE 2-OXYALLYL SYNTHONS 

2-Oxyallyl (50) is a useful C3 synthon in [3 + 21 cycloadditions because it generates a five-membered 
ring containing a carbonyl moiety (equation 43)." Although oxyallyl zwitterions can be generated from 
the ring-opening reaction of cyclopropanones, they have only limited synthetic utility. A transition met- 
al-stabilized system (51), which can be generated in situ from readily accessible organic precursors, pro- 
vides an alternative approach. An electrophilic version of the 2-oxyallyl synthon derived from a 
ad-dibromo ketone-diiron nonacarbonyl system has been developed by Noyori and  coworker^.^^-^^ 
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o' ML, 
c=x - 

), + .. = x  + X = C or heteroatom c-x (43) 

3.2.4.1 Cyclopentanone and Cyclopentenone Syntheses 

Reaction of styrene with the commercially available 2,4-dibromopentan-3-one (52) in the presence of 
a stoichiometric amount of Fez(CO)9 gives a 65% yield of cyclopentanone (53) as a mixture of two dia- 
stereoisomers (equation 44)?5 The cycloadduct is formed in a stepwise fashion via electrophilic attack of 
the incipient (oxya1lyl)Fe'I complex (54) on the alkene to form the zwitterionic species (55). Ring closure 
of this intermediate affords the cyclopentanone product (equation 45)?6 In light of this mechanism, it is 
not surprising t h t  the reaction is highly chemoselective, i.e. only electron-rich alkenes will participate in 
the cycloaddition. One is also limited to alkyl-substituted oxyallyl systems since both a,a'-dibromo- and 
a,a,a',a'-tetrabromo-acetone fail to yield any cycloadduct. Fez(C0)9 is the most efficient reagent, al- 
though Fe(CO)5 can also be used. The dibromo ketones are either commercially available or easily pre- 
pared by simple  procedure^.^^ 

OFeL, 
OFeL, OFeL, 

(52) - +-A /'... /= Ph 9 - (53) (45) 

+ 
Br 

Ph 
(54) (55) 

The yield of this cycloaddition depends primarily on the stability of the intermediary carbocation, such 
as Thus a-cyclopropylstyrene reacts smoothly with (52) under similar conditions to produce unre- 
arranged cyclopentanone (56) in high yield (equation 46).25 The facility of this reaction is due to the cat- 
ion-stabilizing property of the phenyl and cyclopropyl groups. In addition to the electronic effect, the 
steric environment of the alkenic partner is also important. These two controlling factors can at times 
counteract each other. In the iron carbonyl-activated cycloaddition involving (52), the more electron-rich 
a-methylstyrene reacts five times faster than styrene, while styrene cycloadds very much faster than 
trans-P-methylstyrene. In the latter case the rate deceleration is presumably due to the sizeable steric 
hindrance to electrophilic attack in the transition state.27 Cycloaddition with more sterically hindered 
oxyallyl systems also gives lower yields and other side products. The iron carbonyl-mediated reaction of 
tetramethyldibromo ketone (57) and a-methylstyrene gives only a poor yield of the expected cyclopenta- 
none (58) together with a mixture of other 1 : 1 adducts (equation 47)? The alkylidenetetrahydrofuran 
(59) is formed from the ring closure at the oxygen site of intermediate (60), promoted by steric crowding 
of the carbon terminus. The acyclic products are formed from proton migration within the same inter- 
mediate. 

4f Br Br 
+ 

0 
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L 

2 4 h  

(57) 

0 

16% 

-g+g+ 1 1 

(58) 5% (59) 37% 

11% 

The high regioselectivity of this [3 + 21 cycloaddition is illustrated in equation (48)?* The prime con- 
trolling factor is the relative stability of the zwitterionic intermediates, which in this case is determined 
by the number and the type of substituents on the iron enolate moiety. In this case it appears that a phe- 
nyl group on the dibromo ketone precursor exerts greater regiocmtrol than the combination of two alkyl 
groups. This regioselective cycloaddition of an unsymmetrically substituted 2sxyallyl has been utilized 
in a one-step synthesis of (f)-acuparenone (61) from dibromo ketone (62) and styrene (63) (equation 
49).29,30 

Br Br 

/ 
/ 

Br Br 
c 

s3+ 44% 

s&y 49% 

a 
2% 

Fc(CO)~, PhH, 55 O C ,  17 h 
/ 

18% 
Br Br 

29% 

A 
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The iron carbonyl-mediated cycloaddition is also highly stemspecific despite a nonconcerted mech- 
anism. In the reaction of dibromo ketone (57) with cis-pdeuteriostyrene, only the cis stereoisomer of the 
adduct is detected at low conversion (equation 50).2731 This stereospecificity is attributed to the forma- 
tion of a U-shaped intermediate, in which the bonds are fixed rigidly by charge-transfer or coulombic at- 
traction between the iron enolate and the cationic center. The result can also be explained by rapid bond 
formation between the two termini before bond rotation can occur. Trans-anethole also couples stereos- 
pecifically with (57) (equation 51).25 

0 

Enamines are excellent substrates for the cycloaddition. The Fez(C0.k-activated dibromo ketone (57) 
reacts with the morpholinoenamine of cylcohexanone (64) to afford a good yield of bicyclic adduct (65) 
(equation 52).32 A facile synthesis of cyclopentenones can be achieved using secondary dibromo 
ketones. For example, dibromo ketone (52) reacts with the same enamine (64) to give a quantitative yield 
of bicylic enone (66) after chromatography on silica gel (equation 53).32 For bulky a-substitutents on the 
oxyallyl unit, e.g. an isopropyl group, the elimination of morpholine can be effected by treatment of the 
initial adduct with NaOH in ethanol. The [5,7] bicyclic enones resulting from [3 + 21 cycloaddition of 
cycloheptanone enamines are useful intermediates in the synthesis of azulenes, e.g. adduct (67) can be 
easily converted to 1.3-dimethylazulene in reasonable yield (equation 54)?2 Another application of this 
enamine cycloaddition is the construction of spiro[n.4]alkenones. A synthesis of spir0[4.1 llhexadece- 
none (68) from cyclododecanone is presented in equation (55).32 The iron carbonyl-promoted cyclocoup 
ling between secondary dibromo ketones and enamines provides a general route to a,a'-dialkyl 
cyclopentenones. Some attractive features are the availability of the starting materials, high yields, 
simple procedures, and ease in which or-substituents are incorporated. However, one limitation of this 
methodology is its inability to produce cyclopentenones without a-alkyl groups. 

Fc~(CO)P - 0 8 (52) 

WN PhH. 45 OC, 18 h 

Io> 
Br Br A '6 87% 

(57) (64 (65) 
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(52) + f \ N  J(-J i9NaBH4 @ (54) 
ii, S, 300 O C  / 

(67) 20% overall 

O L J  

+ . MeO, PPh, 

- 
H 

0 ii, H30+ 

o 0 

0 @ (55)  

3.2.4.2 Furanone Synthesis 

The iron carbonyl-promoted reaction of secondary dibromo ketones and an amide produces 3(2H)-fu- 
ranone derivatives (69) (equation 56).33 This cyclocoupling reaction has some useful applications, such 
as the synthesis of a muscarine analog (70) from furanone (71) (equation 57). Reaction of the dibromo 
ketone (72) with N-methylpyrrolidinone results in formation of the aminofuranone (73) via an intramole- 
cular deamination (equation 58). 

3.2.4.3 Intramolecular Reactions 

The intramolecular version of this [3 + 21 process provides an entry into terpenes with a bicy- 
clo[2.2. llheptane skeleton.30 Treatment of the CIO dibromo ketone (74) with Fe2(CO)9 produces (k)- 
camphor in reasonable yield (equation 59). The corresponding CIS analog (75) yields a 2:l mixture of 
(*)-campherenone (76) and (&)-epicampherenone (77) (equation 60). The product ratio is reversed if the 
(a-isomer of the dibromo ketone precursor is used. 

OH 
H 

Me -N, 53% 
Br Br Me 
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Br Br 
(72) 

I 
Me 

Br 

0 

(74) 

(75) 

PhH, 100 'C, 1.5 h 
38% 

25 "C, 48 h 
26% 

A 0 

(59) 

(76) 39% (77) 19% 

3.25 THE TRIMETHYLENEMETHANE SYNTHONS 

Trimethylenemethane (TMM; 78) represents a very useful synthon in the [3 + 21 cycloaddition ap- 
proach to cyclopentanoids. in addition to contributing the three-carbon unit necessary for ring formation, 
it also generates a methylene moiety useful for further synthetic elaboration (equation 61). For example, 
the exocyclic alkene can be cleaved to generate a ketone carbonyl, or it can be transformed into a methyl 
group or a gem-dimethyl unit. The effectiveness of this [3 + 21 approach for the construction of methy- 
lenecyclopentanes depends critically on finding efficient systems for generating the TMM synthon. As 
presented in the previous section, the synthetic utility of substituted 2-methylene- 1,3-propanediyls from 
the thermal decomposition of azo precursors has its limitations. A transition metal mediated system can 
be a practical alternative if suitable reagents can be identified. Stable TMM-metal complexes, although 
known for a long time, are generally too unreactive to be of any synthetic value. The combination of a 
stable and readily available organic precursor and a transition metal catalyst is an ideal solution. In recent 
years, tremendous progress has been made in a number of laboratories in the development of such sys- 
tems and their chemistry. The two major types of precursors that have been identified are methylenecy- 
c l~propanes~~  and bifunctional conjunctive reagents ( B C R S ) . ~ ~  With these new methodologies, a TMM 
[3 + 21 cycloaddition strategy has become a very powerful tool in the synthesis of cyclopentanoids. 
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339.1 TMM from Methylenecyclopropanes 

Methylenecyclopropane (79), and its substituted derivatives, have been shown to function as TMM 
equivalents in the presence of a transition metal catalyst. These cyclic materials are useful synthetic re- 
agents because they are quite stable at ambient temperature and are also readily available. For example, 
parent compound (79) can kprepared from methallyl chloride on a kilogram scale with high yield 
(equation 62).36 Other efficient syntheses of various substituted derivative systems are outlined in 
Scheme 2.% 

* 
i, Na", 

ii, KOBu' 
DMSO (79) 

4 K' 

(62) 

:CH, + /=+ R2 / 
R' R3 

Scheme 2 

There are two possible modes of methylenecyclopropane cycloaddition: the distal ring-opening and 
the proximal ring-opening (Scheme 3). The former generates a functional equivalent of a TMM. How- 
ever, interconversion between isomeric structures may lead to scrambling of the three methylene termini 
of the synthon. This can present a problem in controlling the regioselectivity of substituted systems since 
nonsymmetrical TMM synthons are involved. While the proximal ring-opening mode does not formally 
constitute a TMM cycloaddition, it does however generate a methylenecyclopentane. Zerovalent nickel 
and palladium species are the two types of catalyst most effective for methylenecyclopropane activation. 
The choice of the catalyst system can have a profound effect in determining the reaction pathway, e.g. 
distal vs. proximal ring-opening, as well as the regioselectivity of substituted systems. The ensuing dis- 
cussion of [3 + 21 reactions involving methylenecyclopropanes is divided into these two catalyst systems. 

B 
(79) 

distal 
ring -opening 

+ 

proximal \ 

K M A x-Y 

ring-opening 

Scheme 3 
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3.2.5.1 .I Cycbaddilioon with a palhdium catalyst: porent system 

Palladium(0) catalysts promote exclusive distal ring-opening cycloaddition of (79) with alkenes (equa- 
tion 63). The reaction is normally performed in an autoclave at elevated temperame in benzene or THF. 
The most effective catalyst system is a 1:l mixture of a palladium(0) species and a hindered trialkylphos- 
phine ligand, e.g. P&P.34 Thermally stable complexes, such as bis(dibenzylideneacetone)palladium, can 
be employed as a source of Pdo. The catalyst can also be generated by the in situ reduction of Pd" salts, 
e.g. Pd(acach + EtzAlOEt, although (q3-ally1)CpPd functions as a catalyst without any external reducing 
agent. The efficiency of the cycloaddition is sometimes improved by pumping a mixhue of the reactants 
into a preheated catalyst solution.34 

A variety of alkenes can participate in the cycloaddition. Simple alkenes such as ethylene and allene 
will react to form methylenecyclopentane adducts. Facile cycloadditions with strained alkenes are also 
~ b s e r v e d . ~ ~ . ~ ~  For example, norbomene reacts smoothly with (79) to give only the ex0 adduct (80) in 
good yield (equation 64).37 Electron-deficient alkenes, having an ester, ketone or sulfone activating 
group, are also substrates. However, the methylenecyclopropane cycloaddition does not appear to be 
very chemoselective. This is demonstrated by the Pd-catalyzed reaction of (79) with 2,3-dimethoxycar- 
bonylnorbomadiene, where both double bonds of the norbomadiene react to an almost equal extent 
(equation 65).% 

(79) 

Pd(acac)fl3P/Et2AlOEt (1:1:2), PhH. 100 "C, 1 h 
70-965 

# 

CO2Me (79) COzMe 

(~f-allyl)CpPd 
COzMe pi3P C02Me 

+ Y -  

Me02C 
2:3 

The mechanism for methylenecyclopentane formation is believed to involve prior coordination of both 
(79) and the reacting alkene to the metal. Subsequent coupling of these two units generates the cycload- 
duct (Scheme 4). The success of the reaction thus depends critically on the extent of interaction of the al- 
kenic substrate with the palladium center. Weak alkene coordination will not produce efficient 
cycloaddition. On the other hand, too strong a binding can prevent methylenecyclopropane activation. 
This may account for the failure to prepare cycloadducts of highly electron-deficient alkenes, such as 
maleic anhydride, acrolein and acrylonitrile, which are all excellent ligands. While cyclopentenone gives 
a satisfactory yield (78%) of the adduct, larger-ring analogs such as 2-cyclohexenone give mainly simple 
alkylation products.34.40 

EWG 
Scheme 4 
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The stereospecificity of this codimerization is only moderate. While diethyl fumarate gives essentially 
only the rruns adduct, the alkene geometry is not preserved in the maleate system (equation 66).39 In the 
latur case the concomitant isomerization of the starting material may contribute to the loss of alkene ge- 
ometry. The slow introduction of reactants by the pumping technique can significantly enhance the stere- 
ospecificity of the cycloaddition. Dimethyl maleate has been shown to yield up to 90% of the cis adduct 
under these conditions. The diastereoselectivity of the methylenecyclopropane reaction has not been 
fully explored. In the few cases where a nonsymmetrical alkene such as the norbornene in equation (64) 
has been used, the exclusive formation of a single product suggests that the cycloaddition of (79) is sen- 
sitive to steric effects. 

- ,y + A (66) 

(79) 

(q3-allyl)CpPd, PhMe, 11G120 O C ,  2-8 h 
EtOzC "CO2Et EtOzC CO2Et 

85% 5% 
25 % 20% 

EtO2C /Co2Et 
m 

E Q C  COzEt 

3.25.1.2 Cycloaddition with a palladium catalyst: substituted systems 

The palladium-catalyzed cycloaddition of substituted methylenecyclopropanes also proceeds via distal 
ring-opening. There is also a propensity to form alkylidenecyclopentane adducts, regardless of the substi- 
tuent location. This preference is most prominent with precursors having two alkyl or aryl groups on the 
exocyclic methylene.% For example, dimethylidenecyclopropane (80) gives exclusively dimethylidene- 
cyclopentanes with a number of alkenes, which include fumarate and norbornene (equations 67, 68). 
With diethyl maleate, partial loss of alkene stereochemistry is also observed (1:2 cisltruns mixture). The 
diphenyl derivative (81) also shows excellent regioselectivity and yields (equations 69,70)."l These two 
cyclopropanes also codimerize smoothly with cyclic alkenones, even with the sluggish 2-cycloheptenone 
(equation 71). With these enones the enhanced activity of the dialkylidene derivatives is a considerable 
improvement over that of the parent compound (79)." An intramolecular [3 + 21 version of the diphenyl 
system has been utilized in the construction of bicyclo[3.3.0]octanes (equations 72, 73).42 

Monosubstituted alkylidenecyclopropanes show lower regioselectivity. While n-hexylidenecyclopro- 
pane (82) and the corresponding phenyl analog (83) cycloadd to cyclopentenone, acrylate or crotonate to 
produce mostly alkylidenecyclopentanes, a mixture of adducts is observed with diethyl fumarate (equa- 
tions 74-77).34 Nonetheless, compared to the parent compound (79), these mono- and di-substituted al- 
kylidenecyclopropanes often give better cycloaddition reactions with a wider range of alkenes, and are 
also less susceptible to self-oligomerization. 

The regioselectivity associated with ring-substituted methylenecyclopropanes is not as distinct. The 2- 
methyl derivative (84) shows only a small preference for ethylidenecyclopentane formation with diethyl 

Pdo 

80% 

(80) + 

R' R2 
H Me 48% 
Me Me 71% 
C5Hll Me 61% 
CO2Et Et 83% 



Transition Metal Mediated Cycloadditions 29 1 

Ph ~ Ph 

phx-ph + 

0 

- 
R = Me (SO) 
R = Ph (81) 
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Ph 4 COzMe 

OSiMe3 
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R' 
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C6H13 
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P% 
R' C02R2 

R2 
Me 86% 
Me 94% 
Me 98% 
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Pdo 

100-120 "C 

R R 
H 83% 

Me 83% 
Ph 88% 

(CH2)&02Me 50% 
CH=CH2 48% 

&+ H 

45% 
67% 

(DBA)ZPd, d 3 P  

PhMe, I10 O C  

42 h 

c 

(DBA)*Pd, W,P 

PhMe, 110 O C  
42 h 

0 

+ 6, (71) 

H 

5% 
13% 

dPh 0 47% 

Me3SiO dPh COzMe 

79% 

(73) 

fumarate. The phenyl system (85) has a high regioselectivity , but its preference for alkylidenecyclopen- 
tane formation is greatly suppressed by increasing the amount of phosphine ligand (equation 78)." The 
alkylidene cycloadduct is also highly favored in the 2-trimethylsilyl system (86) (equations 79, 
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b 

d' 

120 "C 

(82) 61% (1:l) 

7 

Pdo/R'3P Co2Me* 4 + R4!l (75) 

\ \ 
100-130 "C CO2Me C02Me 

R = n-CsHl (82) 
R = Ph (83) 

49% 
81% 

4% 
7% 

LR 

R = n-CsH, I (82) 
R = Ph (83) 

51% 
52% 

R = n-CSHl (82) 
R = Ph (83) 

B R 

CO2Et 
/=/ 

EtO2C 

(q3-allyl)CpPd + L 

L Et02C 'kO2Et EtOzC COzEt 

FJ+,P 31% 
4 &,P 37% 

27% 
30% 

CO2Et 

* 5 + &. (78) 

+ 
EtOZC 

(q3-allyl)CpPd + P 
100-120~C EtOzC 'eO2Et Et02C "CO2Et 

R P 
Me (84) pr3p 40% 27% 
Ph (85) R3P 60% 25 % 
Ph (85) 4 pr3P 10% 76% 

4 . 4  SiMe3 MeOzC CO2Me (q3-allyl)CpPd Ri3P diMe3 + b , , t l l S i M e 3  (79) 

(W Me02C "C02Me MeO2C "CO2Me 

78% 9% 
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SiMe3 Me3Si 

- b,, + b e o 2 M e ( * o )  

(?13-allyl)CpPd 
(86) + / d C O z M e  

M3P 

COzMe 
45% 34% 

33.5.13 Cycloaddift'on with a nickel catalyst: parent system 

The reactions of (79) with a Nio catalyst are very sensitive to the nature of the ancillary ligands and 
that of the reacting alkene. A 'naked' nickel catalyst, such as Ni(COD)2, produces proximal ring-opening 
adducts with high stereospecificity (equations 8 1, 82).44-46 The proposed mechanism involves nickel- 
promoted reductive coupling of the methylenecyclopropane and the alkene, which is then followed by a 
cyclopropylmethyl-3-butenyl rearrangement (equation 83)$6 Dialkyl fumarates and maleic anhydride do 
not participate in the cycloaddition, but simply function as control ligands to increase dimer formation of 
(79)$7 With bis(acrylonitri1e)nickel as the catalyst, both types of ring-opening adducts can be observed 
with dimethyl fumarate as the alkenic receptor (equation 84). In this case, a deuterium-labelling study at 
low product conversion suggests that a TMM-Ni intermediate (87), or a related rapidly equilibrating u- 
complex (W), is responsible for the complete scrambling of the label in the distal ring-opening cycload- 
duct. On the other hand, the proximal ring-opening mode appears to involve a non-equilibrating 
2-methylenemetallocyclobutane (89), since very little scrambling of the deuterium label is detected$* 

Reactions with phosphine- or phosphite-modified catalysts, e.g. Ni(C0D)z + PPh3, show lower stereo- 
specificity and require higher reaction temperature. In the case of fumarate and maleate this catalyst sys- 
tem promotes only distal ring-opening cycloaddition (equation 85)$9 A + Fc02Me Ni(COD), 

2 M O  o c  
(79) k02Me 

43% 

(79) + MeOzC w C02Me Ni(CoD)2 20-40 "C * &.02Me + &C02Me (82) 

C02Me C02Me 
70% 8% 

__f 

Ni / 5 6' (83) 

X X 
X 

0.08 D 1.33 D 

Ni(@CN)2 PhH.60"C -2D -2D &C02Me + 1.34D b 1.34D (84) 
D A D  D D  + Me02C r_/C4Me 2.5 h 

'C02Me Me02C ", CO2Me 

38:62 
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3. 

EtOzC /C4Et 
m 

Et02C COzEt 

Ni 
Ln 

t NiL, 

(79) * ,K + A (85) 
Ni(COD), + PPh, 

Et02C "C02Et Et02C CO2Et 
69% 3% 
32% 1 1 %  

1.4 Cycloaddition wh.. a nickel catalyst: substituted system 

The regiochemistry of Nio-catalyzed cyloadditions of substituted methylenecyclopropanes is in- 
fluenced by many factors. Only diphenylidenecyclopropane (81) maintains the strong preference and 
high yields for alkylidenecyclopentane formation (equation 86).50 This diphenyl derivative is one of the 
few TMM precursors that shows this exclusive regioselectivity regardless of reaction conditions. The re- 
giochemistry of dimethyl analog (80) is determined by the nature of the ligand as well as that of the reac- 
ting alkene (equations 87, 88).50 The phosphine- and phosphite-modified NiO catalysts also produce a 
methylenecyclopentane adduct (90) with a regiochemistry complementary to that of the corresponding 
adduct obtained from the Pdo-catalyzed reactions (see equation 75). This regioisomer has the activating 
group of the alkene immediately adjacent to the substituents of the methylenecyclopropane precursor. 
With monoalkylidenecyclopropanes and a nickel phosphite catalyst, this regioisorner can be the only 
product. Such is the case in the formation of (91) from (82) and methyl crotonate (equation 89). How- 
ever, most other reactions generate isomeric mixtures (equations 90, 91).34 

The highly regioselective Nio-catalyzed codimerization of 2,2-dimethylmethylenecyclopropane (92) 
and acrylates is presumed to occur via proximal ring-opening of the cyclic p r e c u r s ~ r . ~ ~ . ~ '  In addition, ex- 
cellent asymmetric induction in the synthesis of a dimethyl(methy1ene)cyclopentane adduct is achieved 
using an acrylamide with a chiral auxiliary (equation 92).52 This strategy to make chiral methylenecy- 
clopentanes also works well with the parent system (79). Monoalkyl rnethylenecyclopropanes, such as 
(U), yield only proximal ring-opening cycloadducts with a Nio/PPh3 catalyst, whereas the corresponding 
phenyl system (85) undergoes both types of ring-opening reactions (equations 93, 94).34 
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CO2Et CO2Et 
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7 COzMe Ni(COD), + TOPP - 4 + 4 (87) 
loo o c  

(80) C02Me C02Me 
76% 13% 
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Me C02Me Ni(COD), + TOPP 8% 36% 

C02Et C02Et Ni(COD), + TOPP 31% 52% 

Ni(COD), + 4 TOPP 

120 "C 
34% 

CSHll k/ + 

(82) 

js + , h - - ( 9 0 )  

Ph 
+ /ico2Me Ni(COD)2+PPh3 

90 OC 
C02Me C02Me 

10% 13% 
(83) 

CO2Et 

- 5 + j!rR (91) 

4 
EtO2C 

Ni(COD)2 + PPh, 
% EtO2C ''COZEt Et02C c02et 

R = n-CSHII (82) 
R = Ph (83) 

50% 
75% 

NI(COD), 

65-80% 

0 

37% 
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c02me 

(84) 
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R = H  
R = M e  

33% - 
26% 8% 

30% 20% 
5% 5% 

The yields and regioselectivity of the reactions of substituted methylenecyclopropanes with 2-cy- 
clopentenone are improved with the use of triethylborane as a Lewis acid cocatalyst (equations 95, 
96).53 No reaction with cyclopentenone is observed in the case of (82) without this co-catalyst.34 

Ni(COD),, 8 BEt3 PPh, - Q R +  q 
R 

8' 
R = n-C,H, I (82) 
R=Ph(83)  

58% 
72% 

10% 
- 

(95) 

R = M e  (84) 
R = P h  (85) 
R=SiMe3 (86) 

73% 

50% 
- 

- 
75% 

The use of alkynes in transition metal catalyzed reactions is often complicated by their tendency to 
undergo cyclo-trimerization and -tetramerization. Thus, it is useful to note that a phosphite-modified 
catalyst, Ni(COD)2/tris(o-phenylphenyl) phosphite (TOPP), promotes codimerization of alkynes with 
methylenecyclopropane and its alkylidene  analog^.^,^^ Both electron-rich and electron-poor alkynes par- 
ticipate in cycloaddition with moderate regioselectivity. Opposite regiochemistry is sometimes observed 
with disubstituted alkylidene systems (equations 97-99). 

Ph Ph 

+ R-R Ni(CODh TOPP 4 + &ph (97) 

R R R R 
phxph (81) 80 O C  

R = M e  
R = CHz0SiMe3 
R = Me3Si 
R = Me3Si, COzMe 

6% 
49% 
34% 
63% 

89% 
37% 
37% 
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R = M e  
R = Me$ 
R = Me3Si, COzMe 

4% 

26% 
- 

n 
R = H  (79) 
R = Ph (85) 

TOPP 
70-90 "C 

34% 
57% 

62% 
50% 
38% 

36.5.1.5 Diene, C-0 and C-N cycloadditions 

Conjugated dienes are a special substrate for the TMM synthon because they c n potentially unde go 
[3 + 21 as well as [4 + 31 cycloaddition. While dimethyl (E,&muconate gives only seven-membered I ng 
[4 + 31 adducts, methyl 2,4-pentadienoate reacts exclusively at the terminal double bond with (79) to 
give a vinylmethylenecyclopropane (equation 100).55 The diphenyl system (81) also reacts with simple 
1,3-dienes to produce only diphenylidenecyclopentanes in the presence of NiO or Pdo catalysts (equation 
1 0 1 ) ~  

A +  
(79) 

Nio 
(100) 

C02Me 25% 

C02Me 

- 
7, 

+ -=L(R 
R 

/ 'L R 

R = H  Pdo 48% 

R = P h  Nio 79% 

The ketenimine (93) reacts only at the C F N  bond to give pyrroles and pyrrolines with methylene mi- 
gration (equations 102, 103).34,56 Carbon dioxide codimerizes smoothly with methylenecyclopropanes to 
yield lactones with alkene isomerization (equations 104, 1 05).s7.58 The Pdo-catalyzed rearrangement of 
y-butyrolactone (94) to butenolide (95) indicates that this C02 insertion reaction is reversible. This is fur- 
ther supported by the observation that lactone (94) can serve as a TMM precursor in the codimerization 
with aldehydes and electron-deficient alkenes (equations 106, 107).59 No cycloaddition to ketenes or 
simple ketone carbonyls has ever been reported. 

45% 31% 
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(93) 

8' 
R = H  (79) 
R = Pr 

(80) 

Pdo or Nio 

93% 

/T\ 110 "C 

(94) 69% (95) 8% 

8 h  92% 

3.2.5.2 TMM from Bifunctional Conjunctive Reagents 

Bifunctional conjunctive reagents (BCRs), such as a 1,3-substituted 2-methylenepropane (sa), can 
serve as effective TMM synthons via transition metal catalysis. In this case, the transition metal complex 
can promote the elimination of the elements X-Y from (96) to form a coordinated TMM species. Cycli- 
zation of this intermediate with an alkene thus produces the methylenecyclopropane product and also re- 
generates the catalyst (Scheme 5).  In the last decade a number of BCRs utilizing this concept, or some 
modifications thereof, has been developed for various TMM ~ y n t h o n s . ~ ~  

3.25.2.1 Cycloaddition with the parent system 

The use of BCR methodology for the present TMM synthon was first demonstrated by Trost and Chan 
using a Pdo catalyst and 2-[(trimethylsilyl)methyl]-2-propen- 1 -yl acetate (97) as the bifunctional proto- 
type.M3 In this system the trimethylsilyl and the acetoxy moieties provide the carbanion and the carbo- 
cation equivalents, producing TMSOAc as the by-product. Silyl acetate (97) and some of its precursors, 
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x-Y 7 
2 

Scheme 5 

2-[(t1imethylsilyl)methyl]-2-propen-l-ol and 2-chloromethyl-3-trimethylsilyl-l-propene, are commeri- 
cially available.64 Alternatively, it can be readily prepared from methallyl alcohol in high ~ i e l d . ~ ~ ~ ~  
Other synthetic routes to this bifunctional reagent, starting with 2-(chloromethyl)-3-chloropropene, or tri- 
methylsilyl ethyl glycolate, have also been reported (equation 108).67*68 

i, 2 equiv. Bu"Li 

Jc,, AcCl Me3Si &OAc * Me3Si 
Me3SiC1 

ii, H,O+ 
(97) f 

i, Me3SiCH2MgCI 

ii, Si02 
Me3SiO -C02Et //. 

i ,  HSiCI,, CuCl 

ii, 3.5 equiv. MeMgBr 
Me3Si 

The Pdo-catalyzed [3 + 21 cycloaddition reactions of (97) exhibit very different selectivities from those 
of the corresponding methylenecyclopropane codimerizations. One major distinction is the chemoselec- 
tivity: only electron-deficient alkenes will react to form methylenecyclopentane. The nucleophilic nature 
of this TMM synthon is indicated in the exclusive annulation of the electron-poor double bond of 2.3-di- 
methoxycarbonylnorbornadiene (equation 1 09).35962 No such differentiation of alkenes is evident in the 
methylenecyclopropane codimerization with the same diene (equation 65). 

CO2Me 

* d& (109) 
C02Me ( (PriO)3PJwPd 

C02Me 98% MeO2C 
exo:endo = 4: 1 

(97) + 

The cycloaddition is normally performed by heating a solution of the silyl acetate with the electron- 
deficient alkene in the presence of 0.1-9 mol % of a palladium catalyst in an aprotic solvent, such as 
THF, toluene, DME, DMF or a~etoni t r i le .~~ The commercially available (PPh3)dPd is a good catalyst for 
this reaction. Other effective catalysts can also be generated in situ by the reduction of a Pd" salt in the 
presence of at least two equivalents of a phosphorus-containing ligand. For example, a highly active 
catalyst is obtained by simply mixing Pd(0Ac)z with 6-8 equivalents of triisopropyl pho~phite.'~ In this 
case the phosphite ligand also serves as the reducing agent, The alkenic substrate for this BCR cycload- 
dition has properties parallel to that of a dienophile in Diels-Alder reactions. A wide range of alkenes 
possessing a ketone, ester, cyano, sulfoxide or sulfone function have been shown to react.62 Thus, this 
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annulation procedure is compatible with many reactive functional groups, with even a broader scope of 
reactivity than the methylenecyclopropane codimerization. Some examples of methylenecyclopentane 
formation from (97) are depicted in equation (1 10). 

EWG 

(Pfi3)4Pd 

THF 
7 

Me3Si A O A c  -t EWG 
(97) reflux 

EWG = C0,Me 68% 
= COMe 30% 
= CN 35% 

The cycloaddition of (97) appears to involve an (q3-TMM)palladium intermediate (98), which is 
generated from the desilylation of the initially formed (q3-ally1)Pd complex (99) (Scheme 6).63 The non- 
symmetrical nature and the nucleophilicbasic character of this TMM species are predicted by theorecti- 
cal  calculation^,^^.^'-^^ and further deduced from reactions with nucleophiles containing a proton 

Although the bonding nature of (98) implies a nonequivalence of the carbon termini on the 
TMM ligand, there is rapid equilibration among the three q3 structures (98-1, -II, -1II). which results in a 
functionally symmetrical synthon. This fast interconversion would account for complete scrambling of 
the deuterium label in the cycloaddition with the dideuterated derivative (100) (equation 11 l).63 The iso- 
lation of stable TMM complexes of Ir, Ru, Os and Rh from analogs of (97) further supports the validity 
of this proposed me~hanism.7~ The methylenecyclopentane adduct is presumed to form in a stepwise 
fashion via a Michael addition of the (TMM)Pd intermediate (98) to the alkene, which is then followed 
by ring closure of intermediate (101) (Scheme 6). This nonconcertedness of product formation is re- 
flected in the moderate stereospecificity of the cy~ loadd i t ion .~~ .~~  It is not surprising that dimethyl ma- 
leate gives a mixture of cis and trans adducts, whereas the corresponding fumarate yields virtually all 
trans material (equation 1 1 2).62 As in the case with methylenecyclopropane codimerization, annulations 
with cis alkenic substrates are frequently complicated by their isomerization during the reaction.@ 
The Pdcatalyzed BCR cycloaddition is highly diastereoselective. For example, exclusive addition at 

the least-hindered face of the 6-oxaeneone (102) is observed (equation 113).76 Similarly, the six-mem- 
bered ring sulfone (103) also gives essentially a single adduct (lO4)? This compound can be readily 
transformed, via ozonolysis and suifone elimination, to a bicyclic enone that is equivalent to a cyclopen- 

(97) 
OAc 1 

(99) 

EWG 

L J 

(98-1) 

(98-11) (98-111) 

Scheme 6 

0.67 D 

r 4  
0.67 D 

(100) 52% 
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32% 
60% m 

Me02C CO2Me 
>99 1 
1.3 1 

tenone annulation procedure (equation 114). Alternatively, it is easily converted into a product that 
would have derived from the theoretical 2-cyclohexynone (equation 115). Good asymmetric induction is 
noted in the cycloaddition of (97) with a chiral vinyl sulfoxide (equation 1 16).77 

(97) 

(102) 94% 

(1 14) - 
Pdo 

O,,OMe HO 

(103) (104) 4p:4a > 9: 1 

0 

72% (+ 8% Z-isomer) 
80% de 

Although 2-cyclopentenone reacts smoothly with this BCR, cyclohexenone and 2-methylcyclohexe- 
none produce low yields of the bicyclic adduct, and cycloheptenone does not react at all.62*78 The intro- 
duction of an ester function at the a-position significantly improves the reactivity of these sluggish cyclic 
akenones toward cycloaddition?8 In an eight-membered ring case, the [5,8] cycloadduct (105) is ob- 
tained in excellent yield (equation 117). Considering the synthetic versatility of an ester function, this 
particular strategy to improve the reaction efficiency is very useful. 

3.2.52.2 Cycloaddition with substituted systems 

The Pdo-catalyzed [3 + 21 reactions of substituted BCRs are highly regioselective. There is a particu- 
larly strong preference for formation of the cyclic adduct having a 1,3 relationship between the activating 
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C02Me 0- (97) 

Pdo 
92% 

0 

H 
(105) 

group of the alkene and the substituent of the precursor. Furthermore, this preference is independent of 
the substitution pattern in the precursors because of the facile equilibration of the initially formed TMM 
intermediate to the other isomeric forms. The substituted silyl acetate derivatives are readily prepad, as 
outlined in Scheme 7.35 

ff 
OH ---) Me3Si 

-c 

R R 

,& OAc - Me3Si 
C02Me C02Me -- Me@ 

C02Me - 
R \r R R 

Me3SiLi 

+Co2Me 

Scheme 7 

Cycloaddition of either of the methyl-substituted precursors (106) or (107) to 2-cyclopentenone pro- 
duces the same regioisomer (108) with very high selectivity (equation 1 18).79 This cycloadduct apparent- 
ly originates from the TMM intermediate (109) according to the proposed mechanism. Thus it appears 
that TMM intermediate (lll), which is formed initially from the precursor (106). equilibrates to the 
more reactive isomer (109) faster than it undergoes cycloaddition. Theorectical calculations also suggest 
that (109) is the thermodynamically preferred isomer.73 Regioselectivity can be influenced by the nature 
of the alkene receptor. For example, the reaction of (106) or (107) with dimethyl benzylidenemalonate 
produces more of the minor regioadduct (equation 119). 

2% 
3% 
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12% 
19% 

The regioselectivity is even better with other BCR systems. Thus only one regioisomer is obtained 
with substituted silyl acetate (112) and the same benzylidenemalonate (equation 120).*O The successful 
cycloaddition with these substituted bifunctional reagents indicates that this TMM synthon can again ac- 
commodate a number of reactive functional groups such as cyano, keto and alkoxycarbonyl. It is remark- 
able that the regioselectivity remains the same despite the tremendous electronic pertubation produced by 
these substituents, i.e. electron-withdrawing, electron-donating and Ir-conjugation. In addition, the mild- 
ness of the reaction conditions is responsible for product stability with respect to potential alkene 
isomerization (R = Ph), and possible further reaction with the catalyst (R = OAc). 

( 120) 
Ph /4c02Me C02Me Pd(oAc)2- (PiO)3P Rii ph CO2Me CO2Me 

Me3Si 

R 

(112) 5449% 
R = CN, C02Et, Ph, cyclopropyl, CH=CH2, OAc 

Carbonate analogs of the corresponding silyl acetates are also good TMM synthons. In this case the 
carbonate leaving group from initial wcomplex formation undergoes decarboxylation to give an alkox- 
ide, which then initiates the desilylation. The type of BCR is employed in the annulation can be critical 
in determining the reaction pathway. The bis(sily1) acetate (113) generates a trimethylsilyl-substituted 
adduct (114), whereas the corresponding carbonate (115) yields exclusively a carboxylic methylene- 
cyclopentane (116) (equation 121).66 The latter is presumably derived from trapping of the (TMM)Pd 
intermediate by the incipient C02, which is the by-product of carbonate decarboxylation. 

Me3Si Me310Ac 
/ 62% 

Pdo \ 
81% 

(114) 
exo:endo = 9: 1 

(121) 

The BCR cycloaddition is diastereoselective with respect to the TMM unit, with the alkene approach- 
ing from the side opposite to the metal center. This accounts for an overall net retention of configuration 
of the starting material in the cycloadducts obtained from the silyl carbonates (117) and (118) (equations 
122, 123).*' Thus, no prior coordination of the electron-deficient alkene to the Pd center is necessary for 
reaction. This is quite different from the methylenecyclopropane mechanism as depicted in Scheme 5.  It 
would also explain the need for a higher ligand-to-metal ratio of the catalyst. 
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% SiMe3 

O K o M e  

Pdo - 
4 0 2  

-MeOH 
0 

(117) 

Pdo 
SiMe3 

O K o M e  0 

(118) 

4 0 2  
-McOH 

. ._.... ... JUd - P h  

E >E 

E = C02Me; 86% 

E = CO2Me; 88% 

The regioselective cycloadditions can generate useful synthetic intermediates. Conversion of adduct 
(n9) to (120) provides the equivalent of an or-phenylcyclopentanone annulation (equation 124).80 The 
allylsilane moiety generated by the bis(sily1) acetate (113) is a useful entity. For example, the cycload- 
duct (121) can be easily transformed to (122), which is a regioisomer of the adduct resulting from re- 
action with (112 R = OAc) (equation 125).66 

ii, i, BF3*Et20 MCPBA - 6  -h C02Me i i i ,  AcCl 
C02Me 

ph C02Me Ph C02Me 

(122) 

Me3Si 

(121) 

Extension of the TMM strategy to intramolecular reactions greatly expands the scope of this BCR 
methodology. The precursors are readily available, e.g. from the silyl Grignard reagent (123) and o-oxo- 
a$-unsaturated substrates (equation 126). Ester- and sulfonyl-substituted bicyclo[3.3.0]octane and bicy- 
clo[4.3.0]nonane systems are readily constructed in a single step from acyclic material (equations 127, 
128).82 

Silyl carbonates (124) possessing an anion-stabilizing function have been developed by Tsuji and co- 
workers as TMM synthons in [3 + 21 reactions.83 In this case the in situ generated alkoxide serves as a 

Me3si EWG (126) 
MgBr + H 

Me$i 

(123) OAc 
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- \  / I \  (127) 

cis:trans = 2: 1 

base to effect proton abstraction from the a-allyl intermediate (equation 129). These bifunctional re- 
agents can be prepared from 2-methylene- 1,3-propanediol, or methallyl phenyl sulfone in the case of the 
sulfonyl precursor (Scheme 8). The Pd-catalyzed cycloaddition with (124) is similar in scope and regio- 
selectivity to the silyl acetate system. However, alkene migration does occur in the cyano system (equa- 
tions 130, 13 l).@ The sulfonyl(methy1ene)cyclopentanes resulting from this reagent are useful synthetic 
intermediates. Some further elaborations of an acrylate adduct are summarized in Scheme 9.85 A sulfone- 
substituted BCR has also been successfully generated with aqueous hydroxide for cycloaddition under 
phase-transfer conditions (equation 132)P 

The use of chiral ligands to facilitate asymmetric synthesis with these TMM synthons is difficult be- 
cause the bond-formation process occurs away from the metal center. None the less, an enantioselective 
synthesis using a Tsuji TMM synthon has been achieved with a catalyst containing a chiral phosphine li- 
gand (equation 133).87 While the enantiomeric excess is not very high in this case, the fact that one can 
achieve asymmetric induction at all is quite remarkable. 

0 
Scheme 8 
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( 132) - *  Et02C 
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S02Ph 

43% KOH/CHzCIz 
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I 
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HO OH 

51% 
75% ee 

26% 
78% ee 

The highly regioselective cycloadditions of the substituted BCRs can be contrasted to the [3 + 21 re- 
actions employing the corresponding methylenecyclopropanes. While the latter can provide a com- 
plementary regiochemistry, i.e. formation of alkylidenecyclopentanes, they often give lower selectivity 
and are very sensitive to the catalyst systems, as well as the substitution pattern of the three-membered 
ring precursors. 
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3.2.5.2.3 Diene, C-0 and C-N cycloadditions 

The relative amount of [3 + 21 and [4 + 31 product in the annulation of dimethyl (E,E)-muconate with 
the parent silyl acetate (97) depends critically on the reaction conditions (equation 134).88 The most not- 
able effect on the ratio of the seven- to five-membered rings is the temperature of the reaction, with a 
higher temperature favoring methylenecyclopentane formation. Steric factors are also important, as a 
phenyl-substituted BCR (124; R = Ph) generates only [3 + 21 cycloadducts with the same diene. It should 
be noted that the corresponding reaction using methylenecyclopropane as the TMM synthon produces 
only the seven-membered ring [4 + 31 adduct. Pyrones are also interesting conjugated dienyl substrates. 
While the parent and alkyl-substituted system yield only [4 + 31 adducts with (97), introduction of a 
methoxycarbonyl group on the 2-position promotes the exclusive formation of the [3 + 21 adduct (equa- 
tion 135).89 However, a 4-methoxycarbonyl function results in a mixture of products from both types of 
cycloaddition. 

(PPh3)4Pd, dppe, dioxane 77% 

Pd(OAc),, 4(Pr'O),P, THF 47% 
(PPh3)4Pd, dppe, THF 29% 

C0,Me 

- ob (97) 
COzMe 

Pd(OAc),, (Pri0)3P 
PhH H 

71% 

21% 
18% 
42% 

Annulation to carbonyl functions has also been achieved with Trost's bifunctional reagents.35 Whereas 
the parent silyl acetate (97) yields only simple alkylation products with aldehydes under normal condi- 
tions, addition of only a few mole I of trimethyltin acetate to the reaction mixture results in facile for- 
mation of methylenetetrahydrofurans!w Furthermore, excellent diastereoselectivity is observed in the 
cycloaddition to a galactose-derived aldehyde (125) (equation 136). The tin acetate co-catalyst also pro- 
motes addition to relatively unreactive ketone carbonyls, such as in the case of benzofuran (126) and the 
acetylenic ketone (127) (equations 137, :38). It is remarkable that even the sterically hindered enone 
(128) reacts preferentially at the ketone function (equation 139). A vibutyltin analog (129) of (97) has 
been used in the stepwise formation of a methylenetetrahydrofuran from  aldehyde^.^^.^^ Similarly, pyrro- 
lidines can be prepared from the corresponding imines in two steps via a Lewis acid-catalyzed 1,2-addi- 
tion of the tin reagent, which is then followed by a Pd-catalyzed cyclization (equation 140).91 Direct 
formation of pyrrolidine from the imine is possible if one uses a mesylate analog of (97) and a nickel(0) 
catalyst (equation 141)?3 

(97) 
- 

Pd(OAC)z, PPh, 
Me3SnOAc 
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(127) 

Meed 

( 137) 
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Pd(OAc),, PPh3 
Me3SnOAc 

80% 

(138) 
(97) 

Pd(OAc),, PPh3 
Me3SnOAc 

61% 

OSiBu‘Me2 
91% 

\ 

( 140) 
i, BF,*Et,O 

ii, (PPh,),Pd 
DBU 58% overall 

Bun3Sn &OAc + 

(129) 

PhMe - 4  Ph 77% Ph 

,ph I P(OEt), 14Ni 
Me3SiJ(,0Ms + F N  

Ph 

33.53 TMM Cycloaddition in Natural Product Synthesis 

The TMM cycloaddition has been applied to a number of total syntheses and synthetic studies of vari- 
ous natural p r o d ~ c t s . ~ > ~ ~  The main advantage of this methodology is the stereoselective construction of a 
five-membered ring in one step from readily available starting materials. The exocyclic alkene of the cy- 
cloadduct is another crucial element of this strategy because of its synthetic versatility. The following 
examples illustrate some of the applications of this 13 + 21 strategy in the area of cyclopentanoid syn- 
theses. 

The cycloadduct of methyl acrylate undergoes smooth oxidative cleavage to the cyclopentanone (130), 
which is a useful starting material in the synthesis of dihydrojasmone, cis-jasmone and sarkomycin 
(Scheme trans-Diester (131),94 likewise derived from a TMM adduct of dimethyl fumarate, pro- 
vides a starting point for two total syntheses of (+)-brefeldin A (132) (equation 142).9s,96 The same dies- 
ter has also been used in a prostaglandin synthesis. An enantioselective synthesis of (+)-brefeldin A has 
also been achieved via diastereoselective annulation of (97) to the chiral a,@-unsaturated ester (133). The 
product from this reaction is easily elaborated into the key intermediate (134), which possesses all but 
one chiral center of the target molecule (equation 143).97 Cycloaddition of methylenecyclopropane (79) 
or BCR (97) occurs only at the ex0 face of 1,2-dimethoxycarbonylnorbomene to produce the adduct 
(135), a starting material for a short synthesis of (It)-albene (136) (equation lM).’O In this case the 
methylene group provides a latent function for the requisite internal alkene of the natural product. 
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C02Me C02Me 
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(130) 
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Me02C 
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...' 9 
OHC COzMe 

0 

OH 
C02Me OH COzMe 

(135) (136) 
63% from (97) 
80% from (79) 

The methyl-substituted BCR is useful for the construction of some iridoid cyclopentanoids. Keto alco- 
hol (137). a crucial intermediate for a synthesis of (f)-chrysomelidial(138), can be prepared from the cy- 
cloadduct (108) of cyclopentenone and the methyl-TMM synthon (equation 14J).79 This expedient 
approach to the keto alcohol, four steps and 83% overall yield from the bifunctional reagent (107), is a 
considerable improvement over a previous 14-step sequence using conventional methodologies. Al- 
though the initial bicyclic ketone (108) is a 1:l epimeric mixture, base-catalyzed equilibration of the pro- 
ducts from ozonolysis results in only one epimer, having the required stereochemistry. This 



310 13 + 21 Cycloadditions 

epimerization strategy is again employed in an efficient formal synthesis of (&)-loganin (139) (equation 
146)?* In this case the cyclopentanone ring of adduct (108) becomes a latent function for the 1,5-dialde- 
hyde unit present in the loganin aglucon (140). The TMM approach to these two seco-iridoids, chry- 
somelidial and loganin, is made possible only through the unique regioselectivity of the BCR 
cycloaddition. It would be difficult to effect the same syntheses using the methylenecyclopropane strate- 
gy because of the very different regiochemistry. 

The pentalenene precursor (141) can be derived from a TMM cycloadduct (142) (equation 147).99 This 
synthetic approach is expedited by the facile conversion of the methylene unit of (142) to a gem-di- 
methyl function found in (141). This is normally accomplished by a simple cyclopropanation-hydro- 
genolysis sequence. loo The two reported TMM-based syntheses of the linear triquinane Whirsutene 
(143) also utilize this particular strategy for the gem-dimethyl formation (equation 148).35*10' 

foBut f OBu' 

0 

6 

H 

H 
60% from (97) 
65% from (79) 

0 

CHO 
I 

& 
H 

Pentalenene 

Intramolecular exocyclic transannular cycloaddition of TMM can provide a viable route to propel- 
lanes, such as the sesquiterpene modhephene (144). This methodology is demonstrated in an efficient 
synthesis of a [3.3.3]propellane (145) (equation 149).Io1 The methylenecyclopropane approach is 
preferred in this case because it works well with dialkyl-substituted systems. 
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The TMM cycloaddition has also been applied successfully in the synthetic studies of various types of 
cyclopentanoid natural products, such as ginkolides,'02 phyllanth~cin'~~ and 2P-hydro~yjatrophone~~ 
(equations 150-152). The last case employs an equivalent of an alkyne cycloaddition using a retro Diels- 
Alder strategy.'"'' This is a viable alternative for the formation of methylenecyclopentenes from BCRs 
because electron-deficient alkynes fail to cycloadd with the silyl acetate (97).69 A highly dia- 
stereoselective annulation of the @-anisy1)silyl acetate (146) to a benzylidenemalonate possessing a 
chiral auxiliary has been reported.'05 The resulting adduct can be converted to an enantiomerically pure 
ketone (147), which serves as a starting point for an asymmetric synthesis of the antileukemic (-)-roca- 
glamide (148) (equation 153).'06 The exomethylene unit of the BCR cycloadduct provides the crucial 
dienophile unit in an intramolecular Diels-Alder reaction (equation 154).'06 This novel approach to the 
phyllocladane ring system is an interesting example of complementarity between [4 + 21 and [3 + 21 cy- 
cloaddition strategies. 

0 

0 
Ginkgolide A 

Me3Si 

(dba)3Pd2*CHC13, PPh3 
(151) 
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OCOzMe 
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4.1.1 INTRODUCTION 

4.1.1.1 Definition, Background and Thermodynamics 

Discovered in 1928,' the Diels-Alder reaction, i.e. the [4 + 21 cycloaddition of a diene (I) and a dieno- 
phile (11) or (IV) (Scheme l), has become, arguably, the most powerful carbon-carbon bond forming 
process. It is therefore surprising that the last comprehensive survey of the Diels-Alder reaction dates 
back to 1972.2 Since then, substantial gains in insight and methodology have been accomplished hand- 
in-hand with a body of creative and conceptually new applications in organic synthesis. In view of the 
extensive literature, this chapter is limited to the formation of 'all-carbon' six-membered rings via bi- 
molecular additions of 1,3-dienes to alkenes and alkynes. 

c A v 
RZ 

R'- Y -R2 c- + 1 
R'- 

During this reaction (Scheme l), two new carbonxarbon single bonds are formed at the expense of 
two double bonds or one triple bond, which usually provides a significant driving force (AGO). Diels- 
Alder reactions involving benzynes as dienophiles (Section 4.1.7) or, alternatively, o-quinodimethanes as 
dienes (Section 4.1.8) are even more exothermic owing to a restoration of aromaticity. Only some aro- 
matic dienes such as furans show unfavorable reaction equilibria which, nevertheless, can be shifted to- 
ward the cycloadducts by employing high pressure (Section 4.1.4.2) or by reaction with a high-energy 
dienophile (e.g. benzyne; Section 4.1.7). 

Owing to their exergonic nature, Diels-Alder reactions are mostly run in an irreversible manner, re- 
sulting in kinetically determined regio- and stereo-chemistry. Therefore it is the successful control of its 
kinetics (featuring values of = 16 to 18 kcal mol-1 and AS$ EJ -30 to 4 0  kcal K-1 mol-') which is 
fundamental to the pivotal role of the Diels-Alder reaction in organic synthesis. 

4.1.1.2 Reactivity 

To react with the majority of dienes, the dienophilic double or triple bond needs to be strained (e.g. 
benzynes; Section 4.1.7) or electron deficient. Recently, transient allyl cations have been introduced as 
highly reactive, electron-poor dienophiles (Section 4.1.4.1). However, dienophile activation is most often 
achieved by substitution with at least one electron-withdrawing substituent (e.g. c---O, COa, CN, NO2 
or SOzAr). Molecular orbital considerations3 provide the following rationalization. In a 'normal' Diels- 
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Alder reaction of an electron-poor dienophile with an electron-rich diene, the main interaction is between 
the highest occupied molecular orbital (HOMO) of the diene and the lowest unoccupied orbital (LUMO) 
of the dienophile. Electron-attracting substituents lower the frontier orbital energies of the dienophile, 
thereby decreasing the dienophile-LUMO/diene-HOMO energy difference and, consequently, the activa- 
tion enthalpy (A@) of the reaction. The remarkable Lewis acid induced acceleration of Diels-Alder re- 
actions (Section 4.1.4.1) is also in agreement with a lowering of the frontier orbital energies of the 
dienophile by coordination with the Lewis acid. Furthermore, consistent with this reasoning, the reaction 
rate of Diels-Alder reactions is often increased by electron-donating substituents in the diene (e.g. N R 2 ,  
OR, SR, Section 4.1.3). 

Them is also a small number of [4 + 21 cycloadditions involving electron-rich dienophiles (e.g. en- 
amines, vinyl ethers and vinyl sulfides) and electron-deficient dienes. These ‘inverse-electron-demand’ 
Diels-Alder reactions correspond to a predominant dienophile-HOMO/diene-LUMO overlap. 

Isolated alkenes and alkynes, such as ethylene and acetylene, are notoriously poor dienophiles. This 
limitation has been Iargely overcome by the development of dienophiles containing an ‘activating’ 
moiety (e.g. NO2, S W )  which is readily removed after cycloaddition, with or without introduction of 
further functionality. These reactive dienophiles can, accordingly, be regarded as synthetic equivalents of 
unreactive or inaccessible species (Section 4.1.2). 

An entirely different type of rate enhancement relies on rendering the activation entropy (ASS) less ne- 
gative. In this sense, advantage can be taken of using high pressure, ultrasound, aggregation effects in 
water, adsorption on dry Si02, or clays and zeolites (Section 4.1.4.2). 

4.1.13 Regiochemistry 

A question of regioselectivity arises when both the diene (VI) and the dienophile (VII) are nonsymme- 
trically substituted as this can give a mixture of two regioisomers (VIII) + (IX). Their relative propor- 
tions depend on the individual nature of, and on the interplay between, substituent effects (Scheme 2). 

Scheme 2 

In frontier orbital terms, the regiochemistry is governed largely by the atomic orbital coefficients at the 
termini of the reaction partners, which are altered by the  substituent^.^ Hence, in ‘normal’ Diels-Alder 
reactions a diene substituent at C-1 has the tendency to direct the addition of a carbonyl-conjugated al- 
kene towards the ‘ortho’ product (X), whereas a substituent at C-2 favors the ‘para’ product (XI). The 
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individual directive effects of substituents are synergistic with 1.3disubstituted dienes (e.g. favoring 
more strongly the formation of regioisomer XU), but antagonistic with 1,2- (XIII), 2,3- (XIV) and 1,4- 
disubstituted dienes (XV). The magnitude of the directing effect differs from one substituent to another 
(e.g. S A r  > OR > SiR3) and also with their position on the diene. 

Similar arguments hold for the dienophile partner. Thus, the regiocontrolling effect of a substituent R5 
can outweigh that of R6 in 1,2-disubstituted dienophiles (VII) (e.8. Me < SoZAr < NoZ > c--O > Me). 
This hierarchy of substituent effects can be exploited to obtain adducts with predictable and high 

regioselectivity through the use of dienes and dienophiles containing ‘temporary’ substituents which 
control the regiochemistry of the addition and are removed thereafter. Sulfide (diene) and nitro (dieno- 
phile) groups can serve in this manner as powerful regiocontrol elements (Sections 4.1.3.3 and 4.1.2.1). 

Lewis acid coordination of carbonyl-conjugated dienophiles usually results in vastly improved regio- 
selectivities on [4 + 21 cycloadditions to nonsymmetrical dienes (Section 4.1.4.1). Medium effects can 
also be usefully applied to achieve better regiochemical control (Section 4.1.4.2). 

4.1.1.4 Stereochemistry 

certed, although not necessarily synchronous, manner as depicted by transition state (A) (Scheme 3). 
It is accepted that in the majority of Diels-Alder reactions the two new a-bonds are formed in a con- 

0 
R4 R4 

R4 s-trans 

___) 

y 
0 

0 $1 

(XVI) (A) (XVII) 

This requires the diene to adopt the s-cis (cisoid) conformation. Consistent with this suprahuprdfacial 
mode of addition,“ Diels-Alder reactions are generally stereospecific, i.e. the configurations of both 
dienes and dienophiles are ‘retained’ in the adducts. Thus (E,E)-dienes @VI) afford specifically adducts 
(XVII) with a R1/R4 cis relation, and (E,?)-dienes (XVIII) give rise to a truns disposition of R1 and R4 in 
their adducts (XIX). Similarly, (a-dienophiles (XX) provide adducts (XXII) and (XXIII) showing a 
R5/R6 cis disposition, whereas (E)-dienophiles (XXI) yield adducts (XXIV) and (XXV) with trans re- 
lated substituents R5/R6 (Scheme 4). 

That each of the (2)- or (E)-dienophiles yields a set of two diastereoisomers [(XX) + (XXII)/(XXIII) 
and (XXI) + (XXIV)/(XXV)] reflects the endo and ex0 orientations of the dienophile substituents in the 
transition states. Thus starting from a (2)-dienophile (XX), both substituents R5 and R6 can be endo ( C )  
or ex0 oriented (D) whereas an (0-dienophile (XXI) entails transition states (E) and (F) featuring either 
an endo oriented R6 or R5, respectively. 

Alder’s endo rule2 specifies a preference for endo (C) over ex0 @) addition. However, this rule a p  
pears to be strictly applicable only to the addition of cyclic dienophiles (e.g. maleic anhydride, p-qui- 
nones) to cyclic dienes (e.g. cyclopentadienes). 

The ‘endo preference’ of substituents varies, and can be selectively and dramatically increased by co- 
ordination with a Lewis acid (Section 4.1.4.1). Medium effects also help to improve the endolexo pro- 
duct ratio (Section 4.1.4.2). This becomes an essential selectivity issue when the individual endo 
preferences of substituents are opposed, as in transition states (E) and (F). 
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Scheme 4 

Finally, the most recently addressed stereochemical issue is that of mfacial control (Scheme 5).  In the 
previous discussion, absolute configurations were depicted arbitrarily to describe relative configurations. 
Hence, in the absence of a .rr-facial control element, [4 + 21 cycloaddition of a dienophile occurs at the 
same rate to the top and bottom faces of a diene (cf situation G) to give a 5050 mixture of enantiomers 
(XXV1)and (XXVII). 

R' 
(XXVII) 

Scheme 5 

Recent years have witnessed remarkable progress in directing Diels-Alder additions with up to 99.5% 
selectivity to either face, thereby controlling the absolute configuration of the newly generated stereo- 
genic centers. This chapter therefore culminates by dealing with this highly relevant topic in Sections 
4.1.5 and4.1.6. 
No doubt the Diels-Alder reaction will lend itself to further extensions of scope and selectivity. Never- 

theless, the current 'state of the art' and the pivotal applications of Diels-Alder adducts (XXX) for the 
efficient chemo-, regio- and stereo-selective syntheses of complex structures, e.g. via annulation pro- 
cesses (a, b) and/or cleavage reactions (c, d, e) speak for themselves (Scheme 6). An adequate treatise 
would vastly exceed the limits of this chapter. 
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Scheme 6 

4.1.2 HETEROATOM-SUBSTID DIENOPHILES 

Dienophiles substituted with appropriate heteroatoms may offer a number of advantages such as: (1) 
provide dienophilic equivalents of c--C and C h C  moieties which do not undergo [4 + 21 cycloaddi- 
tions to 1,3-dienes because of low (e.g. isolated alkenes, alkynes, allenes) or different reactivities (e.g. 
ketenes); (2) enhance or invert the regiochemistry of the Diels-Alder process; (3) permit facile removal 
of the activating andJor regiocontrolling group after cycloaddition with or without introduction of further 
functionalities. The use of nitroalkenes as dienophiles demonstrates these issues most strikingly. 

4.1.2.1 Nitroakenes 

Nitroethylene undergoes rapid cycloaddition to 1,3-dienes; subsequent conversion of the nitro to a car- 
bonyl group, e.g. (1) + (2) + (3), exemplifies its application as a dienophilic ketene equivalent (Scheme 
7): 

- ""A i, NaOMc, MeOH, 0.5 h 
ii, T i C l m O A c ,  r.t., 16 h 

64% 
0 

- """A 
P O B n  NO2 

e NO2 
-15 O C  to r.t. 

71% 

(1) (2) (3) 

Scheme 7 

Furthermore, a pronounced regiochemical control has been recognized with nitroalkenes. For example, 
(@-methyl P-nitroacrylate (5) is an outstanding dienophile. Its cycloadditions to 1,3dienes display a 
high regioselectivity dominated by the nitro group, as illustrated by the synthesis of the cyclohexadiene- 
amino acid (8).6 This involves Diels-Alder reaction with l-(N-acylamino)-l,3diene (4) followed by 
removal of the nitro group from cycloadduct (6) via DBU-induced elimination of nitrous acid, (6) + (7) 
(Scheme 8). A similar cycloaddition/desilylation/elimination sequence, starting from 2-(trimethylsilyl- 
oxy)l-1,3-butadiene, afforded the unusual cyclohexenone 

The capacity of the nitro substituent to override the directing influence of the carbonyl group, provid- 
ing 1.4-cyclohexadiene products with unconventional substitution patterns, is further demonstrated in 
Scheme 9. The [4 + 21 cycloaddition of diene (11) to ethyl propiolate (11 -) 12 + 13) or, alternatively, to 
ethyl P-nitroacrylate (11 + 15) clearly reveals that these two dienophiles are regiochemical counter- 

Scheme 10 illustrates an analogous regioselective Diels-Alder reaction with 3-nitrocyclohexenone 
(17) serving as a 'cycloalkynone' dienophile eq~ivalent.~ 

Nitroalkenes can also be regarded as dienophilic alkene equivalents owing to the recently reported 
substitution of the nitro group by a hydrogen atom. Thus treatment of the cycloadducts with BusSnH in 
the presence of AIBN opens a new regioselective (but stereo-random) access to cyclohexenes (Scheme 

P-Sulfonylnitroalkenes or P-sulfinylnitroethylene are excellent dienophiles and cornspond to alkyne 
or nitroalkyne equivalents (Scheme 12)." Bisactivated dienophile (26) reacts with 13-dienes in a highly 
regioselective manner to give, on subsequent reductive elimination of the nitro and sulfonyl groups, 
cyclohexadienes, e.g. (16) + (26) + (27) + (28). P-Sulfmylnitroethylene (30) offers a regioselective 

parts? 

11).10 
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< +  " B O C  

(4) 

DBU. THF 
5 'C to r.t., 6 h C02Me 

c 

U N O ,  70% 

benzene, r.t., 3 h 

68 % 
NO2 

- 
C02Me i,NaOH 

ii, HCl 

iii, ion exchange 
+ '  

"3 

(7) (8) 

40% I 
NHBOC 

i, benzene, r.t., 42 h ,f ii. A~OH,  H,O f /  
I + I1 - 

72% M e g S i O A  MeO2C 

(5) 

DBU, rat., THF 

approach to nitrobenzenes, as illustrated by its addition to diene (29) followed by the SiOz-promoted 
hydrolysis/sulfenic acid elimination yielding pure pnitrophenol(32; 5 1 %). 

COzEt , E t O + C = C ~ ~ 2 0 ° C  ~ @ + @co2E' 

-I 83:17 (13) t 
DBU. 66% 

(12) 

(14) 0: 100 (15) 
Scheme 9 

(18) 

Scheme 10 

(19) 83% from (17) 
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i, CHCl,, reflux, 72 h; ii, Bu3SnH (1.2 equiv.), AIBN (0.2 equiv.), benzene, 80 "C, 2 h; 
iii, Bu3SnH (5 equiv.), AIBN (0.5 equiv.), toluene, 110 "C, 0.5 h 

Scheme 11 

CSHll 
Bu3SnH (1.3 equiv.) 
AIBN (0.3 equiv.) 

benzene, 80 'C,  2 h 

.( + 02N1c5H11 140 'C,  10 h 

79% 
SOzPh 78% 

f +  p MqSiO 

toluene, 110 "C, 3 h 
m 

ph! 
0 

r OMe 

- SiOz qn02 
HO 51% 

Scheme 12 

4.1.2.2 Enamines and Enamides 

Lowering the oxidation state of the nitrogen substituent has a dramatic effect on its electronic proper- 
ties. In marked contrast to nitroakenes, enamines are electron-rich reagents and thus undergo 'inverse- 
electron-demand' Diels-Alder reactions with the electron-poor P-vinylacrylic esters. Acidic work-up 
gave 1,3cyclohexadienecar~xylates as illustrated by the cycloadditiodelimination sequence (33) + (34) 
-+ (35) 4 (36) (Scheme 13).12 Under analogous reaction conditions, including a Pd-catalyzed dehy- 
drogenation step, the heterocyclic enamine (37) was transformed into (38; 87%), which represents an in- 
teresting route to tetrahydroisoquinolines. l3  

Diels-Alder addition of the endocyclic enamine (40) to the moderately electron-deficient (*)- 1,3-di- 
enyl sulfoxide (39) proceeded smoothly without loss of the nitrogen atom. Subsequent 2.3-sigmatropic 
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COzMe 
'OZMe 5% aq. HCI 

91% 
from (34) 

e.3 + -> 
(36) 

/ 

(33) (34) (35) 

C02Me 
C O ~ M ~  i, benzene, reflux, 20 h 

ii, PEVC. MeOH, reflux, 6 h 

Me' N go + >  / -Q5 Me' N 87% 

(3s) (34) (37) 
Scheme 13 

rearrangement of the allyl sulfoxide (41 -+ 42) offered an elegant synthetic entry into derivatives of the 
hasubanan alkaloid family (Scheme 14).14 < ~ & MeCN,70°C b 

2 4 h  N 
0 Mel 

PhS \\ 

(39) 
r 1 

Na,S, MeOH HO,,,,,& 

65 "C, 8 h \ \ :  

N 
I 

Me 

More recently, dioxopyrrolines have been introduced as 'classical', electron-deficient dienophiles. For 
example, the addition of (in situ prepared) 3-aryldioxopyrroline (43) to butadiene afforded the hexahy- 
droindole (44). a key precursor in a synthesis of Amaryllidaceae alkaloids (Scheme 15).15 Similarly, 
highly regioselective [4 + 21 cycloaddition of isoquinolinodioxopyrline (46) to 1,3-bis(trimethylsily- 
1oxy)butadiene (45) afforded the tetracyclic adduct (47) with excellent control over the relative configu- 
ration of two quaternary and one tertiary stereogenic centers. Cycloadduct (47) served as a pivotal 
intermediate in erythrina alkaloid synthesis. l6 

\ 0 70% - O&o 

DMF, 160-180 "C 
+ Q \ <% 

N 

H H  
H 

(43) (44) 
Scheme 15 
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130 O C ,  2 h, neat 
M e 3 s i 0 q  + ps 0 76% 

OSiMe3 EtO2C 0 0 

(45) (46) 
Scheme 15 (continued) 

4.133 Alkenyl Sulfur Derivatives 

The role of sulfur functionalities in activating alkenic and alkynic dienophiles, and directing their cy- 
cloadditions to 1,3-dienes, has been recently reviewed” and only some essential points outlined here. 
Depending on the oxidation state of sulfur, its vinyl derivatives range from strongly or weakly electron- 
deficient (sulfones or sulfoxides) to electron-rich (sulfides) dienophiles. 

Vinyl sulfones are the most versatile and widely used sulfur substituted dienophiles. They may serve 
as both activated ethylene and terminal alkene equivalents in highly regioselective Diels-Alder additions 
to ‘classical’, i.e. electron-rich, 1.3-dienes. The sulfonyl moiety facilitates the introduction of further 
functionality into the cycloadducts and can be easily removed by mild reduction (Scheme 16).IEa These 
features have been exploited in a synthesis of the terpenoid zingiberenol(56) (Scheme 17).IEb 

The ‘temporary’ functionalization of cyclic or acyclic alkenes with a phenylsulfonyl group, followed 
by [4 + 21 cycloadditions of 13-bis-oxygenated dienes, opens a regiocontrolled route to annulated or 5- 
substituted cyclohexenones (Scheme 18). *8b~19 

Methyl a-bromovinyl sulfone (64) corresponds to an activated allene equivalent when subjected to a 
Diels-AlderRamberg-Biicklund reaction sequence providing, for example, em-methylenenorborne 
(66) (Scheme 19).18b*20 

Tolylsulfonylacetylene (68) has found use as a dienophilic substitute for acetylene, as exemplified by 
the synthesis of the structurally unique hydrocarbon [4]-peristylane (71) (Scheme 20).21 

Vinyl sulfoxides mostly require a second electron-withdrawing group to increase their dienophilic 
character. Thus vinyl sulfoxides bearing a carbonyl moiety at Cp undergo ‘carbonyldirected’ diene addi- 
tion followed by a spontaneous elimination of sulfenic acid, as applied to a synthesis of disodium pre- 
phenate (74) (Scheme 21).22 

The chirality at sulfur also confers to (a-P-carbonylmenthoxy vinyl sulfoxides a useful topological 
bias which will be discussed in context with asymmetric Diels-Alder reactions (Section 4.1.6.2.1 (vi)). 

A C,-positioned sulfoxide (as well as a sulfide) group enhances significantly the dienophilicity of a$- 
unsaturated carbonyl compounds in Diels-Alder reactions with ‘standard’ dienes. Moreover, the synerg- 
istic influence of the two functional groups secures a high regiochemical control, e.g. (75) + (76) + (77) 
(Scheme 22).23 

&T 6 + [SO2Ph 135 O C ,  18 h B S 0 2 P h  .- i 

68% 91% 

(48) (49) (50) (51) 

83% ii. iii, i l 
(52) 

i, Na/Hg excess, NazHPOfleOH, -20 O C ;  ii, BuLi, THF/HMPA (9:l); iii, BrCH2CH=CH2 

Scheme 16 
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S q P h  

(49) 

i, NaH, DMF 

ii, (H) 

n 

D '8 OSiMe3 i. benzene, reflux, 28 h 
ii, HOCH2CH20H, TsOH - 

OMe 

(29) 

n 

85% 47% 

SO2Ph 

(53) 

i. N m g ,  Na2HP04 
ii. PPTs/acetone 

t I II 
iii, NaOEt, MeOH 
iv, MeLi 

(56) 
Scheme 17 

OMe 

SO2Ph 

(57) (58) (60) 
i, PhSeS02Ph, hv (254 nm), CC14, 1.5 h; ii, 15% aq. H202, CH2C12, 0 "C, 0.5 h then r.t, 0.5 h; 

iii, xylene, reflux, 48 h; iv, 1N aq. HCl, THF, 5 h 

(Me0)2CH B SOzPh 

i, xylene, reflux 

v O S i M e 3  ii, H30+ 
I 

OMe 

(59) 

* 
77% 

Scheme 18 

b 

77% 

MeSozyBr + 0 85% ~ SBr SO Me NaOMc, DMSO 

>90% 

Scheme 19 
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PhH, nflux. 18 h 

f" 
D 

Ts 

(69) 

MCPBA -& 
Ts 

(70) 98% from (67) 

Scheme 20 

0 
S-0 OMe 

I 

Me3SiO PhS 

i, 9-BBN 
ii, NaOH, MeOH 

C02Me D &Le 29% 

0 
(73) 

Scheme 21 

i, 100 O C .  26 h 
ii, AcOH, EtOAc, 21 h 

3143% 

C02Na 

m C O z N a  

(74) 

0 

H,O, r.1.. 12 h 

90% 
+ 

(75) (76) 

Scheme 22 

(77) 

As already mentioned, vinyl sulfides are electron-rich dienophiles and react, therefore, preferentially 
with electron-poor dienes, i.e. in 'inverse-electron-demand' processes such BS those depicted in Scheme 
2 3 . " ~ ~ ~  The auxiliary sulfur substituent may be removed at some stage after the cycloaddition, either by 
hydrogenolysis (e.g. + 81)24 or oxidatiodsulfenic acid elimination (e.g. + illustrating the poten- 
tial of vinyl sulfides as ethylene or acetylene equivalents. 

However, enones carrying a sulfide group at Ca react (similar to sulfoxide 76) much more rapidly with 
'classical' dienes than the corresponding C,-unsubstituted enones (Scheme 24).26 
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i, K2C03, MeOH 

,,j,& 
ii, Me3SiCHzMgCl, THF Me& 

iii, Raney Ni 
L 

69% 
0 

0 (yPh + 

i, MCPBA, -78 OC 
ii, toluene, Py. 100 OC 

[i Sph 
140-150 OC, 12 h 

70% 

SPh excess 
(83) 

Scheme 23 

32% from (82) 
(84) 

i, MCPBA, CHzClz 
-78 OC, 10 min 

ii. CCl,, 50 "C, 1 h 170 "C, 16 h 

72% / 
H 

5 81% - 
(86) 

major adduct of 7:l 
mixture of epimers 

at C-7 

(87) 

175 "C. 48 h 

H 
+ => 21% - 

The regiochemical control provided by the sulfide moiety is a further asset, most strikingly exploited 
in the synthesis of anthracyclines (cf. Scheme 25).27 The phenylthio group in cycloadduct (92) also pre- 
vents aromatization of the newly formed ring c, allowing its appropriate functionalization via enone (93). 

4.1.2.4 Alkenyl Halogen Derivatives 

Kishi's synthesis of aklavinone (625) (Section 4.1.8.4) exploits the regiodirecting bias of a bromide 
substituent in dienophile (94) (which parallels that of the phenylthio group in 90) (Scheme 26).28 The in- 
itially formed cycloadduct underwent spontaneous elimination of HBr (neutralized by Se03) and oxida- 
tion (air, Pli2NEt) to give the anthraquinone product (97) as the exclusive regioisomer. 
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0 

@ OH 0 Br 

(94) 

-@& Jones reagent 
acetone, 0 "C 

0 

@$ SPhi 

OMe 0 OSiMe3 OMe 0 

(92) (93) 70% from (90) 

Scheme 25 

(97) 80-8576 from (94) 

i, (94) + (95) (3 equiv.), C6H6, SrC03, 4,4-thiobis(6-t-butyl-3-methylphenol), reflux; 
ii, air, pr'2NEt, CHCl,, r.t. 

Scheme 26 

4.1.2.5 Vinylphosphonium Salts 

ium salts which afford exo-methylene compounds via a subsequent Wittig reaction (Scheme 27).29 
Vinyltriphenylphosphonium bromide (98) reacted with a number of dienes to form cyclic phosphon- 

+ 
ii. 'ILDA RCHO ~ A C H R  

3045% 

MeCN, 150 O C ,  24 h 

fpph3Bri 0 %% Br- 

(100) 

Scheme 27 

4.13 HETEROATOM-SUBSTITUTED DIENES 

The efficiency and regioselectivity of intermolecular [4 + 21 cycloadditions can be improved by plac- 
ing heteroatom substituents not only on the dienophile but also on the diene partner, as already illustrated 
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by several examples in the foregoing section. Heteroatom-substituted dienes and their use in the Diels- 
Alder reaction were reviewed extensively in 1981;30 therefore discussion here will be limited to npre- 
sentative examples and some more recent developments. 

4.13.1 Oxygen-substituted Dienes 

Monoalkoxy- and trimethylsilyloxy- 1.3-butadienes are electron-rich dienes and have been extensively 
used in Diels-Alder reactions with electron-poor dienophiles, as already shown in Section 4.1.2 
(Schemes 8 and 25). A very recent example is the synthesis of the labdane diterpenoid (f)-erigerol(105), 
which centers on the key step (102) + (103) + (104) (Scheme 2Q3* Diene (102) features, apart from the 
regiodirecting ethoxy group, a cyclopropylidene moiety and, thus, serves as an equivalent for the much 
less reactive 1 -ethoxy4methyl- 1,3-pentadiene. Indeed, the depicted Diels-Alder reaction proceeded ef- 
ficiently under mild conditions in a highly regio- and ‘(3-0 endo’-selective manner. 

@ 0 

0 

Scheme 28 

E4 + 21 Cycloaddition of the endocyclic 2-silyloxydiene (106) to methyl vinyl ketone gave the bicy- 
clo[2.2.2]octenes (107) with a silyloxy-directed regiochemistry. The major endo product was then trans- 
formed into the tricyclic sesquiterpene (*)-seychellene (108) (Scheme 29).32 

H 

( 1 W  (2.5 equiv.) endolexo = 75:25 
(107) 

Scheme 29 

One of the most popular dioxygenated dienes is 1 -methoxy-3-trimethylsilyloxy- 1.3-butadiene (109), 
the so-called ‘Danishefsky diene’ (Scheme 30). The elegant application of this and related polyoxygen- 
ated dienes in synthesis was reviewed in 1981.30.33 [4 + 21 Cycloadditions of diene (lo!)), with typical 
electron-poor dienophiles, display increased reactivity and regiochemical control owing to the synergism 
of the two oxygen atoms. Acidic hydrolysis of the initial cycloadducts readily affords cyclohexenones, 
phenols or cyclohexadienones (cf. Section 4.1.2, Schemes 12, 17, 18 and 21). A pertinent example is the 
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addition of (109) to the relatively unreactive dienophile (110) to yield the angularly substituted cyclo- 
hexenone (112), an inmediate for a synthesis of vernolepin.” The related l,l-dimethoxy-3-~thyl- 
silyloxybutadiene (113) reacts readily with alkynic dienophiles to give, after treatment with aqueous 
acid, polysubstituted phenols. This highly regioselective type of transformation was applied to a syn- 
thesis of the macrolide lasiodiplodin (116).35 

OMe 
mesitylene / / +  Meo’cn reflux, 100 h 

Me3SiO 4 

r 1 

43% 0 
H 

(111) (112) 

OMe ‘OzMe i, xylene, 140 OC, 18 h 
ii, 0.05 N HCI, aq. THF 

c 

Me3SiO A >35% 

- 
HO HO 

OMe 

b O M e  

Me3SiO- 
OMe 

0 OH 

’ OMe 4x6 \ 

i, 80 OC, 3 h; 150 OC, 18 h 
ii, HCI, aq. MeOH. nflux 

OMeiii, Me2S04, K2CO3 ~~0 

0 OMe 0 
78% 

Even the tetrasubstituted diene (117) underwent smooth cycloaddition to pquinones, thereby opening 
a convenient route to polyoxygenated anthraquinone pigments, e.g. (117) + (118) + (119).36 

Diels-Alder reactions of furans were the subject of a recent review ( 1986).37 Their intermolecular ver- 
sions profit notably from high-pressure conditions (Section 4.1.4.2.1) or the use of benzynes as dieno- 
philes (Section 4.1.7). 

Another type of oxacyclic diene are the pyrones, e.g. (120),38 which react with typical dienophiles at 
temperatures ranging from 80 to 205 ‘C with spontaneous loss of carbon dioxide (Scheme 3 1). 
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C02Me 1 - T: &...Me 
205 "C, 22 h 

OH I Y\) 
L V  J 

4.133 Nitrogen-substituted Dienes 

Acyclic dienamines are relatively unstable, but very reactive towards electron-poor dienophiles as de- 
scribed in a review article (1984).39 A more recent example shows the preparation of sterically encum- 
bered l-amino-19-diene (125) and its, nevertheless, efficient and highly stereoselective [4 + 21 
cycloaddition to dimethyl fumarate (Scheme 32).40 Elimination of pyrrolidine, by heating the non-iso- 
lated cycloadduct with acetic anhydride, afforded hexahydronaphthalene (126), a key intermediate for a 
synthesis of drimane-type sesquiterpenes. 

C02Me i, Me02C 
p yrrolidine 

toluene, 60 "C 
xylene, 140 "C, 24 h 

ii, Ac20. 140 'C, 24 h - GyJ 81% p* % % *  

(124) (125) 

COzMe 5P (126) 
Scheme 32 

2-Dialkylamino-1,3-dienes are even less stable, but may react at low temperature, e.g. with nitroal- 
kenes. The exclusive formation of one regio- and stereo-isomer, (127) + (128) + (129). resulting from 
endo orientation of the nitro group, is exemplified in Scheme 33.4l 

I +  

0 
-30 "C 

-100% 

HC1, r.t. 
aq. acetone 

-100% 
* flH 0 

N-Acylaminodienes are more stable than the corresponding dienamines and are easily accessible in 
one synthetic operation from conjugated enals, (131) + (132) + (133),"2 or alternatively from dienoic 
acids, (134) + (135) (Scheme 34).43 

Dienamides (133) readily undergo intermolecular [4 + 21 cycloadditions, as exemplified by the highly 
endo-selective reaction of (136) with maleic anhydride giving (137) (Scheme 35).42b However, the main 
advantage of the simple diene preparation (131) + (133) is the facile 'introduction' of an alkenic chain, 
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56-95% from (131) 

i, ClCO,Et, P&NEt, NaN3,O "C 
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5340% 
R'-C02H 
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Scheme 34 

i, 80 O C ,  20 h 
ii, crystallization 

89% 
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0 0 

i, 110 OC, 2.6 h 
ii, crystallization - (= + \  CHO 67% 

H e N K o B n  0 
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either as substituent R1 or R2. Hence dienamides (133) are versatile precursors for intramolecular Diels- 
Alder reactions (Chapter 4.4). e.g. as applied to the stereoselective conversion of (S)-norvaline into en- 
antiomerically pure (-)-pumiliotoxin C (142)?& A synthesis of the racemic alkaloid (142) features the 
ngio- and 'CHO endo'-selective intermolecular Diels-Alder reaction (139) + (140) + (141).43b An en- 
antioselective version of this approach is presented in Section 4.1.6.2.l(ii) (Scheme 84). 

4.133 Sulfur-substituted Dienes 

1-(Phenylthio)- 1,3-butadienes undergo sulfur-directed Diels-Alder reactions to form adducts from 
which the sulfur moiety can be removed by reduction, or (after oxidation to the sulfoxide) by elimination 
or 2.3-sigmatropic rearrangement (cf. Section 4.1.2, Schemes 12,14)>O 

Q-2-Methoxy- 1-(phenylthio)- 1,3-butadienes react with methyl vinyl ketone and with 2-cyclohexen- 
l-one under catalysis by magnesium bromide or ethylaluminum dichloride. This provides exclusively the 
'G-0 endo' adducts in which the regiochemistry is completely controlled by the sulfur substituent des- 
pite the juxtaposed influence of the OMe group, e.g. (143) + (144) (Scheme 36).& 

EtAlCl, (1 mol equiv.) 
CH2C11, -78 'C. 4.5 h 

h 

Me0 '!+sf \ 0 80% 

SPh 

(143) 

73% 

daylight 
CHCI3,3648 h 

Me0 \ SPh 0 ~ Me0 #: PhS * Me0 )Q + 4o r.t., dark 

The allyIic position of the sulfide group in the cycloadducts may be employed for 2.3-sigmatropic re- 
actions, as demonstrated by the alkenation/sulfur ylide rearrangement sequence (144) + (145).44a A 
noteworthy allyl rearrangement (147) + (148) was observed on exposing the related Diels-Alder adduct 
(147) to daylight; the thiophenyl group underwent a formal 'antarafacial migration' consistent with a 
free-radical chain mechanism.44b 

13-Butadienes carrying an aryl sulfide substituent at C-2 also display a sulfur-dominated regiochem- 
istry which ovemdes the influence of a C-3 positioned OMe, OAc or SO2Ph group (Scheme 37, Table 
l)?5 Dienes (1511, prepared by electrocyclic ring opening or chelotropic SO2 extrusion, reacted with 
methyl vinyl ketone, methacrolein or methyl acrylate to give, preferentially, regioisomers (153). Table 1 
highlights the Lewis acid reinforced regioselectivity, provided that the competing substituent (X) is a 
relatively weak Lewis base (@. entries 4/5,6/7). 
2-(Phenylsulfonyl)-1,3dienes, e.g. (155) and (159), show an interesting 'dual-electron-demand' re- 

activity, i.e. they react with both electron-deficient and electron-rich alkenes (Scheme 38).& Adduct 
(156) can be transformed to its elimination product (158) or, more interestingly, to nitrile (157) via 
simple treatment with KCN. 
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X 

350 O C  

c2 seconds 

Table 

Scheme 37 

Diels-Alder Reactions of 2-Substituted 3-Aq ..hiobuta-l,3dienes (Scheme 37) 

Entry Diene Dienophile Solvent Lewis Temp. ('C) Yield (96) Ratio 
R' X R2 R3 acid (time, h) (153) + (154) (153)/(154) 

1 a H H H Me Toluene None 110 97 91:9 
2 b  H OMe Me H Methacrolein None Reflux 72 89: 1 1 
3 c H OAc Me H Methacrolein None Reflux(18) 84 90:10 
4 d  OMe OAc Me H Methacrolein None Reflux(17) 82 93:7 
5 d OMe OAc Me H Methacrolein BFyOEt2 r.t. (1.6) 94 >98:c2 

98 75:25 
85 -1oo:o 

6 e  H SOzPh H OMe pXylene None 200 (8) 
7 e  H SOzPh H OMe pXylene ZnCl2 r.t. (72) 

(159) (160) 
Scheme 38 
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4.13.4 Silicon-, Tin- and Boron-substituted Dienes 

I-Silylated 13-butadienes, e.g. (lal), are potentially attractive reaction partners in [4 + 21 cycloaddi- 
tions since the adducts are prone to various functionalizations of the allylsilane. For example, addition 
product (162) gave allylic alcohol (163) on hydrolysis/oxidation (Scheme 39).47 However, addition of 
diene (161) to methyl acrylate is inefficient and largely devoid of regio- and stereo-chemical control. 

150 "C, 24 h 

42% ' f 3  

SiMe3 
COzMe 

C02Me + Q "  I 

SiMe3 SiMe3 

(164) 76:24 (165) 
cisltrans = 5050 cisltrans = 5050 

Scheme 39 

Nevertheless, because of its weak influence, the silyl substituent hardly interferes with more potent re- 
giochemical control elements, as demonstrated by the acetoxy-directed Diels-Alder reaction of diene 
(166) with methyl acrylate (Scheme 40).48 The major endo product (168) was then converted to (*)+hi- 
kimic acid (171). 

OAc 6 CO2Me + @ 96% xylene, reflux 
* ___) < + fOzMe 40 h i 

SiMe3 SiMe3 SiMe3 

(166) (167) 8% (168) 72% 

34% HO%, 6 COzMe ii ~ H O , , , , , P  

HO''"' 98% 

SiMe3 HO 

(169) (170) (171) 
i, OsO, (cat.)/N-methylmorpholine N-oxide, Bu'OH, Me2C0, H20; 

ii, p-TsOH (benzene), reflux, 20 min 

Scheme 40 

[4 + 21 Cycloadditions of 2-triethylsilyl- and 2-tributylstannyl- 1.3-butadienes (172) to ethyl acrylate 
and methyl vinyl ketone also proceeded with moderate regioselectivities which could be significantly en- 
hanced by Lewis acid catalysis in favor of products (174) (Scheme 41, Table 2p9 The resulting cyclo- 
hexenylstannanes (174; M = SnBus) show potential for C - C  coupling reactions. 
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Table 2 Diels-Alder Reactions of 2-Triethylsilyl- and 2-Tributylstnnnyl-l,3-butadienes with 
Conjugated Enoyl Compounds (Scheme 4 1 ) 

Entry Diene Dienophile Solvent Lewis Temp. ('C) Yield (%) Ratio 
M R aci8 (time, h) (174) + (175) (174)1(175) 

l a  SiEt3 OEt Benzene None Reflux (6) 77 77:23 
2 a  SiEt3 OEt Benzene BF3.Etfl b 90 88:12 
3 b  SnBu3 Me Benzene None Reflux ( 12) 50 75:25 
4 b  SnBu3 Me CHfllfiexane EtzAlCl r.t. 75 94:6 
5 b  SnBu3 Me czH4c12 Et2BCl r.t. (12) 69 95:s 

98:2 6 b  SnBu3 Me CH2Cl2 Tic4  -78toO 31 

' 0 . 1 4 3  mol q u i v .  of Lewis acid used. Not reported. 

1.3-Dienylboronate (176). easily available by hydroboration of 2-methylbut- 1 -en3-yne, underwent a 
highly regiocontrolled, but only moderately em-selective, Diels-Alder addition to methyl acrylate, yieid- 
ing a mixture of cisltrans isomers (177) (Scheme 42).50 The corresponding [4 + 23 cycloaddition of diene 
(179) to maleic anhydride gave only the endo product (180). Adducts (177) were oxidized to afford 

(177) cisltrans = 36:64 (178) 

toluene. 80 OC, 6 h 
+ L 

0 

i, RCHO, r.t. 
ii, HzO, 60 O C ,  0.5 h 

L 

7040% 

Scheme 42 
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allylic alcohols (178). More spectacular is the stereoselective addition of aldehydes to the allylboronate 
unit of adduct (180) followed by a lactonization. The resulting lactones (181) contain four stereogenic 
centers with perfectly controlled relative configuration. 

4.1.3.5 2-[(Silyl-, Stannyl- and Thio-)methyl]-1,3-dienes 
2-Trimethylsilylmethyl-1,3-butadiene (182; M = SiMe3) is an excellent diene for highly regio- and ste- 

reo-selective Diels-Alder reactions with nonsymmetrical dienophiles (Scheme 43, Table 3):’ Although 
the silicon atom is not directly attached to the diene system, the ‘pard selectivity of Diels-Alder re- 
actions with methyl acrylate is more pronounced with (182; M = SiMe3) than with isoprene (182; M = H) 
(cf entries 1/3, 2/4). Stannylisoprene (182; M = SnMe3) shows an even higher regiodirecting influence 
on thermal [4 + 21 cycloadditions to methyl vinyl ketone (cf entries 5, 7). However, under catalysis by 
AlCl3, virtually 100% regiochemical control was observed on Diels-Alder reactions of (182; M = SiMe3) 
(entries 4,6). 

Scheme 43 

Table 3 Diels-Alder Reactions of Isoprene, 2-Trimethylsilylmethyl- and 2-Trimethylstannylmethyl- 
1 ,Zbutadienes with Conjugated Enoyl Compounds (Scheme 43) 

Entry Diene Dienophile Lewis Temp. (‘C) Yield (96) Ratio 
M R acida (time, h) (183) + (184) (183)/(184) 

lb a H OMe None 120 (6) 83 70:30 

3 b  SiMe3 OMe None 80 (46) 58 84:16 
75 9950.5 
83 83:17 
64 1oo:o 

4 b  SiMe3 OMe AlC13 
5 c  SiMe3 Me None 
6 c  SiMe3 Me AlC13 15-20 (3.5) 
7 d  SnMes Me None 80 (69) 94 92:8 

2b a H OMe AlC13 10-20 (3) 50 95:s 

5Ei? 

‘0.1 equiv. of AICI3 in benzene. bRef. 57b. 

The exclusively obtained adduct (183c) has been converted to monoterpenes by simple reaction 
sequences involving protodesilylation of the allylsilane unit either by HCl/MeOH (+ 185) or by 
fluorideDMS0 (-+ 186) (Scheme 44). 

(1W (1832) (185) 
i, MeMgBr, Et20; ii, HCl, MeOH, iii, KF, DMSO, 120 O C ,  12 h 

Scheme 44 
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As an extension of this work, the use of 2-(N-dimethylaminomethyl>3-(t1imethylsilylmethyl)-1,3-bu- 
tadiene (187) as a ‘2,2’-biallyl radical’ equivalent has been demonstrated (Scheme 45)?* For example, 
the initial cycloadduct (189), obtained from 3-acetoxy-3-buten-2-one, afforded on 1,4-elimination (cf. 
Scheme 127) 1,2-dimethylenecyclohexane (190) which reacted with a second dienophile to give the de- 
methoxyanthracycline precursor (192) (cf Scheme 140). 

i, Me1 
ii, CsF or TBAF 

MeCN, r.t. - 
70% Me3Si Me2N & 82% 

A 

Scheme 45 

Independently, 2,3-bis[(trimethylsilyl)methyl]-1,3-butadiene (193) was shown to be a similar ‘con- 
junctive’ reagent for tandem Diels-Alder reactions (Scheme 46).53 In this case the initial cycloadducts 
were subjected to an oxidative bis-desilylation with NBS and the resulting 1,2-dimethylenecyclohexanes 
were directly submitted to the second Diels-Alder step, as demonstrated by the reaction sequence (193) 
+ (194) + (195). 

Me3Si 
Me3Si 

0 

ii, iii 

59% 
- 

. H  0 
(195) 

5: 1 stereoisomer mixture 

i, toluene, reflux; ii, NBS, THF, propylene oxide, -100 to -78 OC, 1 h; iii, MVK, -78 OC to r.t., 16 h 

Scheme 46 

An elegant diastereocontrolled synthesis of the sesquiterpene trichodiene (201) relies on a smooth 
regio- and stereo-selective Diels-Alder reaction of 2-[(phenylthio)methyl]- 1,3-butadiene (197) with the 
a-methylenelactone (198), giving the ‘pura’ adduct (199) in 89% yield (Scheme 47).% 

Analogous additions of isoprene or 2-[(trimethylsilyl)methyl]- 1.3-butadiene (182 M = SiMes) to 
dienophile (198) resulted in 75:25 or 95:5 mixtures of ‘puru’ and ‘metu’ adducts, respectively. Although 
obtained with good selectivity, the major silyl-substituted adduct furnished, on protodesilylation, an in- 
separable mixture of endo- and exo-cyclic alkenes. In favorable contrast, the exclusively formed adduct 
(199) allowed a quantitative reductive removal of the sulfur auxiliary without migration of the alkenic 
bond. 
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Et2AlCl (0.95 equiv.) 
180 OC, 0.005 torr + qo benzene,60°C, 14h * 

89% * PhS PhS 90% 

(3 equiv.) 
(196) (197) (198) 

i, Li, NH3, reflux, 0.5 h 
ii, LiAIH,, Et20, reflux, 24 h 

,.OHOH 
/I” f, 

99% “ I  

Scheme 47 

4.1.4 LEWIS ACID AND MEDIUM PROMOTED DIELS-ALDER REACTIONS 

4.1.4.1 Lewis Acids 

The discovery by Yaks and Eaton (1960) that AlCb dramatically accelerates [4 + 21 cycloadditions of 
maleic anhydride, dimethyl fumarate and p-benzoquinone to anthracenes5 had a remarkable impact on 
the scope and selectivity of the Diels-Alder reaction. Since then, it has been found that a plethora of 
Lewis acids, such as EtAlC12, Et2AlC1, BFyOEt2, TiCL, TiC12(0R)2, SnCL,ZnCl2, MgBrs, erc., increase 
not only the rate but, moreover, the regio, endo and .rr-face selectivities of this process via coordination 
with the dienophile partner (e.g. to a conjugated c-0 or C==N moiety). The latter issue, namely the 
outstanding role of Lewis acids in a-facially controlled Diels-Alder reactions, will be discussed in Sec- 
tions 4.1.5 and 4.1.6. The effects of Lewis acids on the rate and regiochemistry of the Diels-Alder re- 
action are ascribed to a lowering of the frontier orbital energies and an alteration of the atomic orbital 
coefficients in the dien~phile.~ 

A well-known example which underlines the vital advantage of this rate acceleration is the 
Cu(BF&catalyzed [4 + 21 cycloaddition of a-chloroacrylonitrile (203) to the 5-substituted cyclopenta- 
diene (202).56 Owing to the selective coordination of the copper(1) ion with the nitrile group of (203). the 
desired adduct (204) was formed readily at 0 ‘C, thus avoiding the otherwise dominating 1J-rearrange- 
ment (202) + (205) (Scheme 48). 

>m 

0.’””’- 225OC oj’””‘ + 

c1 
1 1 

The general Lewis acid induced enhancement of rates, regio- and endo-selectivities is clearly demon- 
strated by the [4 + 21 cycloaddition of (E)-2,4-pentadiene (16) to methyl acrylate (Scheme 49, Table 
4).s7* The uncatalyzed reaction at 120 ‘C shows an 84:16 regiochemical preference in favor of the 
‘orrho’ products (206) and (207), but almost no endo selectivity. These values improve only marginally 
at a reaction temperature of 25 ‘C (requiring 70 days) but rise sharply to ratios of 98:2 (‘orrholmetu’) and 
955 (endolexo) in the presence of AIC13 (0.15 mol equiv.) at 10-20 ‘C (3 h). Similar regiochemical im- 
provements were observed on the corresponding additions of isoprene and its derivatives to methyl acry- 
late, methyl vinyl ketone and acrolein (Scheme 43, Table 3; Scheme 61, Table lo)?% 
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Table 4 Influence of AlC13 on the Regio and Endo Selectivity of the Diels-Alder Reaction between 
(E)-2,4-Pentadiene and Methyl Acrylate in Benzene (Scheme 49) 

Entry Temp. (‘C) AIC13 Yield (%) Ratio 
(time, h) (mol equiv.) (206) + (207) + (208) + (209) (206)1(207)/(20%)1(209) 

1 120 (6) 0 
2 25 (1680) 0 
3 1&20 (3) 0.15 

53 45.4:38.6: 10.65.4 
39 51.3:38.7:7.3:2.7 
50 93.1:4.9:1.9:0.1 

Alkene dienophiles bearing two different substituents at C-1 or, trans related, at C-1 and C-2 often re- 
act with low endolexo selectivities (cf. Scheme 50, Table 5). For example, the thermal Diels-Alder re- 
actions of cyclopentadiene with methyl (E)-crotonate (210b) (entry 4) and methyl methacrylate (21Oc) 
(entry 6) show approximately equal proportions of products with an endo-oriented methoxycarbonyl or 
methyl group.57c Coordination of the COMe unit clearly favors its endo orientation in the reaction of ac- 
rylate (2lOa) (entry 3) and crotonate (210b) (entry 5). However, the endo-directing influence of the C,- 
methyl group was only poorly counteracted in the AlCb-promoted addition of methyl methacrylate 
(21Oc) (entry 7). Nevertheless, even dienophiles with ‘competing’ geminal substituents can react in a 
highly endo/exo selective manner depending on the substituents and the type of Lewis acid (@. Scheme 
1 11, Table 32). This reference to Section 4.1.6.3.3 may underline the vital importance of an almost com- 
plete endo/exo selectivity as a prerequisite for achieving useful asymmetric Diels-Alder reactions. 

C02Me 

Table 5 Influence of AlCl, on the EndolExo Selectivity of Diels-Alder Reactions between Cyclopentadiene and 
Methyl Enoates (Scheme 50) 

Entry R’ RZ Lewis acid Solvent Temp. Yield (8) Ratio (211)/(212) Ref. 
(mol equiv.) (‘C) (211) + (212) 

la H H - CHKh 0 22-5 1 82:18 57d - _  _ _  _ -  
2 a  H H AICls.OEt2(0.1) CHZl; 0 79-91 
3 a  H H AlCl~OEt2(0.1) C H g h  -70 67-72 

%:4 
99: 1 

57d 
57d - - .  , - c&6- 30 - 54:46 57c - 94:6 57c - 31:69 57c 

- m40 57c 

4 b  Me H 
5 b  Me H AlC13(0.9) Cj& 30 
6 c  H Me - C6& 30 
7 c  H Me AlCb(0.9) c6& 30 
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Scheme 5 1 presents an entirely different mode of catalyzed [4 + 21 cycloadditions. Thus trimethylsilyl 
triflate or triflic acid apparently transform vinyl orthoesters and acrolein acetals to powerful transient 
allyl cation dienophiles (214) and (219). respectively. The 'ionic' Diels-Alder reactions (213) -+ (216) 
and (218) + (224) proceed at low reaction temperatures in a remarkably regio- and endo-selective man- 
ner?* 

TfOH 
(0.02 equiv.) 

CHzCl2 

I 
CO2Et 

(216) 94 

(215) 

CO2Et 

1 (217) 6 
I 

-78 to -10 "C 

58% 

-I 

(219) (220) 

Scheme 51 

cisltram = 89: 1 1; only regioisomer 

4.1.43 Medium Effects 

4.1.4.2.1 High pressure and ultrasound 

Intermolecular [4 + 21 cycloadditions exhibit strongly negative activation volumes and reaction vol- 
umes. High pressure, therefore, can be applied to accelerate Diels-Alder reactions and to shift the re- 
action equilibrium towards the cycloadducts. These effects are of particular advantage to: (1) promote 
othewise slow [4 + 21 cycloadditions involving heat or Lewis acid sensitive educts or products; (2) sup- 
press cycloreversion processes which are either thermodynamically favored or would interfere with a 
kinetically controlled stereochemistry. In view of a recent review (1985)59 only a few examples are 
presented here. 

Scheme 52 and Table 6 emphasize the beneficial influence of high pressure on the Diels-Alder re- 
actions of (Lewis acid sensitive) nitrogen- or oxygen-substituted dienes-(22l) to acrylates (222) (c$ en- 
tries 112 and 3/4).60 

(221) (222) (223) 
Scheme 52 

A serious drawback of [4 + 21 cycloadditions to p-quinones is the aromatization of the cycloadducts, 
affording hydroquinones. Hence, the first step, (224) + (225 R = H) + (226; R = H), of Woodward's 
landmark synthesis of reserpine, carried out in benzene under reflux (10 h), gave the desired adduct (226; 
R = H) in only 18% yield because of its facile tautomerization to (227; R = H) (Scheme 53).61a 
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Table 6 Influence of High Pnssure on the Diels-Alder Addition of Heteroatom-substituted Dienes to Acrylates 
(Scheme 52) 

Dieno hile Solvent Temp. ('C) Pressure Yield (%) Re5 
X R' R P (time, h) (kbar) of (223) 

Diene Enrry 

la NEt2 H Et Benzene 20(144) 0.001 94 6oa 
2a NEt2 H Et E t 9  r.t. (0.5) 13.6 95 60a 

Me Toluene 110 (72) 0.001 0 6ob 
OMoM OMOM C W e  Me CH2C12 r.t. (24) 15 70 60b 

3 b  
4b 

In contrast, this reaction, when run at room temperature under a pressure of 15 kbar (18 h), afforded 
bicyclic dienedione (226 R = H) in 64% yield.61b Similarly, the Diels-Alder reaction of p-benzoquinone 
(224) with dienyl ester (225; R = Et) was significantly improved by high pressure (15 kbar, r.t., 3 h), pro- 
viding product (226, R = Et) in 60% yield; dione (226, R = Et) served as a key intermediate for a syn- 
thesis of (f)-aklavinone (625).61c 

High pressure has been applied successfully to Diels-Alder reactions of furans, which are notoriously 
troublesome due to low activation barriers and low or even negative AGO values. For example, attempts 
to synthesize the potent vesicant cantharidin (232) via reaction of furan (228) with dimethylmaleic anhy- 
dride (234) date back to 1928. The failure of this approach has been attributed to a thermodynamic pref- 
erence for cycloreversion over cycloaddition.628 More than 50 years later the problem was solved by 
employing high pressures and either a modified dienophile (229)62b or diene partner (233).62c Interesting- 
ly, product (235) reverts to 'reactants' (233) and (234) in solution at atmospheric pressure and room tem- 
perature (Scheme 54). 

0 co + s*o 7kbar,24h neat, 94% 20 "C +$?+ 0 

0 
0 (26 equiv.) 

A pressure of 5 kbar was also essential to accomplish the [4 + 21 cycloaddition of furan (236) to enone 
(237), the key step in a synthesis of the diterpenes jatropholones A and B (Scheme 55).63 
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neat, r.t. 
5 kbar, 72 h 

80% 
* 

OMe 

Ultrasound was repofled to promote Diels-Alder reactions as well as improve their regioselectivity 
similarly to high pressure, but much more conveniently (Scheme 56, Table 7).@ Comparison of entries 
2/3 indicates the similarity of the yields and product ratios (242)/(243), obtained at 10 kbar (entry 2) and 
on sonication (entry 3). The latter were attributed to the implosion of the ultrasound-induced cavities 
which locally generate high pressures and temperatures (up to 1 kbar and 5000 K). Deacetalization of the 
major aromatized regioisomer (242) gave the natural product tanshindiol B. 

i, cycloaddition 
ii, oxidation 

b 

i, cycloaddition 
ii, oxidation 

b 

To  v -u 

Scheme 56 

Table 7 Ultrasound Promoted Diels-Alder Reactions: Influence on Yield and Regiochemistry" (Scheme 56) 

Entry Reaction conditions Yield (%) Ratio (242)1(243) 
(242) + (243) 

1 
2 
3 

Benzene, reflux, 8 h 
Toluene, 10 kbar, r.t., 1 h 
Neat, ultrasound, 45 'C, 2 h 

15 
73 
76 

5050 
87:13 
83:17 

~ ~ ~~ 

'Aromatization of the initial Diels-Alder products occurred under oxygen with Si02 or on heating with DDQ in benzene. 
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4.Z.422 Water 

The beneficial effect of water as a reaction medium for Diels-Alder reactions was first described in 
1939,65 but was not generally recognized for more than 40 years. In the early 198Os, Breslow and cowor- 
kers reported that the [4 + 21 cycloaddition of cyclopentadiene to methyl vinyl ketone is accelerated by a 
factor of 700 when carried out in water compared with isooctane.66 This rate enhancement, paralleled by 
an increase of the endolexo selectivity from 80:20 to %:4, was ascribed to a hydrophobic association of 
the diene with the dienophile in water. 

In context with synthetic work on quassinoids, Grieco and coworkers found an even more striking rate 
enhancement of aqueous Diels-Alder reactions when the diene partner contains a suitably placed ionic 
substituent (Scheme 57, Table 8).67a The concentrationdepemdent increase of rate, yield and endo selec- 
tivity observed, particularly, with the sodium salt of dienoic acid (245b) in water (entry 3) was assigned 
to an entropically favorable interaction of the reactants within an aggregate. 

Table 8 Aqueous, Aggregation-promoted Diels-Alder Reactions of Quassinoid Intermediates 
at Room Temperature (Scheme 57) 

Entry R Solvent Concentration Time (h) Yield (%) Ratio 
of diene (246) + (247) (246)1(247) 

la Et c6H6 1.0 M 288 52 4654 
2 a  Et HzO 1.0 M 168 82 5743 

7525 3 b  Na H20 2.0 M 5 -100 
4 b  Na H20 0.1 M 120 46 4753 

Under analogous aqueous reaction conditions, the sodium salts of Q-3,5-hexadienoic, (Ern-6-meth- 
oxy-3,5-hexadienoic and (~-4,dheptadienoic acid underwent high-yielding [4 + 21 cycloadditions to a 
variety of dien~philes:~~ e.g. to the C,-substituted enal (248) (Scheme 58).67c The crude Diels-Alder 

HzO, 50 'C, 17 h 
b 

CHO 
C02Na 

(248) 

r OBn 

OHC f p 
C02Na 

L 

(249) 

OBn 
i, NaBk 
ii, H,O+ 

9 1 46 overall 
b 

i 
0 m H 

Scheme 58 
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adduct (250). fonned from (248) and (249) with a 91:9 endolexo selectivity, was directly reduced with 
NaBH4 and lactonized. This afforded, in 91% overall yield, bicyclic lactone (251), a precursor in a syn- 
thesis of vemolepin. 

The aqueous addition of conjugated allene carboxylate (252) to typical dienophiles proceeded smooth- 
ly between 20 and 50 ‘C to yield predominantly, if not exclusively, ‘G-0 endo’ adducts containing a 
conjugated exo-methylene group, e.g. the methyl vinyl ketone adduct (253) (Scheme 59).67c Also diene 
(255). featuring a sodium carboxylate unit attached via a nitrogen atom, reacted efficiently at 25 ‘C with 
various, even acid-sensitive, dienophiles as exemplified by the [4 + 21 cycloaddition of (255) to meth- 
acrolein (+ 256).67d 

Applications of the water-promoted aggregation effects in diastereoface controlled or ‘iminium’ 
Diels-Alder reactions will be discussed in Section 4.1.5.2 (Scheme 66) and in Chapter 4.2, respectively. 

COzNa COzMe 
I 

COzMe 
I 

H H 
I 

* 6NrcozMe + ,y N r C O z N a  ii, i. HzO, CH2N2 25 “C, 15 h 

H 
79% 

/ 

4.1.4.23 Chys, zeolites and silica gel 

Diels-Alder reactions showed a pronounced increase of rate, endo- and regio-selectivity when caxried 
out in organic solvents in the presence of modified claysa or zeolites.@ Similar improvements could be 
accomplished by co-adsorption of the reactants on dry Si02 in the absence of organic solvents.70 These 
trends are summarized below and compared with the results obtained by employing the ‘classical-ther- 
mal’?1a Lewis acid c a t a l y ~ e d ? ~ * ~ * * ~ ~ ~  ‘high pressure’71c or ‘aqueous’66 reaction conditions. 

For this comparison the [4 + 21 cycloadditions of methyl vinyl ketone to cyclopentadiene and to furan 
are chosen as reference reactions (Scheme 60, Table 9). Smectile clays, with the interlayer cations ex- 
changed by CP1 or Fern ions, catalyzed the addition of cyclopentadiene in providing the endo product 
(258 Y = CHz) at a drastically reduced reaction temperature in high yield together with G 10% of the ex0 
product (259 Y = CHz) (entries 3,4). These results are comparable with those obtained under ‘aqueous’ 
reaction conditions (entry 2), which supports the idea that the presence of water pockets in clays could 
account for their catalytic activity. The Lewis acidity as well as oneelectron-transfer processes, invol- 
ving the internal Fe’” or CSr cations, have also been invoked as possible explanations. 

On the other hand, the enhancements of rate and endo selection caused by adsorption of the reactants 
on dry silica gel (entry 5 )  seem to arise from an association of the nonsolvated reacting partners at the 
Si& surface, which acts as a matrix. 

Entries 6-10 deal with the Diels-Alder reactions of methyl vinyl ketone with furan and also include 
the use of AlClj (entry 6), high pressure (entry 7) and Cur ion-exchanged Y-zeolite (entry 9). This series, 
however, displayed only modest ex0 selectivities. The highest product ratio (258 Y = 0)/(259; Y = 0) = 
20530 was found on adsorption of the educts on dry Si0z.MgO (entry 10). 
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Y 

Table 9 Diels-Alder Reactions of MVK with Cyclopentadiene and Furan: Influence of Reactions Conditions 
(Scheme 60) 

Entry Y Solvent Catalyst or support Temp. ("C) Yield (%) Ratio Ref. 
(time, h) (258) + (259) (258)1(259) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

CH2 
CH2 
CH2 
CH2 
CH2 
0 
0 
0 
0 
0 

Benzene None 
H2O None 

CH2Cl2 KlO-Fe"' 
CH2C12 CI" montmorillonite 

None Si@ 
CHzClz AlC13 (0.15) 
CH2Clz 15 kbar 
CHzClz KlO-Fe"' 
CH2C12 CUI zeolite 

none S iO2.MgO 

80 
25 (3) 

-24 (4) 
22 (0.3) 
-20 (1) 

4 3  (0.25) 
r.t. (4) 
-43 (6) 
0 (48) 
20 (70) 

80 
80 
96 
91 
90 
81 
48 
60 
73 
48 

83:17 
9554.5 
9554.5 

90:10 
96:4 
4456 
5050 
31:69 
29:71 
20230 

71a 
66 
68a 
68b 
70 
68a 
71c 
68a 
69 
70 

Scheme 61 and Table 10 illustrate the influence of SnC14 or solid supports on the Diels-Alder re- 
actions of methyl vinyl ketone or acrolein with isoprene. Apart from the reaction rate, the regiochemical 
control was substantially increased, e.g. from 59:41 to 99.5:0.5 (entries 5/7) in favor of the 'para' pro- 
ducts (260). 

Scheme 61 

Table 10 Influence of Lewis Acid and Solid Support on the Diels-Alder Reactions of MVK and 
Acrolein with Isoprene (Scheme 61) 

Entry Dienophile Solvent Catalyst or support Temp. ('C) Yield (96) 
(time, h) (260) + (261) 

Ratio 
(260)/(261) 

MVK 
MVK 
MVK 
MVK 

Acrolein 
Acrolein 
Acrolein 
Acrolein 

Toluene 
Benzene 
CHzCl:! 
None 
None 

Benzene 
CHzC12 
None 

None 120 (15) 
SnC45H20 (0.18) e25 (1) 

CUI zeolite 0 (3) 
Si02 20 (0.5) 
None 150 

SnC44H20 (0.18) ~ 2 5  (1) 
CUI zeolite 0 (12) 

Si@ 20 (0.5) 

- 
83 
70 

54 
65 
56 

- 

71:29 
93:7 
96:4 

295:15 
59:41 
96:4 

9950.5 
295:15 

Ref. 

- 
71b 
71b 
69 
70 

71b 
71b 
69 
70 
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4.15 DIASTEREOFACE-SELECTIVE DIELS-ALDER REACTIONS WITHOUT REMOVAL 
OF THE INDUCING MOIETY 

As discussed previously, the Diels-Alder reactions of alkenic dienes and dienophiles involve the sim- 
ultaneous formation of two carbon-carbon bonds and up to four contiguous stereogenic centers. Their 
relative topicity derives from the ( E a  geometry of the diene and dienophile units coupled with the 
endolexo mode of addition. A further stereochemical issue arises in directing the addition process to only 
one (diastereo- or enantio-topic) .rr-face of either reaction partner. This Ir-facial differentiation governs 
the relation between pre-existent and newly developing centers of chirality and/or the absolute configura- 
tion of the latter ones. These two aspects of facial differentiation will be emphasized separately in the 
following subsections. 

4.1.5.1 Induction by a Prochiral Center: 5-Substituted Cyclopentadienes 

[4 + 21 Cycloadditions to C-5 substituted 1,3-~yclopentadienes (262) represent a particular type of face 
discrimination owing to the potential of a prochiral center (C-5) to alter the reactivity of the two diene 
faces (Scheme 62, Table 11). Hence some attention has been devoted to whether a dienophile (263) 
would preferably add syn or anti relative to a substituent X.72 Entries 1-3 show a predominant addition 
of Cu(BF4)z-coordinated 2-chloroacrylonitrile (or of acrylic acid and nitroethylene) anti to the CH20Me 
group, i.e. syn to R2 = H. A similar anti-directing influence was shown (in decreasing order) for C-5 sub- 
stituents X = CHzOH > Me (entries 44 5) .  Also, the methylthio and methylsulfonyl groups direct maleic 
anhydride to the anti face of cyclopentadienes (entries 8, 9). In contrast, C-5 substituents X = Cl,OH, 
OMe and NHAc exert a syn-directing bias on (262) (entries 6 ,7 ,  10-12), the origin of which is subject to 
debate. 

anti 

Table 11 Diels-Alder Reactions of C-5 Substituted 1.3-Cyclopentadienes (Scheme 62) 

Entry R' R2 X Dienophile Lewis acid Temp. ('C) Yield (96) Ratio Ref. 
(mol equiv.) (time, h) (264) + (265) (264)/(265) 

l a  
2 b  
3 c  
4 d  
5 e  
6 f  
7 f  

3 
:2' t! 
10 i 

H 
H -~ 
H 
H 

Me c1 c1 
Me 
Me 
Me 
Me 
Me 

H 
H -~ 
H 

Me 
H 
H 
H 

Me 
Me 
Me 
Me 
Me 

CHzOMe 
CH20Me 
CHzOMe 
CH20H 

Me 
c1 
c1 

SMe 
S W e  

OH 
OMe 

NHAc 

2-Chloroacrylonitrile 
Acrylic acid 

Nitroethylene 
N-Phen ylmaleimide 
Maleic anhydride 
Maleic anhydride 
Maleic anhydride 
Maleic anhydride 
Maleic anhydride 
Maleic anhydride 
Maleic anhydride 
Maleic anhydride 

Cu(BF42 
None 
None 
None 
None 
None 

AICb (1) 
None 
None 
None 
None 
None 

0 
-7 

-15 to r.t. 
r.t. (120) 

r.t. 
105 (3) 

100 (2.5) 
22 (27.5) 
22 (216) 

22 (cO.01) 
22 (4.2) 
22 (3.5) 

>90 
a 

68 
87 
a 

73 
80 

c 10:>90 
<3:>97 
c5:>95 
13237 
21:79 
91:9 
99: 1 
10:90 
c5:>95 

>95:d 
>95:d 
>95:d 

56 
72a 
5 

72b 
72c 
72d 
72e 
72f 
72f 
72f _. 

72f 
72f 

'Yield not reported. 

On the other hand, a C-5 cyclopentadiene moiety induced almost no face discrimination on addition of 
dimethyl acetylenedicarboxylate to 9,lO-dihydrofulvalene (266) (Scheme 63).73a Products (268) and 
(270) result from a tandem inter-/intra-molecular Diels-Alder reaction (domino Diels-Alder reactions). 
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This seminal concept for the conswction of polycyclic systems, developed by Paquette and coworkers, 
is highlighted by the conversion of product (270) into dadecahedrane.73b 

anti r 

L J 

(269) 

Scheme 63 

(268) 42 

(270) 58 

4.15.2 Induction by Resident Stereocenter(s) 

4.1 S.2.1 C h i d  dienes 

Acyclic 13dienes containing an allylic stereogenic center may display a useful +facial differentia- 
tion on addition of dienophiles. For example, 1,3-dienes (271) bearing an allylic oxygenated center of 
chirality at C-1 gave, on addition of N-phenylmaleimide, mixtures of diastereoisomers (272) and (273) in 
ratios from 63:37 (R' = H) up to 88:12 (R1 = TMS) (Scheme 64, Table 12)?4a This trend significantly in- 
creased with 2-alkoxydiene (271d), giving exclusively adduct (272d) (entry 4)?4b The improved selec- 
tivity observed with (271d) was attributed to the 2-alkoxy substituent R2 which restricts the rotational 
freedom of the bond between C- 1 and the stereogenic center. 

+ 4 - P h  

0 

Table 12 [4 + 21 Cycloadditions ofN-Phenylmaleimide to Acyclic 1,3-Dienes Bearing an Oxygenated Allylic 
Center of Chirality (Scheme 64) 

Entry R' R* R3 Solvent Temp. ('C) Yield (%) Ratio 
(time, h) (272) + (273) (272)/(273) 

l a  H H Me Benzene r.t. (120) 78 63:37 
83:17 Me H Me Benzene 55 (72) a 
88:12 

2 b  
3 c  TMS H Me Benzene r.t. (240) 74.5 
4 d  TMS OMOM pr' Benzene r.t. (12) a - 1oo:o 

~~ 

'Yield not reported. 
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To remove the confornational ambiguity which obscures interpretations of these results, additions of 
various dienophiles to 3-substituted 1 -vinylcyclopentenes (274) were ~tudied.7~ Preferential cycloaddi- 
tion from the diene face anti to the Me, OMe and, particularly, the OTBDMS p u p  was observed 
(Scheme 65, Table 13). Cycloaddition of the hydroxy-substituted diene (274b) occurred with a weak syn 
preference in toluene (entry 2), but with an anti preference in more polar solvents. 

syn 

1 ~ y l l l ~  + 0% 

toluene 
w 

H +, Ph' H "G 
+ (N-Ph 23 O C  P h O " Y +  

0 X H  0 0 X t 
anti 

(274) 

Scheme 65 

Table 13 [4 + 21 Cycloadditions of N-Phenylmaleimide to C-3 Substituted 1-Vinylcyclopentenes in Toluene at 
Room Temperature (Scheme 65) 

Entry X Ratio (275)1(276) 
~ 

l a  Me 83:17 
2 b  OH 36:64 
3 d  OMe a 7 s 3  
4 d  OTBDMS 1oo:o 

A pertinent example of ?r-face differentiation by means of the 'aqueous Diels-Alder methodology' is 
the addition of dienyl sodium carboxylate (277; R = Na) to methacrolein in water, yielding adducts (278 
R = Na) and (279; R = Na) in a ratio of 18:82 (85%) (Scheme 66, Table 14, entry l).76 This useful induc- 
tion of centers C-13 and C-17 by the pre-existing center (2-20 is essential for a synthesis of the vitamin 
D3 precursor (280). It contrasts with the inefficient [4 + 21 cycloaddition of dienyl methyl ester (277; R = 
Me) in neat methacrolein, which showed no facial selectivity (entry 2). 

(278) 

Scheme 66 

Table 14 Diene. with an Allylic Stereogenic Center: Medium-assisted Face Differentiation on Addition to 
Methacrolein (Scheme 66) 

~ ~~~ ~~~ 

Entry R Solvent Temp. ('C) Yield (%) Ratio 
(time, h) (278) + (279) (278)/(279) 

l a  Na H2O 55 (16) 85 18:82 
2 b  Me Methacrolein 55 (63) 10 5050 
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A synthesis of the hypocholesterolemic agent (+)-compactin centers around the Diels-Alder reaction 
of the chiral diene! (282) with the chiral dienophile (281), which provided in a single operation the carbon 
framework of the target molecule (Scheme 67)." However, facial and regiochemical selectivities of the 
additions were only moderate, giving rise to the formation of two regioisomers (283) and (284); the 
major product (283) was transformed into (+)-compactin. 

0 
H 

+d 
0 
H 

(283) 7030 (284) 

Scheme 67 

4.153.2 C h i d  dienophiles 

Cyclic enones carrying an endocyclic stereogenic center reliably undergo cycloadditions of 1,3-dienes 
to the sterically less-hindered face, as exemplified by the AlC13-catalyzed reaction of (285) with buta- 
diene which yielded (286; 84%) as the sole cycloadduct (Scheme 68)?* 

-78 AICI, to (0.38 -50 OC, mol CH2CI2 equiv.) cH$ 
OMe 

L 

84% ,,,@ 1 0 
H 

.............. * 

(285) (286) 
Scheme 68 

Levoglucosenone (287), readily available by the pyrolysis of cellulose, when heated with a variety of 
dienes in the absence of a Lewis acid provided exclusively products (289) resulting from cycloaddition 
to its convex face (Scheme 69, Table 15).79 

AlCb-promoted Diels-Alder addition of butadiene to another sugarderived dienophile (290) pro- 
ceeded, as expected, only from the face opposite to the allylic ethoxy substituent, giving cycloadduct 
(291) (Scheme 70).** 
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Table 15 [4 + 21 Cycloadditions to Levoglucosenone (Scheme 69) 

Diene Temp. ('C) Yield (%) 
Y R (time, h) (289) 

la 
2 b  
3 c  
4 d  

H 
H 
H 

OAc 

95 
48 
96 
63 

AlCl, (6 mol equiv.) 

* HH 8-j-- OAc 

Et0 H 

CH,Cl, 
-40 "C, 2.5 h 

80-9046 Et0 

(291) 

Scheme 70 

A synthesis of (f)-quassin relies on the AlC13-catalyzed Diels-Alder reaction (292) + (293) + (294), 
where the angular allylic methyl group of the dienophile directs the diene to its less-hindered face 
(Scheme 71).81 

AlCI, (0.25 mol equiv.) 

L- 

2.7 equiv. 

Scheme 71 

The non-catalyzed [4 + 23 cycloaddition of the chiral pyrrolone (295) to triene (296) occurred with 
.rr-facial selection owing to the allylic benzyl substituent of dienophile (295) affording two regioisomers 
(Scheme 72).82 The major product (297) is a key intermediate in a synthesis of cytochalasin B. 

A particularly short and efficient synthesis of the lycopodium alkaloid (+)-luciduline (303) features as 
the first step the [4 + 21 cycloaddition of butadiene to optically pure cyclohexenone (299) opposite to the 
homoallylic methyl group (Scheme 73).83 To achieve this excellent face discrimination the presence of 
SnC4 was required which, however, provoked an epimerization at C-8a yielding mainly the undesired 
truns-fused product (301). Oximation, under epimerizing conditions, easily rectified this problem by 
channelling both isomers (300) and (301) to a single cis-fused oxime (302) which was converted to the 
enantiomerically pure alkaloid (303). 
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Regioisomer of (297) 
20 

Scheme 72 

"*OH 
pH= 13 - 

6, I, 60% 

SnC14 ( 1.1 mol quiv.)  
25 "C, 3 d 

67% 

- - 
79% 

(300) cis 
(301) trans 

Me 

H 

(302) (303) 

Scheme 73 

4.1.6 STEREOFACESELECTIVE DIELSALDER REACTIONS WITH REMOVAL OF 
THE INDUCING MOIETY 

4.1.6.1 Background 

Studies on the control of the absolute topicity of the Diels-Alder reaction started in 1961, but it is only 
during the last decade that substantial progress has been achieved. The development of this challenging 
field up to 1984 is the subject of several review articles." A more specialized account on chiral enoatc 
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dienophiles appeared in 1986.85 Some of this ‘earlier’ work will stand the test of time; some of it laid the 
foundations for new methods and concepts and will be put into perspective with today’s panorama of 
possibilities. 

4.1.6.2 Covalently Bound Auxiliary Groups 

The first use of an asymmetric Diels-Alder reaction in enantioselective synthesis, reported by Corey 
and Ensley (1975). involved both diene and dienophile face differentiations (Scheme 74)F6 Addition of 
5-(methoxymethyl)cyclopentadiene (304) to acrylic acid (305a) proceeded endo selectively and anti with 
respect to the diene substituent. Consequently, the relative configuration of the four new c h i d  centers in 
(306a) was determined and, of four possible diastereoisomers, one was formed selectively?” As ex- 
pected, the diene added at the same rate to the two enantiotopic dienophile a-faces, affording a 1 : 1 mix- 
ture of the enantiomers (1R)-(306a) and (lS)-(306a). 

”’\ 

0 

(307) 

a : R ’ = R 2 = H  -:& 
b: R’ = Ph, R2 = 

0 OR2 
Y 

Scheme 74 

Since only the (1s)-enantiomer is suitable for the synthesis of prostaglandins, exclusive diene addition 
from the C, re-face was required. Indeed, attachment of an appropriate chiral ester group R2 to the 
dienophile caused steric shielding of the now diastereotopic C, si-face of (305b), thereby directing the 
AlC13-promoted diene addition to the C, re-face. As a result of the a-face differentiation, the desired 
(lS)-(306b) was obtained from (305b) in significant excess over the undesired (1R)-isomer. This mixture 
was then transformed into enantiomerically pure ketone (307) involving cleavage of the chiral control 
element R2.86 

The above example demonstrates the addition of a prochiral diene to a dienophile bearing a removable 
chiral auxiliary. Further options for a-topological differentiation in Diels-Alder reactions include the 
temporary attachment of a chiral control group to the diene or, more elegantly, the employment of a 
chiral catalyst. So far the stoichiometric use of covalently bound chiral control groups has proved to be 
more efficient and predictable. In practical terms, the ideal prosthetic group should meet the following 
criteria. (1) Provide a wide range of Diels-Alder adducts in high chemical yield with virtually quantita- 
tive and predictable wface stereodifferentiation and a high endolexo as well as regio-selectivity. (2) Both 
enantiomers or alternative topological counterparts should be readily available. (3) Be capable of effi- 
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cient attachment to the dienophile or diene and nondestructive removal from the adduct with complete 
retention of the induced configuration. (4) Permit direct facile and reliable assessment of induction by di- 
rect analysis of the reaction mixture (NMR, GC, HPLC). ( 5 )  Enable facile purification of the major cy- 
cloadduct to almost 1 0 %  de. (6) Impose crystallinity on intermediates and cycloaddition products. 

4.1.6.2.1 C h i d  dienophiles 

The vast majority of work on asymmetric Diels-Alder reactions deals with additions of 1,3-dienes to 
a,P-alkenic carbonyl derivatives (XXXI) where the chirophore R* is attached to the carbonyl group 
either directly or via a heteroatom X, permitting subsequent removal of the auxiliary (e.g. by attack of a 
nucleophile Nu-; Scheme 75). 

Y , ca-re ~ Nu- I ~ ~~q~y 
x - RLe 

t /y/ R3p R*,,-xH 

R*,,-XH 
R2 (XXXI) 

x-gi 1 ~ 

Nu- 
R3 R' R' 

- J $  Y 

C,-si 

R3 
Y 

Scheme 75 

The factors which direct the diene to the top (C, re) or bottom face (C, si) of dienophile (XXXI) may 
be of steric and/or stereoelectronic origin. Moreover, the overall stereofacial bias is intrinsically depend- 
ent on the conformation of (XXXI). Thus the rotational freedom around the single bonds which link the 
chiral and prochiral centers in (XXXI) needs to be restricted in a well-defined manner. 

(i) Non-chelated Enoates Derivedfrom Secondary Alcohols 

alcohols are now discussed briefly (Scheme 76).84a 
In conjunction with the above arguments, the relevant conformers of acrylates derived from secondary 

According to X-ray data, such acrylates or (E)-Cp-substituted enoates exhibit a synperiplanar C- 
HdCS=O relationship in the solid state which also seems to predominate in solution. In solution, how- 
ever, spectroscopic evidence indicates an equilibrium between conformers (€I) and (I), where the 
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synplanar C===O/G-C disposition of the latter is disfavored by only MI = 0.32 kcal mol-l. If the diene 
adds exclusively to the wface opposite the larger substituent, confomers (H) and (I) display a reversed 
topicity. Consistent with this element of unpredictability, no thermal Diels-Alder reactions of acrylates 
have ever surpassed a face selectivity of 80:20. However, the situation changes dramatically when the 
acrylate coordinates to a Lewis acid. Supported by the results of X-ray and spectroscopic studies, we as- 
sume predominant coordination of various Lewis acids (notably TiCL and SnCL) with the carbonyl 
oxygen anti to the ester oxygen. This secures the C = O / W  s-trans conformation (J). Moreover, 
Lewis acid coordination to acrylates increases the regio- and endo-selectivity as well as the rate of their 
[4 + 23 cycloaddition to 1,3-dienes. As a result of this advantageous coincidence of effects, most asym- 
metric Diels-Alder reactions are carried out at low temperatures in the presence of a Lewis acid. 

In 1963, Walborsky and coworkers published the addition of bis(menthy1) fumarate (30th) to 1,3-bu- 
tadiene promoted by Lewis acids, affording the cyclohexene derivative (311a) (Scheme 77, Table 16).87a 

Lewis acid 
ML" - 

Table16 A 

R* $OMR* 

Scheme 77 

ImmetricDiels-Alder Additions of 1,3-Dienes Fumarates Derived from Chiral Secondary 
Alcohols (Scheme 77) 

Entry Dienophile Diene Lewis acid Solvent Temp. Yield (%) Ratio Ref. 
R* Y R' (mol equiv.) ("C) (311) + (311)/(312) 

(312). 

l a  
2 a  
3 b  
4 c  
5 d  
6 e  
7 f  
8 g  

(1R)-Menthyl H2 
(lR)-Menthyl HZ 
( 1R)-Menthyl H2 
(1R)-Menthyl H2 
(lR)-Menthyl CH2 

(S)-CH(Me)C@Et H2 
(9-CH(Me)C@Et CH2 
(S)-CH(Me)C@Et (CH212 

H 
H 

Me 
OSiMm 

H 
H 
H 
H 

T ic4  (1 .O) 
Bu!2AlC1(2.0) 
Bu'2AlCl(l .O) 
EtzAlCi (2.0) 
EtzAlCl(1 .O) 

None 
None 
None 

Toluene 
Hexane 
Hexane 
Toluene 
Toluene 
Hexane 

Hexane/CCh 
cc4 

25 80 
4 0  56 
-20 94 
-20 92 
-78 100 
130 96 
-54 99 
77 96 

89: 1 1 
97.52.5 
9752.5 

97:3 
99A0.5 

2575 
2:98 

10:90 

87a 
87b 
87b 
87b 
87b 
87c 
87c 
87c 

Optimal results (product ratio (311a)/(312a) = 89:11, entry 1) were obtained using Tic4 (1 mol 
equiv.) in toluene at 25 'C. This relatively high induction is not surprising since fumarate (309a) profits 
from a cooperative influence of two chiral O-acyl groups which increase its dienophilicity and direct the 
diene to the .rr-face opposite of two large groups RL in the coordinated dienophile (309). More recent 
studies showed improved wface differentiations by the use of Bu'AlCl and the more popular (vide 
infra) EtzAlCl as the Lewis Acyclic dienes furnished cyclohexenes (311aX311c) in ratios of 
(311)/(312) = 9752.5 (entries 2-4, 5694% yield) whereas addition of cyclopentadiene at -78 'C 
yielded quantitatively a 9950.5 mixture of norbornenes (311d)/(312d). Furthermore, it appears that the 
two acyl groups stabilize the C=O/CeC s-truns conformation of the (@-alkene (308) even in the a b  
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Sence of Lewis acids. Hence fumaric ecid esters of the re-face-directing ethyl (S)-lactate gave [4 + 21 cy- 
cloaddition products (311) and (312) in 9699% yield and in ratios which increase (25:75 + 2:98) with 
decreasing reaction temperam (130 + -54 'C, entries 68).87c 

The utility of the asymmetric fumaratebutadiene addition in synthesis is highlighted by the conversion 
of the (RR)-cyclohexene (313a) (derived from (+)-( 1s)-menthol) to enantiomerically pure (-)-bilobalide 
(317) (Scheme 78).88 This conversion involves particularly the annulation of a cyclopentenone ring to 
(313a) at the acylated centers which govern the topicity of the acylation (313a) + (314) and internal 
'Michael reaction' (314) + (315). Ozonolysis of the cyclohexene moiety sets the stage for the formation 
of two y-lactone rings. 

(313a) 

i, R'BH 
ii, 0, 

i, LDA 
ii, PhOCOCaCBu' 

91% 

c 

iii, HC(OMe)3, MeOH2+ 

CO2menthyl q ''0, H f B u t  

0 
CO2rnenthyl 

KN(SiMe3)* 

8096 
w 

(314) 
0 

Me0 

menthylo$ 
menthylOzC I 

OMe 0 

Two menthyloxycarbonyl groups attached to the same alkenic terminal may also govern the topicity of 
diene additions, as exemplified by the TiC4-catalyzed (0.1 mol equiv., -78 'C)  addition of cyclopenta- 
diene to di-( 1R)-menthyl methylenemalonates (318) (Scheme 79).89 Under these conditions, (318; R = 
H) gave a <10:>90 mixture of norbornenes (320 R = H) and (321; R = H) in 93% yield. Crystallization 
of (321; R = H) followed by reductive cleavage (LiAlH4) afforded enantiomerically pure diol (322). 
Analogous Diels-Alder reaction of (318; R = OAc) provided a 3: 1 endolexo mixture of (321; R = OAc) 
(83% yield, containing less than 5% of 320; R = OAc), which was transformed into the optically pure C- 
nucleoside precursor (323) via a C-C bond cleavage by retroaldolization-reduction. 

Comparison of Schemes 77 and 79 reveals that the topological interaction of the two menthyl ester 
groups is fundamentally different in [4 + 21 additions of fumarates (308) compared with those of methyl- 
enemalonates (318). In the latter, both ester auxiliaries cooperate in terms of activating the dienophile 
through formation of a stable chelate (319) but their individual stereoface biases in (319) are reversed. 
However, the observed n-face discrimination can be rationalized by assuming that the C-2,C-3 moiety of 
cyclopentadiene is more bulky than the 5-CHz group so that orientations c and d are favored over orien- 
tations a and b. Consistent with this hypothesis, no asymmetric induction could be achieved on addition 
of (318 R = H) to cyclohexadiene, which has comparably bulky C-2,C-3 and C-5,C-6 moieties. 

The modest stereoface directing influence of one menthyl auxiliary in the addition of cyclopentadiene 
to the acrylate of (1R)-menthol (324) led to the development of improved alcohol auxiliaries, e.g. (325) 
to (329) (Scheme 80). 

Without going into detail (see ref. 84), the use of neopentyl ether (328) is outlined here as a repre- 
sentative example (Scheme 8 1, Table 17).90 Its acrylate (330a) underwent TiCh(OPr')z-promoted addi- 
tion of cyclopentadiene with >20:1 endolexo selectivity and outstanding wface discrimination to give 
norhrnene (331a) in almost quantitative diastereoisomeric purity (entry 1); reductive cleavage regener- 
ated the auxiliary (328) and afforded virtually pure alcohol (332a) in excellent overall yield. The less re- 
active butadiene required more stringent reaction conditions (Ti(&, -8 "C, 112 h) but still proceeded 
with high chiral efficiency (entry 2). In contrast, crotonate (33Oc), deactivated by the Cp-positioned 
methyl group, failed to give the cyclopentadiene adduct (331c) in yields of >7% (entry 3). 
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i, Pd/C, H2 
ii, LiAlH4 

COzmenthyl (322) 

COzmenthyl 
R 

(320) 
i, OsO,, NMO 

ii, Me2C(OMe)2, TsOH 
iii, NaBH4, NaOMe, MeOH 

O X 0  iv, NaOH 

Scheme 79 

(327) (328) (329) 

Scheme 80 

These observations are consistent with a steric shielding of the C,,Cg-face in coordinated (330) by the 
But group which directs the diene to the opposite face. However, the addition process still suffers from 
steric hindrance due to the tetragonalization of the C, and Cg centers, and slows down with crotonate 
(3304 to such an extent that polymerization predominates. 
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i, H2. Ni 

~ ~ . L D A ,  IT 
i, LiAIH, 

14 + 21 Cycloadditions 

828 

OH 

A R 1  LiAIH, 

(331) O &OR* T- (332) 

$OH 

(3%) 

Scheme 81 

Table 17 Asymmetric Diels-Alder Reactions of Neopentyl Ether Shielded Acrylates (Scheme 81) 

Entry Dienophile Diene Lewis acid Temp. ('C) Yield (96) ee (%) 
R1 Y (time, h) (331) (332) 

l a  H CH2 TiClz(0d)z -20 (4) 95 99.2 
2 b  H H2 Tic4 -8 (112) 98 96 
3 c  Me CH2 TiClz(OFY)2 or Tic4 -20 to 20 (4-150) 4 0  - 

Allenic ester (334), nevertheless, displayed a sufficiently high dienophilicity towards cyclopentadiene 
to give, in the presence of TiC12(OPri)2, exo-methylenenorbornene (335) in high yield and stereochemical 
purity (Scheme 82).* The Diels-Alder process (334) + (335) served as the key step for a synthesis of 
enantiomerically pure (-)-p-santalene (337). The conversion of (335) into the natural product involved 
notably intermediate (336) which, owing to the attached auxiliary, could be efficiently purified by crys- 
tallization. 

0 

(328) 
(337) (-)-P-Santalene 

m.p. 119-120 OC 

036) 

Scheme 82 
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In the following phase of development (vide i@u) the scope of asymmetric Diels-Alder reactions was 
extended to include f3-alkyl-substituted dienophiles and less-reactive dienes by means of 'activating' 
dienophile auxiliaries. 

(ii) a,pUnsaturated Hydroq Ketones 
The crucial role of chelation in terms of increasing rigidity and reactivity of chiral dienophiles was 

first demonstrated (1983) with a-hydroxy ketone derivatives (Scheme 83, Table 18).91 Conjugated why- 
droxy ketones (340) and their enantiomers were prepared via separation of acid (338) from its enanti- 
omer, followed by successive treatment with BunLi and the appropriate vinyllithium reagent (339). 

x-0 i, Bu"Li 
ii, R & Li 

But 

(338) 

R 
( 3 4 0 ) X = H  
(341) X = Metal 

i, BU',AIH 
ii, NdO, 

iii, Jones 

COzH 

Scheme 83 

Table 18 Diels-Alder Reactions of a,p-Unsaturated Hydroxy Ketones with Cyclopentadiene (Scheme 83) 

Entry R Lewis acid Temp. ('C) Yield (%)' endol ex0 Ratio 
(1 mol equiv.) (time, h) ( C 4 )  (342)1(343) 

l a  H - -20 (24) 90 89: 1 1 99: 1 
2 a  H ZnCl2 4 3  (1) 95 94:6 >99:<1 

4 b  Me ZnC12 -20 ( 16) 90 94:6 >99:<1 
3 b  Me - r.t. (72) 84 83:17 98.5:1.5 

'Combined yield of endo and ex0 adducts. 
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Addition of cyclopentadiene to (34Oa) occurs readily at -20 'C even in the absence of a Lewis acid 
(Table 18, entry 1) to give adducts (34%) and (343a) in a ratio of 99:l. This high diastereotopic Ir-face 
differentiation undoubtedly derives from hydrogen bonding, which constrains the c h i d  center within a 
rigid five-membered ring. The bulky t-butyl group enforces the c--o/c--c syn conformation and di- 
rects the diene to the opposite enone face. The unusually high reaction rate can also be assigned to hy- 
drogen bonding. In the presence of ZnCl2 or Ti(OPrik, Diels-Alder additions to (340) proceed at even 
lower temperatures with improved endo and .rr-face selectivities (entries 2,4). Apparently the dienophile 
system becomes more conformationally rigid and 'activated' in the chelate (341), permitting efficient 
asymmetric Diels-Alder addition of a less-reactive dienophile (entry 4) and of acyclic dienes, as exem- 
plified by Scheme 84. 

BF,*OEt, P t O H  OAc 0 Ho%,Q C02H -43 "C, 12 h - 
_.__) 

+ < 72% HO'''" 

OAc OH 

(Moa) (345) (346) (347) 

OAc 

0 

i o  "'N' ' 

(349) 
Scheme 84 

Thus optically pure shikimic acid (347) has been synthesized via the addition of 1,4diacetoxybuta- 
diene (345) to (Moa), whereas the Diels-Alder reaction of N-dienylcarbamate (348) to hydroxy enone 
(340b) served as the key step for a synthesis of the enantiomer (350) of naturally occumng pumiliotoxin 
C (142) (cf. Scheme 35). 

Regardless of these impressive applications, the preparation of chiral dienophiles remains relatively la- 
borious. A further shortcoming is the inevitable destruction of the valuable chiral auxiliary on oxidative 
removal, (342) + (344) (Scheme 83). 

(iii) Chelated N-Acyl-N-enoyl Derivatives 
In contrast to nonchelated enoates, a,&alkenic amide derivatives prefer a C==O/C,=Cp s-cis arrange- 

ment (L) over (K) to avoid repulsions between Cp/XR* or Cp/R2 (Scheme 85). This also holds for the 
chelated dienophiles (M) where rotation around the (C-O)-N and (X=Z)-N bonds is further in- 
hibited. Such a chelation also increases the dienophilicity of (M), which contributes to the versatility of 
this concept. 

R2 
chelating 

I Z , x I  R' Lewis acid - I MLIl - 
k o  . ,  0 .. .. 
Mi, 0 

(L) s-cis 

Scheme 85 

(M j's-cis 
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As an extension of the elegant applications of chiral N-acyloxamlidinones to asymmetric aldolizations 
and enolate alkylations, Diels-Alder reactions of the unsaturated derivatives (351) and (355) were first 
described in 1984 (Scheme 86, Table 19)?2 

I 
(351) 

,4 

w t , , , ,  k 

(355) 

LiOBn 

I 
CQBn 

&R1 - EbAlCl 

,! cox 

:' (353) (356) 

R 
(352) - 

LiOBn 
R' - & -  C&Bn 

Et2AICl 

R' 
cox 

(354) 

Scheme 86 

(357) 

Table 19 Asymmetric Diels-Alder Additions of Cyclopentadiene to a,@-Unsaturated N-Acyloxazolidinones' 
(Scheme 86) 

Entry Dienophile R' endolexo Ratiob Purification Pure produc f Yield (%) 
(C4) (353)/(354) 

H >100:1 93:7 Chrom. (353a) 81 
H 1m1 595 Chrom. 

Me 48: 1 955 Cryst. 
Me 60:l 2:98 Chrorn. (354d) g3 Phd >so: 1 93:7 Chrorn. (353a) 

82 
82 
88 
83 

8::; 
l a  (351) 
2 b  (355) 
3 c  (351) 
4d 
5 e  

'Conditions: 1.4 mol equiv. of EtAICI, CH~CIZ, -100 'C, 5 min. b C ~ d e  reaction mixture. 299: 1.  *At -20 'C, 2.5 h. 

Comparative studies of several Lewis acids revealed the essential advantage of using more than 1 
equivalent of EtzAlCl, whereas Tic4 or SnC4 gave poor inductions. Thus EtzAlCl-induced (1.4 equiv- 
alent) additions of the valinol derivatives (351) to cyclopentadiene were complete within 2 min at -100 
'C and gave, with 98-99% endo selection, norbomenes (353) and (354) in ratios of >93:c7 (entries 1, 3, 
5). Inverse a-face topicity was displayed with similar efficacy by the norephedrine-derived dienophiles 
(355) (entries 2,4). After recrystallization or chromatography the resulting major cycloadducts (353) or 
(354) were obtained in 81-8896 yield and >98% diastereoisomeric purity. Nondestructive cleavage of the 
oxazolidinone auxiliaries from the adducts (353) and (354) by 'transesterification' with lithium benzyl- 
oxide furnished the benzyl esters (356) or their enantiomers (357). Sterically hindered addition products 
were preferably 'saponified' with LiOH/30% H202 in THF, e.g. (36Od) + (361d) (Scheme 87). 

The influence exerted by EtzAlCl on the Diels-Alder additions of dienophiles (351) and (355) was as- 
cribed to the intermediacy of the chelates (352) which exhibit C-C/C==O syn planarity. The electron 
deficiency and rigid structure of (352) account for the high reactivity and good T-face differentiation. 
Even less reactive acyclic dienes add smoothly to such chelated dienophiles (Scheme 87, Table 20). In- 
terestingly, in this case the @)-benzyl derivatives (358) displayed much higher diastereoselectivity than 
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the isopropyl derivatives (351). Good stereoface selectivities were achieved on additions to (E)-Cg-sub- 
stituted N-enoyloxazolidinones at temperatures between -100 and 0 'C (Table 19, entries 3-5; Table 20, 
entries 2, 4). Additions to (a-N-crotonoyl or P,P-dimethylacryloyl dienophiles were less useful due to 
(Z/@ equilibration or insufficient reactivity. It is worth noting that the chiral oxazolidinone moiety also 
efficiently directed intramolecular Diels-Alder reactions of 2.7.9-decatrienoyl- and 2.8, lo-undecatrie- 
noyl derivatives.92b 

Scheme 87 

Table 20 Asymmetric Diels-Alder Additions of Acyclic Dienes to a$-Unsaturated N-AcyloxazolidinonesP 
(Scheme 87) 

Entry Dienophile Temp. ('C) Diene Purification Yield (96) 
R (time, h) R2 R3 pure (360) 

l a  H -100 (0.3) H Me Chrom. 85 
2 b  Me b H Me Cryst. 83 
3 c  H -100 (0.3) Me H Chmm. 84 
4 d  Me -30 (6) Me H Cryst. 77 

~ ~~ ~ ~ ~~~~ ~ 

'Conditions: 1.4 mol equiv. of Et2A1CI, CH2C12. b4 'C, 10 h, then 0 'C. 0.5 h. 

Bornane- 10,Zsultam (362) and its antipode, accessible from inexpensive (+)- and (-)-camphorsulfonic 
acid in two simple operations, were introducedg3 in 1984 and rank today among the most practical auxil- 
iaries (Scheme 88)." Both chirophore enantiomers are commercially available in kg q~antities.9~' Al- 
most all of their N-acyl derivatives are stable and can be (1) readily purified by crystallization, (2) 
directly analyzed by 'H NMR and/or GC to determine their stereochemical purity, and (3) cleaved (e.g. 
with LiAlHs, LiOH, LiOOH, MeOMgI, erc.) under mild conditions without loss of the induced chirality 
and with excellent recovery of the auxiliary. 

i, Bu"Li 
ii, CIC(O)CH,Cl 
iii, P(OEt)3 

\/ 

I or 
0 

t 

- 10 &N% 

RCHO, LiCl 
DBU, MeCN 

SO2 H R 
(363) 

Scheme 88 
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The strongly dienophilic N-enoyl compounds (363) are readily prepared by direct N-acylation (NaH, 
RCOCl or Me3A1, RCOzMe)94b or via phosphonates (364)93d by means of a modified Wittig-Homer re- 
action. 
In the presence of TiCb, EtAlC12, EtzAlCl or Me2AlC1, cyclopentadiene added smoothly to the acry- 

loyl sultam (363a) at -130 ‘C and to the less reactive crotonoyl sultam (363b) at -78 ‘C (Scheme 89, 
Table 21).93a*93b.93g Adducts (366) were formed with excellent endo as well as wface selectivities and 
obtained pure in good yields after crystallization. 

r 1 

k S 0 2  0 II V I I 

0 
I 
SWO..’’ 

,$&H R 

\s) 

- &R 
cox 

Scheme 89 

Table 21 Asymmetric Diels-Alder Additions of Cyclopentadiene to N-Enoylbomane 10,2Bultams (Scheme 89) 

Entry Dienophile R Lewis acid (mol Temp. (‘C) endolexo Ratid Purification Pure Yield 
equiv.) (time, h) (C4) (366)/(367) productb (%) 

l a  
2 a  
3 b  
4 b  
5 b  
6 c  
7 c  

H 
H 

Me 
Me 
Me 
Me 
Me 

EtAlCl2 (1.5) 
Tic4 (0.5) 
Tic4 (0.5) 

EtAlCl2 (1.5) 
EtzAlCl(2) 
Tic4 (0.5) 

EtAlC12 (1.5) 

-1 30 (6) 
-130 (6) 
-78 (1)  
-78 (18) 
-78 (18) 
-78 /( 20) 
-78 (18) 

200: 1 
25: 1 

100: 1 
24: 1 

50: 1 
50: 1 

- 

97.5:2.5 
97:3 

96.5:3.5 
99: 1 - 

3:97 
3:97 

Cryst. 

Cryst. 

Cryst. 
Cryst. 

- 
- 

- 

(366a) - 
(366b) 

(366b) 
(367c) 

- 

- 

83 

83 

80 
>57 

- 
- 

- 
‘Mixtures of (366) + (367) obtained in 88-98% yield from dienophile. bDiastereomeric purity 299%. 

EtAlC12- or MezAlCl-promoted Diels-Alder addition of butadiene or isoprene to (363a) also pro- 
ceeded readily at -78 or -94 ‘C to give, after recrystallization, -100% pure (S)-cyclohexenes (370) 
(Scheme 90, Table 22, entries 8-10). Reductive cleavage of the cycloadducts (370) with LiAlH4 refur- 
nished the sultam (362) (89-95% after crystallization) and gave the pure alcohols (372) on simple bulb- 
to-bulb distillation. Alternatively, saponification of adduct (370a) with LiOH afforded acid (373a) (a 
potential precursor for a synthesis of (-)-shikimic acid, 347) without epimerization. 

The sense of asymmetric induction could be easily reversed (Schemes 89,90; Tables 21,22, entries 6, 
7, 11) by exploiting the readily available enantiomeric dienophiles (368). It is worth noting that several 
of these sultam-controlled [4 + 21 cycloadditions were smoothly carried out with 10 g, 15 g and 112 g 
batches of dienophile (Tables 21,22; entries 5p39 

Crystallized cyclopentadiene adduct (367c) was transformed into enantiomerically pure (-)- 1-0- 
methylloganin aglucone (378) (Scheme 9 1).93b This synthesis illustrates the potential of asymmetric 
Diels-Alder reactions which in one step created four stereogenic centers of which all but C-1 (requiring 
C,O inversion) possess the desired absolute configuration. Extension of the sultam-directed bias to intra- 

1 l?3i respectively). 
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Scheme 90 

Table 22 Asymmetric Diels-Alder Additions of Butadiene and Isoprene to N-Acryloylbornane 103dultams 
in CHzClz (Scheme 90) 

Entry Dienophile Diene LRwis acid Temp. ('C) Ratio Product Yield 
R (mol equiv.) (time, h) (370)/(371) crysf. (96) 

81' 
Ma 

5- 
9 5 9  

H EtAlC12 (1.5) -78 (6 ) 98.5~1.5 (37W 

H MezAlCI (1.5) -78 (44) 955  (37W 
Me EtAlCl2 (1 5 )  -94 (6) 97.2:2.8 (370b) (363a) 

9 b  ta (363a) 2a H EtAlC12 (1.5) -78 (-1 3396.5 (371a) 
10 a 
1 1  c 

'Diastcreomeric purity 299%. Ref. 93j. Not crystallized. 

molecular Diels-Alder reactions proved equally successful93c and was exploited for the enantioselective 
tod synthesis of the marine natural product ( - ) -pul~'upone.~~~ 

OMe OMe 

(377) 

Scheme 91 

I - 
MeO*OMe 
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The remarkable TiC4- and EtAlClz-enhanced rate and s-face differentiation of [4 + 21 cycloadditions 
to N-enoylsultams was rationalized in terms of chelates (365) and (369) (Scheme 89) involving the dice 
ordinating Lewis acid ML, the carbonyl 0-atom and the upper sulfonyl 0-atom which are attacked by 
dienes from the s-face opposite to the C-3 methylene Indeed, X-ray crystal-structure analyses 
of n~ncoordinated~~~ or TiCb-chelated N-crot~nylsultam~~~ show in both cases s-cis disposed 
C=O/&=Q bonds but an N S W W  s-trans arrangement of (363b) in the absence of Tic4 (Scheme 
92). 

0 

(363b) (365b) ML, = Tic14 

Scheme 92 

In the TiCL chelate (365b) the NSO2 and c---O groups are locked into a rigid s-cis confomation 
where, compared with Hexo of C-3, the C1 atoms play only a minor role in blocking the C,-si face (cf. 
Scheme 93). 

(iv) cY,PUnsaturated Chelated Esters and Amides 
The concept of using an ester auxiliary which also contains a ‘handle’ suitable for chelation was first 

disclosed in 1984/1985.95 Thus TiCLpromoted addition of cyclopentadiene to the acrylate of ethyl (9- 
lactate (379) proceeded readily at -63 ‘C to give (with a 39:l endolexo preference) a 93:7 mixture of 
norbomenes (381s) and (382a), from which the major product (381a) was isolated by MPLC (Scheme 
93, Table 23, entry 1). Mild saponification of adduct (381a) with LiOH in aqueous THF and purification 
via iodolactonizatiordelimination provided pure ( lR,2R)-5-norbomene-2-carboxylic acid. 

A highly significant X-ray crystal-structure analysis of the isolated TiCL complex (380a) revealed the 
following features: chelation of the two ester carbonyl groups by the titanium atom with one of its 
chloride ligands shielding the Co-re face of the alkenic bond which is s-cis relative to the adjacent C=O 
bond.95b It thus appears that during the Diels-Alder process the diene is directed to the &-si face of the 
chelated dienophile (38Oa) to avoid the steric bulk of the C1 ligand. Analogous reaction conditions but 
using EtAlCl2 as a Lewis acid resulted in a similar endolexo selectivity but a reversed face differentiation 
in favor of product (382a) (entry 2). A maximal ratio (381a)/(382a) = 22:78 attained with 2.5 mol equiv. 
of EtAlC12 indicates the 1:2 complex (383) to be the reactive species. The critical influence of Tic4 also 
shows on additions of 1,3-dienes to the (more reactive) fumarate of ethyl (S)- la~tate .~~~ The dienes ap- 
proach predominantly the si face of the dienophile in the presence of Tic4 (1.4-1.5 mol equiv.) (Table 
23, entries 3-3, but the opposite re face in the absence of Lewis acids (Table 16, entries 6-8). 

Prompted by the X-ray studies of the acryloyl lactate-Tic4 complex (38Oa), commercially available 
pantolactone was chosen as an auxiliary aiming to facilitate entropically the formation of a seven-mem- 
bered titanium chelate (385). Indeed, using 0.1-0.75 mol equiv. of Tic14 the acrylate and crotonate of 
(R)-pantolactonc (384) underwent smooth addition of cyclopentadiene, butadiene and isoprene to give 
adducts (386) and (387) in ratios of >93:<7 (Scheme 94, Table 24, entries a-d).*,* Opposite product 
ratios were obtained using dienophiles (388) derived from (S)-pantolactone (entry e)96b or (390) derived 
from the more readily available N-methyl-2-hydroxysuccinimide (entries f, g).% The major products 
were purified by crystallization and saponified without epimerization (LiOH, THF/water, r.t.) to furnish 
the corresponding carboxylic acids. 

In close relation to the work on acrylates derived from lactate, pantolactone and 2.5-disubstituted 
pyrrolidines (vide infra), N-acryloylproline benzyl ester (391) has been studied as a chiral dienophile 
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I O  
E t 0 2 C - 0 4  (0.7 mol equiv.) TiC14 

.) 

R 'I 
(379) 

(2.5 mol equiv. ) EtAIClz 

(383) 
Scheme 93 

0 C q E t  

Table 23 Lewis Acid Promoted Diels-Alder Additions of 1,3-Dienes to Acrylates and Fumarates Derived from 
Ethyl (S)-Lactate (Scheme 93) 

Entry R Y Lewisacid Solvent Te Yield (%) Ratio 
(mol equiv.) ('8' (381) + (382) (381)/(382) 

l a  H 88 93:7 CH2 T i c 4  (0.75) CH2Cldhexane -63 
2 a  H CH2 AlEtClz(2.5) CHzClz -63 
3 b (S)-CWH(Me)C&Et CH2 Tic4  (1.5) CHzClz 4 0  99 9 5 5  
4 c (S)-C@CH(Me)C&Et (CH2)2 T i c 4  (1.4) CH2Cldhexane -24 97 92% 
5 d (S)-C@CH(Me)C&Et H2 T i c 4  (1.4) CH2C12 -50 95 90: 10 

22:78 - 

'Yield not reported. 

(Scheme 95, Table 25).9' Diels-Alder reaction of (391) with cyclopentadiene, mediated by Tic4 (1 mol 
equiv.) at 0 'C, gave adducts (394a) and (395a) in a ratio of 9653.5 (85%, entry 1). Analogous to the re- 
action of the 0-acryloyl lactate it is assumed that the diene adds preferentially from the &-si face of the 
complex (392) which is shielded at the C,-re side by a chloride ligand. Again replacement of Tic4 by 
EtAlCl2 resulted in a reversal of stereoface selection, yielding a 1090 mixture of stereoisomers (394a) 
and (395a), attributed to the reaction of a monocoordinated dienophile (3%) (entry 2). TiC4-promoted 
reaction of dienophile (391) with less reactive dienes (entries 3-7) had to be carried out at 20 'C but still 
gave products (394) + (395) (24-75%) in ratios of >90:<10. Comparing the TiCL-chelated N-acry- 
loylproline (392) with the 0-acryloyl analogs (380) and (385) shows that the amide derivative is less 
dienophilic but sufficiently rigid to permit good topological differentiation at a relatively high tempera- 
ture. However, purification of the major product could only be achieved with (394a) (chromatography + 
crystallization) and cleavage of the amide bond required 0-alkylation (MesO+BF4-) prior to hydrolysis. 

Similar, but less easily accessible, dienophiles (397) were reported to undergo preferential si face addi- 
tions of cyclopentadiene at 0 'C when mediated by AC13 or EtzAlCl (Scheme 96, Table 26).98 This dia- 
stereodifferentiation was most significant with AlCl3-coordinated (397c) (entry 3) and still good, but 
much less endo selective, in the absence of AlCb (entry 5).  Treatment of endo products (398) with I2 in 
aqueous DME and reduction of the iodolactone with Zn/MeOH furnished (lR,2R,4R)-5-norbornenecar- 
boxylic acid (68%) and the recovered pyrrolidine auxiliary (63%). 

Dienophiles carrying a sugar moiety as a face-directing element may also benefit from chelation. Two 
ment examples are depicted in Scheme 97.99 Treatment of the 5-0,6-0-disilylated 3-O-acryloyl-l,2-0- 
isopropylidenesr-glucofuranose (400) with Tic4 gave a complex which was assigned chelate structure 
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Y v 

Scheme 94 

Table 24 TiClo-catalyzed Additions of 1,3-Dienes to 0-Enoylpantolactone and N-Methyl-2-enoyloxysuccinimide 
(Scheme 95) 

Entry Dienophile Diene Ratio Ratio Yield (%) 
R2 Y 78' {386)/(387) (386)/{387) major prod. 

crude cryst. cryst. 

H 
H 
Me 
H 
H 
H 
H 

CH2 
H2 
H2 

CH2 
H2 

CH2 
CH2 

-10 
0 
0 
-24 
-32 
-1 0 
-24 

97:3a 
93:7 
97:3 

97.5:2.Sb 
4.5:95.5 
3:97. 
3:97b 

>99: 1 - 
1 :>99 
1 :>99 

%ndo/exo = 20-52 1. bEndo/exo = 13-14: 1. 'Crystallized product after subsequent saponification/epoxidationflactonization. 

(401) featuring an s-trans C - O / C e = C p  arrangement. Addition of cyclopentadiene at -78 'C gave ex- 
clusively the endo products (402; R = CH20H) and (403; R = CH20H) in a ratio of 93:7, which corre- 
sponds to a preferred diene attack from the less-hindered C,-si face. Reactions of (400) with 
1,3-cyclohexadiene, 1,3-butadiene and anthracene were less efficient (r.t., 12 d, yields <30%) and less 
diastereoselective. The analogous a-xylofuranose-derived complex (405) was expected to be more 
dienophilic. Cyclopentadiene reacted with (404) at -78 'C to afford (402; R = H) in 73% yield. No 
stereoisomeric product could be detected ('H and 13C NMR). 

( v )  a,PUnsaturated Iron Acyl Complexes 
Chiral iron acyl complexes [(Cd45)Fe(CO)(PPh3)COR] undergo an impressive range of face-selective 

carbon-carbon bond-forming processes which also includes the ZnCh-mediated [4 + 21 addition of cy- 
clopentadiene to the acryloyliron dienophile (406) (Scheme 98).lo0 The re-face-directing bias of the au- 
xiliary apparently relies on a predominant C=O/CO s-trans and a W / G = C p  s-cis disposition, 
resulting in a blocking of the &-si face by a phenyl substituent. The reaction mixture containing (407) 
and two minor products (84:12:4) was treated with ammonium cerium(1V) nitrate and then with 
IdNaHC03 to give iodolactone (408) in >95% ee (57% yield from 406). 
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Table 25 Lewis Acid Catalyzed Diels-Alder Reactions of Dienes to N-Acryloyl-(S)-proline Benzyl Ester (391) 
(Scheme 95) 

Diene 393 2;; F9n. Yield (%6)’ Ratio Ratio 
Entry R’ R2 R I  ) Y (394)/(395) endolexo 

l a  H H H H CHz T ic4  0 85 %.5:3.5 92:8 
2 a  H H H H CHz EtAIClz 0 % 1090 923 
3 b H H H H (CHz)z T ic4  20 24 
4 c  Me H H H Hz T ic4  20 41 89:6.5:2.7:1.8c 
5 d  Me H H Me Hz T ic4  20 42 9 0  10 - 
6 e  H H Me H Hz Tic4  20 72 
7 f  H Me Me H Hz T ic4  20 75 9010 

- 94:6 

92:8 

- 
- - 

‘Combined yield of endo and exo products. bEndolexo ratio not reported. ‘Minor isomers not assigned. 

(397) 
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Table 26 Addition of Cyclopentadiene to N-Acryloyl ~um-2,5-Disubtituted Pyrrolidims (397) (Scheme %) 

Entry R Lewis acid' Temp. ('C) Yie/& endolem Ratio 
(time, h) (398)1(399) 

85 87:13 97:3 
71 89: 1 1 99: 1 
76 955 99: 1 
73 86: 14 99: 1 
75 69:31 955 

l a  CoZMe AlCb 0 (2)  
2 b  CHzOMe Ala3  0 (1) 
3c CHzOCHzOMe A C b  0 (1) 
4 c  CHzOCHzOMe EtdlC1 0 (1) 
5 C  CH2OCHzOMe None r.t. (42) 

'1.2 mol cquiv. bCombincd yield of endo and ex0 adducts. 

0 

0 

(vi) Vinyl Sulfoxides 

TiCI, 
* 

Ti" 

(Q 0 i 

- O Y  

Scheme 97 

A 0 FeCp(CO)PPh3 
%/ 88% 

i, CAN 
ii, 12. NaHC03 

(407) 

Scheme 98 

65% 

0 

The chirality of a sulfoxide moiety may be also exploited for asymmetric [4 + 21 additions of 1,3- 
dienes to vinyl sulfoxides. However, the latter are poor dienophiles and thus require an additional 'acti- 
vating' group. 

Hence the menthyloxycarbonyl group in (409) facilitates the separation of its pure enantiomers as well 
as their endo-selective addition to 1,3-diene~.~O~ (The endo-directing influence of (E)- or C-1-positioned 
carbalkoxycarbonyl substituents opposes that of the sulfoxide). The &-related ester group, furthermore, 
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favors a conformation of (409) where the sulfur lone pair and the G 4  bond are syn periplanar (Scheme 
99, Table 27).lo1* 

SOAr SOAr t 
menthyl0 

(409) 
J "2 

0 0 

U OH 

HO OH 
(412) 

Scheme 99 

Table 27 Sulfoxide Directed Asymmetric Diels-Alder Additions to (2)-3-Arylsulfinylacrylates (Scheme 99) 

Dieno hile Temp. ("C) Lewis Yield (%) 
Rf (time, h) acid (410) 

l a  CH2 H H -78 (3) EtzAlCl 96 
2' b (CH2)2 H H r.t. (96) ZnBn -100 
3 c  0 OMe CF3 0 (144) None >72 

Entry Diene 
X R' 

.Conditions: CH&, 1.1-1.2 equiv. Lewis acid. 

EtzAlCl-promoted reaction of (409; R2 = H) with cyclopentadiene (-78 'C) gave almost exclusively 
the cycloadduct (410a) in 96% yield, consistent with a diene approach syn to the sulfoxide oxygen atom 
(entry 1). Transformation of the Diels-Alder product (410a) into the carbocyclic nucleoside (-)-aristero- 
mycine (412) involved dihydroxylation of the alkenic bond, removal of the sulfur moiety by elimination, 
and ozonolysis of the resulting ester-conjugated double bond.101b [4 + 21 Cycloaddition of the less-reac- 
tive cyclohexa-13-diene to (409; R2 = H) proceeded efficiently in the presence of ZnBn (entry 2), pro- 
viding product (410b) in quantitative yield.101c A synthesis of glyoxalase inhibitor I (413) relied on the 
analogous addition of 2-methoxyfuran which is incompatible with the presence of a Lewis acid. To this 
end the more reactive dienophile (409; R2 = CF3) was treated with 2-methoxyfuran under nonacidic con- 
ditions (0 'C, 6 d) to give (410~; X = 0, R1 = OMe) in high punty (entry 3).1°1d Conversion of the result- 
ing crude product to acetal (411; X = 0, R1 = OMe) (72% from 409; 98:2 stereoisomer mixture by 
HPLC) followed by crystallization provided pure (411; X = 0, R1 = OMe) which was transformed into 
the natural product (413). 

Instead of preparing the sulfoxide chirophore via a separation of diastereoisomers, the dia- 
stereoselective oxidation of a sulfide offers an interesting alternative. Thus Michael addition of 10-mer- 
captoisoborneol (414) to methyl propiolate furnished (a-vinyl sulfide (415) which underwent a 
hydroxydirected oxidation (MCPBA) to give the (sulfur-R)-vinyl sulfoxide (416) in a highly selective 
manner (Scheme 100).102 

Diels-Alder addition of cyclopentadiene (1.3 mol equiv., CH2C12) to the purified dienophile (416) pro- 
ceeded smoothly at 5 'C in a virtually quantitative endo fashion syn to the H-bonded sulfoxide oxygen 
atom (assuming that formula 416 depicts the reactive conformation). Stereoisomerically pure adduct 
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Scheme 100 
(417) was subjected to DBU-induced elimination, affording norbornadiene (418) in high enantiomeric 
purity. 102 

(vii) Endocyclic Dienophiles 
Covalent incorporation of the dienophile into a ring procures an additional rigidity and, as a conse- 

quence, the potential of endo and stereoface selective cycloadditions of 13dienes in the absence of 
Lewis acids at high temperatures. On the other hand, this requires well-defined structural elements which 
are difficult to remove but can be put to advantage within a synthetic scheme. 

Optically pure menthyloxybutyrolactone (421) was obtained by crystallizing a mixture of both epimers 
(420) (prepared from racemic 419) under equilibrating conditions. Cycloadditions of dienes occurred at 
110-120 'C exclusively to the much less hindered 'bottom' face of (421) with >97% endo selectivity to 
give adducts (423) (Scheme 101, Table 28).lo3 

crystallization 
* 

0 (423) R = menthyl Ph@CHz 3 55% * 
(424) R = Me 
(425) R = H 

OR 
(4x1 

Scheme 101 
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Table 28 Noncatalyzed Diels-Alder Reactions of 5-(Menthyloxy)-2(5H)-furanone with 1.3-Dienes (Scheme 101) 

Entry R' R* Y Temp. ('C) Yield (%) of (423)' 

la H H CH2 110 65 
2b H H (CH212 120 41 
3c  H H H2 120 45 
4 d  Me H H2 120 56b 
5 e  Me Me H2 120 44 

~~ ~ ~ 

' %% diasterwmcric e x c m  ('H, I3C NMR). b50:50 mixture of regioisomers. 

However, the addition of isoprene (entry 4) reveals a serious lack of regiochemical control under these 
noncatalyzed reaction conditions. Removal of menthol by methanolysis or hydrolysis (Si&, H20) af- 
forded enantiomerically pure methoxy- or hydroxy-substituted lactones (424) or (425). Wittig reaction of 
(425a) provided carboxylic acid (426), a key intermediate for a synthesis of 6,7-dehydroaspidosper- 
midine. 

The versatile functionality pattern of bicyclic N,O-acetal-y-lactams (found in conjunction with their a- 
face-selective alkylation) can also be applied to Diels-Alder reactions of the corresponding alkenic 
methoxycarbonyl-activated derivative (427) (Scheme 102).'04 Noncatalyzed addition of 2,3-dimethylbu- 
tadiene to dienophile (427) (60 'C, 8 h) proceeded exclusively from the n-face opposite the isopropyl 
substituent. The reactivities of the latent immonium and carbonyl groups in adduct (428) were exploited 
during transformation into [ 1,3,4]propellane (434). 

- 
\ Y 

89% 
COzMe 

0 0 

(430) 
0 OW 

NaOEt,EtOH / Bu 

(434) 

Scheme 102 

(viii) Vinyl Ether 
An interesting example of an asymmetric 'inverse-electron-demand' Diels-Alder reaction is the 

smooth addition of chiral vinyl ether (436) (readily accessible from 435) to the electron-deficient 340- 
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luenesulfonyl pyrone (437) (Scheme 1O3).lo5 The pure adduct (438), isolated by chromatography in 84% 
yield, was transformed into the (-)-4-epishikimic acid derivative (440) via cyclohexene intermediate 
(439). 

BuO- 
YOH Hg(OAc), - 

(435) 

(437) (438) 

CO~MC 
I 

(436) 

i, NaOMe c R*o%,,F - 
ii, AVHg 

OH 
(439) 

AcO""' Y O A c  
OAc 

(440) 
Scheme 103 

4.1.6.22 Chiral dienes 

Asymmetric Diels-Alder reactions of dienes substituted with a removable chiral moiety with prochiral 
dienophiles have been much less extensively studied. The few successful examples involve ester or ether 
derivatives of 1.3-dienols. 

( i )  1 $0-Methylmande1oxy)dienes 
Dienyl esters (442; R3 = Ph), available via a retro-Diels-Alder reaction of norbmene (441; R3 = Ph), 

underwent BF~EtzOcatalyzed additions of conjugated aldehydes, ketones and quinones (Scheme 104, 
Table 29).'06 

The n-face differentiation in favor of adducts (443) was more pronounced with increasing amounts of 
the Lewis acid and at lower reaction temperatures (cf, entries 3/4 and 8/!3). The cooperative effect of 
chiral auxiliaries at the diene and at the dienophile units is exemplified by the double diastereoface selec- 
tive addition presented in entry Zgl Particularly noteworthy is the outstanding wface selectivity, ob- 
served in the [4 + 21 cycloaddition of juglone (44S).10ab Removal of the prosthetic group from adducts 
(443) was accomplished via hydrogenolysis or allylic displacement, as illustrated by the key step (447) 
+ (448) of a synthesis of enantiomerically enriched (+)-ibogamine (Scheme 105).Ih 
This asymmetric induction was first rationalized in terms of a binding diene/aryl n-orbital overlap 

(Scheme 104).'Oab In this n-stacking model, methoxy/diene repulsion favors conformer (0) which under- 
goes preferential dienophile addition opposite to the phenyl-shielded diene face. More recently a differ- 
ent transition state conformation (P) was proposed based on X-ray studies of adducts (443).'* 
Distinctive characteristics of this model are a perpendicular disposition of phenyl and ester-carbonyl 
groups and a synperiplanarity of the latter with the methoxy substituent. A similar asymmetric induction 
was achieved with the diene (442d) (entry 5). where the phenyl is replaced by a cyclohexyl group, which 
indicates that n-stacking is not of major relevance here. A dienophile approach opposite to the sterically 
encumbering phenyl (or cyclohexyl), i.e. from the top face of (P), may be a reason for the observed to- 
picities. 
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7 
R' 

Me0 

0 

1 
R' 

(0) 'n-stacking model' (P) 'perpendicular model' 

Scheme 104 

Table 29 Additions of Dienophiles to Chiral l-Acyloxy-l,3dienes (442)' (Scheme 104) 

Entry Diene Dienophile Mol e uiv. Tern Ratio Ref. 
R' R2 R3 B F ~ ~ E Q  (*& (443)/(444) 

1 a E1 
2b H 
3 c  H 
4 c  H 
5 d  H 
6e H 
71 H 

H 
H 

t H 
H 
H 
H 
H 
H 

; Mc 
H 
H 

Ph C H d H C H O  0.1 -10 80:20 106a 

Ph C H e H C H O  0.15 -20 82:18 106c 
Ph C H d H C H O  0.3 -78 94:6 106c 

C - M l I  C H d H C H O  0.3 -78 8911 106c 
Ph CH&(Me)CHO 0.3 -78 98:2 106C 

e Ph C H N H C H O  0.3 -78 923 106C 
Ph p-Benzoquinone 0.15 -78 %:4 106C 

Ph (S)-CH#HC(O)CH(OH)BU' 0.3 -78 t o 4 5  99.2:0.8 91 

Ph p-Benzoquinone None 20 80:20 106c 
~~ ~ 

'Yields of (443) + (444): 4644%. 

(i i)  I j-Dienyl Tetraacetyl- pglucopyranosides 
Glucose-derived diene (451) displays a notable diastereofacial bias on addition to dienophiles. lo7 Its 

preparation relies on the alkylation of tetraacetylglucopyranosyl bromide (450) with sodium salt (449) 
followed by 0-silylation of the resulting enone (Scheme 106).107a 
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(447) (448) 

Scheme 105 
OSiMe3 

B r  i, DMSO, r.t. / 7 +p ii, CISiMe3, ZnC12, Et3N 

,,,\\OAC 

~ O A C  
OAc OAc 

(450) (451) 

24% OAc 
OAc OAc 

Scheme 106 

Serving as the key step for an anthracycline synthesis, addition of the epoxytetrone dienophile (452) to 
diene (451) gave a mixture of adducts (453) and (454) in ratios of 4: 1 (C6H6, 5 'C) up to 7: 1 (acetone, 5 
'C) (Scheme 107). The major isomer (453), isolated by crystallization (74% yield from 451). was then 
converted into (+)-4-demethoxydaunomycinone (641) (Scheme 142) via glycoside cleavage with 0.5N 

$Ac - 

OAc 
AcO OAc 

Y O s i M e 3  

-L 

0 0  

OSiMi 

OAc 

- @$7OSiMe3 ,+" 

\ 

0 0 OR* 

(454) 

Scheme 107 
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HCl in EtOH/HzO (l:l, reflux, 30 h). In agreement with X-ray and NOE measurements of (451) and 
consistent with the assumed operation of an ex0 anomeric effect, reactive diene conformations (Q) and 
(R) were prop~sed.'~ It was therefore inferred that the major cycloaddition pathway involves attack of 
the dienophile (452) at the least-hindered 'top face' of conformer (Q). 

4.1.63 Chiral Catalysts 

At first sight, the use of a chiral catalyst appears to be the potentially most attractive method to achieve 
asymmetric Diels-Alder reactions of pmhiral dienes and dienophiles. Compared to the stoichiometric 
use of a covalently attached auxiliary, two synthetic steps would be avoided. However, analysis of the re- 
sulting enantiomer mixture and purification of the major product may be more laborious. 

4.1.6.3.1 C h i d  alkoxyaluminum dichlorides 

As early as 1979 it was reported that addition of cyclopentadiene to methacrolein, catalyzed by (-)- 
menthyloxyaluminum dichloride (455; R = Me) (0.14 mol equiv., -78 "C, 3 h) fumishedlma a mixture of 
enantiomeric adducts (456) and (457) (56%) in a ratio of 86:14 which was subsequently corrected to a 
more modest value of 78521.5 (Scheme 108).84a*'mb 

This isolated report encouraged preparation of a host of chiral Lewis acids throughout the world to test 
their capacity to induce asymmetric Diels-Alder reactions catalytically. However, until very recently 
(vide influ) only disappointing face selectivities ( ~ 5 0 % )  were found on [4 + 21 cycloadditions of alkenic 
diene and dienophile partners. 

EtAICIz 1 
OAlClz 

R (455) ~ &CHO / + OHC& 
toluene, -78 'C 

14% & 
CHO 

(456) (457) Scheme 108 

4.1.63.2 Chelation of prochircrl dienophiles by chire1 boron, aluminum and litanium Lewis acids 

In view of previous positive experience with chelated chiral dienophiles (Section 4.1.6.2.1 (iii)), it was 
plausible to expect that nonchiral dienophiles would also profit from chelation in terms of increased re- 
activity and decreased conformational mobility. This would enhance the --face directing influence of a 
chiral ligand attached to the same chelating metal. 

Successive treatment of (S)-binaphthol(459) with equimolar amounts of BHoTHF and AcOH gave a 
non-isolated Lewis acid. Reaction of the latter with juglone (4%) provided a complex, assigned struc- 
ture ( M a ) ,  in which one phenyl substituent shields the top face of the dienophilic bond (Scheme 109, 
Table 30).'09 Indeed, a fast and efficient addition of 1-methoxycyclohexa-13-diene to the complex 
(46Oa) provided adduct (462a) as the only enantiomer within the limits of detection (entry 1). Analogous 
'bottom face' additions to complexes (460) were observed with 2-methyl-4-trimethylsilyloxybuta- 1,3- 
diene (entry 2) and l-acetoxybuta-l,3-diene (entry 3).'09 It appears that the initially formed adducts re- 
main strongly chelated, which prevents dissociation of the binaphthoxyboron Lewis acid and necessitates 
its stoichiometric application. 

Chiral titanium and aluminum Lewis acids (465), prepared in situ from (463) or (W), promote the ad- 
dition of cyclopentadiene to N-acryolyl- and N-crotonoyl-oxazolidinones (466) (Scheme 1 10, Table 
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R290 
ph HOOH I% 

(459) 
1 equiv. 

BH,, AcOH 

i, 

(461) 

-100% 

Binaphthol 
(459) 

Scheme 109 

>90% ee 
(462) 

Table 30 Diels-Alder Reactions of peri-Hydroxyquinones: Asymmetric Induction by Chiral Lewis Acid 
(Scheme 109) 

Entry Dienophile 
R‘ R2 

-78 70-90 >98 
>5 1 >90 20 

>98 

H H H Me (CH2)2 l a  
2 b  e C P h ” o H  
3 c  H 

Me SiMe3 H2 
H C(0)Me H2 20 %8 

3 l),’ lo The titanium Lewis acid derived from diol (463) could be employed in catalytic amounts (0.1 mol 
equiv.) when molecular sieves were present (entries 2, 3). Under these conditions, cycloaddition of the 
crotonoyl dienophile was significantly more enantioselective compared with that of the acryloyl analog. 
On the other hand, both adducts (467a) as well as (467b) were obtained in 292% ee using the Lewis acid 
(465) (0.1-0.2 mol equiv.), prepared in siru from bis-sulfonamide (464) and AlMe3 (entries 4,5). lob 

4.1.6.33 Tarcrate-den’ved c h i d  acyloxyborane catalysts 

So far the most promising chiral ‘Diels-Alder catalyst’ has been obtained in situ by treatment of 
monoacylated tartaric acid (470) with BHyTHF (1 mol equiv.). The resulting non-isolated acyloxybo- 
rane was assumed to feature a five-membered ring derived from the a-hydroxy acid moiety of (470) with 
the boron atom bound to the carboxylate and C,-positioned oxygen atoms (d. formula 471) (Scheme 
lll.Table32). 

It is remarkable that 0.1 mol equiv. of this chiral acyloxyborane complex induced fast (-78 ‘C) and 
highly enantioselective Diels-Alder reactions of cyclic or acyclic 1,3-dienes with simple acrylic acid 
(entry l),llla or a,@-unsaturated aldehydes (entries 2-9).111b Table 32 reveals a striking stereodirecting 
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(463) 

Scheme 110 

Table 31 Asymmetric Diels-Alder Reactions of Cyclopentadiene and N-Enoyloxazolidinones Mediated by 
Chiral Lewis Acids (Scheme 110) 

Lewis acid precursors Ratio Ratio 
Entry Dienophile ligand MLm Molecular Temp. Yield (467) i- (468) (467)1(468) Re$ 

R (mol equiv.) (mol equiv.) sieves ('C) (96)' l(469) 
= endolexo 

l a  Me (463) (2.2) TiC12(0@)2 (1) None -15 93 %lo %:4 lloa 
2 a  Me (463) (0.1) TiC12(0Pf)2 (0.1) 4 A 0 87 92:8 9534.5 110a 
3 b  H (463)(O.1) TiC12(0P?)2(0.1) 4A 4 93 %:4 82:18 llOa 
4 a  Me (464) (0.2) AlMe3 (0.1) None -78 88 96:4 97:3 llOb 
5 b  H (464) (0.1) AlMw (0.2) None -78 92 >98:2 9554.5 1 lob 

'Combined yield of cndo and ex0 products. 

influence of Ca and Cg substituents in the end dienophiles. Hence, acrolein gave specifically products 
(477; R* = R2 = H) with an endo positioned CHO unit and in high enantiomeric purity resulting from 
diene additions to the Ca-Si face (entries 2,3). Methacrolein carrying a Ca-methyl group selectively pro- 
vided products (474; R1 = Me, R2 = H) which again reflect a predominant Ca-Si face attack to the end 
but an exo-oriented aldehyde group in the transition state (entry 6). The Cg substituent of crotonaldehyde 
does not interfere with the 'CHO-endo preference' but dramatically decreases the face differentiation of 
the addition process (entry 5). In the case of @)-2-methyl-2-butenal, having substituents at both Ca and 
Cg positions, high CHO-exo as well as Ca-Si face selectivities were observed (entry 9); thus the effect of 
the Ca-methyl overcomes that of the Cg-methyl moiety. As expected, transformation of methacrolein to 
(476 R1 = R2 = H) was equally efficient and selective when catalyzed by the readily available enanti- 
omer of (471). However, it should be noted that the absolute configuration of several cycloadducts is 
only tentatively assigned (entries 4, 5,7-9). Further understanding, extensions and applications of this 
principle may attract substantial interest in the future. 
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OMe 0 COzH 

X R4 
(471) 

CH2C12. -78 to -20 "C 
c ex0 endo 

(474) (475) 
X 

(473) R4&X R 4 d : 2  x o  

R3 
R3 B O  

Y Y 

R4&X R 4 d : 2  x o  

R3 
B O  R3 

Y Y 

(476) 

Scheme 111 
(477) 

Table 32 Asymmetric Diels-Alder Reaction of Acrylic Acid and of Conjugated Aldehydes Catalyzed by a 
Chiral Acyloxyborane (Scheme 11 1) 

Ratio 
Entry Dieno hile Diene Temp.('C) Yields endolexo Major ee 

R' R P X R 3 p Y  (time, h) (%) ( C d )  adduct (46) 

l a  H H OH H H 
2 b  H H H H H 
3 c H H H H H  
4 d  H H H Me Me 
5 e H M e H  H H 
6 f M e H  H H H 

Me H H Me Me 
Me H H Me H 

9 i  Me Me H H H 

CHz 
CHz 

(CH2)z 
HZ 

CHz 
CH2 
Hz 
H2 

CHz 

-78 (24) 93 
-78(14.5) 90 
-78 (1 0) 46 
-78 (10.5) 53 
-78 (10) 53 
-78 (6) 85 

40(10.5) 65b 
-78 (7.5) 61 

-78 (9.5) 91 

96:4 
88: 12 

>99:<1 - 
9o:lO 
11:89 - - 
3:97 

(477) 78 

(477) 84' 
(477) 2' 
(474) 96 
(474) 97c 
(474) 91' 
(474) 9oc 

[:;;I 2 

'Combined yield of endo and exo adducts. bContains 2% of the 'mera' rcgioisomer. Absolute configuration not reported 

4.1.7 BENZYNES AS DIENOPHILES 

4.1.7.1 Background and Preparation 

The chemistry of benzyne (dehydrobenzene), pioneered by Wittig and coworkers, was reviewed be- 
tween 1967 and 1981.112 Benzyne (478) (Scheme 112) is a 'high-energy', extremely reactive species and 
oligomerizes rapidly in the absence of other reaction partners. 

To apply (478) as a dienophile in Diels-Alder reactions it is, therefore, prepared in situ in the presence 
of a suitable diene, while maintaining its stationary concentration as low as possible. The most popular 
methods of preparation (Scheme 1 12) include dehydrohalogenations of halobenzenes, e.g. (479),113a me- 
tallation of o-dihalobenzenes, e.g. (48O),' 13b as well as thermal decompositions of benzenediazonium-2- 
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" 2  
(483) 

Scheme 112 

carboxylate (48l)l1& and 1,2,3-benzothiadiazole 1 ,I-dioxide (482).' 13d Precursors (481) and (482) are 
explosive and are best prepared in situ. Oxidation of 1-aminobenzotriazole (483) with lead tetraacetate 
provides another relatively safe access to (478).113c 

Reaction of benzynes with acyclic dienes generally gives Diels-Alder products in poor yields because 
of competitive [2 + 21 cycloadditions and ene-type processes (Scheme 113). The product distribution, ob- 
tained from 2,3-dimethyl-l,3-butadiene (484),114 is more characteristic of a two-step mechanism than of 
a concerted addition. Without pursuing this argument, it appears that the extremely poor yield of [4 i 21 
cycloadduct (485) results from the very fast reaction of benzyne with the 'transoid' diene (484). Bond 
formation at C-1 coupled with a hydrogen transfer (+ 487) or cyclobutane ring closure (+ 486) seems 
to occur rapidly before diene (484) can adopt the s-cis conformation. 

(485) 6% (486) 44% 

Scheme 113 
(487) 2740% 

4.1.7.2 Reactions with Cydopentadiene and Furan Derivatives 

Cyclic 1,3dienes (with an inherent s-cis conformation) can react with benzyne to afford Diels-Alder 
adducts in high yields (Scheme 114). The addition to furan (228), reported by Wittig and Pohmer in 
1955,Il5 is so efficient that it has become a diagnostic test for the formation of benzyne. Cyclopenta- 
diene113b and tetracyclone (492)113e also serve as standard assay reagents. 
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LifHg, r.t. HCI cat., MeOH 

75-8896 -nJ$ \ 91% 

reflux, 0.2 h Br 48-192 h 

(488) X = F, C1, Br (489) (490) 

67% 

P 

L J 
(493) (494) 

Scheme 114 

The propensity of furans for benzyne cycloadditions is illustrated by its fourfold application to the four 
furan units of (495)’ providing the unusual macrocycle (496) in 84% yield in one synthetic operation 
(Scheme 1 15).l16 The benzyne/furan adducts are also useful precursors for naphthalene derivatives. For 
example, adduct (489) (Scheme 114) was readily converted into a-naphthol (490) by treatment with 
acid.l15 

(495) 

+ 0:p:x 
(4.4 equiv.) 

Scheme 115 

- 
84% 

;8. 

Additions of (478) to furans which contain an appropriately placed aryl or vinyl bromide unit permit 
the construction of polycyclic systems by a Diels-Alder/radical cyclization/aromatization sequence 
(Scheme 116).11’ 

A route to partially hydrogenated phenanthrenes dies  on the Diels-Alder reaction of a benzyne to an 
annulated furan, e.g. (501) + (503) (Scheme 117).*18 However, regiochemistry ‘raises its ugly head’ 
when both the furan and the benzyne are nonsymmetrically substituted (Scheme 118). Hence, the [4 + 21 
cycloaddition of 3-methylbenzyne with 2-substituted furans (504) gave the anri and syn adducts (506) 
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Br 

(497) 

(499) (500) 

Scheme 116 

and (507) in comparable proportions, irrespective of the size of R and irrespective of the method of 
benzyne generation. 19r Analogous addition of the more polarized 3-fluorobenzyne to 2-t-butylfuran 
gave preferentially (90: 10) the corresponding, more crowded, syn product."% 

3 equiv. 

(501) 

(yR + 

80% M e 0  - Br M e 0  /q) 

Scheme 117 

Mg (sublimed) 

74-7696 

R 
(507) 

38 
(506) 

R=Bu' 62 
R = M e  58 42 

Scheme 118 

Bistriazole (508) served as a formal 1,4-bemzadiyne equivalent in a sequence of two Diels-Alder addi- 
tions to 2-methoxycarbonylfuran (509), which yielded (511) as the sole regio- and (tentatively assigned) 
stereo-isomer (Scheme 1 19).120 It appears, therefore, that the COMe group, in the transient monoadduct 
(510), controls the orientation in the second step. 

Pyrroles have also been subjected to [4 + 21 cycloadditions of benzynes. N-Trimethylsilylpymole (512) 
is particularly suitable for such additions; subsequent mild desilylation furnished 1,4-dihydronaphthalen- 
1,4-imines, e.g. (514), in yields ranging from 30 to 53% (Scheme 120).12' 

Oxazoles are another class of heteroaromatic dienes which readily undergo Diels-Alder reactions with 
benzynes. For example, slow, simultaneous injection of solutions of triazole (483) and lead tetraacetate 
to a solution of oxazole (515) in CH2C12 at 0 'C afforded cycloadduct (516) in essentially quantitative 
yield.'" The latter is a convenient source for the unstable isobenzofuran (517). which can be trapped by 
[4 + 21 cycloaddition to a variety of dienophiles, e.g. by N-methylmaleimide (Scheme 121). 
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47% - 

Scheme 121 

4.1.73 Reactions with Benzenes and Anthracenes 

The outstanding dienophilicity of benzynes is highlighted by their Diels-Alder additions to benzenes. 
Tetrachlorobenzyne (520), easily generated by lithiation of hexachlorobenzene (519), smoothly reacted 
with benzene to afford tetrachlorobenzobarrelene (521) in -60% yield (Scheme 122).123 The parent 
benzyne (478) underwent similar addition to benzene, although not so effciently.l12 

[4 + 21 Cycloaddition of benzyne (478) to (the less aromatic) anthracene provides a well-known ap- 
proach to triptycene (524).lN More recently, this type of reaction was extended to elegant syntheses of 
iptycenes, e.g. (526), using 1,2,4,5-tetrabrornobenne (525) as a 1,4-benzadiyne equivalent (Scheme 
123).Iu 
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4.1.7.4 Reactions with Exocyclic or Partially Cyclic Tisoid’ Dienes 

The tetrakis(methylidene)-7-oxabicyclo[2.2. llheptane (527) offers an interesting route to linear poly- 
annulated ring systems, e.g. 4demethoxydaunomycinone (641), via a sequence of two Diels-Alder re- 
actions (Scheme 124). Monoadduct (528) could be isolated and subjected to the [4 + 21 cycloaddition of 
benzyne.12& An alternative synthesis of anthracyclinone analogs starts with the Diels-Alder addition of 
3-methoxybenzyne to a derivative of the ‘bis-cisoid’ tetraene (527).126b 

A synthetic approach to the class of aporphine alkaloids centers on [4 + 21 cycloadditions of benzynes 
to the ‘cisoid’ 13-diene (531), which contains one double bond as part of a benzene ring (Scheme 
125).lZ7 

4.1.7.5 3,4-Pyridyne as a Dienophile 

Hetarynes (dehydrommatic heterocycles) can also act as dienophiles in Diels-Alder reactions.112 This 
capacity and the inherent regiochemical problems are illustrated by two syntheses of the alkaloid ellip 
ticine, which both feature a [4 + 21 cycloaddition of 3.4-pyridyne (533) (Scheme 126).12* The first a p  
proach used the triazenylcarboxylic acid (534) as a precursor for hetaryne (533). which then underwent 
an addition to pyranoindolone (535); spontaneous COZ extrusion of the initial cycloadducts (536; X = N, 
Y = CH) and (536, X = CH, Y = N) gave directly a 5050 mixture of ellipticine (537) and its undesired 
regioisomer (538).1=“ 
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Scheme 125 

A similar lack of regiochemical control also hampers the [4 + 21 cycloaddition of pyridyne (533) (pre- 
pared from 539) to furoindole (540). Desulfonylation and 'deoxygenation' of the cycloadduct mixture of 
(541; X = N, Y = CH) and (541; X = CH, Y = N) afforded ellipticine (537) and isoellipticine (538) in a 
4555 ratio.*28b 

4.1.8 ORTHO-QUINODIMETHANES AS DIENE COMPONENTS 

4.1.8.1 Background 

orrho-Quinodimethanes (o-xylylenes), represented by the prototype (542), are very reactive dienes. 
When generated in the presence of a dienophile they afford 14 + 21 cycloadducts, e.g. (543), with a con- 
comitant restoration of aromaticity (Scheme 127). In fact, species (542) and its derivatives were first rec- 
ognized by Cava and coworkers129p~c~d and, independently, by Jensen and Coleman12gb (1957-1959) via 
trapping by maleic anhydride or N-phenylmaleimide, and identification of cycloadducts (543). 

Several reviews have dealt with Dials-Alder reactions of oquinodimethanes,lN emphasizing the more 
powerful, selective and thus extensively used intramolecular versions (cf. Scheme 135) introduced in 
1971.131 The most recent survey also tackled the issue of asymmetric induction by means of a c h i d  au- 
xiliary group attached to the oquinodimethane precursor.13a This section aims at a complementary 
coverage of intermolecular Diels-Alder reactions of o-quinodimethanes, underlining synthetically rele- 
vant aspects. 
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4.1.8.2 Preparation 

The preparation of this class of dienes has received considerable attention during the last few years. 
Scheme 127 depicts the current approaches, such as 1,4-eliminations of o-xylene derivatives via reduc- 
tion (544) + (542),132 thermal dehydrohalogenation (545) + (542),133 and fluoride-induced desilylation 
(546) + (542).'% The last procedure is particularly noteworthy because of the mild reaction conditions, 
which are compatible with various functional groups. The chelotropic, thermal elimination of sulfur di- 
oxide, (547) + (542), one of the oldest routes to o-quinodimethanes,129C remains attractive owing to the 
easy functionalization of (547) at Cu.1**135 This advantage also holds for 3-isochromanones (W), 
which provide (542) on Diels-Alder cycloreversion with loss of carbon dioxide.'* Without doubt, the 
most established source of o-quinodimethanes are the derivatives of benzocyclobutene (bicy- 
clo[4.2.O]octa- 1,3,5-triene) (549), which on heating undergo a clean and reversible electrocyclic ring 
opening (549) - (542).lm Consequently, when o-quinodimethanes are generated by an independent 
route, in the absence of a reaction partner, benzocyclobutenes can be obtained in high yields (vide infra). 

Recently, the occasionally capricious reduction of a,a'-dibromo-o-xylenes (550) has been improved 
by the use of Zdultrasound, zinc/silver couple, reactive nickel (0) or CrC12, as assayed by in situ trap- 
ping of (551) with typical dienophiles (Scheme 128, Table 33).132 

These methods still show limitations. The reduction of (550a) with activated nickel in the presence of 
diethyl maleate gave a 5050 mixture of cis and trans adducts (entry 4), probably due to a nickel-pro- 
moted cisltrans isomerization of the dienophile prior to cycloaddition. Homogeneous reduction using 
CrC12 failed with a dibromide precursor containing a quinone moiety.132d 

The preparatively attractive approach to benzocyclobutenes by flash pyrolytic 1,4dehydrohalogena- 
tion, (545) -+ (542) (549),133a was extended to the even more remarkable conversion of o-methylben- 
zal chlorides to I-chlorobenzocyclobutenes e.g. (554) + (555) (Scheme 129).133b 
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Table 33 Reduction of a,a'-Dibromo-o-xylenes and Diels-Alder Reactions of the Resulting o-Quincdimethane 
Intermediates (Scheme 128) 

Entry R' R2 R3 Reduction Yield (%) of Ref 
method (553) 

l a  H Me H ZnJultrasoun8 87 132a 
2 b  Me Me H Zd$gb 74 132b 
3 a  H OMe H Ni 67 132c 
4 a  H OEt COzEt Nid we 132c 
5 a  H OEt H CrC12C 84 132d 
6 c  OMe Me H CrC12C 85 132d 

'Activated zinc (2.3 equiv.), dioxane, ultrasound, N2, 20-25 'C, 12 h. %n(Ag) (2 equiv.), DMF. stirring, Nz, r.t.. 6 h. 'Addition of 
dibromide + dienophile (3-5 equiv.) to CrC12 (3-5 equiv.) in THF/HMPA, N2.20 'C, 0.5 h. d(i) NiI2 (1.25 quiv.), Li (3 
equiv.), naphthalene (0.13 equiv.), r.t., 12 h; (ii) dienophile (2 equiv.), slow addition of dibromide, r.t., 7 h. O N 5 0  mixture of 
cislrruns products. 
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Scheme 129 

Treatment of o-tolualdehyde with X b ,  followed by thermal HCl elimination, afforded (555) in 77% 
overall yield. The halogen in (555) can be replaced by substitution with nucleophiles and, via the Grig- 
nard reagent, with electrophiles, providing an easy access to variously 7-substituted benzocyclobutenes 
(556). This sequence is compatible with aromatic substituents, as exemplified by the range of useful 
building blocks (557)-(560), obtained in good yields. 

Similar flash vacuum pyrolysis of 0-toluic acid chloride (561) lends itself to the easy preparation of 
benzocyclobutenone (563) (76% at a laboratory scale of 250 g).133b Variations of the aromatic nucleus 
are easy, as demonstrated by the preparation of derivatives (564)-(567) (Scheme 130). 

M e 0  N 
OMe 

(564) 68% (565) 63% (566) 53% (567) 66% 

Scheme 130 

As to the underlying reaction mechanism, it appears that vacuum thermolysis of (545), (554) and (561) 
generates in each case, initially, a transient o-quinodimethane which cyclizes in the highly dilute gas 
phase. o-Quinoid vinylketene intermediate (562) could be regenerated in solution from the isolated ben- 
myclobutenone (563) on heating or irradiation and trapped by electron-poor dienophiles, e.g. (632) 
(Scheme 14 1).133cJ46 Alternatively, benzocyclobutenones can be easily functionalized at the carbonyl 
group or at C,, affording further o-quinodimethane precursors. 

For example, 7-phenylbenzocyclobuten-7-01 (568) (obtained from 563) when heated with maleic an- 
hydride in toluene gave acid lactone (571) in 75% yield (Scheme 131).136 This result is consistent with 
an end0-[4 + 21 cycloaddition of the dienophile to the (E)-dienol (569) followed by lactonization of cy- 
cloadduct (570). The cycloadduct (570) was, furthermore, obtained in 80% yield by the ‘photoenoliza- 
tion’ of o-methylbenzophenone (572) in the presence of maleic anhydride at room temperature.137 It 
follows that the photoinduced 1 ,5-hydrogen shift of (572) must have generated the same (E)-dienol(569) 
as that obtained by the thermal ring opening of (568). This and other aspects of ‘photoenolization’ have 
been reviewed. 136 
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Analogous irradiation of o-tolualdehyde forms apparently (E)dienol(574), which was trapped directly 
with maleic anhydride (-+ 575)136 or SOz (-+ 576) (Scheme 132).138 a-Hydroxysulfones such as (576) 
could be transformed into a-methoxy and a-acetoxy sulfones and then used, per se, as o-quinodimethane 

The advantage of thermal benmyclobutenol ring opening (577 + 574) over photoenoli- 
zation (573 + 574) is illustrated by the efficient formation of Diels-Alder product (579) on heating 
(577) with (578).136 The corresponding photogeneratiordtrapping technique failed due to the photosensi- 
tivity of the quinone dienophile (578). Another drawback of in situ photoenolizations is the facile light- 
induced cisltruns isomerization of acyclic dienophiles. 

OH 0 hv H 

(579) 

t o  

(575) \\ 
(573) 0 

I 

hv! 

Scheme 132 

A relatively new mute to benzocyclobutenes, without the involvement of oquinodimethanes, is the 
cobaltcatalyzed co-oligomerization of bis(trimethylsily1)acetylene with l,%hexadiynes, (580) + (581) 
+ (582) (Scheme 133).139 Despite its elegance, and the potential to modify the silyl p u p s ,  this method 
suffers from limitations in providing benzocyclobutenes with well-defined substitution patterns. In this 
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respect, it is the 'older', more general, base-induced cyclization of o-halodihydrocinnamonitriles (or es- 
ters), e.g. (583) + (589, which currently enjoys much wider practical use.14o 

Cpco(CO), cat. 

R = H, 65% 
Me3Si = SiMe3 + 

excess R 

4.183 Regio- and Stereo-chemistry 

It thus follows that benzocyclobutenes are readily accessible, relatively inert and reliable 'masked' o- 
quinodimethane equivalents. With 7-substituted derivatives (586), thermal 'unmasking' takes place at a 
rate which varies widely with the nature of the substituent R (Scheme 134, Table 34).'= 

R 

(S) (588) (586) (587) 

Scheme 134 

Table 34 Approximate Temperature for Complete Ring Opening of 7-Substituted Bemxyclobutenesa 
(Scheme 134) 

Substituent R "2 
Temp. ('C) 25 

OH N H ( W ) R '  C 4  
80 111 150 

CH2 
180 

H 
200 

'Reaction time: 18 h. 

This thermal ring opening favors the formation of (E)-oquinodimethanes (587) over that of (2)-dienes 
(588) which, when the substituent R bears a hydrogen atom (R = XH), undergo a 1.5-H shift. For this 
and other reasons, the (E)-configuration of terminally substituted o-quinodimethanes is relevant for their 
use in Diels-Alder reactions.1308 

Bn02C 
xylene, 

130 'C, 1 h 

94% 

- \  

, (OyJ-JNH 0 + OZN\ Ph 

BnOZC . Bn02C. 
NH NH 

33~67 or 67~33 (592) 
Scheme 135 
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Hence, no 1,5-hydrogen shift was observed on heating benzocyclobutenylcarbamate (589) with nitro- 
styrene (590) at 130 ‘C, which furnished cycloadducts (591) + (592) in 94% yield (Scheme 135).141 The 
strong regio-directing effects of the N-CO2Bn (diene) and NO2 groups (dienophile) secured their ‘ortho’ 
disposition in the products. However, the observed product ratio (591)/(592) reflects a stereospecific, but 
only poorly endolexo-selective, [4 + 21 cycloaddition step. 

This result contrasts sharply with that of the intramolecular transformation (593) + (594) (a key step 
in a synthesis of chelidonine). The exclusive formation of (594) (isolated in 92% yield) shows here an 
opposite regiochemical control and a strong preference for an exo-oriented nitro group in the transition 
state, dictated by the constraints of intram~lecularity.~~~ 

Intermolecular thermal addition of 7-methylbenzocyclobutene (595) to propyne (+ 596 + 597) dis- 
played only modest regioselectivity (Scheme 136).14* [4 + 21 Cycloadditions of the more polarized 
methyl acrylate to 7-n-butyl-o-quinodimethane, generated from (598) at room temperature via the 
desilylation technique, was more selective, giving the ‘ortho’l’endo’ isomer (599) as the major prod- 
U C ~ . ~ ~ ~  A methoxy substituent or a nitrogen atom as part of the developing aromatic ring has virtually no 
regiodirecting influence, as demonstrated by the corresponding reactions of (601) and (604).lM 

excess -100% 

(595) (5%) 65:35 (597) 

Scheme 136 

Several stereochemical facets show up on Diels-Alder reactions of 7,8-disubstituted oquinodimeth- 
anes. A seminal study of addition reactions of 7,8-diphenylbenzocyclobutenes provided strong evidence 
for a conrotatory opening of the four-membered ring, followed by a supra-supra-facial endo-selective 
Diels-Alder reaction with N-phenylmaleimide, as exemplified by the transformation (607) + (609) 
(Scheme 137).143 Based on this result, it is now generally agreed that the trans relation of substituents at 
C-7 and C-8 in benzocyclobutenes translates, via the transient (E,E)-o-quinodimethanes, e.g. (608), into 
the cis disposition in the corresponding cycloadducts. 

The corresponding transformation of cis-benzocyclobutene (610) to (612) proceeded slower (by a fac- 
tor of 27), in keeping with the involvement of an (Ea-intermediate (611).143 Attempts to generalize the 
latter type of stereochemistry met with only limited success due to the propensity of (E,Z)-o-quinodi- 
methanes for 1S-shifts (e.g. S, Scheme 134) and cyclizations. 
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One reported exception is the thermal stereospecific SO2 extrusion of trans-acetoxyphenyl sulfone 
(613), coupled with the Diels-Alder reaction of the postulated (Ea-diene (614) to dimethyl fumarate, 
yielding (615 94%) (Scheme 138).138b 

As expected, cis-sulfone (616) afforded fumarate adduct (618 90%) under milder conditions. Both 
examples display a complete ‘retention’ of diene and dienophile configurations in the cycloadducts. 
Moreover, each product (615) and (618) shows a trans disposition of the phenyl and adjacent (‘ortho’) 
methoxycarbonyl groups; the latter is apparently ex0 oriented on addition to (E,,!?)-diene (617). 138b 

[4 + 21 Cycloadditions of dimethyl maleate to (E,E)-o-quinodimethanes exhibit only modest endo/exo 
selectivities (in contrast to maleic anhydride) (Scheme 139).134J38b 
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4.1.8.4 Applications in Synthesis 

Diels-Alder reactions have played an eminent role (cf. Schemes 25, 26,45,53, 107, 109 and 124) in 
the synthesis of analogs of daunomycinone (624) and aklavinone (625). two representative aglycones of 
the tumor-inhibiting anthracyclines (Scheme 140). 144 

OR' 0 OH OH 

(624) R' = Me, R2 = H, R3 = OH, X = 0 
(6s )  R1 = H, R2 = C02Me, R3 = H, X = H2 

Daunomycinone 
Aklavinone 
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36% Br NaI,DMF 
Br 33% 

Several approaches to this linearly annulated ring system make use of oquinodimethanes to form 
either ring A ('disconnection' a) or ring c ('disconnection' b). The fmt strategy is illustrated by the treat- 
ment of bis(bromomethy1)anthraquinone (626) with NaI in DUA and trapping of transient diene (627) 
with methyl vinyl ketone, which gave tetracyclic ketone (628) (Scheme 140).145a The generation of the 
same diene (627) by heating benzocyclobutene (629) is more efficient and compatible with the less-reac- 
tive dienophile (630) to afford the 9-oxygenated product (631) in one step.145b 
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aq. KOH, r.t., 3 d 

0 OH 
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NaI 69 (excess), "C, 69% 0.5 DMA h @yy / W B r  0 OH + 8 4 0 OH 7 
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L J 

(627) 
0 OH OH 0 

\ / + BzO& 1800C'6h 51% W B z  \ / 

4 7 
0 OH 0 OH 

(629) (630) (631) 
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Scheme 140 

Formation of ring c ('disconnection' b) was readily accomplished by addition of o-quinodimethane in- 
termediates, e.g. (562)146 or 7,8-dibromo-o-q~inodirnethane,~~~ to tetrahydronaphthoquinones such as 
racemic or enantiomencally pure (632) (Scheme 141). 

4 II 
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0 OH 
(636) 

Scheme 141 
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Resulting adducts (633) and (635) require further manipulation involving oxidation of ring c and intro- 
duction of a hydroxy group at C-7. The latter problem was elegantly solved by using enantiomerically 
pure, fully functionalized, phenylboronate (638) as an ' A,B-dienophile' (Scheme 142)."8 "hemal gener- 
ation and cycloaddition of (E,E)-diacetoxy-o-quinodimethane furnished adduct (639) in 8 1 %I yield. The 
remaining five steps served mainly to adjust the oxidation levels of rings B and c. 

(637) (638) (639) 

73% 1 ii 
0 OH 

9 

46% 

0 OH OH OAc 

(641) (640) 

i, xylene, reflux, 3 h; ii, 6 N HC1, dioxane, 25 "C, 4 h; H2, PdE; Ac20, pyridine, 25 OC, 0.7 h; 
iii, Cr03, Ac20, AcOH, 25 "C, 20 h; Bel3, CH2C12, -70 to 10 "C, 1.5 h; Me2C(OH)CH2CH(OH)Me, 

AcOH, CH2Cl2,25 O C  

Scheme 142 

This approach was dramatically shortened (from six to two operations) by providing the required oxi- 
dation level via the o-quinodimethane partner (Scheme 143). 146 Benzocyclobutenedione (643), readily 
available through flash vacuum pyrolysis of phthalide (642), furnished 'divinylketene' (644) on photo- 
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Scheme 143 
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lytic ring opening. Transient species (644) underwent a smooth addition to enantiomerically pure qui- 
none (645) to give adduct (646) which, on simple deprotection, yielded (+)- 1 -methoxydaunomycinonc 
(647) in 66% overall yield. 
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43.1 INTRODUCTION 

Diels-Alder reactions of heterodienophiles have been known for decades, but only recently has this 
methodology become widely accepted by the synthetic community. There is enormous diversity in the 
structural types of compounds which can act as heterodienophiles, and a wide a m y  of heterocyclic ad- 
ducts can be prepared via these [4 + 21 cycloadditions. It seems clear that hetero Diels-Alder reactions 
span a range of mechanism from concerted to stepwise ionic processes. In many instances, mechanistic 
information is totally lacking. The discussion below therefore classifies heterodienophiles by structural 
rather than mechanistic class. Only the major types of synthetically useful heterodienophiles have been 
included. Moreover, the significant regio- and stereo-chemical features of the reactions have been exem- 
plified as much as possible using recently reported cases. Other more comprehensive and more spe- 
cialized reviews' should be consulted for older material and more obscure hetero Diels-Alder 
cycloadditions. 

4.2.2 IMINO DIENOPHILES 

The initial report of an imine acting as a heterodienophile was briefly mentioned by Alder almost five 
decades ago.* Since that time an ever increasing number of examples of this type of cycloaddition have 
appeared. The large preponderance of imino Diels-Alder reactions have utilized electron-deficient im- 
ines, although a few cases of inverse electron demand cyclizations exist. Detailed reviews of this subject 
have previously been published.' 

4.2.2.1 N-Sulfonyl Imines 

Although some of the earliest reported examples of imino Diels-Alder reactions have involved N-sul- 
fonyl imines, ldw3 these dienophiles have not been widely utilized in synthesis. These cycloadditions a p  
pear to be generally efficient and show excellent regiochemical control." For example, imine (1) derived 
from chloral adds to unsymmetrical dienes to give single regioisomeric products as shown in Scheme 
1 ."j Similarly, glyoxylate-derived imine (2) shows good regioselectivity in its cycloadditions (equation 
1),3b as does cyclic N-sulfonyl imine (3) (equation 2).6 

Scheme 1 

//co2Bu + - A yy;)+u 
N 

Ts' 
(2) 
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7 Me&O 
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It has been suggested that the regioselectivity observed in these cycloadditions is due to a reaction 
mechanism involving concerted bond forming and breaking in an unsymmetrical, highly polarized transi- 
tion state.'s4 Such a postulate seems reasonable, but at present there is little supporting evidence for it. 

Krow et al. have investigated the stereochemistry of the addition of imines (1) and (2) to various cyclic 
dienes? With cyclopentadiene, dienophile (1) produces a kinetic 4357 mixture of endo (4)lexo (5) ad- 
ducts (Scheme 2). Interestingly, fluorinated dienophile (6) gives a 78:22 mixture of endo (7)lexo (8) as 
the kinetic cycloaddition products. The observed stereochemical results may be largely due to steric fac- 
tors, although ambiguities in interpretation arise since one cannot ascertain the reacting geometry (E or 
Z) of these dienophiles. 

(6) (7) 78:22 (8) 

Scheme 2 

The carboxyl-substituted dienophile (2) shows excellent stereoselectivity with cyclopentadiene, affor- 
ding solely ex0 adduct (9) (equation 3).8 This somewhat surprising result can be rationalized if one as- 
sumes that the cycloaddition involves an (@imine which reacts via a transition state having the bulky 
tosyl group endo to avoid steric interactions with the methylene bridge of the diene. Such a transition 
state, however, precludes secondary orbital interactions of the carbonyl group with the diene. 

,(co2Bu Q ~ &NZ2& 
N PhH 

TS' 84% 

(3) 

Some results described by Holmes and coworkers are consistent with the stereochemical outcome of 
equation (3).9 Cycloaddition of imine (10) with 2-trimethylsiloxy- 1,3-~yclohexadiene afforded a mixture 
of adducts (11) and (12) with the e m  isomer predominating (equation 4). In this example, only a single 
regioisomer was detected. 

Recently, Sisko and Weinreb have developed a new, in situ procedure for effecting N-sulfonyl imine 
Diels-Alder reactions.'O The method consists of treating an aldehyde with an N-sulfinyl sulfon- 
amidebron trifluoride etherate in the presence of a diene (Scheme 3). Under these conditions the N-sul- 
finyl sulfonamide reacts with the aldehyde to produce an N-sulfonyl imine. This reaction, developed by 
Kresze,3bJ1 has been used previously for preparing imines from simple, non-enolizable aldehydes (cf. 
1,2), but had not been applied to more complex aldehydes. As can be seen from the scheme, the cycload- 



404 [4 + 21 Cycloadditions 

dition is effective with a variety of aldehyde precursors and 1,3-dienes. The process shows the usual high 
regioselectivity associated with [4 + 21 cycloadditions of N-sulfonyl imines (vide supra) but proceeds 
with only marginal stereoselectivity. 

N I<co2Me 
Ts 

D O s i M e 3  

PhH 
+ 

CO2Me 

(4) 

EtCHO, TsNSO 
BF3*UzO, MgS04 

PhMe, CH2Cl2 
-30 O C ,  63% 

TsNSO 
BF3*EtZO, MgSO4 

C,jHI$HO - + &YTs F’hMe, CH,CI, 
-30 OC, 74% 

1.5: 1 

Scheme 3 

4 3 3 3  N-Acyl Imines 
Since the initial report in 1%2 by Merten and Muller of the cycloaddition of an N-acyl imine with a 

conjugated diene,12 a number of examples of this type of reaction have appeared.’ In general, N-acyl im- 
ines are highly reactive, unstable species which are rarely isolated,13 but rather are generated in situ from 
stable precursors. Depending upon the method of formation of the particular dienophile and the reaction 
conditions, a neutral N-acyl imine or a protonated (or Lewis acid complexed) N-acyl immonium ion may 
be involved in the Diels-Alder reaction. 

4.23.2.1 Acyclic dienophiles 

As a rule, cycloadditions with acyclic N-acyl imino dienophiles are useful synthetic reactions which 
demonstrate excellent regie and stereo-selectivity, A commonly used source of N-acyl immonium 
dienophiles are b i~ -u re thanes~~*~”~~  such as (13) (equation 5), which upon treatment with a Lewis acid 
and a diene afford Diels-Alder adducts. In this case, (13) reacts with boron trifluoride etherate to afford 
immonium ion (14) which adds to diene (U), yielding tetrahydropyridine (16).17 

Krow has in fact studied the involvement of immonium intermediates like (14) in these reactions and 
has made important contributions in understanding the mechanism of the process?.18 The available data 
are consistent with a concerted cycloaddition mechanism, perhaps involving a polarized transition state. 
With substituted bis-carbamates such as (17) (Scheme 4), a protonated (a-N-acyl immonium dienophile 
(18) is probably the reactive species. Krow has investigated the cycloaddition of various substituted 
dienophiles (18) with 1,3cyclohexadiene and the stereochemical results are summarized in Scheme 4.18 
It was found that in most cases there is about a 3 4 : l  preference for ex0 (19)lendo (20) cycloadducts. 
Thus immonium ion (18) generally reacts via a transition state in which the N-acyl p u p  is endo to the 
diene. The exceptions to this rule occur when group R is very bulky and/or a-branched, leading to an in- 
crease in isomeric adduct (20). In these cases, R in (18) prefers an endo orientation to avoid severe steric 
interactions with the ethano bridge of the diene. 

A few instances of neutral acyclic N-acyl imino dienophiles have been r e p 0 r t e d . ~ ~ 9 ’ ~ * ~  Some of these 
imines can be prepared and isolated, but often they are generated in situ. For example, Wittig chemistry 
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has been used to synthesize N-acyl imines of glyoxylate and mesoxylate which can be trapped regio- 
selectively by dienes to give Diels-Alder adducts (Scheme 5).19 

<mcQcH2ph BF39& PhH- A [ H . p , C02CH2Ph] kO2 (15) 

52% NHC02CH2Ph CH2 

BFs*EtzO 

R i N H c 0 2 E t  NHCOzEt PhH, Et20 
or CHCI, 

(17) A (18) 

R =  C 4 E t  
COZMe 
Ph 
COMe 
Me 
Et 
PI 
Bu' 
Pi 
CCI, 
cyclohexyl 

70% 
80% 
80% 
67% 
82% 
81% 
81% 
79% 
36% 
38% 
54% 

30% 
20% 
20% 
33% 
18% 
19% 
19% 
21% 
64% 
62% 
46% 

Scheme 4 

Alternatively, an archlorocarbamate (21) has been used to produce an imine which cycloadds to cy- 
clopentadiene (equation 6).*O Interestingly, only the ex0 adduct was formed. 

In some related work, trinitrile (22) (equation 7) has been prepared and was found to react with cy- 
clopentadiene to afford (23) in unspecified yield.*l No other examples of cyanamid-derived imino dieno- 
philes seem to have been reported to date. 
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Me0 
SPh 

56% 

Me0 
SPh 

Me3SiO4, 
"COR 

R = M e  

(EtOZC)ZCO, 140 "C 

45% 15% 
Scheme 5 

(6) 
* 0 

'C02CH2Ph CH2C12, Et,N, 25 "C 
(21) 56% 

NCYCN 
N,CN 

0 
CN 

(7) 

4.2.2.2.2 Cyclic dienophiles 

A number of diverse structural types of cyclic imino dienophiles have been used in cycloadditions. For 
instance, dehydrohydantoins are useful partners in hetero Diels-Alder reactions, Two methods have been 
developed for in situ generation of these species. In one approach, methoxyhydantoins such as (24) 
(equation 8) are heated or are treated with acid to promote elimination of methanol, affording dienophile 
(25).22.23 This intermediate can be trapped regio- and stereo-selectively with 1,3-dienes. For example, 
with 1,3-cyclohexadiene only endo adduct (26) is formed. There is no ambiguity in this case concerning 
the dienophile configuration, and thus product (26) clearly derives from an endo transition state. 

0 

Another method for producing dehydrohydantoins involves N-chlorination of a compound such as (27) 
followed by dehydrohalogenation to give (28) which reacts with 1 -methoxybutadiene forming adduct 
(29) (equation 9)." As can be seen, this cycloaddition is both regio- and stereo-selective. 

The Diels-Alder cycloaddition of a dehydrohydantoin has been utilized as a key step in a total syn- 
thesis of the antitumor antibiotic streptonigrin (33) (equation Addition of diene (30) to hydantoin 
(24) afforded a 1:3 mixture of the tetrahydropyridines (31) and (32). The desired regioisomer (32) was 
converted in several steps to the natural product. 
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(24) 

xylene 
A 

OMe 

OMe OMe 

0 

................... * 

@OH OMe 

OMe 
(33) 

There are some scattered reports of other cyclic N-acyl imines which have been used as dienophiles.2s 
27 In particular, the group of Ben-Ishai has described the cycloadditions shown in Scheme 6, along with 
several other systems." These dienophiles have not been used in synthesis to any significant extent. 

Recently, a few examples of imino Diels-Alder reactions using azetinones as dienophiles have been 
described in work aimed at synthesis of carbapenems.28 In one sequence of reactions, acetate (34) was 
treated with a Lewis acid in the presence of a siloxy diene to afford adduct (36) (equation 11)?8b This 
transformation presumably involves imine (35) which reacts both regio- and stereo-selectively with the 
diene. Adduct (36) was converted in a few steps to carbapenem (37). 

Edwards and coworkers have investigated the cycloaddition chemistry of cyclic immonium ion (39) 
produced from ethoxy lactam (38) (Scheme 7)?9 It was found that under a variety of acidic reaction con- 
ditions (38) usually produced complex mixtures of Diels-Alder adducts along with 'one bond' solvolysis 
products. Some representative examples are shown in Scheme 7. It was concluded that these results are 
more consistent with a stepwise ionic mechanism than a concerted one. 
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c 
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4.2.2.3 C-Acyl Imines 

Simple C-acyl imines have been used rarely in Diels-Alder reactions, and little is presently known 
about the structural features necessary to make these species useful d i e n ~ p h i l e s . ~ ~ ~ ~  

Indolones such as (40) have been exploited on a few occasions as heterodienophiles (equation 12)?O 
Cycloaddition of (40; R = Ph) with several dienes was regioselective (cf. equation 12). The reactions 
with ( E a -  and (E,E)-2,4-hexadiene were syn stereoselective with respect to the diene but exolendo se- 
lectivity was not determined.- With the related dienophile (40, R = COzEt), regioselectivity deterior- 
ated in the cycloadditions. 

Acyclic C-acyl imines have recently been studied as dienophi le~.~~-~ For example, Rat0 and cowor- 
kers examined the reaction of imines (41) (equation 13) with several cyclic and acyclic 1,3-di~nes.~~ 
Under neutral conditions, (41) is unreactive as a dienophile. However, under Lewis acid catalysis these 
imines react to afford mixtures of adducts. With 1,3-cyclohexadiene, bicyclic adducts (42) and (43) are 
produced along with (44) in which the imine has acted as an a ~ a d i e n e . ~ ~  The ratios of these sorts of pro- 
ducts are dependent upon the particular imine and diene used. The formation of adducts of type (43) 
proved to be both regie and stereo-selective. Product formation in these cases can be rationalized both 
by concerted and by stepwise ionic mechani~ms.~~ 
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(38) (39) 

i 
HCOzH. CHzCIz 

i 
I O  
HCOZH, CHzCIz 

XQ 0 +vo 
1:l + formates 

Scheme 7 

0 
0 

1:l 

H 

BF,*Et,O, ’ ret. *AeAr COPh + 4 N S A r  COPh R 

R 

(41) R = NOz, C1, Me, OMe 

In another recent study, Grieco et al. have found that C-acyl immonium ions formed in situ under 
aqueous conditions undergo [4 + 21 cycloadditions as shown in equation (14).” This group has utilized 
similar methodology for other immonium Diels-Alder reactions (see Sections 4.2.2.4 and 4.2.2.8). 

88% 3:2 

4.2.2.4 Alkyl and Aryl Imines and Immonium Salts 

Simple, neutral electron-rich imines are generally not useful dienophiles unless appropriately reactive 
dienes are used. Thus it is possible to effect cycloadditions of neutral imines with some electron-deficient 
diene~?~3’ In a series of papers, Langlois and coworkers37 have described Diels-Alder reactions of cy- 
clic imines and methyl 2,4-pentadienoate to afford adducts used in alkaloid synthesis. For example, the 
cycloaddition shown in equation (15) was used in a total synthesis of the indole alkaloid vincamine (45). 
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Neutral imines also add to oquinodimethanes?8 Kametani's group has reported several cycloadditions 
of the type shown in equation (16). 

@ -C02Me L 

\ N  
H 

k C02Me 

+ 

Q J Q  N 

.............. * 

HO 5 
Me02C 

(45) 
C02Me 

Me0 

M e O D ?  + Meom /N 15O-16O0C 73% - % (16) 

Me0 \ Me0 

' OMe 

OMe 

Another type of reactive electron-deficient diene which combines with neutral imines is disulfone (46) 
(equation 17).39 Interestingly, this diene rearranges under the reaction conditions to isomer (47) which 
undergoes regioselective [4 + 21 cycloadditions with neutral imines to give initial adducts such as (48). 
However, this product suffers a subsequent 1,3-hydrogen shift to provide isolable adduct (49). Inde- 
pendent synthesis and cycloaddition of (47) provided good evidence for the overall reaction pathway 
shown. 

x Ph02S - 
PhO2S 

r 1 

PhCH=NMe 
* 

CHzCIz, 25 "C 
90% 

pho2sY Y Me 

Immonium salts constitute a class of generally reactive hetero dienophiles.1.40 During the past several 
years a number of examples have been described of [4 + 21 cycloadditions of imines with oxygenated 
dienes under Lewis acid c a t a l ~ s i s ? ~ . ~ ~  These reactions probably involve intermediate immonium salts 
which react regio- and often stereo-selectively with these electron-rich 1,3-dienes. Danishefsky and co- 
workers have provided several instances of this type of process?la,b,f Equation (1 8) shows an approach to 
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the indolizidine alkaloid ipalbidine (52) which utilized a regioselective [4 + 21 cycloaddition of diene 
(50) with 1 -pyrroline to afford lactam (51).41f 

.................... + 
N 

CHZCIZ 

M e 0  40-452 M e 0  

Another example of this process is delineated in equation (19):" In this case, chiral imine (53) was 
found to react under Lewis acid catalysis with diene (54) to provide adduct (55) stereoselectively via a 
Cram 'chelation controlled' process. This cycloadduct was transformed in a few steps to amino sugar 
(56). 

Ph 0 

-+O 

(53) 
OH 
I 

"" NH2 
OH 

In related work, Barluenga et al. have reported that electron-rich dienamine (57) reacts with imine (58) 
in the presence of zinc chloride to afford adduct (60) regio- and stereo-selectively (equation 20).42 It was 
suggested that the stereochemical outcome is due to involvement of a chelated intermediate (59). 

An important advance in irnmonium Diels-Alder methodology has been reported by Grieco and co- 
workers"~~~ (cf Sections 4.2.2.3 and 4.2.2.8). The procedure consists of treating a lg-diene with an 
amine hydrochloride and an aldehyde under aqueous conditions to produce a Diels-Alder adduct, pre- 
sumably via an in situ produced immonium salt. Conversion of (Ern-hexadiene to adduct (61) (Scheme 
8) exemplifies the method. W a l d r n a r ~ ~ ~ ~  has recently applied the Grieco approach to various a-amino 
acid methyl ester derivatives. It was found that condensation of the immonium intermediates with vari- 
ous cyclic and acyclic 1.3-dienes gave mixtures of diastereomers (cf. 62 and 63) ranging from 93:7 to 
63:37 depending upon the particular substrates utilized. 

4.2.2.5 Cycloadditions with Heterocyclic Azadienes 

A limited number of examples of this class of reactions exist. One heteroaromatic compound which 
has been used as an azadiene in inverse electron demand reactions with electron-rich imines is tetrazine 
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(64).#1~~ Scheme 9 outlines two cycloadditions of this substance. As can be seen, the intermediate adduct 
cannot be isolated but, rather, triazines are produced. 

1 

dH3 C1- 

R C02Me A 

(59) 

,OMe 

Ph 

+ PhCHzNH3 CI- 

37% HCHOkI20 R 

C02Me 

62% 

Q 
(62) 

Scheme 8 

4.23.6 Oximino Dienophiles 

Oximes bearing electron-withdrawing substituents on both carbon and oxygen have been used upon 
occasion as imino dienophiles. Fleury and coworkers, in an extensive study, investigated cycloadditions 
of oxime derivatives (65) with cyclopentadiene to afford adducts (66) (equation 21). It was found that 
groups X and Y on the dienophile impart reactivity in the order CN >> COS > CONH2. The oxygen 
substituent R has a reactivity sequence Ts > Ms > COAr. Carbonyl substituents as X or Y have a pref- 
erence over cyano for being endo in the cycloaddition but a complication is that exolendo equilibration 
often occurs in the products. The cycloaddition is not totally general, and is only successful with relative- 
ly reactive 1,3dienes. Butadiene and 1,4-diphenylbutadiene, for instance, do not react with (65). The 
process does show good regioselectivity with unsymmetrical dienes (vide infra) in the few cases re- 
ported. 

The cycloaddition does provide a useful route to certain pyridine  derivative^?^*^^ For example, oxyge- 
nated dienes (67) add to oximino dienophile (68) to afford adducts (69)47b in a totally regioselective man- 
ner (equation 22). Treatment of this adduct with base provides the pyridine amide (70). 
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4.2.2.7 Azirines 

Several reports of the participation of azirines as hetem dienophiles have appeared, and this subject 
has been reviewed.'*4a Simple alkyl and aryl azirines react with cyclopentadienones to afford azepines as 
the ultimate products (equation 23). This type of azirine does not react with cyclopentadiene, but the 
benzoyl azirine shown in equation (24) does to afford an isolable Diels-Alder add~ct.4~ Azirines have 
also been shown to react stereoselectively in [4 + 21 fashion with tetrazines such as (64) and isobenzo- 
furan. 

433.8 Intramolecular Cycloadditions 

Over the past ten years, intramolecular imino Diels-Alder reactions have become a useful tool for al- 
kaloid synthesis. This subject has been thoroughly reviewedlb.CJO and the discussion below is intended to 
exemplify various important aspects of the methodology.s1 
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The Weinreb group has used an intramolecular imino Diels-Alder cycloaddition as the key step in a 
total synthesis of the fungal neurotoxin slaframine (74) (equation 25).52 Thus, thermolysis of acetate (71) 
produced an intermediate N-acyl imine (72) which underwent [4 + 21 cycloaddition to afford bicyclic 
lactam (73) as a 1 2 1  mixture of epimers. Both compounds were converted to the natural product in a 
few steps. 

ButMe2Si0 H 

'I" NH2 

.................... + 

@%,, 0 C02Me 

A clever approach to lysergic acid (78) has been described by Oppolzer and coworkers (equation 
26).53 Their approach involved an initial retro Diels-Alder reaction of (75) to give diene (76). This com- 
pound then underwent intramolecular cycloaddition with the oxime ether to afford adduct (77) as a 3:2 
mixture of diastereomers (67% yield). This mixture could be converted to lysergic acid by a short se- 
quence of reactions. 

In a study directed towards total synthesis of the spermidine-derived alkaloid anhydrocannabisativine 
(82), Weinreb and coworkers investigated the intramolecular cyclizations of azaf~marates .~~ It was found 
that, upon heating, acetate (79) provided Diels-Alder adduct (81) as a single stereoisomer (equation 27). 
The suggestion was made that (79) loses acetic acid to produce azafumarate (80). which cyclizes via the 
conformation shown. This conformation is favored over other possibilities since it has the N-carbonyl 
group endo to the diene and the connecting chain is chair-like with the large alkyl group quasi-equator- 
ial.54 
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CO2Me 

NOMe -- 
yP H 

(75) 

CO2H 
1 @ 'OMe 

H' 
(77) 

(79) 

L H  i 

Grieco has used his aqueous immonium Diels-Alder procedure to effect a number of intramolecular 
reactions.51M In one case, diene aldehyde (83) was treated with ammonium chloride to afford a 2.2:l 
mixture of isomeric Diels-Alder adducts (87) and (85) (Scheme IO). Since intermediate immonium ions 
(84)/(86) cannot participate in secondary orbital effects as is the case with N-acyl imines (cf. these 
results are probably due to steric factors. It was suggested that adduct (85) derives from conformation 
(84) and adduct (87) comes from (86). Conformer (84) is favored since there is a severe eclipsing of 
H$Hb in (86). A more detailed account of the stereochemical aspects of intramolecular Diels-Alder re- 
actions can be found in Chapter 4.4. 
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I- 
HZO 
EtOH 1 
-" H + 

(86) 
Scheme 10 

Pr H I  
H 

4.23 NITRILES 

There is only sparse literature on [4 + 21 cycloadditions of nitriles with 13-dienes. In general, simple 
alkyl and aryl nitriles will only react at high temperatures and under these conditions the product dihy- 
dropyridines usually disproportionate. I d  However, certain types of electron-deficient nitriles appear to be 
reactive dienophiles under milder conditions. For example, arylsulfonyl cyanides cycloadd to 1,3-dienes 
to afford adducts as shown in Scheme 1 l?637 This methadology has not been widely explored and little 
is known about the regiochemistry of the process. 

I 
H 

TsCN 24% 55% 

95% 
Scheme 11 

More recently, Potthoff and Breitmaier found that alkoxy dienes (83) react with cyanoformate (84) 
under mild conditions if a cobalt catalyst is used (equation 2Q5* The products of the reaction are py- 
ridines (85) and/or (86) depending upon the 2-alkyl substituent in the diene. Thus, if R = methyl, only 
isomer (85) is formed, When R = ethyl, a mixture of pyridines is produced, whereas when R is large only 
(86) is detected. The origin of these results is not clear. 

Etoll + NnC-COqE 
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Inverse demand Diels-Alder cycloadditions of electron-rich nitriles with electron-deficient heteroaro- 
matic dienes are also known. Typical examples of inter-59 and intra-moleculaP instances of this process 
are shown in equations (29) and (30), respectively. 

C02Me CO2Me 

(29) 
N PhCI, A N 6 ,  - ".,/c NMe2 

N A N  + E  
78% 

I 
NMe2 

NMe2 C02Me 
NYk C02Me 

CN 

X = 0, NCOCF3 

4.2.4 NITROS0 COMPOUNDS 

A wide range of C-nitroso compounds have proven to be useful dienophiles in [4 + 21 cycloaddi- 
tions.1*61 On the other hand, N-nitroso compounds and nitrosyl chloride do not act as dienophiles. In 
general, this class of cycloadditions proceeds with excellent regioselectivity. 

A unified picture of the mechanism of this cycloaddition for various structural types of nitroso dieno- 
philes is not available. Depending upon the electronic and steric nature of the particular nitroso com- 
pound, the reaction apparently may vary from a concerted pericyclic process to one involving discrete 
dipolar intermediates.6143 The net result of this mechanistic diversity is a few 'anomalous' regiochemi- 
cal results in the cycloaddition. 

4.2.4.1 Aryl Nitroso Compounds 

Aryl nitroso compounds, which are readily available synthetic intermediates, react regioselectively 
with most 1,3-diene~.',~~@ Scheme 12 shows two examples of cycloadditions with unsymmetrical 
dienes, affording single isomeric 3.6-dihydro- 1 ,Zoxazines-in each case?' Kresze and coworkers have 
examined the cycloaddition of aromatic nitroso compounds in some detail and have rationalized the 
orientational results of this process. It appears that, depending upon the specific nitroso compound used, 
the reaction transition state varies from nonpolar to dipolar.64 

C6H4Cl-P 
0 
II 

C6H4CI-p 

33% 

Scheme 12 

The dihydrooxazines which are produced from aryl nitroso compounds have not found wide use in 
~ynthesis.6~ One application to the syntheses of an N-aryl-3-pyrrolidone is shown in equation (31).66 The 
initial Diels-Alder reaction in this sequence was totally regioselective. 
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+ 0 
CO2Me 

0°C 
76% 

CO2Me CO2Me 

C02Me 

A number of cases of additions of aryl nitroso compounds to 1,2dihydropyridine derivatives have 
been effe~ted.~' For instance, compound (87) reacts with nitrosobenzene regioselectively and anti to the 
C-2 methyl group to afford adduct (88) (equation 32). 

I 
C02Me 75% 

N, -32Me 
.H 

4.2.4.2 a-Chloro Nitroso Compounds 

Readily available a-chloro nitroso compounds have been used on a number of occasions as hetero- 
dienophiles since the first report appeared in 1947.68 The initial adduct of this reaction is unstable and if 
alcohol solvent is used a dihydrooxazine hydrochloride (89) is produced (equation 33). The cycloaddi- 
tions proceed under very mild conditions with most 1,3-dienes and, as outlined in Scheme 13, the regio- 
selectivity is e~cellent.6~969 

Kresze and coworkers have used nitroso Diels-Alder reactions in synthesis of a variety of inosamines 
and related compounds.70 One example of this work is the synthesis of conduramineP1 (92) as shown in 
equation (34). In this case, diene (91) reacted with a-chloro nitroso cyclohexane to afford adduct (91) as 
the only product. Just why this stereoisomer was formed is not obvious. Compound (91) could be con- 
verted to the conduramine in a few steps. 

In a series of interesting papers, Kresze has explored chiral nitroso Diels-Alder reactions." Several 
different chiral a-chloro nitroso substrates have been examined and mannose derivative (93) proved to 
be one of the best auxiliaries. This dienophile is very reactive with both cyclic and acyclic dienes, affor- 

r 

I1 
0 

+ R'R2C(OR3)2 
0 

(33) 
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NHzCl 
0 
I 

I 1 

0 "C, 67% L O  
A 
C02Me 

Scheme 13 

EtOH,-2O0C 4 "$1 @ 
- (34) 

+ dN/P 87% 
. . . . . . . . . . . . . . . . 

'"OAc ""OAc 

OAc OH 

(90) (91) (92) 

ding adducts with high enantiomeric excesses. For example, dienophile (93) reacts with 1,3-cyclohexa- 
diene as depicted in equation (35) to afford (94) with >96% ee. 

-7OOC c "% 
70% 

I R )  

(35) 

4.2.4.3 Acyl Nitroso Compounds 

The use of acyl nitroso compounds as dienophiles was first described by Kirby.72 The primary method 
for generating these highly reactive, unstable species is by periodate oxidation of hydroxamic acids.73 
The acyl nitroso compounds can be trapped in a Diels-Alder reaction with 9,lO-dimethylanthracene to 
give adduct (95) (equation 36) which can act as an alternative source of the dienophile, since retro [4 + 21 
cycloaddition occurs under mild thermal conditions. 

0 

0 

R I  +. NHOH 
L 

A few examples of cycloadditions of acyl nitroso compounds with unsymmetrical dienes have been 
described74 and it generally appears that the process shows good regioselectivity. Boger et al. found that 
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dienes (96a) and (%b) cycloadd to afford regioisomeric adducts (97d98a) and (97b/98b), respectively 
in 3:l ratios (equation 37).62 It was suggested that the results with (%a) are consistent with a HOMO- 
dieneLUMO-dienophile cycloaddition, whereas in the case of (%b) this same situation or an inverse 
electron demand (LUMO-diene/HOMO-dienophile) process may apply. 

(%I a: R = CHzOSiMezBut (97) 3: 1 (98) 

b: R = COZMe 

Studies on the addition of acyl nitroso compounds to 1,2-dihydropyridine derivatives have been de- 
scribed?5 and some of the results are shown in equation (38). It was found that the nitroso dienophiles 
produced from hydroxamic acids (100) reacted with dihydropyridine (99) at different rates and afforded 
the ratios of regioisomeric products indicated. Both the relative reaction rates and orientation are in ac- 
cord with a HOMO-diene/LUMO-dienophile controlled process. 

0 

(38) 
Pr4N+ 104- 0 

\ 

COzMe 

CH$& 0 "C 

(99) (100) R =  PhCO 0: 100 
PhCHzCO 0 100 

PhCH20CO 5o:so 
M e w 0  5O:JO 

Me2NC0 7525 

Brief reports of cycloadditions with chiral acyl nitroso dienophiles have recently a ~ p e a r e d . ~ ~ . ~ ~  In one 
study, acyl nitroso compound (101) derived from the corresponding hydroxamic acid was added to cy- 
clohexadiene to afford a 3 5 1  mixture of diastereomeric adducts (102) and (103).'6 It was proposed that 
dienophile (101) reacts in the cyclic chelated form shown, since the related methyl ether which cannot 
internally hydrogen bond shows much lower diastereosele~tivity.~~~~~ 

0 0 
(102) 3.5: 1 (103) 

Intramolecular acyl nitroso Diels-Alder reactions have been utilized as key steps in some elegant alka- 
loid total syntheses. Keck has prepared compound (104) (equation 40) which upon thermolysis gave an 
intermediate acyl nitroso species leading to adduct (105) as a mixture of epimers." This mixture was 
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converted to the pyrrolizidine alkaloids heliotridine (106) and retronecine (107). Kibayashi and cowor- 
kers have used the intramolecular cycloaddition shown in equation (41) to synthesize the neurotoxic al- 
kaloid gephyrotoxin 223AB 

, SiMe2Bu' 
ButMe2Si0 THPO * * m, A D --eo .................... - 

(104) (105) 

................... - @ (41) 

pr" Bun 

PrdN' IO, 

0 

4.2.4.4 Cyano and Sulfonyl Nitroso Compounds 

Nitrosyl cyanide (109) has been briefly examined as a dienophile by Kirby et ~ 1 . ' ~  This intermediate 
can be generated from nitrosyl chloride and silver cyanide (equation 42) and trapped with 9.10-dimethyl- 
anthracene to yield adduct (110). As with acyl nitroso compounds, this adduct can be used as a stable 
source of (109) via a retro Diels-Alder reaction. 

I 

PhH, A, 72% 

Ph 

Sulfonyl Ntroso compounds have been used only rarely as dienophiles.8O One source of these species 
is from arylsulfinic acids and alkyl nitrites (equation 43). These compounds probably warrant further in- 
vestigation. 

ArS02H + RON0 D [ "1 30% (43) 
ArS02' 
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424.5 Vinyl Nitroso Compounds 

-NR 
+; c1 

- 

Vinyl nitroso compounds have proven to be rather interesting species since they can act as either 2 a  or 
4 a  components in Diels-Alder cycloadditions.81 The particular reaction which occurs is dependent upon 
the structure of the vinyl nitroso compound and the diene which are used. For example, vinyl nitroso 
compound (112), prepared from oxime (111). reacts as a dienophile (equation 44). On the other hand, ni- 
tros~ compound (113) (equation 45) reacts with cyclopentadiene to give oxazine (114). Not enough data 
are presently available to interpret these results satisfactorily. 

OMe 

Q c: (47) N. 

4.25 THIONITROSO COMPOUNDS 

Thionitroso compounds are reactive, unstable species which have been used upon occasion as dieno- 
philes.'*82 The scant activity in this area is probably due to a lack of general methods for preparing these 
compounds. Recent examples of some cycloadditions of thionitroso dienophiles are shown in equations 
(46)F3 (47)84 and (48).85 

r 1 

-NR 

Cl&Cl + ___) 

c1 c1 

R = CO*Ph, TS 

0 

I I L1- c1' 

4.2.6 N-SULFINYL DIENOPHILES 

Two general classes of N-sulfinyl compounds have been employed as dienophiles. The most widely 
utilized type are N-sulfinyl species (115), formally monoimines of sulfur dioxide, which produce 3,6-di- 
hydrothiazine 1 -oxides (116) (Scheme 14) upon cycloaddition.1*86-88 The analogous bis-imines of sulfur 
dioxide (117) have also been used upon occasion as dienophiles to yield the 3.6-dihydrothiazine l-imines 
(118). Both processes show excellent regioselectivity and are syn stereoselective with respect to the 
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diene. In both cycloaddition products (116) and (118) sulfur is chiral, but the factors controlling stereo- 
chemistry at this center are not understood (vide infra). 

Y 

Y < z 

I 
l x  

Z 
(118) 

+ 
X = Ar, COR, COIR, S02R, SMe2, CN, (R0)2P0, NMe2 

Scheme 14 

4.2.6.1 Monoimines 

N-Sulfinyl compounds (115) are very reactive as dienophiles provided they bear an electron-withdraw- 
ing substituent. Several of the structural types of N-sulfinyl dienophiles which have been used are indi- 
cated in Scheme 14. In general, these cycloadditions proceed at room temperature or below, and are 
highly regioselective as shown in equations (49).88 (50)89 and (5  1).90 N-Sulfinyl compounds which are 
substituted with an electron-donating group do not react under these conditions. However, a recent study 
by Bell and Weinreb has shown that N-alkyl sulfinyl compounds undergo [4 + 21 cycloaddition provided 
a Lewis acid catalyst or high pressure is utilized.91 Some results of this work are compiled in Scheme 15. 
As can be seen, with (E,E)-2,4-hexadiene the reactions are syn selective with regard to the 4.rr compo- 
nent, but sulfur stereochemistry varies depending upon conditions. The best yields were obtained at 12 
kbar pressure in most of the systems investigated. 

r.t. +,0- 

44% “COPh 
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Conditions Isomer ratio Isolated yield 

TiCh, CH2C12, -78 "C (1 .O equiv.) 1 m o  27% 
SnCl,,. CH2C12, -78 "C (0.5 equiv.) 4050 47% 
BF3*Et20, CH2C12, -78 OC (1 .O equiv.) 1oo:o 54% 
12 kbar, Et20, r.t. 11:89 56% 
12 kbar, hexane, r.t. 12:88 66% 
12 kbar, CH2C12, r.t. 18:82 80% 

Scheme 19 

The high pressure reaction also works well with N-silyl dienophile (119).92 This process allows easy 
access to 3.6-dihydrothiazine 1-oxides which are unsubstituted on nitrogen. 

+p- i, 12 kbar, CH2C12 

+ I1 

SiMe3 ii, H30+, acetone 

81% 

(119) 

Two studies on the mechanism of this type of [4 + 21 cycloaddition which have led to very different in- 
terpretations have a~peared .9~1~ Mock and Nugent suggested that the Diels-Alder reactions of N-sulfi- 
nyl-p-toluenesulfonamide are stepwise, ionic proce~ses.9~ On the other hand, Hanson and Stockbum 
prefer a concerted, pericyclic mechanism in accord with frontier molecular orbital theory.w Both propo- 
sals satisfactorily rationalize the observed regioselectivity of these reactions. 

As noted above, the stereochemical outcome at sulfur in these cycloadditions is not yet Understood. 
Relatively few systems, particularly among the older examples, have been well characterized with re- 
spect to sulfur stereochemistry and thus existing data are sparse. Moreover, although N-sulfinyl com- 
pounds prefer to exist as the (2)-isomers, it is not clear if they always undergo cycloaddition in this 
geometrical form. It is also known that the Diels-Alder reactions of N-sulfinyl compounds are some- 
times reversible, which complicates the issueqg5 

Two groups have recently examined enantioselective N-sulfinyl dienophile Diels-Alder reactions.%97 
In one case, Whitesell et al. found that a phenylmenthol derived N-sulfinyl carbamate adds to (E,E)-2,4- 
hexadiene under Lewis acid catalysis to afford a single diastereomer (equation 52).% If the Lewis acid 
was omitted, a complex mixture of cycloaddition products was obtained. Attack of the diene on the N- 
sulfinyl dienophile as shown in the equation would rationalize the observed results. The site of Lewis 
acid complexation, however, is unknown. 

Until recently, dihydrothiazine oxides had not found much use in synthesis. Recently, Weinreb and co- 
workers have exploited some of the known reactions of these adducts, along with some new transforma- 
tions, in stereoselective preparation of some complex nitrogen-containing molecules.87 One useful 
transformation of these adducts is the hydrolysis/retro-ene elimination of sulfur dioxide shown in equa- 
tion (53).98 Thus dihydrothiazine oxide (120), prepared from (E,E)-tetramethylbutiene, underwent hy- 
drolysis to allylic sulfinic acid (121) which suffered a retro-ene reaction via the chair-like conformation 
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shown to give exclusively homallylic sulfonamide (122). The diastereotopic face of the alkenic double 
bond in (121) to which the proton is transferred is controlled by the pseudo-equatorial methyl substituent 
adjacent to the sulfur. The isomer of (120) derived from (Ea-tetramethylbutadadiene affords the epimer of 
sulfonamide (122) stereoselectively. 

Another useful reaction of these Diels-Alder adducts is shown in equation (54).99 Dihydrothiazine 
oxide (123) from (E,E)3,4-hexadiene can be opened with a Grignard reagent to allylic sulfoxide (124) 
which undergoes a stereoselective 2,3-sigmatropic rearrangement via the envelope-like transition state 
conformation shown, having a quasi-equatorial methyl group to afford sulfenate ester (125). Desulfuriza- 
tion of (125) provides (E)-fhreo-amino alcohol derivative (126) in excellent overall yield. If (Ea-2.4- 
hexadiene is used, the (E)-erythro epimer of (126) is formed cleanly. 

I 

“CO2Bz 

43.6.2 Intramolecular Cycloadditions 

The Weinreb group has reported the only examples of intramolecular [4 + 21 cycloadditions of N-sulfi- 
nyl c o m p o u n d ~ . ~ ~ ~ ~ J ~  For example, diene carbamate (127) could be converted to an N-sulfinyl com- 
pound which cyclized intramolecularly to dihydrothiazine oxide (128) (Scheme 16). Using the chemistry 
outlined in equation (54). (128) was transformed stereoselectively to threo-sphingosine (129). Similarly, 
@&diene carbamate (130) was transformed via adduct (131) to erythro-sphingosine (132). 

One other example of an intramolecular N-sulfinyl carbamate cycloaddition is depicted in Scheme 17. 
In this case, diene carbamate (133) was converted to a sulfinyl compound which cyclized to give exclu- 
sively adduct (135).lW It was suggested that the cycloaddition occurs via an endo boat-like N-sulfinyl 
carbamate conformation (134). The alternate endo chair-like conformation (137) leading to isomeric ad- 
duct (138) is destabilized relative to (134) due to an eclipsing interaction between Ha and Hb. Adduct 
(135) was converted to amino sugar (136) in a few steps. 

4.2.6.3 Bis-imines 

Bis-imines (117) have been used far less than the monoimines as dienophiles. However, there are 
enough examples of these cycloadditions to indicate clearly that they are regioselective and, provided at 
least one electron-withdrawing group is present on nitrogen, that they proceed under mild reaction condi- 
tions.’ As with the monoimines, little is known with regard to the establishment of sulfur stereochemistry 
in the dihydrothiazine imines (118). Equations (55),lo1 (56)lo2 and (57)Io3 demonstrate both the regio- 
selectivity of the process and some of the structural types of bis-imino compounds which have been 
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i, PhMgBr 
ii, (McO)~P 

iii. Ba(OH)2 ~ n - C 1 3 H 2 7 G O H  

OCONH2 

( \ 
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OH + 
n-C13H27 n-C13H27 

=- 0 i, PhMgBr 

SOcI2, Py iii, Ba(OH)2 
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P O C O N H 2  n-C13H27 -OH 
86% 

(131) 
Scheme 16 

A 
OH 

(132) 

used. It should be noted that unsymmetrical N-sulfinyl compound (139) reacts regioselectively at the 
N=S double bond bearing the least electron-withdrawing substituent. This is apparently a general phe- 
nomenon which has not been satisfactorily rationalized. 

Weinreb and coworkers have examined some reactions of dihydrothiazine imines and have developed 
a new approach to vicinal diamines using these  intermediate^.^'.'^ Their method is outlined in Scheme 
18. Cycloaddition of (E,,!?)-2,4-hexadiene with the tosyl bis-imine gives a 1.1: 1 mixture of epimeric dihy- 
drothiazine imines (140) and (144). Subsequent transformations of these adducts took two different 
courses. In one, adduct (140) could be opened to allylic sulfilimine (141) which underwent a stereoselec- 
tive 2.3-sigmatropic rearrangement to sulfenamide (142) (cf. equation 54). Desulfurization of (142) 
yielded (E)-threo vicinal sulfonamide (143). Adduct (144), which presumably exists in conformation 
(149, suffers a unique stereoselective transannular 2,3-sigmatropic rearrangement to thiadiazolidine 
(146) which can also be converted to bis-sulfonamide (143). 

4.2.7 AZO DIENOPHILES 

The reaction of diethyl azodicarboxylate with cyclopentadiene reported by Diels in 1925 is of histori- 
cal significance since it is one of the first examples of a Diels-Alder [4 + 21 cycloaddition (equation 
58).1J05J06 These cycloadditions usually proceed under mild conditions and are syn selective with 
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respect to the diene. Cycloadditions of azo dienophiles are among the most widely utilized hetero Diels- 
Alder reactions and examples of these cycloadditions abound in the literature. 

The mechanism of this type of reaction has received some a t t e n t i ~ n . ' ~ ~ . ' ~ ~  It has been suggested that 
these reactions are pericyclic processes, and since N=N dienophiles have lower lying LUMOs than 
C = C  compounds, they are more reactive. Cyclic N-N species have an even lower LUMO energy.Io5 
However, a recent investigation of the cycloadditions of 4-phenyl- 1,2,4-triazoline-3,5-dione (vide inpa) 
indicates that in at least some cases the Diels-Alder reactions involve discrete intermediates. lo7 It would 
appear that a range of mechanisms may be available to azo dienophiles. 

4.2.7.1 Acyclic Azo Systems 

Azodicarbxylates and related compounds have been widely used as dienophiles over the last six de- 
cades.lo8 A thorough description of these reactions is beyond the scope of this review. In a recent repre- 
sentative example of such a cycloaddition, Schmidt and coworkers found that diene (147) adds to diethyl 
azodicarboxylate to yield (148).'09 This product was used in synthesis of aminoxylose derivative (149) 
(equation 59). 

, OAc 
OAc =- OH 

. . . . . . . . . . - XI;::::< N-CO2Et (59) 

'CO2Et 
NHC02Et OMe 

(149) 

- c"co2Et €%Me, 80 O C  
N c  CO&t  OM^ -+ Et02C0' 89% 

(147) (148) 

Another example of a cycloaddition of this type is shown in equation (a), in which Kresze et al. used 
adduct (150) to prepare a highly substituted pyrrole.l1° 

C02Me 

Acot + 1. 

II 
b 

C13CCH202C ' 6, 

A structural variation of azodicarboxylate is arenediazocyanide (151) prepared from the corresponding 
diazonium salt (equation 61).11' Dienophiles of this class add regioselectively to 1,3-dienes in a Diels- 
Alder sense. This selectivity is consistent with both stepwise polar and concerted pericyclic mechanisms. 
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8: 1 

43.73 Cyclic Azo Systems 

Since their introduction by Cookson et al. in 1962,112 Csubstituted 1,2,4-triazoline-3,5-diones have 
been used extensively as dienophiles (equation 62).1,105 These dienophiles are highly reactive towards 
most 1.3-dienes and undergo cycloadditions under very mild conditions. In general, these Diels-Alder 
reactions are syn selective with respect to the diene, although with some (2)-dienes this selectivity is lost. 
As noted above, it has been found that these cycloadditions are stepwise reactions in (a-dienes which 
cannot achieve an s-cis conformation.lW However, it is not clear if all cycloadditions of triazolinediones 
with 1,3dienes proceed this way. 

R = alkyl, aryl 

The triazolinedione adducts in equation (62) are often difficult to hydrolyze to the parent cyclic hydra- 
zine derivatives and therefore a modified dienophile (152) was developed independently by  core^^'^^ 
and by Beak113b (equation 63). The adducts of this compound are readily converted to the hydrazine by 
mild basic hydrolysis. 

Pb(OAck or 

H. N ,!( 
H.A<s L 

0 

Two interesting examples of intramolecular Diels-Alder reactions of azo dienophiles have recently 
been published. In the first, Kyler and coworkers oxidized systems such as (153) to an intermediate azo 
compound which underwent cycloaddition to afford adduct (154) (equation 64).114 In another case, Kahn 
et al. found that diacylhydrazide (155) could be oxidized to yield Diels-Alder adduct (156) (equation 
65).Il5 
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PhI(OAc)* 

97% 
* 

0 
(155) 

4.2.73 Charged Dienophiles 

Diazonium salts have been briefly investigated as hetero dienophiles.' l6 It appears that electron-rich 
dienes and electron-deficient diazonium compounds are the best partners in this cycloaddition. The re- 
actions are usually regioselective (equation 66). It has been proposed that these cycloadditions are one- 
step pericyclic processes. 116b 

Nelsen et ai. have discovered that simple alkyl diazo compounds, which are normally not dienophiles, 
It was suggested that protonation facili- will react in a Diels-Alder fashion if protonated (equation 67).' 

tates the reaction thermodynamically, since hydrazines are much stronger bases than azo compounds. 

L 
1 

4.2.8 CARBONYL DIENOPHILES 

Diels-Alder cycloadditions of carbonyl compounds with aldehydes and ketones provide a powerful 
method for synthesis of 5,6-dihydropyrans, which are useful synthons for a variety of This 
methodology was slow to develop since early work indicated that simple carbonyl compounds react 
poorly with most alkyl and aryl substituted 1,3-dienes. However, with the understanding that [4 + 21 cy- 
cloadditions are facilitated by Lewis acid catalysts and high pressure, along with the recent availability 
of highly reactive oxygenated dienes, this chemistry has been increasingly exploited in total synthesis. 

Cycloadditions with these heterodienophiles are usually regioselective and are in accord with FMO 
theory. The reactions are syn selective with the diene component. Other stereochemical features of the 
process are outlined in some of the examples described below, as well as in previous It 
should also be mentioned that only aldehydes and some ketones act as dienophiles. Except for rare ex- 
ceptions, other types of carbonyl compounds apparently do not participate in Diels-Alder cycloadditions. 
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4.2.8.1 Electrondeficient Aldehydes 

Aldehydes bearing electron-withdrawing substituents are reactive as heterodienophiles under mild 
conditions with a range of 1,3-dienes. In particular, glyoxylate derivatives have been widely used in 
these cycloadditions. Some examples of Diels-Alder reactions of this type are shown in equations 
(68),'19 (69)lm and (7O).l2l As can be seen, these reactions occur at relatively low temperatures and are 
regioselective.122 

COzEt - M e O D  (68) 
PhMe, 110 "C 

60% 
+ 

Me0 

C02Bu" Me3si7 + HKC0zBu" 0 PhH, 93% r.t. - Me3siT (69) 

OMe OMe 

C02Me 
i, PhH, A Me3SiO 

0 ii, H,O+ 
OMe OMe 

71% 

7 + HKCozMe 

Some very interesting stereo- and regio-chemical features of the cycloaddition can be seen in the work 
of Schmidt and Wagner outlined in Scheme 19.123 They found that the unsymmetrically 1.4-substituted 
diene (157) reacts with methyl glyoxylate regioselectively to afford adducts (158), (159) and 
Compounds (158) and (159) result from e m  and endo transition states, respectively, and (160) presum- 
ably arises from (158) via isomerization at the anomeric center. When siloxy diene (161) was used in a 
cycloaddition with glyoxylate (162), e m  and endo adducts (163) and (164), respectively, were pro- 
d u ~ e d . ' ~ ~ ~  However, the regiochemistry here is completely reversed relative to diene (157). It was pro- 
posed that these results occur since the magnitude of the C-1 and C-4 HOMO coefficients of 
benzoyl-substituted diene (157) are reversed in the siloxy diene (161).123b 

OBz OBz 
PhMe, 125 "C c 6 J O 2 M e  ~ , + C 0 2 M e  bo p 0 2 M e  

+ + I  < +  H C02Me 40% 

NHC02Et NHCO2Et NHC02Et NHC02Et 

(157) (158) 2:l (159) 1:2 (160) 

OSiMezBu' OSiMezBu' OSiMezBu' 

- a + 0 
I CO2R COzR 

NHC02Et NHC02Et NHCOzEt 

R = CHZCsH4N02-p 

Scheme 19 
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Several reports of Diels-Alder cycloadditions of chiral glyoxylate esters have been published.124-1s In 
general, reactions with menthyl esters of glyoxylate do not show very high selectivities either thermally 
or under high Better results have been obtained by David and coworkers using (e-1- 
oxygenated butadienes attached to c h i d  sugars.126 In a nice application of this methodology to the syn- 
thesis of a blood p u p  antigenic determinant, the principle of double diastereoselection was 
Thus chiral diene (165) was combined with L-menthyl glyoxylate to afford a mixture of epimeric pyrans, 
which was equilibrated at the anomeric center to yield (166) (equation 71). 

Ph 
I 

Ph 
1 

(165) R = L-menthyl (166) 

It should also be noted that it has recently been found that chiral Lewis acid catalysts promote glyoxy- 
late Diels-Alder reactions, but enantiomeric excesses are usually 10w.128J29 

4.2.8.2 Electron-deficient Ketones 

The large majority of cycloadditions of keto dienophiles have involved mesoxylate. Some typical 
examples of this process are shown in equations (72),130 (73)131 and (74).132 The cycloaddition appears to 
be regioselective in most cases.'33 

c02et 

(72) 
c02et 4- 0 150-160 o c  

EtO& C02Et 55% 

Me3SiO Me3Si0 

55 "C, 20 kbar 

35% 
w 

CO2Et C02Et 

&C02Et + &C02Et 
(74) 

65:35 
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One very useful transformation of these adducts is given in equation (75). Hydrolysis of the diester to 
the diacid, followed by bis-decarboxylation either by a double Curtius mangementiM or oxidatively 
with ceric ammonium nitrate,i33p yields an unsaturated lactone. This overall sequence is equivalent to ef- 
fecting a Diels-Alder reaction with carbon dioxide, which is unreactive as a dienophile. 

Cultius or CAN 

A few examples of cycloadditions with other electron-deficient ketones have appeared. 130b.13s~136a Two 
such systems are shown in equations (76)i3sa and (77).13sb However, this chemistry has not been widely 
applied to date. 

-c (76) 
r.t., 28 days 

\ 76% 

0 

d o  + y 
0 

H 
DME, r.t., 5 days 9 02$J 

(77) 
N 50% N 

H o  H o  

4.2.8.3 Aliphatic and Aromatic Aldehydes 

Until recently, relatively little work had been reported on Diels-Alder reactions of simple aromatic 
and aliphatic aldehydes with 13-dienes.l It was initially thought that these reactions did not work well. 
However, a better understanding of the factors governing the cycloaddition has led to important metho- 
dological advances. This section and the following one briefly outline work in this area. 

Few examples of [4 + 21 cycloadditions of aromatic aldehydes with simple alkyl-, halo- and alkoxy- 
substituted 1,3-dienes exist. Ansell and Charalambides found that benzaldehydes substituted with elec- 
tron-withdrawing groups such as nitro and cyano undergo thermal cycloaddition. 136b Other 
benzaldehydes were found to cycloadd only in the presence of p-toluenesulfonic acid. 

Formaldehyde reacts thermally with 1 -alkoxybutadienes, but not with most simple alkyl-substituted 
dienes.137a However, in the presence of a Lewis acid this type of cycloaddition is synthetically use- 
f ~ 1 . l ~ ~ ~ ~ ~  A recent example of this reaction is shown in equation (78).138b 

H 
I 

H H 
I (HCHO),, CH,CI, 

Et AICI, f l N Y P h  88% 

In an extensive study, Jurczak and coworkers have looked at the high pressure induced cycloaddition 
of (E)-1-methoxybutadiene with various aliphatic  aldehyde^.^^^.'^^ An example is shown in equation 
(79).i39a If a lanthanide catalyst is used the pressure can be reduced from 20 to 10 kbar, but yields appear 
to be somewhat 10wer . l~~  

70:30 
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These workers have also examined asymmetric induction in the process in some detail. For instance, 
cycloaddition of sugar aldehyde (167) occurred to afford only adduct (169) at high pressure (equation 
80). It was suggested that the Diels-Alder reaction proceeds via diene attack on the aldehyde confonna- 
tion shown in (168) from the least congested face.139i Other chiral aldehydes have been investigated by 
this group, as has the effect of lanthanide catalysts upon the extent of asymmetric induction. Summaries 
of this work have recently been pub1i~hed.I~~ 

-i- 
o* 0' : 

-%O 

+ < OMe 

20 kbar 
m 

EtzO, 53 "C 

r 1 

OMe 1 L 

OMe 

72% - 

4.2.8.4 Cycloadditions with Highly Oxygenated Dienes 

An important discovery in the area of carbonyl cycloadditions is that highly oxygenated 13dienes are 
excellent 4~ components.lJ4 These reactions occur at low temperatures with a wide range of aldehydes 
provided Lewis acid catalysts are ~ ~ e d . ~ ~ ~ ~ , ~ ~ ~ * ~ ~ ~  This general type of reaction is shown by the example 
in equation (81). It was also found by Danishefsky and coworkers that lanthanide shift reagents are effec- 
tive catalvsts for the cv~loaddition.'~~ An examule of one of these cycloadditions is outlined in equation 
(82).121d 

Me3SiO 
ZnCI, - 

OMe 

R = H, aryl, alkyl, alkenyl, etc. 

Me3si0vR 
OMe 

- 

Me3SiO 

* 'vph (82) 
95% 

OMe - O T P h  OMe H30+ 0 

PhCHO, Eu(fod)s 

85% 

The Danishefsky group has investigated the mechanism of this process in some detail.14 It has also 
been found that the cycloadditions show excellent diastereofacial selectivity with many chiral alde- 
h y d e ~ . ~ ~ . ' ~ ~  Moreover, chiral catalysts have proven effective in controlling the enantioselectivity of the 
cy~loaddition. '~"~~~ These features of the reaction, along with applications to natural product total syn- 
theses, are discussed in detail in Volume 2, Chapter 2.5. 
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43.8.5 Intramolecular Reactions 

Surprisingly few examples of intramolecular carbonyl Diels-Alder reactions exist. Two recent cases 
are shown in equations (83)149 and (84).150J51 

!Me 

In a clever piece of work, Snider et al. have used a ‘quasi’ intramolecular carbonyl Diels-Alder cy- 
cloaddition to produce a key intermediate for syntheses of pseudomonic acid A (175) (Scheme 20).137c 
Thus a Lewis acid catalyzed ene reaction of alkene (170) and formaldehyde afforded (171). which com- 
plexed with additional formaldehyde to give (172). Intramolecular [4 + 21 cycloaddition of (172) gave 
adduct (173) which produced dihydropyran (174) upon hydrolysis. 

Scheme 20 

4.2.9 THIOCARBONYL DIENOPHILES 

Thiocarbonyl compounds of all kinds are excellent heter~dienophiles.~.’~~ There has not been much 
systematic study of this class of reaction but it seems that such cycloadditions are generally regio- 
selective. One difference between carbonyl and thiocarbonyl Diels-Alder reactions is that the dihydro- 
thiopyran adducts from the latter dienophiles often undergo cycloreversion. The slow development of 
this field is perhaps mainly due more to lack of methods for generating certain thiocarbonyl compounds 
than with difficulties in effecting cycloadditions. 
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4.2.9.1 Thioketones 

conditions. Representative examples of this process are shown in equations (85),lS3 (86)’” and (87).lsS 
Thioketones are generally readily available and undergo [4 + 21 cycloadditions under mild thermal 

1:1.2 

-78 O C ,  r.t. - QCF3 

CF3 
90% 

Larsen has recently described an interesting synthetic use for the cycloadducts of thiooxomalonate 
(Scheme 2l).lS6 Bunte salt (176) can be converted in situ to thiooxomalonate (177)ls7 which undergoes 
regioselective [4 + 21 cycloaddition with 1.3-dienes at 25-70 ‘C to afford adducts. Thus with 1,3-di- 
methylbutadiene a 1:12 mixture of (178) and (179) are formed in excellent yield. It was found that treat- 
ment of major isomer (179) with base, followed by methyl iodide, yielded a 16:l mixture of epimeric 
thiomethylcyclopentenes (180) and (181). Some mechanistic possibilities for formation of these products 
have been offered.Is6 

COzEt 
C02Et Is 

SMe SMe 

A C O Z E t  74% * 

CO2Et 

Scheme 21 

4.2.9.2 Thioaldehydes 

Until recently, few reliable methods were available for preparation of thioaldehydes, which are usually 
very unstable, and little had been done with these species as dienophiles. However, this problem has now 
been remedied and there has been considerable interest in using thioaldehydes in [4 + 21 cycloadditions.’ 

Vedejs and coworkers have developed a general procedure for generation and trapping of transient 
thioaldehydes with 1 ,3-dienes.Is8 They found that photolysis of phenacyl sulfides (182) produced thioal- 
dehydes which gave [4 + 21 cycloadducts in good yields (Scheme 22). Some regiochemical results using 
siloxybutadiene (183) and variously substituted thioaldehydes are shown in Scheme 22.158a.b*g This regio- 
selectivity is in accord with molecular orbital calculations.158b 
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Y =  CN 18:l 
COPh 12:l 
CHzCH2Ph 0: 100 
H 1:11 
Ph 1 :2 
S0,Ph 9.5: 1 

Scheme 22 

SiMe, 1:lO 

Several groups have examined the exolendo stereoselectivity of thioaldehyde cycloadditions. 158f~159~160 
Scheme 23 outlines some of the methods used for in siru generation of thioaldehydes and selected stereo- 
chemical results with cyclopentadiene. As can be seen, these reactions generally give a predominance of 
endo products kinetically. Vedejs has rationalized this outcome as arising from steric factors. 158f 

0 

SAC 

& H + & y  

Y H 

NaS03S - Y Y = C02Me 2.3:l 

SiMe2R 
I 

ArSS A Y 

COMe 4.0:l 
Ph 4.0: 1 

Me@ 5.51 
Me 3.0: 1 
Pr' 16:l 
Bu' >50: 1 

CH=CH2 2.0~1 

Scheme 23 

Another stereochemical aspect of these Diels-Alder reactions which has been studied by the Vedejs 
group is the facial selectivity in cycloadditions of chiral thioaldehydes. 158f For instance, thioaldehyde 
(184), generated by the photochemical method, added to cyclopentadiene to give e m  adducts (185) and 
(186) along with endo isomers (187) and (188) (Scheme 24). As was the case for achiral thioaldehydes, 
the endo adducts predominated (-9:l). The facial selectivity obtained can be rationalized via a Felkin- 
Anh or Cornforth model for asymmetric induction.158f 
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L J 

(185) 5% (186) 2% (187) 75% (188) 18% 

Scheme 24 

Only a few intramolecular thioaldehyde [4 + 21 cycloadditions have been executed to date. Vedejs et 
al. have looked at systems such as that shown in equation (88).158d Their photochemical method is useful 
in effecting intramolecular reactions but stereoselectivity in the process was only moderate. Baldwin and 
Lopez have described the single intramolecular cycloaddition shown in equation (89) which involves a 
new thermal method for generating thioaldehydes from alkyl thiosulfinates. 161~162 

qL 48% ~~~ S' 

0 

- & + q ( 8 8 1  s i  H 
0 

H 
0 0 

3.5: 1 

ph 2 
r 1 

4.2.9.3 Thioesters, Dithioesters and Related Compounds 

A number of thiocarbonyl compounds in the carboxylic acid oxidation state have been utilized in 
Diels-Alder reactions, but no systematic study in this area has been done. Some of the various structural 
types of thiocarbonyls which are reactive dienophiles are indicated in equations (90),163 (91)'@ and 
(92).'65 Reactions of this class show good to moderate regioselectivity, but relatively little is known with 
regard to stereoselectivity. Additional examples can be found in earlier reviews.' 

Y 
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S 

"-Me \ 

S 

y 
r.t., 98% 

+ 

2.5: 1 TMe 
PhMe,A, 73% 
BF,*Et,O, 60% 

1:1 
3: 1 

4.2.9.4 Thiophosgene and Related Compounds 

participate in Diels-Alder reactions. 1547166 One example is shown in equation (93). 
Although carbon disulfide is not reactive as a heterodienophile, thiophosgene and its derivatives do 

Cl 

A few examples of cycloadditions with the thiophosgene equivalent (189) have been reported (equa- 
tion 94). 16' In addition, methyl cyanodithioformate (190) has also been utilized several times as a hetero- 
dienophile (equation 95).168 

Ph 
1 

MeS S ' 0 OC - &.Me + &CN (95) 

CN SMe 
2:3 

4.2.9.5 Thienium Salts and Related Cations 

There are several scattered instances of [4 + 21 cycloadditions with charged thienium dienophiles.I6% 
The first reported example of this type of Diels-Alder reaction was by Corey and Walinsky, who used 

dithienium compound (191) in  cycloaddition^.'^^ For instance, (191) reacts at low temperature with iso- 
prene regioselectively to afford adduct (192) (equation 96). This compound can be converted to cyclo- 
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propane (193) and thermally rearranged to cyclopentanone derivative (194). The overall process is 
equivalent to addition of carbon monoxide to a 1,3diene. 

BF,- 
BuLi, -78 "C, & 3 

S 

Another interesting use of a thienium dienophile is outlined in equation (97).I7I The initial Diels- 
Alder adduct was not isolated in these systems but was inferred based upon the nitro sulfide actually pro- 
duced. 

0 

79% 
b 

4.2.9.6 Sulfines and Sulfenes 

0;1":, SEt 

(97) 

Sulfines, which are thiocarbonyl S-oxides, have been used many times as heterodienophile~.~,~~~ As 
with thioaldehydes, the development of this field has been limited more by the availability of these often 
unstable species rather than by problems with the Diels-Alder chemistry. It should be noted that sulfines 
can exist as configurationally stable (E)- or (2)-isomers and this stereochemistry can play a role in the 
outcome of the cycloaddition reactions. 

Two recent examples of cycloadditions with simple sulfines aTe shown in equations (98)173 and 
(99).174 Surprisingly, the first case is nonstereospecific, a feature unique to this particular reaction. The 
example shown in equation (lOO), which involves retention of dienophile configuration, is more typi- 
cal.I75 

S MCPBA TBAF 

3.3: 1 
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+ ,,\o- 
-o.s+ 

r.t., x 79% * D P h  
l'hASCN SCN 

a-Oxosulfines have been the object of some research during recent years and these compounds have 
proven to be excellent dien~phi les . '~~ Two cases are shown in equations (101)176d and (102).176f It should 
be noted that sulfine geometry is retained in these cycloadditions. The former example shows a pref- 
erence for an endo methoxycarbonyl group. 

- 
0, S +,c1 2,dlutidine -O.S+ 

OSiMe3 - P h h C 0 2 M e  H - PhACO&fe 

>,o- 
Et0 

L 

Zwanenburg and coworkers have examined the diastereoselectivity of chiral sulfme systems in Diels- 
Alder reactions.177 In one case, a-chlorosulfine (195) derived from camphor reacts with 2.3-dimethylbu- 
tadiene via attack on the sulfine conformer indicated in equation (103) to afford adduct (1%) as a single 
diastereomer. 

0' 
CI 4 I y 

70 "C, 7 days 

80% 
* 

One e x a m p  exists of a thione imine (Le. t.e nitrogen analog of a sulfine) acting as a dien0phi1e.l~~ 
Saito and Motoki have found that (197) reacts regioselectively with 1.3-dienes in a Diels-Alder sense 
(equation 104). This potentially useful reaction seems worthy of further exploration, provided general 
methods for generation of these imines can be developed. 

Sulfenes have received little attention to date as d i e n ~ p h i l e s . ~ ~ ~ ~ ' ~ ~  These reactive species undergo [4 + 
21 cycloadditions with certain dienes upon occasion, but [2 + 21 cycloadditions and electrophilic re- 
actions are also common (cf. Scheme 25).179b In addition, the mode of reaction of a sulfene may depend 
upon its method of formation.174 
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MeCN 

&25 OC [ CF3'iF3] - TA$C(CF3)SOzF + SiF4 

4.2.10 SELENOCARBONYL DIENOPHILES 

Essentially all of the work on [4 + 21 cycloadditions of selenocarbonyl compounds has been reported 
within the past five years.18G185 Krafft and coworkers have developed a novel method for producing 
seleno-aldehydes and -ketones, and have investigated in some detail the Diels-Alder chemistry of these 
species.1s0 Alkyl- and aryl-substituted selenocarbonyl compounds could be formed from silyl seleno- 
cyanates (198) (equation 105). As is the case with thioaldehyde~,~~~ selenoaldehydes react with cy- 
clopentadiene to afford predominantly endo cycloadducts. This stereochemical preference has also been 
observed by Segi et al.lg5* using a different method for generating selenoaldehydes. 

SiMezPh mu, ret. iRIH] 
0 &H + 4. 

R H 
R A SeCN CHzClz 

(198) R = alkyl, aryl 2.3-9.0: 1 (105) 

Alkyl-substituted selenoaldehydes only cycloadd to certain reactive dienes such as cyclopentadiene or 
1,3-diphenylisobenzofuran. On the other hand, selenoaldehydes bearing electron-withdrawing groups re- 
act with a wide range of electron-rich dienes. One method of formation of this type of dienophile and 
some regiochemical results with an unsymmetrical 1,3-diene are shown in equation (106). The orienta- 
tion observed here is in accord with a dienophile-LUMO/diene-HOMO controlled process.180d 

Another selenoaldehyde preparation has been developed by Kirby and Trethewey (equation 1O7).lE4 
Dienophile (199) can be trapped directly by 13-dienes or by anthracene to give adduct (200). Rem 
Diels-Alder reaction of (200) in the presence of another diene affords a new cycloadduct. 

Segi and coworkers have invented a direct method for converting aldehydes to ~elenoaldehydes.'~~ 
This procedure can be used to effect intermolecular reactions as well as intramolecular selenoaldehyde 
Diels-Alder reactions as outlined in equation (108). 
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1 * b z  + (106) 

A - [A] (minor) Z 

Et3N, EtOH 

Z SeCN 

(major) 
Z = CN, C02Et, COPh, SO,Ph, PO(OMe), 

r 1 

[ MeP = CH2 ] 

Y P .  Me 1 :2 + E P .  Me 

68:32 
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4.2.11 PHOSPHORUS-CONTAINING DIENOPHILES 

Multiply bonded phosphorus compounds are often reactive as heterodienophiles. However, this is a 
diffuse area of research and little systematic study of these Diels-Alder reactions has been done. A com- 
plete listing of the various types of phosphorus dienophiles is beyond the scope of this review. Some of 
this material is available in previous summaries.l Selected representative examples of recent activity in 
this area is given in equations (109),186(110),187 (111)’88 and (112).189 

4.2.12 REFERENCES 
1. 

2. 
3. 

4. 
5. 

6. 
7. 

8. 
9. 

10. 
11. 
12. 

13. 
14. 

For previous recent reviews of this subject see: (a) S. M. Weinreb and R. R. Staib, Tetrahedron, 1982, 38, 
3087; (b) D. L. Boger and S. M. Weinreb, ‘Hetero Diels-Alder Methodology in Organic Synthesis’, Academic 
Press, Orlando, 1987; (c) T. Kametani and S .  Hibino. Adv. Heterocycl. Chem., 1987, 42, 245; (d) J. Hamer 
(ed.), ‘ l,4-Cycloaddition Reactions, the Diels-Alder Reaction in Heterocyclic Synthesis’, Academic Press, 
New York, 1967. 
K. Alder, ‘Neuer Methoden der Praperative Organischen Chemie’, Verlag Chemie, Weinheim, 1943. 
(a) R. Albrecht and G. Kresze, Chem. Ber., 1964, 97, 490; (b) R. Albrecht and G. Kresze, ibid., 1965, 98, 
1431. 
G. Kresze and U. Wagner, Justus Liebigs Ann. Chem., 1972, 762, 106. 
P. P. M. Rijsenbrij, R. P. Loven, J. B. P. A. Wijnberg and W. N. Speckamp, Tetrahedron Lett., 1972, 1425; 
see also: R. P. Loven, W. A. Zunnebeld and W. N. Speckamp, Tetrahedron, 1975,31, 1723; F. Kaspar and S .  
Dather, J. Prakt. Chem., 1985,327, 1041. 
R. A. Abramovitch and J. R. Stowers, Heterocycles, 1984, 22,671. 
(a) G. R. Krow, R. Rodebaugh, J. Marakowski and K. C. Ramey, Tetrahedron Lett., 1973, 1899; (b) G. R. 
Krow, C. Pyun, R. Rodebaugh and J. Marakowski, Tetrahedron, 1974,30,2977. 
A. Barco, S. Benetti, P. G. Baraldi, F. Moroder, G. P. Pollini and D. Simoni, Liebigs Ann. Chem., 1982,960. 
A. B. Holmes, J. Thompson, A. J. G. Baxter and J. Dixon, J. Chem. SOC., Chem. Commun., 1985, 37; T. N. 
Birkinshaw, A. B. Tabor, A. B. Holmes, P. Kaye, P. M. Mayne and P. R. Raithby, ibid., 1988, 1599; T. N. 
Birkinshaw, A. B. Tabor, A. B. Holmes and P. R. Raithby, ibid., 1988, 1601. 
J. Sisko and S .  M. Weinreb, Tetrahedron Lett., 1989.30, 3037. 
R. Albrecht, G. Kresze and B. Mlakar, Chem. Ber., 1964,97,483. 
(a) R. Merten and G. MUller, Angew. Chem., 1962. 74, 866; (b) R. Merten and G. MUller, Chem. Ber., 1964, 
97, 682. 
For reviews of N-acyl imines see: 1. Malassa, D. Matthies, Chem.-Ztg., 1987, 111, 181,253. 
M. P. Cava and C. K. Wilkins, Jr., J., Chem. Ind. (London), 1964, 1422; M. P. Cava, C. K. Wilkins, Jr., D. R. 
Dalton and K. Bessho, J. Org. Chem., 1965.30, 3772. 

15. P. M. Quan, T. K. B. Karns and L. D. Quin, Chem. Ind. (London), 1964, 1553; P. M. Quan, T. K. B. Karns 
and L. D. Quin, J. Org. Chem., 1965,30,2769. 

16. G. Fischer, H. Fritz and H. Prinzbach, Tetrahedron Lett., 1986,27, 1269. 
17. J. E. Baldwin, A. K. Forrest, S. Monaco and R. J. Young, J. Chem. Soc., Chem. Commun., 1985, 1586. 
18. (a) G. R. Krow, R. Rodebaugh, R. Carmosin, W. Figures, H. Pannella, G. DeVicaris and M. Grippi, J. Am.  

Chem. SOC., 1973,95, 5273; (b) G. R. Krow, C. Pyun, C. Leitz and J. Marakowski, J .  Org. Chem., 1974,39, 
2449; (c) G. R. Krow, K. J. Henz and S. W. Szczepanski, J. Org. Chem., 1985,50, 1888; see also: E. J. Corey 
and P.-W. Yuen, Tetrahedron Lett., 1989,30,5825. 

19. D. vor der Bruck, R. Buhler and H. Plieninger, Tetrahedron, 1972, 28,791; M. E. Jung, K. Shishido, L. Light 
and L. Davis, Tetrahedron Lett., 1981, 22,4607. 

20. D. E. Gaitanopoulos and J. Weinstock, J. Heterocycl. Chem.. 1985,22,957. 
21. H. K. Hall, Jr., M. Ramezanian and F. D. Saeva, Tetrahedron Lett., 1988,29. 1235. 
22. D. Ben-Ishai and E. Goldstein, Tetrahedron, 1971, 27, 3119; E. Goldstein and D. Ben-Ishai, Tetrahedron 

Lett., 1969, 2631; S .  Tokita, K. Hiruta, Y. Yaginuma, S. Ishikawa and H. Nishi, Synthesis, 1984,270. 
23. (a) D. Kim and S. M. Weinreb, J. Org. Chem., 1978, 43, 121; (b) S. M. Weinreb, F. Z. Basha, S. Hibino, N. 

A. Khatri, D. Kim, W. E. Pye and T.-T. Wu, J. Am. Chem. SOC., 1982,104,536. 
24. A. B. Evnin, A. Lam and J. Blyskal, J. Org. Chem., 1970,35,3097. 
25. A. Warshawsky and D. Ben-Ishai, J. Heterocycl. Chem., 1969, 6 ,  681; D. Ben-Ishai, Z. Inbal and A. 

Warshawsky, ibid., 1970, 7, 615; A. Warshawsky and D. Ben-Ishai, ibid., 1970, 7, 917; D. Ben-Ishai and A. 
Warshawsky, ibid., 1971 8, 865; D. Ben-Ishai, I. Gillon and A. Warshawsky, ibid., 1973.10, 149. 

26. D. S. Pearce, M. J. Locke and H. W. Moore, J. Am. Chem. Soc., 1975,97,6181. 
27. I. J. Alonso-Silva, M. Pardo and J. L. Soto, Heterocycles, 1988,27, 357. 
28. (a) Y. Ueda and S .  C. Maynard, Tetrahedron Lett., 1985, 26, 6309; (b) A. I. Meyers, T. J. Sowin, S. Scholz 

and Y. Ueda, ibid., 1987, 28, 5103; (c) T. J. Sowin and A. I. Meyers, J. Org. Chem., 1988, 53, 4154; see also: 
R. P. Attrill, A. G. M. Barrett, P. Quayle, J. van der Westhuizen and M. J. Betts, ibid., 1984,49, 1679. 



Heterodienophile Additions to Dienes 445 

29. 0. E. Edwards, A. M. Greaves and W.-W. Sy, Can. J. Chem., 1988,66, 1163. 
30. (a) H. S. Ch’ng and M. Hooper, Tetrahedron Lett., 1969, 1527; (b) I. J. Alonso-Silva, M. Pardo, D. Rabasco 

and J. L. Soto, J. Chem. Res. (S), 1988,390. 
31. B. M. Trost and P. J. Whitman, J .  Am. Chem. SOC., 1974, 96, 7421. 
32. W. R. McKay and G. R. Proctor, J. Chem. SOC.,  Perkin Trans. I ,  1981,2443. 
33. V. Lucchini, M. Prato, U. Quintily and G. Scorrano, J. Chem. SOC.,  Chem. Commun., 1984, 48; V. Lucchini, 

M. Prato, G. Scorrano and P. Tecilla, J. Org. Chem., 1988, 53,2251. 
34. P. A. Grieco, S. D. Larsen and W. F. Fobare, Tetrahedron Lett., 1986,27, 1975. 
35. See also: P. A. Grieco and A. Bahsas, Tetrahedron Lett., 1988,29,5855. 
36. F. Bohlmann, D. Habeck, E. Poetsch and D. Schumann, Chem. Ber., 1967,100,2742. 
37. (a) R. 2. Andriamialisoa, N. Langlois and Y .  Langlois, J. Chem. SOC., Chem. Commun., 1982, 1118; (b) Y. 

Langlois, A. Pouilhes, D. Genin, R. Z. Andriamialisoa and N. Langlois, Tetrahedron, 1983, 39, 3755; (c) R. 
Z. Andriamialisoa, N. Langlois and Y .  Langlois. J. Org. Chem., 1985, 50, 961; (d) D. Genin, R. Z. 
Andriamialisoa, N. Langlois and Y .  Langlois, ibid., 1987,52, 353. 

38. (a) G. Dannhardt and W. Wiegrebe, Arch. Pharm. (Weinheim, Ger.) ,  1977 310, 802; (b) T. Kametani, Y. 
Katoh and K. Fukumoto, J .  Chem. SOC.,  Perkin Trans. I ,  1974, 1712; (c) T. Kamctani, T. Takahashi, T. 
Honda, K. Ogasawara and K. Fukumoto, J. Org. Chem., 1974, 39, 447; (d) T. Kametani, T. Takahashi. K. 
Ogasawara and K. Fukumoto, Tetrahedron, 1974, 30, 1047; (e) T. Kametani, M. Kajiwara, T. Takahashi and 
K. Fukumoto, J. Chem. SOC., Perkin Trans. I ,  1975, 737. 

39. A. Padwa, B. Harrison and B. H. Norman, Tetrahedron Lett., 1989,30, 3259. 
40. For older examples see: (a) A. T. Babayan, G. T. Martirosyan and D. V. Grigoryan, J. Org. Chem. USSR 

(Engl. Transl.), 1968, 4, 955; (b) H. Bahme and K. H .  Ahrens, Tetrahedron Lett., 1971, 149; (c) H. BBhme 
and K. H. Ahrens, Arch. Pharm., 1974,307, 828; (d) J. Marchand-Brynaert and L. Ghosez, Tetrahedron Lett., 
1974, 377; (e) S. J. Danishefsky, T. Kitahara, R. McKee and P. F. Schuda, J .  Am. Chem. SOC.. 1976,98,6715. 

41. (a) J. F. Kenvin, Jr. and S .  J. Danishefsky, Tetrahedron Lett., 1982, 23, 3739; (b) S. J. Danishefsky, M. E. 
Langer and C. Vogel, ibid., 1985, 26, 5983; (c) J. P. Vacca, ibid., 1985, 26, 1277; (d) J. R. Huff, P. S. 
Anderson, J. J. Baldwin, B. V. Clineschmidt, J. P. Guare, V. J. Lotti, D. J. Pettibone, W. C. Randall and J. P. 
Vacca, J .  Med. Chem., 1985, 28, 1756; (e) C. Veyrat, L. Wartski and J. Seyden-Penne, Tetrahedron Lett., 
1986, 27, 2981; ( f )  S. J. Danishefsky and C. Vogel, J .  Org. Chem., 1986, 51, 3915; (g) K. M. Ryan, R. A. 
Reamer, R. P. Volante and I. Shinkai, Tetrahedron Lett., 1987, 28. 2103; (h) S. M. Brandstadter, I. Ojima and 
K. Hirai, ibid., 1987, 28, 613; (i) M. M. Midland and J. I. McLoughlin, ibid., 1988, 29,4653; for other recent 
examples of cycloadditions with chiral imines see: W. Pfrengle and H. Kunz, J. Org. Chem., 1989, 54, 4261; 
H. Kunz and W. Pfrengle, Angew. Chem., Inr. Ed. Engl., 1989, 28, 1067; u) L. LeCoz, L. Wartski, J. 
Seyden-Penne, P. Charpin and M. Nierlich, Tetrahedron Lett., 1989,30,2795. 

42. J. Barluenga, F. Aznar, M.-P. Cabal, F. H. Can0 and C. Foces-Foces, J .  Chem. SOC., Chem. Commun., 1988, 
1247. 

43. (a) S. D. Larsen and P. A. Grieco, J. Am. Chem. SOC.,  1985, 107, 1768; (b) P. A. Grieco, D. T. Parker, W. F. 
Fobare and R. Ruckle, ibid., 1987, 109, 5859; (c) H. Waldmann, Angew. Chem., Inr. Ed. Engl., 1988,27, 274; 
(d) H. Waldmann, Liebigs Ann. Chem., 1989,231. 

44. (a) P. Roffey and J. P. Verge, J. Heterocycl. Chem., 1969, 6,497; (b) H. P. Figeys and A. Mathy, Tetrahedron 
Lett., 1981, 22, 1393. 

45. G. Seitz and R. Mohr, Arch. Pharm. (Weinheim, Ger.) ,  1986, 319, 690 and references cited; see also: W. 
Overheu, G. Seitz and H. Wassmuth, Chem.-Zrg., 1989, 113, 188; M. Takahashi, Y. Hikita and M. Fukui, 
Heterocycles, 1989,29, 1379. 

46. J. P. Fleury, M. Desbois and J. See, Bull. SOC. Chim. Fr. Part 2, 1978, 147 and references cited. 
47. (a) D. Blondet and C. Morin, J .  Chem. SOC. ,  Perkin Trans. I ,  1984, 1085; (b) W. Dormagen, K. Rotscheidt 

and E. Breitmaier, Synthesis, 1988, 636. 
48. For reviews see: J. Anderson and A. Hassner, Synthesis, 1975,483; A. Hassner, Heterocycles, 1980, 14, 1517. 
49. H. Hemetsberger and D. Knittel, Monarsh. Chem., 1972, 103, 205; see also: V. Nair and K. H. Kim, 

Tetrahedron Lett., 1974, 1487. 
50. S. M. Weinreb, Acc. Chem. Res., 1985, 18, 16. 
51. For more recent examples see: (a) T. Nomoto and H. Takayama, Heterocycles. 1985, 23, 2913; (b) P. A. 

Grieco and S. D. Larsen, J .  Org. Chem., 1986, 51, 3553; (c) P. A, Grieco and D. T. Parker, ibid.. 1988, 53, 
3325; (d) P. A. Grieco and D. T. Parker, ibid., 1988,53, 3658. 

52. R. A. Gobao, M. L. Bremmer and S. M. Weinreb,J. Am. Chem. SOC., 1982,104,7065. 
53. W. Oppolzer, E. Francotte and K. Battig, Helv. Chim. Acta, 1981,64,478. 
54. B. Nader, T. R. Bailey, R. W. Franck and S. M. Weinreb, J. Am. Chem. SOC., 1981, 103, 7573; T. R. Bailey, 

R. S. Garigipati, J. A. Morton and S .  M. Weinreb, ibid., 1984, 106, 3240. 
55. See also: M. L. Bremmer, N. A. Khatri and S. M. Weinreb, J. Org. Chem., 1983, 48, 3661. 
56. J. C. Jagt and A. M. van Leusen, J .  Org. Chem., 1974, 39, 564 and references cited; see also: P. Bayard, F. 

Sainte, R. Beaudegnies and L. Ghosez, Tetrahedron Lert., 1988,29,3799. 
57. A chiral camphorsulfonic acid-derived sulfonyl cyanide reacts with cyclopentadiene to give a product with 

only 13% ee: C. Caamoiio, A. Eirin, F. FernBndez, G. G6mez and E. Uriarte, Heterocycles, 1988,27,2839. 
58. B. Potthoff and E. Breitmaier, Synthesis, 1986, 584; U .  Ruffer and E. Breitmaier, ibid., 1989,623. 
59. G. Seitz and H. Wassmuth, Chem.-Ztg., 1979, 103,230. 
60. E. C. Taylor and L. G. French, Tetrahedron Lett., 1986.27, 1%7; J .  Org. Chem., 1989,54, 1245. 
61. G. Kresze and J. Firl, Fortschr. Chem. Forsch., 1969, 11, 245; H. Labaziewicz and K. R. Lindfors, 

Heterocycles, 1989,29, 929. 
62. D. L. Boger, M. Patel and F. Takusagawa, J .  Org. Chem., 1985,50, 191 1. 
63. 0. Eisenstein, J. M. Lefour, N. T. Anh and R. F. Hudson, Tetrahedron, 1977,33,523. 
64. G. Krcsze and W. Kosbahn, Tetrahedron, 1971, 27, 1931; G. Kresze, H. Saitner, J. Firl and W. Kosbahn, 

ibid., 1971, 27, 1941; P. Haussinger and G. Kresze, ibid., 1978.34, 689. 



446 [4 + 21 Cycloadditions 

65. For some recent examples see: A. Defoin, H. Fritz, G. Geffroy and J. Streith, Tetrahedron Lett., 1986, 27, 
3135; M. Ohno, K. Mori and S .  Eguchi, ibid., 1986, 27, 3381; J. Rigaudy, J. Barcelo and M.-H. 
Valt-Taphanel, Tetrahedron, 1986.42, 1355; A. Defoin, G. Geffroy, D. LeNouen, D. Spilleers and J. Streith, 
Helv. Chim. Acta, 1989,72, 1199. 

66. E. C. Taylor, C.-P. Tseng and J. B. Rampal, J .  Org. Chem., 1982,47,552. 
67. J. Streith, G. Augelmann, H. Fritz and H. Strub, Tetrahedron Lett., 1982, 23, 1909; G. Augelmann, J. Streith 

and H. Fritz, Helv. Chim. Acta, 1985, 68, 95; see also: E. E. Knaus, K. Avasthi and C. S .  Giam, Can. J. 
Chem., 1980,58, 2447; A. V. Pavlov and V. B. Mochalin, J .  Org. Chem. USSR (Engl. Transl.), 1983, 19,234. 

68. 0. Wichterle, Coll. Czech. Chem. Commun., 1947, 12,292; 0. Wichterle and J. Novak, ibid., 1950, 15, 309. 
69. For example, see: H. Labaziewicz and F. Riddell, J .  Chem. SOC., Perkin Trans. I ,  1979, 2926; B. Belleau and 

Y.-K. Au-Young, J .  Am. Chem. SOC.,  1963,85,64. 
70. G. Kresze and W. Dittel, Liebigs Ann. Chem., 1981, 610; see also: G. Kresze, M. M. Weiss and W. Dittel, 

ibid., 1984.203; G. Kresze and H. Melzer. ibid., 1981, 1874 and references cited; C. A. Pittol, R. J. Pryce, S. 
M. Roberts, G. Ryback, V. Sik and J. 0. Williams, J .  Chem. SOC., Perkin Trans. I ,  1989, 1160. 

71. H. Nitsch and G. Kresze, Angew. Chem., Int .  Ed. Engl., 1976, 15, 760; M. Saburi, G. Kresze and H. Braun, 
Tetrahedron Lett., 1984, 25, 5377; H. Felber, G. Kresze, H. Braun and A. Vasella, ibid., 1984, 25, 5381; H. 
Felber, G. Kresze, R. Prewo and A. Vasella, Helv. Chim. Acta, 1986, 69, 1137; H. Braun, K. Klier, G. Kresze, 
M. Saburi, 0. Werbitzky and J. Winkler, Liebigs Ann. Chem., 1986, 1360. 

72. G. W. Kirby, Chem. SOC. Rev., 1977,6, 1; H. E. Ensley and S .  Mahadevan, Tetrahedron Lett., 1989,30,3255. 
73. For an alternative method see: P. E. O'Bannon and W. P. Dailey, Tetrahedron Lett., 1988,29,5719. 
74. See for example: A. Defoin, H. Fritz, G. Geffroy and J. Streith, Tetrahedron Lett., 1986, 27, 4727; A. Defoin, 

C. Schmidlin and J. Streith, ibid., 1984, 25, 4515; J. E. Baldwin, M. Otsuka and P. M. Wallace, Tetrahedron, 
1986, 42, 3097; J. E. T. Corrie, G. W. Kirby and J. W. M. Mackinnon, J. Chem. Soc., Perkin Trans. I ,  1985, 
883. 

75. A. Defoin, H. Fritz, C. Schmidlin and J. Streith, Helv. Chim. Acta, 1987, 70, 554; see also: S. K. Dubey and 
E. E. Knaus, J .  Org. Chem., 1985,50,2080; A. Miller, T. M. Paterson and G. Proctor, Synlett, 1989, 32. 

76. G. W. Kirby and M. Nazeer, Tetrahedron Lett., 1988, 29, 6173. 
77. G. E. Keck, Tetrahedron Lett., 1978, 4767; G. E. Keck and D. G. Nickell, J. Am. Chem. SOC.,  1980, 102, 

3632. 
78. H. Iida, Y. Watanabe and C. Kibayashi, J. Am. Chem. SOC.,  1985, 107, 5534; Y. Watanabe, H. Iida and C. 

Kibayashi, J .  Org. Chem., 1989, 54,4088. 
79. P. Horsewood and G. W. Kirby, J. Chem. SOC. ,  Perkin Trans. 1 ,  1980, 1587; P. Horsewood, G. W. Kirby, R. 

P. Sharma and J. G. Sweeny, ibid., 1981, 1802. 
80. G. Kresze and W. Kort, Chem. Ber., 1961,94,2624; G. Just and L. Cutrone, Can J .  Chem., 1976,54,867. 
81. R. Faragher and T. L. Gilchrist, J .  Chem. SOC., Perkin Trans. 1, 1979, 249; E. Francotte, R. Merbnyi, B. 

Vandenbulcke-Coyette and H. G. Viehe, Helv. Chim. Acta, 1981, 64, 1208; B. Ascherl, G. Kresze, J. L. 
Vaerman, B. Vandenbulcke-Coyette and H. G. Viehe, Bull. SOC. Chim. Belg., 1987,96,51. 

82. P. Tavs, Angew. Chem., Int. Ed. Engl . ,  1966, 5,  1048; F. A. Davis and E. R. Skibo, J .  Org. Chem., 1976, 41, 
1333; T. Minami, K. Yamataka, Y. Oshiro, T. Agawa, N. Yasuoka and N. Kasai, ibid., 1972,37, 3810; M. F. 
Joucla and C. W. Rees, J .  Chem. SOC. ,  Chem. Commun., 1984, 374; G. Seitz and W. Overheu, Chem.-Ztg., 
1979,103,230. 

83. Y. Hata and M. Watanabe, J .  Org. Chem., 1980,45, 1691. 
84. 0. Meth-Cohn and G. van Vuuren, J .  Chem. SOC., Perkin Trans. I ,  1986,245. 
85. M. R. Bryce and P. C. Taylor, J. Chem. SOC. ,  Chem. Commun., 1988, 950; M. R. Bryce and P. C. Taylor, 

Tetrahedron Lett., 1989,30, 3835. 
86. For reviews of preparation and use of N-sulfinyl compounds see: A. V. Zibarev, G. G. Yakobson, Russ. Chem. 

Rev. (Engl. Transl.).,  1985, 54, 1706; R. Bussas, G. Kresze, H. Munsterer and A. Schwobel, Sulfur Rep., 
1983,2,215. 

87. S. M. Weinreb, Acc. Chem. Res., 1988, 21, 313. 
88. G. Kresze, A. Maschke, R. Albrecht, K. Bederke, H. P. Patachke, H. Smalla and A. Trede, Angew. Chem., Int. 

Ed. Engl., 1962, 1, 89. 
89. C. Carpanelli and G. Gaiani, Gazz. Chim. Ital., 1982, 112, 187, 191; L. Wald and W. Wucherpfennig, Justus 

Liebigs Ann. Chem., 1971,746,28. 
90. M. Rossert, W. Kraus and G. Kresze, Tetrahedron Lett., 1978,4669. 
91. S .  I. Bell and S .  M. Weinreb, Tetrahedron Lett., 1988, 29,4233. 
92. S. I. Bell and S. M. Weinreb, unpublished results. 
93. W. L. Mock and R. M. Nugent, J. Am. Chem. SOC.,  1975,97,6521. 
94. P. Hanson and W. A. Stockburn, J. Chem. SOC., Perkin Trans. 2, 1985,589. 
95. G. Kresze and U. Wagner, Justus Liebigs Ann. Chem., 1972,762,93, 106. 
96. J. K. Whitesell, D. James and J. F. Carpenter, J .  Chem. SOC. .  Chem. Commun., 1985, 1449. 
97. S. W. Remiszewski, J. Yang and S .  M. Weinreb, Tetrahedron Lett., 1986.27, 1853. 
98. R. S. Garigipati, J. A. Morton and S .  M. Weinreb, Tetrahedron Lett., 1983, 24,987; see also: W. L. Mock and 

R. M. Nugent, J. Org. Chem., 1978,43, 3433. 
99. R. S. Garigipati, A. J. Freyer, R. R. Whittle and S. M. Weinreb, J. Am. Chem. SOC., 1984, 106,7861. 

100. S. W. Remiszewski, T. R. Stouch and S .  M. Weinreb, Tetrahedron, 1985, 41, 1173; see also: S. W. 
Remiszewski, R. R. Whittle and S. M. Weinreb, J .  Org. Chem., 1984,49, 3243. 

101. E. M. Dorokova. E. S. Levchenko and T. Y. Lavrenyuk, J .  Org. Chem. USSR (Engl. Transl.), 1974.10, 1877. 
102. E. S. Levchenko and Y. G. Bal'on, J .  Org. Chem. USSR (Engl. Transl.), 1965, 1, 146. 
103. E. S. Levchenko and Y. G. Bal'on, J .  Org. Chem. USSR (Engl. Transl.), 1965,1, 295; see also: R. Lux and G. 

Kresze, Liebigs Ann. Chem., 1989,605. 
104. H. Natsugari, R. R. Whittle and S. M. Weinreb, J. Am. Chem. SOC., 1984, 106, 7867; H. Natsugari, E. Turos. 

S. M. Weinreb and R. J. Cvetovich, Heterocycles, 1987, 25, 19; E. Turos, M. Parvez, R. S. Garigipati and S. 
M. Weinreb, J .  Org. Chem., 1988, 53, 1 116. 



Heterodienophile Additions to Dienes 447 

105. For previous reviews see: H. Wollweber, 'Diels-Alder Reaktion', Thieme, Stuttgart, 1972; E. Fahr and H. 
Lind, Angew. Chem., Int. Ed. Engl., 1966.5, 372; C. J. Moody, Adv. Heterocycl. Chem., 1982,30, 1. 

106. 0. Diels, J. H. Blom and W. Koll, Justus Liebigs Ann. Chem., 1925,443, 242. 
107. F. Jensen and C. S .  Foote, J .  Am. Chem. SOC., 1987,109, 6376 and references cited. 
108. M. E. Burrage, R. C. Cookson, S. S. Gupte and I. D. R. Stevens, J .  Chem. SOC., Perkin Trans. 2 ,  1975, 1325. 
109. A. K. Forrest, R. R. Schmidt, I. Jibril and G. Huttner, J .  Chem. SOC.,  Perkin Trans. I ,  1984, 1981. 
110. G. Kresze. M. Morper and A. Bijev, Tetrahedron Lett., 1977,2259. 
11 1. D. P. Gapinski and M. F. Ahern, Tetrahedron Lett., 1982,23, 3875. 
112. R. C. Cookson, S. S. H. Gilani and 1. D. R. Stevens, Tetrahedron Lett., 1962,615. It has recently been shown 

that this reaction is not a [4 + 21 cycloaddition: M. Kahn, R. A. Chrusciel, T. Su and T. Xuan, Synlett, 1991, 
31. 

113. (a) E. J. Corey and B. B. Snider, J .  Org. Chem., 1973, 38, 3632; (b) S. W. Moj6 and P. Beak, ihid., 1974, 39, 
295 1. 

114. J. C. Medina, R. Cadilla and K. S .  Kyler, Tetrahedron Lett., 1987.28, 1059. 
115. M. Kahn, S. Wilke, B. Chen and K. Fujita, J .  Am. Chem. SOC., 1988,110, 1638. 
116. (a) B. A. Carlson, W. A. Sheppard and 0. W. Webster, J. Am. Chem. SOC., 1975.97, 5291; (b) F. Bronberger 

and R. Huisgen, Tetrahedron Lett., 1984.25.57. 
117. S .  F. Nelsen, S. C. Blackstock and T. B. Frigo, Tetrahedron, 1986, 42, 1769; S. F. Nelsen, S. C. Blackstock 

and T. M. Frigo. J. Am. Chem. SOC., 1984, 106,3366. 
118. For recent reviews see: J. Jurczak and A. Golebiowski, Chem. Rev., 1989, 89, 149; R. R. Schmidt, Acc. Chem. 

Res., 1986, 19,250. 
119. P. A. Wender, R. M. Keenan and H. Y .  Lee, J .  Am. Chem. SOC., 1987,109,4390. 
120. A. Hosomi, Y. Sakata and H. Sakurai, Tetrahedron Lett., 1985, 26, 5175; see also: A. Hosomi, K. Otaka and 

H. Sakurai, ibid., 1986, 27, 2881. 
121. (a) M. E. Jung. K. Shishido, L. Light and L. Davis, Tetrahedron Lett., 1981, 4607; (b) H. C. J. G. van Balen, 

A. A. Broekhuis, J. W. Scheeren and R. J. F. Nivard, R e d .  Trav. Chim. Pays-Bas, 1979,98, 36; (c) J. Jurczak, 
A. Golebiowski and A. Rahm, Tetrahedron Lett., 1986, 27, 853; (d) S. Castellino and J. J. Sims, ibid., 1984, 
25, 2307; (e) J. Jurczak, A. Golebiowski and A. Rahm, ibid., 1986,27, 853. 

122. For some additional examples of glyoxylate Diels-Alder reactions see: S. M. Makin, E. K. Dobretsova, 0. A. 
Shavrygina and B. M. Arshava, J. Org. Chem. USSR (Engl. Transl.), 1987,23, 494, and references cited. 

123. (a) R. R. Schmidt and A. Wagner, Synthesis, 1982, 958; (b) R. R. Schmidt and A. Wagner, Tetrahedron Lett., 
1983, 24,4661. 

124. J. Jurczak and M. Tkacz, J .  Org. Chem., 1979,44, 3347, and references cited; see also: T. Bauer, C. Chapuis, 
J. Kozak and J. Jurczak, Helv. Chim. Acta, 1989, 72,482. 

125. R. R. Schmidt and W. Abele, Angew. Chem., Int. Ed. Engl., 1982,21,302. 
126. See inter alia: S. David, J. Eustache and A. Lubineau, J. Chem. SOC.,  Perkin Trans. I ,  1979, 1795; S. David 

and J. Eustache, ibid., 1979,2230; S .  David, A. Lubineau and A. Thieffry, Tetrahedron, 1978,34,299. 
127. S .  David, A. Lubineau and J.-M. Vatele, J .  Chem. Soc., Chem. Commun., 1978, 535. 
128. M. Quimpbre and K. Jank0wski.J. Chem. SOC., Chem. Commun., 1987,676. 
129. For cycloadditions of chloral see: Y. I. Smushkevich, V. N. Belov, B. V. Kleev and A. Y .  Akimova, Zh. Org. 

Khim., 1967.3, 1036; M. J. Begley, J. P. Benner and G. B. Gill, J .  Chem. Soc., Perkin Trans. I ,  1981, 11 12. 
130. (a) J. Bblanger, N. L. Landry, J. R. J. Pare and K. Jankowski, J .  Org. Chem., 1982,47,3649; (b) P. C. Bulman 

Page, P. H. Williams, E. W. Collington and H. Finch, J. Chem. Soc., Chem. Commun., 1987, 756. 
131. B. Potthoff and E. Breitmaier, Chem. Ber., 1986,119,3204. 
132. W. M. Daniewski, E. Kubak and J. Jurczak, J .  Org. Chem., 1985, 50,3963. 
133. For additional recent examples see: (a) R. G. Salomon, S. Roy and M. F. Salomon, Tetrahedron Lett., 1988, 

29, 769; (b) S. Knapp, A. T. Levorse and J. A. Potenza, J .  Org. Chem., 1988, 53, 4773; (c) B. Potthoff and E. 
Breitmaier, Chem. Ber., 1986, 119, 2059; (d) W. Abele and R. R. Schmidt, Tetrahedron Lett., 1981, 22,4807; 
(e) R. R. Schmidt and A. Wagner, Synthesis, 1981, 273; (f) M. Koreeda and M. A. Ciufolini, J .  Am. Chem. 
SOC., 1982, 104, 2308. 

134. R. A. Ruden and R. Bonjouklian, J. Am. Chem. SOC., 1975,97,6892. 
135. (a) A. Schonberg and E. Singer, Chem. Ber., 1971, 104, 160; (b) R. R. Schmidt and K. Vogt, Synthesis, 1983, 

799. 
136. (a) M. F. Ansell and V. J. Leslie, J .  Chem. SOC. (C) ,  1971, 1423; (b) M. F. Ansell and A. A. Charalambides, J .  

Chem. Soc., Chem. Commun. 1972, 739: see also: J. Barluenna. F. Aznar, P. Cabal and C. Valdes, - 
Tetrahedron Lett., 1989, 30, 1413. 

137. (a) D. G. Kubler. J. O m .  Chem.. 1962. 27. 1435: (b) J. C. Barrish. H. L. Lee. T. Mitt. G. Pizzolato. E. G. 
Biggiolini and M'. R. UHkokovic,'ibid., 1988, 53,4282; (c) B. B. Snider, G. B. Phillips and R. Cordova, ibid., 
1983,48,3003. 

138. For reviews see: M. Chmielewsky and J. Jurczak, J .  Carbohdr. Chem., 1987, 6 ,  1; J. Jurczak and A. 
Golebiowski, Chem. Rev., 1989,89, 149. 

139. (a) J. Jurczak, M. Chmielewsky and S .  Filipek, Synthesis, 1979, 41; (b) M. Chmielewsky and J. Jurczak, J .  
Org. Chem., 1981,46,2230; (c) J. Jurczak, T. Bauer. S. Filipek, M. Tkacz and K. Zygo, J .  Chem. SOC., Chem. 
Commun., 1983, 540; (d) J. Jurczak, T. Bauer and S. Jarosz, Tetrahedron Lett., 1984,25,4809; (e) J. Jurczak, 
T. Bauer and J. Kihlberg, J .  Carbohydr. Chem., 1985, 4, 447; (f) J. Jurczak, A. Golebiowski and T. Bauer, 
Synthesis, 1985, 928; (9) A. Golebiowski, J. Izdebski, U. Jacobsson and J. Jurczak, Heterocycles, 1986. 24, 
1205; (h) J. Jurczak and T. Bauer, Tetrahedron, 1986, 42, 5045; (i) J. Jurczak, T. Bauer and S .  Jarosz, ibid., 
1986, 42, 6477; (j) J. Jurczak and T. Bauer, Carbohydr. Res., 1987, 160, C1; (k) A. Golebiowski, U. 
Jacobsson and J. Jurczak, Tetrahedron, 1987. 43, 3063; (I)  A. Golebiowski, U. Jacobsson, M. Chmielewsky 
and J. Jurczak, ibid., 1987, 43, 599; (m) J. Jurczak, A. Golebiowski and J. Raczko, Tetrahedron Lett., 1988, 
29, 5975; (n) A. Golebiowski, U. Jacobsson, J. Raczko and J. Jurczak, J .  Org. Chem., 1989, 54, 3759; (0) J. 
Jurczak, A. Golebiowski and J. Raczko, ibid., 1989,54, 2495. 



448 [4 + 21 Cycloadditions 

140. For reviews of these dienes see: S .  J. Danishefsky, Acc. Chem. Res., 1981, 14, 400, M. Petnilka and J. I. 
Grayson, Synthesis, 1981,753. 

141. S .  J. Danishefsky, J. F. Kerwin, Jr. and S .  Kobayashi, J. Am. Chem. Soc., 1982, 104, 358; S. J. Danishefsky 
and R. R. Webb, 11, J. Org. Chem., 1984.49, 1955. 

142. R. W. Aben and H. W. Scheeren, Synthesis, 1982,779. 
143. M. Bednarski and S. J. Danishefsky, J. Am. Chem. Soc., 1983, 105, 3716. 
144. S. J. Danishefsky, E. Larson. D. Askin and N. Kato, J. Am. Chem. Soc., 1985, 107, 1246. 
145. See for example: S. J. Danishefsky, W. H. Pearson, D. F. Harvey, C. J. Maring and J. P. Springer, J .  Am. 

Chem. Soc., 1985,107, 1256; M. M. Midland and M. M. Afonso, ibid., 1989,111,4368. 
146. M. Bednarski and S. J. Danishefsky, J. Am. Chem. SOC., 1986,108,7060. 
147. K. Maruoka, T. Itoh, T. Shirasaka and H. Yamamoto, J. Am. Chem. SOC., 1988, 110, 310; K. Maruoka and H. 

Yamamoto, ibid., 1989, 111, 789; K. Maruoka, K. Nonoshita and H. Yamamoto, Synrh. Commun., 1988, 18, 
1453. 

148. J. W. Faller and C. J. Smart, Tetrahedron Lert., 1989,30, 1189. 
149. B. M. Trost, M. Lautens, M.-H. Hung and C. S .  Carmichael, J. Am. Chem. SOC., 1984, 106, 7641. 
150. J. H. Rigby, Tetrahedron Lett., 1982, 23, 1863; J. H. Rigby and J. Z. Wilson, J. Am. Chem. Soc., 1984, 106, 

8217; J. H. Rigby, J. Z. Wilson and C. Senanayake, Tetrahedron Letr., 1986,27,3329. 
151. See also: W. Oppolzer, Angew. Chem., In?. Ed. Engl., 1972, 11, 1031; R. L. Funk and K. P. C. Vollhardt, J. 

Am. Chem. Soc.. 1980, 102, 5245; K. T. Tagmazyan, R. S. Mkrtchyan and A. T. Babayan, J. Org. Chem. 
USSR (Engl. Transl.), 1974, 10, 1657. 

152. For reviews see: D. Paquer, Int. J. Sulfur Chem., 1972, 7, 269; ibid., 1973,8, 173. 
153. A. Ohno, Y. Ohnishi and G. Tsuchihashi, Tetrahedron, 1969,25,871. 
154. W. J. Middleton, J. Org. Chem., 1965,30, 1390. 
155. M. S .  Raasch, J. Org. Chem., 1979, 44, 632; M. V. Lakshmikantham, M. Levinson, M. Menachery and M. P. 

Cava, ibid., 1986, 51, 41 1; see also: W. S. Chung, N. J. Turro, S. Srivastava, H. Li and W. J. Le Noble, J. Am. 
Chem. Soc., 1988,110,7882. 

156. S. D. Larsen,J. Am. Chem. SOC., 1988, 110, 5932. 
157. For additional Diels-Alder reactions of related thiooxomalonates see: K. Friedrich and H. J. Gallmeier, 

Tetrahedron Lert., 1981, 22, 2971; K. Beelitz, G. Hohne and K. Praefcke, Z .  Naturforsch., Teil B, 1978, 33, 
417; W.-D. Malmberg, J. Voss and S .  Weinschneider, Liebigs Ann. Chem.. 1983, 1694. 

158. (a) E. Vedejs, T. H. Eberlein and D. L. Varie, J. Am. Chem. Soc., 1982, 104, 1445; (b) E. Vedejs, D. A. Perry, 
K. N. Houk and N. G. Rondan, ibid., 1983, 105, 6999; (c) E. Vedejs and D. A. Perry, ibid., 1983, 105, 1683; 
(d) E. Vedejs, T. H. Eberlein and R. G. Wilde, J. Org. Chem., 1988, 53, 2220; (e) E. Vedejs and J. S .  Stults, 
ibid., 1988, 53, 2226; (f) E. Vedejs, J. S. Stults and R. G. Wilde, J. Am. Chem. SOC., 1988, 110, 5452; (9) E. 
Vedejs, T. H. Eberlein. D. J. Mazur, C. K. McClure, D. A. Perry, R. Ruggeri, E. Schwartz, J .  S. Stults, D. L. 
Varie, R. G. Wilde and S. Wittenberger, J. Org. Chem., 1986.51, 1556. 

159. G. W. Kirby and A. W. Lochead, J. Chem. SOC., Chem. Commun., 1983, 1325; C. M. Bladon, I. E. G. 
Ferguson, G. W. Kirby, A. W. Lochead and D. C. McDougall, J. Chem. Soc., Perkin Trans. 1, 1985, 1541; G. 
W. Kirby, A. W. Lochead and G. N. Sheldrake, J. Chem. SOC., Chem. Commun., 1984,922; ibid., 1984, 1469; 
C. M. Bladon, I. E. G. Ferguson, G. W. Kirby, A. W. Lochead and D. C. McDougall, ibid., 1983,423. 

160. G. A. Krafft and P. T. Meinke, Tetrahedron Lert., 1985,26, 1947. 
161. J. E. Baldwin and R. C. G. Lopez, J. Chem. Soc., Chem. Commun., 1982, 1029; Tetrahedron, 1983.39, 1487; 

see also: M. Segi, M. Takahashi, T. Nakajima, S. Suga and N. Sonoda, Synth. Commun., 1989,19, 2431. 
162. For other recent thioaldehyde generating methods and subsequent Diels-Alder trapping see: L. F. Lee, M. G. 

Dolson, R. K. Howe and B. R. Stults, J. Org. Chem., 1985, 50, 3216; A. Ricci, A. Degl’Innocenti, A. 
Capperucci and G. Reginato, ibid., 1989, 54, 20. 

163. E. Vedejs, M. J. Arnost, J. M. Dolphin and J. Eustache, J. Org. Chem., 1980,45, 2601. 
164. Y. Tamaru, H. Satomi, 0. Kitao and Z. Yoshida, Tetrahedron Lett., 1984,25, 2561; see also: P. Herczegh, M. 

Zsely, L. Szilagyi and R. Bognar, Heterocycles, 1989, 28, 887. 
165. P. Tromm and H. Heimgartner, Helv. Chim. Acta, 1988,71, 2071. 
166. C. R. Johnson, J. E. Keiser and J. C. Sharp, J. Org. Chem., 1969,34,860; R. Benassi, U. Folli and D. Iarossi, 

Synthesis, 1974, 735; M. S. Raasch, J. Org. Chem., 1975, 40, 161; H. Allgeier and T. Winkler, Tetrahedron 
Lett., 1976, 215; H. J. Reich and J. E. Trend, J. Org. Chem., 1973, 38, 2637; G. Laban and R. Mayer, Z .  
Chem., 1967,7,227. 

167. C. Larsen and D. N. Harpp, J. Org. Chem., 1980,45, 3713; D. N. Harpp, J. G. MacDonald and C. Larsen, Can 
J. Chem., 1985,63, 951; Y. Ueda andV. Vinet, ibid., 1986, 64, 2184. 

168. D. M. Vyas and G. W. Hay, Can J. Chem., 1971, 49, 3755; J. Chem. Soc., Perkin Trans. I ,  1975, 180; see 
also: M. Ogawa and M. Natsume, Heterocycles, 1984,21, 769; J. D. Friedrich, J. Org. Chem., 1987, 52,2442. 

169. E. J. Corey and S. W. Walinsky, J. Am. Chem. Soc., 1972,94,8932. 
170. Y. Tamura, K. Ishiyama, Y. Mizuki, H. Maeda and H. Ishibashi, Tetrahedron Lett., 1981, 22, 3773; H. 

Ishibashi, Y. Kitano, H. Nakatani, M. Okada, M. Ikeda, M. Okura and Y. Tamura, ibid., 1984, 25, 4231; H. 
Ishibashi, M. Okada, H. Nakatani, M. Ikeda and Y. Tamura, J. Chem. Soc., Perkin Trans. I ,  1986, 1763. 

171. K. Fuji, S. P. Khanapure, M. Node, T. Kawabata and A. Ito, Tetrahedron Lett., 1985,26, 779. 
172. For reviews of sulfines see: B. Zwanenburg, R e d .  Trav. Chim. Pay$-Bas, 1982, 101, 1; W. Sundermeyer, 

Synthesis, 1988,349; B. Zwanenburg, Phosphorus Sulfur, 1989.43, 1. 
173. B. F. Bonini, G. Mazzanti, P. Zani, G. Maccagnani, G. Barbaro, A. Battaglia and P. Giorgianni. J. Chem. Soc., 

Chem. Commun., 1986,964. 
174. E. Block and A. Wall, J. Org. Chem., 1987.52, 809. 
175. J. Strating, L. Thijs and B. Zwanenburg, R e d .  Trav. Chim. Pays-Bas, 1967,86, 641. 
176. (a) R. W. Saalfrank and W. Rost, Angew. Chem., Int. Ed. Engl., 1985, &4, 855;  (b) B. G. Lenz, R. C. 

Haltiwanger and B. Zwanenburg, J. Chem. Soc., Chem. Commun., 1984, 502; (c) I. W. J. Still and F. J. 
Ablenas, ibid., 1985, 524; (d) B. G. Lenz, H. Regeling, H. L. M. van Rozendaal and B. Zwanenburg, J .  Org. 
Chem., 1985, 50, 2930; (e) B. G. Lenz, H. Regeling and B. Zwanenburg, Tetrahedron Lett., 1984, 25, 5947; 



Heterodienophile Additions to Dienes 449 

(f) A. A. Freer, G. W. Kirby and R. A. Lewis, J. Chem. SOC., Chem. Commun., 1987,718; see also: S. Kosack 
and G. Himbert, Chem. Ber., 1988,121,833. 

177. P. A. T. W. Porskamp, R. C. Haltiwanger and B. Zwanenburg, Tetrahedron Lett., 1983,24, 2035; L. A. G. M. 
van den Broek, P. A. T. W. Porskamp, R. C. Haltiwanger and B. Zwanenburg, J. Org. Chem., 1984,49, 1691. 

178. T. Saito and S .  Motoki, Chem. Lett., 1978, 591; T. Saito and S. Motoki, J .  Org. Chem., 1979.44.2493. 
179. (a) E. Block and M. Aslam, Tetrahedron Lett., 1982, 23, 4203; (b) B. E. Smart and W. J. Middleton, J. Am. 

Chem. Soc., 1987, 109, 4982; (c) S. N. Mazumdar, M. Sharma and M. P. Mahajan, Tetrahedron L e a ,  1987, 
28, 2641. 

180. (a) G. A. Krafft and P. T. Meinke, J. Am. Chem. Soc., 1986, 108, 1314; (b) P. T. Meinke and G. A. Krafft, 
Tetrahedron Lett., 1987, 28, 5121; (c) P. T. Meinke, G. A. Krafft and J. T. Spencer, ibid., 1987,28, 3887; (d) 
P. T. Meinke and G. A. Krafft, J. Am. Chem. Soc., 1988, 110, 8671; (e) P. T. Meinke and G. A. Krafft, ibid., 
1988,110,8679. 

181. J. Nakayama, K. Akimoto, J. Niijima and M. Hoshino, Tetrahedron Lett., 1987,28,4423. 
182. H. Fischer, U. Gerbing, J. Riede and R. Benn, Angew. Chem., Int. Ed. Engl., 1986, 25, 78; H. Fischer, U. 

Gerbing and J. Riede, J .  Organomet. Chem., 1989,364, 155. 
183. J. Grobe, D. L. Van and J. Welzel, J. Organomet. Chem., 1988, 340, 153. 
184. G. W. Kirby and A. N. Trethewey, J .  Chem. Soc., Chem. Commun., 1986, 1152; J .  Chem. Soc., Perkin Trans. 

1 ,  1988, 1913. 
185. (a) M. Segi, T. Nakajima, S. Suga, S. Murai, I. Ryu, A. Ogawa and N. Sonoda, J. Am. Chem. SOC., 1988, 110, 

1976; (b) M. Segi, M. Takahashi, T. Nakajima, S. Suga, S. Murai and N. Sonoda, Tetrahedron Lett., 1988,29, 
6965; see also: M. Segi, T. Koyama, T. Nakajima, S. Suga, S. Murai and N. Sonoda, ibid., 1989,30,2095; H. 
Fischer, K. Treier, U. Gerbing and J. Hofmann, J .  Chem. SOC., Chem. Commun., 1989, 667; A. Haas and M. 
Spehr, Chimia, 1988, 42, 265; Y. Takikawa, A. Uwano, H. Watanabe., M. Asanuma and K. Shirnada, 
Tetrahedron Lett., 1989, 30, 6047; for an example of telluroaldehyde cycloadditions see: G. Erker and R. 
Hock, Angew. Chem., Int .  Ed. Engl . ,  1989.28, 179; M. Segi, T. Koyama, Y. Takata, T. Nakajima and S .  Suga, 
J. Am. Chem. Soc., 1989,111,8749. 

186. P. Lefloch and F. Mathey, Tetrahedron Lett., 1989, 30, 817; see also: G. Mark1 and A. Kallmunzer, ibid., 
1989,30,5245. 

187. L. D. Quin, A. N. Hughes and B. Pete, Tetrahedron Lett., 1987, 28, 5783; see also: B. Pellerin, P. Guenot and 
J. M. Denis, ibid., 1987, 28, 5811; J. C. Guillemin, M. LeGuennec and J. M. Denis, J .  Chem. Soc., Chem. 
Commun., 1989,988. 

188. J. Grobe, D. L. Van, W. Meyring, B. Krebs and M. Dartmann, J .  Organomet. Chem., 1988,340, 143. 
189. H. Ranaivonjatovo, J. Escudie, C. Couret and J. Satge, Phosphorus Sulfur, 1987,31, 81. 



DALE L. BOGER 
Research Institute of Scripps Clinic, La Jolla, CA, USA 

4.3.1 INTRODUCTION 45 1 

4.3.2 OXABUTADIENES 45 3 
4.3 2.1 1 -0xa- 1 3 -butadienes 45 3 
4.32.2 Electron-deficient 1 -0xa-1 $butadienes 458 
4.32.3 1-Oxa-1 $butadienes Substituted with C-3, C-4 Electron-donating Substituents 464 
4.32.4 Intramolecular 1 -0xabutadiene Diels-Alder Reactions 464 
4.32.5 o-Quinones, o-Quinone Methides 468 
4.3.2.6 Hetero 1 -0xabutadienes 468 

4.3.3 THIABUTADIENES 469 

4.3.4 AZABUTADIENES 470 
4.3.4.1 1 -Aza-lJ-butadienes 413 
4.3.4.2 2-Aza-1 $butadienes 480 
4.3.4.3 Hetero 2-Aza-1 $butadienes 485 
4.3,4.4 12-Diaza-13-butadienes 486 
4.3.4.5 Hetero 1,2-Diaza-1,3-butadienes 486 
4.3.4.6 1 3-Diaza-l$-butadienes 486 
4.3.4.7 1,4-Diaza-l ,J-butadienes 486 
4.3.4.8 2,3- Diaza-1 J -butadienes 49 1 

4.3.5 HETEROAROMATIC AZADIENES 49 1 
4.35.1 Five-membered Ring Heteroaromatic Azadienes 49 1 
4.35.2 Six-membered Ring Heteroaromatic Azadienes 49 1 

4.3.6 CATIONIC HETERODIENES, [4+ + 21 CYCLOADDITIONS 492 
4.3.6.1 Cationic Azadienes 492 
4.3.6.2 Cationic Oxahutadienes 50 1 
4.3.6.3 Cationic Thiabutadienes 504 

4.3.1 REFERENCES 501 

43.1 INTRODUCTION 

In 1906, Wieland described the formation of 1: 1 dimerization products of selected conjugated dienes 
under thermolysis conditions in the first report of a [4 + 21 cycloaddition reaction.' Albrecht's concurrent 
investigation of the reaction of cyclopentadiene with p-benzoquinone resulted in the observed formation 
of a 1:l as well as a 2:l diene:quinone adduct? the structures of which were determined by Diels and 
Alder.3 As a consequence of subsequent comprehensive s t ~ d i e s , ~ , ~  Diels and Alder defined the fun- 
damental struct~ral?.~ regiochemical (orrholpara e f fe~ t ) ,~  and stereochemical (endo addition, cis prin- 
ciple)5~~.~ features of this reaction that now bears their  name^.^-^ In the intervening time, the Diels-Alder 
reaction has been the continued subject of extensive preparative,lM5 m e c h a n i ~ t i c , ~ ~  and theoretical 

that have led to the detailed understanding of the. factors governing the rate, regioselectivity, 
and diastereoselectivity of the pericyclic [4 + 21 cycloaddition reaction. Perhaps more than any single re- 
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action in organic chemistry, the Diels-Alder reaction has served to demand mechanistic studies and the- 
oretical models of sufficient accuracy to accommodate the experimental observations; the widespread 
use of the Diels-Alder reaction in organic synthesis has continued to demonstrate the elegance and effi- 
ciency with which it may be employed in the stereocontrolled preparation of substituted six-membered 
carbocyclic and heterocyclic systems. 

The Diels-Alder reaction may be subclassified into three types of [4 + 21 cycloaddition reactions: (1) 
the normal Diels-Alder reaction appropriately referred to as a HOMOdjm~-controlled [4 + 21 cycloaddi- 
tion reaction; (2) the neutral Diels-Alder reaction; and (3) the inverse electron demand or LUMOdiene- 
controlled Diels-Alder reaction (Figure 1). Historically, it has been the normal or HOMOdiene-controlkd 
Diels-Alder reaction comprised of the [4 + 21 cycloaddition reaction of an electron-rich diene and an 
electron-deficient dienophile that has serviced the preparative needs of organic chemistry and has occu- 
pied the central focus of mechanistic and theoretical studies. Pertinent to the topic of this chapter and the 
inherent electron-deficient nature of all fundamental heterodienes (Table 1). the LUMOdh-controkd 
Diels-Alder reaction possesses a characteristic rate acceleration and high levels of predictable regio- and 
diastereo-control comparable with those observed in the HOMOdiene-contrOlled Diels-Alder reaction. 

Normal 
HOMOdi,,-controlled 

EDG 

LUMC - 

HOMO - 

Neutral 

- 
LUMO - 

LUMO - 

- 
- HOMO 

HOMO 

Inverse 
LUMOdi,,-controlled 

EWG 

LUMO 
I -  . .. . . . . . . .. . .. ... .. . . ..... . . . . .. . . . ... . . . . .. . . . .... . . . 

h t  
- I  

- HOMO 

Figure 1 

Table 1 Experimental Ionization Potentials (IP), Theoretical Highest Occupied T Orbital (HOMO), Experimental 
Electron Affinities (EA), and Theoretical Lowest Unoccupied 71 Orbital (LUMO) of Fundamental Heterodienesa 

Diene IPb HOMO (3-21G)c -EAd LUMO(3-21G)' 

-9.2 
-10.8 - - 
- 

-13.9 

-8.9 0.6 eV 3.4 
-10.8 co.0 2.6 
-23.7e - -6.5, 
-9.9 - 2.9 
-9.4 - 0.7 
-9.2 - 2.9 

-1 1 .o - 1.6 
-14.1 - 1.5 

'All values in eV. %ken from ref. 55. Taken from ref. 56. %ken from ref. 57. 'Protonated acrolein; taken from ref. 58; 
CINDOL! values are reported. 
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Although the early examples of the 4n  participation of heterodienes in [4 + 21 cycloaddition reactions 
describe their reactions with electron-deficient alkenes, e.g. the thermal dimerization of a,&unsaturated 
carbonyl  compound^?^ the introduction of one or more heteroatoms into the 13-butadiene framework 
does convey electrophilic character to the heterodiene. Consequently, such systems may be expected to 
participate preferentially in LUMOdie~e-controkd Diels-Alder reactions with electron-rich, strained, or 
simple alkene and alkyne dienophiles. The complementary substitution of the heterodiene with one or 
more electron-withdrawing substituents further lowers the heterodiene ELUMO, accelerates the rate of he- 
terodiene participation in the LUMOdiene-controkd Diels-Alder reaction, and enhances the observed 
regioselectivity of the [4 + 21 cycloaddition rea~ti0n.l~ 

The noncomplementary substitution of the heterodiene with electron-withdrawing substituents signifi- 
cantly lowers the heterodiene ELUMO, accelerates its rate of reaction in a LUMOdiene-controlled Diels- 
Alder reaction, and in selected instances enhances the endo selectivity of heterodiene Diels-Alder 
reaction.’5.60*6’ 

The complementary substitution of the heterodiene with one or more strongly electron-donating substi- 
tuents raises the heterodiene EHOMO and in selected instances has proven sufficient to promote its 471. par- 
ticipation in HOMOdiene-contrdled Diels-Alder reactions. Is The combined use of a nucleophilic 
heterodiene and reactive, electrophilic alkenes, e.g. ketenes, permits the observation of Diels-Alder pro- 
ducts often formed in competition with [2 + 21 cycloaddition products and represents examples of step- 
wise [4 + 21 cycloaddition reactions proceeding with zwitterionic intermediate generation. 

The entropic assistance provided in the intramolecular Diels-Alder reaction often is sufficient to pro- 
mote heterodiene 471. participation in poorly matched [4 + 21 cycloaddition reactions, including those 
with unactivated and electron-deficient dienophiles.15,30-34 

The use of a range of modified reaction conditions including the use of protic acids or conventional 
and nonconventional Lewis acid catalysts$* pressure-promoted reaction conditi0ns,6~*~ cation-radical 
~atalysts,6~ and dry-state adsorption reaction conditionsM has been employed to accelerate the 4~ partici- 
pation of sensitive heterodienes in thermally slow or problematic Diels-Alder reactions. The former two 
techniques have proven useful for promoting the typically poor reactions of simple, unactivated l-oxa- 
1,3-butadienes or acyclic azadienes. 

43.2 OXABUTADIENES 

43.2.1 1-Oxa-13-butadienes 

Since the disclosures that the thermal dimerizations of acrolein and methyl vinyl ketone provide the 
3,4-dihydro-W-pyrans (1, 2y9 derived from 4.rr and 2.rr participation of the a#-unsaturated carbonyl 
compound in a Diels-Alder reaction, an extensive series of related observations have been detailed. This 
work has been the subject of several comprehensive including the Desimoni and Tacco- 
ni extensive tabular compilation of work through 1974. Consequently, the prior reviews should be con- 
sulted for thorough treatments of the mechanism, scope, and applications of the [4 + 21 cycloaddition 
reactions of a$-unsaturated carbonyl compounds. The [4 + 21 cycloaddition reactions of 1 -oxa- 1,3-buta- 
dienes with their 471. participation in the Diels-Alder reaction exhibit predictable regioselectivity with the 
preferential or exclusive formation of 2-substituted 3,4-dihydro-W-pyrans (equation 1). The exceptions 
to the predicted regioselectivity that have been observed involve the poorly matched [4 + 21 cycloaddi- 
tion reaction of an electron-deficient l-oxa-l,3-butadiene with an electron-deficient dienophile, e.g. 
methyl crotonate or methacrolein.”.68.69 Rigorous or simplified theoretical treatments of the [4 + 21 cy- 
cloaddition reaction of 1-oxa- 1,3-butadienes predict the preferential formation of 2-substituted 3,4-dihy- 
dro-W-pyrans and accommodate the preferred endo approach of the reactants in which the 
carbon-carbon bond formation is more advanced than carbon-oxygen bond formation, Le. a concerted 
but nonsynchronous [4 + 21 cycloaddition rea~tion.~’ 

Simple a$-unsaturated aldehydes, ketones, and esters (R = COzMe >> H > alkyl, aryl >>OR; equation 
1)IS@’ preferentially participate in LUMOdiene-controlled Diels-Alder reactions with electron-rich, 
strained, and selected simple alkene and alkyne d ienophi le~ , ’~*~~ although the thermal reaction conditions 
required are relatively harsh (1 50-250 ‘C) and the reactions are characterized by the competitive dimeri- 
zation and polymerization of the 1 -oxa- 1,3-butadiene. Typical dienophiles have included enol ethers, 
thioenol ethers, alkynyl ethers, ketene acetals, enamines, ynamines, ketene aminals, and selected simple 
alkenes; representative examples are detailed in Table 2.15*24 The most extensively studied reaction in the 
series is the [4 + 23 cycloaddition reaction of a$-unsaturated ketones with enol ethers and Desimoni, 
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I t  4 

(1) R = H 
(2) R = Me 

Tacconi and coworkers have conducted the most thorough studies to date.70 Characteristic of the [4 + 21 
cycloadditions of enol ethers with a,@-unsaturated carbonyl compounds, the Diels-Alder reactions of 
4-arylidene-5-pyrazolones proceed with the maintenance of dienophile alkene geometry preferentially 
through an endo cycloaddition transition state (equation 2). Good correlations of the LUMOpTolme with 
kinetic cycloaddition rates were observed, thereby confirming the 1 -oxa- 1,3-butadiene 47r participation 
in LUMOdien~-contrOlkd Diels-Alder reactions under FMO control, although Sustmann's approxima- 
tions of perturbation theory did not adequately accommodate the experimental observations. As can now 
be intuitively anticipated, pyrazolone C-3 substituents (R2) have no effect on the rate of reaction; increas- 
ing the electron-withdrawing character of the substituent X2 increased the rate of reaction and a good 
correlation between log k (reaction rate) and a(X2) was observed; increasing the electron-withdrawing 
character of the substituent X1 increased the reaction rate and a good correlation between log k and 
u+(X1) was observed; and increasing the electron-donating ability of R' increased the rate of [4 + 21 
cycloaddition and a good correlation between log k and u*(R1) was observed. 

I 

X2 
4: 1 

A number of experimental techniques have been employed to compensate for the poor conversions 
and include the use of a substantial excess of diene, addition of a free radical inhibitor, Lewis acid cata- 
lysis,15 and pressure-promoted reaction conditions.63 The latter two techniques have been used to con- 
duct successfully the [4 + 21 cycloaddition reactions under mild thermal conditions (25-100 'C) and it is 
surprising that these techniques have not been applied more extensively. Representative results are sum- 
marized in Table 3 and common problems accompanying the use of Lewis acid catalysts have been cy- 
cloadduct C-2 epimerization or decomposition, as well as the intervention of stepwise 
addition-cyclization reactions with the interception of zwitterionic intermediates. Lewis acid coordina- 
tion of the @-unsaturated carbonyl nonbonding electrons will result in the lowering of the energies of 
its worbitals (cf. Table 1) and redistribution of its orbital electron densities. In instances where C-2 epi- 
merization has been avoided, the Lewis acid-catalyzed [4 + 21 cycloaddition reaction of 1 -oxa- 1,3-buta- 
dienes with electron-rich dienophiles proceeds at a substantially faster rate than the uncatalyzed reaction 
(5 106 acceleration), with increased regio- and diastereo-selectivity that may be attributed to a decrease 
in the LUMOdien~HOMOdienophile energy separation (cf. Table 1 and Table 5, rate), the increased 
ation of the diene (A C-4/0-1 coefficient, regioselectivity), and the enhanced secondary orbital overlap 
achieved with cycloaddition through an endo transition state (increased C-2 coefficient, dia- 
stereoselectivity) (Figure 2).58 Similarly, liquid high-pressure techniques have proven useful in increas- 
ing the rate and diastereoselectivity of the [4 + 21 cycloaddition reaction of simple or activated 



Table 2 Representative [4 + 21 Cycloaddition Reactions of Simple l-Oxa-1,3-butadienes 

C O n d i t i O ~  Product Yield (%) Natural product Reactants 

R' L R' 
0 0 

Brevicomin 

74 
75 
69.76 

R' = Me 

R' = Me 
R ' = H  

R ~ = H  
R ~ = H  
R' = Me 

,.+" %,,, COPH R' = Me R2 = Me 185 "C, 2 h 77 

,+" 

0 6 OH 

R ' = H  R ~ = H  78 

R' = Me 
R ' = H  

R2 = Me 
R ~ = H  

69.79 
75 

Frontalin 
6-7 
3 5 4 0  

80 
81 R 

UI 
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Table 2 (continued) 

Reactants Conditions Product Yield (%) Natural product Ref. 

bo c2 R3 

R' =€I, R2 = Et, R3 = H 
R' =Me, R2 = R', R3 = Me 
R' = Me, R2 = Me. R3 = CH2OMe 

185 OC 
130 OC. 48 h 
200 OC 

R' 

R 3  

95 Iridoids 88 
42 Iridom y m i n  89 
47 (-)-Valerainhe 90 

(-)-Tecostidine. (-)-actinidine 
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a,&unsaturated carbonyl compounds (Table 3). The rate acceleration of the pressure-promoted inter- 
molecular Diels-Alder reaction can be attributed to the substantial decrease in the volume of activation 
that accompanies the formation of the [4 + 21 cycloaddition transition state (-Afl > 30 cm3 mol-', all- 
carbon Diels-Alder reaction; -A@ = 2CL26 cm3 mol-', heterodiene Diels-Alder reaction, rate);63,71*72 the 
increased diastereoselectivity may be attributed to the added difference in the activation volume for for- 
mation of the endo versus ex0 transition state (-AA@ endo:exo = 5.8 f 0.5 cm3 mol-', dia- 
stereo~electivity).'~ Recent observations have suggested that this increased endo diastereoselectivity is 
enhanced further with cis- 1 ,Zdisubstituted dienophiles and the accompanying additional difference in 
the volume of activation between the reaction paths leading to the endo and ex0 diastereomers due to the 
additional dienophile C-2 substituent.61 This effect overrides the rate deceleration due to the presence of 
the added destabilizing steric interactions that accompany the endo cycloaddition. 

AE (E LUMO dienophiIe -E HOMO diem) = 12.3 eV 

LUModicne - 
0.69 

HoModienophile 
I 

stabilizing secondary orbital 
interaction: endo selectivity - 

I 

HoModienophilc 

Figure 2 Thermal and (Lewis) acid catalyzed LUMOdiene-controlled [4+2] cycloaddition 
reaction of acrolein and methyl vinyl ether; AM1 results (Table 5) 

43.2.2 Elec tron-deficien t 1 -Om- 1J-bu tadienes 

The most successful approach to implementing the 47r participation of +unsaturated carbonyl com- 
pounds in intermolecular Diels-Alder reactions has employed dienes substituted with a C-3 electron- 
withdrawing group. The additional C-3 electron-withdrawing substituent substantially lowers the 
l-oxa-l,3-butadiene ELUMO, thereby increasing the [4 + 21 cycloaddition reaction rate, increases the mag- 
nitude of the differences in the 0- 1/C-4 LUMO coefficients, thereby enhancing the regioselectivity of 
the cycloaddition reaction, and maintains a large C-2 LUMO coefficient, thus maintaining the dia- 
stereoselectivity (endo addition) of the cycloaddition reaction (Table 5) .  In addition, C-3 substitution of 
the heterodiene may increase the relative stability of the cisoid versus transoid diene conformation and in 



Table 3 Representative Lewis Acid Catalyzed and Pressure-promoted [4 + 21 Cycloaddition Reactions of l-Oxa-1,3-butadienes 

Reactants Conditions Product(s) Yield (a) Product ratio ReJ 

(& OMe 

R 
4 '0 R u OMe 91 

140 "C, 12 h 
90 "C, 0.5 h, cat. ZnCl2 
60 "C, 1.5 h, cat. ZnC12 

R = H  
R = H  
R=Me 

44 
55 
61 

R R 
1 g L OEt 

60430 endo productonly 92 5 
a 3 
z 
h 

93 2 
6' 

iE: 

R hOEt+ R b " ' * ' O E t  2 

Yb(fod)3,25 "C, neat 

L OEt 

Et20.75 "C, 15 k b x  
Et20.110 "C, 15 k b x  

R = H  
R=Me 

89 
68 

100% endo 
10: 1 

NPht NPht NPht 

C13C d C13C h O E t  + C13C b " " ' 0 E t  I! OEt 
72 

CH2C12,W "C, 1 atm 
CH$I2.60 "C, 1 atm 
CH2C12,60 "C, 6.5 kba 
CH2C12,O OC, 6.5 kbar 

1.7:1 
2.2: 1 
6.1:1 

13.61 



Table 3 (continued) 

Reactants Conditions Product(s) Yield (ab) Product ratio Ref. 

OMe 

R' = H, R2 = CH2Ph 
R' = Me, R2 = CH2Ph 

IlOOC, 1 atm 
25 "C, 13 kbiu 
-78 OC, d min. cat. EtAIC12 
25 OC. florisil (DSAC) 
25 "C, 13 kbar 
80 "C. 1 atm 
-78 "C, d min, cat. EtAICI2 
25 OC, 9.5 kbar 
110°C. I atm 
25 OC. 13 kbar 

48 
82 
75 
a 

69 
11 
50 
56 
0 

50 

I .8: 1 
5.7: 1 
0.8: 1 

>45: 1 
6.5: 1 
3.0 1 
6.0 1 

19.01 
- 

A5: 1 
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OHC coH - 

turn further increase the Diels-Alder reactivity of such dienes. These observations first pursued by 
T i e t ~ e ~ ~ - ~ *  and Schmidtllo and subsequently employed by a number of groups15*9p’101 have found consid- 
erable application (Scheme 1, Table 4). The [4 + 23 cycloaddition reaction of such dienes with electron- 
rich dienophiles proceeds under mild reaction conditions (&lo0 ‘C) with: (1) exclusive regiocontrol; (2) 
excellent to modest diastereocontrol with preferential cycloaddition through an endo transition state in 
the absence of destabilizing steric interactions; (3) complete maintenance of the dienophile alkene geo- 
metry; and (4) little rate dependency on the solvent polarity.lo2 The endo diastereoselectivity, the preser- 
vation of dienophile alkene geometry, and the increased reactivity of (E)-1-ethoxypropene versus 
(Z)-1 -ethoxypropene [k(E)/k(Z) = 351’” toward 2-acetylcyclohex-2-enone (Table 4) have been inter- 
preted to be consistent with and characteristic of a concerted LUMOdi,,-contrded Diels-Alder reaction. 

R’ RZ 
H H 22OC,24h 5:4 65% 
Me H 22OC, 5 h  1 :3 85% 
H Me 22 “C, 5 h 7:l 70% 

\ /  .O/’’”’OEt 0 

X R’ 

O H  22 OC, 2 h 4:l 73% 
S H  22OC, 200 h 3:l 30% 
CH, OMe 22 “C, 1 h 3:l 80% 
CH2 OSiMe2Bu’ 5 OC, 8 h 6:l 63% 

Scheme 1 

Until recently, the reaction of a$-unsaturated esters with electron-rich alkenes has been reported to 
provide cyclobutane [2 + 21 cycloaddition products. Amice and Conia first proposed the intermediacy of 
[4 + 21 cycloadducts in the reaction of ketene acetals with methyl acrylate,lo3 and the first documented 
example of the 47r participation of an a,&unsaturated ester in a Diels-Alder reaction appears to be the 
report of Snider and coworkers in their description of the reversible, intramolecular [4 + 21 cycloaddition 
reaction of 1 -allylic-2,2-dimethyl ethylenetricarboxylates. Subsequent efforts have demonstrated that 
substitution of an a$-unsaturated ester with a C-3 electron-withdrawing substituent may permit their 
well-behaved 47r participation in LUMOdiene-controlled Diels-Alder reactions (equation 3).’5,105 

Similarly, the noncornplementary C-260,61,106,107 or C-415 addition of an electron-withdrawing substi- 
tuent to the 1 -oxa- 1.3-butadiene serves to lower substantially the 1-oxa- 1.3-butadiene ELUMO, accelerates 
its 47r participation in a LUMOdiene-controkd [4 + 21 cycloaddition reaction, maintains the endo-derived 
diastereoselectivity through the maintenance (C-4) or enforcement (C-2) of a large LUMO C-2 coeffi- 
cient, and does not alter the observed [4 + 21 cycloaddition regioselectivity, although such substitution 
may decrease the magnitude of the difference between the 0-1/C-4 LUMO coefficients (Table 5) .  

Characteristic of such dienes, a-keto-P,y-unsaturated esters such as ( 3  see also Table 3 and Table 5 )  
exhibit good thermal reactivity toward simple vinyl ethers in [4 + 21 cycloaddition reactions that proceed 
with exclusive regiocontrol predominately through an endo transition state. The endo selectivity in- 
creases as the reaction temperature is decreased and both the reaction rate and the endo selectivity in- 
crease as the reaction pressure is increased (Figure 3, Table 3). The substantial increase in the 
diastereoselectivity of the pressure-promoted [4 + 21 cycloaddition reaction of (3) with a cis 1 ,2-disub- 
stituted dienophile has been attributed to the additional differences in the volume of activation between 
the reaction paths leading to the endo and e m  diastereomers due to the additional cis C-2 dienophile sub- 
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stituent, and this effect overrides the inherent rate deceleration imposed by destabilizing steric interac- 
tions that accompany the endo cycloaddition (Figure 3).6l 

OMe OMe 

R 
* 

25 "C, 13 kbar O T  + (xH2ph R 
OMe OMe 

(3) R =  H 6 3 1  endo:exo 
R = OAc A5:l  endo:exo 

endo ex0 

Figure 3 

4.3.23 l-Oxa-1,3-butadienes Substituted with C-3, C-4 Electron-donating Substituents 

The addition of a C-2 (equation 1; R = H > alkyl, aryl > OMe >> NR2), C-3, or C-4 electron-donating 
substituent to a 1 -oxa- 1,3-butadiene electronically decreases its rate of 41r participation in a LUMOdiene- 
controlled Diels-Alder reaction (cf. Table 5) .  Nonetheless, a useful set of C-3 substituted 1 -oxa- 1,3-buta- 
dienes have proven to be effective dienesIo7-l l 3  and have been employed in the preparation of 
carbohydrates (Table 6).'14 The productive use of such dienes may be attributed to the relative increased 
stability of the cisoid versus transoid diene conformation that in turn may be responsible for the Diels- 
Alder reactivity of the dienes. Clear demonstrations of the anticipated [4 + 21 cycloaddition rate deceler- 
ation of 1-oxa-1.3-butadienes bearing a C-4 electron-donating substituent have been detailed (Table 6; 
entry 4).l 14~115 In selected instances, the addition of a strong electron-donating substituent (OR, NR2) to 
the C-4 position provides sufficient nucleophilic character to the 1 -oxa- 1,3-butadiene to permit the ob- 
servation of [4 + 21 cycloaddition reactions with reactive, electrophilic alkenes including ketenes and sul- 
fenes, often in competition with [2 + 21 cycloaddition rea~ti0ns.I~ 

43.2.4 Intramolecular 1-Oxabutadiene Diels-Alder Reactions 

One of the most effective approaches to implementing the Diels-Alder 41r participation of l-oxa-1,3- 
butadienes is through the use of an intramolecular [4 + 21 cycloaddition A select set of 
thermal and Lewis acid-catalyzed intramolecular cycloaddition reactions of unactivated and electron-rich 
alkenes with a,@-unsaturated aldehydes and ketones has been detailed.15 Two examples of the poorly 
matched intramolecular Diels-Alder reaction of an a,@-unsaturated aldehyde (41r component) with an 
a,@-unsaturated amide (21r component) have proven successful (190-160 'C) and may be attributed to 
the entropic assistance provided by the intramolecular reaction. These observations have been applied in 



Table 5 1-Oxa-1.3-butadiene Substituent Effects on the T HOMO and LUMV 

E(LUM0)  E ( H O M 0 )  0-1 c - 2  
Coejjicients 

c-3 e4 C H O  

H2C==CH--CH==O -0.04 

H2(3=CH--CH=OH+ -7.0 

HK=C(CHO)--CH=O~ -0.8 

H2C==CH--C(CHO+OC -0.9 

HC(CHO)CCH-CH=O~ -1.1 

HC(OMe)==CH--CH=O 

HC(OMe)=CH--C(COzMe)==O 

E(LUM0) 

0.05 

-0.7 

E(LUM0)  

H z W H - O M e  1.4 

-10.9 

-16.6 

-1 1.3 

-11.1 

-1 1.3 

E ( H O M 0 )  

-9.9 

-10.2 

E ( H O M 0 )  

-9.5 

LUMO: 0.42 
HOMO -0.35 
LUMO: 0.36 

HOMO: -0.36 
LUMO. 0.26 

HOMO: -0.32 
LUMO 0.47 

HOMO: -0.34 
LUMO 0.33 

HOMO: -0.32 

0-1 

LUMO 0.39 
HOMO: -0.32 
LUMO: 0.46 

HOMO: -0.3 1 

c - 1  

LUMO: 0.72 
HOMO 0.48 

-0.50 
-0.05 
-0.73 
-0.23 
-0.27 
-0.05 
-0.5 1 
-0.03 
-0.34 
-0.05 

c - 2  

-0.46 
0.00 
-0.52 
0.02 

c - 2  

-0.66 
0.69 

-0.43 
0.68 
-0.03 
0.73 
-0.4 1 
0.64 
-0.20 
0.68 
-0.50 
0.64 

e-3 

-0.38 
0.69 
-0.22 
0.69 

0-Me 

0.2 1 
-0.5 1 

0.63 
0.65 
0.58 
0.53 
0.69 
0.61 
0.43 
0.65 
0.52 
0.62 

C-4 

0.66 
0.43 
0.52 
0.41 

- 
- 
-0.34 
-0.05 
-0.40 
0.00 
0.35 
-0.06 

COMe 

- 
-0.28 
-0.0 1 

'AM1. highest occupied (HOMO) and lowest unoccupied (LUMO) n orbital; values in eV. bcis,rruns conformation. 'cis,trans (dime) conformation (ref. 94). 
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the total syntheses of heteroyohimboid and corynantheiod indole alkaloids (Scheme 2).l16,lI7 In a useful 
comparison, the intramolecular reaction of an electron-deficient a,f3-unsaturated aldehyde (4a compo- 
nent) with an electron-rich enamine provided the [4 + 21 cycloadduct at room temperature (25 'C).ll* 
Use of an optically active amine provided predominantly one cycloadduct possessing the cis bicyclic di- 
hydmpyran relative stemochemistry and the absolute stereochemistry depicted in Scheme 3 derived from 
si face addition to the enamine.llg 

,,,,\ Tetrahydroalsonine 

H( Akuammigine 
H 4.5: 1 cis:trans 

L 

162 O C ,  40 h 
mesitylene 

89% 

Scheme 3 

Scheme 2 

Ph 

9:l cis:trans 
Tetrahydroalsonine 

25 OC, 12 h 

ether, 75% 
- 17:l 

H;@ 

"' H 

(+)-Brefeldin C 

The combined use of the intramolecular version of the l-oxa-l,3-butadiene [4 + 21 cycloaddition re- 
action with the use of a,f3-unsaturated carbonyl compounds bearing a C-3 electron-withdrawing substi- 
tuent provides effective room temperature, regio- and diastereo-selective [4 + 21 cycloaddition reactions. 
In a series of investigations, Tietze and coworkers have shown that alkylidene- or arylidene- 1.3-dic- 
nyl compounds may be obtained in situ through a Knoevenagel condensation (&25 'C) catalyzed by 
ethylenediammonium diacetate. Without isolation, the resulting heterodienes undergo [4 + 21 cycloaddi- 
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tion at room temperature to provide Diels-Alder products with high or exclusive diastereocontrol (2 
90%).95 Asymmetric induction can be effected by a stereogenic center in the connecting chain121-123 or 
in the dicarbonyl compound124~125 with high induced diastereoselectivity, i-de > 90%. The intramolecular 
cycloaddition reactions proceed with full (100%) maintenance of the alkene geometry,126 the rate of re- 
action increases as the nucleophilic character of the dienophile is increased, and the rate of cycloaddition 
does not show a pronounced dependency on the solvent polarity, demonstrating that such cycloadditions 
may be regarded as ~ o n c e r t e d . ~ ~ J ~ ~  The EIZ stereochemistry of the diene carbon-carbon double bond, 
the length and nature of the diene-dienophile linking chain, and the alkene substitution have a pro- 
nounced effect on the rate, diastereoselectivity and regioselectivity (fused versus bridged cycloadduct) of 
the intramolecular [4 + 21 cycloaddition reacti~n. '~ In cases with substrates bearing a definable diene 
(E/Z)-alkene geometry,127 isomerization to the (&-alkene precedes cycloaddition and 6,6-truns-fused [4 
+ 21 cycloaddition products are favored with preferential cyclization through an exo-E-anti transition 
state. When unfavorable steric interactions between the diene and the connecting chain preclude forma- 
tion of the exo-E-anti transition state, cycloaddition proceeds through an endo-E-syn transition state, pro- 
viding the 6,6-cis-fused [4 + 21 cycloaddition product (Scheme 4). In such instances the lack of 
observation of cycloaddition through the exo-E-anti transition state has been attributed principally to ste- 
reoelectronic effects in which dienophile approach to the diene along a trajectory angle of approximately 
109" is not permitted.128 

Application of these observations to the total synthesis of (-)-(3R)- and (+)-(3s)-hexahydrocannabinol 
(Scheme 5)123 and (3S)-3-hydroxyhexahydrocannabinol (Scheme 6)95 has been described. 

Although far less explored, the studies have been extended to the preparation of 6S-fused cycload- 
ducts. At present, the limited observations suggest that substrates bearing dienophile C-1 disubstitution 
or an E- 1,2-disubstituted dienophile provide 6.5-cis-fused cycloaddition products with preferential cycli- 
zation through an endoB-syn transition state. In contrast, substrates bearing a Z-1 ,2-disubstituted dieno- 
phile have been found to provide 6,5-trans-fused cycloadducts with preferential cyclization through an 
exod-anti transition state. Exceptions have been observed and have been related to the nature of the 
diene-dienophile linking  hai in.'^^'^' The former observations have been applied in total syntheses of 
deoxyloganin from (S)-citronellal (Scheme 7),'28 (-)-kainic acid (Scheme 8)129 and (-)-sesamolin, (-)+e- 
samin and (-)-acuminatolide (Scheme 9). In addition, these and related  observation^'^^ have suggested 
that the biosynthesis of the loganins may proceed through a diastereoselective [4 + 21 cycloaddition re- 
action of the E-enol of a recognized biosynthetic precursor (equation 4).133 

43.2.5 +Quinones, o-Quinone Methides 

The generation and subsequent [4 + 21 cycloaddition reactions of oquinones (47r 1 ,Cdioxabutadiene 
parti~ipation)~~*"*~*l~~ and o-quinone methides14,24~,4*134 have been extensively reviewed. Perhaps the 
most spectacular demonstration of the potential of such cycloadditions rests with the Chapman bio- 
mimetic total synthesis of carpanone (equation 5) .  135 Palladium(I1)-catalyzed generation and subsequent 
oxidation of an o-alkylphenol with intermediate generation of an o-quinone methide and in situ [4 + 21 
cycloaddition through an endo transition state provided carpanone. The propensity for methide-sub- 
stituted o-quinone methides to undergo rapid 1 ,5-hydrogen shift and rearomatization with o-hydroxy- 
styrene generation has restricted their use to nontautomerizable o-quinone methides.15 Even then the 
dimerization of the reactive o-quinone methides has proven problematic. In contrast, in situ generated o- 
quinone methides capable of tautomerization have been successfully employed in intramolecular [4 + 21 
cycloaddition reactions,15 and the observations have found application in the total synthesis of optically 
active cannabinoids (Scheme 10)136J37 and citrans. Is The exclusive generation of a single diastereomer 
possessing the trans ring fusion is consistent with [4 + 21 cycloaddition through an exo-E-anti transition 
state from a chair conformation possessing an equatorial methyl substituent. 

43.2.6 Hetero 1-Oxabutadienes 

An extensive range of hetero 1-oxabutadiene systems containing nitrogen (Section 4.3.4) and sulfur 
(Section 4.3.3) have been investigated and found to function as 47r components of Diels-Alder re- 
act ion~. '~  In general, the incorporation of an additional heteroatom into the 1-oxabutadiene system in- 
creases its electrophilic character and facilitates its 47r participation in LUMOdiewCOntrOlled 
Diels-Alder reactions with electron-rich dienophiles. Examples of such systems are presented in Figure 
4-15 
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433 THIABUTADIENES 

In contrast to the thorough studies of the Diels-Alder reactions of oxa- and am-butadienes, the [4 + 21 
cycloaddition reactions of 1 -thia- 1.3-butadienes have not been studied e ~ t e n s i v e l y . ~ ~ , ’ ~ . ~ ~ ~  Although the 
general participation of thiabutadienes in LUMOdienc-contdled [4 + 21 cycloaddition reactions has been 
recognized and experimentally verified,15 most investigations have detailed their 4- participation in 
HOMO~-controlled reactions with typical electron-deficient dienophiles. In such instances, the com- 
plementary C-2 or C-4 addition of electron-donating substituents to the 1 -thia- 1.3-butadiene increases 
the rate and regioselectivity of its 4- participation in HOMOdime-controkd Diels-Alder reactions. With 
notable  exception^,'^ the LUMOdicne-controlkd Diels-Alder reactions provide the expected 2-substituted 
3,4-dihydro-W-thiopyrans and, unlike simple 1 -oxa- 1,3-butadienes, the HOMOdiene-controkd Diels- 
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Scheme 5 
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(3S)-3-Hydroxytetrahydrocannabinol 

Scheme 6 

Alder reactions of l-thia-l,3-butadienes with electron-deficient or conjugated dienophiles provide 3-sub- 
stituted 3,4dihydro-W-thiopyrans (equation 6). Representative Diels-Alder reactions of 1 -thia- 1,3-buta- 
dienes are presented in Table 7 and hetero-1-thiabutadienes that have been demonstrated to participate in 
[4 + 21 cycloaddition reactions are summarized in Figure 4.Is 

43.4 AZABUTADIENES 

Comparable to the 1 -oxabutadienes, the azabutadienes constitute a class of widely investigated hetero- 
dienes capable of productive 4.rr participation in [4 + 23 cycloaddition reactions. This work has been the 
subject of several comprehensive  review^'^^*.^^' including recent that should be con- 
sulted for a thorough treatment of the mechanism, scope and applications of the [4 + 21 cycloaddition 
reactions of azabutadienes. Conjugated systems containing nitrogen characteristically are electron-defi- 
cient wsystems (Table 8) and exhibit an expected diminished Diels-Alder reactivity toward repre- 
sentative electron-deficient dienophiles and a modest Diels-Alder reactivity toward electron-rich 
dienophiles. 
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R = H 180 "C, 0.25 h, 95% 
R = OH CF3C02H, 25 "C 

A 
Scheme 10 

4.3.4.1 1-Am-l,3-butadienes 

a$-Unsaturated imines, simple 1 -ma- 1,3-butadienes, participate in Diels-Alder reactions with typical 
electron-deficient dienophiles preferentially through their enamine tautomer; 149 in instances where tauto- 
merization is not accessible, [2 + 21 cycloaddition usually intervenes (equation 7).15 Consequently, the 
Diels-Alder 4n participation of simple a$-unsaturated imines rarely is observed and typically suffers 
low conversions, competitive imine addition, and/or imine tautomerization precluding [4 + 21 cycloaddi- 
tion. A limited number of 1-aza- 1,3-butadiene structural variations and modified reaction conditions 
have been introduced that have permitted the productive 4n participation of 1 -aza- 1,3-butadienes in [4 + 
21 cycloaddition reactions and include the intramolecular [4 + 21 cycloaddition reactions of in situ gener- 
ated N-acyl- 1 -am- 1.3-butadiene~~~~ and in situ generated o-quinomethide imines,151 the HOMOdi~~-con- 
trolled Diels-Alder reactions of a$-unsaturated NJVdimethylhydrazone~,~~~~~~~ the Lewis 
acid-catalyzed intramolecular [4 + 21 cycloaddition reactions of in situ generated 2-t-butyldimethylsilyl- 
oxy- and 2-trimethylsilyloxy- 1 -aza- 1 ,3-butadienes,lS4 and the recently detailed general 4n  participation 
of a,@-unsaturated N-phenylsulfonylimines in LUMOdi,-controlled Diels-Alder reactions. Table 9 
summarizes recent descriptions of the use of 1-aza-13-butadienes in [4 + 21 cycloaddition reactions. 

The complementary N-1 or C-3 substitution of an a$-unsaturated imine with an electron-withdrawing 
substituent accentuates the electron-deficient nature of the 1-828- 1,3-butadiene (Table lo), accelerates 
the rate of its [4 + 21 cycloaddition reaction with electron-rich dienophiles in LUMOdi,-COntrollCd [4 + 
21 cycloaddition reactions through substantial lowering of the 1-aza- 1,3-butadiene ELUMO, maintains the 
expected regioselectivity of the cycloaddition reaction, and enhances the endo selectivity of the cycload- 
dition reaction through a substantial increase in the LUMO C-2 coefficient. In addition, a bulky electron- 
withdrawing N-1 azabutadiene substituent preferentially decelerates 1 ,2-imine addition relative to [4 + 21 
cycloaddition and conveys [4 + 21 cycloaddition product stability to the reaction conditions (deactivated 
enamine) while enhancing the electron-deficient nature of the diene. These expectations have been real- 
ized in the [4 + 21 cycloaddition reactions of N-phenylsulfonyl-1-aza-13-butadienes in which: (1) the 
Diels-Alder reactions have been shown to proceed predominately if not exclusively (2 95%) through an 
endo transition state (Figure 5) ;  (2) there is full preservation of the dienophile alkene geometry; (3) the 
cycloaddition rate exhibits little solvent dependency; (4) trans- 1 ,Zdisubstituted dienophiles react more 
rapidly than cis-1 ,Zdisubstituted dienophiles [k(E)/k(Z) = 6-13 for (E)-  and (a- l-ethoxypropenel; and 
(5 )  the diastereoselectivity of the reaction increases as the pressure of the reaction is increased and the re- 
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1 I 

action temperature is d e ~ r e a s e d . ~ ~ ~ . ~ ~ ~  The observations are consistent with the 4.rr participation of the N- 
phenylsulfonyl-1 -am- 1,3-butadiene in a concerted LUMOdiene-controlled Diels-Alder reaction (Scheme 
11). N-Phenylsulfonyl aldimines (R' = H) have proven more reactive than N-phenylsulfonyl ketimines 
(R' = Me > R1 = Ph), the complementary addition of a C-3 electron-withdrawing substituent (R2 = COZR 
>> R2 = H) further accelerates the N-phenylsulfonyl- l-aza-1,3-butadiene participation in the LUMOdim- 
controlled [4 + 21 cycloaddition reaction, and the observations have been successfully extended to in- 
clude a,P-unsaturated N-phenylsulfonylimines that exist preferentially in the extended (s-B-diene 
confonnation.155 

Similarly, the noncomplementary addition of a C-2 electron-withdrawing substituent to the N-phe- 
nylsulfonyl-1 -aza-l,3-butadiene substantially lowers the 1-828- 1,3-butadiene ELUMO (Table lo), accel- 
erates its   IT participation in a LUMOdim-controlled [4 + 21 cycloaddition reaction, maintains the 
expected regioselectivity of the cycloaddition reaction, and potentially enhances the endo dia- 
stereoselectivity of the [4 + 21 cycloaddition reactions through the introduction of a substantial increase 
in the magnitude of the LUMO C-2 coefficient (Table 10; equation 8).157J58 
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Table 7 Representative [4 + 21 Cycloaddition Reactions of Thiabutadienes 
~ ~~ ~ 
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Table 7 (continued) 
~ ~~~~ ~ 

Diels-Alder reaction Ref. 

Table 8 Theoretical Highest Occupied 7~ Orbital (HOMO) and Lowest Unoccupied 7~ Orbital (LUMO) of the 
Fundamental Aza- 1,3-butadienes* 

Azadiene E(eV) Coefficients 

H2C3CH-CH-NH N-I c - 2  c - 3  c-4 
LUMO 0.4 0.50 -0.45 -0.43 0.60 
HOMO -10.1 0.46 0.24 -0.59 -0.62 

LUMO -6.3 0.47 -0.70 -0.11 0.53 
HOMO -15.9 0.41 0.05 -0.70 -0.59 

H ~ W H - N - C H Z  C-1 N-2 c - 3  c-4 
LUMO 0.3 0.58 -0.38 -0.43 0.56 
HOMO -9.8 0.36 0.41 -0.49 -0.62 

LUMO -6.2 0.78 -0.49 -0.11 0.38 
HOMO -15.5 0.35 0.22 -0.66 -0.63 

H~C==CH--CH=NHZ+ 

H2C--CH-h=CHz 

HzC==N--CH=NH N-1 
LUMO 0.1 0.5 1 
HOMO -11.1 0.62 

c - 2  N-3 c-4 
-0.46 -0.38 0.62 
0.40 -0.45 -0.49 

H ~ C - N - N ~ H Z  C-1 N-2 N-3 c-4 
LUMO 0.8 0.52 -0.43 -0.43 0.52 
HOMO -12.4 0.45 0.44 -0.44 -0.45 

HNICHAH-NH N-1 c - 2  c - 3  N-4 
LUMO 0.2 0.52 -0.37 -0.37 0.52 
HOMO -1 1.5 0.57 0.4 1 -0.44 -0.56 

HN-N-CH=CH2 N-I  N-2 c - 3  c-4 
LUMO -0.1 0.55 -0.44 -0.40 0.60 
HOMO -10.5 0.38 0.17 -0.63 -0.66 

HN=N-NdHz N-1 N-2 N-3 c-4 
LUMO 0.2 0.54 -0.49 -0.38 0.53 
HOMO -12.4 0.46 0.33 -0.60 -0.55 

HN=NAH=NH N-1  N-2 c - 3  N-4 
LUMO 0.1 0.42 -0.50 -0.40 0.45 
HOMO -12.2 0.60 0.62 -0.57 -0.65 

HN-N-N-NH N - 1  N-2 N-3 N-4 
LUMO 0.0 0.52 -0.46 -0.46 0.52 
HOMO -13.6 0.52 0.44 -0.44 -0.52 

~~~ ~~~ ~~~ 

'AMI, highest occupied (HOMO) and lowest unoccupied (LUMO) worbital.'" 

Et 
I 

Et 
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Et 
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NHPh 
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Et 
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Table 10 l-Aza-l,3-butadiene Substituent Effects on the IT HOMO and LUMO. 

Azadiene 
Coefficients 

E (ev) N-I c-2 c-3 C-4 

H2CdH-CH-NH 
LUMO 
HOMO 

LUMO 
HOMO 

LUMO 
HOMO 

LUMO 
HOMO 

H2CkCH--CH=NS@Ph 

H2C=C(CHO)-CH=NSWh 

H2C-CH-C(C@Me+NSO2Ph 

0.4 0.50 -0.45 -0.43 0.60 
-10.1 0.46 0.24 -0.59 -0.62 

-0.9 0.50 -0-58 -0.30 0.53 
-11.1 0.32 0.1 1 -0.47 -0.46 

CHO 
-1.3 0.39 -0.37 -0.34 0.63 0.23 
-1 1.5 0.36 0.12 -0.52 -0.48 -0.10 

C02Me 
-1.1 0.53 -0.60 -0.21 0.47 -0.10 
-1 1.2 0.32 0.12 -0.55 -0.55 0.05 

'AMI, highest occupied (HOMO) and lowest unoccupied (LUMO) II orbital'" 

endo ex0 

Figure 5 

(8) 
I b O E  t 
p 77% 

OEt CH2CI2 Et02C , EtOZC ' N 

S02Ph SOzPh 25 OC, 8 h 

>20: 1 endo:exo 

43.4.2 2-Aza-l,3-butadienes 

A select set of useful [4 + 21 cycloaddition reactions of simple 2-aza- 1.3-butadienes have beem detailed 
(Table 1 1),170-176 and in most instances the 2-azadienes employed are substituted with strong electron- 
donating substituents responsible for enhancing its Diels-Alder reactivity toward electron-deficient 
dienophiles. The ease with which the 1,3-bis(t-butyldimethylsilyloxy)-2-aza- 1,3-butadienes may be pre- 
pared from imides, and the demonstrated facility with which they participate in HOMOdiene-controlled [4 
+ 21 cycloaddition reactions, may prove exceptionally useful; their use constitutes the most general ap- 
proach to implementing the 41r participation of 2-aza-13-butadienes (Scheme 12).16s*68 With the recent 
introduction of a convenient preparation of 3-trimethylsilyloxy-2-aza- 1,3-butadienes, their comparable 
synthetic utility may be anticipated.169 

The protic acid and Lewis acid-catalyzed [4 + 21 cycloaddition reactions of electron-rich alkenes with 
imines derived from anilines and aryl aldehydes constitute an extensively explored class of 2-azadienes 
capable of providing the products of a formal Diels-Alder reaction (equation 9).15.27*177 In a useful exten- 
sion of these studies and in efforts to increase the rate of the 41r participation of simple 2-aza-13-buta- 
dienes in [4 + 21 cycloaddition reactions, Mariano and coworkers have examined the Lewis 
acid-catalyzed intermolecular reactions of ( 1E,3E)- 1 -phenyl-2-aza- 1,3-pentadiene with electron-rich 
dienophiles, including enol ethers."* Reductive work-up of the cycloaddition reactions provided the pro- 



R1 
Me 
Me 
Ph 
H 
H 
H 

Heterodiene Additions 

R 1 q  OH I PhSOCl ~ [ R 1 <  OS(0)Ph 1 "7 54f1 - 
25 'C 

R2 ' R2 -20 to 0 o c  R2 
R3 R3 R3 

SOzPh 
I 

R2 @ Rs 
H H Et H 
H Ph Et H 
H Ph Et H 
H Ph Et H 

S02Ph 

(OR4 ___) 

R5 

Equiv. of dienophile. temp. or 
pressure (time, h), solvent 
10,W OC (12), neat 
5, 12 kbu (80), CH2Cl2 
5,  12 kbw (49, CH2Cl2 
5 ,  12 kbar (49, CH2CI2 

% Yield (endo:exo) 
73% (>20 1) 
69% (>201) 
77% (>20: 1) 
72% (>20: 1) 

H Ph CH2Ph Me 5,6kbar(144),CH2C12 54% (>201) 
Me H Et H 5, 12 kbu  (45), CH2Cl2 72% (>20: 1) 

82% (>20:1) 10,40 "C (1 l), CH2C1, 

SO2Ph I 502ph 
Et0 

+ 5, 100 OC (12), dioxane 56% 
10, 100 'C (72), dioxane 89% 

(>201) 

s02Ph 502ph 
M e 0  1 

0 

IO, 25 'C (5 rnin), CH2C12 79% 

SO2Ph S02Ph 
I I OR 

R2 R' AN + :IoR R6 

R3 
Scheme 11 

48 1 

ducts of regio- and diastereo-selective [4 + 21 cycloaddition reactions derived from predominant cycload- 
dition through an endo transition state with full preservation of the dienophile and diene alkene geome- 
tries (equation 10). Although further studies are required to develop the scope of such reactions, the N-2 
Lewis acid coordination or protic acid protonation of a 2-aza-l.3-butadiene would be expected to: (1) 
substantially lower the diene ELUMO and thereby accelerate the rate of a LUMO,ji~~-COntrOlled cycloaddi- 
tion; (2) substantially increase the magnitude of LUMO N-2 coefficient and consequently enhance the 



Table 11 Representative [4 + 21 Cycloaddition Reactions of 2-Aza-1.3-butadienes 

Diels-Alder reaction R4. 

R = H. 72% R-C@Me '7 MeCN,-20°C- R = @Me, 57% 

NMez 
NMe2 - 

r 1 

PhS 1; 

b 
L J 

SPh 

II I 

-10 "C " f b @ M e  
R' 

R' @ R Yield (5%) 

H H C&Me 16 
H ph COzMe 50 

H P h  H 29 
P h H  H 12 
Ph H C&Me 27 

170 

171 

172 

173 



H
eterodiene A

dditions 
483 

I 
A 



484 [4 + 21 Cycloadditions 
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endo diastereoselectivity; and (3) substantially increase the magnitude of the difference in the C-1K-4 
LUMO coefficients and thereby control the regioselectivity of the [4 + 21 cycloaddition reaction (4. 
Table 8).'79 Additional discussion of this topic may be found in Section 4.3.6.1. 

0 N 
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P-TsOH 
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BF3*OEtz 
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43.43 Hetero 2-Aza-l,3-butadienes 
A wide range of hetero 2-aza-l,3-butadienes have been shown to participate as 4 a  components of 

Diels-Alder reactions (Figure 4). Perhaps the most widely recognized class of hetero 2-aza-l.3-buta- 
dienes is the N-acylimines (1 -oxa-3-aza- and comprehensive reviews of their 
4 a  participation in LUMOdiene-controlkd Diels-Alder reactions are available. The recent disclosure of 
the 4a participation of N-acylimines in intramolecular [4 + 21 cycloaddition reactions (equation 1 1),18' 
and the use of optically active N-acylimines in productive LUMOdiene-controlled [4 + 21 cycloaddition 
reactions, illustrate applications of the systems that have not been explored fully (equation 12).18* 

r 

L J 
R1 = Me, R2 = H; 62% 
R1 = H, R2 = Me; 75% 

- 
COIR' 

Ph 

The Diels-Alder reactions of vinylnitroso compounds have been investigated extensively and they 
have been shown to participate productively as 4 a  components of LUMOdiene-contrOlkd [4 + 21 cycload- 
dition reactions. The complementary C-3 substitution of the vinylnitroso compound with an electron- 
withdrawing substituent has proven sufficient to permit the observation of LUMOdiene-controlkd 
Diels-Alder reactions with neutral dienophiles (equation 13). lg3 In addition, vinylnitroso compounds 
may participate as 27r or 4 a  components in competitive [4 + 21 cycloadditions with typical dienes 
(Scheme 13). Experimentally it has been shown that vinylnitroso compounds possessing C-4 substituents 
react as 27r components in [4 + 21 cycloaddition reactions with dienes (path a) and that vinylnitroso com- 
pounds lacking C-4 substituents react as 4 a  components in [4 + 21 cycloaddition reactions with dienes 
(path b). To date, the potential that the 4 a  participation of vinylnitroso compounds in Diels-Alder re- 
actions with dienes (path b) may be derived from the all-carbon Diels-Alder reaction (path d), followed 
by 3.3-sigmatropic rearrangement to the oxazine product, has not received experimental verification. 

Similarly, acylnitroso compounds are recognized for their 2 a  participation in Diels-Alder reactions 
with dienes and these observations have found substantial application (Chapter 4.2). In addition, recent 
efforts have detailed the apparent 4 a  participation of an acylnitroso compound in a Diels-Alder reaction 
with a cyclopentadiene that suggests their potentially useful 47r participation in LUMOdiene-contrOkd 
Diels-Alder reactions (equation 14).lg4 

R = Ph; 26% 
R = CO2Et; 43% 

R = Ph; 87% 
R=COzEt; 82% 
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Scheme 13 

43.4.4 1,2-Diaza-l,3-butadienes 

Electron-deficient azoalkenes, 1 ,2-diaza- 1,3-butadienes, participate as 4a components in regiospecific 
LUMOdien~-COntrOlled [4 + 21 cycloaddition reactions with selected dienes or electron-rich and selected 
simple alkene dienophiles. The reactions studied in detail exhibit no rate dependency on the solvent po- 
larity, proceed predominantly through an endo transition state, and have been suggested to represent con- 
certed [4 + 21 cycloaddition  reaction^.'^^ Table 12 summarizes representative examples of the inter- and 
intra-molecular [4 + 21 cycloaddition reactions of 1,2-diaza- 1,3-butadienes. 

43.4.5 Hetero 1,2-Dmza-1,3-butadienes 

Azodicarboxylates are recognized for their ability to participate as 2a components of HOMOdiadon- 
trolled Diels-Alder reactions with dienes and for their participation in ene reactions with reactive al- 
k e n e ~ . ' ~ . ' ~ ~  In addition, electron-rich or reactive simple alkenes that do not contain a reactive allylic 
hydrogen atom have been shown to participate in competitive [2 + 21 and [4 + 21 cycloaddition reactions 
with azodicarboxylates in which the observed course of the reaction is dependent upon the solvent po- 
larity and nucleophilic character of the alkene (Table 13). As may be anticipated, alkoxycarbonyl- 
aroyldiimides (4), diaroyldiimides (5), and arylaroyldiimides (6) participate with increasing selectivity as 
4a components of [4 + 23 cycloaddition reactions. 

43.4.6 1,3-Diaza-1,3-butadienes 
A surprisingly small group of 1,3-diaza-l,Zbutadienes have been shown to participate in [4 + 21 cy- 

cloaddition reactions and the lack of additional efforts reflects the current difficulty in securing stable 
1,3-diaza-l,3-butadienes for study (Table 12). 

43.4.7 1,4-Diaza-1,3-butadienes 
A select group of 1,4-diaza-l,3-butadienes have been demonstrated to participate as 41r components of 

Diels-Alder reactions (Table 12). Perhaps the most successful system described to date is the 
LUMOdien~-COntrolled [4 + 21 cycloaddition reaction of diiminosuccinonitrile, a 1,4-diaza- 1,3-butadiene 
substituted with C-2 and C-3 electron-withdrawing groups, with electron-rich dienophiles (equation 
15).'" A common and competitive reaction of the a-diimines is [2 + 21 cycloaddition to afford azetidine 
cycloaddition products and many of the early reports of the [4 + 21 cycloaddition reactions are incorrect. 
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Table 13 

Diels-Alder reaction Ref. (application) 

,COR Ryoroph 
+ NeN foPh 

N 
I 

N\COR COR 
25 O C  I 

COR 

R Solvent Yield (%) Product ratio 
OMe neat 73 77:23 
Ph neat 66 <5:95 

OMe MeCN - 80:20 
OMe PhH - 33:67 

foAr ArOyN,COR R ,OrOAr 

* I 
N + N . ~  

MeoYo 
KN 

'COR I 
I 25 "C 

C02Me COR 

Ar Solvent Yield (%) Product ratio 
Ph neat 73 77:23 

4-NO2C6H, neat 40 5 9 5  

RO'" OR * R O T \ " " ~ T o B n  

'1'1 N RO""' 
BnoYo 

NCN 
I hv, 18 h, 71% 

'OZBn R = SiMe2Bu' OR CO2Bn 

190 

191 

R o T o y o M e  

192 

OR 

K N  
I 

CORZ 

(4) R1= Ar, R2 = OR 
(5) R 1  = R2 = Ar 

NC OMe 

R' 
I 

I 
R2 

(6) R1 = R2 = Ar 

H 

H 
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43.43 2,3-Diaza-l,3-butadienes 
The examples of 2,3-diaza-1,3-butadienes participating as 41r components of Diels-Alder reactions are 

rare, and each successful case constitutes the reaction of a cyclic diene confined to an s-Z (cisoid) diene 
conformation (Table 12). Typical efforts to promote the Diels-Alder reactions of 2,3-diaza-1,3-buta- 
dienes provide simple imine addition products, e.g. 2: 1 adducts, or [3 + 21 criss-cross products26 that may 
be attributed to the strong preference for simple acyclic 2,3-diaza-1,3-butadienes to adopt an s-E (trans- 
oid) diene conformation. 

43.5 HETEROAROMATIC AZADIENES 

Since the initial demonstrations of the participation of substituted 1,2,4,5-tetrazine~~~~ and oxa- 
zoles202.203 in [4 + 21 cycloaddition reactions with alkene and alkyne dienophiles, the investigation and 
application of the Diels-Alder reactions of heteroaromatic systems possessing reactive azadienes have 
been pursued extensively. A number of general  review^'^,^^-*^ have treated the spectrum of heteroaro- 
matic azadienes that participate in [4 + 21 cycloaddition reactions and many of the individual heteroaro- 
matic systems have been reviewed ~ e p a r a t e l y . ~ ~ . ~ ~ ’  An extensive account was published recently and 
should be consulted for descriptions of the [4 + 21 cycloaddition reactions of the common heteroaromatic 
azadienes that have been observed to date.15 

As with the simple heterodienes, the electron-deficient heteroaromatic azadienes have proven ideally 
suited for 47~ participation in LUMOdiene-controlkd Diels-Alder reactions. In fact, it was the recognition 
of this electron-deficient nature of heteroaromatic azadienes that led to the proposed204 and demon- 
strated205 rate acceleration that may accompany the reversal of the electronic properties of the Diels- 
Alder diene4ienophile partners and subsequently led to the full investigation of the 
LUMOai,e-contrdled Diels-Alder reaction. 

43.5.1 Five-membered Ring Heteroaromatic Azadienes 

Oxazoles represent the most widely recognized heteroaromatic azadiene capable of [4 + 21 cycloaddi- 
tion reactions.206 The course of the oxazole Diels-Alder reaction and the facility with which it proceeds 
are dependent upon the dienophile structure (alkene, alkyne), the oxazole and dienophile substitution, 
and the reaction conditions. Alkene dienophiles provide pyridine products derived from fragmentation of 
the [4 + 21 cycloadducts which subsequently aromatize through a variety of reaction pathways to provide 
the substituted pyridines (Scheme 14). In comparison, alkyne dienophiles provide substituted furans that 
arise from the retro Diels-Alder reaction with loss of R’CN from the initial [4 + 21 cycloadduct (Scheme 
14).15,u16 Representative applications of the [4 + 21 cycloaddition reactions of oxazoles are summarized 
in Table 14. Selected examples of additional five-membered heteroaromatic azadienes participating in [4 
+ 21 cycloaddition reactions have been detailed and include the Diels-Alder reactions of thiazoles,1520s 
1,3,4-0xadiazoles?~ isoxazoles, pyrroles and  imidazole^.'^ 

43.5.2 Six-membered Ring Heteroaromatic Azadienes 

Six-membered heteroaromatic azadienes, including pyridazines (1,2-diazines), pyrimidines (1,3dia- 
zines), pyrazines ( 1,4-diazines), 1,2,3-triazines, 1,3,5-triazines, 1,2,4-triazines and 1,2,4,5-tetrazines, par- 
ticipate in characteristic LUMOdi,-controlled Diels-Alder reactions (Table 1 3 ,  and this topic has been 
recently reviewed.15 The regioselectivity and mode of the [4 + 21 cycloaddition reaction are dependent 
upon the heteroaromatic substitution pattern (electronic and steric substituent effects), the electronic and 
steric properties of the dienophile employed, as well as the reaction conditions. In most instances the 
proper selection of a matched diene-dienophile pair will permit the observation of a single cycloaddition 
product. The complementary substitution of the heteroaromatic azadiene with electron-withdrawing sub- 
stituents accelerates its 47r participation in LUMOdiene-controkd Diels-Alder reactions, enhances or 
may control the observed regioselectivity of the [4 + 21 cycloaddition reaction, and in extreme cases will 
govern the mode of [4 + 21 cycloaddition, e.g. 1,2,4-triazine C-3/C-6 versus C-5/N-2 cycloaddition. The 
inherent reactivity of some heteroaromatic azadienes, e.g. 1,2,4,5-tetrazine and 1,3,5-triazine, or substitu- 
tion of selected heteroaromatic azadienes with strong electron-donating substituents (OR, NR2) are suffi- 
cient to overcome the characteristic electron-deficient nature of the heteroaromatic azadiene and permit 
the use of conventional electron-deficient dienophiles, presumably in HOM0,jienetontrolled Diels-Alder 



492 14 + 21 Cycloadditions 
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OH 

R’ 

OH / 

’ R5 [O],-HZ 

R 3  

R 3  

~5 -R’CN 
R3 I 

R3 

IC3 

Scheme 14 

reactions. In addition, the entropic assistance provided by the intramolecular Diels-Alder reaction has 
proven effective in promoting a number of heteroaromatic azadiene Diels-Alder reactions and selected 
examples of this widely used process may be found in the following schemes. Representative examples 
of the application of heteroaromatic azadiene Diels-Alder reactions include the total syntheses of strep 
tonigrin (Scheme 1 5),239 lavendamycin (Scheme 1 6),240 OMP (Scheme 1 7),238 prodigiosin (Scheme 
18),”’ PDE-I, PDE-I1 and (+)-CC- 1065 (Scheme 19),”2-244 pyrimidoblamic acid/bleomycin A2 (Scheme 
20),245 actinidine (Scheme 2 1),246 fabianine (Scheme 22),”7 guaipyridine (Scheme 23)”* and DDATHF 
(Scheme 24)249 and are summarized below.22123 

43.6 CATIONIC HETERODIENES, [4+ + 21 CYCLOADDITIONS 

The past classification of the [4+ + 21 cycloaddition reactions involving the 417 participation of a ca- 
tionic heterodiene among the ‘polar’ cycloadditions is derived not from an implied stepwise addition-cy- 
clization reaction mechanism but was terminology introduced to distinguish cycloadditions employing 
cationic or anionic components from those employing dipolar or uncharged components.29 Herein the re- 
actions are simply referred to as [4+ + 21 cycloaddition reactions. 

43.6.1 Cationic Azadienes 

The preparation or in situ generation of azabutadienes bearing a formal positive charge, i.e. an im- 
monium cation, provides a substantial enhancement of the electron-deficient character of the azadiene 
and in many instances such systems have proven to be effective 417 components in Diels-Alder reactions 
with electron-rich or neutral dienophiles. The most widely recognized class of cationic azadienes shown 
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Table 15 Representative [4 + 21 Cycloaddition Reactions of Six-membered Hetemaromatic Azadienes 

Diels-Alder reaction Ref 

1.2-Diazines (pyridazines) 

Me0 NMe, 
R' R' 

- 
/ N  / / N  dioxane, 7c 24-48 h - Pe2 + @ Et,N= @r 

60% 
R' R2 R2 R' = C02Me, R2 = H 

R' R2 
23% - C02Me H xylene, 14O0C,40h 
- 75% C02Me C02Me dioxane, 101 "C, 50 h 

I J-Diazines (pyrimidines) 

R' 
CO2Me 

- 
MeCN, 60 "C 

90% 
DMF, 150 O C ,  10 h 

53% 
R' NMe2 

219 - 
Q + 

220,221 

R' = C02Me, R2 = H R1 = H, R2 = NMe2 



Table 15 (continued) 

Diels-Alder reaction R d  

ph '1 
I ,4-Diazines (pyrazines) 

R2 C02Me 

Meo2c 9: * Me02C * COzMe N%R' Et2N t 

MeO2C R' +N CHCI,, 25 "C, 7 d 
72% 

R' 

R1 = OH, R2 = R3 = CH2Ph R1 = CO,Me, R2 = R3 =H 

I ,23-Triazines 

Et2N 

CHZCIZ, 25 "C. 5 d 
25% 

CHzCIz, 16 h 
24% 

I 33-Triazines 

222,223 

224,225 

226,227 
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w 

dioxane, 82% 

+ 

Me02C 
SMe 

25 O C ,  6.2 kbar 

OMe 

Scheme 15 

___) 

50% 

0 

qoH OMe 

OMe 
Streptonigrin 

-- 
Br 

0 
II 

H2N 

H-N 

Lavendamycin 
Scheme 16 

to participate in effective [4+ + 21 cycloadditions is the heteroaromatic quaternary salts including the ac- 
ridizinium and isoquinolinium ~ati0ns.l~ The extensive studies of Bradsher and Fields and more recently 
Falckzso*ul and Fran~k*~* have been reviewed. 159253-255 Nucleophilic alkenes including ketene acetals or 
enol ethers react at room temperature with the acridizinium or isoquinolinium cations but typical elec- 
tron-deficient dienophiles require more vigorous reaction conditions (100-160 'C, 10-90 h) (Scheme 
25). The reactions proceed with complete regiocontrol with the nucleophilic carbon of an electron-rich 
dienophile attaching to the expected aromatic quaternary salt electrophilic site (acridizinium C-6, isoqui- 
nolinium C-1). The rate of the reaction expectedly increases as the nucleophilic character of the dieno- 
phile is increased. The observed high diastereoselectivity may be best rationalized by developing 
electrostatic interactions at or en route to the transition state for the [4+ + 21 cycloaddition where dieno- 
phile electron-withdrawing substituents are found cis to the quaternary nitrogen in the cycloaddition pro- 
ducts and dienophile electron-donating, alkyl or alkenyl substituents are found trans to the quaternary 
nitrogen, and the dienophile alkene geometry is maintained in the [4+ + 21 cycloaddition products. In ad- 
dition, the recent interception of simple addition products, albeit under modified reaction conditions, and 
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25 'C - ~ C O ~ M C  W O A C ,  25 O C  b 

dioxane, 12 h 63% 
MeO2C 8756 M q C  

NaOH: 
4 0 2  

H 

5056 R = C02Me 1 R = H  

Octamethylprphyrin (OMP) 
Scheme 17 

25 'C h g c o 2 M e  Zn/HOAc - 
dioxane, 3 h 68% 

Me02C OMe 94% MeOzC 
OMe 

H Me0 1 \ CSHll 

Co2Me 

I 

OMe 
R = C02Me - 

Prodigiosin 774b It R = H  

Scheme 18 

their subsequent diastereoselective conversion to the observed [4+ + 21 cycloadductsZ2 suggest the 
mechanism for the reaction may be represented as a stepwise addition-cyclization reaction in which the 
second bond formation need not proceed at a rate that exceeds that of simple bond rotation and in which 
electrostatic interactions control the regio- and diastereo-selectivity of the cycloaddition reaction. 
The use of 2,4dinimphenyl aromatic quaternary salts prepared directly from the parent isoquinoline 

compound and 2,44initrophenyl bromide or chloride enhances the electron-deficient nature of the iso- 
quinolinium salts, accelerates the rate of their [4+ + 21 cycloaddition reactions with elecmn-rich alkenes, 
and has permitted the use of isoquinolinium salts previously regarded as unmanageable. The application 
of these observations in the total syntheses of methylamottianamide and 14-epicorynoline is summarized 
in Scheme 26.25031 
The pEparation of N-vinyl-2ethoxypyrrolidinim tetrafluoroborate and its cycloaddition reactions 

with tenninal alkenes, including electron-rich enol ethers, have been detailed. At resent, the reported 

The acidcatalyzed or Lewis acid-catalyzed (Tick, BFyOEt2; -78 'C)  in situ generation of N-alkyl- 
arylimmonium ions in the presence of electron-rich or neutral alkenes has been shown to provide [4+ + 21 
cycloadducts (N-methyltetrahydroquinolines) in excellent yields (Scheme 27).257-260 More recent efforts 
have demonstrated that immonium ions derived from the condensation of aryl amines and aldehydes in 
the presence of cyclopentadiene participate as effective 47r components of [4+ + 21 cycloadditions and 
complement their demonstrated 2m participation in related [4 + 2+] cycloaddition reactions (Scheme 
27).261 Additional examples of the participation of cationic azadienes in [4+ + 21 cycloaddition reactions 

regioselectivity of this [4+ + 21 cycloaddition is not easily rationalized (equation 16). E36 
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OMe 

R = NH2 PDE-I 
R = M e  PDE-I1 

H 

OMe 

(+)-CC- 1065 

loo "C 

~~0 0 dioxane,71% 

OMe 

B u ' M e ~ S i O f l  N NCOMe 
N" ';f 

Me0 

ButMe2Si0 

230 "C 

87% - M e 0  

Scheme 19 

may be found in recent r e v i e ~ s l ~ . ~ ~  and within the discussion of the Lewis acid-catalyzed [4 + 21 cy- 
cloaddition reactions of azabutadienes (Section 4.3.4). 

Two classes of cationic heteroazadienes have been shown to participate in effective [4+ + 21 cycloaddi- 
tion reactions: (1) N-methyl-N-methylenium amide262 cations and simple N-methylenium 
and (2) vinyl nitrosonium  cation^^^*-^^^ (Scheme 28). N-Methyl-N-methylenium cations and the simple 
N-methylenium benzamide cation have been shown to participate in regio- and stereo-specific [4+ + 21 
cycloaddition reactions with a range of representative electron-rich, neutral or electron-deficient dieno- 
philes in which the alkene geometry is maintained in the cycloaddition products. As noted by investiga- 
tors in this area, the clean preservation of dienophile alkene geometry, and the lack of observed 
rearrangement products potentially derived from polar intermediates susceptible to carbocation rear- 
rangement, satisfy important criteria required of a concerted cycloaddition reaction but do not exclude a 
two-step addition-cycloaddition reaction in which the subsequent cyclization of a polar intermediate is 
more rapid than carbonxarbon bond rotation or carbocation rear ra r~gement .~~,~~~ 

Similarly, in situ generation of N-vinyl-N-cyclohexylnitrosonium cations and their  IT participation in 
regio- and stereo-specific [4+ + 21 cycloaddition reactions with the full range of electron-rich, neutral and 
electron-deficient alkenes continue to be extensively investigated.1s*26p-270 

43.6.2 Cationic Oxabutadienes 

The most extensively explored class of cationic oxabutadienes are the 3-aza- and 2-aza- 1 -0xabuta- 
dienes including the N-methyl-N-methylenium and simple N-methylenium amides and N-vinyl-N-cy- 
clohexylnitrosonium cation detailed in the preceding section.15 In addition, the o-hydroxybenzyl 
carbocation generated in situ has been shown to participate in regio- and stereo-specific [4+ + 21 cycload- 
dition reactions in which the alkene geometry of the dienophile is maintained in the cycloaddition re- 
action (Scheme 29).271 Schmidt has described the presumed 4 7 ~  participation of in situ generated 
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[ I t - -  Pyrimidoblamic acid 

Bleomycin A2 

Me - NBnz 
dioxane 
loo O C  

CO2Et I 95% - COzEt I 

120 o c  

80% 
I 

Pyrimidoblamic acid 

Scheme 20 

Scheme 21 

P-acylvinyl carbocations in a [4+ + 21 cycloaddition reaction providing pyrylium salts (equation 
17).272.273 
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Scheme 22 
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Scheme 23 

C02Me 
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MeS03 

NO2 40OC,75% MeS03 

MeS03 

MeS03 
0 

MeOH-CHzCIz 

Me0 

Me0 

Methy lamottianamide 
Scheme 26 

MeNO,, 48 h 
reflux 

QOEt + 

R = Ar, alkyl, OR 

43.6.3 Cationic Thiabutadienes 

LIAIH, 

THF. reflux 
24 h 

b %R (16) 

14-39% 

A growing class of useful [4+ + 21 cycloadditions based on the use of in situ generated 2-thieniumbuta- 
dienes have been The 4 n  participation of arylthienium salts in [4+ + 21 cycloaddition re- 
actions with alkenes, alkynes and complements the 2n participation of simple thienium 
salts in 14 + 2+] cycloadditions (Scheme 30). Thioamidomethylenium cations generated in situ from hy- 
droxymethylthioamides have been shown to participate in regio- and stereo-specific [4+ + 21 cycloaddi- 
tions to provide 5,6-dihydro-W- 1,3-thiazinium salts, although the conversions are lower than that 
observed with amidomethylenium cations (equation 1 8).277 
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4.4.1 INTRODUCTION 

The Diels-Alder reaction, f i i t  described in 1928,' has enjoyed widespread use in organic synthesis.2 
This [4 + 21 cycloaddition is particularly valuable in that it forms two bonds in a cyclohexenyl system 
with simultaneous creation of up to four new stereocenters. Curiously, the intramolecular version in 
which the diene and dienophile are tethered by a connecting chain was not investigated for many years. 
Alder and Schumaker reported the first example of the intramolecular reaction in 1953? but it was not 
until the early 1960s that additional examples began to appear in the literature." Since the mid-l970s, 
however, a virtual explosion of interest in this reaction has occumed.5 The increased reactivity (due to fa- 
vorable entropy considerations) and heightened regioselectivity (due to constraints posed by the connect- 
ing chain), as well as the potential for the synthesis of stereochemically complex polycyclic ring systems, 
account for the growth of applications of this reaction in organic and particularly natural products syn- 
thesis. 

Two major classes of intramolecular Diels-Alder (IMDA) reactions may be identified based on the 
point of connection of the diene to the dienophile (Figure 1). Type I reactions involve trienes with the 
connecting chain attached to the diene terminus, while type I1 substrates have the dienophile tethered via 
one of the internal diene positions. 
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Type I trienes 

(E)-diene trans-fused product cis-fused product cg h i g h 7  oT 
for trienes with short 

bridged product 

connecting chains 
H 

H 
(Z)-diene 

cis-fused product only for trienes 
with three- or four-atom connecting 

chains 

Type II trienes 

anti product 
Figure 1 

The ability to control the stereo- and regio-selectivity of these cycloadditions is critical for their suc- 
cessful application in synthesis. Except for some specialized  case^,^.^ type I IMDA reactions are feasible 
only if the connecting chains contain three or more atoms." In the vast majority of successful cases the 
fused rather than the bridged product is obtained, even when Q-dienes are employed. The only reported 
examples of bridged product formation involving type I @)-diene substrates occur with connecting 
chains of 10 or more atoms.' The most significant issue with type I trienes is that of stereoselectivity, as 
mixtures of cis and truns-fused cycloadducts are accessible from @)-dienes, the most frequently en- 
countered class of substrates. This problem of simple diastereoselection is not an issue with type I Q- 
dienes with three or four atom connecting chains, however, as the transition states leading to the 
?runs-fused products are highly strained.4e.8 

Simple diastereoselection is also a potential concern for type II IMDA reactions. However, type I1 sub- 
strates with bridging chains of three or four members cyclize exclusively to the syn cycloadduct, since 
the transition state leading to the anti diastereomer is more strained than that leading to the syn dia- 
stereomer? It should be noted as well that type II cycloadditions are restricted to substrates with bridging 
chains of at least three members owing to the strain that develops in the transition state. lo 

Another selectivity issue that influences the applicability of all IMDA reactions in synthesis is that of 
relative diastereoselection if the substrate is chiral. This problem is encountered whenever the substrate 
contains one or more stereocenters on the chain linking the diene and dienophile, or is chiral by virtue of 
stereocenters associated with a substituent anywhere else in the Diels-Alder substrate. Conventional 
asymmetric synthesis involving removable chiral auxiliaries falls into the latter category. 

The purpose of this review is to assess critically the stereoselectivity of the IMDA reaction. Owing to 
the number of exhaustive reviews that have appeared? no effort has been made to provide yet another 
comprehensive survey here. Rather, our focus is on the selectivity issues that define the utility of this re- 
action in synthesis, and only a carefully selected number of examples will be provided to illustrate each 
point. Attempts have been made, however, to include examples published since 1987, the date that the 
last major review appeared.5i The literature coverage extends through the end of 1988. 
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This chapter is organized along three distinct stereoselectivity issues: (i) simple diastereoselection, (ii) 
relative diastereoselection and (iii) absolute stereochemical induction. Because the greatest number of 
examples involve type I trienes with three- or four-atom connecting chains, the review is heavily slanted 
towards the IMDA reactions of functionalized 1,6,8-nonatrienes and 1,7,9-decatrienes. Factors that are 
examined include the role of dienophile activating groups, the influence of nonbonded interactions invol- 
ving substituents on the diene or the connecting chain, and the influence of heteroatom substituents on 
IMDA diastereoselectivity. 

4.4.2 SIMPLE DIASTEREOSELECTION 

4.4.2.1 All-carbon Nona- and Deca-trienes 

4.4.2.1.1 Effect of dienophile activating group 

It has been recognized for many years that the presence of a dienophile activating group has a signifi- 
cant effect on the stereoselectivity of IMDA reactions. The results in Figure 2 show that trans-fused cy- 
cloadducts are favored in the cyclizations of terminally activated nonatrienes such as (1) or (2),11 while 
with internally activated systems such as (947) it is the cis-fused cycloadduct that is fav~red . '~- '~  While 
the results with (l), (6) and (7) are superficially consistent with endo stabilization of the predominant re- 
action transition state, the results with (2) and (5) are not; in these cases the major product diastereomers 
arise via transition states in which the dienophile activating group occupies an ex0 orientation relative to 
the diene. In contrast to these results in the nonatriene series, introduction of a terminal C&Me activat- 
ing group in the 1,7,9-decatriene system has a very minor effect on stereoselectivity relative to the un- 
substituted triene (10).13a*16 A significant shift in stereoselectivity favoring the cis-fused product, 
however, occurs with internal dienophile activation, e.g. (11) (Figure 3). 17,18 

f 72-75% 

(1) R' = C02Me, R2 = H 
(2) R' = H, R2 = COzMe 

(3) 

(4) R 1  = Me, R2 = THP 
(5) R' = CHO, R2 = Bz 

72:28 
67:33 

220 "C, 43% 
180 OC, 87% 

5050 
28:72 

(6) R = Me 170 O C ,  100% 30:70 
(7) R = H 180°C, 51% 13:87 

Figure 2 1,6,8-Nonatriene cyclizations 



516 [4 + 21 Cycloadditions 

R’ 

(8) R’ = C02Me, R2 = H 
(9) R’ = H, R2 = C02Me 

5050 
55:45 

___) 190°c o$ + 03 
(10) 4753 

150C - + 

(11) 3:97 

Figure 3 1,79-Decatriene cyclizations 

The currently accepted interpretation of these data involves the concept of concerted but asynchronous 
transition  state^.^'^'^ Boeckman was first to apply this idea to IMDA reactions,20 but shortly thereafter 
White?’ Taberlzb and Roushlh also invoked this model to rationalize stereochemical results. Houk fur- 
ther expanded this theory by introducing the concept of ‘twist asynchronicity’ to rationalize differences 
between pairs of similarly substituted nona- and deca-trienes.22 

According to this model, stereoselectivity is governed by the timing of bond formation in the transition 
states. It is clear that in the absence of ovemding steric or substituent effects the cis-fused nonatriene 
transition state (for 3) is favored enthalpically by ca. 1 kcal The parent nonatriene transition 
states, further, are assumed to be rather symmetrical.22 Addition of a terminal dienophile activating 
group, COzMe for (1) or (2) (Figure 2), shifts selectivity by at least 1.3 kcal mol-’ relative to (3) and the 
trans-fused product is then favored by 0.3-0.5 kcal mol-’. This effect is attributed to the polarization of 
the dienophilic C-C bond that causes the LUMO coefficient at C(2) to be larger than at C(1). Conse- 
quently, bonding between C(2) and C(6) will be somewhat more advanced than between C( 1) and C(9) 
in the transition state. Under these circumstances, steric or other nonbonded interactions involving the 
chain separating diene and dienophile develop at an early stage of the reaction, and the transition state 
that has more trans-disubstituted cyclopentanoid character becomes the more stable one (due to ‘twist 
asynchronicity ’ resulting from torque applied to the developing C(2)-C(6) bond by the three-carbon 
connecting chain).22 Similarly, introduction of a substituent at the diene terminus C(9) that increases the 
HOMO coefficient at C(6) should also lead to increased trans stereoselectivity in the Diels-Alder re- 
action (Figure 4). 

For trienes like (3-04) with dienophile activating groups located at C(2) (‘internally’ activated sys- 
tems), however, the situation is reversed. The LUMO coefficient at C(l) is greater than at C(2) and so 
bonding between C( 1) and C(9) should be more advanced early in the transition state. This form of twist 
asynchronicity, however, is probably less significant than that involving the C(2)-C(6) bond for termi- 
nally activated nonatrienes (1,2) since the selectivity of the IMDA reactions of (9-04) is comparable 
with that obtained with the unsubstituted nonatriene (3) (also compare results with (4). Figure 2). 
This model also predicts that selectivity for the trans-fused cycloadducts in nonatriene (n = 0) or deca- 

triene (n = l) cyclizations should increase as size of the coefficients at C(2)/C(6 + n) are increased 
relative to those at C( 1)/C(9 + n), that is, as the polarization of the dienophile or diene is increased.23 Ta- 
bles l and 2 summarize results of intramolecular Diels-Alder reactions that provide a test of this propo- 
s a l . ” ~ ~ ~  First, it is clear that an electron-releasing Et2N group at C(9) of the nonatrienoate system leads to 
a substantial increase in selectivity for the trans-fused product (compare entries 4 4 ,  Table 1).26 In- 
creased trans stereoselectivity also occurs with C(9)-alkoxy-substituted nonatrienes.** A similar effect 
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. . . . . . . . . . . . 
W' 

W' 

Terminally activated nona- 
and deca-trienes 

Internally activated nona- 
and deca-trienes 

Bonding is more advanced at the 
indicated position in the transition state; 

trans-fused product is favored 

Bonding is more advanced at the 
indicated position in the transition state; 

cis-fused product is favored 

Figure 4 Asynchronous transition states 

may be involved in the increased selectivity of triene (1) in entry 5 compared with the C(9)-unsubstituted 
triene in entry 4, since the alkyl substituent at C(9) of (1) is expected to increase the size of the HOMO 
coefficient at C(6).',25c Second, for trienes with trans dienophiles, stereoselectivity for the trans-fused 
cycloadduct increases as the dienophile activating group is changed along the series CONR2 e C02Me e 
COMe < CHO;24.29 further increases in selectivity occur when Lewis acid catalysis is employed.11a." 
This trend exactly parallels the ability of these groups to activate alkenes towards P-nucleophilic attack, 
and is consistent with the predictions made above regarding the increased polarization of the dienophile 
double bond. 

Similar trends, albeit less pronounced in several instances, are apparent in the data summarized in 
Table 2 for (E,E,E)-decatrienes. Houk has attributed the smaller effect of the Et2N substituent in the 
deca- compared to the nona-triene series to the smaller requirement for twist asynchronicity in the deca- 
triene transition state. It is argued that this transition state is essentially unstrained by the four-carbon 
connecting chain and that less torque is applied to the developing C(2)-C(7) bond.22+26 Although the 

Table 1 Substituent Effects in Cyclizations of Terminally Activated Nonatrienes 

Entry R W Temp. ("C) trans:cis Temp. ('C) tramcis Ref. 

- 13a 1 H H 160 2476 - 
- 13b 2 EtOzC H 180 4357 - 

24 3 w CO(NC4Hs) 150 5 1 :49 
4 H. COzMe 150 60:40 180 65:35 1 la 

67:33 1 la 
- 26 

5 Pr' C02Me 150 72:28 180 
6 EtzN cost 60 8915 - 

24 7 w COMe 120 8515 
53:47 27 
- 24 

8 MC NO2 80 89: 1 1 23 
9 Pr' CHO 110 92:8 
10 H. cO~Me.AlEtC12~1~tc1 23 >99: 1 23 52:48 1 la 

63:37 1 la - 24 
11 h! C O N ~ ~ A ~ E ~ C ~ ~ A I E ~ C I  23 >99: 1 23 

C O M ~ A ~ E ~ ~ A I E ~ C I  -78 >99: 1 - 
- 24 cHo.AlEt2~1~tCl -78 >99: 1 - 

12 
13 

- - 

- - 
- 
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Table 2 Substituent Effects in Cyclizations of Terminally Activated Decatrienes 

W 

~~ 

Entry R W Temp. ('C) truns:cis Temp. ("C) trans:cis Re$ 

6 
7 
8 
9 
10 
1 1  
12 

H 
Et@C 
H. w 

Et2N 

190 
180 
155 
160 
40 

150 
150 
23 
23 

-78 
23 

-78 

4753 
5050 
5 1 :49 
5050 
55:45 
67333 
7525 
88:12 
97:3 

>99: 1 
>98:2 
>99: 1 

155 
180 

23 

5 1 :49 
55:45 

13a ~. ~ 

13b 
16b 
16a 
26 
24 
24 
16a 
24 
24 
24 
24 

COzMe group increases trans selectivity by only 0.1 kcal mol-' in the decatriene series (compare entries 
1-3, Table 2) versus ca. 1.3 kcal mol-' with the nonatrienes, the additional increases in selectivity due to 
the COMe and CHO activating groups are comparable in the two series: 0.6-0.7 kcal mol-' for COMe 
and 0.3-0.4 kcal mol-' for CH0.24 

The behaviors of the (ZEfl-nona- and deca-trienes are different, however. The data in Table 1 indi- 
cate that (ZE,E)-nonatriene stereoselectivity is unaffected by changes in the dienophile activating group, 
while the more limited data available for (ZG,E)-decatrienes in Table 2 suggest that increased dienophile 
activation increases selectivity for the cis-fused, and not the trans-fused, product. Two factors presum- 
ably contribute to these results: twist asynchronicity and Alder endo stabilization that undoubtedly 
becomes increasingly important as the dienophile activation increases. It is a well established trend in bi- 
molecular Diels-Alder reactions that increased amounts of endo product are obtained as dienophile acti- 
vation is increased.2 Although endo stabilization is apparently not an important stereochemical control 
element of the IMDA reactions of COzMe activated trienes like (l), (2), (8) and (9) (Figures 2, 3), it is 
necessary to invoke this factor in order to develop an internally consistent rationalization of the data 
summarized in Tables 1 and 2: 

For terminally activated (EEB)-trienes in both series, twist asynchronicity and endo stabilization of 
the transition state are cooperative and increased selectivity for the trans-fused product occurs with in- 
creased dienophile activation. The dienophile activating group occupies an endo position in the transition 
state as long as the dienophile geometry is (E) .  

For (Z,Efl-nonatrienes, however, twist asynchronicity favors the trans-fused adduct and Alder endo 
stabilization favors the cis-fused product. These effects evidently cancel such that no significant change 
in selectivity occurs with increased dienophile activation. 

Increased endo stabilization of the cis-fused transition state must be invoked to account for the in- 
creased selectivity in the Lewis acid catalyzed cyclization of the (Z,E,E)-decatrienoate recorded in Table 
2, entry 8.'& Because twist asynchronicity is believed to be less important in the decatriene transition 
state,22.26 Alder endo stabilization apparently dominates twist asynchronicity in this case. 

The increased stereoselectivity of decatrien-3-ones relative to the nonatrien-3-0nes~~,'~*'~ may also be 
the consequence of cooperativity between twist asynchronicity and endo stabilization that both favor the 
cis-fused product. The decatrien-3-one transition state is considerably less strained than the nonatrien-3- 
one transition state, and the uncatalyzed decatrienone cyclizations occur at or near ambient tempera- 
ture.17 Consequently, one expects greater endo stabilization, and hence also greater cis stereoselectivity, 
in the decatrienone intramolecular Diels-Alder reactions. 
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4.4.2.1.2 Lewis acid and other catalyzed intramolecular Diels-Alder reactions 

The use of Lewis acid catalysis is a powerful method of increasing the rates and diastereoselectivity of 
many IMDA reactions. Several examples involving terminally activated nona- and deca-trienes are sum- 
marized in Tables 1 and 2. Examples illustrating rate and stereoselectivity improvements in the cycliza- 
tions of functionalized decatrien-3-ones appear in Figure 5.3s32 The most striking of these is the 
cyclization of (12) when performed in the presence of trifluoroacetic acid at -78 'C, providing (13) with 
94% stereo~electivity.~~ 

OSiMe2But 

TFA,-78'C ~ + diMe2', 
H 

+25 Y -  : H  70% 

o+= 
(12) (13) 94:6 (14) 

(60:40 from thermal reaction, 70 "C) 

OSiMe2But I OSiMe2But 

Figure 5 

67:33 
(50:50 from thermal reaction, 75 "C) 

Several examples of IMDA reactions that are successful with Lewis acid or alumina catalysis, but 
which are not preparatively useful or fail altogether under thermal conditions, have been r e p ~ r t e d . ~ ~ , ~ ~ . ~ ~  
Among the former group are trienones such as (16).15,33 More frequently encountered, however, are sub- 
strates that fail to cyclize in the presence of Lewis acids. Polymerization of the diene is a frequently en- 
countered problem, and consequently relatively mild Lewis acids such as the alkylaluminum chlorides 
(e.g. EtAlC12 or EtfilCl) are generally re~ommended.~~ Another group of problematic functionality are 
alkoxy substituents allylic to the diene that readily ionize to pentadienyl carbonium ions upon exposure 
to Lewis acids.lla In such cases it is necessary to use a highly activated dienophile so as to accelerate the 
rate of cycloaddition relative to the pentadienyl carbonium ion decomposition pathway. This point has 
been demonstrated in several studies by Marshall, who has shown that alkoxy-substituted trienals such as 
(17) smoothly cyclize in the presence of Lewis acids,29 whereas the corresponding methoxycarbonyl ac- 
tivated triene (18) fails to cyclize under analogous conditions. 16b Comparison of the stereoselectivities of 
the IMDA reactions of (17) and (18) provides another set of data that demonstrates the tendency of ter- 
minally activated 1,7,9-decatrienes to cyclize with increasing selectivity to trans-fused cycloadducts 
upon increased dienophile activation (Figure 6). Lewis acid catalysis may be used with alkoxy-sub- 
stituted trienoates, however, as long as thealkoxy substituent is not in a dienylic position (see cyclization 
of 21102). 

The reactive species in Lewis acid catalyzed IMDA reactions of a$-unsaturated ester dienophiles is 
formally a Lewis acid stabilized dioxolenium ion. It stands to reason that other allylic species bearing 
positive charges, such as dioxolenium ion (22) and allyl cations (23), should also function as highly reac- 

MezAIC1, C,H,, 25 OC 

H 
69% * 

(16) cis isomer only 
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COR COR 
1 

OSiM%But 
(17)R=H 
(18) R = OMe 

OSiMe2But 

84% COR 'd) COR 
-78 to -15 "C 

(for 17) 

\ "G, 
k 

\ 

H "OSiMe2But OSiMezBu' 

(20b) (2Oa) 

Conditions (19a) (19b) (2Oa) (20b) trans:cis 
Me2AlCl, as above 15 75 10 0 w10 
thermal ( 150 "C) 27 27 33 13 5446 
thermal (150 "C) 15 13 49 23 28:72 

C02Me 
I 

EtAICI,, 25 OC, 72 h 

65-73% 

selectivity = 98:2 
Figure 6 

tive dienophiles. Dioxolenium ions (22) were encountered as reactive intermediates in studies of trienes 
such as (24) and (25) (Figure 7)?6 Recent studies by Gassman have shown that cr,&unsaturated dioxol- 
enium ions, generated by treatment of triethyl orthoacrylate with trimethylsilyl triflate in CH2C12 at -78 
'C, are excellent dienophiles for intermolecular Diels-Alder reactions.37 Similarly, acetais of a,p-unsatu- 
rated aldehydes are precursors to alkoxy-substituted allyl cations that are also excellent ionic Diels- 
Alder dienophile~.~~ 

Gassman first observed the intermediacy of allyl cations as dienophiles in connection with efforts to 
extend the aminium cation-radical catalyzed Diels-Alder reaction39 to intramolecular cases.4o It was 
found that the cyclization of tetraene (26) performed in the presence of 0.2 equiv. of tris@-bromophe- 
ny1)aminium hexachloroantimonate [Ar3N+.ClaSb-] was in fact catalyzed by protic a ~ i d . ~ . ~ '  A better 
means of catalyzing the cyclization of (26) involves use of 4 mol % trifluoromethanesulfonic acid at -23 
'C for 6 min, which provides the trans-fused cycloadduct in 88% yield (98% isomeric purity). Similar 
treatment of (27), however, provided a mixture of cis- and trans-fused products. A subsequent report re- 
vealed that allylic alcohols and allylic ethers are useful precursors to the allyl cation dienophiles with 

+o, L.A. 
- 

o, LA. 
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i, HF (2 equiv.) 

trans fused 
ii, LiAW only 

78% 

(25) %:4 

Figure 7 Dioxolenium ion mediated IMDA reactions 

CF3SOsH as catalyst$2 This method has been applied successfully to several highly functionalized 
trienes including (29) (Figure 8). While the outcome of these reactions is consistent with the IMDA para- 
digm, it is unclear whether these reactions are actually concerted or stepwise. For example, the acid cata- 
lyzed cyclization [AnN+.Cl&b- conditions] of the (E,Z)-isomer of (27) provided the same products as 
obtained from (E&)-(27), albeit in altered ratio, suggesting that the cyclization of (E,Z)-(27) is not con- 
certed. 

R JLJ 
(26) R = Me 
(26) R = Me 
(27) R = But 

CH2CIz 

R M 
+ . --*3N*SbCl&0%,, -12 "C 42% 

88% CF3SO3H (4%), -23 "C 

OH 

- ,,,q 
CF3S03H (5%), -23 "C 

CH2C12 
77% AN 

(28) 

CF3SO3H (5%). -23 "C 

l11,2-trichlorofluoroethylene 
80% 

Figure 8 Allyl cation mediated IMDA reactions 
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Cation radical Diels-Alder reactions catalyzed by AnN+.Cl&b- occur when the reactions are per- 
formed in the presence of 2,6-di-t-butylpyridine (in excess, based on minium cation salt) to scavenge 
protic acids generated either from loss of protons from initially generated cation radicals or from dimeri- 
zation of cation radical intermediates!' Bauld has applied these modified conditions to the cyclizations 
of (30) and (31), and both show very high selectivity for the rruns-fused pr0duct.4~ The (2)-dienophile 
isomer of (30) also undergoes cyclization, but with prior isomerization of the dienophile from (2) to (E). 
Attempts to apply this method to trienes with less easily ionized dienophiles, e.g. (E,& 1,6,8-decatriene 
or (E,E)-2-methyl-2,7,9-undecatriene, were unsuccessful. Nevertheless, in combination with the acid 
catalyzed cyclizations via allyl cation intermediates and conventional Lewis acid mediated cyclizations 
of carbonyl activated trienes, a wide range of trienic systems are viable substrates for catalyzed, rate ac- 
celerated cyclizations with impressive increases of selectivity relative to the uncatalyzed, thermal cy- 
cloadditions. 

Ar3NtSbC1,- (0.5 equiv.) 

2,6-di-t-butylpyridine 

CH,CI,, 0 OC, 10 min 

83% 

OMe 

(30) 

dSPh >99: 1 selectivity 

(31) 
Figure 9 Cation radical catalyzed IMDA reactions 

4.4.2.1.3 Influence of steric effects on diastereoselectivay 

While the electronic effects discussed in Section 4.4.2.1.1 certainly play a significant role in determin- 
ing the stereochemical outcome of IMDA reactions, steric and conformational effects, discussed in Sec- 
tion 4.4.2.1.4, also exert a significant influence on the course of these reactions. Figure 10 summarizes 
two sets of data that illustrate that steric effects are capable of overriding the usual preference of termi- 
nally activated nona- and deca-trienes to cyclize to rrans-fused p r o d ~ c t s . ~ ~ ~ ~  Sulfonyl activated 1,7,9-de- 
catriene (32) cyclizes exclusively to the indicated cis-fused octalin, while the nonatriene analogue 
provides a 1: 1 mixture of trans- and cis-fused products.44 The bulky PhSOz group apparently experien- 
ces repulsive nonbonded interactions with the diene in the trans-fused (PhS0.L endo) transition state for 
(32), thereby prompting this cyclization to proceed by way of a cis-fused transition state with the PhSOz 
unit in a less sterically demanding ex0 position. The twist asynchronicity encountered in the cyclizations 
of terminally activated nonatrienes (Table 1). however, is sufficient to counterbalance the PhS0.L steric 
effect in the IMDA reactions of the analogous sulfonyl activated 1.6.8-nonatriene."' Steric effects evi- 
dently are much more serious with substituted nonatriene (33), which provides the indicated cis-fused 
cycloadduct as a single ~tereoisomer!~ The ordinarily favored (cf. Table 1) rrans-fused transition state 
(34) is destabilized by nonbonded interactions between the diene and the cyclopentenone unit, and the 
IMDA reaction thus proceeds via the less sterically crowded cis-fused transition state (35). 

Geminal substitution at C(3) introduces destabilizing nonbonded interactions in the cis-fused transition 
states for both nona- and deca-trienes (Figure 1 l), resulting in enhanced selectivity for the rrans-fused 
diastereomer. 14a,46*47 These examples are instructive particularly when compared with the results dis- 
cussed previously for (6) and (11) (Figures 2, 3). The destabilizing nonbonded interactions are presum- 
ably more significant in the 1,7,9-decatriene series (36) owing to the greater conformational flexibility of 
the nonatriene transition state (developing five-membered ring). 

Substituents on C(8) of the decatriene skeleton also enhance selectivity for the trans-fused cycloadduct 
by destabilizing the cis-fused transition state (Figure 12). A classic example is provided by Wilson, who 
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SO2Ph 

(33) R = H, SPh 

\...... 

H 

(34) truns-fused 
disfavoured 

4 H 

only isomer 
truns-fused 
disfavoured 

0 

1,2-dichlorobenzene 

200-220 O C  

w 

45-76% w 
0 

(35) cis-fused 
favoured 

Figure 10 

150 “C 

90% 
- 

170 ‘C 

8540% 

(37) R=Me 
R = Et 

Figure 11 

n 

only isomer 

( ( IO” 

plus cis-fused doR isomer 

12:28 
70:30 

h.. ‘ $ $ k O R  ~( OR 

H 

observed that (38) with a C(8)-Me substituent cyclized almost exclusively to rrans-fused products, while 
the C(8) unsubstituted triene (39) provided a 5545  mixture of the trans- and cis-fused products.48 The 
increased selectivity with (38) is attributable to interactions between the C(8)-Me group and the axial 
C(5)-H that prohibitively destabilize the cis-fused transition state. In fact, the majority of unactivated 
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1,7,9decatrienes that cyclize with high selectivity to trans-fused products, including most IMDA re- 
actions involving o-diquinomethanes,k~e possess substituents at C(8). With this effect in mind, several 
groups have explored the use of removable C(8) substituents (so called steric directing groups) as a 
strategy to enhance the diastereoselectivity of otherwise poorly selective IMDA One 
example involves the Me&-substituted triene (40) that undergoes a thermal IMDA reaction with 95% 
tram selectivity (compare results with (8), Figure 3).s1 Although a C(8)-Me3Si substituent exerts a 
greater influence than a C(8)-Br group,5o the C(8)-Br substituted trienes are more easily synthesized, es- 
pecially in structurally complex cases, and thus are likely to find numerous applications in synthesis.50b32 

(38) R = Me 
(39) R = H 

>95% trans-fused 
55:45 transxis 

H O Z  C02Me Ho* CO2Me 

SiMe3 SiMe3 

(40) >95% trans-fused 

150 O C ,  toluene 

90% 
L 

destabilizing interactions 
in the cis-fused transition state 

Figure 12 

1.7.9-Decatrienes with geminal substituents at C(5). or C(5)-monosubstituted trienes constrained to cy- 
clize via transition states with the C(5) substituent in an axial position, also display excellent stereoselec- 
tivity for the trans-fused product, e.g. triene (41).53 

C02Me 
1 

toluene, 100 oc A 

trans-fused only (41) 

Similar nonbonded interactions occur between C(4) and C(7) substituents in the cis-fused 1.6,8-nona- 
triene transition state (Figure 13).20*53*M The very high trans selectivity exhibited by trienes (42). (43), 
(44) and (46) is striking in view of the data summarized in Figure 2 for less highly substituted systems. 
The results with (44) and (45) imply that the extent of destabilization of the cis-fused transition state de- 
pends on the steric requirements of the C(7) substituent, a conclusion also supported by other examples 
cited in the references.% Nevertheless, these interactions are large enough to reverse the stereoselec- 
tivity of the IMDA reactions of internally activated nonatrienes (44) and (47r5 relative to the usually ob- 
served cis manifold (compare (5) and (7), Figure 2). 

Finally, it is worthy of brief mention that the presence of C(6)-alkoxy substituents in decatriene sub- 
strates leads to an increase in selectivity for the cis-fused products, e.g. (48) (Figure 14).16 This effect 
may result from eclipsing interactions involving H(8) in the trans-fused transition state, an interaction 
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(42) R = H, C02Me trans only 

COzMe Bu'MezSiO 
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M e 0  
(46) 

70% 

170-1 80 "C 

92-96% 

Bu'MezSiO 

U 

plus cis-fused 
isomer 
>16:1 

w 
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0 
R = +o] trans only 

R = C02Et 60:40 tramcis 

,,\\*" @ 1.2dichlorobenzene 
reflux 

96% 

M e 0  
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Bu'Me2SiO 
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that is less severe in the cis-fused transition structure. A single C(6)-alkoxy substituent also increases se- 
lectivity for the cis-fused product, so the effect may not be entirely steric in origin.16bJ6 Interestingly, the 
same substitution pattern leads to a slight increase in trans stereoselectivity with nonatriene substrates. 1 

C02Me 
I 

R=H 21:79 
R = M e  19:81 

Figure 14 

4.4.2.1.4 Influence of conformational eflects on diustereoselectivity 

Conformational effects also play an important role in determining IMDA diastereoselectivity. For 
example, trienes like (49) and (50) with two sp2 hybridized atoms within the connecting chain cyclize 
preferentially to cis-fused rather than the trans-fused products that would be expected based on the 
presence of the C(8)-methyl substituent (Figure 15).57 The benzo fusion forces the bridging chain to 
adopt boat-like conformations in the transition states, and the 13-diaxial interactions that the C(8)- 
methyl ordinarily experiences in the cis-fused, chair-like transition state are thus relieved (refer to Figure 
12). The preferential formation of the cis-fused diastereomer may then be the consequence of a favored 
skew butene rotamer at C(6)-C(7) in (51) compared with a less favorable gauche butene rotamer at this 
position in the trans-fused transition states5* This effect is discussed in more detail in Section 4.4.3.2 con- 
cerning relative diastereoselection in the IMDA reactions of substituted decatrienones. 

(49) R = H 
(50) R = Me 

100 O C ,  10 h, 72% 
180 "C, 24 h 

80:20 
67:33 

gauche butene 
disfavored 

gauche butene 

(51) cis transition state trans transition state 
Figure 15 

A variety of IMDA reactions have been reported for which only one set of transition states are ac- 
cessible due to strain in the other. This factor is responsible for the exclusive production of cis-fused cy- 
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cloadducts in the IMDA reactions of (a-nona- and deca-trienes,".* and of the syn cycloadducts in type I1 
IMDA cycloadditions (refer to Figure l)? This conformational effect is probably also involved in the 
thermal isomerizations of allenic tetraenes (52)59 and (53)@' that cyclize via the same transition state even 
though the two substrates differ in terms of internal (52) vs. external (53) dienophile activation (Figure 
16). An ex0 folding of the connecting chain in transition state (54) is much more easily accommodated 
than the endo folding in (55) owing to strain in the connecting chain that develops as C(2) and C(7) ap- 
proach reasonable bonding distances. 

(54) ex0 fold (55) endo fold, strained 

Figure 16 

4.4.2.2 Heteroatom-substituted Nona- and Deca-trienes 

Numerous IMDA reactions of heteroatom-substituted systems have been de~cribed.~ In this section we 
provide an overview of the factors that influence diastereoselectivity of these cycloadditions, in compari- 
son with the behavior of similarly functionalized all-carbon nona- and deca-trienes. 

4.4.2.2.1 Heteroatom substituents on the bridging chain 

Replacement of one of the CH2 groups of the chain bridging the diene or dienophile with an amine, 
ether or thioether unit has a relatively minor effect on the IMDA diastereoselectivity, at least with rela- 
tively simple trienes such as (56)-(58) (Figure 17). Thus the stereoselectivities of the IMDA cyclizations 
of (56)8b and (57)61 are comparable with that for (8) (Figure 3 and Table 2), and the cyclizations of (58) 
and (59) also give very similar product mixtures.6' 

A significant alteration of diastereoselectivity occurs with C(8)-substituted trienes like (a), however, 
since replacement of the C(5)-methylene by an NH group greatly reduces steric interactions in the cis- 
fused transition state that are important in enhancing stereoselectivity for the rruns-fused product (refer 
to Figure 12). The results with (61) are more typical of all-carbon cases (Figure 18).6* 

Stereoselectivity in the IMDA reactions of heteroatom-substituted nonatrienes series sometimes shows 
a much greater departure relative to all-carbon analogs (Figure 19).63-65 This is especially so in the case 
of compared to (3) in Figure 2, perhaps due to the reduced 1.3-interactions between C(7)-H and 
N(4) in the cis-fused transition state. The more highly activated triene (64). however, displays excellent 
selectivity for the trans-fused product, a result that may be due to the presence of the two dienophile acti- 
vating groups and the electron-releasing p-methoxyphenyl unit at the diene terminus (nonsynchronous 
transition state hypothesi~).6~ 

The presence of an amide linkage on the connecting chain exerts a significant influence on IMDA dia- 
stereoselectivity (Figures 20 and 21). These effects, first observed by Oppolzer,62,66 are related to confor- 
mational preferences exerted by the amide unit. Thus urethane (65) presumably cyclizes exclusively 
through transition state (7lciJ since (71trcms) is destabilized by an eclipsing interaction between H(8) and 
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COzEt CO2Et COiEt 
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COzEt 170°C a. CO2Et + a 
50% 
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0 
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Figure 17 

H H 

73:27 

180 O C  - 
88:12 

Figure 18 

the COzMe unit.- Triene (66), on the other hand, exhibits a modest preference for the trans-fused cy- 
cloadduct.& Comparison of this result with the exclusive trans selectivity observed with (67)67 supports 
the thesis that transition state (72trons) is intrinsically favored over (72cis) because the amide unit remains 
coplanar with the diene in (72trans),66a and because the C(3)-methylene unit interacts strongly with the 
diene in (72cjs). Stereoselectivity with (66) is lower than with (67) presumably since (72tmns) for (66) is 
destabilized by a 1,3-interaction between H(8) and the N-propyl unit. The only other triene that exhibits 
significant stereoselectivity in this series is (70),6* and this IMDA reaction most likely proceeds through 
a boat-like transition state analogous to (51) of Figure 15. Consistent with this analysis is the report that a 
triene related to (70) but containing a C(8)-OTBDMS substituent also cyclizes to a 4:l mixture of cis- 
and trans-fused products.@ A C(8) substituent is not expected to influence significantly the relative en- 
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Figure 19 

ergies of the cis and trans transition states if the connecting chain is in a boat conformation (refer to 51; 
Figure 15). 

Nonatrienes with amide linkages on the connecting chain generally exhibit a preference for the cis- 
fused product as long as a terminal dienophile activating group is not present (Figure 22). The cis stere- 
oselectivity of (73)& and (74)'O is undoubtedly the result of eclipsing interactions involving H(7) and 
the nitrogen substituent in the trans-fused transition state (cf. 7ltrons) since stereoselectivity in the cycli- 
zation of (74) increases as the steric bulk of R  increase^.'^ Other results have been reported that are also 
consistent with this analysis.66b.c Cis stereoselectivity also is realized with (75), although with (76) a mix- 

I I I 
R R R 

(G) X = H,, R = C0,Me 
(66) X = 0, R = F'r 

84% 
62% 

1oo:o 
4159 

trans only (67) R = Me, Et, pr' Oy+ Y (p; Y pN; ___c 

\ \ 

Triene x Y Temp. ("C) cktruns 
(68) 0 H2 185 67:33 
(69) H2 H2 140 52:48 
(70) H, 0 80 89: 1 1 

Figure 20 
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A-B 
Transition states for 
(66) A = NE, B = CO, and 
(67) A = CO, B = NR 

(72,rlS) 

Figure 21 

ture of cis- and trans-fused products is obtained.71 These results have been rationalized in terms of the 
nonsynchronous transition state hypothesis. This theory also helps to explain the very high trans stere- 
oselectivity exhibited by terminally activated trienes (78) and (79) compared with (77) (see also 64; Fig- 
ure 19).64,65 
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(79) R = C02Me 0 "C, 63% trans only 

Figure 22 
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In contrast to carboxamide substitution, the presence of an ester linkage on the bridging chain often in- 
troduces problems due to the generally poor reactivity of the resulting trienic system. For example, 
trienes (81) and (82) fail to cyclize even when heated at temperatures up to 275 'C.68 Triene (80) similar- 
ly fails to cyclize at 200 'C, but when heated at 220-225 'C migration of the diene occurs to give (83) 
that cyclizes to the indicated product mixture (Figure 23).6l A triene related to (83) but lacking the diene 
methyl and the dienophile Me02C substituents required a temperature of 250 'C (120 h) for cyclization 
to occur.68 The low reactivity of systems such as these has been attributed to poor overlap of the non- 
bonding electrons of the ethereal oxygen and the carbonyl group in the transition state,6l and use of an 
acetal linkage in place of the reactivity deadening ester unit has been recommended as a solution to this 
problem?2 

220-225 O C  11 
t 

0 

(83) 

Y 

X 
(81) X = 0, Y = H2 
(82) X = H2, Y = 0 

0 
plus cis isomer 

8: 1 

Figure 23 

A second means of increasing the reactivity of trienes of general structure (82) is to add an additional 
activating group to the terminus of the diene.73 The trans-fused product is generally favored in these re- 
actions, except when a carboxylic acid is employed as the terminal dienophile activating group (Figure 
24).21*74-76 White has speculated that the aberrant behavior of acid (87) relative to ester (86) may be due 
to thermodynamic control?l On the other hand, it may be that the carboxylic acid is hydrogen bound to 
the adjacent ester carbonyl, thereby activating the internal ester such that it dominates the stereoelectro- 
nics of a nonsynchronous transition state. Additional examples illustrating the reversal of stereoselectiv- 
ity by using a terminal carboxylic acid function have appeared, e.g. (88) vs. (89).74 

4.422.2 Heterodienes and dienophiks 

The use of heterodienes and dienophiles, particularly systems containing nitrogen and oxygen substi- 
tuents, has found increased application in natural products synthesis.77 Replacement of a carbon atom by 
a heteroatom on the diene appears to have little effect on the IMDA diastereoselectivity; several repre- 
sentative examples are summarized in Figure 257g-81 that are in excellent agreement with all carbon 
diene cases discussed earlier. A particularly interesting case is (94) that exhibits a modest preference for 
the trans-fused product when R = H, but which strongly favors the cis-fused cycloadduct when R = 
Me.81d This is due to nonbonded interactions between R and the phenyl unit that are more serious in the 
trans transition state; note that in this case the benzo fusion prevents the bridging chain from adopting 
the usual chair-like conformation that is ordinarily invoked with trienes with all sp3 hybridized atoms on 
the connecting chain. The transition state in this case is probably better described as boat-like (see Figure 
44 for one representation). 

Introduction of heteroatom substituents in the dienophile has a significant effect on diastereoselectivity 
of the IMDA cyclization owing to electronic effects. For example, trienes (96) generated by thermolysis 
of (95) cyclize with excellent stereoselectivity to cycloadduct (97) with a trans relationship between the 
two stereocenters on the ring (Figure 26).82 Assuming that the dienophile has (E) geometry as suggested 
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(84) R' = CO2Me, Rz = Me, R3 = H 
(85) R' = CO2Me, R2 = H, R3 = Me 
(86) R' = Me, R2 = C02Me, R3 = H 
(87) R' = Me, Rz = C02H, R3 = H 

81:19 
82:18 
trans only 
cis only 

p h c o 2 B o  
61 "C 

72% 
- 

cis only 

trans only 

Figure 24 

by Weinreb, then it is necessary that (96) cyclize via transition states in which the internal acyl imine is 
endo and the terminal methoxycarbonyl group is exo. This is exactly the opposite of the stereochemistry 
realized with analogous all carbon dienophiles, cf. (86) and (89) (Figure 24)?4p1c This difference may be 
rationalized, however, by invoking a nonsynchronous transition state in which the highly electrophilic 
acyl imine function dominates the stereoelectronics. Heteroatom substitution at the dienophile terminus 
also influences IMDA diastereoselectivity, as illustrated by the results summarized in Figure 26 for N, Se 
and S substituted trienes (98)-(100).8*85 

4.4.23 Transannular Cycloadditions 

Several detailed investigations of transannular IMDA cycloadditions have appeared in recent 
years.86*87 This transformation promises to become an important synthetic method owing to the potential 
for the rapid efficient construction of complex polycyclic ring systems.88 Other potential strategic bene- 
fits include increased reactivity due to diminished entropic requirements (AS). This is nicely illustrated 
by the facile cyclization of (101) with a tetrasubstituted dienophile, compared with the unsuccessful 
IMDA reaction of (102) (Figure 27).8" Although the cyclization of (101) proceeds with only moderate 
diastereoselection, many other examples have been reported that exhibit outstanding selectivity, e.g. cy- 
clization of (103).87 It is conceivable that conformational constraints imposed by the macrocyclic system 
may lead to improved IMDA stereoselectivity relative to conventional acyclic trienes, but this point has 
not yet been demonstrated in any published examples. 

4.43 RELATIVE DIASTEREOSELECTION 

Relative diastereoselection is an issue that is confronted most frequently in the IMDA reactions of 
trienes with one or more stereocenters on the chain connecting the diene and dienophile. As a general 
rule, trienes with saturated connecting chains cyclize via transition states with chair-like conformations, 
while boat-like transition states are frequently encountered with the 1,7,9-decatrienones as well as with 
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plus trans 
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83:17 

trienes such as (49) (Figure 15) that contain one or more sp2 hybridized atoms on the connecting chain. 
The stereochemical consequences of these transition states are considered in the following sections. 

4.4.3.1 Trienes with Saturated Connecting Chains 

Figure 28 defines the sterically preferred orientation of substituents in the truns- (104) and cis-fused 
(105) transition states for conformationally mobile monosubstituted 1,7,9-decatrienes. Substituents at R1, 
R2 and R3 will preferentially occupy the sterically less demanding equatorial positions in both transition 
states. Dienylic R4 substituents generally adopt an equatorial position in the pans-fused transition state 
(104). while an axial orientation appears to be sterically favored in the cis transition state (105) (for 
example, refer to cyclizations of (17) and (U), Figure 6). Equatorial placement of R4 in (105) introduces 
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Figure 27 

nonbonded allylic interactions with C(8), and thus is often disfavored relative to the axial po~i t ion.9~~ 
Similar considerations apply in the nonatriene series, particularly with respect to the two allylic substi- 
tuents (transition states (106) and (107), respectively). 

The examples presented in Figures 2929,s9,w and 30,54,91-94 along with other cases discussed earlier, 
e.g. (33), (47), (101) and (103), plus numerous additional ones described in the l i t e r a t~ re?~ .~~  are suppor- 
tive of this analysis. This discussion of course applies explicitly to trienes with a single substituent on the 
chain linking the diene and dienophile. When two or more substituents are present, then the observed 
diastereoselectivity will depend on the relative stereochemistry and the individual preferences for equa- 
torial vs. axial placement in the various diastereomeric transition states. In this respect, the very high cis 
ring-fusion selectivity exhibited by (114) is noteworthy.94 The excellent stereoselectivity in this case may 
be due to the fact that both allylic alkoxy substituents can occupy sterically preferred positions in the cis- 
fused transition state (lW), even though the preference for each alkoxy group to do so is not large (vide 
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Figure 28 Diastereoselectivity in IMDA reactions of conformationally mobile, monosubstituted 
1,7,9-decatrienes and 1,6,8-nonatrienes: sterically favored transition states 

infra). This is not possible, however, in the trans-fused transition state (108). The effect of solvent on 
stereoselectivity in the cyclizations of (110)" and (113)546 is also worthy of note. 

Exceptions to these generalizations occur if the system is constrained to cyclize via transition states 
with substituents in axial positions. Two examples appear in Figure 31. The IMDA cyclization of (115) 

CHO 

JR EtAICI, 

-78 'C to -23 "C 
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(110) R = Et toluene, 165OC. 80% 
R = Et H20,100 OC, 60% 
R = Na H,O, 100 "C 
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Figure 30 

nicely illustrates the strategic consequences of linking two substituents into axial positions in the transi- 
tion state, in this case as a lactone, since in addition to obtaining products with stereochemical relation- 
ships not accessible from trienes lacking the lactone bridge, competition from cis-fused transition states 
was also effectively eliminated, e.g. refer to Figure 12.% Triene (116) cyclizes via a chair-like transition 
state with two substituents, the C(3)-methylene and C(6)-OSiMe3 groups, in axial positions even though 
the latter interacts strongly with the diene C(8) s~bs t i tuent .~~  The major stereochemical control elements 
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in this system are the C(3) stereocenter that restricts the diene to approach only one face of the cyclopen- 
tenone dienophile, and the substitution pattern of the diene that precludes transition states leading to cis- 
fused products (Figure 12). Consequently, only a single transition state is available to (116) and the 
C(6)-OSiMe3 group has no choice but to occupy an axial position where it eclipses the diene. 

CO2Me //& 
/ do / 0 x-:oc[ O& - C02Me t 0 

(115) selectivity ca. 91:9 Mea* i, 210-220 "C 

ii, 10% aq. HCI 
\ 57% 

0 

Figure 31 

The addition of a ring between the diene and the bridging chain also has an influence on IMDA dia- 
stereoselectivity. This structural feature restricts the number of degrees of conformational freedom that 
are accessible, and in the vast majority of cases the dienophile approaches the diene from the same face 
as the stereocenter, e.g. (117) (Figure 32)?8*w One exception, however, occurs with triene (118) that cy- 
clizes preferentially via a transition state with the dienophile approaching from the face opposite to the 
anchor position of the tether.*00 The factors responsible for this unusual result remain to be clarified. 

Numerous exceptions to the stereochemical picture presented in Figure 28 occur with trienes possess- 
ing allylic heteroatom R' and R4 substituents, particularly allylic alkoxy groups. These substituents are 
considerably less sterically demanding than methyl or other alkyl groups,lO* and electronic effects may 
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also intervene such that an axial orientation in the transition state is sometimes favored. The examples 
presented in Figure 33 serve to illustrate these points. The alkoxy group of (119) exhibits only a slight 
preference for orientation in the pseudoequatorial R' position in transition states (106) and (107), and 
diastereoselectivity is much lower than with alkyl substituted trienes like (113) (Figure 30).lh With 
triene (120), however, diastereoselectivity is much higher owing to A 1.3 interactions between the benzyl- 
oxy and COzMe groups in the transition state, with the former in a pseudoaxial position.Iza A slightly 
greater preference for equatorial placement of the hydroxy group occurs in the thermal IMDA reaction of 
(121), but this preference disappears if the cycloaddition is catalyzed with EtAlClz or if the hydroxy is 
protected as a t-butyldimethylsilyl (TBDMS) ether; the effects appear to be additive in this case.lo2 The 
preference for pseudoaxial placement of the TBDMSO group in this reaction has been ascribed to a 
hyperconjugative interaction ( u c ~ * c ; c )  that lowers the dienophile LUMO and thereby increases the 
rate of reaction via this transition state. 

C02Me 
240 "C, toluene & BzO,,,,, 67% - 

(119) 

40:30 

17:13 

i, 240 "C, toluene u1 
i 1  I 

(120) 80:20 

C02Me 
Me02C OR MeO2C OR 

''+OR - 5 + "<,<,,,"3 + yJJ 
\ 

/ 

(121) R = H 155 "C, 53% 12:4 1 :47 
(121) R = H EtAICI2, 23 "C, 55% 55:45:1 
(21) R = ButMe2Si 65 : 1 3:22 
(21) R = ButMe2Si EtAlCI,, 23 "C, 65-73% 98:2:0 

140 "C, 65% 

Figure 33 

Alkoxy groups at the R4 position allylic to the diene also generally exhibit a modest preference for 
either the equatorial or axial placement in the transition state, and the dependence of stereoselectivity on 
the protecting group has been Larger allylic heteroatom substituents such as a benzenesulfo- 
nyl group, however, exhibit a much greater preference for the less sterically demanding pseudoequatorial 
position.27 Marshall has made the interesting observation that the axial alkoxy diastereomer is favored in 
Lewis acid catalyzed cyclizations as long as a silyl ether protecting group is employed; the silyloxy sub- 
stituent necessarily eclipses the diene in the transition state. Diastereoselectivity is much lower with 
MOM ether protected substrates, suggesting a stereoelectronic component to these results (compare data 
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for (17) and (122), Figure 34).29c A similar preference for production of axial silyloxy diastereomers in 
the IMDA cyclizations of vinylnitrosonium cations has been noted by Denmark, who has provided a de- 
tailed discussion of the steric and stereoelectronic factors that presumably contribute to this stereochemi- 
cal preference.'@' IMDA cycloadducts with equatorial alkoxy groups at the dienylic position can be 
prepared with good selectivity by application of the steric directing group strategy that also amplifies the 
selectivity for the trans-fused product (for example, trienes (123)-(126), Figure 34)?Ob The production of 
significant quantities of cis-fused products in these IMDA reactions, especially in the IMDA reactions of 
(123) and (124) where X = SiMe3, suggests that the cis-fused diastereomers probably arise via a boat- 
like, and not a chair-like, transition state as is usually assumed (Figure 35).49950 

4.43.2 Decatrienones and Other Trienes with Unsaturated Connecting Chains: Intervention of 
Boat-like Transition States 

While most decatrienes cyclize via transition states with chair-like conformations of the connecting 
chain (vide supra), a growing body of evidence indicates that conformationally unrestricted decatri- 
enones preferentially cyclize via boat-like transition states.58 The stereochemical consequences of this 
are significant, particularly since the cycloadduct obtained via the the lowest-energy boat transition state 
(127) is not always the same as the one obtained from the lowest-energy chair conformation (128) (Fig- 
ure 36). Three unambiguous cases that proceed either exclusively, e.g. (129),58 or at least preferentially, 
e.g. (13O)lo5 and (131),'06 by way of boat transition states are summarized in Figure 37.1°7 The IMDA re- 
action of (131) is particularly interesting in that the kinetic product (132) derives from a boat transition 
state, while the thermodynamic product (133) is produced via the higher-energy chair transition state.'06 

Boat-like transition states have also been implicated in the IMDA cyclizations of heteroatom sub- 
stituted trienes such as (134), (135)Io8 and (137)Io9 (Figure 38). Additional support for the involvement 
of a boat transition state in the cyclization of (135) derives from studies of the corresponding immonium 
ion substituted triene [lacking the carbonyl unit of (136)l that presumably cyclizes by way of chair-like 
transition states and is considerably less diastereosele~tive.~~g 

CHO 
CHO CHO 

Me2A1C1, CH,Cl, 
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OR OR OR 
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(122) R = MOM 
(17) R = ButMe2Si 

56:40:4 
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COY COY 
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X OBz 
(123) X=SiMe3 Y =OMe 160 "C, 85% 78:8: 14 
(124) X=SiMe, Y = H  160 OC, 82% 79:9: 12 
(124) X = SiMe, Y = H Et2AIC1, -15 OC, 77% 89:5:6 
(125) X = B r  Y =OMe 160 "C, 80% 62:4:34 
(126) X = B r  Y = H  160 OC, 86% 75:3:22 
(126) X = B r  Y = H  EtAlCl,, -15 "C, 24% 90:1:9 

Figure 34 
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Figure 35 The steric directing group stategy 

A rationalization of the preference of boat-like decatrienone transition states has been presented.58 In 
the absence of overriding substituent effects, the boat-like transition state is free of destabilizing eclip- 
sing or other unfavorable nonbonded steric interactions, and the C(4)-C(6) segment adopts staggered 
conformations in both the boat-like (127) and chair-like (128) arrangements (Figure 36). The principal 
difference between them is that in (127) the C(6)-C(7) unit exists in a favored skew butene conforma- 
tion and the C(3)-C(4) unit in a favored eclipsed ethanone conformation, while in the chair-like ar- 
rangement (128) these sp3-sp2 rotamers exist in higher-energy gauche butene and gauche ethanone 
conformations, respectively. The presence of both stabilizing eclipsing sp3-sp2 interactions is unique to 
the cis-fused boat decatrienone transition state; all other decatrienone transition states have no more than 
one such stabilizing allylic conformation and the available experimental evidence suggests that they are 
each higher in energy than the cis-fused boat transition state.58 

gauche butene 
skew butene disfavored 

boat-like chair-like gauche 

transition state 
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disfavored 

transition state 
(128) 

eclipsed 
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t 
H H  

t a?R2 0 % Rl 

Figure 36 
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The preference for decatrienones to cyclize by way of boat-like transition states, while significant in 
the cases cited above, is not so great that competition from chair-like structures is precluded, especially 
in highly substituted systems. This is nicely illustrated by comparing the diastereoselectivity of the 
IMDA reactions of (138)"O and (139)"' (Figure 39). Thus triene (138) undoubtedly cyclizes by way of 
boat-like transition state (140) since the alternative cis-fused chair (141) is significantly destabilized by 
the indicated 1,34nteraction, while trans-fused transition state (142) is destabilized by the eclipsing in- 
teraction between the C(6)-OMe and C(8)-Me units. Examination of models, however, suggests that the 
two-atom bridge introduces strain into (140) relative to the unconstrained boat-like transition structure 
(127) in Figure 36. This is relevant, since replacement of the C(8)-Me with a hydrogen atom in (139) 
causes a reversal of stereoselectivity such that the trans-fused product is the only cycloadduct when the 
IMDA reaction of (139) is performed with Lewis acid catalysis. A chair-like transition state resembling 
(142), but lacking the C(8)-Me group, appears to be the most favorable one in this case. Additional 
examples have been reported that demonstrate that nonbonded interactions may be sufficient to tip the 
balance such that a chair-like decatrienone transition state is populated in preference to the otherwise fa- 
vored boat-like ar~angement .~~ Thus all possible interactions must be carefully analyzed when attempting 
to predict the diastereoselectivity of decatrienone (and other) IMDA cyclizations. 

While boat-like transition states are frequently observed in decatrienone IMDA reactions, they are 
only rarely observed in decatriene IMDA reactions. Undoubtedly, this is due to the fact that boat-like 
conformations of the bridging chain when all atoms are sp3 hybridized have one eclipsed ethane interac- 
tion not present in the chair-like arrangement. Consequently, the boat transition states are intrinsically 
higher in energy than the chair-like  structure^.^^ Products deriving from boat decatriene transition states 
have been observed only in circumstances where the chairs are destabilized by substituent effects or 
strain, erc. One example was presented in Figure 35 concerning the production of cis-fused dia- 
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stereomers from the IMDA reactions of (123H126); a second example appears in Figure 40.ll2 Koreeda 
has argued that transition state (143chair) is strained and therefore higher in energy than ( 1 4 h )  since the 
chair conformation of bicyclo[3.2.1]octane, a model for the developing [3.2.1] bicyclic system in the cy- 
cloadducts, is considerably less stable than the boat conformation.112 

%++oMe 83% 
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4.4.4 ASYMMETRIC INTRAMOLECULAR DIELS-ALDER REACTIONS 

Reactions that involve asymmetric synthesis are traditionally classified separately from other dia- 
stereoselective transformations of chiral substrates, even though there is little fundamental difference be- 
tween them. The degree of success realized in both categories depends on the ability of the chemist to 
distinguish between competing, diastereomeric transition states; the critical objective is to maximize 
AAG*. This classification system undoubtedly evolved since the chiral auxiliary used in asymmetric re- 
actions, whether it is introduced as part of a catalyst or is covalently bound to the substrate, is not des- 
tined to be an integral structural component of subsequent transformation products, while the reverse 
situation obviously pertains in the more frequently encountered diastereoselective transformations of 
chiral substrates. Work that has been reported for asymmetric IMDA reactions is summarized in this sec- 
tion.1'3 

The first example illustrating the use of a removable chiral auxiliary in IMDA reactions was reported 
by Mukaiyama.lI4 The Diels-Alder reaction of (144) was slow and showed no diastereofacial selectivity. 
Conversion of (144) to the magnesium alkoxide (145), in which the dienophile is activated by chelation 
to the magnesium ion, however, increased the rate of cyclization and provided the indicated cycloadduct 
with 76% diastereomeric excess (de; 88: 12 mixture of diastereomers). 

A number of trienes with auxiliaries associated with the dienophile activating group have been studied 
(Figure 41). The 8-phenylmenthyl auxiliary, that generally affords very good levels of asymmetric induc- 
tion in bimolecular Diels-Alder reactions,'15 gives relatively poor results with trienes (146) and (147), 
probably due to the low reactivity of these trienoates that precludes cycloaddition at temperatures below 
0 C 1 l a  Much better results have been achieved with trienes (148)-(155) incorporating the N-acyloxazo- 
lidinone, N-acyl sultam and a-hydroxy ketone auxiliaries developed by Evans,l16 Oppolzer1I7 and Masa- 
mune,Ilg respectively. Trienes (148x153) are considerably more reactive than (146) and (147) and their 
Lewis acid catalyzed cyclizations are complete typically within several hours at -20 'C or -30 
'C. 16bvc,117b Trans-fused cycloadducts are obtained with >99: 1 selectivity from nonatrienes (148)-(150), 
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while simple diastereoselection with the decatriene substrates (151)-(153) is >30:50: 1. The major pro- 
ducts of these reactions are readily purified by crystallization or chromatography. Comparable levels of 
diastereoselection have also been realized with trienes (154) and (155).'19 The sense of relative dia- 
stereoselection realized in these cycloadditions can be rationalized by inspection of the transition states 
depicted in Figure 42 for the IMDA reactions (149), (150) and (154). 

H 
(149) 

Et2AlCl2- 

Figure 42 

Of these three highly diastereoselective methods for accomplishing asymmetric IMDA reactions, the 
a-hydroxy ketone p r o t o c 0 1 ~ ' ~ ~ ~ ' ~  [trienes (154) and (155)] is the least convenient owing to the greater 
difficulty of triene preparation, the moderate reactivity of the trienes, and the destructive removal of the 
auxiliary. Consequently, the auxiliary systems developed by Evans and Oppolzer are more likely to find 
application in natural products synthesis. Indeed, Oppolzer has recently applied the N-acyl sultam metho- 
dology to the asymmetric total synthesis of (-)-pulo'upone (Figure 43).120 

several steps - 
___I_ 

93% de 
COMe 

(-)-Pulo'upone 

Figure 43 

Two strategies for accomplishing asymmetric hetero-IMDA reactions have been reported (Figure 44). 
First, Tietze has shown that (157), that includes an ephedrine auxiliary as a component of the heterodiene 
unit, undergoes a highly diastereoselective Lewis acid catalyzed cycloaddition, providing cycloadduct 
(158) with >97% selectivity.12' Second, Schreiber has shown that (161), prepared in situ by treatment of 
(159) with the ephedrine-derived aminal (160), provides cycloadduct (162) with 94% se1ectivity.l2* In 
both instances the auxiliaries are readily removed in subsequent transformations. 
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4.5.8 REFERENCES 589 

4.5.1 INTRODUCTION 

The retro Diels-Alder (rDA) reaction is a r2s + (12, + 3, electrocyclic process that, as the name im- 
plies, is the reverse of the familiar Diels-Alder cycloaddition reaction. A kinetic study of the prototypical 
rDA reaction, conversion of cyclohexene to 13-butadiene and ethylene (equation 1). has been studied in 
the temperature range of 541629 ‘C.l Some early observations of rDA reactions were made in 1906 by 
Albrecht, who reported that the DA adducts of cyclopentadiene with benzoquinone dissociate at their 
melting points? and in 1929 by Diels and Alder, who reported the dissociation of a furan-maleic anhy- 
dride adduct at its melting point.3 Alder used the reaction as a test to differentiate between acetylenedi- 
carboxylic ester adducts of cyclopentadiene and of cy~lohexadiene;~ heating the latter adduct eliminates 
ethylene, while heating the former yields only the starting diene and dienophile (the Alder-Rickert rule). 
Perhaps the earliest use of the rDA reaction in a synthetic mode was in the preparation of acetylenedicar- 
bony1 chloride? in which an anthracene adduct was used as a removable acetylene protecting group. Use 
of the rDA reaction in achieving selective synthetic conversions has been reviewed several times to 
date.6g 

As the focus of this chapter is on the synthetic utility of the rDA reaction, an overview of mechanism 
is beyond the scope of this review; however, the subject has been reviewed previously.10-12 Structural 
and medium effects on the rate of the rDA reaction are of prime importance to their synthetic utility, and 
therefore warrant discussion here. A study of steric effects on the rate of cycloreversion was the focus of 
early work by Bachrnannl3 and later by Vaughan.14 The effect of both diene and dienophile substitution 
on the rate of the rDA reaction in anthracene cycloadducts has been reported in a study employing 45 
different adducts.15 If both cycloaddition and cycloreversion processes are fast on the time scale of a 
given experiment, reversibility in the DA reaction is observed. Reversible cycloaddition reactions invol- 
ving anthra~enes,’~J~ furans,18-22 f ~ l v e n e s ~ ~  and cyclopentadienes24-26 are known. Herndon has shown 
that the well-known exception to the ‘endo rule’ in the DA reaction of furan with maleic anhydride 
(equation 2) occurs not because ex0 addition is faster than endo addition (it is not), but because cyclor- 
eversion of the endo adduct is about 10 OOO times faster than that of the ex0 adduct.18 

endo ex0 

Many rDA reactions are carried out at temperatures of 150 ‘C or more in solution phase and often at 
temperatures of 400600 ‘C using the flash vapor pyrolysis (FVP) method; individual conditions are ref- 
erenced throughout the text. However, an accelerating effect by anionic, cationic and radical substitution 
on either the dienophile or at the termini of the diene fragments has been predicted by Carpenter.27 Ex- 
perimentally, this prediction has been substantiated only for anionic substitution. In 1967, Hart reported 
what is likely the first example of an oxyanion-accelerated rDA reaction.28 Both o~yanionic*’~~ and car- 
b a n i o n i ~ ~ ~ , ~ ~  substituents accelerate the cycloreversion reaction such that they proceed rapidly at room 
temperature (for example, equation 3). In addition, acid-catalyzed rDA reactions have been reported in 
which protonation effectively makes the dienophile fragment of the adduct more electron d e f i ~ i e n t . ~ ~ , ~ ~  
Grieco has utilized a room temperature retro aza DA reaction useful for the N-methylation of dipeptides 
and amino acid derivatives (equation 4)$O 
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R = H, tllZ = 176 min at 100 "C 
R = OSiMe3, f l R  = 236 min at 60 "C 

R = 0- NBun4, t lR  = <1 min at 25 "C 
+ 

Et$M 
CF3C02H 

* 
CHC13,25 "C 

92% 

4.5.2 PREPARATION OF SUBSTITUTED ALKENES 

45.2.1 a,@-Unsaturated Esters 

Numerous acyclic ethylenes with oxygen-containing substituents have been obtained via the rDA re- 
action. A series of methylidenemalonic acid diesters (la-1s) was prepared using a synthetic scheme 
based on the rDA reaction (equation 3.4' Contamination by anthracene was avoided by performing the 
thermolytic retrodiene step in the presence of maleic anhydride, which consumes the anthracene pro- 
duced in a DA reaction. Another series of acrylate esters, methyl 2-alkyl-2-alkenoates (3), was prepared 
by the rDA reaction of adduct (2) (equation 6)?2 The thermal cleavage occurs under relatively mild con- 
ditions by dissolving (2) in diphenyl ether and distilling the products directly from the solution at 170- 
190 'C. This simple preparation is preferable to various multistep methods for the synthesis of methyl 
2-aIkyl-2-alken0ates."~~~ 

45.2.2 a,@-Unsaturated Aldehydes and Ketones 

The preparation of acyclic alkenic ketones and aldehydes has been shown to be operable via methods 
based on the rDA elimination. A DA-rDA scheme was used to convert methyl vinyl ketone (4) into vari- 
ous alkenic ketones (5) as shown in equation (7).45 Yields for the cycloreversion step are reported to be 
>9096. A similar DA-rDA path has been applied to terpenoid synthesis using cyclopentadiene to protect 
the double bond. The synthesis of (-)-turmenone (7) was accomplished by distilling ketone (6) as given 
in equation (8).& Ethylenic hydroxy ketones, which are useful synthetic intermediates for polyhydroxy- 
lated natural products, are obtained by rDA reactions. Adduct (8a) was flash thermolyzed at 500 'C to 
give ethylenic ketone (9a) (equation 9);47 however, a competing retro aldol complicated this reaction. 
Protection of the alcohol with trimethylsilyl chloride followed by thermolysis of protected aldol (8b) 
gave doxy  ketone (9b) in 80% yield. The preparation of cis-crotonaldehyde (12) has been described via 
a h - s t e p  synthesis as outlined in equation ( protection of the double bond is accomplished by 
DA addition in the initial step giving adduct (lo), followed by nitrile transformation to aldehyde (11). 
The sequence is completed by regeneration of the double bond by a rDA thermolysis to give cis-croto- 
naldehyde (12). 
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0 

R' 
Me 
Et 
pr" 

Bun 
pr' 
Bu' 

n-C5Hl I 
CH2CHSH2 

Me 
Me 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
ps 
Bun 

170-190 OC 

u R202C C02R' 

(1) 

R* 
Me 
Et 
R" 
Bun 
pr' 
Bu' 

n-C5H1 1 

CH2CHSH2 
Bun 

n-C6H13 

ps 
Bun 

CH,CH=CH, 
CH2-H 

CH2CH20Et 
CH2CO2Et 

(CH2)$02Et 
Bun 

n-C5H I I 

R A C02Me 

(3) 

Yield (96) 
54 
67 
81 
68 
64 
61 
46 
48 
75 
77 
63 
71 
48 
20 
43 
62 
32 
53 
78 

(2) R = Me, Et, CH2CH=CH2, CH2CH=CHMe, CH2Ph, CH2C02Et 

4.533 Acyclic AIIylic Alcohols 

0 

200-250 O C  

The preparation of alkenic alcohols based on rDA processes has found application in the synthesis of 
natural products. Matsutake alcohol (14a; (-)-(R)- 1 -octen-3-01), an important flavor component of mush- 
rooms, can be prepared in high enantiomeric purity by a method that includes rDA cleavage as a key 
step. Asymmetric DA addition gave enantiomerically pure adducts that were modified dia- 
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R = Me, Et, n-C5H, CH2CH=CH2, CH2CH=CMe2 

i, p-MeC6H4CH0 
m 

0 i i , ~ e ~ g I / c u ~ ~  

( 8 a ) R = H  
(8b) R = SiMe, 

(9) 

i, DIBAL 
FVP 

ii, H~O+ (500 "C) 

(12) 

< 72% 90% * +cHo 

(10) (11) 
(+ exo) (+ exo) 

stereoselectively to give isomeric adducts (13a) and (13b).49 The isomers were individually 0-silylated, 
subjected to FVP and desilylated to give (-)-(R)-l-octen-3-01(14a) and (S)-l-octen3-01(14b). The rDA 
reaction yielding these sensitive allylic alcohol derivatives was not accompanied by racemization. A 
DA-rDA scheme has been applied to the high yield syntheses of linalool and nerolidolP5 A similar 
scheme involving DA protection of a double bond with final rDA regeneration of an alkenic alcohol was 
used to prepare (*)-ipsenol (16). The final step of the synthesis was rDA thermolysis of adduct (15) at 
450 'C to give (f)-ipsenol in quantitative yield (equation 12).50 
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i, ii, iii 

(1%) R' = H, R2 = OH 

i, ii, iii 
(Ub) R' =OH, R2 = H - 

OH 

i, MeCON(Me)SiMe3, CH2C12; ii, FVP, 660 "C/0.005 Torr; iii, AcOH, MeOH/H20 

453.4 a,pUnsaturated Thio Compounds 

Acyclic alkenic sulfur compounds have also been obtained via pyrolytic rDA reactions. A general 
route to thioacrylamides utilizing rDA reactions under FVP conditions has been developed. The rDA re- 
action of the appropriate adducts yields thioacrylamide, N-methylthioacrylamide and Nfl-dimethyl- 
thioacrylamide in approximately quantitative yield (equation 13)?l The high reactivity of these 
a,&unsaturated thioamides had previously limited their availability. a,&Unsaturated acyclic thio- 
ketones such as (17) were prepared via a rDA reaction using a FVP technique. These highly reactive 
species dimerize to 4H-13-dithiins (18) on warming to -60 'C (equation 14).52 

R', R2 = H or Me 

R2 R3 

- "f&R2 

R2 R3 R3 

R', R2 = H or Me 
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45.25 Alkenic Nitrogen Species 

A few syntheses of alkenic nitrogen compounds based on the rDA reaction are known. For example, 
ynamine (19), via rDA decomposition under FVP conditions, gives 1 -N&-diethylamino-3-buten- 1 -yl 
(20).53 2-Vinylimidazoles had previously been obtained by lengthy reaction schemes with low  yield^;^^^^^ 
however, a practical laboratory synthesis of 2-vinylimidazoles based on a DA-rDA scheme has been de- 
veloped. The DA adduct of acrolein and cyclopentadiene was converted to 2-(5-norbomen-2-yl)imida- 
zole (21), which was readily transformed into 2-vinylimidazole (22) as depicted in equation (16).56 
Glyoxal gave the best result, but other a-dicarbonyl compounds could be substituted to obtain various 2- 
vinylimidazoles. 

4 CHO 

500 "C, 0.05 Torr h 

k N  

rNEt2 

(16) 
N 
H 

45.2.6 Vinyl Alcohols, Ethers and Esters 

The preparation of enols of simple aldehydes and ketones has been achieved by rDA reactions under 
FVP conditions. Equation (17) illustrates the formation of enols by this method?' The percentage of enol 
reported shows that the enols of aldehydes appear to be isolated more readily than those of the ketones. 
The last two entries are preparations of the simplest enediols, (E)- and (Z)-ethylene-l,2-diols. A very 
similar process was used to unmask the 'protected' ethylene cycloadduct (23) and produce 2-hydroxybu- 
tadiene (24), an elusive enol form of the more stable unsaturated ketone, as given by equation (1 8).58 

R? .R3 

R' R2 
H H  
H H  
H Me 
H Me 

Me H 
Me H 
Me Me 
Me Me 
H H  
H OH 

R3 
H 

Me 
H 

Me 
H 

Me 
H 

Me 
OH 
H 

FVP 
conditions Enol (a) 

550 "C, 1O"Torr 55 
550 "C, lo4 Torr 80 

550 OC, 1O"Torr 100 
550 'C, 1eTorr  75 

550 "C, lo4 Torr - 
550 "C, 10-4 Torr 5 
550 "C, lo4 Torr - 
550 "C, 10" Torr - 
600 "C, 10" Torr - 
moc, 1 0 - 5 ~ 0 ~  - 
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A series of metalated alkoxymethyl vinyl ethers has been prepared by the thermolysis of substituted 
bicyclo[2.2.l]hept-5-enes, one example of which is shown in equation ( 19).59 

400 o c  

* 

OCHzOMe 0.25 Torr O Y n B u 3  

98% 

The rDA route to isopropenyl acetoacetate and to vinyl acetoacetate was apparently the fxst synthesis 
of acetoacetate esters of enols. The reaction between diketene (26) and norbornenols (25a) and (25b) 
generated the ‘protected’ ethylene cycloadducts (27), which upon FVP gave the desired isopropenyl ace- 
toacetate (%) in 48% yield and vinyl acetoacetate ( a b )  in 61% yield (equation 20).60 

(Sa) R = Me (26) (27) 
(25b) R = H 

R A o U  
(28a) R = Me 
(ab) R = H 

45.2.7 Ketenes 

Ketenes are generated by rDA pathways; however, most examples are not hetero retrodiene processes. 
Instead, ketenes are most often produced by the rDA reaction of a ‘masked’ ethylene cycloadduct gener- 
ating the carbon-carbon double bond of the ketene. One of the simplest ketenes, dimethylketene (M), 
can be produced by thermal or photochemical elimination of bicyclo[2.2. lloctadienone (29) as given in 
equation (21):’ The ease with which the ketene is formed by the photolytic retrodiene extrusion process 
stands in contrast to the high temperature, 45G550 ‘C, required for the corresponding thermolytic cleav- 
age. Ketenes have also been generated by intramolecular rDA reactions. Upon photolysis of ketone (31), 
intermediate ketene (32) formed that reacted with methanol to give cyclooctadiene diester (33) (equation 
22).62 In an enantioselective process, the photochemically generated ketene (34) reacted with (+)-ephe- 
drine with induction of optical activity (equation 23).63 

453.8 Enamines 

Generation of the double bond of enamines is possible via a rDA reaction. Ethylenamine and its 
methyl derivatives have been prepared by FVP of the corresponding anthracene adducts (equation 24).62 
Identification of the primary enamines in a pure state has been accomplished at -80 ‘C, while the less 
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stable secondary enamines are accompanied by the corresponding tautomeric imines. The preparation of 
2-aza-1,3-dienes has been achieved by rDA reaction on imine adducts as outlined in equation (25).64 2- 
Aza- 1,3-dienes are compounds with utility in the synthesis of six-membered N-heterocycles. 

R', R2, R3 = H or Me 

R3 

R4 

R', R2, R3 = H or Me 

R4 =Me, Et or Ph N=( 
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453.9 Vinylphosphines 

The synthesis of primary alkenylphosphines has been accomplished utilizing the same rDA method 
that was used to synthesize primary enamines.62 The synthesis of primary alkenylphosphines had been an 
unsolved problem owing to the high reactivity of the phosphine group under acidic, basic and neutral 
c0nditions.6~ The preparation of vinylphosphine (38a) and isopropenylphosphine (38b) by FVP of the 
appropriate anthracene (37) or 1,3-diphenylbenzofuran (39) adduct has been accomplished as shown in 
equation (26).66 (E)-Prop-l-enylphosphine was synthesized by a similar rDA route.66 These phosphines 
were found to be surprisingly stable, with a half-life of approximately 8 d for (Sa). 

(37) (39) 
(38b) R = Me (26) 

4.5.2.10 Exocyclic Alkenes 

Exocyclic alkenes have been generated via rDA processes. The antibiotic sarcomycin, an antitumor 
agent, and its methyl ester (40) have been the goals of many synthetic efforts. Generation of the exocy- 
clic carbon-carbon double bond by a rDA reaction was the final step to the preparation of ester (40).67 
An acid-catalyzed rDA reaction has been used to generate the exocyclic double bond of dione (41).68 
The rDA reaction has found further use in the synthesis of a-methylenecyclopentenone antibiotics. FVP 
of spirocyclopentenone precursors yields the corresponding a-methylenecyclopentenones (42) in quanti- 
tative or nearly quantitative yield.69 

MeOzC 4 0 R'$o 

(40) (41) (42) 

4.53.11 Endocyclic Alkenes 

The rDA reaction has been applied as well to the synthesis of a wide range of compounds containing 
endocyclic carbon-carbon double bonds. For example, adduct (43) as a mixture of syn and anti isomers 
yields 3,3-difluorocyclopropene (44) and naphthalene upon heating at 200 'C (equation 27).70 One of the 
first syntheses of the methylenecyclobutenone moiety was accomplished by a rDA process. The pyro- 
lysis of (45) gave approximately 25% conversion to isopropylidenecyclobutenone (46) as shown in equa- 
tion (28)?' Similarly, the pyrolysis of adduct (47) at 425 'C produced the endocyclic double bond of 
dimethylenecyclobutene (48) as shown in equation (29).69 

rDA processes have been used extensively to generate the endocyclic carbon-carbon double bond of 
cyclopentene derivatives. Functionalized cyclopentenones are important synthetic intermediates in the 
synthesis of many quinane natural  product^.^"^^ The synthesis of optically active cyclopentenones with a 
predetermined absolute configuration has been achieved. Conjugate addition to enone (49) gives adducts 
(5Oa-f) stereospecifically, which upon FVP yield cyclopentenones (51a-0 (equation 30).78 The develop 
ment of a general method to prepare 4,5-disubstituted 2-cyclopentenones (52) is of value owing to the 

syn + anti 
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(45) 

(47) 

400 O C  

(- 8) 
425 "C 

c 

(- 0) 
occurrence of this system in a variety of natural products. Such systems have been synthesized with a 
rDA reaction as the key step; the method is outlined in equation (3 l).79 

a: R1 = H, R2 = Me 
b: R' = H, R2 = C7H15 
c: R' = H, R2 = CH(C02Me)2 f R' = COzEt, R2 = CH(C02Me)2 

d: R' = C02Et, R2 = Me 
e: R' = C02Et, R2 = C7H15 

0 h P 6 O O O C  bR' (31) 
R, high vacuum 

f * \  

conjugate 
addition 

R 2  I - \\ /I I "R2 
\ - 1  .. 
\ 1 

(52) 
R' = Bun or Ph; R2 = H or alkyl 

Generation of the endocyclic double bond of cyclopentanoids has been accomplished frequently by 
rDA reaction of the appropriate cyclopentadiene. FVP has been used as the last step of the synthesis of 
the antibiotic (&)-pentenomycin (53) in 50% yield.80 Other cyclopentanoid natural products that are syn- 
thesized by procedures based upon a nearly quantitative rDA reaction are jasmone (54)81 and alkyne 
(59, a precursor to methyl jasmonate.82 This same procedure has been applied to the synthesis of inter- 
mediates of prostaglandins such as (56).83 

A facile synthesis of cyclopentadienone epoxides via thermal rDA cycloreversion of a tricyclodece- 
none epoxide and its acetal derivatives has been applied to the preparation of cyclopentanoid antibio- 
t i c ~ . ~ ~ . ~ ~  This procedure has been used in an efficient synthesis of terrein, a mould metabolite from 
Aspergillus terreus, by rDA synthesis of cyclopentadiene epoxide intermediate (57).85 IVP conditions 
for these reactions typically involve temperatures of 420-600 'C. Furan-derived DA adducts have also 
been used to generate cyclopentadienone epoxides. The thermal rDA reaction of the furan-derived DA 
adduct (58) proceeds at temperatures as low as 330 'C with complete cycloreversion and generation of 
epoxide (59) in nearly quantitative yield (equation 32).84 Subsequent elaboration led to epipentenomycin 
derivatives such as (60). 

A facile synthesis of enol lactones was achieved by a process dependent upon successful rDA decom- 
position. The tricyclic (Q-enol lactones (61) thermally decomposed to the corresponding (Q-enol lac- 
tones (62) in excellent yield as shown in equation (33).86 Tricyclic (E)-enol lactones (61) could be 
photoisomerized to the corresponding (a-enol lactones, which were also thermally cleaved to the (a- 
enol lactones (62). 
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Hey) HO''"' ,2' 

HO p 
me02c 

0 

0 FVP 
(330 "C) 

LOMe ii, Ac20 
W O M e  ~- 8) 

0 0 
\ , 

(59) (60) 

R' Ph3P=CHCOR2 - RlgcoR2 N P  1 

O O  0 O O  \ (- 0) 
(61) 

R', 

&COR2 
O O  

(62) 

FVP 
Compound R1 R2 conditions 

(614 H OEt 45OoC,0.3Torr 
Wb) Me OEt 31OoC,0.3Torr 
(614 H OBu' 49OoC,0.3Torr 
(614 H Me 31OoC,0.3Torr 
(61d Me Me 30O0C,0.3Torr 

Yield 

of (62) (%) 
95 
93 
88 
92 
89 

Many rDA processes exist for the generation of cyclopentene units not possessing a carbonyl in the cy- 
clic framework. The previously unknown alkylidenecyclopentenols have been accessed by a procedure 
dependent upon a rDA cycloreversion. Reaction of lithium aluminum hydride with 4-p-tolylsulfonyl- 
methyloxatricyclo[5.2.1 .O]decadienone (63) gave the exo-methylene tricyclodecenols (64) regio- 
selectively and stereospecifically, which upon FVP yielded the em-methylene cyclopentenols (65) 
(equation 34).*' These cyclopentenols in turn serve as precursors for prostanoid natural products such as 
clavulones and punaglandins?* 
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400 "C, 2 xl(r2Torr * r L  
\ / 

(65) (63) R=OEt,H (64) 

The development of syntheses for highly functionalized cyclopentanes has been enhanced by the isola- 
tion of numerous cyclopentanoid natural products. 4-Methylene- l-cyclopentenes (67) are interesting and 
versatile building blocks for such species. The preparation of these cyclopentenes has been accomplished 
by a three-step synthesis, the last of which is rDA cycloreversion under Fvp conditions (equation 3Qg9 
This final rDA step simply involves distillation of the adducts (66a-h), which yields cyclopentenes 
(67a-h) in a virtually pure state. 

R1 R2 

CO2Me C02Me 
C02Me C02Me 

H C02Me 

H COPh 
H COzEt 

H SO2Ph 
- CH20CO - 

CH2OH CH2OH 

R3 
H 

Me 
H 
H 
H 
H 
H 
H 

R 
R 1  R2 

rDA conditions 
550 OC, 2 TOK 
530 "C, 0.1 Torr 
600 "C, 2 Torr 

755 OC, 0.03 TOK 
560 OC, 0.03 TOK 
560 "C, 0.03 TOK 
580 OC, 0.03 Torr 
575 "C. 0.03 TOK 

Yield 

of (67) f%) 
100 
94 
89 
58 
52 
72 
95 
100 

(35) 

Multifidene (69), a major constituent of the essential oil of Cutleria multij2du,g0 has been prepared by a 
method based upon rDA cleavage of adduct (68) (equation 36)?' The synthesis of (69) combines a high 
degree of stereoselectivity with broad variability, giving easy access to analogs of multifidene. 

i, MezNSiMe3 
ii, FVP, 500 OC 
iii, MeOH 

i, FCC 
ii, Ph,P=CH, 

(36) - Q OH 
%>J 

OH 

The rDA reaction has been applied to the synthesis of quinone epoxides and a-epoxycyclohexenones. 
Dimethylfulvene was used as the diene since the rDA cycloreversion of these adducts proceeds at much 
lower temperatures than do the corresponding cyclopentadiene adducts. The rDA reaction of these epox- 
ide adducts was performed by two procedures involving heating at 150-190 'C in (a) high-boiling sol- 
vents such as diphenyl ether, xylene or diglyme, or (b) low-boiling solvents such as benzene, THF or 
toluene in a sealed tube.% This process is illustrated by the two similar synthetic schemes (equation 37) 
used to generate (f)-senepoxyde (72), isolated from the fruits of Uvuriu curocurpu, and (f)-crotepoxide 
(75), a tumor inhibitor isolated from the fruits of Croton macrosr~chys?~ The rDA reaction of adducts 
(70) and (73) gave the epoxycyclohexenones (71) and (74), respectively, and each was subsequently 
transformed into the natural product. This process has been used for the preparation of many bioactive 
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natural products, including epoxydon (76), epiepoxydon (77). phyllostine (78), epoformine (79) and epi- 
epofonnine (8O).W 

0 

0 

6 \  II 
0 

I I  
0 

(74) \I 0) 
I I  
0 

(73) 

0 0 

Knapp has used the oxyanion-accelerated rDA reaction to advantage in the synthesis of conduritol A. 
The masked dienol used was 9-[(benzyloxy)methoxy]anthracene (81), which upon reaction with benzo- 
quinone (82) gave the protected adduct (83) (equation 38).31 Further transformations yielded (U), which 
upon treatment with potassium hydride caused rDA fragmentation to occur at 35 ‘C. Two subsequent 
steps produced conduritol A (Ma), a naturally occumng cyclitol, in 39% overall yield from (82). The 
room-temperature DA activity of anthranol reported by Ri~kborn?~ coupled with the observed low-tem- 
perature rDA reactivity of its adducts, makes anthranol a highly useful alkene protecting group via a 
DNrDA sequence. 

Alkylated naphthoquinones can be generated by the rDA strategy that has been used in natural pro- 
ducts synthesis. Plumbagin (89), an alkylated naphthoquinone that has antimicrobial and antineoplastic 
activities, has been obtained by an alkylation of juglone (86b) based on a DNrDA reaction sequence 
(equation 39).% This method enabled alkylation of C-2 in juglone by alkylation of cycloadduct (87) with 
methyl iodide. The subsequent rDA reaction of (88) followed by oxidation gave plumbagin (89). A simi- 
lar alkylation scheme based on the rDA reaction has been applied to the synthesis of a-caryopterone 
(90). a red pyranojuglone from Curyopreis clundonensis.97 
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0-0-Ph 

KH, dioxane 
35 "C, 12 h 

d 

OR 

RO 

OH 0 

OH 0 

0 

(90) 

(88) (39) /L 210 "C, 49% 

OH ii, F~CI, ,  H+ 

0 

45.2.12 Alkynes 

Functionalized alkynes are made via rDA cycloreversion of cycloadducts that act as 'protected' al- 
kynes. Substituted alkynes (93a-h) are obtained from adducts (92a-h) via FVP-induced rDA cyclorever- 
sion as shown in equation (40)?* This method, based on the rDA reaction, provides an alternative route 
to the alkynic bond, which is more commonly formed via elimination reactions. 

Substituted alkynic compounds result when two cycloreversions are carried out on the same carbon- 
carbon bond of a bis-DA adduct. Thermolysis of bis-adduct (94) produced alkyne (95) and anthracene 
via two rDA cycloreversions as shown in equation (41).99 

45.3 PREPARATION OF POLYUNSATURATED HYDROCARBONS 

453.1 Substituted Acyclic Butadienes 

The generation of variously substituted butadienes has been accomplished via the thermal rDA re- 
action of substituted cyclohexene derivatives. Derivatives of 1,3-butadiene-2,3-dicarboxylic acid, which 
are otherwise difficult to prepare, have been obtained by the vapor-phase pyrolysis of cyclohexene-1,2- 
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500 -550 oc i, RZMgX R2 
ii, TsOH, PhH. A 

(94) 
H COZMe 

dicarboxylic acid analogs. Thus cyclohexene- 1,2-dicarboxylate yielded dimethyl 1,3-butadiene-2,3-di- 
carboxylate as shown in equation (42), and cyclohexene- 1.2-dicarbonitrile produced 1,3-butadiene-2,3- 
dicarbonitrile as given in equation (43).'O0 The synthesis of 4-akyl-2-amino-4-(substituted 
amino)- 1,1,3-tricyano- 1.3-butadienes has been accomplished via selective thermal decomposition of the 
corresponding amino adducts as shown in equation ( 4 4 ) . I o 1  An interesting aspect of the synthesis of these 
dienes is the mild rDA conditions used, simple refluxing in xylene or decalin. 

C02Me 

CO2Me 

"ZMe 700 OC, 10 Torr 

C02Me (- H*C=CHz) 

- x: 775 OC, 10 Torr 

(- H*C=CHz) 
(43) 
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R2NH R' refluxing 

CN C N  NC NHR2 

433.2 Extrusion of Sulfur Dioxide 

The thermolysis of 2-substituted 2,5-dihydrothiophene 1,l-dioxides leads to (E) conjugated dienes via 
cycloreversion followed by the concerted cheletropic extrusion of sulfur dioxide. The thermolysis of the 
a,P-alkylated sulfone (%) gives the intermediate, which loses SO2 to give (0-9.1 l-dodecadien-1-yl 
acetate (98), a component of the sex pheromone of the red bollworm moth.'02 This procedure has been 
extended to the thermolysis of cY,P-dialkylated sulfones in order to obtain (E&)- 1 ,Misubstituted- 1,3- 
dienes (equation 46).Io3 Similar processes have been used for the syntheses of alkaloids. The synthesis of 
an Elaeocqus alkaloid, elaeokanine A (100). makes use of the retrodiene extrusion of sulfur dioxide to 
give the 13diene intermediate (99) that is subsequently consumed by an intramolecular imino DA re- 
action (equation 47).lW o-Xylylene (102) has been generated by rDA expulsion of SOZ from benzo-fused 
3.6dihydro- 1 ,2-oxathiin 2-oxide ( 101).105 

4 5 3 3  Extrusion of Molecular Nitrogen 

Model studies of rDA reactions exhibit a high degree of stereoselectivity. This fact is evidenced by the 
oxidation of the cis hydntzo compound (103), which gives nearly a quantitative yield of nitrogen via the 

r -l 

R' R2 

380 O C  
__c 

(-SO,) 
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unstable am compound (104) (equation 49).'06 The process has been extended to cyclopropane (105). 
which upon oxidation gives the azo intermediate (106) that extrudes nitrogen at room temperature pro- 
ducing cis,trans-2,5-heptadiene (107). IO6 

NH c NH 
(103) 

I 

(105) (107) 

(49) 

453.4 Cyclobutadiene and Cyclopentadienes 

The formation of 1.3-dienes within a cyclic framework has been accomplished via extrusion of mole- 
cular nitrogen. Cyclobutadiene has been obtained by nitrogen extrusion from 2.3-diazo-Dewar benzene, 
which is generated by mild oxidation of 2,3-dioxybicyclo[2.2.0]hex-5-ene. Other cyclic dienes that have 
been similarly obtained are cyclopentadiene and cyclohexa- 1,3-diene from the corresponding diazo com- 
p o u n d ~ . ~ ~ ~ . ~ ~  

Substituted cyclopentadienones have been generated via rDA thermolyses. Thermolysis of adduct 
(108) unmasks dienone (109) as shown in equation (51).'09 The generation of (109) was followed by 
trapping with cyclopentadiene to produce the tricyclic enones (110), which are used as synthons for sar- 
komycin derivatives.Iw The presence of the alkyl group at the 6-position in ester (108) enhances frag- 
mentation via a rDA process, while in its absence (R = H) fragmentation occurs by decarbonylation. 

155 "C, 2 h 
DMF 

c + CO2Et 

R 

The reaction of stannylated dicyclopentadiene (111) with methyllithium gave dicyclopentadiene (113) 
and cyclopentadienyllithium (114) even at -78 'C.ll0 The intermediate can be trapped by addition of 
iron(I1) chloride to give intermediate (115). which then cleaves off cyclopentadiene from one of the two 
dicyclopentadiene ligands in a rDA process to give (116) as the isolated product. It therefore appears that 
the rDA decomposition is only partially blocked by trapping with iron(I1) chloride. 
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h MeLi r 

SnMq L 

Fe2C14*3THF 

1 
1 

r 

4.533 Cyclohexadiene Derivatives 
Cyclohexadiene generation by the rDA reaction has been used in the synthesis of natural products. The 

reaction of pyrone (117) with 4-methyl-3-cyclohexenone provides keto ester (118) regio- and stereo- 
selectively (equation 53).11' Fixation of both the correct ring fusion and the cis-diene functionality in a 
single step makes the keto ester a useful intermediate for the synthesis of natural products such as 
occidental01 (1l9).l1l The unmasking of DA adducts of steroidal ring-B dienes that are protected by 
cycloaddition with 4-phenyl- 1,2,4-triazoline-3,5-dione (121) has been accomplished by a rDA process. 
In the synthesis of 22,23-epoxyvitamin D2 (123) the protected steroidal adduct (120) was heated with 
base in dimethyl sulfoxide to give the corresponding steroidal 5,7diene (122) as shown in equation 
(54).'12 This rDA method is useful because it can be applied to compounds having groups that are sensi- 
tive to lithium aluminum hydride, which had been previously used for regenerating the protected steroi- 
dal ring-e diene system. The rDA reaction of the neolignan asatone (124) produces dienone intermediate 
(125). which reacts with l-allyl-3,4,5-trimethoxybenzene (126) to give the two novel neolignans hetero- 
tropanone (127) and isoheterotropanone (128) as shown in equation (55).'13 

Me02C 

0 MeO2C 
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120 O C  

I KZCO3, DMSO 

Me0 

M e 0  OMe 
M e 0  

0 
(125) 

(124) 

MeO 
OMe 

(127) 
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453.6 Benzene and Benzene Derivatives 
Many cycloadducts produce aromatic rings via rDA processes. The generation of benzene has been 

obtained by the FVP of bicycl0[2.2.2Iocta-2,5-diene~~~ and of b a ~ e l e n e ~ ~ ~  in the gas phase. Dimethyl 
terephthalate was generated by the thermolysis of l,4-bis(methoxycarbonyl)bicyclo[2.2.2]octa-2,5diene 
as depicted in equation (56).l16 This cycloreversion has been shown to proceed even at room tempera- 
ture, and readily occurs at temperatures as low as 50 'C. Sulfene extrusion via the rDA reaction also 
yields benzene derivatives: dimethyl phthalate was obtained by the thennolysis of the bicyclo adduct 
shown in equation (57).11' Sulfene extrusion via a rDA route competes with the predominant process of 
sulfur dioxide extrusion. The presence of a phenyl group at C-4 can suppress the alternate route to norca- 
radiene formation by sulfur dioxide elimination and force the reaction to procecd exclusively via the rDA 
sulfene extrusion path. N-Aminopyrroles are used in a versatile DA-rDA sequence to produce sub- 
stituted benzenes in high yields. Diels-Alder reaction of N-aminopyrrole (12%) with DMAD produces 
benzene derivative (131) via rDA nitrene extrusion from adduct (130) (equation 58).l19 It is of interest 
that the rate of DA addition increases in the order (129a) > (129b) > (12943, whereas adduct rDA decom- 
position to (131) increases in the order (13Oc) > (130b) > (13Oa). A series of phthalate esters was pre- 
pared by the rDA reaction of the adduct between substituted pyridones and DMAD (equation 59). 

R 

(129a) R = NH2 
(129b) R = NHMe 
(12%) R = NMe2 

R3 

COzMe -0 25-5OoC 

(- HzC4H2) 
C02Me 

CO2Me 

$si 

&C02Me 22OOC , & C02Me 

(- H2C=S02) CO2Me CO2Me 

R = H , P h  

R 

(57) 

F02Me 

Rl 
-. R4 

D2 "'hR2 MeO$ - 145 OC, 14 h R ' A C 0 2 M e  

Rs N 0 

R" = H, Me or Ph 

The formation of aromatic rings via rDA processes has found application in the synthesis of many 
natural products; only a representative set can be presented here. Pyrenochaetic acid A (134), a phyto- 
toxic metabolite, was synthesized by a process involving a rDA reaction as a key step. The DA reaction 
of pyrone (132) with ethyl propiolate gave, after isolation, benzoate (133) via a rDA reaction evolving 
carbon dioxide (equation 60) . l z1  A synthesis of a-cartopterone (137) has been achieved that involves the 
rDA elimination of ethylene. The key step is rDA decomposition of adduct (135) to naphthoquinone 
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(136) as in equation (61).12* Hydrindane derivatives (14Oa) and (lab) are formed by the reaction of 2,4- 
cholestadiene (138a) and 2,4-androstadien-l7-one (lab), respectively, with DMAD in boiling xylene 
(equation 62).lu The products, (14Oa) and (lab), are formed via DA addition of the steroid diene fol- 
lowed by subsequent rDA decomposition of adduct (139). The rDA reaction of these adducts provides a 
simple method for the simultaneous cleavage of rings A and B in steroids.123 The synthesis of the cyto- 
toxic phytoalexin juncusol(l43) has been accomplished via two pathways based upon different rDA pro- 
cesses. One pathway involves the previously described reaction of N-aminopyrroles. The reaction of 
N-aminopyrrole (141) with methyl propiolate gave dihydrophenanthrene (142), after HPLC isolation. 
Formation of (142) occurred by a DA addition-rDA extrusion of N-aminonitrene pathway (equation 
63),lM and the product was subsequently transformed into juncusol. The second pathway to juncusol 
based on a rDA step involved the use of 3-methoxycarbonyl-2-pyrones. The formation of the aromatic 
ring c is obtained by DA addition of 1.1-dimethoxyethylene to the 3-methoxycarbonyl-2-pyrone (144) 
followed by subsequent rDA extrusion of carbon dioxide to give the 9,lOdihydrophenanthrene (la) 
(equation 64),125J26 which is also a precursor of juncusol. 

0 &L --02Me* [Meo2c&] E & Me0 0 (ao) 

180 “C, 17 h 
MeO2C 

/ ii, MeCHO 
0 0  

(133) 0 

i, LDA 

iii, HCI 

(132) 

M e 0  0 

MeO2C 

R 

(13th) R = CH(Me)(CH2)&HMe2 
(138b)R= O= 

Me0 0 OH 0 

f 4  

Me0$ w 
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+ :N,NHC02Me 

MeO 
MeO 

4.53.7 Cyclic Trienes in Non-aromatic Systems 

A final example of a rDA cycloreversion of a cycloadduct that acts as a ‘protected’ butadiene illus- 
trates the generation of extended conjugation in a non-aromatic cyclic system. Equation (65) shows that 
the addition of cyclopropene (147) to (146) can yield either (148) or (149), and both adducts undergo 
rDA extrusion of carbon dioxide to produce a triene.*27 Hydrolysis of the triene ketals gives access to 
substituted tropones (150). 

45.4 FORMATION OF DOUBLY BONDED HETEROATOMS 

4.5.4.1 Acyclic Aldehydes, Ketones and Carboxylic Esters 

Formation of a double bond between carbon and a heteroatom or between two heteroatoms can be ac- 
complished by a hetero retro-Diels-Alder reaction. Aldehydes, ketones and carboxylic esters can be ob- 
tained by this retrodiene process. A series of a,@-unsaturated aldehydes (152) was prepared by Funk 
using the facile bis-hetero retro-Diels-Alder reaction of 4-alky1-4H- 1,3-dioxins (151) as shown in equa- 
tion (66).12* This retrodiene process involves exceptionally mild conditions, refluxing in toluene, in order 
to unmask the a,@-unsaturated aldehyde. The diversity of this process is illustrated by the partial list of 
reactions shown.128 The same mild conditions can be used to prepare a,@-unsaturated ketones by reflux- 
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ing the appropriate 4,6-dialkyl-l,3dioxins in t01uene.l~~ During the synthesis of the 'right-wing' equiv- 
alent (1%) of the ionophore antibiotic indanomyocin, an unexpected hetero retro-Diels-Alder reaction 
preempted the planned Claisen 3,3-shift. However, a subsequent intramolecular Diels-Alder reaction of 
intermediate (154) gave the desired product (155) of the planned Claisen 3,3-shift (equation 67)." 

Compound R Yield (%) 
(151a) 
(151b) 
(1SlC) 
(151d) 
( M e )  

(CH&Me 74 
CH(Me)(CH2),CH=CMe* 73 
CH2Ph 83 

CH(OH)CH=CHMe 70 
CHzC(0)Me 45 

i, 135 "C, 20 h 

ii, H30+ 

iii, CH2N2, 0 OC 

(154) 

MeOzC 

Et Et 
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45.4.2 Thio Analogs 

The types of compounds containing carbon-sulfur double bonds that can be generated via a rem- 
Diels-Alder reaction are quite varied. Thioacrolein (157). a vinyl thioaldehyde, once generated forms a 
Diels-Alder dimer mixture of (158) and (159). By thermal retrodiene splitting of the dimer mixture at 
400 'C, thioacrolein has become available for preparative use (equation 68).131 The simplest thioalde- 
hyde, thioformaldehyde, can be obtained by the FVP of the anthracene adduct as shown in equation 
(69).132 The most reactive and labile class of sulfines, the thioaldehyde S-oxides, are generated by heat- 
ing the cycloadduct of the sulfine with anthracene or cyclopentadiene. The liberated sulfine can be 
trapped in situ by cycloaddition to a conjugated diene, for example 2.3-dimethylbuta- 1,3-diene as illus- 
trated in equation (70).133 The thioamide vinylog (161) has been obtained by the thermally induced cy- 
cloreversion of 4H-13-thiazine (160) as given in equation (71).IM By prolonged heating in the presence 
of dimethyl acetylenedicarboxylate the 4H-thiopyran (162) was formed. Thioketenes, when devoid of 
bulky substituents, are very reactive species with few available methods for synthesis. Propadienethione 
has been produced by the FVP of a ketene dithioacetal as shown in equation (72).135 

60 OC 

(-m) no CO2Et 

A r y 4 C 0 2 M e  Me02C Q C02Me 

DMAD 
b 

Me02C C02Me (7 
N 

/ \  

A 
C02Me 

N / \  

MeS 
SSiMe3 

650 O C  

* H~c=.=.=s + MeSSiMe3 (72) --". (-m) 
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45.43 Nitrogen Analogs 
Use of the rDA reaction has been applied to the preparation of numerous compounds containing ni- 

trogen double bonded to carbon or another heteroatom. The simplest compound possessing a carbon- 
nitrogen double bond is methanimine (163), which has been generated by the FVP of 
2-azabicyclo[2.2.n]alkenes in almost quantitative yields (equation 73).'" Application of the method for 
the synthesis of methanimine has led to the preparation of several N-acylmethanimines and N-methylene- 
rnethane~ulfonamide.~~~ The high reactivity of N-acylimino groups towards 1.3dienes was evidenced by 
the production of lactam (165) via intramolecular cycloaddition of the intermediate acylimine (164) 
(equation 74).'j7 Vinylideneamine was obtained via a rDA reaction of the anthracene adduct as shown in 
equation (75).214 

n =  1,2 

Acylnitroso alkenes produced via rDA reactions are key intermediates in the synthesis of alkal- 
o i d ~ . ' ~ & ' ~  The acylnitroso alkene intermediate (167) that is generated from anthracene adduct (166) can 
react by an intramolecular ene reaction, resulting in the formation of hydroxamic acid ( l 6 8 ) . I 3 *  If the 
acylnitroso alkene is produced in the presence of a diene, an intramolecular Diels-Alder reaction can 
occur to give a 1,Zoxazine derivative such as (170) as shown in equation (76).143 

The preparation of compounds containing nitrogen double bonded to another heteroatom has been ac- 
complished by a rDA pathway. Cis- and trans-azomethane have been synthesized from tetrahydropyrida- 
zine (171) by thermal remdiene extrusion (equation 77).'45 The anti conformation of (171) is presumed 
to give trans-azomethane and the syn conformations yields the cis-isomer. Preparation of nitrosyl hy- 
dride (173) has been accomplished under mild nonphotochemical conditions, unlike conditions used in 
previous preparations. The extrusion of nitrosyl hydride from anthracene adduct (172) as shown in equa- 
tion (78),IM which occurs at a very mild temperature, was followed by microwave detection of (173). 

refluxing PhH 
0 
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/ 

45.4.4 Phosphaakene 

Phosphaalkene (174) has been generated from two different adducts (equation 79).14' 

45.5 PREPARATION OF UNSATURATED HETEROCYCLES 

455.1 Oxygen Heterocyclics Generated by Ethylene Formation 

The preparation of many unsaturated heterocyclic compounds can be achieved via rDA processes. The 
vast majority of these compounds are either oxygen or nitrogen containing heterocyclics, preparation of 
which is most often accomplished by the expulsion of an ethylene or a butadiene! moiety. a-Methylene- 
oxetane (175a) and P-methyleneoxetane (175b) are obtained by a rDA process from the anthracene cy- 
c l o a d d ~ c t s . ~ ~ ~  

The generation of exocyclic double bonds by rDA cycloreversion is useful for the synthesis of unsatu- 
rated lactones, which are an important part of many natural products. The a-methylenebutyrolactone Nli- 
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(175a) (175b) 

palin A (176), an antifungal phytotoxic compound isolated from tulip bulbs, has been prepared by two 
independent syntheses via rDA r e a c t i o n ~ . ~ ~ ~ J ~  The syntheses of a-methylene-y-butyrolactones (177) 
and (178) were achieved in good yield by rDA cycloreversion of the corresponding anthracene ad- 
ducts. 

R2 

The formation of the endocyclic double bonds of unsaturated lactones has been accomplished via the 
rDA reaction. The pEparation of 2-alkyl-2-butenolactones, such as (179). by a method that incorporates 
the rDA reaction as a key step has been applied to the synthesis of butyrolactone lignans such as (*)- 
hinokinin (180) as shown in equation (8O).ls2 An extensive study of the preparation of substituted 2-bute- 
nolides (183) has been reported. The mono-, di- and tri-alkyl bicyclobutenolides are prepared by reacting 
adducts (181) with Grignard reagents or with LDA followed by alkyl halides. Alkylated adducts (182) 
were then either directly distilled under vacuum or heated in a sealed tube to give the alkylated 2-bute- 
nolides (183) (equation 81).153-157 

0 
(181) X = 0, CH2 

alkvIation 

200-280 OC 

(- 0) 

+po R* 

W280 "C 

(- hj) 
R1 = H, alkyl, aryl, benzyl; R2 = H, alkyl, aryl, benzyl; R3 = H. alkyl, allyl, aryl, benzyl 
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The generation of a carbon-carbon double bond from a protected ethylene cycloadduct by rDA cyclo- 
reversion has been used for the preparation of 2J-dihydrofurans. The syntheses of 3,4-dimethyl-2,5-di- 
hydrofuran (184) and 3,7-dioxabicyclo[3.3.0]oct-1(5)-ene (185) were accomplished in high yield using 
FVP conditions to effect cycloreversion of the anthracene adducts at 550 and 800 'C, r e s p e c t i ~ e l y . ~ ~ ~ ~ ~ ~ ~  

o m  

(184) (185) 

455.2 Oxygen Heterocyclics Generated by Butadiene Formation 

The rDA cycloreversion of a 'protected' butadiene adduct has been applied to the synthesis of unsatu- 
rated oxygen heterocycles. The very unstable 2,3-dihydro-2,3-bis(methylene)furan and its 4-methyl deri- 
vative have been generated by rDA reaction of 4,5,6,7-tetrahydrobenmfuran and its dimethylated 
derivative (equation 82).I6O Characterization of these dienes was accomplished by trapping with various 
dienophiles. This method was extended to a two-step rDA synthesis of tetramethylenetetrahydrofuran as 
shown in equation (83).I6l 

(82) 

R 
920-950 OC @ R (-RCH=CH,; 

R = H , M e  

920-940 "C 

(-2 CH,=CH,) 

Another 3,4-disubstituted furan, compound (189), was prepared by an interesting one-pot DA-rDA 
process. The reaction of methyl 10-oxodec-8-ynoate (187) with 4-phenyloxazole (186) produced disub- 
stituted furan (189), which was subsequently converted into the 3.4-disubstituted furan prostanoid (190). 
The method of furan formation based upon the intramolecular DA addition between oxazoles and al- 
kynes, followed by subsequent rDA reaction extruding an alkyl nitrile, has been extended to the syn- 
thesis of several natural products. Upon refluxing in ethylbenzene, oxazole (191) gave evodone (193). 
the simplest member of the naturally occurring furanoterpenes.162 This method has been used similarly to 
prepare the furanwremophilanes (f)-petasalbine (194), (f)-ligularone (195)"j3 and (f)-paniculide A 
(196),IM and the furanosesquiterpenes gnididione (197a) and isognididione (197b)."j5 
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I 
(1%) (197a) X = '1, R' =Me, R2 = H 

(197b) X = 0, R' = H, R2 = Me 
0 

Isobenmfuran (198; R1 = R2 = H) and substituted isobenzofurans have been formed via rDA cyclo- 
reversions from many adducts. Depicted are some of the various adducts that have been used for this pur- 
pose. l* * 70 

Adduct 

R 

\ /N 

R 

0 

R2 

(198) 

rDA temp. ("C) Yield of isobemofuran (%) 

650 100 

170 100 

120 

130 

80 

Ph 

30 

78 

100 
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45.53 Nitrogen Heterocyclics Generated by Ethylene Formation 

The generation of the carbon+arbon double bond of unsaturated nitrogen heterocycles by the rDA re- 
action of cycloadducts that act as ‘protected’ ethylenes has been accomplished. Azetines have been pre- 
pared by this rnethod.l7’ Another example is the synthesis of 1-methyl-3-pyrroline (201). By protecting 
the ethylene of N-methylmaleimide (199) with furan and then reducing with lithium aluminum hydride, 
adduct (200) was obtained (equation 86).17* Pyrolysis of adduct (200) at 250-300 ‘C gave l-methyl-3- 
pyrroline (201) in 60% isolated yield. The ethylene moiety of N-substituted maleimides can also be 
generated via rDA reactions. Examples include the generation of N-phenylmaleimide (equation 87)173 
and of N-acetoxymaleimide (equation 88). 174 

0 

LiAIH: 

I Me U 

(199) 
0 

0 

0 

Generation of an ethylene unit from a ‘protected’ cycloadduct has found application in the synthesis of 
the a,P-unsaturated lactam moiety of indole alkaloids. The formation of lactam (203) occurs by pyrolysis 
at 180-190 ‘C via rDA extrusion from (202a) in 120 hours (67% yield) or from (202b) in seven hours 
(100% yield) as shown in equation (89).175 Acceleration of the rDA process in (202b) is due to the tri- 
methylsilyl group, which lowers the activation energy of the extrusion process by charge, radical or 
double bond stabilization P to the trimethylsilyl group. This 7-trimethylsilyl accelerated rDA process is 
useful for regeneration of the ethylene moiety under mild conditions. Lactam (203) was subsequently 
converted to the pentacyclic deethylaspidospema-type alkaloid (204).175 

455.4 Nitrogen Heterocyclics Generated by Butadiene Formation 

Substituted pyrroles such as verrucarine E (208), an antimitotic agent, have been synthesized by meth- 
ods that incorporate a rDA reaction as a key step. In order to prepare 3,4-disubstituted pyrroles in reason- 
able yields, an electron-withdrawing N-substituent must be present. Therefore, as shown in equation 
(W), N-benzoylpyrrole (205) was subjected to a DA-rDA sequence with acetylene elimination to pro- 
duce diester (207), which was transformed into verrucarine E (208).176 

The photochemical generation of pyrroles has been accomplished via intramolecular rDA reactions. Ir- 
radiation of azatricyclodecenone (209) in methanol resulted in a photoinitiated retrograde reaction that 
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N 
COzMe 

(202a) X = H 
(202b) X = SiMe3 

(-& 
N 

BZ 

N 
I 

COzEt & 
BZ 

i, MCPBA 

I 
(- HCrCH) 

(207) 
H 

ii, TFAA, PhMe 
100 "C 

OH 

0 

yielded pyrrole ketene (210). The final product, pyrrole methyl ester (211), was obtained by reaction of 
(210) with methanol (equation 91).177 

x& L xq+ = XcN- COZMe (91) 

(211) 
0 d 

(209) (210) 

The generation of pyrazole has been effected by thermal rDA decomposition of diazatricycle (212) 
(equation 92), while photolysis resulted in nitrogen elimination. 178 The formation of 4-(3-butenyl)- 1,2- 
pyrazole (214) occurred via rDA reaction of adduct (213) (equation 93).179 Apparently the rigidity of the 
tricyclic azoalkane (213) prevented nitrogen extrusion under the usual thermolysis conditions. Again, 
photolysis resulted in nitrogen elimination rather than cycloreversion. 

Isoindole was formed in essentially quantitative yield by rDA reaction of its ethylene adduct under 
FVP conditions (equation 94).lS0 Substituted isoindoles (215)lS1 and (216)lS2 have been obtained by a 
similar rDA extrusion process. 
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c1 

C1 

(212) 

70 "C 0 
N-N 

600°C,0.5Torr - a 
NH 

(- CH*=CHZ) 
(94) 

4555  Six-membered Nitrogen Heterocyclics 

A vast array of six-membered nitrogen heterocyclics has been synthesized by rDA methods. Py- 
~ i d i n e , ' ~ ~  1 ,Cdihydropyridine, l&l 5,6-dihydr0pyridine'~~ and pyrimidinone'86 syntheses have all been re- 
ported. 

Boger has devised numerous synthetic schemes for the synthesis of six-membered nitrogen hetero- 
cycles based upon DA addition with subsequent rDA extrusion, and has reviewed the ~ u b j e c t . ~ ~ ~ J ~ ~  Rep- 
resentative examples are shown for the synthesis of substituted pyridines (equation 95),189 substituted 
pyrimidines (equation 96)190 and substituted 1 ,Zdiazines (equation 97).191 

R3 r n? 1 R3 

R' R' 
L J 
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SMe 

N SMe 

SMe T 
SMe 

SMe 

SMe 

455.6 Heterocycles with Two Different Heteroatoms 

The synthesis of heterocycles via rDA processes includes the preparation of heterocycles with two dif- 
ferent heteroatoms. Furo[3,4-c]pyridine (218), a previously unknown polyheterocyclic, has been 
achieved by FVP of adduct (217) (equation 98).Ig2 The heteropentalene thieno[3,4-b]furan (220) has 
been synthesized by a reaction pathway based upon rDA formation of polyheterocycle (219) (equation 
99).lg3 Other heterocycles prepared via rDA reactions that contain two different heteroatoms include 6H- 
1,3-oxazin-6-one (221)lW and 3-arylisoxazoles (222).Ig5 

(- CH*=CH, ) - N, s o  (98) 
600-630 "C, 0.1 Torr 

(217) (218) 

C02Me @ 
R 
A 

N N  
Y N N  

R - N R  ,N* 
COzMe ErCozMe S 

(99) 

Ar 

(221) (222) R = H or COzMe 

45.6 INTRAMOLECULAR CYCLOREVERSIONS 

45.6.1 Cyclic Compounds 

Intramolecular rDA processes have been used to produce a variety of cyclic compounds. Thermolysis 
of azoalkane (223) followed by tautomerization gives 4-(2'-styry1)pyrazole (224) as shown in equation 
(100).'% Apparently the C - 1 4 - 6  and C - A - 5  bonds are sufficiently weakened compared with the C- 
1-N-2 and N-3-C-4 bonds in strained (223) that the rDA process is preferred over expected molecular 
nitrogen extrusion. An investigation of the thermal stability of (225) led to production of 2-vinylindene 
(227) via an intramolecular cycloreversion to intermediate (226). which underwent a 1,5-hydrogen shift 
to yield the more stable aromatized product (equation 101).lg7 
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II 

45.62 Isomerizations 

Often an intramolecular rDA cycloreversion is involved in a series of DA-rDA reactions in an 
isomerization or an automerization process. In the automerization of [4.2.2]propella-2,4,7,9-tetraene 
(228). a DA-rDA sequence occurred twice to produce bicyclic (230) (equation 102).19* A remarkable 
facet of this thermal molecular rearrangement process is the formation of the highly energetic cyclobuta- 
diene intermediate (229), whose presence was evidenced by trapping with methanol. Another isomeriza- 
tion involving a series of rDA reactions is observed for the thermal decomposition of 
tricyclo[6.4.2.0.23~6]tetradeca-1(8),4,13-triene (231). This thermal decomposition produces 1 ,Zdimethyl- 
enecyclohexane (235), tetralin (237), benzene (236) and butadiene (238) as shown in equation (103).Iw 
The mechanism shown was based on thermal decomposition of the hexadeutero analog of (231) (aste- 
risks are deuterated positions). The suspected driving force for this molecular rearrangement is the aro- 
matization occurring during the rDA reactions of (232) and (234). Tricyclic acetate (239) is converted to 
acetate (240) by a thermally initiated intramolecular rDA reaction (equation 104).200 Relief of ring strain 
is cited as contributing to the low temperature required for this rDA reaction. 

45.63 Solvolysis Reactions 

Very few well-documented cases of intramolecular rDA reactions are known that occur during solvo- 
lysis. Three examples that exist are: the aqueous ethanolysis of (241) in excess sodium cyanide (equation 
105)?O’ the hydrolysis of a related p-nitrobenzoate in aqueous acetone?02 and a related tosylate in 
TFA.203 In each case a cyclopentadienyl derivative is formed by an intramolecular rDA process, which 
can then be trapped as a DA adduct, tautomerize or dimerize. 

1 
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(231) 

rDA 
[4 + 41 
cycloreversion 

* 
(235) (236) 

OAc OAc 

(233) * 

rDA 11 DA 

*&* - 

* *  

* rDj 

=oc, OAc 

0 

4.5.6.4 Acyclic Species 

Intramolecular rDA reactions are also known that generate acyclic compounds. The thermal isomeriza- 
tions of bicyclo[4.1.O]hept-Zenes (242) and (243) were found to occur via an intramolecular rDA pro- 
cess as depicted in equations (106) and (107), respectively;z@' gem-difluoro substituents of (242) and the 
spiropentyl substituent of (243) give rise to similar kinetic enhancements of ring cleavage and an in- 
cremental strain of the ring system.*@' The kinetic parameters for these reversible intramolecular rDA 
processes demonstrate that almost all of the entropy lost upon product formation is lost on reaching the 
transition state. A final example of the formation of acyclic species by an intramolecular rDA cyclo- 
reversion involves the photochemistry of tropidine (244). Irradiation of tropidine in pentane with 185 nm 
light (6.7 eV photons) gave only product (245) in greater than 90% yield (equation 108)?05 
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188-214 "C 

Me 
N 
I 

185 nm 
f Me/N- ' \  
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(1%) 

4.5.7 GENERATION OF REACTIVE INTERMEDIATES 

45.7.1 Silenes, Disilenes and Silanones 

The generation of reactive species by a retrograde Diels-Alder pathway has proven a powerful tool for 
the study of chemical intermediates. The generation of intermediates containing doubly bonded silicon, 
such as silenes, disilenes and silanones, has been achieved. Silenes, molecules containing a silicon-carb- 
on double bond, can be obtained by the thermolysis or photolysis of an appropriate adduct. A very effi- 
cient silaalkene generator is the 7-silabicyclo[2.2.2]octadiene (246), which upon thermolysis or 
photolysis yields 2-methyl-2-silapropene (247) as shown in equation ( 109).206 Disilenes, compounds 
with a silicon-silicon double bond, have been similarly obtained. The disilene intermediate tetramethyl- 
disilene (249) has been produced by the thermal decomposition of 7,8-disilabicyclo[2.2.2]octa-2,5- 
dienes such as (248). The existence of these reactive intermediates is often substantiated by trapping with 
an appropriate diene. To be suitable, the diene must be stable at the decomposition temperature and the 
product formed after the reaction with the diene must also be thermally stable at this temperature. Direct 
evidence for the existence of tetramethyldisilene was obtained by trapping with anthracene as shown in 
equation (1 iO).207 

Silanones, the silicon analogs of ketones, are produced via rDA reactions. One attempt to prepae a 
suitable DA precursor for retrograde decomposition to a silanone met with unexpected results. The 
desired DA reaction between 2.2-dimethyl- 1-oxa-2-silacyclohexa-3,5-diene (251) and perfluoro-2-but- 
yne was complete in one day at room temperature. The observed product was o-bis(trifluoromethy1)ben- 
m e ,  as the initial adduct apparently underwent retrodiene decomposition to yield the intermediate 
dimethylsilanone (252) (equation 11 1). The occurrence of this retrodiene process at room temperature 
was not consistent with the analogous extrusions of silenes and disilenes that require elevated tempera- 
tures. However, the reaction sequence was substantiated by comparison with its carbon analog in which 
tetramethylpyran and dimethyl acetylenedicarboxylate react at room temperature to afford only acetone 
and the corresponding phthalate.208 Stable adducts that extrude silanones are also known. Reactions of 2- 
silapyrans and maleic anhydride provide stable adducts, such as (253), that decompose upon thermolysis 

Me 
I 

c 1 Me - Si 
LSi-Me 

I 

Me 

(247) 
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or photolysis to yield silanones. The existence of these reactive intermediates is based on the formation 
of cyclosiloxanes, for example (2541, from the cyclic oligomerization of the silanone in the absence of a 
trapping agent. The product of silanone insertion is obtained when a suitable trap such as dimethoxydi- 
phenylsilane is present.m 

Po cF3zF 
* 

Si: 

(251) 

Me' Me CF3 (5"') ( 3 3  

@Oo 

MezSi I Oo'SiMez I 
0 1 8 0 T  - o,si.o + 

\ 
Me2 

0 0 

(252) 

+ @: (112) 

0 

45.7.2 o-Xylylene via Retro-dimetalla-DA Reaction 

An interesting variation of the rDA reaction is the retro-dimetalla-Diels-Alder reaction that generates 
two reactive intermediates, o-xylylene (257) and the metal-metal double bonded dimer (256), via a dinu- 
clear elimination. Performing this equilibrium reaction in the presence of reagents that react with (2%). 
such as trialkylphosphines, yields the dinuclear monophosphine adducts. Consumption of (256) allows 
the o-xylylene to dimerize as shown in equation (1 13).m 

cpco=cocp  A + a (1 13) 
IrDA' - - 

K (257) 

1 
0 

CP 
0 

(255) (256) 
I 

0 0  lPR3 \ + QqJ 
14 \ 

c p  - c o  - c o  - c p  
PR3 
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43.73 Cumulenes 
Cumulenes, generally regarded as difficult to prepare, can be obtained readily via rDA methods. Al- 

lenes, the most basic cumulenes, with a wide range of substituents on the allenic carbon, can be obtained 
by Fvp of anthracenic DA adducts as shown in equation (1 14).210 Butatriene (US), the next in the series 
of cumulenes, has been produced by FVP of a variety of adducts that includes 9,lO-ethano-9,1O-dihy- 
droanthracene?’ * cyclohexyne2I2 and fulvene, furan and benzene cycl~adducts.~~~ Pentatetraene (260), a 
compound that is stable enough to be purified by GLC at mom temperature, has also been obtained by 
the FVP of vinylallene (259).214 

FVP 

R1 = H, Me; R2 = H, Me, CHO; R3 = H, Me, CN, C 0 2 R  R4 = H, alkyl, CHO, CN, COIR, OSiMe3, NH2 
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5.1.1 INTRODUCTION 

Seven-membered carbocycles are an important class of organic compounds that are of practical and 
theoretical interest. They are more elusive and have been studied less in depth than their lower homo- 
logs, probably because of entropy reasons, ring strain, and synthetic difficulties. Before discovery of the 
[4 + 31 cycloaddition reaction, methods for preparing seven-membered carbocycles were limited to en- 
largement of six-membered rings and some cyclization reactions. However, [4 + 31 cycloadditions of re- 
active three-carbon species with dienes should prove to be the most convenient and straightforward 
method for the synthesis of a wide range of seven-membered rings. Recently, various routes to reactive 
three-carbon species have rapidly developed and therefore [4 + 31 cycloadditions using these species 
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have come to be widely investigated, although not yet to the level of  I IT (4C) + 21r (2C)] cycloadditions. 
The latter processes constitute one of the most useful and successful processes in organic synthesis, lead- 
ing to six-membered carbocyc1es.l 

5.1.2 PREPARATION OF REACTIVE THREE-CARBON UNITS 

In 1%2, Fort frst  reported the preparation of an 8-oxabicyclo[3.2.1]octd-en-3-one derivative (1) by 
reaction of a-chlorodibenzyl ketone (3) with furan in the presence of 2,6-lutidine as a base? The 29xy- 
allyl unit (2) coupled with furan in this reaction (Scheme 1). Soon after, Cookson and his coworkers re- 
ported an improved method for the synthesis of (l).3 

(3) (2) 

Scheme 1 

The discovery of allyl cations (2) that serve as 27r components in [41r (4C) + 27r (3C)] cyclocoupling 
reactions provides considerable innovation for the elaboration of seven-membered ring carhycles.  The 
[4 + 31 cyclocoupling reaction of allyl cations with 1,3-dienes is an efficient and easy method for the 
stereoselective synthesis of seven-membered ring compounds. New methodology for generating allyl 
cation species continues to evolve and annulations using these species have opened easy access to a wide 
range of organic frameworks that have been utilized for preparing natural products, pharmacologically 
active compounds, and key intermediates for various useful organic molecules. These reactive species 
also undergo [3 + 21 cycloadditions across simple alkenic bonds, thereby giving rise to five-membered 
carbocycles. Mechanistic and synthetic aspects of the [4 + 31 and [3 + 21 cycloaddition reactions using 
allyl cations have been elegantly reviewed by Hoffmann! Noyori5 and Mann6 Recently, vinylcarbenes 
and 1,3-dipolarophiles consisting of three-carbon species have also been used as 21r components in [4 + 
31 cycloaddition reactions.’ 

5.1.2.1 p-Heteroatom-substituted Allylic Cations 

Much attention has been directed to the chemistry of P-heteroatom-substituted allylic cations (5). espe- 
cially oxyallyl cations (7), from both synthetic and mechanistic viewpoints. One of the characteristic re- 
actions of oxyallyls (7) is their [4 + 31 + 7 cycloadditions with conjugated dienes, which provide a 
unique and important route to seven-membered rings (Schemes 2 and 3). 

R’ R2 R3 @ 
a: H H H H  
b: Me Me H H 

R4 c: H H Me Me 
d: H Me Me Me 

R3 e: Me Me Me Me 

- RIA ~4 AgOCOCF,, AgBF4, AgC104, 

or ZnCI2 
RZ X R3 RZ 

f : H  -(CHz)z- H (4) (5) 

X = C1, Br, OH, OCOCF,,; Y = OSiMe,, OR, NR2, alkyl g: H -(CH2)3- H 

Scheme 2 

5.13.1.1 a,d-Dihalo ketones and reducing agents 

One of the most useful routes to 2-oxyallyl cations (7) is the reaction of ad-dihalo ketones (9) with 
reducing agents (Scheme 3). Initially, halogenated metal enolates of type (8) are formed and oxyallyl ca- 
tions (7) are then generated by subsequent elimination of the halide ion. Copper-sodium iodide in ace- 
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0-Metal 0-Metal 
R 1 h R 4  c- i R ' h Z  

R2 X R2 R3 R2 X 

(6) (7) X=Cl,Br (8) 

0 

(9) 

i, Fe2(C0), and related iron carbonyl species, Zn-Cu couple (Me3SiC1), Zn-Ag couple, 
Zn/(Et0)3B, or Cu/NaI 

R' R2 R' @ R1 R2 d @ 
a: Me H H H j: Me Me Ph H 
b : p r ' H H H  k: Me Me Me Me 
c: Pr" H pr' 1: H -(CH2)2- H 
d: Ph H H H m: H 4CH2)3- H 
e: Ph H Me H n: H Br H H 
f: H Me Me H 0: H Br Br H 
g: H Ph Ph H p: H C1 C1 H 
h: Me Me H H 9: I H Me Me 
i: Me Me Me H 

Scheme 3 

tonitrile? zinc dust-triethyl borate in THF? zinc-copper couple in DME or acetone,1° diiron enneacarbo- 
nyl [Fe2(CO)9] in benzene," and sodium iodide in acetone or acetonitrile3 have seen use. In addition, 
copper-isonitrile complexes,'* Grignard reagents,13 ~rganocuprates,~~ and dissolved electrons14 are also 
capable of promoting the reaction with open-chain dibromides. The reaction of (9) with zinc-copper 
couple has been accelerated by the addition of chlorotrimethylsilane. Moreover, the yield of cycloadduct 
dramatically increases, presumably due to formation of an a-haloalkyl-substituted silyl enol ether (8; M 
= SiMe3) followed by a cation of type (7), which is more electrophilic than (8; M = ZnBr).15 A summary 
of the main features of various methods for preparing 2-oxyallyl cations is given in Table 1. 

5.13.12 a-Halo htones and base 

After Fort's and Cookson's reports, a variety of combinations between a-halo ketones (6) and bases 
has evolved for the generation of 2-oxyallyl cations (7). Simple a-bromobenzyl and a-bromoalkyl 
ketones can be converted to the corresponding oxyallyl cations, which are trapped with 1.3-diene deriva- 
tives. Reactions using triethylamine proceed smoothly in methanol and 2,2,2-trifl~oroethanol.~~ The de- 
halogenation can also be efficiently promoted by silver tetrafluoroborate and triethylamine in 
acetonitrile, or in furan which serves as both solvent and trapping agent.17 Readily available, inexpensive 
lithium perchlorate-triethylamine in diethyl ether is also effective for reaction with a-chloro and a- 
bromo ketones, owing to the formation of insoluble triethylammonium halide. l8 The base-induced re- 
action of a-halo ketones turns out to generate weakly electrophilic 2-oxyallyl intermediates (7), which 
react specifically with furan and other nucleophilic dienes. l9 

The more acidic y-bromo-P-oxonitriles (10) have been easily dehydrohalogenated with Ag2O (Scheme 
4).20 

0 0- 



Tabk 1 Reparation of Reactive Threecarbon Units 

Section Stating material Reagent S O l v e ~  Reaction time Reaction temp. Ref. 

5.1.2.1.1 a,a'-Dihalo ketone 

5.1.2.1.2 a-Bromo ketone 
y-Bromo-fl-oxonitrile 
aChlom and a-bromo 

ketone 

5.1.2.1.3 Siloxyallyl chloride 

Siloxyallyl bromide 
Siloxyvinyl aldehyde 
Siloxyvinyl ketone 

Alkoxyallyl bromide 
Aminoallyl chloride 

5.1.2.1.4 Cyclopmpanone 
allenoxide 

5.1.2.2.1 Allyl iodide 

5.1.2.2.2 Allyl alcohol 

Fe&OEfe(CO)s 
Cu. BuUC 

Grignarcl or cuprate reagent 
Electron reduction 

AgBFdEtS 
A 2 0  

~ i & 3 ~  

E t S  
NaH 

LiClod 
AgClOb 

SIC4 
Tic4  

CF3COOAg or ZnCl2 
AgBF4 

MeCN 
THF 

DMEOraCetOne 
THF 

Benzene 
Benzene 

C H S z  or MeCN 
CHzCl2 or ether 

Ether 

MeOH/CF3CH20H 
Ether 

MeOH 
M e N a  

THF/ether 
CHzClz 
CH2Ch 
CHzCIz 
Benzene 
C H E b  
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5.1.2.13 /MIeteroatorn-subsh2uted aUylic halides and silver salts or Lewis acids 

2-(Trimethylsiloxy)allyl cations (5; Y = OSiMes) are obtained by the reaction of 2-(trimethylsi- 
1oxy)allyl chlorides ( 4  X = C1, Y = OSiMe3) with silver perchlorate in nitromethane (Scheme 2).21 These 
intermediates are also obtained with the aid of a Lewis acid?2 It has been reported that 2-siloxyacrolein 
(1%; R = H), but not the less electrophilic (12b; R = Me), when activated by an equimolar amount of 
SnCh serves as a I-hydroxy-2-oxidoallyl synthon (13) (Scheme 5).23 

R 
I 

R 

(12a) R = H 
(12b) R = Me 

(13a) R = H 
(13b) R = Me 

Scheme 5 

2-Methoxyallyl cation (5a; Y = OMe), derived from 2-methoxyallyl bromide (4a; X = Br, Y = OMe) 
and silver trifluoroacetate in the presence of sodium carbonate, reacts with benzene, toluene, p-xylene or 
me~itylene.2~ 2-Ethoxyallyl alcohol (4c; X = OH, Y = OEt) in the presence of trifluoroacetic anhydride 
generates the 2-ethoxyallyl cation (5c; Y = OEt).25 2-Ethoxyallyl alcohol (4c) is probably more advant- 
ageous than the corresponding 2-methoxyallylic species (4a; Y = OMe) because dealkylation of the in- 
termediary oxonium ion seems to be less facile, and the ethyl enol ether is more nucleophilic than the 
methyl enol ether. Treatment of cyclic a-chloroenamines (4f; X = C1, Y = morpholino) and (4g; X = C1, 
Y = pyrrolidino) with AgC104 or AgBF4 in THF or dichloromethane generates 2-aminoallyl cations (5f; 
Y = morpholino) and (5g; Y = pyrrolidino).26 

5.1.2.1.4 Cyclopropanones and related compounds 

Cyclopropanones act as three-carbon sources in [4 + 31 cycloadditions. However, these small-ring 
compounds are impractical for preparative scale experiments, because they are generally inaccessible 
and also must be handled with special precautions, in contrast to other oxyallyl species. One of the early 
descriptions of the synthesis of cyclopropanones appeared in 1 932.27 Nevertheless, the development of 
the chemistry of cyclopropanones proceeded at quite a slow pace until the late 1960s when Turro re- 
ported their utilization in [4 + 31 cycloaddition reactions.28 2,2-Dimethylcyclopropanone (14) adds to 
furan, cyclopentadiene, 6,6-dimethylfulvene and the relatively nucleophilic N-methylpyrrole to give the 
corresponding cycloproducts, but fails to react with anthracene and 1,3-butadiene. Parent cyclopropan- 
one cannot be used. 

Irradiation of tetramethylcyclobutanedione (16) in furan gives an 8-oxabicyclo[3.2.l]oct-6en-3-one 
derivative via oxyallyl cation (17).29 This reaction is the first example of the cycloaddition of cyclopro- 
panones. Although the syntheses of a few seven-membered ring compounds have been subsequently car- 
ried out by means of this photoreaction, interest in cyclopropanone chemistry has been directed to 
structure and reactivity relationships, but not to organic synthesis?O 

Allenoxide (18) also reacts with 1,3-dienes to give seven-membered ring adducts (19) (Scheme 6).31 

5.1.2.2 Other Allylic Cations 

5.1.2.2.1 AUyIic halides and Lewis acids or silver salts 

Treatment of p-methallyl iodide (4a; X = I, Y = Me) with a silver salt gives a methallyl cation (5a; Y = 
Me) which reacts with 1.3-dienes such as 1,3-butadiene, 1.3-cyclopentadiene or 1,3-~yclohexadiene to 
give the corresponding seven-membered ring compounds (20) and (21) and their isomers?2 However, 
cycloaddition of the parent allyl cation (5a) with 1.3-dienes generally produces satisfactory results. In 
fact, (Sa; Y = H) derived from allyl iodide (4a; X = I, Y = H) and silver trifluoroacetate reacts with 1.3- 
cyclopentadiene to yield bicyclo[3.2.l]octa-2,6-diene (21; Y = H, n = 1) though in poor yield, along with 
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Scheme 6 

2-propenyl trifluoroacetate as a major 
membered ring product (24) (Scheme 7).33 

Similarly, propargyl cation (23) also gives a seven- 

R R  R 

R 

+. - HCEC-C, - ,R AgOCOCF3 HCEC-C 
t 'R 
c1 

L J (23) 
Scheme 7 

5.1333 Activation of allylic alcohols and allylsilcrnes 

Allyl alcohol with three terminal methyl groups, such as (4c; X = OH, Y = Me), reacts with cyclopen- 
tadiene under two-phase conditions (in an aqueous p-toluenesulfonic acidlpentane solution) to give a 
seven-membered ring product (26) (Scheme 

Allylsilanes are important synthetic reagents for the introduction of allyl groups and act as otherwise 
inaccessible synthetic eq~iva len ts .~~ Although allylsilanes are relatively stable and isolable, they react 
with a variety of electrophiles in the presence of a Lewis acid. When 2-(trimethylsilylmethyl)allyl alco- 
hol or its trifluoroacetate is treated with a Lewis acid, the 2-(trimethylsilylmethyl)allyl cation that can 
participate in [4 + 31 cyclization is formed.36 The reaction proceeds in a symmetry-allowed suprafacial 
manner. For example, when a highly substituted 1,3-bifunctional silyl alcohol (4; X = OH, Y = 
CHzSiMe3) is exposed to a Lewis acid, the intermediate 2-(trimethylsilylmethyl)allyl cation (27) reacts 
with cyclopentadiene and furan to give the corresponding cycloadduct (a), though the yields are modest 
(Scheme 8).36 

Recently, Trost reported on [4 + 31 cycloadditions of trimethylenemethane fragments by palladium- 
catalyzed reaction of 2-(trimethylsilylmethyl)allyl acetate (4a; X = OAc, Y = CH2SiMe3) and related 
compounds with electron-deficient alkenes. An exciting approach to methylenecycloheptenes (30) is 
realized.37 These interesting reagents have been elegantly reviewed by Tro~ t .~*  The reaction of trimethyl- 
enemethane-palladium intermediate (29) with dimethyl (E&)-muconate gives as cyclized products a 1 : 1 
mixture of the five- and seven-membered carbocycles. Treatment of exocyclic diene (30) with (29) in the 
presence of a Pdo catalyst leads to perhydroazulenes (31) in good yields. Best results are obtained by 
using NN-benzylideneethylenediamine as a ligand. The ex0 methylene group of the adduct is chemose- 
lectively oxidized to a ketone (32) by the portion-wise addition of benzyltriethylammonium permanga- 
nate. The ketone (32) corresponds to the [4 + 31 cycloadduct of the 2-oxyallyl zwitterion.37 
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' HO 

Molander et af .  have reported on the dianionic [4 + 31 annulation reaction of 1,4-dicarbonyl com- 
pounds with 3-iodo-2-[(trimethylsilyl)methyl]propene (4a; X = I, Y = CH2SiMe3) promoted by tin(II) 
flu0ride.3~ The extraordinary efficiency of this novel stereoselective seven-membered ring forming pro- 
cess, coupled with the simplicity of the procedure, promises to provide an expedient route to innumer- 
able cyclic organic molecules (Scheme 9). 

Scheme 9 

5.1.23 Singlet Vinylcarbenes and Vinylcarbenoids 

Cyclopropenone ketals (35) on thermal reaction give wdelocalized singlet vinylcarbenes (36c), which 
serve as three-carbon 1,1-/1,3-dipoles (Sa)  lacking octet stabilization that cycloadd to a-pyrones effec- 
tively.' 

Davies et af. have reported that the formal [4 + 31 cycloaddition reaction of vinylcarbenoids (38) with 
furan to give (39) via (40) proceeds satisfactorily (Scheme 
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Eozc-Tfco2Et + 
N2 

(37) 

R 
CO2Et 

(39) 

Scheme 10 

5.13.4 Miscellaneous Methods 
The dehydrogenation of bis(a-bromobenzyl) sulfide (41) with Fez(CO)9 in the presence of furan af- 

fords (43). The iron-stabilized sulfur ylide (42) has been proposed as intermediate?l Reaction of CY-di- 
phenylnimne (44) with 1,2-bis(methylene)-3,3,4,4,5,5-hexamethylcycl~ntane (45) in benzene at 80 'C 
gives a [4 + 31 cycloadduct (46; 18%), along with some other products!2 Landor et al. have shown that 
the dehydrobromination of allenyl bromide (47) in the presence of furan affords bicyclic ketone (49) in 
9% ~ield.4~ Apparently, a strained alkyne intermediate reacts with t-butyl alcohol to afford an enol ether 
(a), which is then converted to (49) (Scheme 11). 

I v 'Ph 

(47) (48) 

Scheme 11 
(49) 
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5.13 REACTIONS WITH DIENES 

The f3-heteroatom-substituted allylic cations shown in Section 5.1.2 serve as active threecarbon units 
toward 1,3-dienes to afford the corresponding seven-membered ring compounds selectively, though five- 
membered rings are obtained in some cases.21*44 

[4 + 31 Annulations of allylic cation species with diene moieties are formally classified according to a 
mechanistic descriptor (Class A and B), where Class A is a concerted mechanism and Class B is the step- 
wise one as shown in Scheme 12. 

intermediate 

compact mode 

R* 0 

.......... 

extended mode Scheme 12 

The precise mechanism of [4 + 31 cycloadditions involving allyl cations depends upon the nucleophil- 
icity of the dienes, the electrophilicity of the allyl cations, and the electronic property of the substituent Y 
on the allylic moiety. For example, the cycloaddition of 2-oxyallyliron(II) cation species (7), generated 
from a dibromo ketone and iron carbonyl, with 1,3-dienes is classified as a [41r (4C) + 21r (3C)] pro- 
cess.44 This cationic cycloaddition, which is symmetry allowed, proceeds in a concerted manner via the 
cyclic transition state, and the regioselectivity should be controlled by frontier molecular orbitals 
(FMOs) of the cycloaddends. Indeed, the experimental findings by Noyori et al. are not consistent with 
the stepwise mechanism via zwitterions but agree with the concerted process that occur via a cyclic tran- 
sition state (Class Thus the reaction of 1-phenyl-2-oxyallyl (7d) with 3-methylfuran generates a 
mixture of (50)-(53), in which the ratio of both (%)/@la) and (52a)/(53a) is 56:44. Similarly, the addi- 
tion of (7d) and ethyl 3-furoate leads to a 55:45 mixture of (50b)/(Slb). The observed regioselectivity is 
best accounted for by considering the primary interaction between the FMOs of each cycloaddend, 
namely the LUMO of the electron-accepting oxyallyl and the HOMO of the electron-donating furan sub- 
strates. Thus the transition state formed through dominant interaction between the termini with the larger 
MO coefficient (primary MO interaction) results in the production of the major isomer. Interesting is the 
behavior displayed by 2-furoates that have comparable MO coefficients at the two reaction sites, C-2 and 
(2-5. The trend toward the production of the major regioisomer (54) is far greater than that expected from 
the degree of MO inclination. This bias is presumably due to the presence of secondary MO interactions 
between the substituents of each cycloaddend in the transition state. There exists only a narrow energy 
gap between the FMOs of the cationic oxyallyl and furans. Therefore the two cycloaddends can achieve 
pericyclic interaction even at a long distance. Consequently, such secondary MO interactions become 
much more significant than in the ordinary nonpolar [41r (4C) + 21r (C2)] process (Scheme 13).l 

The unsymmetrically substituted oxyallyl intermediates (7i) and (7j), generated from the correspond- 
ing dibromo ketones, are trapped by styrene to give a regioisomeric mixture of 3-phenylcyclopentanones 
(56a,b) and (57a,b), re~pectively.~~ The results are summarized in Scheme 14. 

Apparently the preferred orientation in the cationic [3 + 23 cycloaddition is the one that realizes the 
maximum stabilization within the zwitterionic intermediates (Class B, route b). The same trend has been 
observed in the reaction that employs enamines.47 
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(71) R = Me 
(7j) R = Ph 

(56a) R = Me 
(56b) R = Ph 

(57a) R = Me 
(57b) R = Ph 

(56a)/ (57a) = 94:6 
(56b)/(57b) = 0: 100 

Scheme 14 

Since mechanistic considerations in these areas have been discussed in detail by Hoffmann." a variety 
of regio- and stereo-selective [4 + 31 cycloaddition and cyclization reactions are described in this section. 
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5.13.1 Open-chain 12-Dienes 

Oxyallyl cations give cycloadducts (58) in the presence of a variety of open-chain 1,3-dienes in gener- 
ally good yields, provided that the diene exists primarily in an s-cis conformation. Noyori and his cowor- 
kers found that the reaction of a,a'-dibromo ketones and Fe2(CO)9 in the presence of 13-dienes afforded 
the corresponding 4-cycloheptenones in moderate to good ~ i e l d . 4 ~  This simple one-step procedure re- 
veals wide applicability for the regioselective synthesis of seven-membered ketones in preparative scale 
experiments. Although reactions of 1.3-dienes with a,a'-dibromoacetone fail to give cycloheptenone ad- 
ducts, unlike dibromides that possess long alkyl side chains, condensation with tetrabromoacetone pro- 
ceeds smoothly?8 Thus the iron carbonyl-promoted reaction of polybromoacetone and 1,3-dienes, 
followed by zinc-copper reduction, formally corresponds to [4 + 31 cyclocoupling of dibromoacetone to 
dienes?8 This modification has wide applicability and can also be used for reactions involving other 
methyl ketone polybromides. Thus 2-oxyallyls with various kinds of substitution patterns can be ob- 
tained in a formal sense. Additionally, tetrasubstituted dibromo ketones and disubstituted dibromo 
ketones such as 2,4-dibromopentan-3-one (sf, and 3,5-dibromo-2,6-dimethylheptan-4-one (9c) can be 
employed. A variety of 1,3-dienes, including 1,3-butadiene, isoprene and 2,3-dimethyl- 1,3-butadiene, 
can serve as open-chain 1,3-dienes. 

Since the present [4 + 31 + 7 reaction can be regarded as a concerted  IT + 21~1 cycloaddition, it is ex- 
pected that dienes having high equilibrium concentrations of the s-cis conformer should serve as efficient 
acceptors of the reactive three-carbon unit. As expected, 1,2-dimethylenecyclohexane is recognized to be 
one of the most effective  diene^.^^*^^ It should be further noted that the use of diene-iron carbonyl com- 
plexes in place of the free dienes results in remarkable increases in the yields of cycloadducts, presum- 
ably owing to fixing the s-cis conformation within the diene?8 

Compound (4c; X = C1, Y = OSiMes) reacted with isoprene to give a mixture of karahanaenone (59) 
and its regioisomer (60), irrespective of the reaction conditions.21 The regioselectivity is slightly higher 
in THF-ether or benzene than in nitromethane. 2-Siloxyallyl cation (5c), generated from 2-siloxyallyl 
bromide (&, X = Br, Y = OSiMes) with the aid of zinc chloride in dichloromethane, adds to isoprene 
regioselectively to give karahanaenone (59) and its regioisomer (60) in a ratio of ca. 2:1.22 With p-  
methylstyrene the aromatic sesquiterpene a-cuparenone is obtained. These results strongly suggest that 
the reaction proceeds in a stepwise manner in rather nonpolar solvent systems. These two monoterpe- 
noids may also be obtained from the appropriate a,a'-dihalo ketone and ~inc-copper"~ or zinc dust-tri- 
ethyl b ~ r a t e . ~  

Compound (13a) also reacts with butadiene in the presence of SnCb to give 2-hydroxy-4-cyclohepte- 
none (61) directly (Scheme 15).23 

5.1.3.2 Cyclic lS-Dienes 

5.1.36.1 Cyclopentadienes and related compounds 

Cyclopentadiene gives rise to bicyclo[3.2.l]oct-6-en-3-ones (62) upon reaction with 2-oxyallyl cations 
(7) in generally high yields. The adducts are important precursors to natural products, as discussed in a 
later section. The 2,4-disubstituted products (64a,b), obtained stereoselectively via the extended and 
compact mode, respectively, are usually a mixture of two cis isomers except for the diphenyl a d d ~ c t . ~  A 
similar confonnational change can be seen for cycloadducts involving oxyallyl cation (79 from 2.4-di- 
bromopentan-3-one (sf; X = Br) and cyclohexa-l,3-diene. A tricyclic ketone (63) is obtained by a re- 
action using 2,5-dibromocyclopentanone (91; X = Br).50 Tri- and tetra-bromo ketones (9n) and (90) also 
react with cyclopentadiene with the assistance of Fe(C0)s in benzene or THF-ben~ene?~~ .~ .~~  The extra 
bromine atoms in the resulting cycloadducts are quantitatively removed by treatment with zinc-copper 
couple in ammonium chloride-saturated rnethan01?~+~~ In this case, less satisfactory results are obtained 
with Fez(C0)g or zinc-copper couple-triethyl borate. Compound (4c) also reacts with 1.3-cyclopenta- 
diene to give a cyclized product (66), which is the key intermediate for the synthesis of camphenic acid 
(Scheme 16). Iron carbonyl-promoted reactions of &,a'-dibromo ketone (9) with various substrates, in- 
cluding alkenes, enamines and 1,3-dienes have been reviewed in detail by N o y ~ r i . ~  

Hoffman et al. have reported that reaction of the 2-methylallyl cation with cyclopentadiene affords 
seven-membered ring products.32 

Cycloadditions of cyclopentadienones (67a-d) with (99 and (9k) in the presence of Fez(C0)g in dry 
benzene has given the corresponding [4 + 31 cycloadducts (68a-d) and (69a-d) in moderate ~ ie lds .5~  



604 Higher-order Cycloadditions 
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Scheme 15 

However, a similar cycloaddition reaction of (sf) with tetraphenylcyclopentadienone (67e) did not take 
place even under more drastic conditions, presumably owing to the steric hindrance of the phenyl groups 
at the 2,5-positions in the cyclopentadienone moiety. Adducts (68) and (69) probably arise via a half- 
boat c~nformation?~ The rate constants of these reactions are second order and reveal low sensitivity to 
the ionizing power of the reaction medium, suggesting that a concerted mechanism may be involved. 
Fulvenes also enter into cyclocoupling with dibromo ketones (9f) aided by copper-sodium iodide in ace- 
tonitrile?2 zinc4opper couple in DME,8b or sodium iodide in acetonitrile?2 giving I-alkylidenebicy- 
clo[3.2.1]oct-6-en-3-ones (70) (Scheme 17). Reactions with 6,6-dialkylfulvenes generally give good 
results, though hetero substituents at the C-6 position depress the yields. 6-(Dimethy1amino)fulvene acts 
as a 6 a  component, giving a different type of cyclic adduct (71) in the presence of Fe~(C0)9?~ 

5.1333 Cyclohexadiene and other cyclic dienes 

Diels-Alder reactions of 2-pyrone with various dienophiles are well known to give the corresponding 
[4 + 21 cycloadducts in good yields.1~5~ Although the reaction of allyl cations with 2-pyrones has not, to 
our knowledge, been reported, Boger et al. have recently described the reaction of delocalized singlet vi- 
nylcarbenes with 2-pyrones to give [4 + 31 cycloaddition pr~ducts.~ Vinylcarbene species (36) acts as a 
2a component in [4a (4C) + 2a (3C)] cycloadditions with selected dienes, suitable for the preparation of 
functionalized cycloheptadienes that are capable of further elaboration to tropones (73).% This reaction 
has been applied to the formal total synthesis of colchicine (74) (Scheme 18). 



[4 + 31 Cyclwdditions 605 

Br 65% 

(64a,b) 82% 
~ , a l P , p  = 6.4 1 

6 0  

extended mode ~ 

(chair-like) 

(Ma) 6.4 

F o  
compactmode 

(boat-like) 

(Mb) 1 

- Camphenic acid 
0 c1 

(66) 
Scheme 16 

5.133 Heterocycles 

5.133.1 Furans 

Cycloaddition reactions of allylic cations with furans (76) have been extensively studied for the prep- 
aration of 8-oxabicyclo[3.2,l]octd-en-3-ones (75). which have served widely as starting materials for 
the synthesis of a number of natural products and their congeners such as thromboxane A255 and B2% 
analogues, C-nu~leosides?~ muscarine analogues?* pymolizidine alkal~ids?~ and troponoids,4*.@' as 
well as theoretically interesting molecules (Scheme 19).ab*61 

For the cyclocouplings of open-chain dibromo or polybromo ketones and cyclic bromo ketones with 
furans, iron carbonyls and zinc-copper couple are the most widely used reducing agents to afford the 
corresponding adducts, generally in fair to high yields and significantly high stereoselectivity. Thus (75) 
can be prepared by reductive cyclocoupling of dibromo or polybromo ketones with furan or its alkyl, al- 
koxycarbonyl or halogeno derivatives. For example, the stereochemical outcome in the reaction of (9f) 
with furan was 48:lOO for the a,a/f3$/a,f34somers of (75d).62 Cyclic dibromides undergo somewhat er- 
ratic transformation accompanied by a-substitution reactions to give 2-substituted furans. Reactions 
using a,d-dibromomethyl alkyl ketones are generally efficient. When cyclocoupling reactions of 1,3di- 
bromo- l-phenylpropan-2-one (9d; X = Br) with substituted furans are promoted by Fez(C0b and zinc- 
copper couple, regioisomeric mixtures of 14 + 31 adducts are obtained (Scheme 19).5*46*63 The 
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Scheme 17 

regioselectivity, which is moderately good, is controlled by the FMOs of the intermediary oxyallyl 
species (LUMOs) and furan (HOMOS) (see Section 5.1.3).45 

It has been recently reported that 2-(trimethylsiloxy)acrolein (1%; R = H), but not the less electro- 
philic (12b; R = Me), can serve as a 1-hydroxy-2-oxidoallyl synthon (13) in the presence of an equimolar 
amount of SnC4F3 Interestingly, furan affords only the ex0 adduct (77). This stereoselectivity can be ex- 
plained by postulating that the cycloaddition belongs to Class B, the formation of the second a-bond 
being late or product-like and assisted by chelation to oxygen. 

2-(Trimethylsiloxy)yl cations (5; Y = OSiMes), generated from the corresponding siloxyallyl 
chlorides (4; X = C1, Y = OSiMe3) and silver perchlorate, smoothly react with furan and cyclopentadiene 
in nitromethane to give [4 + 31 cycloadducts in good yields.*' The cycloaddition with furan proceeds in a 
stereospecific manner with retention of the allyl cation configuration, in accord with the concerted mech- 
anism (Class A). In contrast, the reactions in THF-ether are nonstereospecific and the yields strongly de- 
pendent upon the structure of the allyl cation (5; Y = OSiMes) because of competition with electrophilic 
substitution. The reaction of (4c; Y = OSiMe3, X = C1) with 2-methylfuran proceeds in a highly regio- 
selective manner in THF-ether, giving (78a) overwhelmingly, compared with nitromethane where two 
regioisomers (78a) and (78b) are fonned in comparable amounts. The findings in THF-ether are reason- 
ably explained by a stepwise mechanism (Class B, route a) (Scheme 20). 
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5.133.2 Pyrroles 

Pyrrole and its N-alkyl derivatives can be employed as diene components for the copper-sodium 
iodide promoted [4 + 31 cyclocoupling reaction of open-chain dibromo ketones.8bv64 Reactions with cy- 
clic dibromo ketones such as 2,6-dibromocyclohexanone (9m; X = Br) afford only substitution products. 
Treatment of both acyclic and cyclic dibromo ketones with zinc or iron carbonyls only results in substitu- 
tion!9c-c*64 In contrast, pyrrole derivatives bearing an electron-withdrawing substituent such as acetyl or 
methoxycarbonyl on the nitrogen atom undergo the cyclocoupling reaction with di- or more highly 
brominated ketones (9 X = Br).65 As a reducing agent, Fez(CO)9 is used since Fe(CO)5 or zinc-copper 
couple give less satisfactory results in these cases. Attempts to use copper-sodium iodide were unsuc- 
cessful (Scheme 21). Allenoxide also reacts with N-methylpynole to give the corresponding seven-mem- 
bered adducts.31 

(8Oa-c) 6549% 
a: R = H; b: Me; c: Ph 

Me02C. 0) Fe,(CO& 
(sf) + N * 

I benzene CO2Me 

0 i. Fe2(C0&, C6H6 MeOzC . 
ii, Zn/Cu, "&I, MeOH 

L "\w"- - Tropane alkaloid (90) + N 
I 
C02Me 

Scheme 21 

5.13.4 Arena  

Oxyallyl, alkoxyallyl, siloxyallyl, aminoallyl and alkylallyl cations react with arenes to give cycload- 
ducts (83H87). Methoxyallyl bromide (4a) reacts with benzene in the presence of CF3COOAg to give 
bicyclo[3.2.2]nona-6,8-dien-3-one (83), though the yield is not always good.24a The reactive species ob- 
tained from (&) is captured by naphthalene to give a small amount of 1 ,Caddition product (84) together 
with a substitution product?' The reduction of ad-dibromo ketones (9 X = Br) with zinc-copper 
couple in dioxane containing anthracene affords 6,7,8,9-dibenzobicyclo[3.2.2]nonan-3-one (85) in 3- 
25% yields.66 However, the addition of chlorotrimethylsilane to the system along with a solvent change 
to benzene results in substantially increased yields of (85) (71-97%1).~ Schmid et al. have shown that in 
the presence of AgBF4 and naphthalene, cyclic a-chloroenamine (4g; X = C1, Y = pyrrolidino) affords 
(86) and (87), in 24 and 0.4% yields, respectively (Scheme 22)?6a 

5.1.4 SYNTHETIC APPLICATIONS 

There now exist many procedures for the generation of allyl cations, and various reactions of these 
with 1,3-dienes are known. The products have been conveniently applied as precursors in synthesis of 
important naturally occurring products, inaccessible by other 
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OMe 4 + 8 cF3c02Ag 

Br 

5.1.4.1 Intramolecular Cyclization 

Despite the copious literature dealing with bimolecular [4 + 31 cycloaddition reactions, intramolecular 
reactions are not plentiful. Probably the most attractive feature of the internal cycloaddition is the oppor- 
tunity to control the stereochemistry of the products at several centers. Polybromo ketones bearing a 
functional group are extremely important substrates for the synthesis of novel seven-membered fused- 
ring compounds. The first example of such a process was reported for the synthesis of (89) from (88) by 
Paquette et al. in 1973,67 though they did not isolate the intermediate. Noyori et 41. have reported that the 
intramolecular dibromo ketone-iron carbonyl reaction permits the direct synthesis of an oxidoperhy- 
droazulenone (91). a ring system found in naturally occurring daucon.68 Thus treatment of dibromo ke- 
tone (90) with Fea(C0)g produced (91; 38%). A similar conversion of (92) to (93) was carried out by 
Fijhlisch and H e ~ t e r . ~ ~  Hoffmann et al. have also reported an intramolecular variant to generate (95) and 
(W) by starting from (94) (Scheme 23).70 

5.1.43 Troponoid Compounds 

2,7-Diakylated 4cycloheptenones such as (58) are utilized as key intermediates in the preparation of 
various kinds of troponoid compounds, including 2,7-dialkylated tropones (97)p9"& y-tropolones (98) 
and 4,5-homotropnes (99),"9a.60c which exist as hydrohomotropylium ions (100) in concentrated sulfuric 
acid.60*61 
8-0xabicyclo[3.2.l]octden-3-ones (75) are also readily transformed to mpones (97) or y-tropolones 

(98) in a few steps. The tricyclic adduct (75; R = (CH2)9) can be readily converted to troponophane 
(101). Successful use of tetrabromoacetone and tribromo derivatives of methyl alkyl ketones in these re- 
actions opens a new route to various naturally occurring troponoid compounds, viz. nezukone (102),60bc 
a-thujaplicin (103)4w960 and hinokitiol (P-thujaplicin) (104),"9d.60c respectively (Scheme 24). 

5.1.43 Tropane Alkaloids 

The synthesis of a variety of tropane alkaloids has been achieved via 6,7-dehydrotropines (105), 
derived from (82) by stereoselective reduction with diisobutylaluminum hydride. Subsequent appropriate 
modification of the double bond leads to several naturally occurring tropane alkaloids, including tropine 
(loa), scopine (107), tropanediol(108) and teloidine (109) (Scheme 25).49@ 
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(95) 
Scheme 23 



[4 + 31 Cyclwdditions 61 1 

5.1.4.4 C-NuclddB 

The oxabicyclic ketone (750) is converted to (110) with high stereoselectivity. the methodology pro- 
viding an efficient entry into C-n~cleosides?~~~ The stereocontrolled synthesis of natural praducts such 
as pseudouridine (lll), pseudocytidine (112) and showdomycin (113) has been accomplished along with 
a number of unnatural analogs such as pseudoisocyctidine (114) and 2-thiopseudouridine (115). Appar- 
ently the efficiency of this direct approach to C-nucleosides is based on the ready availability of (75a) 
from tetrabromoacetone and furan (Scheme 26).5b 

oxo H o d  H o d  

HO OH HO OH 

H "2 
I s 04 I 

0 

HO 3 H o d  

HO OH HO OH HO OH 

Scheme 26 

5.1.45 Nonactic Acid, Lilac Alcohol and Prelog-Djerassi Lactone 

The cycloadduct (75d) has been utilized for the synthesis of nonactic acid (116) and lilac alcohol (119) 
via (118).7' The Prelog-Djerassi lactone (117), a pivotal intermediate in Masamune's methymycin syn- 
thesis, has been prepared from the key compound (75e) (Scheme 27).72 

CO2Me *OH 

(118) (119) 

Scheme 27 
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5.1.4.6 Pederin 

The bicyclic ketone (79)  has been used as a starting material for a multi-step synthesis of the 'eastem 
half' of pederin (120), which is the most complex, nonproteinaceous insect defensive compound known 
(Scheme 28)?3 

OMe 0 OMe 

v y % y O M e  OH H OMe 

1 %  - -  
OH 

(75b) (1%) 

Scheme 28 

5.1.4.7 Noncyclic Ionophore and Barbaraianes 

The parent bicyclic compound (as), prepared from (90) and cyclopentadiene, has been elaborated in 
only a few steps into the noncyclic ionophore (121), which transports Ca2+ ef f i~ ien t ly .~~ Its 2,4-dimethyl- 
ated homolog (64) has been used by Wierenga e? al. as the starting material to prepare functionalized 
barbaralanes (124) (Scheme 29).75 

(122) Nonproteinaceous 

wo- c Q = s o - - @ 7  
R c1 

Scheme 29 

5.1.4.8 Thromboxane A2 and B2 

ketone (127) and 2-furfural dimethyl acetal, though the yields were not good (Scheme 30).76*77 
Thromboxane families (125) and (126) were prepared from the cycloadduct (128) between a bromo 
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CO2H 

HO 
OH OH 

(125) Thromboxane A2 (126) Thromboxane B2 

Br 

(127) 

M e 0  OMe 

+ph + &OMS Et3N* cF3cH20t o&lz) 

OMe V 

t 
Me0 OMe 

- C02Me 
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52.1 INTRODUCTION 

The potential utility of higher-order cycloaddition reactions in complex syntheses has only been recog- 
nized relatively recently. To a large extent, cycloaddition processes involving the interaction of two 
polyene addends have been restricted to somewhat specialized molecular systems selected for examining 
particular mechanistic and theoretical issues. This has been a very fruitful endeavor since the observa- 
tions concerning the behavior of higher-order cycloaddition reactions have been instrumental in provid- 
ing insight into the underlying principles of the cycloaddition reaction in a general sense. 

Various early studies in this area have provided a sound and fundamental comprehension of the basic 
mechanistic tenets and limitations of the [6 + 41 and [4 + 41 cycloaddition reactions. However, the scope 
of this broad class of reactions has yet to be fully established, particularly within the context of prep- 
arative chemistry. A number of these reactions display qualities that are traditionally desirable in synthe- 
tically useful transformations. Typically, many examples proceed with attendant high levels of 
predictable stereoselectivity; furthermore, the nature of these cycloadditions is such that they are emi- 
nently suitable for rapid and efficient assembly of complex polycyclic carbon systems. 

The fundamental variable that must be addressed to employ profitably either the [6 + 41 or [4 + 41 cy- 
cloaddition in a synthetic scheme is the general propensity for systems that possess extensive conjugated 
unsaturation to participate in multiple, competitive pericyclic reactions. The ability to control which of 
several thermally or photochemically allowed processes will prevail in a given situation is the principal 
challenge confronting successful synthetic design based on a higher-order cycloaddition reaction as the 
key bond-forming step. A number of interesting and effective themes for manipulating both [6 + 41 and 
14 + 41 cycloaddition processes in a predictable fashion have emerged. These include the well-estab- 
lished technique of tying the reacting centers together to exploit the advantages of intramolecularity. A 
particularly powerful approach for controlling periselectivity has been to employ the ternplating effect of 
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complexation to transition metals. This strategy has resulted in a number of useful advances in the syn- 
thetic application of these cycloaddition reactions and points the way for future investigations in this 
area. 

533 [6 + 41 CYCLOADDITION REACTIONS 

533.1 2,4,6-Cycloheptatrien-l-one (Tropone) 8s the 6a Addend 

5.2.2.1.1 Dienes as 41rcrddCnds 

The thermally induced [6 + 41 cycloaddition of 2,4,6-cycloheptatrien-I-one (tropane) (1) with a var- 
iety of diene partners has played a central role in the development of the mechanistic precepts and prep 
arative utility of the entire class of higher-order pericyclic processes. The relatively welldefined reaction 
parameters for these cycloadditions render them particularly well-suited for the rapid assembly of rela- 
tively complex polycyclic carbon arrays. 

Tropone (1) and cyclopentadiene form a single 1:1 adduct (2) in high yield when heated together at 80 
'C.1*2 Of particular note in this transformation is the production of the ex0 oriented adduct to the virtual 
exclusion of the corresponding endo product (3). This experimentally established preference for the ex0 
mode of addition was one of the early triumphs of the Woodward-Hoffmann orbital symmetry rules, 
which correctly predicted this stereoselectivity a year earlier.3i4 

0 
(2) 100% (3) 0% 

Numerous examples of ex0 selective cycloadditions employing a diversity of diene partners attest to 
the generality of this manner of combination. Isodicyclopentadiene can be added to tropone to give prin- 
cipally ketone (4)5 and in situ generated 2-benzopyran-3-one provided exo-lactone (5) in 28% yield? 1- 
Substituted butadienes have proven to be particularly useful 4a partners, which give the ex0 adducts (6) 
exclusively when reacted with tropone at moderate temperatures.'+* Furthermore, the intramolecular vari- 

0 

0 
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ant of the dienetropone [6 + 41 cycloaddition also proceeds smoothly at temperatures between 80-1 10 
'C to generate ex0 products (7) in high yields.8~~ 

0 X 

The observed stereochemical course of the [6 + 41 diene-tropone cycloaddition has been explained by 
consideration of the interactions of the HOMO and LUMO of the diene and triene participants, respec- 
tively. The appropriate orbital combinations for the ex0 transition state and the alternative endo transition 
state are depicted in Figure lS3 A repulsive secondary orbital interaction develops when the diene en- 
gages the tropone triene system in an endo fashion. This unfavorable situation is avoided in the ex0 tran- 
sition state; hence the experimentally observed preference for production of the ex0 stereoisomer in these 
reactions. An intriguing recent study of the reaction of tropone and cyclopentadiene at high pressure in- 
dicated that the transition state of the cycloaddition is somewhat smaller than the final state, a result par- 
alleling observations in certain Diels-Alder reactions in which favorable secondary orbital interactions 
were operative.'O From these results it was concluded that an attractive interaction between the diene 
LUMO and the carbonyl portion of the tropone HOMO may be partially responsible for the high degree 
of ex0 stereoselectivity exhibited by these transformations. Work from other laboratories, however, has 
suggested only a minimal contribution by attractive secondary orbital interactions in these rea~tions.''-'~ 

Ex0 transition state Endo transition state 

Figure 1 Frontier molecular orbitals for the cycloaddition of cyclopentadiene to m p n e  
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The relative complexity of the extended wsystems present in these reactants suggest that a variety of 
potentially competitive pericyclic processes could be operative in the themal reaction of a given diene 
with tropone. Consequently, the question of periselectivity in these reactions has been examined in some 
detail in recent years and a number of useful generalizations have been enumerated for predicting pro- 
ducts in a variety of circumstances. 

From the earliest investigations it was noted that tropone in combination with a number of dienes 
would provide the ex0 [6 + 41 cycloadduct at relatively low reaction temperatures (580 'C), whereas 
higher temperatures and prolonged reaction times produced, in most cases, the corresponding end0 [4 + 
21 species with tropone serving as the 4.rr reactant and the diene participating as the 2n p a ~ t n e r . ~ ~ J ~  For 
example, heating tropone (1) and 2,5dimethyl-3,4-diphenylcyclopentadienone together at 60 'C in THF 
or acetone gave a 95% yield of the ex0 [6 + 41 product (8). In contrast, performing the same reaction at 
100 'C or higher provided only the endo [4 + 21 product (9) in high yield.l5 A qualitatively similar obser- 
vation had been made with cyclopentadiene and t r o p ~ n e . ~ ~  Formation of these two adducts has been at- 
tributed to the operation of concerted ex0 [6 + 41 (kinetic) and endo [4 + 21 (thermodynamic) pathways, 
respectively. A number of kinetic studies on the tropone-diene [6 + 41 cycloaddition have concluded that 
the reaction possesses a late transition state, which is consistent with a concerted process and mechanisti- 
cally resembles the classical Diels-Alder reaction. 

The periselectivity of the reaction of a given diene with tropone is critically dependent on temperature. 
The variable course of the cycloaddition of (E)-1-trimethylsilyloxybutadiene with tropone as a function 
of reaction temperature is a dramatic illustration of this phenomenon. At 80 'C the major adduct is bicy- 
clo[4.4.l]undecenone (lo), whereas in refluxing xylene the [4 + 21 cycloadduct (11) prevails as a mixture 
of regioisomers? A further example of the dichotomy between [6 + 41 and [4 + 21 reaction pathways can 
be seen with (a-1-acetoxybutadiene, which provides some [6 + 41 cycloadduct along with larger quan- 
tities of various [4 + 21 products as depicted in equation (l).' In contrast to these results, dienes such as 
ethyl 2.4-hexadienoate and furan do not yield any [6 + 41 or [4 + 21 products when heated with tropone? 
The latter result, in particular, may be reflective of the reversibility of the furan cycloadducts. Various 
furan derivatives do provide modest yields of mixtures of endo and exo [4 + 21 cycloadducts with tro- 
pone when reacted together at 3 kbar and 130 

OSiMe3 

'0 
25% 75% 

Another important generalization in these systems is that the course of cycloaddition between tropone 
and dienes appears to be particularly sensitive to substitution patterns in either addend. 2-Chlorotropone 
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(12), for example, gives rise to a mixture of four 1:l adducts when exposed to cyclopentadiene at 105 ‘C 
for 3 h. In this instance the endo [4 + 21 species (14) and (15) were produced in excess.I7 A further inter- 
esting observation in this particular reaction was the prevalence of the regioisomer in which bonding oc- 
curred at the troponoid carbon bearing the chlorine substituent. Diene substitution also plays a significant 
role in determining the course of these reactions. None of the expected [6 + 41 products were detected in 
the reaction of spiro[2.4]hepta-4,6diene with tropone. Regioisomeric endo [4 + 21 adducts (16) and (17) 
were the principal materials isolated in this Apparently, the steric congestion provided by the 
quaternary center in the diene is suffkient to suppress the [6 + 41 option. In contrast, certain highly sub- 
stituted but quite reactive dienes have been reported to undergo reasonably efficient [6 + 43 cycloaddition 
with tropone in selected situations. The formation of adduct (8) from a cyclopentadienone addend is a 
case in point. l s a  

.‘h+Q- 1OS0C 73% q c1 +oc%H + 

0 \ 
(12) (13) 25% (14) 45% 

(15) 25% 

(16) 17% (17) 83% 

Unsymmetrically substituted tropones wherein the substitution is remote from the actual bonding cen- 
ters have also been the subject of regioselectivity studies.*l Modest chemical yields accompanied high 
regioselectivities in the resultant products isolated from the addition of various dienes to 3- and 
4-ethoxycarbonyltropones, (18) and (21). So-called ‘even’ regioselectivity, which completely parallels 
the regioselectivity observed in the Diels-Alder reaction, prevailed in these cases. Lower selectivities 
characterized the reactions of 3- and 4-methoxytropones with the same set of electron-rich diene part- 
ners. 

(19) 67% (20) 33% 

While the primary modes of cycloaddition between tropone and a given diene can normally be classi- 
fied as following one of two distinct pathways, in which tropone serves either as the &rr or as the 4.rr 
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EtO2C 
(22) 81% 

partner, a few cases have been reported in which other reactivities have been revealed. 0-Xylylene has 
been described as giving two products, (23) and (U), when reacted with tropone (1) at room tempera- 
ture." The major product (23) was the normal [6 + 41 adduct. On the other hand, the minor species ap- 
peared to arise from a [2 + 41 cycloaddition process with tropone participating as the 21r component. A 
similar phenomenon was observed in the reaction of isobenzofuran and tropone to give (25)-(27)= and 
an [8 + 21 adduct has been observed in the reaction of 2,5-dimethyl-3,4diphenylcyclopentadienone with 
tropone.15 While mechanistically interesting, these latter examples appear to be exceptions to the dual 
pathways normally available to tropone in its reactions with dienes. 

t I ) + ~ ~ ~ + ( J y - J O  

43% 
(23) 67% (24) 33% 

H 

___) + 
29% / :  / (1) + 

(25) 41% (26) 18% 

H 

(27) 41% 

Although the characteristics of the thermal reaction of tropone with dienes can be accommodated by 
the operation of concerted ex0 [6 + 41 and endo [4 + 21 pathways, an alternative mechanistic scenario 
that would lead with equal stereoselectivity to the observed [4 + 21 and [6 + 41 products can be envi- 
sioned as depicted in Scheme 1. This pathway would involve initial [2 + 41 cycloaddition of cyclopenta- 
diene to tropone to give dienone (28) followed by thermally allowed 13- and 3.3-sigmatropic carbon 
migrations which would lead to the ex0 [6 + 41 adduct (2) and endo [4 + 23 adduct (29). respectively. Re- 
cently a test of this scheme was conceived and executed by Franck-Newmann and Cycloaddi- 
tion of cyclopentadiene to tricarbnyl(tropone)iron provided access to the critical [2 + 41 intermediate 
(28) after metal decomplexation. Heating of the resultant cycloadduct at 60-75 'C led exclusively to 
compound (29) via a Cope rearrangement. No evidence for the production of the [6 + 41 product (2) in 
this reaction was indicated. These results suggest that ketone (2) probably arises directly from a con- 
certed [6 + 41 cycloaddition. In an interesting contrast, compound (26) has been reported to rearrange to 
[6 + 41 adduct (ZS) when heated at 160-165 'C for several hours." 
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(28) 

Scheme 1 

Application of the ex0 [6 + 41 troponeaene cycloaddition protocol to the construction of specific tar- 
get molecules has begun to receive attention only recently. The high level of stereocontrol and ease of 
assembling polycyclic carbon frameworks afforded by this technology is particularly appealing for com- 
plex synthesis. Several members of the highly strained troponophane series have been efficiently assem- 
bled by the use of tropone-diene [6 + 41 cycloadditi~n.~~ Cycloadduct (a), derived from tropone and 
1-acetoxybutadiene, can be converted into the dehydro analog of [4](2,7)troponophane (31) through the 
action of a remarkable base-mediated double bond migration26 as depicted in Scheme 2. 

(31) 
Scheme 2 

Other highly distorted troponoid species have been accessed through related [6 + 41 cycloaddition-de- 
hydrohalogenation protocols as well. For instance, bridged troponophane (33) was prepared from cy- 
cloadduct (32) in 68% yield.z7 An interesting aspect of this particular work is the remarkable efficiency 
of the cycloaddition between 2-chlorotropone and cyclohexadiene, which proceeded smoothly to form 
ketone (32) in 58% yield. 

It0 and coworkers have employed the simple cycloadduct of butadiene and tropone to prepare the the- 
oretically interesting 1,6-methano[ 101annulen- 1 1-one Although a number of dehydrogenation 
procedures were examined, direct treatment of the cycloadduct with DDQ was of only modest value in 
delivering the desired [ 10Iannulene derivative. 

90% 10% 
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The potential utility of the stereocontrol available through ex0 [6 + 41 cycloaddition in the tropone 
series can be seen in Garst’s stereoselective cyclodecene synthesis.29 This methodology is predicated on 
the efficient translation of the double bond geometry from stereochemically homogeneous (E)- and (2)- 
1-acetoxybutadiene via cycloadducts (30) and (35) into (E)-cyclodecene (36) and Qcyclodecene (39, 
respectively. Reduction of cycloadducts (30) and (35) to the corresponding fully saturated ketoacetates, 
followed by conversion to the mesylates and hydride reduction, led to the desired 10-membered ring pro- 
ducts (36) and (37) in 78% and 40% yields, respectively. 

AcO (pMi-J)-& 
(30) (36) 

(35) 
Scheme 4 

(37) 

The [6 + 41 cycloaddition strategy is ideally suited for constructing the basic bicyclo[4.4.1]undecanone 
carbon skeleton (38) which is characteristic of the potent co-carcinogenic diterpene ingenol (39). This 
cycloaddition strategy rapidly assembles the requisite bicyclo[4.4. llundecanone system which is initially 
epimeric to the naturally occurring ingenol at the C-8 position. Thus this technology is particularly useful 
for the construction of the important so-called ‘isoingenol’ series. The resultant cycloadducts afford fur- 
ther advantages by retaining a number of strategically located functional handles for subsequent elabora- 
tion of the ample array of substituents displayed throughout this target molecule. Both inter-8 and 
intra-m~leculd.~ approaches into this complex natural product have been developed that employ a [6 + 
41 troponedene cycloaddition as the key ring-forming step. Initial efforts to assemble the basic tricycle 
through [6 + 41 cycloaddition of 1-acetoxybutadiene with a substituted tropone bearing the elements of 
the A ring at the 2-position were thwarted by the production of only [4 + 21 cycloadducts in modest 
yields, a result that is in complete concurrence with established precedent in these reactions. Cycloaddi- 
tion with the parent tropone gave adduct (30) which was smoothly transfonned into enone (40) through a 
routine oxidation level adjustment protocol (Scheme 6).8 Bridgehead enolate alkylation with 2-methoxy- 
allyl bromide, conjugate addition of a methyl substituent and enol ether hydrolysis gave dione (41) in 
good yield. Subsequent base-mediated cyclopentannulation provided the key tricycle (42) after deprotec- 
tion and oxidation at the one-carbon bridge. 

(38) 
Scheme 5 

- 
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A complementary strategy into the ingenane skeleton exploited the first npotted intramolecular [6 + 41 
mpne-diene cycloaddition8 for the one-step construction of an intermediate with the A, B and c rings of 
the target molecule intact.8 The successful implementation of the intramoltcular version was made 
possible by tethering the diene partner to the tropone moiety in straightforward fashion. This accomplish- 
ment was achieved by incorporating the requisite diene sidechain via an addition-elimination sequence 
starting with 2chlorotropone (Scheme 7).8 Subsequent to this initial disclosure, a second report of a 
similar strategy appeared which featured an alternative addition4imination protocol for constructing the 
tethered diene species.9 

0 

(43) 

Scheme 7 

Clearly, the utilization of the [6 + 41 tropone-diene cycloaddition for synthetic applications has just 
begun to develop and many new opportunities for exploiting the unique combination of stereocontrol and 
synthetic convergency afforded by these reactions is certain to be forthcoming in the near future. 

5.2.2.1.2 12-Dipoles as llraddends 

In s,tark contrast to the relative abundance of dienes that are known to provide synthetically useful 
yields of [6 + 41 cycloaddition products when reacted with tropone, relatively few examples of viable [6 
+ 41 additions have been documented in which the 41.r addend has been a 13-dipolar species. This situ- 
ation is somewhat surprising since 1,3-dipoles and dienes are normally quite similar in their respective 
cycloaddition behavior. 

The initial disclosure of a [6 + 41 cycloaddition between tropone (1) and a 1,3dipole involved diphe- 
nylnitrilimine as depicted in Scheme 8.3031 In this instance the [6 + 41 pathway competed rather p r l y  
with various alternative [4 + 21 pathways and only a small quantity of the adduct in which the dipole 
added across the 2- and 7-positions of (1) was recovered. The three [4 + 21 adducts (49447) that were 
isolated from the reaction mixture presumably arose from a base-catalyzed hydrogen shift that occurred 
subsequent to the initial cycloaddition. Efforts to account for the divergent behavior of dienes and 1,3-di- 
polar species in their reactions with tropone have included invoking a dipole repulsion between the large 
positive charge located on the central atom of the 13-dipole and the partial positive charge on tropone, 
which must come into close proximity in the transition state of a concerted [6 + 41 cy~loaddition.~~ A ca- 

0 u Ph 

(1) + PhCEN-N-Ph + -  - 2ooc e + Q0 + (-J= o +  
/ / 

M 
72% 

PhN - "' 

Ph' 
(47) 7% 

Scheme 8 
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v a t  to this argument has been issued, however, since the energetics of this repulsion appear insufficient 
to explain the almost total lack of [6 + 41 adducts in these reactions. The regioselectivity observed in the 
formation of the corresponding [4 + 21 adducts can be satisfactorily interpreted based on the interaction 
of the LUMO of the electrondeficient nitrilimine with the HOMO of t r o p ~ n e . ~ ~  

Nitrile oxides have also been reported to combine with tropone in a 16 + 41 fashion.33 Again this mode 
of addition does not compete well with various [4 + 21 alternatives as can be seen from inspection of 
equation (3). The room temperam addition of benzonitrile oxide to tropone (1) provided the [6 + 41 ad- 
duct in quite low yield and at least five [4 + 21 cycloadducts of various structures were also formed dur- 
ing this reaction. In contrast, the hindered mesitonitrile oxide displayed somewhat greater periselectivity 
than did the parent nitrile oxide in combination with tropone. Almost no [6 + 41 adduct was isolated, 
however, and a single [4 + 23 species (49) emerged as the principal product of this reaction. The higher 
periselectivity exhibited by the more hindered mesityl derivative was rationalized as reflecting a higher 
steric demand in the [6 + 41 transition state relative to the [4 + 21 process.33 

+ [4 + 21 adducts (3) 
+ - 2O0C 

(1) + PhCEN-0 - 
33% 

(48) 11% 89% 

\ 
(49) 

Based on the existent data, it appears that the reaction of 1,3-dipolar species with tropone in a [6 + 41 
sense does not hold much promise as a viable tool for applications to synthetic problems. 

5.2.2.2 Fulvenes as 67r Addends 

5333.1 Dienes as llraddends 

Fulvenes, like their troponoid counterparts, are capable of engaging dienes in a number of different 
pericyclic reactions. A reasonably well-defined reactivity profile of these systems has emerged as the re- 
sult of extensive scrutiny of the cycloaddition behavior of the fulvene nucleus. To a large extent, ful- 
venes undergo concerted cycloadditions to dienes as either the 6.rr or 2.rr participant and the factors 
governing which of these reactivities is expressed in a particular circumstance has been elucidated em- 
ploying frontier molecular orbital considerations.M 

The reactions of electron-deficient dienes with fulvenes tend to favor addition across one of the endo- 
cyclic double bonds where the fulvene is the 2 ~ r  component, as illustrated in the cycloaddition of 6,6-di- 
methylfulvene with 2,5dimethy1-3,4-diphenylcyclopentadienone in refluxing THF to give adduct (50).35 
Cyclopentadiene exhibited a similar periselectivity in its reactions with several fulvenes. In contrast, [6 + 
41 adducts are the major products when electron-rich dienes are used in these reactions. For example, hy- 
droazulene (51) was isolated in good yield from the combination of 1 -diethylaminobutadiene and 6,6-di- 
methylfulvene subsequent to the elimination of diethylamine from the initially formed cycl~adduct.~~ 

Reversing the polarity of the reacting partners has also proven to be an effective ploy for promoting [6 
+ 41 peri~electivity.’~-~~ The room temperature reaction of 6-dimethylaminofulvene with 3,4-dichloro- 
thiophene dioxide is typical, giving azulene (52) in 60% 6-Aminofulvenes have also been suc- 
cessfully added in a [6 + 41 sense to a-pyrones, resulting in low yields of a z ~ l e n e s . ~ ~  

The variations of periselectivity exhibited in the cycloadditions of fulvenes to dienes have been ration- 
alized by application of frontier molecular orbital theory. The fulvene orbitals of interest in these re- 
actions are depicted in Figure 2.’*40 The controlling orbitals in the reaction of fulvene with an 
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electron-deficient diene are the fulvene HOMO and the diene LUMO. The relatively large coefficients at 
C-2 and C-3, as well as the node through positions 1 and 6 in the fulvene HOMO, dictate that this species 
will participate as the 2a component in this case. HOMO-controlled electron-rich diene partners should 
add to fulvene at C-6 and to either C-1 or C-2 since the LUMO of this type of species possesses large 
coefficients at these locations. In the event, fulvene derivatives are indeed observed to react with die- 
namines as the 6.lr addend. Finally, strongly electron-donating substituents at the C-6 position on fulvene 
elevate the next highest occupied molecular orbital (NHOMO) sufficiently to permit the [6 + 41 mode of 
cycloaddition to prevail in reactions with electron-deficient   IT systems. 

Figure 2 The frontier molecular orbitals of fulvene 

An interesting example of the influence of electrondonating substituents at C-6 on reactivity in the 
fulvene series is the contrast in periselectivity displayed by 6-dimethylaminofulvene and 6,6-diphe- 
nylfulvene when exposed to the electron-deficient heterodiene 3,6-diphenyltetrazine?* The electron-rich 
fulvene derivative yielded only diazaazulene (53). which arose from an initial [6 + 41 cycloaddition fol- 
lowed by spontaneous loss of the elements of nitrogen and dimethylamine. The corresponding aryl-sub- 
stituted system reacted exclusively as a 2 a  species to give compound (54). It has been suggested in some 
studies, however, that steric hindrance at C-6 in fulvenes can serve to inhibit reaction at that center?2 

A series of interesting cycloadditions of substituted benzocyclobutenes with 6.6-dimethylfulvene has 
been detailed in regard to additional periselectivity effe~ts.4~ The readily available cyano-substituted 
benzocyclobutene led exclusively to the endocyclic [4 + 21 adduct (55; R = CN) in 67% yield when ex- 
posed to 6,6-dimethylfulvene (Scheme 9), while the corresponding [(methoxycarbonyl)amino]benmcy- 
clobutene gave a mixture of adducts, ( 5 5  R = NHCO2Me) and ( 5 6  R = NHCO2Me), in yields of 28% 
and 66% respectively. Interestingly, pyrolysis of the methyl-substituted compound in the presence of the 
same fulvene resulted in the generation of a small quantity of [6 + 41 adduct (57; R = Me) along with the 
previously described [4 + 21 products. 

The influence of intramolecularity on the benzocyclobutene-fulvene cycloaddition was illustrated in 
dramatic fashion when the two reactive units were tethered together by a three-carbon chain. Heating ni- 
trile (58) gave only the [6 + 41 cycloadduct (59) as an inseparable mixture of cyclopentadiene isomers in 
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60% yield.44 This change of periselectivity relative to the intermolecular series stems from conforma- 
tional restrictions due to the carbon chain connecting the two addends. A further consequence of these 
constraints is that the reaction is proposed to occur through an endo transition state. A similar cycloaddi- 
tion performed without the benefit of the cyano substituent on the benzocyclobutene moiety exhibited 
somewhat diminished periselectivity although the [6 + 41 mode still predominated.44 

An important ancillary study with significant synthetic implications revealed that electron-rich dienes 
attached to fulvenes by a multicarbon chain also exhibited a high degree of preference for forming the 
corresponding [6 + 41 add~cts.4~ For example, when substituent X in compound (60) was either diethyl- 
amino or trimethylsiloxy, the [6 + 41 adduct (61) was the major product-type isolated. However, if no 
substituent was present on the diene portion of the molecule, a mixture consisting of [6 + 41, exocyclic [4 
+ 21 (62) and endocyclic [4 + 21 (63) cycloadducts was 0btained.4~ 
The regioselectivity of the reaction of unsymmetrical diene addends to various fulvene systems has 

also been explored in some detail. Heating 2-ethyl-5-methylthiophene dioxide in the presence of 6 4 -  
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methylaminofulvene at 80 'C gave a 4: 1 mixture of azulenes (64) and (65) in low overall yield. Steric ef- 
fects appear to be the critical factor for controlling the observed regioselectivity in this case.& However, 
electronic effects seem to be more potent in directing the course of these reactions. When 6-methylful- 
vene was reacted with 2cthyldiethylaminobutadiene. a single hydroazulene (66) was obtained in 52% 
yield. In this situation the most nucleophilic end of the diene reacted with the most electrophilic center 
on the fulvene partner, as predicted by frontier molecular orbital the0ry.4~ 

Et 
(64) 80% (65) 20% 

Et 
(66) 

Scheme 11 

The synthetic utility of the [6 + 41 cycloaddition of dienes to the fulvene system has been amply dem- 
onstrated by providing strategies which have greatly improved the available technology for accessing 
various substituted azulenes and related natural p r o d u ~ t s . ~ ~ ~ ~ * ~ -  A recent development in this area, 
which is particularly illustrative of the advantages offered by fulvene cycloaddition technology, involved 
the assembly of a hydroazulene lactone system in a one-step sequence (equation 4). Heating ester (67) 
gave hydroazulene (68) as a mixture of cyclopentadiene isomers in good yield along with lesser amounts 
of the spin, compound (69).49 The general structural type exemplified by compound (68) is commonly 
observed in a variety of sesquiterpene lactones of medicinal interest. 

(67) (68) 71% (69) 29% 

An important feature, characteristic of virtually all fulvene-mediated strategies thus far described in 
the literature, is the relative ease with which the addends can be assembled from readily available start- 
ing materials prior to cycloaddition. Customarily, a simple base-catalyzed condensation of an appropriate 
ketone substrate with a cyclopentadienide anion will suffice to provide good yields of the requisite ful- 
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venes. As a consequence, these reaction schemes lend themselves very nicely to synthetic applications 
and should be useful for the construction of a number of terpenoid natural products. 

5.2333 IJ-Dipoles as 4 1 ~ d e n d s  

Cycloadditions between substituted fulvenes and 13-dipolar reagents have been the subject of consid- 
erably less study than the corresponding diene-mediated chemistry, paralleling the situation seen in the 
tropone series. For the most part, however, the reactivity patterns formulated in the fulvene-diene studies 
are repeated in the analogous 13-dipole reactions. 

Diazomethane, a 1,3-dipoIe with wellestablished nucleophilic character, adds to 6,6-dimethylfulvene 
exclusively in a [6 + 41 fashion to give compound (70) after rapid tautomerism of the initially formed cy- 
cloadduct.sO This observation is in complete accord with frontier orbital predictions for the interaction of 
a strongly HO-controlled 41r species with the LUMO of the fulvene partner.4o Electron-rich nitrile ylides 
also are known to react primarily in a [6 + 41 fashion with substituted fulvene derivatives. A case in point 
is the irradiation of a 1 : 1 mixture of azirine (71) and 6,6-dimethylfulvene, which provided cycloadducts 
(72) and (73) in a ratio of 3: 1 .51 The major adduct was quite labile and rapidly rearranged to two new 
species that were simply isomeric to the original cycloadduct with respect to the cyclopentadiene double 
bond regiochemistry. The orientation of the two reaction partners in adduct (72) is consistent with the 
preferential bonding of the position with the highest orbital coefficient in the fulvene LUMO to the posi- 
tion with the highest orbital coefficient in the dipole HOMO. 6-Dimethylaminofulvene was observed to 
be totally inert when exposed to a nitrile ylide in an effort to induce a cycloaddition between the two re- 
a~tants.5~ This lack of reactivity was attributed to a significant raising of the fulvene LUMO energy, re- 
sulting in a decreased frontier orbital interaction. 

(72) 75% (73) 25% 

An interesting electron-rich 1,3-dipole, nitropyridyl betaine (74), smoothly cycloadded across posi- 
tions 2 and 6 of 6,6dimethyfulvene to generate the relatively unstable [6 + 41 cycloadduct. This labile 
intermediate experienced the now familiar 1,5-hydrogen shift to give the corresponding cyclopentadiene 
isomer (75) as the product which was, in fact, isolated from the reaction.52 The reversed regioselectivity 
(the HOMO coefficient at the betaine C-2 was calculated to be slightly larger than at C-6) observed in 
this particular process has been rationalized in terms of attractive secondary orbital interactions. 

r 1 

A further illustration of the electronic influence of substituents on the course of reactions with 1,3-di- 
poles can be seen in the cycloaddition of an amino-substituted fulvene to benzonitrile oxide. Adduct (76) 
was obtained in 60% yield when the electron-rich dipolarophile 6-dimethylaminofulvene was exposed to 
benzonitrile oxidess3 The structure of the resultant product can be conveniently explained by an initial [6 
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+ 41 cycloaddition followed by eliminative loss of dimethylamine. In contrast, benzonitrile oxide gave 
only products derived from various [4 + 21 cycloaddition processes when reacted with 6,6-dimethyl- and 
6,6-diphen~l-fulvenes?~ 

533.23 Tmpone as the 4w addend 
Among the earliest [6 + 41 reactions of fulvene to be studied involved tropone ostensibly participating 

as the 4.rr partner. Heating a solution of wpone and 6,6dimethylfulvene in THF at 50 ‘C yielded the 
novel double [6 + 41 adduct (77) in up to 88% Performing the same reaction at room tempera- 
ture provided relatively small quantities of several 1: 1 adducts along with the 2: 1 adduct (77) in 66% 
yield. Unfortunately, from a synthetic perspective, efforts to suppress the addition of the second molec- 
ule of tropone have met with limited success in this series. The primary course of this novel reaction was 
presumed to proceed via an initial [6 + 43 cycloaddition in which tropone participated as the 47r addend 
to give intermediate (78) which rapidly rearranged to the more stable cyclopentadiene isomer (79). This 
compound then experienced an apparently quite facile ex0 [6 + 41 cycloaddition with a second molecule 
of tropone to provide the isolated ‘double’ cycloadduct. When mono-substituted fulvenes were employed 
in this reaction, only the corresponding stereoisomer of the 2: 1 adduct displaying the fulvene substituent 
oriented toward the three-carbon bridge of the tropone moiety was observed. This result was rationalized 
in terms of the fulvene addend approaching tropone so as to avoid unfavorable nonbonding interactions 
that were present during the production of the alternative s tere~isomer.~~.~~ 

L 

0 

The steric consequences of substitutents at various locations on the tropone addend have also been de- 
scribed for this reaction. Substituents at the 2-position apparently provided sufficient steric hindrance to 
the approach of the fulvene addend that cycloaddition proceeded so as to completely avoid this center. 
Thus 2-chlmtropone gave cycloaddition products in which the chlorine substituent was always situated 
on the threecarbon bridge remote from the fulvene moiety in the initial [6 + 41 cycloadducts?* Further- 
more, 2.7-dichlorotropone failed to cycloadd to substituted fulvenes under any conditions. From these re- 
sults it is clear that steric hindrance plays a crucial role in determining the course of fulvene-tropone 
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cycloaddition much as it did in the corresponding cycloadditions of dienes to tropone (see Section 
5.2.2.1.1). 

Although many of the observed products from the [6 + 41 cycloaddition of tropone to various fulvenes 
can be explained by the concerted reaction of tropone as the 41r addend with fulvene participating as the 
61r addend, an alternative mechanistic scheme for the production of species such as (78) and (79) can be 
envisioned. This pathway would necessitate the intervention of an ex0 [6 + 41 cycloadduct in which the 
fulvene behaved as the 41r addend. In this pathway, bond formation at the two termini of the tropone- 
triene system would initially occur across the C-2 and C-5 positions of the fulvene participant. Several 
reports have surfaced noting that some fulvene derivatives dimerize thermally in a [6 + 41 fashion in 
which one of the fulvene molecules reacts as a 4w species across the C-2 and C-5 positions, as required 
in this mechanistic ~cenario?~@I Subsequent, rapid 3,3-sigmatropic rearrangement of the thermo- 
dynamically unstable [6 + 41 adduct would deliver the products observed experimentally. The first sub 
stantive evidence for the operation of this alternative pathway in a cycloaddition was observed in the 
reaction of 8,8-dimethylisobenzofulvene with tropone in which the postulated [6 + 41 intermediate (SO) 
was actually isolated.61 This transient material rearranged rather rapidly to the final adduct (81) as re- 
quired in the alternative mechanistic scheme. Other cycloadditions of substituted isobenzofulvenes have 
also been observed to proceed via the pathway depicted in Scheme 12." Since the ex0 [6 + 41 tropone 
(61r)-fuhene (47r) adduct has not been observed to date in other examples of cycloadditions of tropone 
and substituted fulvenes, the question still remains open as to whether this intriguing tandem [6 + 41 cy- 
cloaddition-3,3-sigmatropic rearrangement process actually prevails in all fulvene-tropone cycloaddi- 
tions. 

+ 

0 

Scheme 12 

53.23 Cyclic Trienes as 6?r Addends 

Cycloheptatriene and related heterocyclic analogs have been examined to some extent with regard to 
their reactivity with various conjugated diene partners. Characteristically, higher-order cycloaddition 
pathways often suffer relative to alternative modes of reaction in these systems and usually a select type 
of highly reactive diene partner is a prerequisite for viable cycloaddition to occur. Selectivity in these 
species can also be compromised by the intervention of the corresponding norcaradiene tautomer in cer- 
tain circumstances. Modest periselectivity coupled with low chemical yields limit the potential synthetic 
utility of these cycloadditions. 

The reaction of cycloheptatriene with 2,5-dimethyl-3,4diphenylcyclopentadienone is typical for this 
class of compounds, resulting in the formation of six distinct products.63 Equation (5) displays the major 
products of interest, which include a modest quantity of the ex0 [6 + 41 adduct (82). The mechanistic de- 
tails of this process were gleaned from monitoring an equimolar mixture of the two reactants maintained 
at 120 'C. This experiment revealed that both the [2 + 41 adduct (83) and the [6 + 41 adduct (82) were 
formed from the outset of the reaction. However, adduct (83) was subsequently converted quantitatively 
into the [4 + 21 cycloadduct (84) via a Cope rearrangement. This interconversion is reminiscent of a simi- 
lar transformation in the tropone-diene series (see Section 5.2.2.1.1 and ref. 24). 

The thermal cycloaddition of phencyclone (85) with cycloheptatriene offers additional mechanistic in- 
sight into these reactions (Scheme 13). In this case a 57% yield of the corresponding endo [2 + 41 adduct 
was isolated. Further pyrolysis of this material at 170 'C provided the decarbonylated pentacyclic materi- 
al (86) along with an ex0 [6 + 41 adduct (87).64 The course of this reaction can be contrasted with the 
thermolysis of compound (83). While neither of these examples is of great potential synthetic value, they 
do serve to illustrate some of the typical mechanistic themes which characterize these reactions. 
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(86) 42% (87) 58% 
Scheme 13 

In dramatic contrast to the normal come of higher-order cycloadditions with most cyclic triene sub- 
strates, the photochemically induced [6 + 41 cycloaddition reactions exhibited by tricarbonyl(q- 1,3,5-cy- 
cloheptatriene)chromium(O) complexes appear to be quite suitable for preparative applications. Yields of 
the resultant diene cycloadducts are usually good and the metal can be removed in high yield on treat- 
ment of the cycloadduct complex with t r ie thylph~sphine.~~~ Scheme 14 shows the results of several cy- 
cloadditions between the complex and substituted diene addends. While not specifically delineated in the 
original work, these reactions provide the corresponding endo adducts excl~sively.6~ 

(88) 
R' = vinyl, R2 = H 
R' = Me, R2 = C02Me 

65% 
40% 

Scheme 14 
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The nitrogen and oxygen analogs of cycloheptatriene offer attractive potential 6n substrates for 
higher-order cycloadditions. Unfortunately, the reactions of these compounds with a variety of dienes 
usually result in low yields of [6 + 41 adducts. The mechanistic details of many of these processes are in- 
triguing, however, and merit some attention. The dimerization of N-substituted azepines, for example, 
has provided numerous clues as to the actual pathways involved in these and related rea~tions.6~~0 Ther- 
molysis of N-ethoxycarbonylazepine at 130 'C gave initially an ex0 [6 + 41 cycloadduct (90) and a small 
amount of a dimer ostensibly derived from a 'thermally forbidden' [6 + 63 cycloaddition process.68 At 
200 'C the azepine was converted into the [6 + 61 product in 83% yield. Apparently the [6 + 41 product 
isolated under milder conditions is an intermediate in the formation of the [6 + 61 dimerization product. 

COzEt NCOzEt 

I 1300c Et02CNdy + 

N 
ox- \ -  

I 
CO2Et COzEt 

(90) 91% (91) 9% 

A typical example of the reaction of N-ethoxycarbonylazepine with a reactive diene is illustrated by 
the addition of 2,5-dimethoxycarbonyl-3,4-diphenylcyclopentadienone. Heating a mixture of these reac- 
tants at 80 'C for several hours gave ex0 [6 + 41 adduct (92) and endo [4 + 21 adduct (93) in yields of 
18% and 82%, re~pect ively.~~*~~ Alternatively, heating diene (94) in the presence of the same azepine 
gave only the [2 + 41 adduct (95),73 Low-temperature examination of the cyclopentadienone reaction re- 
vealed the intervention of a cycloadduct similar in structure to compound ( 9 9 ,  which rapidly led to the 
14 + 21 adduct (93) via a facile 3,3-sigmatropic rearrangement?' 

(92) 18% (93) 82% 

Me0 

I c1- Meox n 1  ,N. 

c1 
\ 

c1' 

Heating N-ethoxycarbonylazepine with the electron-deficient diene (96) provided [2 + 41 adduct (97) 
and [6 + 41 adduct (90) in nearly equal quantitie~.~~ Other examples of relatively low conversion [6 + 41 
cycloadditions of substituted azepines and various dienes have been reported but are of little synthetic 
consequence due to low periselectivity and modest chemical ~ i e lds .7~7~~  Oxepin heterocycles display a 
range of reactions with dienes which are similar in scope to the azepine series and, as such, will not be 
dealt with specifically in this re vie^?^-^^ Other cyclic polyenes such as cyclooctatetraene are known to 
yield some [6 + 41 adducts when exposed to highly reactive diene species. For example, the potent elec- 
tron-deficient diene 2,5-dimethoxycarbonyl-3,4-diphenylcyclopentadienone gives a modest amount of 
the corresponding [6 + 41 cycloadduct when reacted with cyclooctatetraene.80~81 

In a very exciting series of studies, Kreiter and coworkers have established the viability of photo- 
chemically induced [6 + 41 cycloadditions of dienes to the chromium tricarbonyl complex of 8,8-di- 
methylheptafulvene.82-&4 These potentially useful transformations appear to be general with a wide range 
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(%I (97) 55% (98) 45% 

of diene structures and, depending on the identity of the particular diene employed, proceed either 
through a direct cycloaddition pathway or alternatively via a novel P-allyl complex that subsequently 
collapses efficiently to the corresponding [6 + 41 adduct on addition of excess carbon monoxide. Decom- 
plexation with trimethyl phosphite provided the free hydrocarbon product in good yields. In general, the 
peri- and stereo-selectivity of these reactions have been observed to be very high, making them particu- 
larly attractive for preparative applications. The stereochemistry of the resultant cycloadducts is derived 
from an endo approach of the diene to the complex. This selectivity is presumably a consequence of a 
metal-diene interaction prior to covalent bond formation. A typical cycloaddition using this chemistry is 
illustrated in the preparation of bicyclo[4.4.1]undecene (100). In this case the heptafulvene complex is 
photolyzed in the presence of (E,@-2,4-hexadiene. The resulting cycloadduct is then liberated from the 
metal by decomplexation using trimethyl ph0sphite.8~ Table 1 displays the results of several cycloaddi- 
tion reactions in this series. Clearly, this methodology offers numerous opportunities for preparative ap- 
plications. 

i, hv 
- 

ii, P(OMe), 
61% 

Table 1 Photocycloadditions of Conjugated Dienes with 
Tricarbonyl[ 14-114 8,8-dimethylheptafulvene)]chromium(O~ 

Diene Yield of complex (%) Yield of fee  cycloadduct (%) 

Butadiene 65 76 
2,4-Pentadiene 73 85 
2,CHexadiene 71 86 

1,3-Cyclohexadiene 81 92 

4-Methyl-2,4-pentadiene 61 84 
2-Methylbutadiene 56 90 

A number of interesting [6 + 41 cycloaddition processes involving ionic reactants have also surfaced 
recently. The bulk of examples reported to date involve charged heterocyclic systems with various re- 
action partners.85-87 

5.23 [4 + 41 CYCLOADDITION REACTIONS 

533.1 Photocycloaddition Reactions of 1S-Dienes and Arene Substrates 

Reactions in which two 4~ addends engage in a suprafacial cycloaddition process are generally photo- 
chemically allowed  transformation^.^ The [4w +  IT] cycloaddition is an attractive strategy-level reaction 
from the perspective of the rapid construction of functionalized eight-membered carbocycles. The devel- 
opment of new methodology for eight-membered ring formation has been stimulated by the identifica- 
tion of numerous natural products of medicinal interest that display a cyclooctane ring as a prominent 
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structural feature.88189 [4 + 41 Cycloaddition-based strategies could play a significant role in this synthetic 
endeavor if appropriate protocols that proceed efficiently could be brought to bear on the problem. In 
practice, however, the photoinduced [41r + 41r] cycloaddition process is most frequently characterized by 
relatively low yields of adducts and by production of a plethora of different photoproducts. For example, 
the photoinduced intermolecular [4 + 41 cycloadditions of acyclic dienes in general provide low yields of 
cyclooctane products and are of little preparative value.” Competitive 12 + 21 processes prevail in these 
cases and in certain systems can be of considerable synthetic utility.91 

Photocycloaddition of dienes to benzene and most other arenes offer little respite from the low yields 
and complex product mixtures that plague the simple diene  cycloaddition^.^*^^ Typical of this genre of 
reaction is the photoaddition of butadiene to benzene which gives the corresponding rruns cycloadduct 
(101) as the primary photoproduct in low yield. In an interesting contrast, the cis adduct (102) is a major 
product from the light-induced cycloaddition of benzene and 2,4-dimethyl-l,3-pentadiene. Based on 
these results, the ground-state conformation of the diene has been suggested as the controlling factor in 
determining the structure of the resultant adduct in these reactions.* Similarily, when anthracene was ir- 
radiated in the presence of 2,5-dimethyl-2,3-hexadiene, a metastable [4 + 41 adduct (103) exhibiting a 
truns double bond was initially isolated in ‘high yield.’ This compound was smoothly isomenzed to the 
more stable cis isomer (104) by photosensitization. The observed stemspecificity of this cycloaddition 
is suggestive of a concerted process in which the diene participates in the s-rruns conformati~n.~~ Cyclo- 
hexadiene also provides the corresponding [4 + 41 adduct in good ~ields.9~ 

In contrast to the course of reaction with the parent anthracene, 2,5-dimethyl-2,4-hexadiene has been 
reported to yield chiefly the photochemically ‘forbidden’ [4 + 21 cycloadduct (105) when exposed to 9- 
cyanoanthracene.% The remarkable variability in periselectivity displayed by these systems has been ra- 
tionalized in terms of the [arene*:l,3-diene] exciplex which is presumably involved in these 

Polar exciplexes are described as leading to [4 + 21 products while less polar exci- 
plexes are believed to be the precursors of [4 + 41 adducts. Of interest is the observation that cyclohexa- 
diene provides principally the corresponding [4 + 41 adduct when reacted with both anthracene and 
9-cyanoanthracene; thus it has been proposed that a less polar exciplex is involved in both of these re- 
actions.% 

Other results in this area point to an initial [4 + 41 cycloaddition step followed by a thermally or photo- 
chemically initiated rearrangement of the initial cycloadduct to give a ‘[4 + 21’ species as the final ob- 
served product. Irradiation of 9-cyanoanthracene and cycloheptatriene at low temperature initially 
produced the 14 + 41 adduct (106) which promptly rearranged to (107) at temperatures exceeding 0 ‘C.% 
Related diene-arene photacycloadditions have been reported in which comparable tandem processes 
were apparently operative.”lol 
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A number of interesting studies have appeared in which somewhat more complex and highly sub- 
stituted addends have been shown to participate in 14 + 41 photocycloadditions. As with the majority of 
[4 + 41 photocycloaddition reactions, the yields of adducts, e.g. (lOS), in these examples are, at best, 
modest. 102J03 
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Photochemically excited mnes are also known to cycloadd to other aromatic species in a few cases. 
Furthermore, a growing body of literature attests to the relative ease of photoinduced dimerization of 
numerous aromatic species. Irradiation of benzene in furan as solvent provided cycloadduct (109) as the 
major isolable The process was quite inefficient from a preparative perspective since a 
mixture of six products was formed during this reaction, of which (109) represented only 50% of this 
complex mixture. 

[4 + 41 Photodimers have been reported as the principal products from irradiation of numerous arene 
substrates.107 While there is little selectivity to be considered in most of these reactions, it has been re- 
ported that almost all photolyses of 9-substituted anthracenes give head-to-head dimers as depicted in 
(110).108 An intramolecular version of these photodimerizations has also been reported. Irradiation of 
di(a-2-naphthylmethyl) ether gave a mixture of the endo cyclomer (111) and the ex0 cyclomer (112).'09 

The photodimerization of 2-pyridones has been the subject of extensive investigation for a number of 
In most instances the 'head-to-tail' or trans-anti isomer was the major or exclusive product 

in these reactions. Irradiation of N-methyl-2-pyridone for 15 h provided the trans-anti dimer (113) in 
51% yield.Il5 This material was accompanied by much smaller quantities of other dimeric species. Vari- 
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ous substituted 2-pyrones have also been subjected to photoinduced dimerization and yield primarily the 
trans isomers as we11.116 

Intramolecular photodimerization of 2-pyridones provides a series of primary photoproducts, the struc- 
tures of which were a function of the chain length connecting the two reactive The initially 
formed dimers were characterized as being derived from a photochemically allowed [2 + 21 cycloaddi- 
tion process in each case examined. A particularly interesting example from this study in terms of [4 + 41 
cycloaddition chemistry is the conversion of dipyridone (114) into the net [4 + 41 dimer (115) via a facile 
thermal rearrangement.l17 Further irradiation of the [4 + 41 species (115) produced a second [2 + 21 ad- 
duct that was isomeric with the initially formed metastable species. 

Although a number of novel and mechanistically significant reactions have been reported in the m a  of 
polyene photocycloaddition, the inefficiency of these processes generally precludes their use for prep 
arative applications. 

5.233 Dimerization of o-Xylylene and 2,SDimethylenefurans 

Ultrasound has been employed to promote the formation of o-xylylene from the reaction of zinc metal 
with a,a’-dibrom0-o-xylene.118 In the absence of reactive dienophiles, the transient diene produced in 
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this reaction dimerizes to generate the 5,6,11,12-tetrahydrodibenzo[a,e]cyclooctadiene (116) in 5% yield. 
Dimer (116) can be produced in 80% yield from the same dibromide when it is treated with lithium and 
exposed to sonication. No [4 + 21 cycloadducts were observed in this reaction when it was performed in 
the presence of relatively reactive dienophiles, suggesting that o-xylylene is not an intermediate in the 
dimerization process.119 

qBr __._) ? 

Br 

a 
Similar [4 + 41 dimers have been reported during the flash vacuum pyrolysis of 2-methyl-3-furylme- 

thy1 benzoate in which 4H,5H,9H, 1OH-cycloocta[ 1,2-b:6,5-b']difuran (117) is produced in virtually 
quantative yield. 120 A stepwise mechanism has been forwarded to rationalize the high-yield formation of 
the corresponding head-to-head [4 + 41 dimer.121 Other examples of the [4 + 41 dimerization of 2,3-di- 
methylene furan122 and 2,3-dimethylene thiophene123 have been reported as well. 

0 

x--\ (117) X = 0, S 

It is apparent that these types of [4 + 41 dimerization, while normally high-yielding processes, are of 
limited potential for application to complex synthetic problems. 

5.233 Applications of 'Indirect' [4 + 41 Cycloadditions to Synthesis 

Direct application of [4 + 41 cycloaddition chemistry to problems in natural product synthesis is rare 
due to the general inefficiency of these processes. However, several variations on the theme of direct [4 
+ 41 cycloaddition have been developed and will be considered in this section. 

As a l l u q  to in Section 5.2.3.1, the intermolecular photoinduced [ 2 ~ r  + 2n] cycloaddition of dienes is 
an efficient reaction in only a relatively few instances?l However, many of the liabilities normally asso- 
ciated with the intermolecular cycloaddition process can, in principle, be circumvented by employing the 
intramolecular version of the coupling. The requisite eight-membered ring could then be accessed from 
thermal rearrangement of the resultant divinylcyclobutane phot~product. '~~ 

Wender and Correia have brought this concept to practice by tethering two 13diene units together 
with a three-carbon chain.125 Sensitized irradiation of the resultant tetraene provided a quantitative yield 
of two cis-fused bicyclo[3.2.0]heptane products that were isomeric with respect to the relative spatial dis- 
position of the two vinyl side-chains. Thermolysis of the cis-divinylcyclobutane isomer at 130 'C for 
several hours gave a quantitative conversion to cis-cyclooctadiene (118). The rrans-divinylcyclobutane, 
which proved to be more reluctant to rearrange, required higher temperatures (200 "C) and longer re- 
action times to give (118) as the major product. A modest quantity of a six-membered ring rearrange- 
ment product accompanied cyclooctadiene formation in this case. This reaction sequence was shown to 
be both versatile and general in scope. Tetraene analogs displaying heteroatom tethers, four-carbon con- 
necting chains and functionalization all gave the corresponding products in good yields. Furthermore, the 
sequence has been employed as the key ring-forming step in a formal total synthesis of the antitumor and 
antibiotic triquinane coriolin. 

In an extension of the indirect intramolecular [4 + 41 cycloaddition concept, Wender and coworkers 
have also developed a very powerful NiO catalyzed cyclodimerization variant which is quite efficient at 
delivering cyclooctadiene products.126 Exposure of the appropriate tetraene to catalytic amounts of NiO in 
the presence of Ph3P at 60 'C gave a mixture of two cyclooctadienes (119) and (120) in 70% total yield. 
In this instance the cis-fused isomer (119) prevailed in a ratio of 19: 1 over the corresponding trans ma- 
terial. The proclivity for formation of the cis-cyclooctadiene, the result of a formal endo addition, was a 
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general phenomenon for tetraenes joined by a threecarbon chain. It is clear that the overall process de- 
scribed here, while formally a [4 + 41 cycloaddition reaction, proceeds mechanistically through a series 
of inter~nediates.~~~ 

(119) 95% (120) 5% 

A particularly significant aspect of this reaction is the level of stereoinduction observed when certain 
substituents were appended to the carbon tether. When tetraene (121; R = CO2Me) was treated with the 
standard Ni(COD)flh3P catalyst, cyclization proceeded smoothly to give (122 R = C02Me) in 84% 
yield along with a small amount of (123) and traces of cis-fused products. The equatorially substituted 
diastereomer (122) was formed with a preference of 2 7 0  1 over epimer (123). which exhibited an axially 
oriented methoxycarbonyl group. The exolendo selectivity of the reaction was established as >95:5, now 
favoring formation of the trans-fused ring system. In contrast to the threecarbon analog, dienes con- 
nected by a four-carbon tether were found to display a high selectivity for formation of the trans-fused 
product. 

R R R 

+ traces of cis products 

H H 

A number of different substituents (R) were positioned on tetraene (121) to evaluate the origins of the 
remarkable level of diastemselection observed in these reactions. Table 2 summarizes the results of this 
study. The small cyano group had only a minor stereoinductive effect while the bulkier, noncomplexing 
methyl group showed a more pronounced effect. The influence of the acetoxymethyl group was essen- 
tially identical to the methyl group despite the possibility of coordination. Thus, it was concluded that the 
diastewinduction observed was predominently steric in origin.12s 

Tnble 2 Substitutent Effects on the Diastereoselectivity of the Nickel(0) Catalyzed Intramolecular [4 + 41 
Cycloaddition of (121)’** 

Substitutent (R) Yield (96) Ratio (eq:ar) 

CN 
Me 

CHzOAc 
C a M e  

66 
88 
92 
84 

1 5 1  
20: 1 
21:l 
270 1 

The nickel-catalyzed intramolecular [4 + 41 cycloaddition strategy has been successfully applied to the 
construction of both the AB and BC ring systems of the mane diterpenes.lB These studies additionally 
served to establish the viability of this chemistry for the construction of angularly alkyl-substituted bicy- 
clo[6.4.0]dodecanes. In an example typical of this class of transformations (Scheme 16), cyclooctadiene 
(125) was produced with greater than 97% diastereoselectivity and in 92% chemical yield when tetraene 
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(124) was subjected to the standard Nio cyclodimerhtion conditions. The complementary strategy for 
construction of the AB taxane ring system proceeded somewhat less effectively to give adduct (127) in 
52% yield as a 1.3: 1 mixture of r-butyldimethylsilyloxy epimers. Merging of these two sequences could, 
in principle, provide rapid entry into the taxam skeleton itself in a very efficient fashion. 

(127) 

Scheme 16 

The nickel-mediated [4 + 41 cycloaddition strategy has also provided a concise and stereocontrolled 
route into the sequiterpcne lactone (+)-asteriscanolide (128).130 The basic features of this approach are 
outlined in Scheme 17. The critical [4 + 41 cycloaddition step occurred under standard conditions to give 
the key intermediate in 67% yield. Clearly, the intramolecular version of the nickel-catalyzed diene cy- 
clodimerization has been established as a powerful and highly-selective protocol for the synthesis of cy- 
clooctane ring systems and should frnd extensive application to natural product synthesis. 

The corresponding intermolecular nickelcatalyzed [4 + 41 cyclodimerization has not proven to be a 
useful synthetic tool, due primarily to low selectivities with unsymmetrical dienes and the general ineffi- 
ciency of the reaction with dienes more complex than b ~ t a d i e n e . ~ ~ ~ * ~ ~ *  Several exceptions to this gener- 
alization do exist, however, as exemplified by the regio- and stereo-selective cyclodimerization of 
1-trimethylsilyloxybutadiene in equation (6).133J34 The presence of a substituent at the terminus of the 
diene is critical to the success of this reaction. However, 1,4-disubstitution on the diene completely sup- 
presses the reaction. Methyl sorbate, for example, is recovered intact when exposed to the in situ gener- 
ated Nio catalyst used in these reactions. These few examples notwithstanding, it is clear that the 
intramolecular version of this coupling holds the most promise as a general synthetic method. 
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53.1 INTRODUCTION 

Arene-alkene cycloadditions (Scheme 1) are among the most theoretically intriguing and synthetically 
promising recent discoveries in organic chemistry, providing particularly efficient synthetic access to a 
range of natural and non-natural compounds from simple, readily available precursors.' Reflecting their 
enormous versatility and their consequent designation in this series as higher order cycloadditions, these 
reactions have the unique capability of producing from three- to nine-membered rings through [2C + 
2C], [3C + 2C], [4C + 2C], [5C + 2C], [6C + 2C], [4C + 3C], [4C + 4C] and [5C + 4C] conjunctions of 
arenes with various .rr-systems. In this chapter, an overview of this fascinating class of reactions will be 

H 

4@- 5\ (J 1 

6 H  
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presented. In accord with the goals and focus of this series, emphasis will be placed on developments of 
the last decade and on the unique role of these reactions in organic synthesis. Primary attention will be 
given to the meta cycloaddition reaction due to its more extensive development and use in synthesis. As 
a consequence of the inexorable relationship between synthesis and mechanism, this treatment will start 
with a brief historical perspective and mechanistic analysis. 

5 3 3  HISTORICAL PERSPECTIVE 

The genesis of contemporary arene-alkene photochemistry is marked in large measure by the 1957 
publication of Bryce-Smith and Blair* in which irradiation of benzene is reported to give fulvene (equa- 
tion l). Serving to dispel the long-held view that benzene and its derivatives are photochemically inert, 
this finding did much to attract further interest to this unexplored field, leading in turn to the discovery of 
new rearrangement processes3 and eventually the arene-alkene cycloadditions. 

Of particular note in these early studies is the work of Bryce-Smith and Angus," in which an attempt 
was made to trap the fulvene produced during the irradiation of benzene by conducting the reaction in 
the presence of a powerful dienophile, maleic anhydride. Instead of the expected Diels-Alder cycload- 
duct of fulvene, this reaction (equation 2) was found to yield a novel 2:l adduct (9, which was sub- 
sequently showns to form through initial photocycloaddition of maleic anhydride to the 1.2- or 
ortho-related positions of benzene, giving cycloadduct (4), which then provides (5) through a Diels- 
Alder cycloaddition. Analogous results were subsequently reported for the photo-mediated reactions of 
other dienophiles with benzene.6 Contemporaneous work in the BUchi group7 demonstrated that benzene 
derivatives are also capable of cycloaddition to alkenes. These seminal contributions, along with later re- 
ports from these and other investigators, served to illustrate the generality of the 1,2- or ortho-cycloaddi- 
tion reaction and seeded the field for an even richer harvest. 

0 

0 

Stimulated by these early discoveries, interest in the photochemistry of other arene-alkene systems 
grew rapidly, leading in 1966 to the co-discovery by Wilzbach and Kaplan8 and by Bryce-Smith, Gilbert 
and Orger9 of a second type of cycloaddition, involving bonding of an alkene to the 1.3- or meta-related 
positions of an arene (equation 3). Shortly thereafter, the first examples of a third type of cycloaddition 
were reported,I0 involving bonding of dienes and allenes to the 1,4- or para-related positions of the orig- 
inal arene ring (equation 4). 

1 
hv 

R 
H k  
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Following this exciting period of rapid discovery, investigations of arene-alkene cycloadditions fo- 
cused more heavily on their scope and mechanism(s). Bryce-Smith and Longuet-Higginslf*ll were the 
first to present a theoretical treatment, providing an orbital symmetry analysis of the three types of cy- 
cloaddition. In connection with the possible role of charge transfer in these reactions, a mnemonic was 
introduced later by Bryce-Smith and Gibed2 for predicting the type of reaction an arene-alkene pair 
will undergo, based on the difference in their ionization potentials. In 1969, Momson and Ferree13 re- 
ported the first examples of an intramolecular arene-alkene cycloaddition (equation 3, discovered in the 
come of their exciting studies on bichromophoric compounds. Subsequent studies by the groups of 
Morrison,lh Srini~asan'~ and Yang1OC implicated an exciplex intermediate in the cycloaddition process. 
More recently, Mattay and coworkers'"+P have provided direct spectroscopic evidence supporting such 
an intermediate, at least for some arene-alkene cycloadditions. Further studies in the 1970s, particularly 
by the Reading group and by Srinivasan and coworkers, served to test and refine previous mechanistic 
proposals, thereby substantially extending the generality of these reactions. 

In 1981, Wender and H0wbe1-t~~ reported the f i i t  application of an arene-alkene cycloaddition in 
complex molecule synthesis. Heralding the spectacular synthetic efficacy offered by these reactions, this 
report provided a general protocol for the use of the metu cycloaddition in total synthesis, demonstrating 
its merit in a four-step total synthesis of (f)-cedrene (17; equation 6). In 1982, Houk16 developed a signi- 
ficant extension of earlier mechanistic analyses based on a frontier molecular orbital treatment. Provid- 
ing through calculations a better description of the energies of interacting orbitals than that derived from 
ionization potential differences alone, this treatment added a much-needed enhancement of predictive ca- 
pability to the rapidly growing field. Efforts by the Sheridan group'' on another aspect of these cycload- 
ditions served for the first time to provide much needed information on the intermediacy of a diradical 
species in the latter stage of the metu cycloaddition. Concurrent experimental studies, highlighted in par- 
ticular by the contributions of the Cornelisse group,'* suggested that in the early stages of this process 
considerable charge transfer occurs between the arene and alkene. In recent years the Cornelisd9 and 
Mattay'*P groups have independently and collaboratively provided a rather impressive and appealing 
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general mechanistic treatment of the arene-alkene cycloadditions. Thus in a period of three decades the 
chemical community has witnessed the evolution of a new class of reactions, from an admittedly ‘strange 
process’lC to one which is becoming better understood mechanistically and which has proven to be ex- 
ceedingly effective for complex molecule synthesis.liJJ 

5.33 MECHANISTIC CONSIDERATIONS 

When an arene is irradiated in the presence of an alkene a number of processes can take place, includ- 
ing exciplex formation, excitation transfer, isomerization, addition, and cycloaddition. Of these, the path- 
ways involving covalent association of the arene and alkene can lead to ene addition products as well as 
ortho, metu and pura cycloadducts (equation 7). 

(18) ene (19) para 

(20) ortho (21) meta 

As noted above, Bryce-Smith and Longuet-Higgins11.20 were the first to provide a theoretical treatment 
of these reactions. Using orbital symmetry arguments, they proposed that ortho and pura cycloadditions 
of alkenes to benzene (and by analogy other arenes) are forbidden from the *B2,, (SI) state, unless charge 
transfer is involved. Meru cycloadditions are considered to be allowed from this state with or without 
charge transfer. In a sequel to this contribution, which elaborated the charge transfer aspect of this anal- 
ysis, attention was drawn to the relationship of the ionization potential difference (A1.P.) between the 
arene and alkene and the relative quantum efficiencies for their metu and ortho cycloadditions.12 It was 
noted that reactions of benzene (I.P. = 9.24 eV) with alkenes having I.P.’s between 8.6 and 9.6 eV pro- 
ceed generally with metu-mode selectivity. In contrast, when the ALP. difference between the arene and 
alkene is greater than 0.6 eV, a situation which would favor charge transfer, ortho cycloaddition is 
preferred. While exceptions to these ‘rules’ have been noted,Im-P this analysis provided a much-needed 
organization of the field and the basis for further theoretical developments. As revealed in these sub- 
sequent studies, the main limitation of the ionization potential analysis rests on the fact that it is based 
solely on the energies of filled orbitals. The energies of unoccupied orbitals, derivable from electron af- 
finity data, are not included even though they would figure in charge transfer interactions. These limita- 
tions were subsequently addressed by other workers and in a particularly effective fashion by 
Mattay.lW 

While the orbital symmetry analysis of the arene-alkene cycloadditions addresses their ‘allowedness’, 
it does not specify a sequence for bond formation. It was recognized, however, that these cycloadditions 
could proceed stepwise and that in the specific case of the meta cycloaddition, three temporally distinct 
pathways are possible (Scheme 2): (a) a fully concerted path (A) where all bonds are formed simulta- 
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neously; (b) cyclization of the arene (€3) to a prefulvene species (22), followed by addition of the alkene 
to carbons 2 and 4 (or 6) of this intermediate; and (c) complexation of the alkene to the excited arene 
(exciplex formation) or excitation of a ground-state complex, followed by bonding of the alkene to the 
meta-related carbons of the arene, and subsequent cyclopropane formation (C). Of these possibilities, the 
concerted process (A) has received little attention, in part because the extensive bond reorganization and 
nuclear motion is considered to be unlikely. This pathway also does not allow a simple rationalization of 
the regioselectivity observed in the cycloaddition. The prefdvene mechanism (B), on the other hand, was 
strongly favored in some early and even more recent discussions.lf Support for this mechanism was not 
unreasonably encouraged by the observation that while irradiation of arenes alone gives fulvenes, a meta 
cycloadduct is obtained when the same reaction is conducted in the presence of an alkene. Both results 
are in accord with the intermediacy of a prefulvene (22). However, as additional information on this re- 
action was obtained, it became increasingly apparent that its selectivity, particularly regioselectivity, 
could not be explained by a prefulvene intermediate. Deuterium labelling studies also revealed that bond 
formation between the arene and alkene occurs much in advance of cyclopropane bond formation,'* 
which is opposite to what would be expected for a prefulvene mechanism. Finally, while not emphasized 
in these earlier discussions, it is also apparent that the addition of an alkene to a prefulvene would require 
bond formation to the sterically less-accessible concave face of the prefulvene. 

Scheme 2 

Support for the third mechanism, the exciplex pathway (C), came initially from the studies of Morri- 
sodh and of Srinivasan.14 Morrison was able to show that quenching of the intramolecular cycloaddition 
of 6-phenyl-2-hexene is only about one-half as efficient as fluorescence quenching for this substrate, a 
result consistent with a short-lived, unquenchable cycloaddition precursor. While less direct, the stereo- 
selectivities observed by Srini~asan'~**~ in studies on anisole derivatives are also interpretable in terms of 
an exciplex intermediate. Extensive studies by Comelisse and coworkers18J2 on substituent effects also 
suggest that the arene is already polarized at the stage when bond formation to the alkene begins, as 
would be expected for an exciplex involving charge transfer. More recently, Mattaylmp has reported the 
observation of long-wavelength emission attributable to an exciplex and additionally has found that 
quenching of this emission and of product formation have identical rate constants. 

In 1982, Houk16 provided a frontier molecular orbital analysis for rationalizing h e  partitioning be- 
tween orrho, mera and para modes of cycloaddition. In this treatment the HOMO and LUMO energies of 
the alkene were explicitly considered along with the energies of the singly occupied molecular orbitals 
(SOMO) of the excited arene. For the simple case of benzene and ethylene the relevant electronic con- 
figurations and their energies are given in Scheme 3. The actual orbitals for benzene are combinations of 
these; the lowest excited singlet is lB2" @A*-AS*). Consideration of the symmetry-determined mixing 
of these frontier molecular orbitals indicates that the ethylene HOMO can mix with the benzene S orbital 
to stabilize a mera cycloaddition and with the beniene A orbital to stabilize an ortho cycloaddition. Al- 
kene interaction with A* is possible for both ortho and meta modes of cycloaddition. 

Interactions leading to para cycloaddition (S + ethylene LUMO) are only weakly stabilized. Para cy- 
cloadditions are also disfavored by the distance-determined (2.79 A) poor overlap between interacting 
orbitals of the arene with those of the alkene. From this analysis it is predicted that an ortho mode of cy- 
cloaddition will be favored for an arene AS* transition while orrho but preferentially mera cycloaddition 
will be stabilized in the SA* transition. In addition to symmetry considerations, the effectiveness of the 
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indicated mixings are also related to the relative energies of the interacting orbitals. In order to obtain 
these energies, calculations at the STO-3G level (GAUSSIAN 82 program) were performed for the case of 
benzene and ethylene, fixed in parallel planes and separated by 2.5 A (i.e. in a reasonable approximation 
of the  exciple^).^^ The results indicate that the metu approach is favored slightly over the ortho approach 
(-1 -32 vs. -1.25 eV, respectively), in agreement with experimental  observation^.^^ 

In the case of donor-substituted arenes, this FMO analysis indicates that mera cycloaddition is favored 
over the ortho mode due to the preferential stabilization of the SA* transition (Scheme 4). This mode se- 
lectivity is indeed observed in numerous cycloadditions involving simple alkenes and alkoxy- or alkyl- 
substituted arenes.'q However, as the difference in energy between interacting orbitals is increased due to 
substituent effects, charge transfer becomes more important. In such cases, both orrho and meta modes of 
cycloaddition are possible but the former is usually preferred on the basis of its better orbital overlap. 
FMO analysis further indicates that the magnitude of the coefficients of the interacting orbitals deter- 

mines the regioselectivity of a cycloaddition. Thus for meta cycloadditions the increased size of the 
ortho coefficients relative to the meta in the S orbital of the arene leads to the expectation that the alkene 
will add across the donor group, Le. to positions 2 and 6 or ortho and ortho' related to the donor-bearing 
atom (25,26; Scheme 4). The regioselectivity of the orrho and para cycloadditions can also be deduced 
through a similar analysis of orbital coefficients. Finally, the exolendo selectivities of the mera and ortho 
cycloadditions are also rationalized in the FMO treatment by secondary orbital interactions. The endo se- 
lectivity observed in many meta cycloadditions is thus attributed to stabilizing secondary orbital interac- 
tions arising from mixing of the S and A* arene orbitals with the HOMO and LUMO orbitals of the 
alkene. The frequently observed exo selectivity of orrho cycloadditions is similarly treated by interaction 
between the arene S orbital and the alkene HOMO. 

Recognizing the limitations of previous treatments, Mattayl-P recently reported an analysis of arene- 
alkene cycloadditions which is noteworthy in its capacity to accommodate the observed polarization and 
steric effects and data supporting an exciplex intermediate. In this treatment, an empirical 'rule', derived 
from a correlation of reaction selectivity and the degree of excited state charge tran~fer?~ is used to pre- 
dict reaction mode selectivity for a wide range of arene-alkene reactions. The degree of excited-state 
charge transfer is estimated in this analysis from the free enthalpy of electron transfer (AGET), which in 
turn is calculated, using the Rehm-Weller equation (equation 8),26 from the oxidation potential of the 
donor (D), the reduction potential of the acceptor (A), and the excitation energy of the reactant excited 
state. When AGET is negative or nearly zero, addition is expected to predominate over cycloaddition, as 
is indeed observed in the reactions of certain electron-rich alkenes with excited-state arenes. When AGET 
is positive, cycloaddition is expected, with ortho cycloaddition favored for values up to approximately 
1.4-1.6 eV and meta cycloaddition is favored for more positive  value^.'^ 

In 1987, Cornelisse and coworkers19 reported a semi-empirical calculation for the meta cycloaddition 
of benzene with ethylene, which impressively consolidates many experimental aspects of this reaction 
and fits well with the Mattay analysis. This calculation, performed at the CNDO/S and MNDO levels, 
supports an exciplex mechanism with charge polarization, in accord with Mattay's treatment and a re- 
lated mechanism developed earlier in the Cornelisse laboratories.22 According to this mechanism (equa- 
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where f172(D) and GZ(A) = oxidation (reduction) potential of the donor 
(acceptor) molecule in acetonitrile; E,,, = excitation energy; F = 96490 Coulomb; 

tion 9a), bonding between the arene and alkene precedes cyclopropane bond formation and occurs with 
appreciable polarization (see 27) in the early stage of the reaction. As will be discussed shortly, this po- 
larization effect allows one to rationalize the regio and exolendo stereoselectivities of the meta cycload- 
dition. Importantly, the calculations further indicate that as the reaction proceeds, dipolar character 
dissipates and the system evolves along the reaction coordinate toward the cycloadduct (29) directly or 
through a nonpolar diradical(28) which then undergoes cyclopropane formation to provide the cycload- 
duct. Such a polarization-depolarization pathway explains the solvent and the deuterium-isotope effects 
associated with the reaction. It also can be used to rationalize the regiochemistry for at least the meta cy- 
cloaddition, since association of the arene and alkene would be expected to proceed in a fashion in which 
charge is stabilized by the arene substituents. This treatment also accommodates the intermediacy of a 
diradical species which has been implicated by several studies. Of particular note on this point are the 
impressive investigations of the Sheridan group (equation 10),17 in which irradiation of either diazoal- 
kene (34) or (36) is found to give the same product ratio as that observed in the direct irradiation of m- 
xylene (37) with cyclopentene. That such diradical species have never been observed in meta 
cycloadditions can be attributed to the large energy difference (22.9 kcal mol-'), but the small energy 
barrier (7.5 kcal mol-') between the diradical and the cycloadduct. 

In 1987, Mattaylm provided a rather comprehensive analysis of regioselectivity and exolendo selectiv- 
ity based on his previously developed charge transfer treatment and on a mechanistic treatment similar to 
that proposed by Comelisse. This work incorporates many findings of earlier studies.' According to this 
treatment, these reactions are proposed to proceed through an exciplex which is polarized in proportion 
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to the degree of charge transfer between the donor and the acceptor. Evolution of this species along the 
metu cycloaddition path occurs with polarization within the arene subunit (27; equation 9a) in advance of 
a-bond formation, in accord with calcuiati~ns~~ and experimental evidence.18 As discussed in previous 
studies by Comelisse, bond formation between the arene and alkene then proceeds in a fashion which 
maximizes charge stabilization by substituents on the arene ring in the early stage of the reaction (equa- 
tion 9a). Consequently, donor groups at C-l in (27) direct alkene bonding to positions C-2 and C-6 of the 
arene subunit since such groups would stabilize partial positive charge developing at C-1 in the early 
stage of the cycloaddition process. Conversely, acceptor groups at C-3 (or C-5 as numbered in 27) would 
direct alkene bonding to positions C-2 and C-6 of the arene since such groups would stabilize partial ne- 
gative charge build-up in the C-3-C-4-C-5 allyl subunit in the early stage of the reaction. This anal- 
ysis is supported by experimental results: for alkoxy- and alkyl-substituted arenes, alkene addition occurs 
preferentially to positions C-2 and C-6 relative to the C-1 donor, while for acceptor-substituted arenes, 
such as trifluoromethylbenzene or cyanobenzene, alkene addition is preferentially directed to positions 
C-2 and C-6 relative to the C-3 acceptor group (as numbered in 27).18 Furthermore, for arenes bearing 
two substituents, addition is preferentially directed by the stronger donor or acceptor. The regio- 
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selectivity observed in ortho cycloadditions, while generally lower, is explained in a similar fashion in- 
volving species (30) and/or (31) (equation 9b), depending on the charge stabilization provided by R. 

Exo/endo selectivity can also be rationalized on the basis of this treatment. An interesting example is 
provided by the metu cycloadditions of anisole with vinylene carbonate (41) and dioxole (44) (equation 
11). Reactions of (41) give an exolendo cycloadduct ratio of 0.5, while for the latter alkene a reversed 
preference is found, i.e. exolendo = 3.2. In contrast to what would be expected on the basis of steric ef- 
fects alone, a larger =ne substituent, trimethylsilyloxy, gives even greater ex0 selectivity (9.3). This be- 
havior can be explained if allowance is made for charge transfer. Thus polarization arising during the 
cycloaddition with (41) would electrostatically stabilize the endo addition mode (43) and destabilize the 
e m  mode (42), the latter due to charge repulsion between the vinylene carbonate subunit and the alkoxy 
group of the arene. On the other hand, the more electron-rich dioxole (44) can serve as a donor in the cy- 
cloaddition, in which case charge repulsion is minimized along with steric effects in the ex0 orientation 
(45). 

(40) Donor (41) Acceptor (42) 'exo' (43) 'endo' 
(11) 

6c 

6- 6- 
(40) Acceptor (44) Donor (45) 'exo' (46) 'endo' 

While the aforementioned electronic effects provide the basis for understanding many aspects of re- 
action selectivity, a complete analysis must also include orbital alignment and steric effects since in 
many cases these factors are dominant. For example, while most intermolecular metu cycloadditions in- 
volving alkyl- or alkoxy-substituted arenes and simple alkenes proceed with endo selectivity, the intra- 
molecular metu cycloadditions generally give high, if not complete, ex0 selectivity.1r This difference in 
selectivity has been rationalized in numerous studies by Wender's group on the basis of steric effects as- 
sociated with the formation and reaction of an exciplex. In this analysis (Scheme 5),15 the plane of the al- 
kene and that of the excited-state arene are oriented in a parallel fashion and separated by a distance of 
approximately 2.5 A, in reasonable agreement with previous studies on exciplex systemsz3 and the more 
recent  calculation^^^.^^ noted above. The intermolecular reaction would then involve exciplex (47), in 
which an endo orientation is preferred due to secondary orbital interactions and, depending on substitu- 
tion, electrostatic effects. In the corresponding intramolecular exciplexes, the favorable orbital alignment 
for metu cycloaddition is preserved only if an ex0 orientation (48) is adopted, as the endo exciplex (49) is 
poorly aligned. Moreover, metu cycloaddition proceeding via (49) would lead to the formation of a pro- 

2.5 8, 2.5 8, 

(47) (48) 
Intermolecular Intramolecular 
exciplex model exciplex model 

(endo orientation) ( e m  orientation) 
Favored Favored 

H 
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Scheme 5 
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duct with a highly strained trans-fused bicyclo[3.3.O]octane subunit. In contrast, the corresponding ex0 
cycloaddition process proceeds to a less-strained cis-fused bicyclo[3.3.0]octane product. 

Steric effects on reaction selectivity are also interpretable in terms of this exciplex model. For example 
(Scheme 6), the cycloaddition of Q-6-phenyl-2-hexene (10) proceeds as expected through exciplex (50) 
with addition of the alkene subunit to positions C-2 and C-6 of the C-1 donor-substituted arene.Ih In con- 
trast, irradiation of the (a-isomer (12) occurs with addition to positions C-1 and C-3 to give cycload- 
ducts (13) and (14). This contrasting behavior provided an important starting point for studies in 
Wender's group, as it indicated that the seemingly abnormal behavior of the (2)-isomer is simply a result 
of destabilizing nonbonded interactions which would arise in exciplex (51) if addition were to occur 
across the donor (alkyl) group. This interpretation was tested and figured significantly in several studies 
in total synthesis, as will be described below. Since this effect arises in intramolecular cycloadditions in- 
volving alkenes bearing a substituent which is (2) related to the tether connecting the alkene and arene, it 
is commonly referred to as the (?)-alkene effect. 

Scheme 6 

Finally, steric effects have been observed to play a significant role in controlling the dia- 
stereoselectivity of the arene-alkene cycloadditions. Elaboration of this aspect of the reaction again rests 
on an exciplex model and will be provided in the context of synthetic applications where it has been 
most frequently encountered. 

53.4 SUMMARY OF MECHANISM AND REACTION SELECTIVITY 

The pathway depicted in Scheme 7 represents a consolidation of some of the more recent contributions 
noted above and is provided along with the following summary as a guideline for the implementation of 
this class of reactions in synthesis. Based on existing information, irradiation of an arene in the presence 
of an alkene appears to be a singlet process leading to an exciplex intermediate (52). The overall course 
(mode) of any ensuing photochemistry can then be predicted on the basis of this proposed intermediate. 
Based on the aforementioned charge transfer analysis, this species will be polarized in proportion to the 
donor and acceptor abilities of the arene and alkene. When charge transfer is highly favored (i.e. when 
AGET for electron transfer is negative), substitution or ene reactions are expected (52 to 53). When 
charge transfer is relatively weaker, cycloaddition occurs, with ortho-mode selectivity (54) for OCAGET < 
1.4-1.6 and with rnera-mode selectivity (27) for AGET > 1.4-1.6. Para cycloadditions are possible but 
disfavored by poor orbital overlap and primarily restricted to reactions of arenes with allenes, dienes and 
extended aret1es.2~ Owing to the limited study of para cycloadditions, further generalization is at present 
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inappropriate. Mode selectivity for ortho and para cycloadditions can also be rationalized on the basis of 
FhfO analysis, although limitations have been noted. 

f 

Scheme 7 

In the next stage of the cycloaddition process, the weakly polarized exciplex is thought to evolve to 
polarized species (54) and/or (27), putatively involved in the ortho and rneta cycloadditions, respective- 
ly. These species can be used to predict reaction regioselectivity. In the ortho mode of cycloaddition, 
regioselectivity is influenced by the degree of electron transfer and therefore the extent of polarization of 
(54), as well as the stabilizing effect of arene substituents and steric factors. Consequently, ortho addition 
to positions C-1 and C-2 of a C-1-substituted arene is preferred when AGET of electron transfer is low 
(Le. approximately zero) and when the arene substituent at C-1 is charge stabilizing. When electron 
transfer is less likely, the regioselectivity of the cycloaddition is low. In the meta mode of cycloaddition, 
regioselectivity can be similarly predicted on the basis of the effectiveness of substituents in stabilizing 
charge in species (27). Thus bond formation to positions C-2 and C-6 of the arene would be favored 
when a donor group is at C-1, where it could stabilize positive charge, and/or when acceptor groups are 
at C-3 and/or C-5 where they could stabilize negative charge. As bond formation progresses, steric ef- 
fects on regioselectivity become more pronounced and occasionally override these electronic directing 
effects. For example, the meru cycloaddition of cyclooctene to toluene proceeds with essentially exclu- 
sive addition of the alkene to positions C-2 and C-6 of the arene, as would be expected for a C-1 donor- 
substituted arene.28 However, when the arene methyl group is replaced by a sterically more-demanding 
r-butyl group, alkene addition to positions C-3 and C-5 is favored.29 Similarly, as noted for the dramati- 
cally contrasting behavior of (E)- and (ad-phenyl-2-hexenes (Scheme 6), steric and orbital alignment 
effects imposed by the intramolecularity of certain cycloadditions can override electronic effects. 

The next selectivity issue, exolendo preferences, can be predicted for both the orrho and rnetu modes 
of cycloaddition on the basis of secondary orbital interactions (FMO treatment) and by electrostatic con- 
siderations involving polarized species (54) and (27). In general, intermolecular reactions with simple al- 
kenes proceed with endo selectivity. Heteroatom-substituted or polarized alkenes (equation l l)  give 
exolendo mixtures, whose composition can be explained by electrostatic considerations. Intramolecular 
cycloadditions of simple alkenes and arenes joined by a three-atom tether generally proceed with high 
ex0 selectivity due in part to orbital alignment effects. In all cases, alkene geometry is preserved, except 
for sterically encumbered alkenes, in which case excitation transfer from the arene to the alkene can 
occur. 
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As alkene bonding progresses in the metu cycloaddition,  calculation^^^ and experimental 
suggest that dipolar character dissipates, resulting in one scenario in the direct formation of cycloadduct 
(29) or in another in the intermediacy of diradical species (28) (Scheme 7). For the latter, closure to the 
cycloadduct(s) would then proceed with bond formation between C-1 and C-3 and/or C-5. Factors contri- 
buting to the selectivity of this closure have not been fully investigated and indeed they are frequently 
obscured by the fact that many metu cycloadducts can be photoisomerized. For example, hdiation of 
arene-alkene (56) (equation 12) gives two cycloadducts (57) and (58) in a ratio of 1:4.5, respectively, at 
short reaction times whereas prolonged irradiation produces a 1:2.6 m i ~ t u r e . ~  Either isomer can be 
photoequilibrated. While caution is thus required, it would appear on the basis of many studies that the 
final closure favors formation of the less-strained cycloadduct. Cycloadduct (58) is thus favored over 
(57) because the alkyl groups at C-1 and C-8 are less sterically congested in the former as a result of its 
longer C - 1 4 - 8  (cyclopropane) bond. Electronic factors are also expected to play a role in the final clo- 
sure due to the differing interactions of substituents attached to normal versus cyclopropane bonds. 
Examples of this selectivity will be presented in the next section. 

hv 

hv + (12) 

The final major selectivity issue associated with the arene-alkene cycloadditions pertains to the in- 
fluence of preexisting stereogenic centers on the course of the reaction. This selectivity has been ration- 
alized by Wender's group in numerous studies on the basis of the aforementioned exciplex model for 
metu cycloaddition, from which steric interactions can be determined for all possible cycloadditions. For 
example, arene-alkene (59) (equation 13) could in principle produce cycloadducts (61) and (62) with a 
P-oriented C-2 methyl group and/or (64) and (65) with an a-oriented C-2 methyl group. Examination of 
the exciplex (63) leading to the latter pair, however, clearly reveals a destabilizing nonbonded interaction 
involving the benzylic methyl group and the methoxy group of the arene. Formation of the dia- 
stereomerically related exciplex (60) is thus favored, in agreement with the observed highly selective, if 
not exclusive, formation of cycloadducts (61) and (62).15 
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5 3 5  GENERAL SYNTHESIS DESIGN CONSIDERATIONS 

Organic synthesis has evolved rapidly and impressively since its genesis in the nineteenth century, 
with each generation defining an ever-more demanding set of goals. As empiricism gave way to mechan- 
istic understanding, a foundation was laid for the realization of greater control over reaction selectivity 
and thereby the advent of complex molecule synthesis. The past three decades have witnessed impressive 
successes in the synthesis of complex structures. Indeed, the problems posed by many synthetic targets 
are now ‘solved’ at a practical level. However, for the majority of synthetic problems, solutions either do 
not exist or are not practical. In general, few solutions approach the ideal, wherein the target is prepared 
from readily available starting materials in one step which proceeds in 100% yield and which is oper- 
ationally safe and simple and ecologically acceptable. Obviously, this is a rather demanding but not unre- 
alistic objective. While it is unlikely to be commonly realized, attempts to achieve this level of 
sophistication are of great importance as they are likely to produce fundamentally new and practical sol- 
utions which will clearly have a profound impact on the ways in which total synthesis will be used in the 
future. 

The relationship of the arene-alkene cycloadditions and other strategy level reactions of this calibre to 
this goal of simplifying complex molecule synthesis can be appreciated from an analysis of a typical syn- 
thesis. Generally, a total synthesis proceeds from simple starting materials to a complex target. While 
‘simple’ and ‘complex’ are frequently intuitive or at best qualitative descriptors of molecules, it is 
possible to determine more quantitatively these relative attributes of structure through the use of simple 
graph theory.31 In essence, the atoms and bonds of a molecule can be related to the points and lines of a 
graph. The relative complexity of a graph (molecule) is therefore a function of the number of points 
(atoms) in the graph (molecule) and of the nature and number of their connections (bonds). It necessarily 
and objectively follows from this consideration that the average complexity increase per step in a syn- 
thesis determines the total number of steps needed to produce the target (complexity level), provided that 
the increase is relevant to the target. From a chemical viewpoint, this is equivalent to stating that the 
average number of target bonds formed per step necessarily determines the number of steps needed to 
complete a synthesis. Consequently, the incorporation of reactions like the arene-alkene metu cycloaddi- 
tion, the Diels-Alder cycloaddition, or polyene cyclizations into a synthetic plan will generally produce a 
greater increase in average complexity per step in the synthetic sequence, thereby leading to a shorter 
synthesis. The ramifications of these considerations will become apparent as this analysis turns to syn- 
thetic applications. 

From another viewpoint, the value of the arene-alkene metu cycloaddition arises from its capacity to 
produce a cycloadduct (66; equation 14) with three new rings and up to six new stereocenters, an im- 
pressive feat even when compared with the highly regarded Diels-Alder cycloaddition. Moreover, the 
cycloadduct can be used in the synthesis of a variety of commonly encountered structural types including 
cyclopentanes, cycloheptanes, bicyclo[3.2. lloctanes and bicyclo[3.3.0]octanes. While frequently over- 
looked in some discussions of reaction classification, the overall processes leading to cycloheptanes, bi- 
cyclo[3.2.l]octanes and bicyclo[3.3.0]octanes are clearly classifiable as [5C + 2C], [3C + 2C] and [3C + 
2C] cycloadditions, respectively. Examples of these types will be given in the following section. 

While providing less of a complexity increase than the metu cycloaddition, the ortho and para modes 
of cycloaddition (equation 15) nevertheless offer a significant increase, not unlike that attending the 
Diels-Alder reaction. In both, a new ring and up to four contiguous stereocenters are formed. From a 
synthetic view, the ortho cycloaddition offers access to four- and six-membered rings, bicyclo[4.2.0]oc- 
tanes, and eight-membered rings, the last through cleavage of the ring fusion bond. These processes are 
formally examples of [2C + 2C] and [6C + 2C] cycloadditions. The pura cycloaddition also affords ac- 
cess to six-membered rings as well as bicyclo[2.2.2]octanes through a [4C + 2C] connection. Pura cy- 
cloadditions involving dienes or a second arene additionally provide access to eight-membered rings 
through a [4C + 4C] cycloaddition. 

53.6 SYNTHETIC APPLICATIONS 

With the above synthetic considerations as a backdrop, the use of the arene-alkene cycloaddition in 
complex molecule total synthesis can now be examined. The emphasis here will be on the metu cycload- 
dition process since it has received the most study. It will become apparent, however, that even this re- 
action has received relatively little attention in synthesis in spite of its enormous potential. This situation 
is likely to change rapidly as recent theoretical and synthetic advances are assimilated. 

The first example of the application of the arene-alkene metu cycloaddition in complex molecule syn- 
thesis was the total synthesis of the sesquiterpene cedrene (82; Scheme 8).15 This target was selected for 
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study because it offered the opportunity to investigate several issues of crucial importance to the broader 
implementation of this reaction in synthesis, including mode, regio and exolendo selectivity and, for the 
first time, stereoinduction. From a retrosynthetic analysis, it is seen that the bicyclor3.2. lloctane subunit 
of cedrene could arise from a [3C + 2C] cycloaddition, allowing for the connection of carbons 1 with 5 
and 7 with 6, respectively. This connectivity is exactly that which would arise from the meta cycloaddi- 
tion of arene-alkene (59). While not required in the product, the oxidation (methoxy group) at C-1 1 in 
this precursor was expected, for reasons discussed above, to control regioselectivity and to simplify the 
task of transforming the cycloadduct into the desired target. 

That arene-alkene (59) would give the desired cycloadducts rested on several assumptions which can 
now be presented in terms of the previous discussion. Thus, with respect to mode selectivity, it is seen 
that the substitution of the arene and alkene in (59) is that which would be expected on the basis of M O  
and charge transfer treatments to lead to a meta-selective process. This is further supported by earlier 
studies showing that alkyl-substituted anisoles give meta cycloadducts with simple alkenes?' While 
these studies also indicate that ortho-substituted anisoles give low yields of cycloadducts, the intramole- 
cularity of the proposed route to cedrene would favor the cycloaddition. The regioselectivity of the key 
step in the cedrene synthesis (59 to 61 and 62) is predictable from two considerations: a methoxy group 
is known to be a stronger director (donor) than an alkyl group in intermolecular meta cycloadditions2' 
and should therefore be the dominant director in (59), and meta addition across the C-1 alkyl group 
would be disfavored by the @)-alkene effect (Scheme 9), i.e. by nonbonded interactions of the type 
which were previously invoked to explain the contrasting regioselectivities observed in the cyclizations 
of (E)- and Q-6-phenyl-2-hexenes. With regard to exolendo selectivity, cycloaddition of (59) should 
favor ex0 addition (84 > 85) since such a process allows for better orbital overlap in the precursor and for 
the formation of a less-strained cycloadduct (with a local cis-fused bicyclo[3.3.0]octane subunit). The in- 
fluence of the benzylic stereogenic center on the stereochemical course of the reaction can be predicted 
from a consideration of the remaining exciplex possibilities, (86) and (87). A nonbonded interaction be- 
tween the benzylic methyl group and the methoxy group of the arene would destabilize exciplex (87). 
thereby favoring formation of cycloadducts (61) and (62) via the alternative exciplex (86). Molecular 
mechanics calculations place the steric energy difference between these exciplexes at approximately 1.5 
kcal mol-'. Finally, since the regioselectivity of cyclopropane formation could not be predicted at the 
time of this analysis, the synthesis design allowed for the use of both possible cycloadducts as cedrene 
precursors. This analysis set the stage for the experimental evaluation of its underlying assumptions. 
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The design of many syntheses evolves from an analysis of the suitability of certain strategy level re- 
actions for solving target-related problems, as exemplified in the preceding paragraph. The overall eff-  
cacy of a design is also, however, a function of how easily the starting materials for key steps can be 
made and how readily the products of these steps can be converted to the desired target. Arene-alkene 
cycloadditions fare rather well when judged by these criteria. Typically, the cycloaddition precursors are 
readily prepared through a variety of processes which allow coupling of an arene to an alkene, a notable 
example being the reductive condensation procedure developed by the Hall group.32 According to this 
procedure (Scheme 8) the starting material for the key step in the cedrene synthesis was prepared by 
treating bromoanisole (79) with excess lithium metal (high sodium content) to provide an aryllithium in- 
termediate which was then treated with commercially available ketone (78). Addition of ammonia to this 
reaction mixture resulted in reduction of the initial addition product and the formation of arene-alkene 
(59) in high yield. 

In accord with the above analysis and its underlying assumptions, irradiation of arene-alkene ( 5 9  
Scheme 8) results in the highly selective formation of cycloadducts (61) and (62) (70% yield), differing 
only by the regiochemical sense of cyclopropane formation. The isomeric nature of these cycloadducts is 
demonstrated by their photointerconversion and by their subsequent conversion to cedrene. Cleavage of 
the cycloadducts to cedrenone (80) is accomplished directly with acid. However, a brominative cleavage 
is more reproducible, giving bromocedrenone as an intermediate which is readily reduced with tri-n-bu- 
tyltin hydride to afford (SO). The selectivity of these cleavages is thought to be governed by formation of 
a cyclopropylcarbinyl cation (or its equivalent) at C-9 and by the stabilization provided by the methoxy 
group during the cleavage of the proximate cyclopropane bond. Subsequent deoxygenation of C- 1 1 pro- 
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vides cedrene (82) in a total of four steps from commercially available starting materials. The effective- 
ness of this synthesis, when compared with other syntheses of this molecule, is a predictable conse- 
quence of the aforementioned relationship of reaction complexity to brevity of synthesis design. 
Cycloadducts (61) and (62) have also been used in a comparably efficient synthesis of a-pipitzol (Sl), a 
more highly oxidized member of the cedrene family. 
The synthesis of cedrene served to establish a firm foundation for the implementation of the metu cy- 

cloaddition in complex molecule synthesis and allowed also for a comparison of the effectiveness of an 
arene-dkene based strategy with the many impressive approaches to this well-known target. On the 
other hand, the next application of the metu cycloaddition was directed at isocomene (90. Scheme 
a relatively new structural motif but one which has been found with increasing fresuency in new natural 
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products of biological interest. The retrosynthetic analysis of isocomene derives from the recognition that 
its ring system is composed of two bicyclo[3.3.0]octanes, either representing a substructure of a meta cy- 
cloadduct. While a synthesis could thus be fashioned around either subunit, the sequence selected for 
study allowed for an evaluation of the stereochemical fate of the alkene subunit as well as a further 
examination of synthetic issues tested up to that point only in the cedrene synthesis. The success of this 
sequence rests in part on the expectation that the target could be derived from the partial hydrogenation 
of diene (89), which in turn could be obtained from cycloadduct (57) via a sigmatropic 1,5-H shift. The 
effectiveness of this strategy for selectively cleaving this cycloadduct is completely dependent on the 
configuration of (2-3, since as required by mechanistic considerations and supported in work on simple 
cycloadducts reported by Srini~asan?~ only an a-oriented hydrogen at C-3 could participate in the re- 
quired rearrangement. The stereogenesis of C-3 occurs during the cycloaddition and can be controlled 
only if the geometry of the starting alkene is retained during the course of the reaction. Previous studies 
of inter-34 and intra-molecularlh cycloadditions involving simple disubstituted alkenes support such an 
expectation, but the fate of more sterically encumbered alkenes was uncertain since loss of stereochem- 
istry could occur through a sterically less-demanding excitation transfer process. 

Scheme 10 

Along with the above issues, the design for the synthesis of isocomene incorporated a further test bear- 
ing on the interplay of steric and electronic effects. Specifically, the meta cycloaddition of arene-alkene 
(56) would be expected to proceed regio-randomly with alkene addition directed equally well by the C- 1 
methyl (donor) and the C-8 alkyl (donor) groups, based on electronic considerations alone. However, if 
the previously discussed (Q-alkene effect were to be manifested in the cycloaddition, the reaction would 
be expected to proceed in only the desired regiochemical sense. Resolution of the remaining issues of se- 
lectivity draw heavily on the cedrene work, leading to the expectation of an exo-selective addition based 
on orbital overlap considerations and of high stereoinduction favoring the pro-a exciplex (91) due to 
steric destabilization which would inhibit formation of the pro-e exciplex (92). This analysis proved to 
be in agreement with the experimental results, as irradiation of arene-alkene (56) gives cycloadducts (57) 
and (58) (1:2.5) in 72% yield, each ostensibly arising from exciplex (91). In connection with a caveat 
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made earlier, it is important to note that at shorter irradiation times these cycloadducts are produced in a 
1:4.5 ratio and each cycloadduct can be photoisomerized to the other, suggesting that caution be exer- 
cized in evaluating literature data which does not discriminate between kinetic and photo-equilibrated 
mixtures. 
The conversion of the cycloadducts (57) and (58) to isocomene proceeds according to plan. Theme  

lysis of the former provides diene (89), which is also obtained from cycloadduct (58), presumably via a 
Id-alkyl shift which produces (57) as an intermediate. Partial hydrogenation of diene (89) affords iso- 
comene in six steps from commercially available starting marerials. The brevity of this approach to such 
angularly-fused triquinanes is a further manifestation of the synthetic benefit arising from the complexity 
increase associated with the metu cycloaddition. 

Perhaps the best example of the efficacy of the arene-alkene cycloaddition in the synthesis of angular- 
ly fused tricyclopentanoids is seen in the three-step total synthesis of silphinene (98, Scheme 1 l).35 As in 
isocomene, the key to this synthesis is again based on the recognition that the bicyclo[3.3.0]octane sub- 
unit of the target could be derived through the [3C + 2C] connectivity established in a metu cycloaddi- 
tion. Silphinene (98) is thus related to cycloadduct (%), which in turn is the cyclization product of 
arene-alkene (95). As discussed above, this arene-alkene would be expected to undergo metu cycloaddi- 
tion across the C-3 methyl group, since addition across the C-8 alkyl group would be disfavored by the 
aforementioned (a-alkene effect. Furthennore, ex0 addition would be favored over endo on the basis of 
orbital overlap considerations. Finally, stereoinduction should be high, comparable with that obtained in 
the isocomene synthesis, since the basis for control remains relatively unchanged. 

Scheme 11 

The key precursor in the silphinene synthesis, arene-alkene ( 9 3 ,  is obtained in one step from comer-  
cial materials and provides, in accord with the above analysis, cycloadducts (%) and (97) (1: 1) in 70% 
yield. Mode, regio-, exolendo- and stereo-selectivity are essentially complete. Transformation of cy- 
cloadduct (96) to silphinene involves reduction with lithium in methylamine, which proceeds with for- 
mation of the alkene radical anion and subsequent rupture of the better aligned cyclopropane bond 
(C-4-C-5 > C-3-44), Requiring only three steps from commercial materials, this synthesis dramatic- 
ally illustrates how complexity can be rapidly built up through strategies based on the metu cycloaddi- 
tion. 

The successful elaboration of isocomene and silphinene provides the basis for the general application 
of the arene-alkene metu cycloaddition to targets incorporating an angularly fused tricyclopentanoid ring 
system. A further and significant illustration of the exquisite effectiveness of this process for this struc- 
tural class is seen in the synthesis of laurenene (102; Scheme 12),36 the first naturally occurring roset- 
tane. As determined by other contemporaneous efforts, the synthesis of laurenene can require in excess 
of 30 steps, but as few as 13 steps when derived through the metu cycloaddition. The key to simplifying 
this structure centers again around the recognition of the relationship between its bicyclo[3.3.O]octane 
subunits and the structure of a metu cycloadduct. For reasons relating to the execution of this plan, the 
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(101) 

specific metu cycloadduct which figures in this effort is (loo), which is seen to be a product derivable 
from mne-alkene (99). The expectation that (100) should be the major or exclusive cycloadduct follows 
largely from the silphinene synthesis. Thus the (2)-alkene effect precludes mefu addition across C-8 
while addition across C-1 would incur greater steric interaction with the cycloheptyl ring than would be 
expected for addition across C-4 involving the hydropyranyl ring. In accord with this analysis, irradiation 
of (9) does indeed give cycloadduct (100) in 5196 yield. Significantly, unlike many other types of cy- 
cloaddition, metu cycloaddition proceeds efficiently even when three contiguous quaternary centers are 
developed. Furthermore, only one vinylcyclopropane isomer is produced. As previously discussed, the 
factors detennining this (cyclopropane formation) selectivity are not generally understood, although 
strain minimization appears to be important. Thus cycloadduct (100) is calculated to be less strained than 
its vinylcyclopropane isomer by some 5 kcal Completion of the laurenene synthesis from the cy- 
cloadduct exploits the cyclopropane bond cleavage employed in the silphinene synthesis, allowing for 
the conversion of (100) to diol (101). Reduction of this diol gives laurenene (102). in 13 steps overall. 

(102) (f)-Laurenene 
A I 

A novel strategy for rosettane synthesis is also seen in the work of Keese and coworkers.37 As illus- 
trated in Scheme 13, the tricyclopentanoid subunit of the rosettane target (106) is assembled through a 
metu cycloaddition, after which the fourth target ring is elaborated through conventional cyclization 

(106) 

Scheme 13 
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techniques. The regioselectivity of the meta cycloaddition process can be attributed to the aforemen- 
tioned (Z)-alkene effect, which would disfavor addition across what is otherwise a donor (alky1)sub- 
stituted center. The diastereoselectivity of this cycloaddition is that expected from steric considerations, 
as the larger benzylic substituent (ester > H) emerges on the sterically less-encumbered face of the local 
bicyclo[3.3.0]octane subunit of the products (104 and 105). 

A further example of the arcne-allcene metu cycloaddition in angularly fused tricyclopentanoid syn- 
thesis is seen in the syntheses of the silphiperfolenes, which were designed, in part, to evaluate the in- 
fluence of an allylic stereogenic center on the cycloaddition and thereby to extend the aforementioned 
exciplex model.38 For these syntheses, illustrated here in the case of silphiperfol3-ene (113; Scheme 14), 
it was expected that the target would arise through cyclopropane cleavage of cycloadduct (110), which in 
turn would be derived from arene-alkene (109). The cycloaddition was expected to proceed through exci- 
plex (114), as formation of the diastereomeric exciplex (115) would be destabilized by the indicated 
methyl-methyl interaction. In practice, irradiation of (109) produces cycloadducts (110) and (lll), each 
arising from addition across the C-4 methyl group. Isomers arising from addition across the C-8 alkyl 
group are also presumably formed. With respect to the key issue in this study and in accord with the ex- 
ciplex model, allylic steminduction (Le. by the C-9 stereogenic center) appears to be complete. A fur- 
ther finding of this study is a new cyclopropane cleavage reaction which involves addition of an acetyl 
radical to the convex face of the C-6-C-7 double bond of cycloadduct (110), thereby controlling C-7 
stereochemistry and producing a C-6 radical which then induces rupture of the adjacent C-3-C-5  bond. 
C-4-C-5 cleavage is disfavored due to the poor orbital alignment of this bond with the C-6 radical cen- 
ter. 

I 

Br J+ 

hv, MeCHO 

v 
I 

(113) (f)-Silphiper- 
fol-5-ene 

Scheme 14 

The strategy explored in the syntheses of the siphiperfolenes has more recently proven effective in the 
asymmetric total synthesis of (-)-retigem& acid 

Another major tricyclopentanoid structural motif, the tricycl0[6.3.0.O~~~]undecane skeleton of the so- 
called linearly fused triquinanes, is also readily accessed by using the metu cycloaddition process, as 

as illustrated in Scheme 15. 
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exemplified in the syntheses of hirsutene (129; Scheme 16)40 and coriolin (135; Scheme 17):' Examin- 
ation of the cis-anti-cis ring fusion stereochemistry of hirsutene reveals that it is concealed within a cy- 
cloadduct (e.g. 126) arising from a meta cycloaddition of a 5-aryl-l-pentene (e.g. 125). An important 
feature of this cycloaddition is that its exolendo selectivity as the target requires the hydrogen at C-9 in 
the cycloadduct to be anti to the hydrogen at C-7 as well as to the C-3 methyl group (see exciplex 130). 
Stereachemistry arising at C-2 after cleavage of (126) can be expected to favor formation of the less- 
strained cis-fused ring system relative to the corresponding trans-fused bicyclo[3.3.O]octane. In the spe- 
cific case of hirsutene, this stereochemistry was expected to arise through hydrogenation of a protected 
form of triene (128). The formation of this triene in turn illustrates another method available for the de- 
convolution of mera cycloadducts, specifically that in which a leaving group (at C-l in 126) external to 
the cycloadduct core is used to trigger opening of the cyclopropane system. While two cyclopropane 
bonds could participate in such a process, C - 2 4 - 4  cleavage is expected to be favored over C - 2 4 - 3  
cleavage since the former would proceed with formation of a tertiary allylic carbonium ion. Given the 
role of the C-1 leaving group, the configuration of C-1 is not necessarily significant. However, the stere- 
ochemistry arising in the cycloaddition of (125) would reveal new information about the intrinsic s t em 
preference of a benzylic group, since in contrast to previous studies this group is flanked in (125) by 
equivalent ortho substituents. A further feature of interest in this study is the regioselectivity of the cy- 
cloaddition, since arene-alkene (125) possesses neither a dominant director group nor a Q-alkene. How- 
ever, models do indicate that addition across the C-2 alkyl group would result in the development of a 
more congested (strained) cycloadduct than that arising from addition across the C-3 methyl group. Of 
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course, these arguments are based on an expectation that cycloaddition will be meta selective, which is 
not unreasonable given the substitution of the arene and alkene subunits. 
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H H 
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1 

(128) 1 (129) (f)-Hirsutene 

(130) ex0 exciplex 

Scheme 16 

The arene-alkene (125) required in the synthesis of hirsutene is easily prepared through the condensa- 
tion of the aryllithium derived from (123) with aldehyde (124) and quenching of the addition product 
with acetic anhydride. Photolysis of (125) is followed by the reductive removal of the acetate group, 
which provides products (126) and (127) (3:l. respectively) in 33% yield along with minor amounts (7% 
and 2%) of the vinylcyclopropane isomers corresponding to the angularly fused cycloadducts. The pref- 
erence for the a-acetoxy epimer in this cycloaddition is attributable to product development control, 
since in this epimer the acetoxy group is on the sterically less-congested face of the local bicy- 
clo[3.3.O]octane subunit. This result is also in accord with the aforementioned work reported by Kee~e.~' 
As discussed previously, solvolysis of (126) affords triene (128) which upon selective reduction provides 
hirsutene (129). 

Drawing heavily on the 'model' studies with hirsutene, the synthesis of coriolin (135; Scheme 17) re- 
quires that provision be made for the additional oxygenation of the target and that an alternative cycload- 
duct cleavage method be employed. The key cycloaddition step involves the irradiation of arene-alkene 
(131) which gives the desired cycloadduct (133), albeit in low yield (15%), presumably due to enhanced 
steric congestion arising from the positioning of the bulky acetal group in the vicinity of the three de- 
veloping, contiguous quaternary centers (C-2, C-3 and (2-4). This congestion is further reflected in the 
fact that, in this reaction, starting material undergoes (E)+?) isomerization. However, the (2)-isomer 
reacts preferentially to give the desired product. While otherwise problematic, the steric effects operating 
in this cycloaddition work to increase stereoselectivity since the benzylic (C-1) acetoxy group is now 
more strongly directed to the less-congested a-face than is found in the cyclization of arene-alkene 
(125). The completion of this synthesis involves a novel method for cycloadduct cleavage (133 to 134) in 
which the addition of a thiophenoxy radical leads to the formation of a cyclopropylcarbinyl radical, trig- 
gering homolytic rupture of the better aligned ( C - 2 4 - 4  > (2-34-4)  cyclopropane bond and gener- 
ation of a C-2 radical. Hydrogen abstraction by this radical proceeds with the formation of the 
thermodynamically preferred cis-fused product (134), from which coriolin is derived. 

A third general, structural motif of the tricyclopentanoids, the propellane system, is exemplified by 
modhephene (140; Scheme Retrosynthetically, the core ring system of modhephene is seen to be 
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related to mera cyc,.Jadduct (136), which in turn is derivL,le from the intermolecular meta cyc.Jaddition 
of vinyl acetate to indane. The formation of this cycloadduct would be favored by the directing influence 
of the donor (alkyl) group and by charge transfer, which would stabilize the endo exciplex. While not the 
only reaction product, cycloadduct (136) is indeed the major cycloadduct obtained in this process. Sub- 
sequent conversion of (136) to modhephene involves a novel permethylation of a fluxional enolate 
derived from (137) and a potentially general cleavage process based on the ‘conjugate addition’ of di- 
methylcopper lithium to vinylcyclopropyl ketone (138). 
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Scheme 18 

The cycloadduct of indane and vinyl acetate (136) has also figured in a clever synthesis of decarboxy- 
quadrone (145; Scheme 19) reported by Meh~t.4~ For this target the cycloadduct is reduced and solvol- 
yzed to provide alcohol (142). Dimethylation and rearrangement provides the required tricyclic subunit 
of the target. 

An analogous cycloaddition involving benzene and vinyl acetate (Scheme 20) also provides rapid ac- 
cess to simple bicyclo[3.3.O]octanes, which have many synthetic uses as illustrated in part by their value 
in a straightforward synthesis of isoiridomyrmecin (150). 

A final example of a [3C + 2C] connection based on the meta cycloaddition merits special mention as 
it demonstrates a new regioselectivity for the process, which in turn provides access to a new structural 
class. In the preceding studies of the intramolecular process, regioselectivity is controlled by a strong di- 
rector group at a position ortho to the alkene tether and/or by the (Z)-alkene effect. As illustrated in a 
study directed at the synthesis of a quadrone analog, namely dedimethylquadrone (156 Scheme 21),” 
the absence of these control elements in arene-alkene (151) leads to the formation of cycloadduct (152) 
arising from addition across the tether as well as cycloadducts (153) and (154) from addition across the 
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Scheme 20 

unactivated ortho position (5.8: 1: 1.1, respectively). This result reflects the intrinsic regiochemical pref- 
erence for the intramolecular meru cycloaddition. Another noteworthy point of this study is the exclusive 
formation of one vinylcyclopropane isomer (152), corresponding to addition across the tether. This find- 
ing is in accord with the previous discussion regarding the influence of strain on the final cyclopropane 

I A  

Scheme 21 
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closure, as the vinylcyclopropane isomer of (152) would possess a highly strained trans-fused bicy- 
clo[4.1.O]heptane subunit. This study also provides another example of the effectiveness of the homo- 
sigmatropic 1,5-hydrogen shift, as thermolysis of cycloadduct (152) furnishes diene (155). which 
possesses the tricyclic core of quadrone. 

In all of the aforementioned studies, an arene-alkene meta cycloaddition is used to establish a five- 
membered ring through a [3C + 2C] connection. The obvious value of this process in five-membered 
ring synthesis can be readily extended to a [5C + 2C] approach to the synthesis of seven-membered f i g s  
through modification of the cycloadduct cleavage procedure. For example, rudmollin (163; Scheme 22), 
a pseudoguaiane with antileukemic activity, possesses the bicyclo[5.3.O]decane subunit of cycloadducts 
(158) and (159), which in turn are related to arene-alkene (157) by a metu cycloaddition reaction. The se- 
lectivity of the cycloaddition follows directly from previous considerations. Thus the arene and alkene 
substituents should favor a meta mode of addition, directed by the stronger donor (methoxy) and pro- 
ceeding through the less-strained em exciplex (164). Stereoinduction should be high and controlled by 
nonbonded interactions, which would destabilize exciplex (l65), and by product development control, 
which favors positioning of the larger benzylic substituent on the less-encumbered cycloadduct face. 

hv - 
Is' + *'I 

0 [5C+2C] 

I (163) (f)-Rudmollin I 

Scheme 22 

Illustrative of the effectiveness of this [5C + 2C] approach to seven-membered rings, irradiation of 
arene-alkene (157) indeed affords two cycloadducts (158) and (159) (2:l) in 62% yield, each possessing 
a highly functionalized cycloheptanoid sub~nit.4~ At this point the key to the synthesis of rudmollin rests 
on the success of two bond cleavages. The first is accomplished by treatment of either or both cycload- 
ducts with mercury@) acetate. This reaction produces a common product (160). The next cleavage is 
based on mesylate (161), which is derived from ketone (160) and gives upon fragmentation bicy- 
clo[5.3.0]decane (162), an immediate precursor to rudmollin (163). The control of stereochemistry at 
centers C-1, C-4, C-5 and C-10 in the key cycloaddition provides the basis for the general application of 
this strategy to guaiane and pseudoguaiane syntheses. 
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A further demonstration of the ring forming capabilities of the metu cycloaddition are seen in the in- 
vestigation of its use for the synthesis of grayanotoxins, such as grayanotoxin II (169 Scheme 23).46 
Noteworthy in this effort is the use of a tetralin as an arene component. This study also involves the first 
examination of stereoinduction by a homobenzylic stereogenic center. Importantly, irradiation of arene- 
alkene (166) provides pentacycle (167) as the only detectable cycloadduct. Mode, regie and exo- selec- 
tivity associated with this reaction are in accord with previous considerations, while stereoinduction can 
be rationalized frbm an examination of exciplexes (170) and (171). The latter would be expected to be 
destabilized by the indicated C-18 methy4methoxy interaction, thereby favoring reaction via exciplex 
(170). The formation of only one vinylcyclopropane isomer is a predictable consequence of strain, which 
is minimized when the methoxy and C-18 methyl groups are on a cyclopropane bond rather than the 
shorter a-bond of the isomer of (167). Overall, this transformation is a rather dramatic demonstration of 
the synthetic capabilities of the metu cycloaddition as it allows the one-step conversion of a simple bicy- 
clic material to a pentacyclic product with seven stereogenic centers. 
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Scheme 23 

Intermolecular mefu cycloadditions provide yet another option for the facile [5C + 2C] construction of 
seven-membered rings, as illustrated in Srinivasan's pioneering studies (Scheme 24):' The availability 
of simple arenes and alkenes and of numerous methods as discussed above for the modification of metu 
cycloadducts makes this a particularly effective stategy for cycloheptanoid synthesis. 

In contrast to the major developments in the use of [3C + 2C] and [5C + 2C] cycloadditions based on 
the arene-alkene metu cycloaddition, relatively less is known about the use of the metu cycloaddition as 
a means to achieve [3C + 4C] and [5C + 4C] connections. Nevertheless, these processes have great 
potential, provided that the factors determining their selectivity could be elucidated. For example, ben- 
zene and diene (176) (equation 16) undergo cycloaddition to furnish a [3C + 4C] (or [5C + SC]) cycload- 
duct (177) and a [4C + 4C] cycloadduct (178).4* Cleavage of the former adduct as in the aforementioned 
cases would provide access to seven- or nine-membered rings. While most dienes react with arenes to 
give [4C + 4C] cycloadducts, the range of dienes and arenes studied thus far is too limited to rule out the 
development of [3C + 4C] and [5C + 4C] cycloadditions as useful synthetic processes. 
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In summary, this chapter has highlighted the mechanistic and synthetic advances which have been 
realized in studies on arene-alkene cycloadditions, primarily during the past decade. Much is now under- 
stood but far more remains to be done. Critical tests of the leading mechanisms are necessary to establish 
their generality. It would also be highly desirable to determine how the available mechanistic insight 
might be put to practical use in, say, increasing the yield of inefficient cycloadditions. Many simple addi- 
tions, for example, proceed in only 60-70% yield. Another major but as yet unexplored aspect of these 
cycloadditions relates to control of absolute stereochemistry. Given the sophistication of mechanistic 
models, such studies could be very valuable, from both mechanistic and synthetic ~onsiderations.4~ A 
further area of great importance pertains to the development of the ortho and para modes of cycloaddi- 
tion as methods for complex molecule synthesis. Given the ways in which such cycloadducts can be 
fonned and manipulated, the synthetic potential of these processes is vast. The past decade has witnessed 
an exciting and significant surge of research on the arene-alkene cycloadditions. It is clear that these re- 
actions will continue to be a highly significant subject for future mechanistic and synthetic research. 
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6.1.1 INTRODUCTION 

Cyclobutenes and 13-butadienes can be interconverted by either thermal or photochemical means. 
The thermal conversion of a number of simple cyclobutenes to the corresponding ld-dienes was first 
noted in the early 1950s.' Typically, simple cyclobutenes are thermodynamically less stable than the 
open-chain dienes due to the considerable ring strain. For the parent pair, cyclobutene + 19-butadiene 
(equation I), the energy difference is 28.5 kcal In contrast, the 1,3-diene isomer is generally con- 
siderably less stable than the ring form when the double bond of the ring is part of an aromatic system, 
for example in benzocyclobutene, since ring opening in this case results in loss of aromaticity (equation 
2). 

The generality of the thermal ring opening of cyclobutenes and the ease with which it often takes place 
has made this reaction an important route to 13-dienes of defined structure. More important however is 
the in situ generation of reactive 1.3-dienes, especially short-lived dienes such as o-quinodimethane (1) 
or vinylketene (2) (equation 3). o-Quinodimethanes typically undergo subsequent [4 + 21 cycloaddition 
or ene reactions. In contrast, both [2 + 21 and [4 + 21 cycloadditions have been observed for the vi- 
nylketenes. In addition, both species partake in six-electron electrocyclic reactions if an additional vinyl 
or aryl group is present. Such tandem sequences represent powerful strategies for the synthesis of com- 
plex target molecules. 

This chapter is restricted to a short, but by no means complete, review of key synthetic routes to cyclo- 
butenes, benzocyclobutenes and cyclobutenones and a generally qualitative discussion of the way in 
which substituents control both the ease of ring opening and the stereochemistry of the products ob 
tained. The reader should thus be in position to make useful predictions. Finally we have included perti- 
nent synthetic applications which illustrate in useful and often very imaginative ways the value of the 
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thermal cyclobutene ring opening reaction in organic synthesis. The photochemical ring opening of 
cyclobutenes is rarely useful in a synthetic strategy and will not, except for one or two examples, be 
addxessed in this review. 

6.1.2 PREPARATION OF CYCLOBUTENES 
A summary of most of the available mutes to cyclobutenes and cyclobutenones is given in equations 

(4x7). These approaches can be divided into two major strategies. (a) Cycloaddition between an alkyne 
and an alkene to give directly a cyclobutene. In the case where the alkene partner is a ketene, cyclobute- 
nones are obtained (see Section 6.1.5). (b) Introduction of a double bond into a preformed cyclobutane 
derivative, typically via an elimination reaction. 

Owing to space restrictions only a few general comments will be made concerning these methods. "be 
photochemical [2 + 21 cycloaddition utilizes simple alkynes (acetylene and mono- or di-alkyl deriva- 
tives) and alkenes bearing at least one strongly electron-withdrawing group (equation 4ah3 Yields are 
usually above 5096, often higher than 80%. Bicyclic cyclobutenes can be prepad by irradiation of cy- 
clic or heterocyclic 1,3-dienes or 1,3,5-&ienes, as exemplified by the photolysis of N-ethoxycarbonyl- 
lhl-azepine (equation 4b)? 

0 * " * Q I  
I 

COzEt T 
CO2Et 

Thermal [2 + 21 cycloadditions proceed to give cyclobutenes either when an alkyne bearing an elec- 
tron-withdrawing group is reacted with an electron-rich alkene such as an enamine4 or enol ether (equa- 
tion 3, or when the alkyne substituted with an electron-donating group, such as dimethylamino, is 
heated with electron-poor alkenes (equation 6): Good to excellent yields of cyclobutenes are generally 
obtained. T + xKy A * EwG)-JY (5 )  

X = H , Y = O R  X=:NR2,Y=allryl 
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R' = R2 = alkyl or aryl 

Intact cyclobutanes, especially cyclobutanones, can serve as obvious precursors to many cyclobutenes. 
For example, cyclobutanones have been converted to their silylated enol ethers by standard method- 
ology? Thermolysis of these intermediates gives rise to 1 -alkoxysilyl- 1,3-butadienes (equation 7). 

OSiMe3 

(7) n t O S i M e 3  - 
Halazy and Krief7 have converted cyclobutanone into 1-lithio- 1 -selenophenylcyclobutane (3) by treat- 

ing 1,l-diselenophenylcyclobutane with Bu"Li. The lithio derivative can be trapped with a variety of 
electrophiles including alkyl halides, epoxides and aldehydes or ketones to yield the selenides (4). Un- 
saturation is introduced into the ring via a cis elimination from the in situ formed selenoxide or by p- 
elimination from the methylselenonium salt (5). Control of the regiochemistry in the elimination steps to 
give cyclobutenes rather than methylenecyclobutanes is possible. For example, the use of NaH or BUY)- 
in DMF to affect the p-elimination of MeSePh from (5) leads only to the cyclobutenes (6) since under 
these strongly basic conditions alkylidenecyclobutanes are cleanly isomerized to 1 -alkylcyclobutenes. 
The yields are typically in the range 7&W% in steps (a) and (b) and 6 0 4 5 %  for either (d) or (e) 
(Scheme 1). 

Me 

(e) Bu'O-PMSO 

Bu"Li uyLi E+ 
SePh 

SePh - 
(a) (b) 

(3) 

Scheme 1 

A number of less general routes to cyclobutenes have also been described. These include the ring en- 
largement of cyclopropyl substituted carbeness and the acid-catalyzed ring enlargement of both 3-hy- 
droxymethylcyclopropenones9 and 3-acylcyclopropenones.10 Finally, mention should be made of the 
large-scale preparation of cis-3,4-dichlorocyclobutene (7) via a retro Diels-Alder reaction of the cyclo- 
butane (81, prepared in two steps from cyclooctatetraene." 3,3-Dimethoxycyclobutene has also been pre- 
pared via a retro Diels-Alder reaction.12 
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6.13 RULES PERTAINING TO THE THERMAL CYCLOBUTENE RING OPENINGS 

The t h e d y  activated conversion of cyclobutenes to 1,3-butadienes is controlled by orbital sym- 
metry. Woodward and Hoffman13 and Fukui14 described the allowed thermal process as conrotatory, i.e. 
one in which the substituents at C-3 and C-4 both move in the same direction, either in a clockwise 
(equation 8) or counter-clockwise fashion (equation 9). In the photochemical process the motion of the 
same substituents is in the opposite direction, resulting in the formation of either a rruns,rruns or a cis,cis 
13-diene (equations 10 and 11). 

conrotatory 

clockwise 

disrotatory 

inward 

It has been demonstrated that the thermally allowed conrotatory process is 15 kcal mol-' more favor- 
able than the disrotatory mode.15 It should be noted that the 'disallowed' process can be observed for 
molecules in which the allowed conrotatory process is structurally denied. Such a situation exists for the 
series of cis-[n.2.0] bicyclics when n < 3 since the monocycle formed upon ring opening cannot accomo- 
date a trans double bond.16 Ring opening in these molecules to yield the observed cis,cis-1,3-dienes 
could occur via the forbidden disrotatory mode, the allowed conrotatory mode followed by isomeriza- 
tion, or by a nonconcerted diradical process. Bicyclo[2.1 .O]pent-2-ene converts to 1,3-cyclopentadiene at 
room temperature, bicyclo[2.2.0]hex-2-enes typically require temperatures above 150 'C for isomeriza- 
tion to 1,3-cyclohexadienes, while the corresponding bicycloheptenes are stable to nearly 400 'C. Lower 
temperatures (250 'C) are again found for the bicyclo[4.2.0]oct-7-enes, where a conrotatory ring opening 
to a cis,rruns- 1.3-cyclooctadiene becomes sterically feasible. These temperatures should be compared 
with the 175-1 80 'C range necessary to isomerize cis-3,4-dimethylcyclobutene to cis,rrans-2,4-hexa- 
diene." 

6.13.1 Substituent Effects on the Cyclobutene Ring Opening Reaction 

A number of authors have recently reported detailed studies on the cyclobutene -+ 13-butadiene ring 
opening reaction in order to gain a better understanding of the many diverse results which have been 
compiled over the past 40 years. An excellent compilation of data, including various thermodynamic per- 
ameters, is available in the 1980 monograph by Marvel1.I 

In a lengthy theoretical paper, Rondan and Houk considered the available data, described ab initio cal- 
culations and discussed earlier explanations concerning the stereochemical aspects of the ring openings 
of substituted cyclobutenes. These authors came to the following conclusions. The stereochemistry of 
the thermal electrocyclic conrotatory ring opening of 3- and 4-substituted cyclobutenes is controlled by 
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electronic effects. Electron-donating substituents prefer to rotate outward, with the preference increasing 
as the electron donor ability of the substituent increases. Conversely, powerful electron-withdrawing 
substituents were predicted to have the opposite effect and rotate inward (equation 12). 

R 

For the 3,3disubstituted and cis-3,4-disubstituted cyclobutenes it was predicted that the stronger elec- 
tron donor would rotate outwards while the weaker donor rotates inward. In the case of the truns-3,4- 
isomers, outward rotation of both substitutions would normally be expected; however, calculations have 
predicted that the in-in rotation is preferred for two trans 3,4-BH2 substituents.18 

The above generalizations should be sufficient to serve most of the needs of the synthetic chemist. 
Those interested in obtaining a more detailed understanding of the theoretical basis of the arguments are 
referred to the Rondan and Houk paper and the references therein.18 Some examples which illustrate the 
application of these guidelines are shown below for 3Adisubstituted cyclobutenes and benmyclo- 
butenes. 

The thermolysis of 3,3-, 3,4-cis- and 3.4-trans-disubstituted cyclobutenes can provide useful compari- 
sons of the propensity of two substituents to rotate either inward or outward. Frey and his  colleague^^^ 
were amongst the first to note that the simple notion of the larger the substituent the greater the tendency 
for outward rotation, was incorrect. They showed that the activation energy for isomerization to the 1,3- 
diene was less for 3,3-diethylcyclobutene than for the 3,3-dimethyl analog and thereby inferred that an 
ethyl group rotates inward more readily than a methyl group. This conclusion was verified by the obser- 
vation that 3-ethyl-3-methylcyclobutene (9) gave a 68:32 mixture of the dienes (10) and (11) when 
heated in the gas phase at ,180 ‘C. In a subsequent study, Curry and StevensZo showed that the preferred 
inward rotation of the sterically larger group was also observed for 3-methyl-3-propylcyclobutene and 
the 3-methyl-3-isopropyl analog. Even in the competition between methyl and t-butyl, the bulky t-butyl 
group rotated inward to a surprisingly large (32%) extent. Replacement of the alkyl group by phenyl, 
substituted phenyl or cyclopropyl groups resulted in a mixture of products in which these groups rotated 
inward to the extent of 30-50%. These data are summarized in Table 1. Rationalization of the results in 
terms of extra stabilization of the transition state for an aryl group rotating inward, and destabilization of 
transition state relative to methyl when the alkyl group rotates outward, were put forward.2o Some of 
these arguments were later questioned by Houk.18 

Me Me 
I 

Et 
I 

(9) R = Et 
(10) 68% (11) 32% 

Table 1 Gas-phase Thermolysis of 3,3-Disubstituted Cyclobutenes (9) 

R in (9) Diene (10) (%) Diene (11) (a) 

Ethyl 
Is0 ropyl 
n- B ropyl 

Cyclopro yl 
Phen y? 

4-Methox hen la 
4-~yano$enyF 

t-Butyl 

68 
66 
62 
32 
43 
30 
52 
45 

32 
34 
38 
68 
57 
70 
48 
55 

‘At 161 ‘C. 

Perhaps the most spectacular illustrations of the above ‘rules’ come from the Houk group. For 
example, these authors were able to show that heating 3-f-butyl-3-methoxycyclobutene (12), or the 3-tri- 
methylsilyloxy analog (13) in C6D6 (90-95 ‘C) or CDC13 (reflux), respectively, afforded only the dienes 
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(14) and (15)F1 Clearly, the direction of rotation of the substituents is not dominated by the steric inter- 
actions encountered by the inward rotating substituent. Steric interactions encounterad by the outward 
rotating substituent are also readily overcome if it is strongly electron donating, as shown by the clean 
conversion of (16) to (17). 

OR 
OR 
I 

t?SiMe3 

(12) R = Me 
(13) R = SiMe3 

(14) R = Me 
(15) R = SiMe3 

The preferred, predicted inward rotation of the strongly electron-withdrawing fonnyl group was also 
verified experimentally.22 Thus cyclobutene-3-carbaldehyde (18) undergoes ring opening at room tem- 
perature with a half-life of about 50 h to give (2)-2,4-pentadienal(19) accompanied by less than 2% of 
the (@-isomer. The preference for inward rotation by the formyl group is thus greater than 2.7 kcal 
mol-'. Based on these findings, a chlorocarbonyl group is expected to follow this trend. As predicted, the 
methyl ester (20) undergoes selective ring opening (at room tempera-!) to give the diene (21). Less 
electrophilic carbonyl functions such as ketones and, even more so, carboxylic acids, esters and amides, 
show an increased tendency to rotate outward. Thus the ketoester (22) gave a 2:l mixture of two ( E a  
products (23) and (24). The major product resulted from inward rotation of the keto and outward rotation 
of the ester group.u 

- T O P h  C02Me + f \ C02Me 

Halogen substiuents show a strong tendency for outward rotation." The particularly strong tendency 
by fluorine to rotate outward has been demonstrated by the work of Dolbier et a1.?48.b who have shown 
that ring opening of the perfluorinated cyclobutene (25) gives (26) in which preference for outward rota- 
tion of the two trans 3,4-fluorine substituents forces the relatively large trifluoromethyl substituents to 
rotate inward. The activation energy for the ring opening of (25) to (26) is approximately 18 kcal mol-' 
lower than that leading to (27). These results are consistent with the Rondan and Houk calculations 
which showed that strong pelectron donating substituents rotate preferentially outward.'6 Interestingly, 
in the perfluorinated series studied by Dolbier et al. the 13-dienes are generally less stable than the 
corresponding cyclobutenes, in contrast to most 1.3-dienecyclobutene equilibria. 

F CF3 

Inward rotation by substituents which normally prefer outward motion can be observed when the ring 
opening reaction is reversible, as in the case of benzocyclobutene + o-quinodimethane (equation 2). and 
the less favored isomer is further transformed by an irreversible reaction. For example, l-vinylbenzocy- 
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clobutene (28) when heated in the absence of a dienophile yields 1,2dihydronaphthalene via inward ro- 
tation of the vinyl group to give (29). followed by an electrocyclic ring c l o ~ u r e . ~  

Under flash vacuum thermolysis conditions (550-600 'C/O.Ol mmHg), even an acetoxy group can be 
induced to rotate inward, as shown by the conversion of (30) to the ketoaldehyde (31).26 The presence of 
a suitably placed dienophile, even the weak terminal vinyl group as in (a), results only in the intra- 
molecular Diels-Alder product (32), thereby demonstrating the large preference for outward motion by 
an acyloxy derivative.26 Similar thermolysis of 1 -acetoxy- 1 -methylbenzocyclobutene (30. R1 = R2 = Me) 
afforded a %:4 mixture of the vinyl acetate (33) and the diketone (34); these products arise from outward 
and inward rotation of the acetoxy group, respectively (Scheme 2). 

0 0.01 d g  
& OCORl 

(30) R1 = Me, R2 = H 
(Ma) R' = CHzCH=CH2, RZ = H 

I 

(31) 

(32) (33) (34) 

Scheme 2 

Based on the Houk predictions regarding cyclobutene-3-carbaldehyde,** the easy isomerization of 1- 
acetylbenzocyclobutene to the benzopyran (35):' which proceeds via inward rotation of the acetyl group 
and a subsequent cyclizations, is not surprising. 

Fukumoto et a1.28 have taken advantage of the propensity for inward rotation of an acyl group to pre- 
pare the isochroman-3-one (36), an intermediate in their synthesis of geneserine, a constituent of the ca- 
labar bean. The conversion of the benzocyclobutene (37) to (36) proceeds via ring opening to the 
o-quinodimethane (38) followed by cyclization and a 3,3-sigmatropic rearrangement. 

Oppolzer,2g in a series of key papers in 1974, showed that the amide substituents in the benzocyclo- 
butenes (39) can rotate outward to give the dienamides (40) as intermediates. Intramolecular trapping by 
the remote alkene groups afforded the tricyclic derivatives (41) in very good to excellent yields. This 
work clearly established the value of benzocyclobutenes in the preparation of complex polycyclic target 
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molecules. No evidence of inward rotation of the CONHR group, which could have resulted in a 3- 
amino substituted benzopyran, was reported. 

H 

(40) n = 1.2 (41) n = 1,2 

From a synthetic point of view it is useful to know not only the direction of rotation of the substituents, 
i.e. the stereochemistry of the diene produced, but also the temperatures at which cyclobutenes open at 
synthetically useful rates. Much of the early work in this area has been done without the synthetic aspect 
in mind and some of the temperatures quoted below may be of value only for comparison purposes. 

For the synthetic chemist the following should serve as useful guidelines. If an electron-donating sub- 
stituent at the s 9  carbons is able to rotate outward it lowers significantly the temperature required for cy- 
clobutene ring opening. The stronger the electron-donating ability, especially via resonance effects, the 
lower the temperature for isomerizations. 
This conclusion is nicely illustrated by the series 1-phenylbenzocyclobutene (42), trans-acetoxy-2- 

phenylbenzocyclobutene (43) and the trans-1 -methoxy (44) and trans-1-alkoxy (45) analogs. These 
compounds undergo synthetically useful rates of ring opening to the corresponding o-quinodimethanes at 
approximately 190-210 'C for (42),3O 150-170 'C for (43),3' 100 'C for (44)32 and e0 "C for (45)?3 In 
each of the latter three cases, both substituents rotate outward. 

Compound Reaction Temp. ( "C) 
X (42)X=H >200 

(43) X = OAc 150 

(44) X = OR 8CL110 mx- Ph q Ph (45)X=o- <o 
(46) X = Ph 20 

A similar trend can be found in the monocyclic series. As expected, the difference between cyclo- 
butene itself and a 3-alkyl substituted cyclobutene is relatively minor. For 3-phenylcyclobutene (47) the 
extra stabilization of the transition state for either the in or out rotation is sufficient to lower the ring 
opening temperature to approximately 100 'C.% An even more dramatic lowering to 30-50 'C is ob- 
served for the isomerization of (48) to (E)-l-metho~y-l,3-butadiene.~ The difference between (48) and 
cis-l,2-diethoxycyclobutene (49) can be ascribed to the fact that in (49) one of the methoxy groups is 
forced to undergo an unfavorable inward rotation. A similar differential exists for cis- and trans- 1,2-di- 
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methoxybenzocyclobutenes (50) and (51). These compounds, together with others bearing representative 
substituents and the ‘best estimate’ of the temperature required for a reasonable rate of ring opening, are 
collected in Table 2; many further examples can be found in the Marvel1 monograph.’ Further comments 
concerning reaction conditions, and propensity for outward or inward rotation during ring opening, will 
be made at appropriate places during the discussion of synthetic applications of the cyclobutene ring 
opening reactions. 

Table 2 Ring Opening Temperatures of Representative Cyclobutenes 

Compound Temp. ( “c) Ref. 

cis-3,4-Dimethylcyclobutene 
C clobutene 

3-Me&ylcyclobutene 
cis-3,4-Dichlomyclobutene 

cis-3,4-Di(methoxycarbonyl)cyclobutene 
3-Phen lcyclobutene (47) 

truns-3,4-bich1orocyc1obutene 
cis-3,4-Dimethoxycyclobutene (49) 

cis-3,4-Bis(hydroxymethyl)cyclobutene 
3-Ethoxycyclobutene (48) 

cis-3,4-Diphenylcyclobutene 
3-Form y lc y clobutene 

3-Form 1-4-hydroxymethylc clobutene 
truns-l,2-f;imethox benmc ycrobutene 50) 

2,3-Dimethylcyclobutenone 
cis- 12-Dimethoxy~nzoc yclobutene ( 5 1) 

175 
150 
150 

135-165 
1 20 
98 
90 
>80 

60-70 
30-50 

27 
25 -_ 
co 
80 

>110 
120 

1 
1 
1 

24c 
1 

34a 
24c 
38 
39 
34b 

1 
22 
39 
115 
115 
82 

6.1.4 SYNTHESIS VIA CYCLOBUTENES 

6.1.4.1 Preparation of Reactive 1,3-Dienes 

One of the more obvious synthetic uses of cyclobutenes which has already been mentioned is for the 
preparation of specifically substituted 1,3-dienes, often to be used in subsequent [4 + 21 cycloaddition re- 
actions. 

The synthetic value of highly oxygenated 1,3-dienes in both the Diels-Alder and hetero Diels-Alder 
reaction is evident from the outstanding work of the Danishefsky group.35 They typically prepared such 
compounds, e.g. (52), by converting the appropriate ketone into its enol silyl ether. 

I 
0 Me3SiC1 OSiMe3 

(52) 

A number of authors have shown that, in addition to the above mute, highly oxygenated 1,3-dienes can 
be prepared from the corresponding cyclobutene enol silyl ethers. For example, 2-methoxy-3-p~nylthio- 
buta-l,3-diene (53) was obtained in essentially quantitative yield by rapid passage of a hexane solution 
of 1 -methoxy-2-phenylthiocyclobut- 1 -ene (54) through a column containing glass helices at 340 ‘C.% 
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Diene (53) undergoes Diels-Alder reactions with unsymmetrical dienophiles such as methyl vinyl ketone 
to give pnferentially the adduct (55). Further manipulations of (55). such as acid hydrolysis to an a-phe- 
nylthiocyclohexanone (Sa), were carried out. 

OMe OMe 

L 

SPh SPh SPh 

2,3-Bis(trimethylsilyloxy)- 1,3-butadiene (58) has been obtained from the cyclobutene (57) in 84% 
yield (6 h, 180 T). This compound, as expected, reacted with dimethyl acetylenedicarboxylate to furnish 
adduct (59) in 82% yield after a 24 h reflux in toluene; oxidation yielded the substituted phthalate 
(60).% 

Aben and Scheeren3' have described a rather general approach to even more highly oxygenated 1,3- 
dienes based on the reaction of vinyl ethers or ketene acetals with ethoxyketene generated in situ from 
ethoxyacetyl chloride and triethylamine. Thus the cyclobutanone (61), obtained in 80% yield from 
ethoxyvinyl ether and ethoxyketene, was converted into a mixture of enol silyl ethers (62) and (63) with 
MesSiCl and ZnCl2 in benzene. Since the truns-3,4-diethoxy derivative (63) undergoes ring opening at 
considerably lower temperature (c25 T ) ,  because of the preferred out-out rotation of both ethoxy 
groups, than the isomeric cyclobutene (62) (>80 T), and since (62) and (63) are in equilibrium in ben- 
zene in the presence of ZnCl2, essentially pure diene (64) can be obtained. The preparation of the ethoxy 
analog of the Danishefsky diene (52) in 85% yield from the thermolysis of 3ethoxy-1-trimethylsiloxycy- 
clobut-lene at 50 'C in MeCN was also described. 

Et0 
EtOpO EtOpOSiM: Et090SiMe3 

Et0 Et0 Et0 - Y O S i M e 3  

- - 
/ 

cis-3,4-Dichlorocyclobutene (65) =acts cleanly with 1 equivalent of NaOMe in MeOH vju an S N ~ '  
mechanism to yield cis-3-methoxy-4-chlorocyclobutene In the presence of excess methoxide the 
dimethoxy derivative (67) is obtained. When heated above 80 "C, both compounds undergo ring opening 
and furnish the (E,Z)-dienes (68) and (as), respectively. 

The functionalized dienals (70) and (71), potentially of value as the CS-ClO and c 7 4 1 2  segments, re- 
spectively, in the synthesis of lipoxygenase derived metabolites of arachadonic acid, have been prepared 
in high purity as shown in Scheme 3.39 The expected aldehyde (72) obtained by Swem oxidation of (73) 
underwent ring opening below room temperature to yield exclusively (70 90%). Both the stereochem- 
istry of the product which results from the electron-withdrawing formyl group preferentially rotating in- 
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dE; + NaOMe - dtMe + NaOMe - dz 
>80 OC I 

F O M e  

(68) 

ward while the p-methoxybenzyloxymethyl group rotates outward, and the low activation energy for the 
ring opening, are predicted by the Rondan and Houk'* calculations. Acid treatment of (70) caused 
isomerization to the thermodynamically more stable (71). The mono ethylenedithiol protected (E,@- 
hexa-2,4-dienediol(74) was obtained when the hemiacetal (73) was reacted with 1,2-ethanedithiol/TiCb 
at -15 'C followed by PCC oxidation. Presumably the initial ring opened product isomerized to (74) 
under the reaction conditions. 

OH 

(73) 

(CH2SH),,TiCi4 
-15 "C to r.t. - 

1 

YHO LS 
-1 

H+ 
___) 

CHO 

i LS 
Scheme 3 (74) 

Thennolysis of the half esters (754b) obtained upon reaction of the cyclobutene anhydride (76) with 
n-butanol or 2-trimethylsilylethanol and DMAP in DMSO at 1 10 'C gave approximately 1 : 1 mixtures of 
the dienoic acid esters (77a,b). Obviously there is no strong preference for outward (or inward) rotation 
of a carboxylic acid vs. a typical ester function. Interestingly, when the solvent was changed from DMSO 
to 1,Zdichloroethane a 3:l ratio of (77a) to (77b) was formed. The variation in the isomer ratio can be 
rationalized by assuming that the effective size of the carboxylic acid group is larger in DMSO than in 
ClCHzCHzCl due to hydrogen bonding with the solvent and thus has a greater tendency to rotate outward 
in that solvent.40 Alternatively, one could argue that in the presence of a hydrogen bond accepting sol- 
vent, the carboxylic acid function becomes more electron rich and thus shows a greater tendency to out- 
ward rotation compared with COzR. 
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Replacement of C-3 or C-4 hydrogen by a methyl group in (75) leads to both a lowering of the tem- 
perature required for ring opening and stereospecific formation of the diene (78) due to the outward rota- 
tion of the methyl gr0up.4~ The very dramatic lowering of the temperature for ring opening by an 
aldehyde substituent and its preference for inward rotation is illustrated by the inability to trap the he- 
miacetal-aldehyde (79). obtained upon DIBAL reduction of the corresponding lactone at -78 'C, with 
methoxymethylenetriphenylphosphorane?2 

6.1.43 Twoarbon Ring Expansion via Cyclobutene Ring Openings 

The possibility of a twocarbon ring enlargement via opening of a cyclobutene ring which is part of a 
bicyclo[n.2.0]alkene is shown schematically below. Assuming that the ring fusion is cis and that the 
number of atoms in the enlarged ring of the product is >8, the expected product should have both a trans 
and a cis double bond, e.g. (80 + 81).43 Smaller ring final products cannot accommodate trans double 
bonds and thus cyclobutene ring openings producing, for example, (82 + 83) must occur either via a 
concerted symmetry forbidden16.44 or a diradical pathway. l6 The ring expansion of bicyclobutenes such 
as (80, n = 6) occurs in the same temperature range, 160-200 'C, as found for most monocyclic cis-3,4- 
disubstituted cyclobutenes. Thus cis-bicyclo[6.2.0]cyclodec-2-ene is converted in 95% yield in 1 h at 
200 'C to cis,trans-l,3-~yclodecadiene~~ 

Dauben and M i ~ h n o ~ ~  studied the ring expansion of analogs such as (84). The double bond adjacent to 
the ring fusion reduced the thermolysis temperature to 140-160 'C. Typically similar amounts of the pro- 
ducts (85) and (86) resulting from both the allowed modes of rotation of both substituents were observed. 
The trans,cis,trans-diene (86), formed by the inward rotation of the vinyl group, underwent a subsequent 
6~-electrocyclic cyclization to the cyclohexadiene (87). The starting bicyclobutenes were prepared by 
ring expansion of the appropriate bicyclic c yclopropylmethylcarbenes. 

(+jl =a + -(fJ H 

H 

Bicyclobutenes which carry dialkylamino substituents at a bridgehead position have proved to be ex- 
cellent synthetic intermediates. Such compounds are readily prepared by reaction of enamines of cyclic 
ketones (88) with alkynes bearing one or two electron-withdrawing groups, typically in apolar solvents 
such as ether. The presence of the strongly electron-donating dialkylamino group facilitates the ring 
opening such that it is sometimes difficult to isolate the bicyclobutene. The definitive work in this area 
has been carried out by Reinhoudt and c0workers.4"~ Contrary to earlier studies, both e ~ p e r i m e n t a l ~ ~ . ~ ~  
and these authors have shown that ring opening of (89) occurs via the symmetry allowed 
conrotatory process when n > 3. As expected, the dialkylamino group rotates outward to yield the 
trans,cis ring-expanded diene (90).m8.53 This reaction is reversible in the case where n = 3.46,47 Pro- 
longed standing at room temperature typically converts (90) into the thermodynamically more stable 



Cyclobutene Ring Opening Reactions 687 

cis,trans-diene (91) via a 13-hydrogen shift. The isomeric cisds-dienes (92), which had previously been 
regarded as reaction products of enamines of cyclic ketones and DMAD, are a result of two consecutive 
1.5-hydrogen shifts from (90) or, in some cases, simple isomerization of the strained truns double 
bond?8 Compound (91) has reactivity which is comparable with that of (88) and thus a ring expansion 
sequence can be reiteratedj8 

(89) 
E = C0,Me; NR, = N(CH2)4; X = E or Me 

Variations in the ring opening process with enamines derived from five- and six-membered ring 
ketones, such as tetralone (93), have been documented. When the bicyclic adduct (94) is warmed with 
pyrrolidine in chloroform, excellent yields of the diene (W) are obtained. This interesting transformation 
involves Michael addition of pyrrolidine to the cyclobutene (94) followed by elimination of the bridge- 
head pyrrolidine (&$') to generate a new cyclobutene (95) which undergoes a facile ring opening to 
(96).46*49 

& / pyrrolidine 
____) 

E 

@J \ 

(94) E = C0,Me; NR, = N(CH2)4 (95) (96) 

The enamine-acetylenedicarboxylate or ethyl propiolate ring expansion reaction has been used effec- 
tively in the synthesis of several natural products which contain medium or large rings, including stega- 
none," m~xone?~  velleral and related cornpo~nds.~~ The relevant sequence typically involves treatment 
of the appropriate enamine with DMAD or ethyl propiolate followed by hydrolysis of the ring expansion 
product with acid. The latter treatment regenerates the carbonyl group and causes decarboxylation of the 
carboxyl function a to the carbonyl group, eventually leading to a ring expanded enone. Five- and six- 
membered heterocyclic rings containing an electron-rich double bond react with DMAD, and also often 
with ethyl propiolate, to give [2 + 21 cycloaddition products. The initial addition products are usually 
isolable or verifiable spectroscopically, but generally they are converted directly into ring expanded he- 
terocycles. A wide variety of heterocycles has been prepared by this route, including azepines from 
pyrroles,s7 2,3-dihydroazepines from 2,3-dihydro- lH-pyrrole~,5~ and 1 ,2-dihydroazocines from 1 ,Zdihy- 
dropyridine~.~~ Indoles have been converted to lH-ben~o[b]azepines.~ Replacement of the nitrogen in 
the above heterocycles by oxygen or sulfur is generally feasible and leads to acceptable results. An ex- 
cellent review of the pioneering work in this area is availableS6l Several representative examples of such 
ring expansions are shown in Scheme 4.51*58b.62.63 

The temperatures required for these expansions are typically below 100 "C if one or two electron-do- 
nating heteroatom substituents is attached to the bridgehead positions. Considerably higher temperatures 
are required in the absence of such substituents. For example, thermolysis of (97) requires 18Ck200 'CM 
the amide (98) must be heated to over 450 'C in order to achieve ring e~pansion,6~ and the cyclobutene 
(99) is reported to be thermally stable.66 

3,4-Dihydropyrans have been found to react with DMAD in refluxing xylene, affording useful yields 
of dihydroo~ocines.~' Ring expansion of the parent derivative (100) occurs only slowly at 180 'C in to- 
luene but can be catalyzed with EtAlC12 (80% 25 'C, toluene). The formation of (101) from 5-methyl- 
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(ref. 62) 

X = S (ref. 58b) 
X = 0 (ref. 51) 

X = N, S (ref. 63) 

E = C02Me; R = alkyl 

Scheme 4 

(97) 
H 
(98) 

2,3-dihydrofurans and DMAD is favored in polar solvents such as DMF compared with toluene. Ther- 
molysis of (101) to (102) requires 200 "C. 

Reaction of DMAD with the enolates of keto esters results in a two-carbon ring an 
example being the preparation of (103a) from (103). These latter results suggest a general sequence of 
ring expansions involving cyclic @-diketones, @-keto esters or @-keto sulfones and alkynes. 

9"h,... / DMAD NaH *WE / - E 
0 0  HO E 

(103) (103a) 

6.15 CYCLOBUTENONE RING OPENINGS 

The ring opening of cyclobutenone derivatives leads to the formation of vinylketenes (equation 3). The 
potential of these compounds in the synthesis of complex molecules has been investigated in the 1980s 
by a number of research groups, most notably those of Moore, Liebeskind and Danheiser. An excellent 
review describing work in this area prior to 1986 is available.'O 
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Cyclobutenones can be prepared by several routes including the reaction of ketenes, generally pre- 
pared in situ by dehydrohalogenation of acyl chlorides, with electron-rich alkynes such as alkoxyace- 
tylene~,7~+7* alkylthioacetylenes73 or ynamir1es.71.7~ 

Typically, reaction of (104) with Grignard reagents leads to replacement of X by an alkyl or aryl sub- 
stituent and gives rise to (105). Such reactions appear to occur via a Michael addition to (104) followed 
by elimination of the alk~xide;~* 1 ,Zaddition followed by loss of HzO and hydrolysis of the intermediate 
enol ether leads to the same result. Dialkyl squarates (106) have recently become a favorite starting ma- 
terial for the preparation of a variety of substituted cyclobutenones, in particular those bearing one or 
more oxygen substituents. Liebeskind and coworkers have carefully reviewed both this and earlier ap- 
proaches to cyclobutenones and concluded that diisopropyl squarate, a stable crystalline solid, offers the 
most ~ersatility.~~ For example, reaction of (106; R = pr') with alkyllithiums at -78 'C gives the 1,2-ad- 
ducts (107), usually in >90% ~ i e l d ? ~ , ~ ~  These substances are cleanly hydrolyzed to the enediones (108). 
The use of LiA1(OButhH in place of RLi affords the isopropyl ester of semisquaric acid (108; R1 = H) in 
%O% overall ~ield.7~ Protection of the hydroxyl group in (107) as its TBDMS derivative and repetition 
of the alkylation-hydrolysis sequence affords differentially 3,4-disubstituted 1,2-cyclobut-3-enediones 
(109).75 Reaction of (108) with aryl- or alkynyl-lithiums gives selective addition to the more reactive, 
nonvinylogous ester carbonyl group to yield (l10).77 

The synthetic value of the various cyclobutenones rests with their ready thermal opening to vi- 
nylketenes and subsequent reactions of these intermediates. Depending on the structure of the ketene 
generated, and the nature of any additional reagents present, a series of subsequent electrocyclic cycliza- 
tions, cycloadditions followed by further ring opening and again electrocyclic cyclizations can occur 
which lead to a marvellous variety of highly substituted phenols, resorcinols, quinones and annulated 
quinones, 2-alkylidene- 1,3-~yclopentanediones and cycloocta-2.6-den- 1 -ones?O 

Those applications that make use of alkenyl derivatives such as (112) are particularly attractive since 
these compounds can themselves be generated from simpler cyclobutenenones?8~79 Thus heating a cyclo- 
butenone such as (111) above 80 'C results in a reversible electrocyclic cleavage to generate a vi- 
nylketene (113) which can combine with an electron-rich alkyne. Further electrocyclic cleavage of the 
vinylcyclobutenone (112) thus obtained furnishes a dienylketene (114) which undergoes a six-electron 
cyclization to afford, after tautomerization, a highly substituted phenol (115). This sequence provides an 
efficient, regiocontrolled route to a variety of selectively protected resorcinol and phloroglucinol deriva- 
tives and has been used to synthesize a number of natural products, including the antifungal derivative 
DB 2073 (116),78a grifolin (117),78a mycophenolic and khellin0ne.7~ 
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R 1 q R 4  R'@R4 OH R S ~  OH 

Me0 ' R3 Me0 / R3 HO \ R6 
R2 R2 

(114) (115) (116) R5 = C,jH13, R6= Pr 
R' = R2 = R3 = R4 = H or alkyl (117) R5 = famesyl, R6 = Me 

4-Aryl-4-hydroxycyclobut-2-enones rearrange upon heating in refluxing xylene (2 h) to hydroquinones 
which can be oxidized with AgzO, CeIv/Si02 or FeCl3/02 to the corresponding quinones. A wide combi- 
nation of substituents and heteroannulated rings have been prepared in excellent overall yield from the 
addition of lithio arenes to (loa), (108) or (109) followed by thermolysis. Several examples are shown in 
Scheme 5. In these reactions the outward rotation of the hydroxyl group during the ring opening of inter- 
mediate (110) occurs, which places the aryl group in the ideal position for electrophilic attack on the car- 
bonyl group of the ketene (or electrocyclization) necessary for cyclization. 

M e o m  OMe M e o w  MeO@ M e o w  

Me0 
0 OMe 0 0 0 

M e 0  
I I  

M e 0  
1 1  

Me0 
1 1  

80% 80% 98% 92% 

Scheme 5 

The same sequence when applied to benzocyclobutene-1.2-diones such as (118) afforded the adduct 
(119 80%). which was rearranged upon heating at 160 'C and air oxidation to the anthraquinone 
(120).77* 

OR 0 hir i, 1 a o c  Q 
0 OMe 

\ ii, [O] / 0 
OH 

& 
(118) R = OSiMe2But 

(119) Ar = 2-methoxyphenyl (120) 

Benzoquinones (121) also result from the thermolysis of 4-alkynylcyclobut-2enones (122) in reflux- 
ing xylene.8o This conversion proceeds via the alkynylketene (l23), and possibly via the zwitterionic in- 
termediate (1%) or the corresponding diradical (124b).% The conversion of (123) to (121) is 
occasionally competitive with the formation of 2-alkylidenecyclopent-4-ene-1,3diones (125). the result 
of an alternate alkyne-ketene cyclization. This latter route becomes the major pathway when R' = Ph, 
SiMe3 or OEt in (124).gk Liebeskind and coworkersg1 have generalized the formation of (125) for a large 
variety of substituents by heating (122) with 10 mol % of Pd(OCOCF3)z in THF at 60 'C for 1 h. All the 
above reactions have been applied to benzo analogs of (122), thus yielding naphthaquinones including 
nanaomycin A and deoxyfrenolicin.80 

If the cyclobutene-vinylketene equilibrium is established in the presence of a 13-diene such as cy- 
clopentadiene, cyclohexadiene or (E)-1,3-pentadiene, the ketene is trapped via a [4 + 21 cycloaddition re- 
action to furnish a 2,3-divinylcyclobutanone (127). When such reactions are carried out above 120 'C a 
further 3,3-sigmatropic rearrangement takes place to yield cyclooctadienones (128) in overall yields 
ranging from 30-9096. The intermediate divinylcyclobutanes can also be obtain by dehydrohalogenation 
of crotyl chloride in the presence of the dienes.82 
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(123) 

I 

(122) 

R = alkyl; R' = R2 = alkyl or OR; R3 = allyl, Me3Si, H 

"'e" R3 - "$tR R* 

.o -R3 
R2 

0 

0 

6.1.6 BENZOCYCLOBUTENES AND DERIVATIVES 

Benzocyclobutenes are one of a number of starting materials which can serve as precursors of oqui- 
nodimethanes (129 + 130). This route to these reactive 13dienes often has considerable advantage over 
others, despite the fact that occasionally temperatures in excess of 200 'C are required for ring opening, 
since no other reagents which might interfere with subsequent reactions of (129) are required. Thus re- 
markably clean and efficient transformations are often obtained. 

R2 
I 

The temperature required to set up the equilibrium between (129) and (130) is highly dependent upon 
R. Typical values are: R = 0-, 0 'C;33 R = NR2,25-50 'C; R = OH, 0-alkyl, 80-1 10 'C; R = 0-acyl or 
NH-acyl, 110-140 'C; R = CONHR', COR', C02R1, 150-180 'C; R =alkyl, phenyl, 180-210 'C; R = H, 
>210 'C.83b The value of oquinodimethanes in organic synthesis rests with their outstanding reactivity 
as 13-dienes in both inter- and intra-molecular Diels-Alder reactions.83 Even relatively unreactive 
dienophiles such as terminal vinyl groups and internal alkenes such as cyclopentene have been success- 
fully combined with various derivatives of (130) either in an inter-83b*85 or intra-molecular mode." Im- 
inesM and a l d e h y d e ~ ~ ~ ~ ~ ~ ~  also react efficiently with (130), yielding dihydroquinolines and 
dihydrobenzopyrans, respectively.  nitrile^^^^.^' and alkynes83b*88 have also been employed as dieno- 
philes. The vast potential of these intermediates for the synthesis of polycyclic compounds began to be 
realized in the 197Os, mainly due to the efforts of the research groups led by Oppolzer and Kametani. 
Only a limited number of examples illustrating the key role of benzocyclobutenes (and oquinodimeth- 
anes) will be described. Excellent reviews covering the various years of development, including analysis 
of the relative regio- and stereo-chemistry observed in the cycloadditions reactions, are available.83 
Asymmetric induction in the intermolecular Diels-Alder reactions of (130) has also begun to be investi- 
gated.83*89 
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A major initial limitation of the benzocyclobutene approach to o-quinodimethanes was the lack of effi- 
cient, large-scale syntheses for many specifically substituted derivatives. Fortunately, recent develop- 
ments have removed much of this impediment. Conceptually, the synthesis of benzocyclobutenes from 
aromatic precursors can be envisaged in only a limited number of ways. These include [2 + 21 cycloaddi- 
tions involving benzynes and alkenes, intramolecular cyclization on to a benzyne, cyclizations involving 
arene anions, and electrocyclic closure of oquinodimethanes. Benmcyclobutene derivatives can also be 
prepared by aromatization of bicyclo[4.2.0]octanes. Detailed discussion of variations to these approaches 
can be found in the cited re~iews.8~ The cobalt catalyzed co-oligomerization of 1,5hexadiynes with al- 
kynes, especially bis(trimethylsilyl)acetylene, has also been employed for the preparation of specifically 
substituted benzocyclobutenes.gO In the latter case the cyclobutenes are often not isolated but converted 
directly to o-quinodimethanes and subsequent products.go 

Stevens and Bisacchigl have carefully examined the trapping of benzynes, generated from a number of 
aryl bromides and sodium amide in THF, with 1,l -dimethylethylene and report procedures which afford 
64-86% yields of 1,l -dimethoxycyclobutenes, e.g. (131). These compounds are hydrolyzed quantitative- 
ly to the corresponding benzocyclobutenones (132). Excellent regioselectivity was obtained with unsym- 
metrical benzynes derived from methoxy substituted bromobenzenes due to the polarized nature of the 
benzyne intermediate. Steric effects also influence regioselectivity: o-bromotoluene afforded a 3: 1 mix- 
ture of 3-methyl- and 6-methyl-benzocyclobutene. 

NaNHZ, CHz=C(OMe)2, HCLTHF, Po 
Br THF OMe HzO 

OMe OMe 

9- 
OMe 

(131) 70% (132) -10% 

The diazotization of anthranilic acid, a classic route to benzyne, when carried out in the presence of 
vinyl acetate?2 vinyl ethers92 or 1,l-dichloroethylene gives the expected benzocyclobutenes in about 
40% yield. Despite the rather moderate yields this method represents a convenient route to multi- 
quantities of the parent compounds, benzocyclobutenol and benzocyclobutenone. The latter is easily con- 
verted to benzocyclobutene- 1,2-di0ne.9~ The diazotization sequence applied to 2-amino-3,6-dimeth- 
oxybenzoic acid and 1,l -dichloroethylene results in a 80% yield of 3,6-dimethoxycyclobuten- 1-one.” 
Trapping of benzynes with other ethylene derivatives, and especially more substituted alkenes, has given 
generally poorer, variable results.95 

The Kametani group has made considerable use of the intramolecular trapping of benzynes by pendant 
carbanion centers. The nitrile (133) is a key and versatile intermediate in many of the Kametani studies, 
including the preparation of optically pure e ~ t r a d i o l . ~ ~ ~ * ~ * %  The ester of the benzocyclobutenecarboxylic 
acid (134) was prepared by a similar benzyne cycli~ation.9~ The acid (134) was converted via oxidative 
decarboxylation and HC1 hydrolysis to the very labile trans-2-arylbenzocyclobutenol (135), which was 
used in the preparation of podophyll~toxin.~~ 

Me0 CN Me0 
(134) X = CO2H 
(135) X = OH 

(133) 

Ar = 3,4,5-trimethoxyphenyl 

Intermolecular benzyne-enolate cycloadditions have been studied in detail by Caubere el ~ 1 . ~  Benzo- 
cyclobutenols (136) were obtained with enolates derived from five-, six- and seven-membered ring 
ketones. Larger ring enolates and acyclic enolates results in ring expanded ketones and o-disubstituted 
benzenes. The stability of the intermediate alkoxy anions (137) is rather high when n c 3 since the 
preferred outward rotation of the 0- group results in the formation of a trans double bond in a seven- or 
eight-membered ring. The preparation of analogs of (136) bearing additional functionality in the enolate 
ring has been described.lm 

Intramolecular cyclizations via aryl anions have been used to prepare benmyclobutenes (138) from o- 
bromo-P-phenethyl bromideslO1 and benzocyclobutenols (139) from o-bromostyrene oxides.1o2 

Flash vacuum thermolysis of 0-methylbenzyl halides (140) at 500-600 ‘C gives benzocyclo- 
 butene^.^^^*^^ This reaction has recently been extended to the preparation of cyano and chloro sub- 
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(136) X = OH 
(137) X = 0-M+ 

stituted benzocyclob~tenes.~~~ BenzocyclobuteneIM and truns-2-phenyl-l-acetoxybenzocyclobutene 
(141)'"' have been obtained via thermolysis of the corresponding 2,5-dihydrobenzothiophene 2.2-diox- 
ides. These reactions presumably occur by ring closure of thermally generated o-quinodimethane inter- 
mediates. 

X 
54loCc mx 150°C moAc 

so2 - 
\ 

(141) 

\ Ph 

(140) X = H, C1, CN 
Ph 

The bicyclo[4.2.0]octane approach has proved valuable in particular situations. South and Liebe- 
skindg3 have converted the adduct obtained from 3-methyl- l-trimethylsilyloxy- 1,3-butadiene and 1.4-di- 
chloro-3,3,4-trifluorocyclobutene into 3-hydroxy-5-methylbenmyclobutene- 1 ,2-dione in 72% yield.93 

Target molecules which have six-membered rings fused to an aromatic nucleus are obvious candidates 
for synthesis via oquinodimethane intermediates which are potentially accessible by benzocyclobutene 
ring openings. Early targets included a variety of steroids such as estrone, homoestrone, estradiol, vari- 
ous alkaloids, anthraquinones and anthracyclines. These applications in which the c-quinodimethane pre- 
cursor is readily recognized have been often reviewed.83 They are shown in a general scheme (Scheme 
6). Application of o-quinodimethane intermediates generated from benzocyclobutenes to the synthesis of 
targets such di-lo7 and tri-terpenes,lo8 diterpene alkaloids,10g rnorphinans1'O and norsteroids,"' in which 
the aromatic ring has been substantially modified and thus the precursor is no longer readily apparent, 
have also been reported. Recently the use of alternate precursors to o-quinodimethanes especially the F 
catalyzed desilylation of o-substituted benzyltrimethylsilanes, has received considerable attention. 

The synthetic use of benzocyclobutenes bearing a single substituent on the cyclobutene ring is well es- 
tablished and quite predictable since one generally finds that most useful substituents prefer to rotate out- 
ward during the ring opening to give o-quinodimethanes having structure (130). which are reliably 
trapped as such by good external and even weak internal dienophiles. The fact that the benzocyclobutene 
ring opening is reversible, as shown for example by the racemization of optically active benzocyclobute- 
nol,l13 does allow the possibility of observing products from the less favorable ring opening, especially 
in the absence of efficient dienophilic trapping reagents. Several such examples have been discussed (see 
Section 6.1.3.1). 

Synthetic applications involving 1,l- and 1,Zdisubstituted benmyclobutenes are more rare. Inward 
rotation of an alkyl group in the ring opening of 1,l-disubstituted benzocyclobutenes leads to an inter- 
mediate which is prone to Whydrogen shift.114 Such a pathway is obviously detrimental to an applica- 
tion which requires trapping of the o-quinodimethane in the typical Diels-Alder format. The situation is 
particularly serious when one of the two groups is OR, due to the powerful tendency of the oxygen sub- 
stituent for outward rotation. Benzocyclobutenol when heated alone is isomerized to 2-methylbenzalde- 
hyde115 either via a 1J-hydrogen shift from a small amount of the isomer resulting from inward rotation 
of the hydroxy group, or by an intermolecular hydrogen transfer mechanism. From a synthetic point of 
view it is often worthwhile to protect the hydroxy group and thus avoid this competing process. 
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Scheme 6 

In 1,2disubstituted series such as cis- and truns-2-alkyl- 1 -alkoxybenzocyclobutenols, the trans isomer 
is more likely to lead to a high yield of cycloaddition product than the cis since the IS-hydrogen shift is 
precluded. The forced inward rotation of an aryl substituent in l-methoxy-l-phenylbenzocyclobutene is 
potentially advantageous and leads to anthracene derivatives.’ Is See also the anthraquinone synthesis 
from the corresponding benzocyclobutenones (Section 6.1 S). 

The Kametani group has made considerable use of 1 -alkyl-1 -cyanobenzocyclobutenols. Ring opening 
of benzocyclobutenol(l42) appears to form preferentially the intermediate (143) resulting from the out- 
ward rotation of the alkyl group and inward rotation of the electron-withdrawing (and small) cyano 
group which ‘protects’ against the unwanted 1,s-hydrogen shift.114 The product obtained from this ring 
opening-cyclization sequence was elaborated into morphinan derivatives. lo 

M e 0  
M e 0  

M e 0  

NC 

M e 0  

____) - ~ Morphans Mea% NC 
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6.2.1 INTRODUCTION 

6.2.1.1 Scope 

The (32)-1,3,5hexatriene (1) to 1,3-cyclohexadiene (2) interconversion is the prototypical example of 
the sixelectron (&-) electrocyclization reaction as defined by Woodward and Hoffmann ( W H ) . * v 2  
Among the early observations, the complementary stereochemical results (Figure 1) obtained for thermal 
(disrotatory, dis) and photochemical (conrotatory, con) processes in the vitamin D system (vide infra) 
provided experimental bases leading to the formulation of the WH rules. Despite its theoretical signific- 
ance, the thermal variant of the 6e- ele~trocyclization~ has found relatively little use in synthesis. By con- 
trast, the photochemical counterpart (photocyclization of stilbenes and analogs) constitutes a powerful 
synthetic procedure for the formation of aromatic compounds! More recently, new ways of inducing 
electrocyclic processes have been discovered, such as those which proceed by reductive electron trans- 
fers or by electrical discharge.6 The former appears to mimic stereochemically the photochemical process 

699 
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while the latter is considered to involve vibrationally excited (thermal) ground states. The potential 
utility of these new methods for inducing 6e- electrocyclizations remains virtually unexplored. 

diS 

j (1') 1 - 
Axes of 
rotation 

diS 

A A P -  inward-inward 

hv 

Figure 1 The four stereochemically distinct modes of electrocyclic ring closure wherein the notations 
'inward and 'outward' refer to the axes of rotation as viewed with respect to (1'). The principle of 
the conservation of orbital symmetry predicts dismtatory (dis) or conrotatory (con) ring closure 

for the themally or photochemically induced processes, respectively. The same modes 
(dis or con) are predicted for the reverse ring opening processes 

Several excellent reviews and monographs have been devoted to the topic of electrocy~lizations,%~ but 
little attempt has been made at systematically describing the utility of 6e- electrocyclizations from a syn- 
thetic point of view. The aim of this chapter is to highlight the unique features of this intramolecular for- 
mation of six-membered rings in synthesis, a capability primarily only shared by the Diels-Alder 
reaction and the cyclotrimerization of alkenes among the variety of pericyclic reactions? The emphasis 
is on selectivity and the resulting 1,3-cyclohexadienes have been classified (Figure 2) in terms of fused 
and bridged structures according to the position of the cycle with respect to the diene a m y .  Thus this 
chapter is organized according to the 13-cyclohexadiene structural type, independent of their mode of 
formation, whether photochemically, thermally or otherwise induced. 

It is not possible within the restrictions of this review to treat all carbocyclic frameworks (e.g. spimcy- 
clics) and a conscious decision was also made specifically to exclude the heterocyclic version of this 
electrocyclization. The number and variety of heteroatoms and the possible permutations along the hexa- 
triene system that can u priori be considered would justify a separate treatment. The reader is referred to 
the excellent monograph by MarvelPa for references to the treatment of electrocyclizations leading to he- 
terocycles. However, in order to provide at least a few leading references, several selected examples of 
hetero electrocyclizations are included in this chapter together with comments concerning retro electro- 
cyclizations and higher-order electrocyclic processes. 

6.2.13 Historical Perspective 
The investigations by Havinga and coworkers* disclosing the detailed stereochemical consequences of 

the thermal and photochemical interconversions in the vitamin D field provided an important impetus for 
the elaboration of the WH rules. The reversible photochemical ring opening of provitamin D (5) to pre- 
calciferol (3) and the photochemical ring closure of precalciferol (3) to lumisterol (6) can be explained 
by consecutive conrotatory processes (vide infra). Thermal treatment of precalciferol(3) below 100 'C 
generates calciferol (4) by a 1.7-sigmatropic hydrogen shift, which constitutes the second pericyclic re- 
action involved in vitamin D biosynthesis. By increasing the temperature to 100-200 'C, a new electro- 
cyclization takes place, resulting in formation of pyrocalciferol (7) and isopyrocalciferol (8). The 
configuration of the latter pair of stereoisomers requires a disrotatory motion (Figure 1) of the ends of the 
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hexatriene. The occurrence of complementary processes, thermal dismtatory ring closure of (3) to (7) 
and (8) and photochemical conrotatory ring closure of (3) to (5) and (6), is striking, and these results 
among others led to the development of the concept of the conservation of orbital symmetry and the WH 
rules. 

(a) CYCLIC AND ANNULATED HEXATRIENES: MONO-ANNULATED TRIENES 
Ortho-condensed systems: [iJI-annulated systems with j - i = 1 or 5. Types I-IV 

ac 
1 1 6 0 & Q  I l l  [ 5,6] N 1 [1,61 

Type I [1,21 11 1231 

Bridged systems: [i,J-annulated systems with j -  i = 2-4, Types V-IX 

1 1 @Q 1 1 1 

4 as Q 
v 1 ~ 3 1  VI [2,61 VI1 [ 1,4] VI11 [2,5] IX [lSI 

(b) CYCLIC AND ANNULATED HEXATRIENES: BIS-ANNULATED TRIENES 
Only ortho-condensed systems: [ij:k,l]-annulated systems with j - i = 1 or 5 , l -  k = 1.  Types X-XV 

Type X[1,2:3,4] 

1 

Q 
XI [ 1,2:4,5] XU [1,2:5,6] XI11 [ 1,6:2,3] X N  [2,3:5,61 XV [1.6:4,51 

Figure 2 
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(c) HIGHER ORDER A"ULATJ3D SYSTEMS 
Only orrho-condensed systems: [i,j:k,l:rn,n]-annulated systems with j - i = 1 or 5 , l -  k = n - rn = 1. 
Types XV-XVII 

g q p  / 3 \ 4  (g-4 \ 4  

Type XVI [ 1,2:3,4:5,6] XVII [ 1,62,3:4,5] 

Figure 2 Classification of the six-electron (&-) electrocyclizations is based on the structure of the 

resulting cyclohexadiene derivatives (Types I-XW) irrespective of the method of ring closure, 
whether thermally, photochemically or otherwise induced 

R 

R 

HO Jyp 
(5) Provitamin D 

HO & 
(4) Vitamin D or calciferol 

t l  A R 

HO LIP 
(3) Previtamin D or precalciferol 

R Y 

HO 
(7) Pymalciferol 

R 

R 

HO J@ 
(8) Isopyrocalciferol 

A definitive confmtion of the disrotatory nature of the thermal 6e- electrocyclization was based on 
studies of the stereoisomers of 2,4,6-octatriene9 and (Z,Z,Z)-l,3,5-~yclononatriene.~~ Heating (E,Z,E)- 
isomer (9) at 132 'C gave cis-5,6-dimethylcyclohexadiene (10) with a diastereomeric purity of 99.5%. 
Although the (Z,Z,Z)-(11) and (E,Z,Z)-(12) isomers are in mobile equilibrium above 100 'C, the com- 
plementary fruns-5,6-dimethylcyclohexadiene (13) was formed at 178 'C from the (E,Z,Z)-isomer (12). 
The interconversion (11) to (12) was postulatedgb to involve the intermediacy of (Z,Z)-l,3,5-octatriene 
(14) through a 1,7-sigmatropic hydrogen (1.7-H) shift. A more recent reexamination of this process" 
conclusively demonstrated the intermediacy of (14). Similar results were obtained for the (Z,Z,?)-l,3,5- 
cyclononatriene.1° The conrotatory nature of the photochemical ring closure was demonstrated by irradi- 
ation of (9),'* resulting in a photostationary state consisting of a small amount of trans isomer (13) as the 
only significant electrocyclized material (for the stereochemistry of the ring opening process, see Section 
6.2.4.1). 

An even more detailed mechanistic scrutiny of photochemical and thermal 6e- electrocyclizations of 
the parent system (1,2) has recently emerged using resonance Raman spe~troscopic'~ and isotopic labe- 
ling'4 techniques, respectively. 
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(13) 

178 O C  

63.13 Theoretical Treatment of Electrocyclic Processes: Stereochemistry 

Theoretical analysis of the interconversion of hexatriene (1) to cyclohexadiene (2) has eluded a thor- 
ough ab initio study similar to that carried out for the corresponding 4e- process, the interconversion of 
butadiene and cyc10butene.I~ Early predictions'6a using the Polanyi-Evans method of interacting poten- 
tial energy surfaces predicted that the thermal 6e- cyclization would proceed in a conrotatory sense; 
similarly the same prediction was obtained using calculations based on the principle of least motion 
(PLM).16b The failure of these methods amply illustrates the power of orbital symmetry requirements in 
overcoming the steric disadvantage of the thermal disrotatory motion. However, later theoretical evalu- 
ations at the MINDOD and ab initio SCF/6-31G* levels have provided a more satisfactory congruence 
between experiment and t h e ~ r y . ' ~ . ' ~  There are a number of theoretical approaches which have become 
popular among experimentalists to treat electrocyclizations and other pericycli~ations.'~J~ These ap- 
proaches include the orbital and/or state correlation diagram method, the transition state aromaticity 
model, the perturbation molecular orbital method and various other methods. The correlation diagram 
approach has been selected here for describing how the principle of the conservation of orbital symmetry 
leads to the WH selection rules. 

To depict these symmetry requirements leading to the stereospecificity of the interconversion of (1) to 
(2), consider the orbital correlation diagram involving the six T-orbitals of the hexatriene and the four T- 
orbitals and two u-orbitals of cyclohexadiene (Figure 3). In the thermal disrotatory process, which main- 
tains a mirror plane of symmetry (or a-symmetry), ground state reactant (1) orbitals (Ta2Tb2vc2) 
Correlate with the corresponding product (2) orbitals (U~TI~T~~). This suggests that the disrotatory ther- 
mal process should possess a relatively low activation barrier (compared to the thermal conrotatory pro- 
cess) and the process is said to be allowed. For the thermal conrotatory process, in which a C2 axis of 
symmetry is preserved (ignoring substituents), ground state reactant (1) orbitals (Ta2m2Tc2) correlate 
with product (2) excited state orbitals (U2T12T3*2). A relatively high activation barrier is therefore pre- 
dicted and the 6e- thermal conrotatory closure of (1) to (2) is considered to be forbidden. 

An analysis of the thermal ring opening process (2) to (1) affords the same prediction. The ground 
state of (2) ( & ~ 1 % 2 ~ )  correlates with the ground state of (1) (Ta2Tb2Tc2) in the disrotatory mode, but 
with an excited state of (1) (Ta2Pb2Td*2) in the conrotatory process. Thus the same prediction obtains for 
both the forward and reverse process. 

A similar analysis of the first excited state of the hexatriene (1) closing to (2) leads to the opposite pre- 
diction, namely that the conrotatory ring closure process should be allowed and that the disrotatory mode 
should be forbidden (i.e. the former should have a lower activation barrier than the latter in the excited 
state manifold). Thus, for example, the first excited state of (1) (Ta2Tb2Tc'Td*') correlates in the disrota- 
tory mode with an excited state of (2) ( IT~IT~ 'T~~T~* ' )  higher in energy than that of (2) (U2T12T2'T3*') 
when (1) undergoes conrotatory closure. That the conrotatory mode is preferred over the disrotatory 
mode in the first excited state is also predicted for the reverse, the ring opening process (2) to (1). It is 
also possible to consider other excited states undergoing electrocyclizations.'8b 

With respect to the electrocyclic reactions of spin doublets (such as cation and anion radicals), the situ- 
ation is more complex and an extended orbital correlation diagram approach or the Zimmermann orbital 
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topology criterion have been suggested to be more satisfactory theoretical approaches to the observed 
stemose1ectivities.m Except for the electrocyclic ring closure of the hexatriene anion-radical mentioned 
earlier: all of the corresponding processes involving cation-radicals examined thus far involve ring 
opening processes.*l It remains for future experiments to delineate whether electmn transfer processes 
can be utilized for inducing electrocyclic processes at a practical level. In this connection it should be 
mentioned that certain other cation-radical pericyclic processes (e.g. the Diels-Alder reaction) have al- 
ready been demonstrated to exhibit impressively high regio- and stereo-selectivity and to be synthetically 
useful.22 

/ (a) Thumal, dismtatory (dis) 

Hexattiene MOs Q Symmetry Cyclohexadiene MOs 
dismtatory 

. .  .. ! 

%* - A’ 

It 

It - 
it 

I 
Energy 
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(b) “hemal, conrotatory (con) 

Hexatriene MOs C2 Symmetry conrotatory Cyclohexadiene MOs 

%* - “\/ 

Figure 3 Comparison of the orbital correlation diagrams for the thermal dis (a) and con (b) 6e - 
electrwyclic ring closures. Note that the electronic configuration is shown in each case only 

for the ground state of the hexatriene reverting to the cyclohcxadiene via the dis and con modes. 
These diagrams can also be used directly for qualitatively describing other states in either forward 

(ring closure) or reverse (ring opening) processes. Alternative methods of theoretical analyses 
lead to similar predictions as the orbital (and/or state) correlation approach 

Orbitalaymmetry-disallowed energetically concerted reactions23 can take place when the allowed re- 
action is made energetically prohibitive due to geometrical constraints. A more rigorous theoretical ana- 
lysis including configuration interaction,19*” avoiding the crossing of states of the same symmetry, has 
been invoked to account for the extremely facile (-50 ‘C) thermal conrotatory interconversion of 15,16- 
dimethyldihydmpyrene (16) and the 15,l6-dimethy1[2,2]metacyc1ophane4,9diene (15).= A second 
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example of a thennal, conrotatory reaction is provided by the bridged triene (17),% which is converted at 
room temperature to the cyclohexadiene (18) in a thermally forbidden process. 

hv, A (=qc> = hv 

(15) (16) 

The preservation of chiral integrity of the dissymmetric (E,Z,E)-1,3,5-~yclodecatrienes obtained by 
conrotatory photoisomerization of tran~-A'*~-hexalins has been addressed re~ently.2~ The photogenerated 
hexatrienes (+)-(20) and (-)-(23) were found to preserve their (R) and (S) chirality, respectively, at 193 K 
(only ring closure from (+)-(20) and (-)-(23) to the starting hexalins (-)-(19) and (+)-(22) was observed). 
However, above 205 K they lose chiral integrity by competitive ring closure to the achiral ci~-A'-~-hexa- 
lins (21) and (24). Similar behavior was observed for Sa-cholesta-l,3-diene [(-)-(Z)] with formation of 
(-)-(26), which gave SP-cholesta-l,3diene [(+)-(27)] upon warming to 233 K.27 

hv, 254 nm 

hv, 300 nm 

D 

H 193 K 
(19) 

hv, 254 nm 

hv, 300 nm 
193 K 

/ * 

hv, 254 nm 
* - 

hv, 300 nm 
H 193 K 

(25) 

218 K 
D 

qR = 29 min 

& H 

6 3 3  ELECTROCYCLIZATIONS OF 133-HEXATRIENES 

6.2.2.1 General Considerations Including Acyclic Hexatrienes and Selected Ring Fused Systems 

The limitation to the widespread synthetic use of the thermal or photochemical cyclization of trienes 
are twofold the Miculty in preparing the starting, geometrically comct triene array; and the periselez- 
tivity28 (Le. the competition with other reactions occurring from the same substrate). Much of the follow- 
ing discussion is limited to the latter topic although it must be recognized that an efficacious synthesis of 
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hexatrienes with appropriate geometry can be a major obstacle in considering 6e- electrocyclizations in a 
synthesis. 

sigmatropic hy- 
drogen shifts, specifically 13- and 1,7-H shifts. Related 1,3- and 1.5-alkyl shifts are uncommon in acy- 
clic trienes and cyclohexadienes. The competition29 between ring closure and 1,7-H shifts30 has been 
clarified from an exhaustive study of the ground state isomerization behavior of alloacimene It 
was concluded that the fastest thermal reaction in unhindered 1,3,5-heptatrienes is the 1,7-H shift, inter- 
converting the (2,Z)- and the (E,Z)-isomers (28) and (30) via (29), followed by the ring closure. The 
transformation of (11) to (12) and then (13) represents a related example. Higher temperatuxes were re- 
quired for the 1.5-H shift and for direct isomerization of the central and terminal double bonds. Ring 
opening could be observed on further heating. Similarly, an aromatic 1,7-H shift has been postulated3* to 
explain the thermal isomerization of (31) to (32). At equilibrium (225 'C), 89% (32) and 11% (31) are 
present and they do not experience disrotatory electrocyclization unless heated for prolonged periods. 
The latter condition ultimately leads to (34). The (EB)-isomer (33) experiences cyclization followed by 
13-H shift under similar conditions to afford the dihydronaphthalene (34). The abnormal stereochem- 
istry of the decalin (35) obtained from either (36) or its isomer (37) may also be explained by a revers- 
ibly produced 1,7-H shifted intermediate.33 

The main competing processes resulting from the thermal treatment of hexatrienes 

\ (32) (33) 

225 OC, long reaction times (> 6 days) 

Both 1,5- and 1,7-H shifts have been invoked in the thermal rearrangement of the diketone (3QM In 
xylene (138 'C, 24 h), (38) isomerized quantitatively to the (E&)-trienedione (40), probably via intra- 
molecular hydrogen transfer from (39). Under flash vacuum pyrolysis (FVP) conditions (740 T), the 
indan-1-one (43) was the only product observed. Its genesis may involve an initial 1,7-H sigmatropic 
shift to give (41) followed by cyclization to (42) and elimination of acetone to give (43). 

For a vinylallene variant35 of the 6e- electrocyclization process, a comprehensive study of the effect of 
substituents at the terminal position of the triene system in (43, generated from the propargylic alcohol 
(44) via a 2.3-sigmatropic rearrangement, was undertaken. For relatively small groups (R = Me or Et), 
electrocyclization afforded (46) and (47), in spite of their sterically congested nature. For the bulkier t- 
butyl group however, only tetraene products (48) and (49) derived from 1.7-H shifts were observed. R.0- 
ducts derived from both electrocylization and 1,7-H shift are observed for the case R = pr' in (45). The 
topic of polyene units possessing sp hybridized carbon centers will be discussed further in Section 6.2.3. 

The photochemically induced ring closure of (1) to (2) has also found relatively little synthetic use due 
to the seemingly complex nature of the photoproducts obtained upon irradiation of a hexatriene.- 
Some of the following principles or factors which can affect the course of a photochemical process have 
been reviewed by Laa rh~ven~~  and these include the following. (a) The NEER (non-equilibration of ex- 
cited state rotamers) principle indicates that each conformer of a polyene yields its own characteristic 
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COMe COMe 

(38) (39) (40) 

FVP, 740 OC 
1,7-H shift I 

photoproduct. In other words, there is a direct correlation between the composition of a photoproduct 
mixture and the conformational equilibria of the starting material in its ground state. (b) The principle of 
least motion, especially important in the photochemical opening of cyclohexadienes, assumes that the ge- 
ometry of the resulting triene is a function of the position (pseudoaxial or pseudoequatorial) of the bulky 
substituent on the cyclohexadiene. Related to this, the 'accordancy principle' (see Section 6.2.4.1 for fur- 
ther discussion) states that the mode of conrotatory opening follows the chirality (twist) of the diene. (c) 
The change in the wavelength of irradiation can affect the selectivity on the excitation of specific confor- 
mers as well as change the composition of the photoproducts by giving secondary photoproducts from 
the primary ones. (d) The temperature and the solvent can influence the course of the photoreaction, as 
can (e) the influence of substituents (which can cause large changes in the equilibrium position of the 
different conformers). 

For the parent (2)-1,3,5-hexatriene (l), the main pathways competing with the desired electrocycliza- 
tion to (2) are the isomerization of the central double bond to give the (&-triene (50) as well as the for- 
mation of other cyclized products (51) and (52) and the vinylallene (53)!l The sensitized irradiation of 
isomeric trienes results primarily in rapid (ZHE)  isomerization about the central double bond and di- 
merization!* By contrast to singlet state photochemistry, no electrocyclic or sigmatropic rearrangements 
occur under sensitized conditions?18 

The importance of conformational effects on photoreaction pathways are clearly seen with substituted 
hexatrienes. For the opening of hexalins (54), the ratio of vinylcyclobutenes (56) to bicyclo[3.1.O]hex- 
anes (57) depends on the size of the substituent R in accordance with a preponderance of one or the other 
conformer of the photogenerated hexatriene (55)!3 In addition, when the (cZC) conformer is favored, the 
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I h V  
II 

back reaction (ring closure to cyclohexadiene) is more likely to occur, which explains the longer life- 
times of the starting (54) possessing the bulkiest substituents. Sigmafropic hydrogen shifts also account 
for some of the products, which probably result from over-irradiation. The (E,Z,Z)-l,3,5cyclononatriene 
(59) (formed from the corresponding cis-tetrahydroindene SS) affords a vinylcyclobutene, bicy- 
clo[5.2.O]nona-2,8diene (a), together with 1,3,6cyclononatriene (61) resulting from a 1.3-H shift.44 
Photochemical sigmatropic lj-H shifts when substitution patterns and geometric factors are favorable, 
can be a major undesirable pathway in attempts to induce 6e-electrocy~lizations.~~~~~ 

1 hv 
(56)IW) 

50150 
77/23 30p0 74 Z'R (h) 

a : R = H  0.4 
b: R = M e  2.1 
c: R = R '  8.5 

d:R=Bu'  43.5 83/17 R 
(W 

l h v  

(57) 

From a thermodynamic standpoint, one can expect that for the thermal conversion of (1) to (2) and re- 
lated derivatives, unless the temperature is sufficiently high or strain factors become predominant, cy- 
cloreversion will not be observed. A more complete discussion of the factors affecting the thermal 
equilibration of strained hexatrienes and cyclohexadienes will be discussed in Section 6.2.2.2.1. A 
kinetic study of the pericyclic transformation of the parent triene (1) to 13-cyclohexadiene (2) provided 
an activation energy of 29.9 kcal mol-l.lh Taking into account the heats of formation of reactant and 
product (40.6 kcal mol-' for (Z)-1,3,5-hexatriene and 25.4 kcal mol-' for 1,3-~yclohexadiene),~ the 
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reverse process (Le., the thermal ring openings of the 1,3-cyclohexadiene) requires a significantly higher 
activation energy (-44.2 kcal mol-'). 

That the thermal ring opening of cyclohexadienes proceeds at sufficiently high temperatures has been 
demonstrated by the observation of complete scrambling of the labels in the automerization of cyclohex- 
adiene (62) at 560 'C in the gas pha~e .4~"~ The thermal ring opening of cyclohexadienes is thus not 
generally useful for synthesizing hexatrienes. By contrast, the photochemical ring openings of cyclohex- 
adienes are rather facile processes, and have found at least some synthetic use as will be discussed in 
Section 6.2.4.1. 

D3C y C D 3  D 560 "C D3C v C D 3  D D3C y C D 3  D 

further 
deuterium 
scrambling 

H DCD3 D 

With the transition state geometries deduced from semi-empirical approaches,17 several correlations 
with experimental results have been developed for different substitution patterns of the h e ~ a t r i e n e . ~ ~ ~ ~  
Structure-reactivity data which have been tabulated3a are important considerations in synthesis applica- 
tions. The general trends which emerge from these studies are the following. Substituents at the C-1 (or 
C-6) position have moderate (2) or negligible (E) effects on the rate of electrocyclization. Substituents at 
C-2 (or C-5) can cause a two-fold rate increase effect, either at the ground state level (by increasing its 
energy as a result of deviation from planarity and by increasing the population of the s-cis conformation) 
or by stabilizing a presumed radical character developed at the transition state. For the substituents at C-3 
(or C-4) the same effects are operative, although to a lesser extent. These trends parallel the experimental 
results. For example, for simple hexatrienes substituted at C-2, the ability of phenyl and ethoxycarbonyl 
substituents as radical stabilizers facilitates (room temperature) electrocy~lization.~~ 

The electrocyclization of certain 1-dialkylamino- 1,3,5-hexatrienes is followed by elimination of dial- 
kylamine to afford benzene  derivative^.^^ If the double bond of the 1-aminohexatriene is part of an aro- 
matic or heteroaromatic system, smooth cyclization ensues to give benzannulated derivatives (a topic to 
be discussed further in Section 6.2.2.2.1 and later sections). The starting aminohexatrienes (68) have 
been conveniently prepared, for example by Knoevenagel condensation of carbonyl compounds (carb- 
anion equivalents) with pentamethynium salts (67) (pentadienyl cation equivalents). Aminoheptatrie- 
nones (68) typically cyclize at temperatures below 50 'C to the benzoyl derivative (70) accompanied in 
some cases by (71) (resulting from elimination of the cis  substituent^)^^ when (69) is sterically con- 
gested. With other carbanions, the condensation-cyclization-elimination sequence also occurs, as exem- 
plified by the conversion of chromone (72) into flavone (73) and azulene (74) into its derivative (76). An 
alternative benzannulation sequence is exemplified by the condensation of crotonitriles (77) with vinyla- 
midinium salt (78) to afford (80) as shown. With the possibility of using different substituents in both 
components, this synthetic approach to aromatic compounds is highly versatile. 
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R 

R2 R4 
R Me2N +++me2  - 

R4 XJ:: + 

0 - A  (67; R1-R4 = H) 

6.23.2 Cyclic and Annulated Hexatrienes 

6.23.2.1 Mono-annulated trienes 

Mono-annulated 1,3,5hexarrienes leading to ortho-condensed 1,3cyclohexadienes of the types I-IV 
(see Figure 2) have been well studied. By contrast, bridged trienes leading to 1,3cyclohexadienes of 
types V-IX are rare. This section is organized sequentially according to the 1,3-~yclohexadiene type. 

(i) Type I: Ortho-condensed [I 21-Annulated Systems 
The synthesis of a [ 121-annulated cyclohexadiene requires a relatively less common bis-exomethylene 

ring-fused hexatriene precursor. Indirect procedures take advantage of other facile thermal or photo- 
chemical rearrangements leading to in situ generation of the necessary triene substrate. As an example, a 
reaction initiated by a thermal conrotatory ring opening of vinylcyclobutenol (81) gave a quantitative 
yield of cy-tetralone (U), which can be considered to involve a disrotatory electrocyclization of the di- 
enol (82) followed by enol-keto tautomerism of (83).57a Other cyclizations of dienol ethers have been re- 
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ported?7b including those promoted by transition metal catalysts.57d Note that formation of the aromatic 
ring on (83) facilitates the 6e- electrocyclization process as indicated by the low temperam (25 'C) at 
which thermal cyclization of (85) to (86) occurs, thus suggesting that the transformation of (82) to (83) 
must be fast.4M A 1.5-H sigmatropic shift of cyclohexenone (87) also generates the desired bisexo- 
methylene subunit in (88). Under the reaction conditions the presumed (88) affords as the main product 
tetrahydronaphthalenone (89) via electrocy~lization.~~ 

The photochemical ring opening of palustric ester (W), an example of a [ 1,2]-annulated cyclohexa- 
diene, has been achieved wherein a -1:l photostationary state mixture of diene (90) and triene (91) was 
obtained. Upon heating for 4 h (162 "C), the photo-mixture regenerates palustric ester (90)?9 A related 
interconversion was observed for a series of photochromic cyclohexadienes of the xanthenone, dibenzo- 
furan and acridone types, exemplified by (92) + (93).60 

MeOzC ds" (90) 

OH0 Ph q:: 
hv , pentane 

162 O C  

- 
I 

hv or A - - 
0 HO 

G C N  

(93) 
Ph CN 

( i i )  Type 11: Ortho-condensed [2,3]-Annulated Systems 
The synthetic advantage of using a triene with the central double bond locked in a (Z) configuration by 

virtue of ring fusion has provided a series of 1,2-divinylcyclohexenes (94) used for structure-reactivity 
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studies.51*61 While the parent system (!Ma) cyclizes upon heating at 125 %, higher temperatuns arc re 
quired for the cyclization of the derivatives (Wb-g), imspective of their location and/or steremhemis- 
tries. Prolonged heating of (W) led to the rearranged diene (W). 

A3 

(94) 

R' 

b: CO2Et 
a: H 

c: H 
d: (E)-Ph 
e: (E)-Ph 
f : P h  
g: p-An 

A 

RZ R3 

H H 
H H 
H H 
H H 
(Z)-Ph H 
CO2Et H 
CO2Et H 

A3 
(95) 

R4 
H 

mC$Et 
(w) 

H 
CO2Et 
(E)-Ph 
H 
H 
H 

When the central double bond is part of an aromatic ring, the ring closure is retarded and is accompa- 
nied by regeneration of the aromatic nucleus. Thus, as described earlier in this review, the dihydronaph- 
thalene (34) was obtained upon thermolysis of compound (33), a product obtained by an initial 
electrocyclization followed by a 13-H shift?* Similarly, a synthesis of the dihydroindole nucleus (99) 
makes use of the thermal (216 'C) or photochemical electrocyclic ring closure of 2,3-dienylpyrroles (97) 
to intermediate (98) followed by a 13-H 

(i i i)  Type III: Ortho-condensed [.5,6]-Annulated Systems 
The cycloheptatriene (CHT)-norcaradiene (NCD) valence tautomerism, or CHT-NCD equilibrium 

(lOO)-(lOl), has captivated the interest of the scientific community for about a c e n W 3  and consider- 
able theoretical and experimental evidence has clarified the factors favoring one or the other tautomer. A 
direct experimental observation of NCD (101) has recently been reported, together with the kinetics of 
its conversion into CHT (100).64 NCD was interpreted to be the unstable intmnediate generated by low- 
temperature (77 K) irradiation of solutions of tricyc10[3.2.2.@~~]non-6-ene-8,9dione (102) in a hydrocar- 
bon glass with light of wavelength 240400 nm. Upon brief warming to -1 10 K and recooling, the Am= 
changed from 265 nm (attributable to 101) to 261 nm, the absorption maximum corresponding to (100). 
These differences in the W spectra allowed the measurement of the kinetics for the isomerization of 
NCD (101) to CHT (100). The rate constant for the process at 25 'C was estimated to be 1 x IO7s-'. 

-0q-J- 77 hv K A 77-300 hv K g 4 
(101) NCD (loo) CHT (103) (102) 

I h > 400 nm. r.t. t 
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Excelknt reviews concerning the NCD problem have appeared describing more than 80 compounds 
with different substitution pattern~.~&~~ From these data and recent experimental findings, the following 
factors contributing to the displacement of the isomerization equilibrium towards the NCD form have 
been proposed: (a) placement of a wacceptor group at the C-7 position;6M7 (b) extension of conjugation 
at appropriate positions in the NCD form@ as in (104) and (105); (c) shortening of the C- 1 4 - 6  distance 
by bridging these positions by a chain of carbon atoms as in (106);~~ (d) the nonbonding interactions be- 
tween the C-7 substituent and proximal w-bonds or substituents as in (107).7°*71 

NC CN 

6 
Ph 

I 8 
The sensitivity of the CHT-NCD equilibrium towards the substitution pattern is nicely illustrated by 

the equilibrium between (108) and (109)?2 noting for reference that the parent system (10&+(109a) is 
displaced towards the CHT (108a). Introduction of f-butyl groups at the C-3, C-2, C2,4 or C2,5 positions 
progressively shifts the equilibrium towards the NCD form (109). Nonbonding interactions between the 
C-3 f-butyl group and H-2 and between the C-2 f-butyl and H-1 are relieved by structural change from 
CHT to NCD. The synergistic effect of placing f-butyl groups at C-2 and C-5 on shifting the equilibrium 
to the NCD form has been used to study the effect of the wacceptor strength of the C-7 ~ubstituent.'~ At 
mom temperature, -30% of NCD (111) is observed, which allowed the determination of the equilibrium 
constant by I3C NMR. As expected, the NCD form (111) is stabilized in the order of wacceptor strength 
of substituents (OMe < H e CF3) .  Several other related studies have been reported.74 

NC. .But 

\- R4' / 'H H 
/ H 

R2 
A 

R2 H 

H p-ArX v 

R2 R' 
a : H  H H 
b: But H H 
c: H But H 
d: But H But 
e: But H H 

R5 % (109) 
H 19 
H 88 
H 46 
H 97.4 

But 99.7 

(110) X = OMe, H, CF3 (111) 

From a synthetic point of view, the CHT-NCD equilibrium has been exploited in a total synthesis of 
colchicine75a and, more recently, in syntheses of tropones (115) and tropolones (119) from 7-halobicy- 
clo[4.1 .O]heptenones (112) or 7-halobicyclo[4.1 .O]heptane-3,4 diones (116), respectively.75b Keto-enol 
tautomerism of (112) to (113) followed by ring opening to the cycloheptatrienols (114) and loss of HX 
would explain the formation of the tropone (115). The tropolone (119) probably results from a similar se- 
quence. These examples represent one of few cases that exemplify 6e- retro electrocyclizations presented 
thus far in this review. Additional examples will be presented later in Section 6.2.4.1. 

For the related tautomerism between the higher homologues, 1,3,5-cyclooctatriene (120) and bicy- 
clo[4.2.0]octa-2,4-diene (121)?6 a tabulation of a series of derivatives including thermodynamic data is 
presented in the treatise by M a r ~ e l l . ~ ~  The data reveal a large variation in equilibrium constants by intro- 
ducing seemingly small changes in the structure. While the electronic effects of the substituents at C-7 
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(115) 
-I 

(112) X = C1, Br (113) (114) 

and C-8 do not reveal a striking trend, the effect of adding a bridge between C-7 and C-8 is more clear. 
Small ring fusion as in (122)-(123) (n = 1, 2) imparts an increase in the strain to the tautomer (lW), 
leading to a shift in equilibrium towards (122). Larger cycles tend to be more stable in bicyclic form 
(123)."7 Interestingly, while the equilibrium between (120) and (121) favors the former open triene form 
(ratio 85:15 at 100 T ) ,  the iron complex (124) exists in the bicyclic form.78 

A (=J==m (CO)3Fe p 
(120) (121) (124) 

For the cyclooctatetraene (COT)-bicyclo[4.2.0]octa-2,4,7-triene system (125)-(126), earlier studies 
using an indirect method afforded an equilibrium composition at 100 'C containing 0.01% of the bicyclic 
form (126) (AGO = 6.8 kcal mol-' less  table)?^ The bicyclic form (126) has been prepared, however, by 
low-temperature dehalogenation of dibromide (127) and found to rearrange to COT at 0 'C (Ea = 18.7 
kcal mol-1).80 Recently, a high-temperature thermal trapping technique has been utilized to assess more 
completely the transformation between (126) and (125) in a quantitative manner.81 

For monocyclic conjugated trienes with a (Z) central double bond such as (EZ,E)-1,3,5-cyclodeca- 
triene (20) discussed earlier, allowed disrotatory ring closure to a 5,6-fused cyclohexadiene-(21) is a 
common isomerization pathway. Methyl substituents at positions C-1 and (2-6 of (E,Z,E)- 1,3,5-cyclode- 
catriene attenuates the rate of ring closure, probably due to the steric hindrance for approaching the dis- 
rotatory transition state.82 The disrotatory pathway is also reported to be followed in trienes with a 
putative (E,Z,E) geometry, such as (129) believed to be formed by base-promoted dehydration of dienol 
(lap3 The coiled geometry of (129) was thought to be kinetically favored over the alternative, more 
congested all-(Z) isomer, the cyclization of which could also explain the formation of the observed bicy- 
clic isomer (130). 
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When the central double bond of the hexatriene is (E), new pathways are followed and the product dis- 
tribution shows a structure-reactivity correlation with the size of the ring.84 The thermal rearrangement 
of the cyclononatriene (131) afforded the frans-bicyclo[4.3.0]nona-2,4-diene (132). By contrast, the 
larger 1 1 -membered-ring triene (135) yielded a different structure, the fr~ns-tricyclo[5.4.0.~~~]und~-2- 
ene (136). The 10-membered ring (ZJ,Z)-triene (133) exhibited intermediate behavior between these 
two pathways, affording a ca. 1:l mixture of both derivatives (19) and (134).84 A most plausible explana- 
tion for the formation of (134) and (136) involves an initial 1S-H migration to a partially nonconjugated 
(E,Z,Z)-triene (137) followed by an intramolecular Diels-Alder reaction. To rationalize the formation of 
the cyclohexadienes (132) and (19). two successive 4e- conrotatory electrocyclizations via a vinylcyclo- 
butene intermediate (138) was proposed to interconvert the (ZJ,Z)-trienes (131) and (133) to the corre- 
sponding (E,Z,Z)-trienes, from which the observed cyclohexadienes (132) and (19), respectively, could 
be generated by normal disrotatory ring closure. 

210oc a- 1.5 h 

82% 

-@- 
All-(Z) cyclononatetraene (139) has been s h o ~ n ~ ~ , ~ ~ ~ ~ ~  to follow the WH rules for its facile thermal re- 

arrangement to cis-8,9-dihydroindene (142). For this process at 18-35 'C the activation parameters were 
detemined to be M = 19.8 kcal mol-' and AS* = -10.4 cal mol-' K-l.85 Low-temperature photolysis of 
(139) followed by warming to 50 'C provided rrans-8,9-dihydroindene (141), probably via an initial 
photochemical isomerization of (139) to the (EZ,Z,Z)-tetraene (la), followed by ring closure.86 
The annulenes from [lO]annulene to [16]annulene react quite selectively by 6e- disrotatq p m  

ce~ses.8~ Thus the low-temperature photochemical g e n e r a t i ~ n ~ ~ ~ ~ ~  of cyclodecapentaene (143) from 
trans-9,lO-dihydronaphthalene (144) or from (145) was followed by its thermal isomerization to cis- 
9,lO-dihydronaphthalene (146). The (E,Z,Z,Z,Z)-cyclodecapentaene (147) has been postulated as inter- 
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mediate in the interconversion of cis- (146) and trans-9,lO-dihydronaphthalene (144). Similar low-tem- 
perature 6e- electrocyclizations at or below 25 'C characterize the behavior of [12]annulene (148)=lb 
and [16]annulene (149).*vd 

hv 
___) 

hv 

A 
c- 

(143a) (143b) 

H 1/. 
A 

The triplet-sensitized photochemistry of medium-ring cyclic trienes has been investigatedg1 in order to 
evaluate the role of the ground state conformation on triplet energy transfer. Sensitized irradiation of 
(ZB~-l,3,5-cyclodecatriene (133) at -70 'C resulted in a selective (WE) isomerization of the central 
double bond to give (150). Upon warming to room temperature, the hexalin (21) was formed, presum- 
ably via thermal electrocyclization of the (E,Z,E)-triene isomer (20), itself formed by sensitized two- 
bond isomerization of (150).92 The higher homolog, (ZB,Z)- 1,3,5cycloundecatriene (135), follows the 
same pathway, although the products are less stable and other thermal processes compete. The primary 
photoproduct at -70 'C is the (ZZ,Z)-triene (El), which suffers a 1,7-H shift to the (EZB-triene (152). 
Upon prolonged irradiation the cis-bicyclo[5.4.O]undeca-8,l0diene (153) is also fonned. The triplet 
photochemistry of the (EZ,Z)-triene (152) affords at room temperature a photoequilibrium mixture of the 
starting triene (-30%) and the bicyclic diene (15% -70%). At lower temperature (-70 'C), besides start- 
ing (152; 80%) and (153 5%), trans-bicyclo[7.2.0]undeca-2,l0-diene (154; 15%) was also detected. The 
formation of the latter can be considered to involve the thermal electrocyclization of the (EBB-triene 
isomer (155), which in turn can be envisaged to be in photoequilibrium with the corresponding (EZ,E)- 
triene isomer (156) viu (152).91 

(iv) Type N: Ortho-condensed [1,6]-Annulated Systems 
This type of electrocyclization is illustrated by the formation of (35) and the related formation of (46) 

and (47) (see also Section 6.2.3) discussed earlier. Another example is the thermal conversion of trienone 
(157) to the ketone (158).93 A similar transformation of a related triene intermediate has been postulated 
to account for the formation of (162) from (161) by pyrolysis of pyrethrin-I (159), which initially pro- 
duces (la).% 
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hv. sens. 

-70 "C 

The synthesis of 7.8dihydroisoquinolines (166) can be efficiently achieved by FVP techniques. The 
reaction also provides an entry into the dihydroquinoline (168) and 1.2-dihydronaphthalene skeleton 
(170) by FVP of (167) and (169). respectively. Note that the method involves initial (E) to (2) isomeriza- 
tion, electmcyclization and then a 1,5-H shift.95 

Using the aforementioned cyclization of 1-aminohexatrienes, cf. (68) to (70) and (79) to (80). several 
aromatic compounds have been synthesized upon elimination of a dialkylamine from a dihydroaromatic 
precursor formed by the 6e- electrocyciiition process. As an example, dihydrophenanthrene (175) can 
be synthesized in two different ways depending on the choice of the allyl anion synthon (171 or 173) or 

COzMe 

COzMe 64% *&I COzMe 

xylene 

138 OC, 24 h 
COzMe 

(158) 

& 
(157) 
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650 "C 
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___) 

FVP 

450 "C 
- 
81% (170) 

the corresponding allyl cation synthon (172 or 174, respectively). The syntheses of 5-nitrotetralin (177), 
tetralone (179) and xanthone (181) further illustrate this versatile approach.56 

NC-CN orCN \ 

(173) 

4- 
~ i,NaOMe,8O0C 

ii, 140 'C, 1.5 h 

(171) 
i. NaOMe, 50 OC 

+ 
3h \ 3h 

a0,- CN 
Me2N A, &Me2 &- (172) (174 

88% (175) + ii, 140 OC, 4 h 
F4B- MezN, 87% 

150 OC. 0.8 h 

76% 

NMez 
(176) 
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110 OC, 4 h 

54% 

In this benzannulation approach, the disruption of aromaticity upon cyclization requires higher activa- 
tion energies compared with the open-chain aminohexatrienes. Another potential problem is associated 
with the regioselectivity of the cyclization. Although the cyano group (Y = CN) strongly favors the naph- 
thalene derivative of (184) with the R group at C-5, a more sterically demanding R’ group can reverse 
the regioselectivity. When this problem is not present, efficient syntheses of aromatic compounds are 
readily achieved and a variety of complex aromatic mays (naphthalenes, phenanthrenes, chrysenes, hi- 
phenylenes, benzo[c]phenanthrenes, pyrenes, e&.) can be synthesized. 

R- a - A I R- @] - R- ’d 
6\ R 5 4  R \ / R  \ r  

NMez 
H 

(182) (183) (184) 

NMe2 

This electrocyclization leading to a 1,6-fused cyclohexadiene also takes place with polyenes. A photo- 
chemical example from the vitamin A field is exemplified by the conrotatory photocyclization of the 
(7Z)-isomer (186) of retinal (185) to the bicyclic derivative (187).% The photocyclization procedure has 
also been used in the aromatic s e r i e ~ . ~ . ~ ~  Thus the photocyclization-oxidation reaction of l-phenyl-4- 
(2’-thieny1)- 1,3-butadiene (188) gave 4-phenylbenzo[b]thiophene (189). Similarly, the 3’-thienyl anal- 
ogue (190) afforded 7-phenylbenzo[b]thiophene (191), the reaction exhibiting high selectivity for 
cyclization to the logically more reactive thiophene nucleus.97b 

c 

low yield 
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39% 0 Q 
(v)  Types V-IX: Bridged Systems 

Examples in this series, whose cyclohexadiene units are all formally related by oxidation to meta 
(types V, VI and IX) and para (types VI1 and VIII) bridged cyclophanes of the kinds (192) and (193), re- 
spectively, appear not to exist in the literature (or they are at least rare and have escaped the attention of 
the authors of this review). Cyclophanes appear in standard textbooksw and there is a recent example of 
a 2.5-bridged hexa-l,3,5-triene, namely (194),lo0 related by electrocyclization to a type VI1 1A-bridged 
cyclohexadiene. It is interesting that (194) is representative of a doubly orthogonal conformer of hexa- 
1,3,5-triene. However, the electrocyclization of hexatrienes to bridged 1,3-~yclohexadienes appears not 
to have been previously investigated. 

D n 

(193) (194a) R = Me 
(194b) R = H 

6.2.23.2 Bis-annulated trienes 

With a discussion of the 6e- electrocyclic reactions of acyclic (Section 6.2.2.1) and mono-annulated 
hexa-13J-trienes (Section 6.2.2.2.1) completed, it may be apparent to the reader that the topic of bis-an- 
nulated systems (this section) and higher-order annulated systems (Section 6.2.2.2.3) may be considered 
fairly direct extensions of the lower-order annulated systems. Accordingly, only a selection of the major 
types of bis- and higher-order annulated systems (presented in the order, types XI, XV and XI11 and then 
higher-order annulated systems) will be presented. 

(i) Type XI: [I ,2:45] Bis-annulated Cyclohexudienes 
This approach to cyclohexadienes can be considered an extension of that described for the precursor to 

type I cyclohexadiene in which the vinyl group is part of a cyclic structure. An example is the low-tem- 
perature photochemical generation of the bis-exomethylene compound (1%) from the benzocyclobutene 
(195), which was followed by an electrocyclic reaction to give compound (197).lo1 Thermolysis of (198) 
also leads to an assumed bis-exo-methylene intermediate (199), which electrocyclizes with involvement 
of the pyridinium ring to afford the alkaloid ellipticene (200) after dehydrogenation.I0? 

Extensive investigations of the thermal and photochemical reactions of trans-2-benzylidene- 1-(diphe- 
nylmethy1ene)indane (201) and derivativeslo3 have been carried out. It has been shown that thermolysis 
of (201) (200 'C) yields the benzofluorene (203) in near quantitative yield. Thermal disrotatory closure 
of (201) to (202) followed by a 13-H shift would account for the cis stereochemistry of the product 

hv 
O f P h  - 

ph -185'C 

Ph Ph 
(195) (196) (197) 

Ph 



722 Electrocyclic Processes 
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(203). By contrast, photochemical irradiation of (201) at 366 nm affords (209, the stereoisomer of (203). 
It is proposed that (201) undergoes photochemically induced conrotatory ring closure to (261) followed 
by its thermal 1.5-H shift to give the observed (205). 

hv - 
COn 

90% 

200 oc 

dis 
-10% 

___) 

Similar results were obtained for the so called 'fulgides' (bis-methylene succinic anhydrides, e.g. 206 
and The related fury1 analog (208) via (209) experiences photochemical (313-366 nm) ring clo- 
sure to the deep redcolored cyclohexadiene (210) in which the competing 13-H shift cannot take 
place.1os Cycloreversion occurs on irradiation with white light, which confers photochromic behavior to 
compounds like (2&+0-(). The high yield of photocoloration, the linearity of response of the fulgide 
(209) to Miat ion and the ease of directly determining the concentration of (210) make this system a 
convenient actinometer.1m 

I I Et 
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(ii) Type XV: [ I  ,6:4,5] Bis-annulated Cyclohexadienes 
The photocyclization of stilbenes (211) (including its in situ oxidation) to phenanthrenes (213) and that 

of conjugated arylalkenes to polycyclic aromatics constitute one of the most studied and widely used ap- 
plications of organic photochemistry?JM Its potential synthetic utility is amplified by the existence of a 
number of natural products (mainly alkaloids)lo7 that contain a phenanthrene subunit in their structure. In 
view of the plethora of examples contained in several excellent reviews,4JM only selected examples will 
be presented here with focus on the selectivity of the process. 

The initial photochemical step, (211) to (212), can be most simply viewed as a perturbed 6e- electrocy- 
clic process, suggesting a trans configuration via conrotation for the dihydrophenanthrene intermediate 
(212). In support of this hypothesis, the stabilization of (216) by tautomerism to (217) in the photolysis 
of diethylstilbestrol (214),loSa followed by ozonolysis, afforded only the racemic form of 1,2,3,4-buta- 
netetracarboxylic acid (218). loSb The majority of dihydrophenanthrenes, however, are thermally unstable 
and undergo conversion to phenanthrenes (under oxidative or non-oxidative conditions) or lj-H shifts to 
isomeric 9, 10-dihydrophenanthrenes.lw 

it 

The dehydrogenation step in air-saturated solutions is thought to proceed by a radical chain mechan- 
ism, but for preparative purposes it is advantageous to use a small amount of iodine. Other oxidizing 
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agents which have been used include selenium and thiyl radicals and wacceptors such as TCNE, TCNQ, 
chloranil and bromanil. lo 

When leaving groups are placed at an ortho position as in (219), and oxidant is excluded from the re- 
action medium, irradiation leads to a dihydrophenanthrene of the type (220) followed by a highly 
exothermic elimination reaction to give phenanthrene (213). The alternative pathway to (222) is inter- 
rupted at the dihydrophenanthrene stage (221) because of the absence of oxidant. As an example, an effi- 
cient synthesisll’ of aporphinoid alkaloid (225) is based on the photocyclization of o-bromostilbene 
derivative (223) via E2 elimination of HBr with KOBu‘ or, alternatively, by photolysis of the C-Br 
bond assisted by intramolecular radical complexation.ll* It should be noted that (224) is a tris-annulated 
type of cyclohexadiene which is not explicitly categorized in Figure 1. 

(219b) 

The effect of substituents on the regioselectivity of the cyclization has been studied in rn- (226) and 0- 
substituted stilbenes (219) [the p-substituted (229) produce 3- or 6-substituted phenanthrenes (230)].4 
Generally, m-substituted stilbenes afford equal amounts of the 2- (227) and 4- (228) substituted phenan- 
threnes, in spite of the greater steric congestion in the latter. This has been rationalized in terms of the 
development of an early transition state for the photoexcitation of a mixture of ground-state conformers 
(2%) and (226b) before steric factors in the dihydrophenanthrene intermediate become significant. Sa 
lectivity in this series has been ascribed to several factors, such as selective destruction of the 4-sub 
stituted phenanthrenes during extended steric hindrance in poly substituted cases, 
inefficient trapping of one of the dihydrophenanthrene intermediates, and finally, the influence of rn- 
cyano and methoxycarbonyl substituents, which fiord, preferentially, 2-substituted  phenanthrene^.'^^ 
With respect to the effect of the 0-substituents in (219), the different selectivity under oxidative (222) 
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and non-oxidative (213) Conditions has already been mentioned, wherein the latter becomes the predomi- 
nant product when oxidant is excluded from the reaction mixture. A widely used approach to control se- 
lectivity uses an ortho substituent as in (231) either to direct the cyclization of stilbenes to 2-substituted 
phenanthrenes (232) or to block this position to give the alternative phenanthrene (233). Molecular orbi- 
tal theoretical analyses have been developed in order to rationalize the selectivities observed for stilbene 
 cyclization^.'^^^^ 

c- 

X' 
(22613) 

X 
(229) 

X 
(230) 

This type of cyclization has recently been used in the carbocyclic field to synthesize the tetracyclic 
glycol (234), an advanced intermediate in the synthesis of the antimicrobial and amoebicidal agent ikaru- 
gamycin.Il6 Thus photocyclization of a 2: 1 mixture of trienes (235) and (236) led to a 4: 1 mixture of the 
two possible conrotatory closure products (237) and (a), which likely reflect the conformational bias 
in the ground state of the (2)-triene (236a and 236b, re~pectively).~~ 

(iii) Type Xl l l :  [ I  ,6:23] Bis-annulated Cyclohexadienes 
Only a few cases of thermal electrocyclizations of [ 1,2:3,4] bis-annulated trienes have been described. 

That the central double bond is part of a ring system eliminates the possibility of secondary thermal pro- 
cesses that were operating in the precursors to the simpler type IV cyclohexadienes. For example, the cy- 
clization of diketone (239) to (240) takes place smoothly without interference from other thermal 
processes." 

A new entry into the aromatic steroid nucleus is based on this approach to construct the c-ring of cy- 
clohexadiene (242) by thermolysis (xylene, 140 'C, 34 h) of the triene (241). Photolysis is an alternative, 
but the yields were lower. A phenyl group can be used as a component of the triene system, although 
more drastic conditions (180 'C. 4 days or FVP, 730 'C, 0.1 mmHg) are required to disrupt the aroma- 
ticity of its nucleus as in compound (243). which gives as a final product 5,6,11,12-tetrahydrochrysene 

The thermolysis of vinylindoles (246) to carbazoles (247) in the presence of 5% Pd/C combines elec- 
trocyclic ring closure with rearomatization. Depending on the conditions, thermolysis of vinylindole 
(246) gives a mixture of benzocarbazoles (247a; 22%) and (247b 17%) (xylene, 150 'C), (247a; 23%) 
and (248b 16%) (1.2-dichlorobenzene, 180 T), or (247a; 20%) and (24th; 29%) (decalin, 210 'C).118 

(249."' 
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/ 
(235) AIss = E  
(236) A'?' = Z 

(2364 (mb) 
hv, -78 "C, -1004b 

4 1  ratio of (237):(238) 

(237) 

(234) ............ ) (Ikarugamycin) 

By contrast to the thermal process, the photochemistry of 2-vinylbiphenyl (249) and Cvinylphenan- 
threne (250) has been widely used in connection with syntheses of polycyclic aromatic compounds, com- 
plementing the most commonly used stilbene to phenanthrene transfonnation."Jw For example, the 
product obtained from the comtatory photocyclization of 2-(a-styryl)bipheny1(252) can be trapped by 
an oxidant to give the phenanthrene (254) or suffers a 1.5-H shift to give the dihydrophenanthrene 

(239) 

156 O C  

24 h, 45% 

L 

140 oc 

34 h, 39% 
D & \ 
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\ 

(243) 

A 

5% PdJC 

- q 
H 

(247a) X = OMe 
(24713) X = H 

--q 
H 

(248a) X = OMe 
(248b) X = H 

(255).l19 Similarly, the photochemical opening of cannabinol (256) to (257) was followed by ring closure 
and dehydration to the hydroxy henanthrene (258). elimination of H2O being the internal trap of the 
initial cyclization product (257)J0 Note that the initial ring opening of (256) is an example of a photo- 
induced hetero electrocyclization reaction (Section 6.2.4.2). 

k 3 - H  shift 

Ph 

(257) 
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2,2'-Divinylbiphenyl derivativm upon irradiation exhibit a competition between electrocyclic ring clo- 
sure and [2 + 21 photocycloaddition, the nature of the resulting products being dependent on the ex- 
perimental conditions and the substituents attached to the double bond. The simple divinylbiphenyl(259) 
produces a mixtun of the singly and doubly electrocyclized products (260) and (261), respectively, the 
latter being obtained quantitatively upon prolonged irradiation. When a stilbene moiety is present in the 
system as in (262), the [2 + 21 intramolecular cycloaddition to (264) (after fast E-Z equilibration) is the 
main reaction taking place at short irradiation times. On further irradiation, (264) is quantitatively con- 
verted into tetrahydmpyrene (Za5).1?1 

,@ 
hv 

benzene, 3 h 
- 

' I  -85% 
\ 

Ph QPh ___) hv aPh __c ph@,fi / 

/ benzene / /  slow 

Ph \ \ fast \ 

hv. fast \ 
Ph 

(264) 

The ring-bearing moiety of the hexatriene can also be fused to a heterocycle. In the presence of an oxi- 
dant (12), the photolysis of a variety of 4-phenyl-3-vinylquinolones such as (266) yields benzo[k]phenan- 
thridones (e.g. 267) in good to excellent yields.122 Similarly, photolysis of pyrroles (268) followed by 
treatment with DDQ gave fused indoles (269) (which contain a fused benzene, furan or thiophene 
ring).62 

6.2.2.23 Higher-ordcr annulated systems 

The known examples of the synthesis of higher-order annulated systems (exemplified by types XVI- 
XVII in Figure 2) involve photochemical cyclization followed by oxidation of arene analogs of stilbenes. 

-55% 
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For example, the reported transformation of (270) to (272) is an extension of the transformation of (211) 
to (213) discussed earlier. As oxidant, 12 in high concentrations is recommended due to the high propen- 
sity of the dihydrotriphenylene (271) to undergo ring opening (three aromatic rings would be formed to 
give starting material 270).123 An aromatic solvent is also requimd to transfer energy to the reactant in its 
singlet state, thus avoiding the dissipation of energy due to the light absorption of the product triphe- 
nylene (272). Many other examples are known, making this method an excellent choice for the prepara- 
tion of polycyclic aromatic c o r n p o ~ n d s . " ~ ~ ~ ~ ~ ~ ~  

The polycyclic compound (274) can be efficiently obtained by photochemical irradiation of the 4-sty- 
rylphenanthrene derivative (273), with isolation of a dihydro intermediate.la Of course, only two of the 
three ring fused double bonds in this example are aromatic. The transformation of (268) to (269) 
presented earlier, wherein the R1 and R2 groups are part of a cycloalkenyl ring, represents another 
example of this kind.62 ph ''1, 

0 

hv. hexanes, 7 d 

1.5-H shift 
85% 

Finally, the dianthrones and other doubly bridged tetraphenylethylenes can also be considered part of 
this group.L25 For example, dianthrone (275) upon photolysis leads to the presumed dihydro intermediate 
(276), which by two successive enolizations gives (277). Furthermore, a hydrogen transfer reaction be- 
tween (277) and the dianthrone (275) gives helianthrone (278) and dianthranol(279). On extended h d i -  
ation, helianthrone (278) further cyclizes to afford mesonaphthodianthrone (230) and another molecule 
of (279) (wherein 275 can be viewed as oxidant to afford 279). 
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I I  % \ 

0 
(275) 
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+ (279) 
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0 
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OH 

enolize - a / /  
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633 ELECTROCYCLIZATION OF sp-CARBON CONTAINING SYSTEMS 

633.1 Ketenes 

In 1968, Griffiths and Hart established that although dienylketene (282) (generated as the only photo- 
chemical product from cyclohexadienone 281) cyclizes thermally to (281), other thermal cyclizations 
compete, such as the formation of the bicyclo[3.1.O]hexenone (283) or solvent (amines or alcohols) addi- 
tion product (=).la The thermal formation of bicyclo[3.1 .O]hexenones (283) from ketenes (282) can be 
photochemically reversed. Thus 2,4-cyclohexadienones (287) can be obtained from 2,5-cyclohexa- 
dienones (285).12791a The stereospecificity of the thermal ring opening of the bicyclo[3.1.O]hexenones to 
dienylketenes has been established. lZ8 

Studies of the low-temperature photochemistry of umbellone (288) established a dual pathway for its 
conversion to thymol (291).lm Besides the opening of (288) to ketene (289), its direct conversion to the 
cyclohexadienone (290) was also postulated. However, this reaction depends on the substitution pattern, 
and in the case of lumisantonin (292) only traces of cyclohexenone (294) were detected in the photolysis 
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mixture.12g Most recently, the chemistry of dienylketenes has been reviewed1% and efforts have been di- 
rected towards substituent control of stereochemistry of the dienylketene to cyclohexadienone cycliza- 
tion and synthesis applications in the diterpenoid area1- 

/ -70°C \ 

+ 

The competition of nucleophilic attack by solvent at the ketene sp center has been shown to be useful 
for obtaining 828 analogues of dienylketenes, namely dienylketenimims (297) from ketene intermediates 
generated from (295). Upon dehydration, the addition product (2%) afforded directly the N-alkylated cy- 
clohexadienimines (298) in good yield. The expected dienylketenimines (297) were not isolated. Re- 
generation of spectroscopically detectable (297) can be achieved by photochemical irradiation of (298), 
its stability above 0 'C being solvent dependent.13' 
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Another method to generate the dienylketene functionality is by thermal ring opening of arylcyclo- 
b~ten0nes.l~~ Thus the naphthol (301) was one of the products resulting from the condensation of diphe- 
nylketene and eth~xyacetylene~~~ and its formation likely involves opening of cyclobutenone (299) to 
the ketene (300) and electrocyclic closure of the latter. Similar results were obtained upon heating cyclo- 
butenones (302)132b and (303),132c although the ability of the latter to ring open to two stereoisomeric 
dienylketenes led to additional products besides the naphthol. 

Naphthols are also obtained from arylmethyleneketenes generated by FVP of derivatives of Meldnun's 
acid (304).133 The initial formation of 2-methylbenzylideneketene (305) can be envisaged, followed by a 
1,5-H shift leading to the o-quinonoid ketene (306). Thermal cyclization to (306) and tautomerization 
provides a rationale for formation of 2-naphthol (308).133a This represents a transformation of o-tolualde- 
hydes (starting materials for the preparation of 304) to 2-naphthols. The related five-membered ring he- 
terocyclic aldehydes with adjacent methyl substituents also experience the same thermal transformation, 
thus allowing the preparation of hydroxy derivatives of benzothiophene, benzofuran, dibenzofuran, 
indole and carbazole in good yields.133b 

&Ix FVP, 95-1004b 420-620 O C  

r / 
oc"\. \ *O 

Phenols (311) m also the final products from the thermolysis (>la 'C) of aminocyclobutenones 
(309)' generated by rearrangement of aminobicyclo[2.2.0]hexenones (addition products of ynamines and 
cyclobutenones) via ketene intermediate (31O).lM A related transformation (starting from ketenophilic 
acetylene derivatives and vinylketenes, leading after rearrangement to vinylcyclobutenone derivatives 
312 and 315) has been applied to the re iocontrolled synthesis of differentially protected resorcinol deri- 

biotics DB-2073 (314) and grifolin (317)' respectively.13sa The hexasubstituted aromatic ring of 
mycophenolic acid ( 3 s )  has also been synthesized using the same key strategy, combined with the 
regioselective bromination of the resulting phenol (321) at the C-6 aromatic position. Thus the cascade 
of electrocyclic reactions following thermolysis of a mixture of alkynyl ether (318) and cyclobutenone 
(319) provided the pentasubstituted resorcinol derivative (321). which was brominated to (322) and then 

vatives (313) and (316), re~pectively.'~ f Demethylation of (313) and (316) provided the antifungal anti- 
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transformed to the carboxylic acid (323). The phthalide (324) obtained upon heating (323) with catalytic 
HC1 in MeOH was oxidized to mycophenolic acid (325).13" 

80 O C ,  4 h 

6 5 4 8 %  

HO 

farnesyl 

Me0 

r 1 

Bu'Me2siol I 120 OC, 14 h 

73% * OMe + 

/ Rwo MeO 

(324) R = CHZOH 
(325) R = CO2H 

Bu'MqSiO 

M e 0  CH2OMOM 

(321) X = H 
(322) X = Br 
(323) X = C02H 

With related 4-vinyl- or 4-alkynyl-cyclobutenones (326) carrying a hydroxy group at the C-4 position, 
a similar sequence provides highly substituted quinones (328) or (330).136 Extension of this approach to 
4-aryl (or heteroaryl) cyclobutenones provides a general synthesis of highly substituted quinones of 
general structures (332) and (334),136h The transformation of (336) to (338) is representative of the 
methodology. Interestingly, the lithium reagent (336) adds selectively to the unsymmetrically Substituted 
benzocyclobutenedione (335). This was followed by an outward rotationlSb of the hydroxy group in the 
electrocyclic ring cleavage of the adduct (337) to give, after appropriate functional group transformation, 
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the quinone (338) as a 13:l mixture of regioisomers.136b A diradical mechanism has been proposed for 
the rearrangement of alkynylcyclobutenones.lNfpg 

Bu'MezSiO 

()I( \ 0 

(335) 

L 
(327) 

R = k H \  
R3 R4 

+ m L i  

SOph 

(336) 

HO 0 

B d M q S i O  

- 62% 

s02Ph 
(337) 

i, 160 'C, EO min 
ii, NaOH, HzO. A 

iii, CC'" 
/ iv, Bu4NF 

0 

633.2 AUenes 
The participation of an allenic sp center in an electmcyclic reaction was earlier demonstrated in the py- 

rolysis (490 'C) of the pentadienylallene (339) to give o-xylwe (342) together with alkyne (343).13' The 
high temperature required is primarily necessary to effect isomerization of the double bond to the (2) 
configuration as in (340). because both the 6e- electrocyclization of (340) to (341) as well as the aromat- 
ization of the latter to (342) possess lower activation barriers. That the 6e- electrocyclization of dienyl- 
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allenes possesses a low activation barrier is evidenced by the formation of (W), presumably via dienyl- 
allene (345) from benzoate (344) by an sN2' reaction of the latter with a higher-order cuprate.13& 

1 

490 "C - 
(339) 

b. 
R2Cu(CN)Li2 

ether, -78 OC to r.1. 

1 

(346) a: R = Bun 
b: R = But 
c : R = P h  

.. ..en the allenyldiene sulfoxide (348) was generated by treatment of the propargylic alcohol (34 1) 
with phenylsulfenyl chloride, the allene spon&eously elec-trocyclized to the drimatriene sulfoxide (349). 
Related transfornations were presented earlier in this chapter (cf. 44 to 46 and 47).35a This multistep one- 
pot process is believed to occur by initial formation of the sulfenate ester (347b) which undergoes a 2,3- 
sigmatropic shift to give (348) in a completely stereoselective manner with respect to the allene 
configuration. This is followed by a completely stereoselective 6e- electrocyclization in only one of the 
allowed disrotatory modes to afford (349). This stereomechanistic conjecture is f d y  supported by the 
finding that optically enriched (R)-(350) afforded (353) in excellent yield with the (expected) stereoc- 
hemistry and stereochemical purity. The absolute configuration of (353) at its bridgehead center was es- 
tablished by its transformation to (354). the antipode of which is known.138b 

6.233 Alkynes 

There are two obvious difficulties concerning the feasibility of effecting pericyclic reactions of al- 
k y n e ~ . ~ ~ ~  The fvst concerns the geometry of the mandatory cyclic transition state. The second concerns 
the stability of the resulting products. While the geometry of an sp2 center is well suited for attaining the 
cyclic array of the bent molecular framework, the presence of an alkynic center with bond angles of 180' 
demands a colinearity of three contiguous bonds. As a consequence, the transition state geometry re- 
quires considerable bond deformation. For the 6e- electrocyclization process, the resulting product is a 
1,2,4-~yclohexatriene. The less-unsaturated 1 ,Zcyclohexadiene is already known to be a species with a 

PhSCl 

(347e) R = H 
(347b) R = SPh 
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high degree of deformation and reactivity.14 For the prototypical example in this series, namely (356) to 
(357), doubts about the mechanism of the conversion of (2)-(356) and (E)-(355) to benzene (358) still re- 
main.141 Although the basecatalyzed thermal isomerization of 1.6-heptadiyne (399) to toluene (361) 
(and trans-dienyne 360) is presumed to occur via (2)dienyne (362). the pericyclic nature of this process 
is uncertainl42" (6 the recent studies of n e ~ ~ a ~ ~ i n o s t a t i n ~ ~ ~ ~ ) .  

J -= a24 O C  c = [o] - 8 
(355) (356) (357) (3%) 

When both termini of the triene are alkynic units,'43 the reaction takes place via a diradical intermedi- 
ate.144 Heating of (2)-1,6-dideuteriohex-3-ene-l,5-diyne (363) at 300 'C caused rapid scrambling of the 
deuterium label to give exclusively a mixture of (363) and the 3,4-dideuterio isomer (365). Also, when 
heated in different solvents, products of typical radical reactions were observed. These data together with 
detailed kinetic analysis and spectroscopic studies have led to the hypothesis of the intermediacy of the 
1,rl-dehydrobenzene diradical(364) @-benzyne) in the process.144 

Intense synthetic and mechanistic efforts in this area are currently in (see also the studies 
of n e ~ c a n i n O s t a t i n ~ ~ ~ ~  and dynemicin as a consequence of the isolation and structural eluci- 
dation of two potent antitumor agents, esperamicin and calichemicin, both with general structure (366). 
Both compounds in their aglycone component possess an enediyne bridge, which has been hypothesized 
to be involved in the DNAdamaging action through its isomerization to a diradical(368) after thiol con- 



1 $-Cyclohexadiene Formution Reactions 737 

jugate addition (following nucleophilic attack on the central sulfur atom) to the a,P-unsaturated carbonyl 
group. The cosccurrence of (369) from the same microorganism further supparts the mode of action of 
this antitumor agent.145 An important question is whether the process (367) to (368) (or for that matter, 
the transformation of 356 to 357 or 363 to 364) should even be considered a classical concerted pericy- 
clic process. 

H H 

63.4 MISCELLANEOUS RELATED TOPICS 

63.4.1 Retro Electrocyclizations: Triene Syntheses 

The discussion presented earlier (Section 6.2.2.1) revealed that ring opening of a 1,3cyclohexadiene 
to a 1,3,5hexatriene is kinetically sluggish (e.g. the automerization of 62) and thermodynamically disfa- 
vored unless other factors such as ring strain intervene (e.g. 101, 102 and related derivatives). The lit- 
erature on thermal cycloreversions in triene syntheses is sparse, although there are some reports of the 
involvement of this step as part of a cascade of rearrangements of certain 1,3-cyclohexadienes. For 
example, a 6e- electrocyclic ring opening has been postulated to take part in the formation of the dihy- 
drosemibullvalene system (373).'& The thermal decarbonylation (-210 'C) of the tetracyclone adduct 
(370) could be viewed as being followed by thermal 6e- electrocyclic ring opening to (372) and then in- 
tramolecular cycloaddition to afford (373). Of course, the transformation of (371) to the putative (372) is 
completely analogous to the transformation (121) to (120) discussed earlier. 

By contrast, the retro electrocyclization by photochemical irradiation is well known. For example, the 
photochemical transformation (6e- conrotatory ring opening) of provitamin D (5) to previtamin D (3) 
and then thermal isomerization (1,7-H shift) of the latter is a well-established sequence leading to vit- 
amin D (4). It is a sequence8 involved in vitamin D biosynthesis and in the laboratory synthesis of vit- 
amin D. Moreover, the process is used commercially. 

At low photochemical conversions the reversible transformation to the (Z)-hexatriene may dominate. 
However, the composition of the photostationary state depends upon the substitution pattern of the cyclo- 
hexadiene which controls the preferred conformation. It is believed that a planar 1,3cyclohexadiene pro- 
duces preferentially a bicyclo[2.2.0]hex-2-ene, e.g. molecules of the type (374), while dienes with 
skewed structures form he~atrienes.~' Another factor that changes dramatically the composition of the 
photolysis mixture is the wavelength of irradiation.44a At 254 nm the photostationary state mixnue of cis- 
bicyclo[4.3.0]nona-2,4-diene (58) and (EZ,Z)-l,3,5-cyclononatriene (59) is 40% and 6046, respectively. 
At 300 nm, irreversible formation of tricyclo[4.3.0.02~]non-3-ene (374) becomes the preferred pathway. 
The ratio of extinction coefficients of (58) and (59) at the wavelength used would explain the shift in the 
photoequilibrium m i ~ t u r e . ~  
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I- 1 

Ph 

COzEt 

'C02Et 
(373) 

An example of a synthetic application in the natural products field concerns the ring opening of diene 
(375) to a cu. 1:l mixture of starting material and triene (376), which upon hydrogenation yields dhy- 
drocostunolide (377).14' A synthesis of tetravinylethylene (379) was achieved by photoinduced (-78 'C) 
equilibration of tetraene (378) (containing -4: 1 of cyclic to acyclic form).148 

hv 

A study of the photochemical isomerization of a-phellandrene provided a basis for the fonnu- 
lation of the ' a c c h y  principle' (Section 6.2.2.1). This states that the sense of the photochemically 
allowed conrotatory ring opening of a 13-cyclohexadiene is a function of the chirality of the diene. In 
the case of a-phellandme (380), the conformer with a pseudoaxial isopropyl group (38Oa) is photo- 
isomenzed ' to the (Z,Z)-triene (381), while the conformer with a pseudoequatorial isopropyl group (-) 
is converted to the (E,Z)-tricne (382). Particularly noteworthy was the observed increase in the relative 
amount of (382) with a decnase in temperature, which was attributed to an increase in population of the 
more stable conformer (38Ob). Prolonged irradiation gave a mixture of isomeric trienes as well as tricy- 
clic compounds. 
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The stereospecific conrotatory nature of the photochemically induced ring opening of 1,3cyclohexa- 
dienes has been establi~hed.4~~ Thus photochemical ring opening of cis-5,6-dimethyl-l,4-diphenyl- 1.3- 
cyclohexadiene (383) gave the (EZZ)-hexatriene (384). Of the two possible products of conrotatory ring 
opening of the trans isomer (385) (namely 386 and 387). the latter was considered to be produced be- 
cause it underwent a thermally induced 1,7-H shift (also obtained from 384 in the same manner) to the 
triene (388). Similar results have been obtained for the hexalin serie~.4~P4* 

Ph Ph 

hv A - ( 7  con Ph Y K  Ph 

(388) 

A, 1.7-H I 
Ph Ph J 

hv 
__L 

con 

Ph 

or 

Ph 
(387) 

The role of the ground-state conformations has also been investigated in 9.10-dimethylkxalins and re- 
lated steroids.82 The trans-hexalin (389) gave selectively (EZJ)-triene (390), while cis-hexalin (391) 
provided the (ZZ,E)-isomer (392) as initial product, in agreement with the conrotatory nature of the re- 
action. The opposite mode of conrotation for (389) resulting in (ZZ,Z)-triene (393) was not observed and 
has been ascribed to a disruption of conjugation by passing through a state when the developing p-orbi- 
tals would be orthogonal to the diene. Similar results were obtained for related steroids** and bicy- 
clo[4.n.O]dienes (21), (58) and (153) described earlier.& 

Although not isolated, a trienyl-lactone intermediate (397) has been assumed to be responsible f a  the 
formation of truns- 1 ,Zdihydrophthalide (3%) (together with tricyclic compound 395) in the photolysis 



740 Electrocyclic Processes 

of cis-l,2dihydrophthalide (394). The isolation of intermediate (398) with (ZZZ) stereochemistry (re- 
sulting from a photochemical double bond isomerization of the putative (W) provides some support for 
the suggested pathway.150 

" *%rlItp 0 hv H H  + s& 0 

(394) (395) 1981 (3%) 

hv / 

Finally, although sensitized irradiation of cyclohexadienes usually gives dimers, cyclohexadiene (399) 
gave trienes (401) in a -1:l ratio. The products of initial electrocyclic ring opening to the (EZZ)-hexa- 
trienes (400) arc considered to undergo a 13-H shift (including geometric isomerization) to afford the 
observed isomeric trienes (qOl).lS1 

s5 COzMe 

(399) 

hv 

sens. 
a 

COR2 

COR' 

1.5-H - d  RZoC 

(400) a: R1 = Me, R2 = OMe (401) 
b: R1 = OMe, R2 = Me 

63.43 Heterocyclic Applications 

As indicated in the Introduction, only a brief survey of hetero electrocyclizations will be presented 
here. The reader should refer to Marvell's excellent treatise3* or other sources1s2 for leading references. 
However, there are several unique features of the hetemcyclization process that are worth considering in 
this limited survey. In particular, when the heteroatom is placed at the end of the triene system, cycliza- 
tions often prove to be exceedingly facile. To focus on this feature of the reaction substrate, the follow- 
ing discussion will be restricted to electrocyclizations in which the heteroatom (oxygen and nitrogen 
since they are the most common) is located at the end of the triene. 
The replacement of a carbon atom in (402a) by a heteroatom such as oxygen or nitrogen (402b,c) 

leads normally to an increase of the reaction rate of the ele~trocyclization.~~ Steric effects probably play 
a major role in the observed rate enhancement although stereoelectronic and polar factors may also be 
important factors. Regarding steric effects, when the terminal sp2 carbon is replaced by a heteroatom, 
one (nitrogen) or both (oxygen) of the terminal hydrogen atoms is replaced by a 'smaller' heteroatom 
lone pair. In point of fact, replacement of the two inside hydrogen atoms by deuterium in the parent sys- 
tem (1) as in (404a) reveals a slight acceleration in rate.14 Thus cyclization of (404b) exhibits the ex- 
pected normal secondary kinetic isotope effect for sp2 to sp3 rehybridization upon thermal disrotatory 
cyclization. In the case of (e), disrotatory electrocyclization occurs with an inverse secondary kinetic 
isotope effect, wherein the steric isotope effect ovemdes the small, normal (s$ to sd rehybridization) 
isotope effect.14 The exceptionally rapid cyclization of dienylallenes (45) to (46) plus (47), (345) to 
(346), (348) to (349) and (352) to (353) is also probably due to the attenuation of steric factors (one of 
the terminal sp? carbon as in 40% is replaced by the sp carbon of the a l l e ~ ~ e ) ? ~ q ~ ~ *  The stereoelectronic 
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factor refers to the direct participation of the heteroatom lone pair in the cyclization. These types of 
transformations in which bonding and non-bonding atomic orbitals interchange roles have been defined 
as 'pseudopericyclic reactions'.153 

Y 
(402) a: X = CR,; b: X = 0 c: X = NR (403) (4040) X =  D, Y = H 

(404b) X = H, Y =D 

An early example of the reversible interconversion of dienones to a-pyrans was first observed for the 
a-pyran (407) obtained upon irradiation of p-ionone (405)>~154 In certain systems this reversibility is re- 
sponsible for the (WE) isomerization of the terminal double bond of a,p-(Z)-isomers of 2,4dienals and 
2,4-dienone~.~~~ 

Conversion of (408) to chromone (409) is photochemically reversible and thus the system is photo- 
chromic.156 Recently,lS7 electrocyclic ring opening of benzocyclobutenes in tandem with a hetero elec- 
trocyclic ring closure is reported to provide a new route to isochromanones. Thus benzocyclobutene 
(410) upon thermolysis experiences ring opening to the 0-quinodimethane (411) followed by electrocy- 
clic ring closure and then ketonization to afford the isochromanone (413). The scheme can be further 
combined in tandem with other pericyclic processes (e.g. 3.3-sigmatropic reactions), providing a new 
methodology for the synthesis of natural products.157f*d 

r R R 1 

/ 

The electrocyclic ring closure of 1-azatrienes to 1.2-dihydropyridines is a favorable process?' The 
possibility of stereoisomerism at the nitrogen atom in certain derivatives (oximes and their benzoates) 
provides an important argument in favor of the steric and/or stereoelectronic factors discussed above for 



742 Electrocyclic Processes 

the observed rapid rate of cyclization. While the (E,Z&isomer (414) yielded cyclic products derived 
from (415) at 50 'C, the (ZZ,E)-isomer (416) raquired 150 'C to afford the same product.158 

R R R 

t Y R  5 tl 
N R  N-OH N 
OH I 

OH 
(414) (415) (416) 

I 

Recent examples of the hetero cyclization process include the conversion of azadiene (417) to dihy- 
dropyridine (419)159a and the Schiff base of 13-t-butyl-13-cis-retinal (420) into the dihydropyridine 
(421).159b*c 

C02Me COzMe C02Me 

& H Z i e  5546 8OoC, 1 h ~ [ph&cGMe] - p h ~ c o 2 M e  

Ph 

Other related reactions have led to complex aromatic systems, including pyridines or fused analogues 
(quinolines). Thus the transformation of (422),160 (424),161 and (427)la to (423). (426) and (429) exem- 
plify the utility of the method. 

CN 
/ 
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160 "C 

51% 
___) 

6.2.43 Higher-order Electrocyclic Processes 

This final section will consist of a brief survey of the electrocyclization of systems with more than 6 
electrons, which are not explicitly treated in this series with special emphasis on 8-electron systems. The 
excellent book published in 1980 by MamelPa is therefore an obligatory reference here. 

There are abundant examples in the literature which reveal that the thermal electrocyclization of 8e- 
systems to form eight-membered rings proceeds with lower activation energies than for the lower vinyl- 
og, (3-hexatrienes. The helical geometry of the transition state leads to less steric congestion about the 
reacting termini of the octatetraene and this likely accounts for the facility of the thermal 8e- conrotatory 
process. Minor structural differences can induce cycloreversion of the 

The predicted' conrotatory nature of this electrocyclization has been definitively e~tab1ished.l~~ The 
conrotatory mode was found to operate in the individual thermal electrocyclization of the stereoisomeric 
decatetraenes (430), (431) and (432). The former pair (430 and 431) afforded the trans-cyclooctatriene 
(433), while the latter (432) led to the cis-cyclooctatriene (434). Both cyclooctatrienes (433) and (434) 
were observed to be in equilibrium with the corresponding 6e- electrocyclized derivatives (435) and 
(436), respectively. 

-10 "C 

(430) 

An elegant exploitation of the general understanding of pericyclic processes is reflected in the syn- 
thesis of the endiandric acids A-G, which was accomplished both in a stepwise and in a one-pot 'cas- 
cade' form.'64 In the latter case, generation (by catalytic hydrogenation) of the suitable polyunsaturated 
methyl ester progenitor (437) afforded the endiandric acids D and E methyl esters (445) and (446) at 
room temperature. The cyclooctatrienes (441) and (442), resulting from the initial 8e- conrotatory pro- 
cess, could not be isolated and were found to cyclize to (445) and (446) resulting from a further 6e- elec- 
trocyclization. Brief heating of the mixture at 100 "C afforded the endiandric acid A methyl ester (449), 
presumably the intramolecular Diels-Alder adduct of (446). The overall process represents the stereospe- 
cific formation of four new rings and eight chiral centers in a single operation from an achiral open-chain 
precursor. Similar experiments on the tetraene (439) gave, upon heating, a 4.51 mixture of endiandric 
acids F and G methyl esters, (447) and (448). Brief thermolysis of the mixture at 100 'C led to the isola- 
tion of endiandric acids B and C methyl esters (450) and (451) whose formation can be viewed as fol- 
lowing a similar sequence as described before. In this case the process encompasses the transformation 
of an achiral precursor into two different skeletal arrangements with the concomitant formation of four 
cycles and eight asymmetric centers. The powerful predictive value of the WH rules serves in this case to 
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resolve the seemingly anomalous finding of racemic natural products with eight asymmetric centers and 
points to the possibility of biogenesis without enzymatic intervention. 164 

ZR 
Ph Ph 

VR 
Ph 

fl II II t l 

Ph COzR 

The stereochemistry of a thermally induced 1Oe- electrocyclization (predicted to be disrotatory) has 
not been firmly established and the main synthetic application is found in the formation of azulenes and 
ring-fused azulenes as in the transformation (452) to (453).lM Thermolysis of (454) with spontaneous 
elimination of dimethylamine from intermediate (455) afforded the fused azulene structure (456).56 The 
chemistry of even higher order (12e- to 2Oe-) pericyclic processes has been recently reviewed.'@ An 
example of an unusual sequence of pericyclic processes is the transformation of heptahendecafulvadiene 
(457) to the pentacyclic hydrocarbons (462) and (463) in a 2: 1 ratio. The pathway for this transformation 
can be viewed as an initial conrotatory 2Oe- electrocyclization followed by a cascade of 1Oe- and 6e- 
pencyclic processes.167 
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Ph 
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63.1 INTRODUCTION 

63.1.1 Historical Background 

During the 1940s and 1950s Nazarov and his coworkers extensively studied the formation of allyl 
vinyl ketones by hydration of dienynes and their subsequent acid-catalyzed closure to 2-cyclopentenones 
(Scheme l).1-38 The reaction was notable as one of the fvst general methods for the selective construc- 
tion of isolated and, more importantly, ring-fused cyclopentenones. In many instances the dienynes could 
be transfomed directly to cyclopentenones without isolation of intermediates. 

Scheme 1 

The acid-catalyzed hydration cyclization of dienynes predates Nazarov. It was first reported and thor- 
oughly examined by Marvel between 1933 and 1939.39-45 While Marvel correctly proposed the interme- 
diacy of allyl vinyl ketones, he formulated the cyclization products as 3-cyclohexen-l-ones, The 
structural assignment of many of these products was subsequently challenged.&P7 

Ironically, until 1953, Nazarov incorrectly described the mechanism of the general transformation 
which now bears his name. In 1952, Braude and Coles4* were the first to suggest the intermediacy of car- 
bocations and demonstrated that the formation of 2-cyclopentenones actually proceeds via the cx,a'-divi- 
nyl ketones (equation 1). This fact together with further mechanistic clarification, has led to the specific 
definition of the Nazarov cyclization as the acid-catalyzed closure of divinyl ketones to 2-cyclopent- 
enones. This process was already documented in 1903 by V ~ r l h d e f ' ~  who isolated a ketol of unknown 
structure by treatment of dibenzylideneacetone with concentrated sulfuric acid and acetic acid followed 
by mild alkaline hydrolysis (equation 2). The correct structure of Vorlhder's ketol, finally proposed in 
1955,5O arises from Nazarov cyclization followed by oxidation and isomerization. Other examples of 
acid-catalyzed cyclizations of divinyl ketones exist in the early l i terat~re.~ 

0 0 

Ph 

i, H2S04. AczO 

ii, NaOH 
Ph Ph Ph 
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Shoppd3 has clarified an early report by Japp and Maitland" on the formation of a cyclopentenone 
by treatment of either divinyl ketone or tetrahydropyrone with ethanolic hydrochloric acid (Scheme 2). 
This case illustrates a broader definition of the Nazarov cyclization that includes a wide variety of pre- 
cursors. 

EtOH, HCI 

* & Ph Ph 
80°C Ph 

EtOH, HCI 

80 OC 

Scheme 2 

Ph 

Most of the variants of the Nazarov cyclization are operational equivalents in that they involve starting 
materials which are transformed into divinyl ketones under conditions which also induce subsequent clo- 
sure to 2cyclopentenones. Thus, the identification of divinyl ketones as key intermediates by Braude 
and Coles was critical in several ways for the development of the Nazarov cyclization in suggesting the 
use of precursors other than dienynes. A case in point is the 1953 report by RaphaelSS on the use of a pro- 
pargyl amine as the divinyl ketone precursor (Scheme 3). A second important, although somewhat later 
advance was the recognition that Lewis acids can effectively induce the cyclization of divinyl ketones, 
an improvement over the classical reagent, 90% phosphoric acid. 

i, Li-CECCH2NEt2; ii, H3P04, HC02H; iii, H ~ ( O A C ) ~ ,  H2S04 
Scheme 3 

A third and critical advance in the development of the Nazarov cyclization was the demonstration that 
it belongs to the general class of cationic electrocyclic reactions (Scheme 4). This broadened its defini- 
tion to include reactions which involve pentadienylic cations or equivalents and thus expanded the range 
of precursors for cyclopentenones. Further, the stereochemical features of electrocyclization enhanced 
the utility of the reaction and, in addition, stimulated the development of a photochemical variant. 

Scheme 4 

63.1.2 Organization and Scope 

It is the structural variety of the precursors which lends versatility to the Nazarov cyclization and 
which also serves as the organizational framework for this chapter. To facilitate presentation the reaction 
is divided into five categories: (i) (Lewis) acid-promoted and photochemical cyclization of divinyl and 
allyl vinyl ketones; (ii) silicon- and tin-directed Nazarov cyclizations of divinyl ketones; (iii) in situ 
generatiodcyclization of divinyl ketones; (iv) solvolysis to produce divinyl ketone equivalents; (v) coup 
ling reactions to form and cyclize divinyl ketones. The logic of this sequence follows from the order of 
decreasing structural similarity of the precursors to divinyl ketones. The last three subgroups encompass 
considerable structural diversity which will be discussed in each section. 

The coverage is intended to be comprehensive in the presentation of structural variation in precursors. 
Within each category the issues of scope, limitations and, where appropriate, stereochemistry will be ad- 
dressed with representative examples. The Nazarov cyclization was most recently reviewed in 1983.56 
Prior to that the reaction had been reviewed in the context of pen tannu la t i~n .~~~~  The related electrocy- 
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clic closure of the less oxidized pentadienylic cations is discussed where mechanistically relevant. Exten- 
sive discussion of the chemistry of these species is available.59 

6 3 3  MECHANISM AND STEREOCHEMISTRY 

633.1  Mechanism and Stereospecificity 
The first modem thinking about the mechanism of the Nazarov cyclization is due to Braude and 

Coles$* who suggested the intermediacy of a @-keto carbocation from either divinyl or allyl vinyl 
ketones. The ring is formed by intramolecular attack on the enone with concomitant generation of an a- 
keto carbocation. Loss of a p-proton from this intermediate affords the product. Nazarov3233s,36 himself 
provided support for this proposal by demonstrating the incorporation of deuterium from D3P04 in dif- 
ferent positions from divinyl or allyl vinyl ketones. 

It is now well established that the Nazarov cyclization is a pericyclic reaction belonging to the class of 
electrocyclizations. As with all pericyclic reactions, mechanism and stereochemistry are inexorably 
coupled and any discussion of one feature must invoke the other. In this section the stereospecificrn as- 
pects of the Nazarov cyclization are discussed, the stereoselectivern aspects of the reaction are dealt with 
individually in each of the following sections. 
The Nazarov cyclization is an example of a S IT-electrocyclic closure of a pentadienylic cation. The 

evidence in support of this idea is primarily stereochemical. The basic tenets of the theory of electrocy- 
clic reactions61 make very clear predictions about the relative configuration of the substituents on the 
newly formed bond of the five-membered ring. Because the formation of a cyclopentenone often de- 
stroys one of the newly created centers, special substrates must be constructed to allow this relationship 
to be preserved. Prior to the enunciation of the theory of conservation of orbital symmetry, Deno62 and 
Sorensen6= had observed the facile thermal cyclization of pentadienylic cations and subsequent rear- 
rangements of the resulting cyclopentenyl cations. Unfortunately, these secondary rearrangements 
thwarted early attempts to verify the stereochemical predictions of orbital symmetry control. Subsequent 
studies with the pentamethyl derivative were s u ~ c e s s f u l . ~ ~ ~ ~ ~  The most convincing evidence for a pericy- 
clic mechanism came from Woodward, Lehr and K~rland,6~ who documented the complementary rota- 
tory pathways for the thermal (conrotatory) and photochemical (disrotatory) cyclizations, precisely as 
predicted by the conservation of orbital symmetry (Scheme 5) .  

& ~ z: & H3PO,,HOAc, & 
R R  R R  R R  

disrotatory R = H , M e  conrotatory 
Scheme 5 

Additional confirmation came from Shoppee who reinvestigated Vorliinder’s very early work on the 
thermal cyclization of diben~ylideneacetone~~ and diben~ylidene-3-pentanone~~ in the presence of acid. 
Careful experimentation revealed the conrotatory electrocyclic pathway for both of these substrates 
(Scheme 6). 

H2SO4, HOAC , 

P Ph Ph )A( Ph 

Ph fi Ph HI_ + Ph Ph +. 188pp Ph 

Scheme 6 
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The Woodward-Hoffman rules also predict that in a given cyclization mode a permutation of alkene 
geometry must be reflected in the configuration of the products. This test is precluded under the normal 
reaction conditions (acid, light) which would isomerize the dienone double bonds. However, Corey re- 
cently reported the formation of a cis-disubstituted cyclopentenone from a (ZE)-precursor, derived from 
an allene oxide, which cyclizes via the 2-oxido pentadienylic cation (Section 6.3.8).71 

The predicted photochemical disrotatory closure of protonated divinyl ketones has been documented 
in several laboratories, most notably by Nozaki?2 Noy~ri , '~  and C e r f ~ n t a i n ~ ~  (equation 3). The stereo- 
chemical outcome in these reactions was discernible due to secondary processes which preserved the 
sense of electrocyclization. 

The cationic electrocyclization mechanism also allows predictions of substituent effects. In the rate- 
determining electrocyclization event, the distribution of positive charge changes as indicated by the aste- 
risks in equation (4). Thus, the effect of substituents which stabilize positive charge should be to either 
accelerate (a-position) or decelerate (P-position) depending upon location. Further, a-substitution should 
be greater in magnitude since the charge is less delocalized. 

63.2.2 Relative Stereogenesis 

Beyond the disrotatory or conrotatory stereochemical imperative which must accompany all Nazarov 
cyclizations there exists a secondary stereochemical feature. This feature arises because of the duality of 
allowed electrocyclization pathways. When the divinyl ketone is chiral the two pathways lead to dia- 
stereomers. The nature of the relationship between the newly created centers and preexisting centers de- 
pends upon the location of the cyclopentenone double bond. The placement of this double bond is 
established after the electrocyclization by proton loss from the cyclopentenyl cation (equation 5) .  Loss of 
Ha, Hb or HC in this instance generates three tautomeric products. The lack of control in this event is a 
drawback of the classical cyclization. Normally, the double bond occupies the most substituted position 
corresponding to a Saytzeff process. The issue of stereoselection with chiral divinyl ketones is illustrated 
in Scheme 7. The sense of rotation is defined by clockwise (R) or counterclockwise (S) viewing down the 
C - 0  bond. Thus, depending on the placement of the double bond, the newly created center may be 
proximal or distal to the preexisting center. If R1 = H the double bond must reside in a less substituted 
environment to establish stereoselectivity. 

6.3.3 CYCLIZATION OF DIVINYL AND ALLYL VINYL KETONES 

The original substrates studied by Nazarov were allyl vinyl ketones. These materials could be obtained 
easily by mercury(I1) ion assisted hydrolysis of dienynes, themselves available from dehydration of vinyl 
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R (yj R 

clockwise - 

1 
1 counterclockwise 

OH 

R 

R (s R, 

0 

R Q4 R 
Scheme 7 

acetylide adducts of ketones (Scheme 8). This approach allows incorporation of many substitution pat- 
terns. 

R 'r - H2S04 

R R 

Scheme 8 

Following the suggestion of Braude and Coles,48 Nazarov established the role of the tautomeric divinyl 
ketones as the true precursors of cyclization. By conducting the cyclization of the allyl vinyl ketone (1) 
in D3P04 it was established that one deuterium is introduced into the cyclic product (2; Scheme 9),35 Di- 
rect cyclization of the divinyl ketone (3) with D3P04 gave identical results.36 

6 E P D  

(1) (2) 

(3) (4) 
Scheme 9 

Thus, in the following section the two different precursors are considered as equivalent and the organ- 
ization follows structural patterns. In many other variants of the Nazarov cyclization, divinyl ketones are 
implicit intermediates formed from other precursors. In this section only those cases where a divinyl or 
allyl vinyl ketone was directly cyclized will be discussed. 
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633.1 Acyclic Precursors 

The Nazarov cyclization is well suited for the construction of simple cyclopentenones adorned with 
various substitution patterns. A collection of representative structures prepared from either allyl vinyl or 
divinyl ketones is shown in Scheme 10. Many different alkyl groups are compatible with the substitution 
patterns. Aromatic substituents, especially at the a-position, have a beneficial effect on the reaction rate 
and yield. In all of those cases where a choice is possible, the double bond resides in the thermo- 
dynamically most stable position. 

0 0 0 0 0 

75% (ref. 20) 95% (ref. 17) 60% (ref. 18) 81% (ref. 27) 95% (ref. 30) 

Scheme 10 

633.2 Monocyclic Precursors 
A useful feature of the Nazarov cyclization is the construction of fused bicyclic systems by annulation 

of a five-membered ring.57 This requires one of the vinyl groups to be embedded in a ring. These precur- 
sors can be formed easily by vinyl alkyne addition to cyclic ketones followed by dehydration and hydro- 
lysis. This procedure works well for symmetrical ketones but it gives regioisomers from unsymmetrical 
ketones such as 1- or 2-0ctalone.~~-~* A superior method, reported by P a q ~ e t t e ? ~ . ~ ~  involves the acylation 
of cycloalkenylsilanes to provide divinyl ketones (equation 6). The advantages of this protocol are dis- 
cussed in Section 6.3.7.4.3. 

CH2C12, SnC1, reflux '4 R 
(6) 

AICI, 

CH2C12, -78 'C R R 

The preexisting ring may vary in size from 5 up to 12 members. In general the annulation yields are lo- 
west with five-membered rings. A representative sampling of structural types is collected in Scheme ll.  
The stability of esters under the cyclization conditions is n~ tewor thy .~~  

0 0 0 0 

n = 532% (ref. 75) 
n = 6,70% (ref. 7) 
n = 7,75% (ref. 77) 
n = 12,66% (ref. 75) 

n = 6,50% (ref. 48) 
n = 7,60% (ref. 77) 

62% (ref. 78) n = 5,30% (ref. 79) 
n = 6,48% (ref. 79) 
n = 7,35% (ref. 79) 

Scheme 11 

The intervention of secondary cationic processes has been demonstrated in these systems by Ohloff 
(equation 7).*O While cyclization of (5) proceeds normally, to (6), with H3P04, p-toluenesulfonic acid 
gives products of Wagner-Meerwein rearrangement (7) or intramolecular acylation (8). 

- (7) - 
\ 80% 180 "C 

90% \ 
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The monocyclic substrates are well suited for discussion of relative stereocontrol. In a recently re- 
ported study employing cis- and fransdisubstituted substrates (9) and (10). high stereoselectivity could 
be obtained when gallium trichloride was used as the Lewis acid (Scheme 12).81 In these reactions new 
stereocenters can be created at C(3) and C(3a). In the cis series both tautomeric products were formed as 
single stereoisomers while the trans series (10) produced a mixture of the tetrasubstituted isomers. A 
post facto epimerization was suggested as the cause for the lower selectivity. Discussion of the rotational 
sense is not warranted here as the configurations of the newly created centers were not rigorously estab- 
lished. 

(9) 
R 

R = M e  40% 
R = P h  81% 

R 
(10) R = M e  62% 

R = P h  80% 

Scheme 12 

+ Me02C Meo2c& H R  

49% 
5% 

0 

26% 
4% 

6 3 3 3  Biscyclic Precursors 

When both vinyl groups of a divinyl ketone are embedded in rings, a linearly fused tricyclic array re- 
sults from cyclization. Five-,82 six-83 and ~even-rnembered~~ rings have been employed in various combi- 
nations. In general, the product double bond occupies a ring fusion position. Structures of representative 
products are collected in Scheme 13. In the classic Woodward-Lehr cyclization (equation 8), the re- 
action conditions could be modified to allow formation of a significant quantity of the trisubstituted al- 
kene thus permitting the establishment of a conrotatory pathway in the ground state.69,84 The related 
substrate bearing two @-methyl groups gave rise to a single trisubstituted ketone possessing the anti ar- 
rangement of methyl groups.85 Harding has made good use of the vicinal relationship of these quaternary 
centers in a synthesis of (f)-trichodiene (equation 9).86 

0 0 0 

62% (ref. 82) 29% (ref. 48) 50% (ref. 83) 

Scheme 13 

HJm4 
w 

HOAc, NaOAc, 45 O C  

48% 6% 42% 
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Mehta has examined relative stereocontrol in an approach to the carbocyclic nucleus of ophi~bol ins .~~ 
Cyclization of the triquinane (11) gave two products, (12) and (13), in a 4:l ratio (Scheme 14). These 
products arise from opposite rotatory pathways as shown. Surprisingly, the major product arises from 
conrotation to the concave face of the diquinane unit. Finally, Nazarov has provided an interesting 
example of both fused and spiro mode annulations in equation ( 

0 0 '% 

H 

polyphosphoric acid 

1oooc 

OH 

OH 

Scheme 14 

0 

(13) 

633.4 Aromatic Precursors 

clization with both six-88 and ~even-mernbered~~ rings (equation 11). 
Under sufficiently vigorous conditions a benzene ring can be induced to participate in the Nazamv cy- 

)n-5 H3P04, HCO,H * &)*5 
(11) 

n = 6,66% 
n = 7.75% 

63.35 Anomalous Cyclizations 

Considering the manifold reaction pathways available for carbocations it is not surprising that unex- 
pected products have been isolated. Capture of the intermediate cyclopentenyl cation by nucleophiles 
was first shown by Shoppee (Scheme 6).'O This pathway can become dominant, resulting in a transposi- 
tion of the enone moiety by tautomerization and dehydration. 
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The ‘abnormal’ Nazarov cyclization reported by Hiyama89+90 leads to transposed cyclopentenones by 
incorporating carboxylic acids as nucleophiles in the reaction medium. Both acyclic and monocyclic di- 
vinyl ketones can be employed, as shown in Scheme 15. Dioxolane acetals have also been used success- 
fully in place of the carbonyl group. 

0 

H3PO4, AcOH 

Et Jh Et 77% - Et Et 

Although only cross-conjugated divinyl ketones have been considered thus far, in principle conjugated 
dienones can also undergo the 4r-electrocyclization via the 1-oxypentadienylic cation. This pathway 
was found to dominate in a series of monocyclic dienyl vinyl ketones (14) examined by Denmark (equa- 
tion 12).91 The angularly substituted indanones (15) arise from cyclization of the dienyl ketone followed 
by a rapid Wagner-Meerwein shift (equation 13). The substituent effects on the migrating double bond 
are consistent with this mechani~rn.~~ 

R 

R = H, 19% 
R = Me, 61% 
R = Ph, 65% 

R 

(12) 

633.6 Photochemical Cyclizations 

The theory of electrocyclic reactions predicts a disrotatory closure of 4r-systems in the excited state:’ 
This prediction was verified in fact by LeW using the same biscyclohexenyl ketone (equation 14). The 
cyclization proceeded at various wavelengths in pentane as well as in benzene. The reaction could not be 
inhibited by naphthalene or piperylene. Sensitization with acetophenone did not accelerate the reaction. 
Finally, no deuterium was incorporated when d6-benzene was used as solvent. P-Damascone undergoes 
an apparent disrotatory closure with capture of the zwitterionic intermediate by solvent (equation 15).74 

The photocyclization of cyclic, crossconjugated divinyl ketones has been investigated in various ring 
sizes. The simplest members of this group, 4,4-disubstituted-2,5-cyclohexadienones have been extensive- 
ly studied?* but the subsequent skeletal reorganizations place these reactions beyond the scope of this 
chapter. The homologous cycloheptadienones give different products depending on reaction conditions 
(equation 16). The expected disrotatory closure occurs in acetic while a more complex series of 
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electrocyclizations and openings occurs in FS03H.73 Noyori has further shown that medium ring divinyl 
ketones give the expected disrotatory closure upon irradiation in 97% HzS04 (equation 17).73 

- 4 H  H 
AcOH 

6Q% 
- 

W n 
29% 71% 

63.4 SILICON-DIRECTED NAZAROV CYCLIZATIONS OF DIVINYL KETONES (SDNC) 
The recognition that the Nazarov cyclization is a cationic electrocyclization provided a better under- 

standing of the controlling features of the reaction and a rationale for explaining its deficiencies. Among 
the latter, the most serious are: secondary cationic rearrangementss0 and unselective placement of the cy- 
clopentenone double bond. These problems identify the cyclopentenylic cation (Scheme 4) as the offend- 
ing intermediate from which these problems arise. By strategic placement of an efficient phantom 
electrofuge, the collapse of the intennediate cation is accelerated and directed in a preordained sense. By 
virtue of the P-cation-stabilizing properties of organosilicon groups93 (the @-effectw), these substituents 
have proven extremely effective in the Nazarov cyclization. Equation (1 8) illustrates the principle. The 
P-silyl group acts as a 'spectator' until the crucial electrocyclization at which point it is stereoelectroni- 
cally aligr1ed9~ to direct collapse of the cation. Two important consequences of the directed collapse as 
shown are: (i) the placement of the double bond in the thennodynamically less stable position; and (ii) 
the creation of ring fusion stereocenters which allows the electrocyclic nature of the reaction to be ex- 
pressed in relative stereogenesis. 

X- 
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The TMS group has been most often employed. In certain circumstances larger alkyl and aryl groups 
attached to silicon have also been used su~cessfully.~~ With (a-P-silyl divinyl ketones, Chenard% claims 
that the t-butyldimethylsilyl and, in some cases, the triethylsilyl group remain after cyclization (equation 
19). That this feature is most likely due to a change in the alkene geometry and not the bulk of the silyl 
group is shown by the highly silicondirected transformation of the (E)-isomer?' 

(2): R' = SiEt3; RZ = H 
(E): R1 = H RZ = SiEt, 

18% 
85% 

24% 
0% 

The construction of P-silyl divinyl ketones in many different structural settings has been well de- 
veloped. The four principal connections outlined in Scheme 16 are as follows: path vinyl organome- 
tallic addition to 3-trirnethyl~ilyl-2-propenal;~ path b?8 3-trialkylsilylvinyl organometalliclOO~lO1 addition 
to enals; path c,Io2 palladium-catalyzed carbonylation/coupling of 2-trimethylsilylvinyltrimethylstan- 
nane;Io3 and path d,lw acylation of a p-silyl copper reagent.Io5 

RIYLi R2 + O H C X R 3  SiR4? 

RlY X +Me& XR3 

RZ SiR43 
+ co 

Y 
siR43 

I /  

\ o  

yR2 .'AR3 
RlyC!HO + BrMgiiR3 

R2 SiR43 
Scheme 16 

In their initial studies on the SDNC, Denmark and Jones98*1M demonstrated a Lewis acid dependence, 
with anhydrous F&l3 providing optimal results. Subsequently BF3.OEtz and ZrCL have been used suc- 
cessfully where the oxidizing properties of FeCb proved deleterious. The SDNC's proceed under much 
milder conditions than the classical variant. Only with highly substituted substrates or in certain annula- 
tions are temperatures above the ambient necessary. 

63.4.1 Acyclic Precursors 
Due to their ready isomerization simple cyclopentenones present a particular challenge in the Nazarov 

cyclization. In all of the cases studied in a- and p-monosubstituted and a,Pdisubstituted systems the cy- 
clopentenone product contained the double bond in the less substituted position, as required by loss of 
the silicon electrofuge (Scheme 17)?8,1w The relative configuration of substituents in disubstituted cases 
is controlled by kinetic protonation and weakly favors the cis isomers. Substituent effects in rate were 
particularly noted in these cases where substitution with a- and p-alkyl groups greatly accelerated and 
decelerated the reactions, respectively. 
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R = Et, 51% 
R =But. 97% 

4 
R' / 

R = Me, 54% 
R = Ph, 27% 

Scheme 17 

R = Me, 958, cis:trans = 59/41 
R = Et, 70%, cis:trans = 43/57 

63.4.2 Monocyclic Precursors (Achiral) 

The SDNC is also very useful in the annulation mode with one endocyclic double bond. Various ring 
sizes, heterocycles and substituent patterns have been examined?8 In the homologous series of cycloal- 
kenyl groups the rate increases 5 e 6 e 7 = 8 = 12 (Scheme 18). The ring fusion stereochemistry is estab- 
lished by kinetic protonation of the cross-conjugated iron enolate. This tends to favor the cis ring fusion. 
The accelerating effect of a-substitution is seen in the low temperature, high yielding cyclizations to 
form 2-substituted enones. Oxygen- and nitrogencontaining heterocycles also participate success- 
fully.1w Ring unsaturation is compatible with the reaction and shows the expected rate effects.'@' 

n = 5,52% 
n = 6,84% 
n = 7,74% 
n = 12,78% 

n = 5; R =Ph; 86% 
n = 6; R = allyl; 76% 

X = O , 6 0 %  
X = NC02Me, 76% 

Scheme 18 

63.43 Monocyclic Precursors (Chiral) 

The stereochemical course of SDNC with ring-substituted monocyclic precursors has been studied in 
detail. The choice between the two allowed conrotations is influenced by: (i) ring size; (ii) substituent lo- 
cation; (iii) substituent size; and (iv) silyl group size. 

In the cyclopentenyl series the relative stereoselection is variable.95 With a simple methyl substituent 
vicinal to the newly forming bond the selectivity is poor. This may be remedied with bulkier silyl groups 
(Scheme 19) but in unacceptable yields. In the synthesis of (f)-Aq12)-capnellene, Stillelo7 reports the for- 
mation of a single cis,anti,cis-triquinane (16) in the final SDNC. By contrast in an approach to hirsutene, 
the SDNC produced triquinane (17) as a 2.7:l mixture favoring the desired cis,anti,cis isomer.lo8 

Me3Si: 54/46,50% 
Pr',Si: 79/21, 13% 

(16) 

Scheme 19 

The cyclohexenyl system shows generally higher levels of selectivity. Substitution at the enone y- 
carbon (18) has the strongest effect. The selectivity is sensitive to the size of the substituent as well as the 
size of the silyl groups. In all cases the major isomer contains a trans relationship between the hydrogens 
at the ring fusion and substitution position (Table 1).'09 Larger silyl groups (Pr'sSi) also enhanced the se- 
lectivity even in the simplest case of a methyl substituent. Substitution at other positions in the ring (20) 
and (21) led to less selective (ca. 3:l) cyclizations again favoring the cis,trans isomer for all positions 
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(Scheme 20). Finally, the tricyclic system (22) was formed selectively with the cis,truns isomer again 
prefemd.'w 

Table 1 

cis.rranr-( 19) cissis-(19) 

R' 
~~ ~~ ~~ ~~ 

R2 Cis,trans-(l9) (96) Cis,cis-(l9) (%) Yield (%) 

Me 
Me 
Me 
Me 
Me w 

Me 
Vinyl 
Pfi 
But 

OBn 
Me 

78 
70 
94 
94 
90 
91 

99 
66 

9 70 

(20) 76/24.82% (ref. 109) (21) 72D8.8545 (ref. 109) (22) 87/13,70% (ref. 104) 

Scheme 20 

These a n &  are explained by analysis of the structures of the reactive conformations of the enones 
and the structures of the cyclopentenylic cations. Considering the y-substituted series (18) the reactive 
half-chair conformation (23) places the substituent in an equatorial position (Scheme 21). In the cations 
resulting from conrotation (24 and W )  all atoms in the five-membered ring must lie in a plane, thus pre- 
cluding an equatorial hydrogen. Thus the two comtations, clockwise to (24) and counterclockwise to 
(W), lead directly to chair or boat conformations of the six-membered rings, respectively. The size of the 
substituent then plays two roles: fmt to fix the ring conformation and second to enhance opposite face 
approach. 

0 

siR3 
(25) 

Scheme 21 

These studies have been extended to include cycloheptenyl and cycloactenyl systems using the benzyl- 
oxymethyl substituent. In these cases the analysis is complicated by the appearance of the trans ring fu- 
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sion family of isomers. The results of extensive chemical correlation and molecular mechanics studies 
(Scheme 22)97 show that the sense of relative stereogenesis changes (cis family) with remarkable degrees 
of selectivity (9223 and 93:7). This switch is explained by a similar conformational analysis. 

( && (y j  )It-7 ( In-7 ( )It-7 

$ H  f H  $ H  
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BnO 
I 

BnO I 
BnO 

&cis (%) truns,cis (I) cis,truns (%) 

n = 7  78 
n = 8  90 

14 5 
3 4 

Scheme 22 

i 
BnO 

truns,truns (95) Yield (%) 

3 84 
3 78 

63.4.4 Biscyclic Precursors 

The formation of linearly fused tricycles serves to illustrate a variant of the SDNC. In these systems 
(28) the double bond must be directed away from both ring fusions. This was accomplished by placing 
the silyl group at a ring position again poised to direct the collapse of the intermediate cation (29  equa- 
tion 20). 

n-5 ( )In-5 - 
(28) (30) 

a: n = m = 6; 7 9 2 ,  truns 
b: n = 6; m = 5;  88%, cis 
c ; n = m  = 5 ;  77%,cis 

These cyclizations occur much faster than the original SDNC since the electron-donating silyl group is 
in continuous overlap throughout the cyclization. The yields are generally good and the ring fusion 
stereochemistry well controlled. lo 

Since these substrates are chiral there exists the possibility of relative stereogenesis. However, since 
the original silicon-bearing stereocenter is destroyed in the process, the products of opposite conrotations 
are enantiomers. Thus, an optically active sample of (28a; 88% ee) was cyclized and provided (Ma) with 
the same enantiomeric excess. This near perfect stereochemical coupling proceeds in the expected anti 
sense, as shown in equation (21).11' 

Feel3, -50 CH2C12 O C  -&  H H  

(28a) 88% ee (Ma) 88% ee 

63.45 Tin-directed Nazarov Cyclizations (TDNC) 

Extension of the SDNC concept to include tin has been reported.'l* The cyclizations of various acyclic 
precursors proceeded under mild conditions in fair to excellent yields. As expected the less substituted 
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cyclopentenone is formed in each case. This variant offers a different construction of the divinyl ketone 
by an aldol condensation (equation 22). 

i, LDA - AR BFyOEh 
ii, MsCl 
iii, DBU Bu3Sn R R 

fiR + RCHO 

Bu3Sn 

R = H; R = Ph; 44% 
R =Bun; R =Me; 938, 1.7:l 
R = Bu"; R = styryl; 83%, 1.5:l 

63.5 CYCLIZATION OF DIVINYL KETONES FROM IN SITU GENERATION 

section those precursors which contain the carbon skeleton of the divinyl ketone will be discussed. 
Access to the necessary divinyl ketones has been approached from many different directions. In this 

63.5.1 Cyclization of Divinyl Ketones from P'-Substituted Enones 

The facile elimination of P-heterosubstituents in ketones allows for the ready construction of a,P- 
enones. Three different heteroatoms have been employed, chlorine, nitrogen and oxygen. The P'-chloro 
enones (products of Friedel-Crafts acylation) suffer Nazarov cyclization under standard conditions. I 3 s 1  l4 
Jacquier has prepared a series of P'-amino enones (31) from Mannich conden~ations.''~ These substrates 
undergo cyclization in modest yields under standard conditions (equation 23). Takeda has found that the 
readily avai1able1l6 tetrahydro-4-pyranones (32) produce 2-cyclopentenone-4-carboxylates upon treat- 
ment with TMS-I (equation 24).'17 It is noteworthy that the putative a-carboalkoxy divinyl ketones have 
been independently cyclized by Marino using TMS-I.79 

- (23) 
H3PO4, HCOzH 

45% (+-(p( (31) NEt2 

COzEt 

59-77% 
RZ R3 

(32) 

63.5.2 Cyclization of Divinyl Ketones from a'-Hydroxy Enones 

Addition of acyl anion equivalents (propenal d1 reagents) to ketones provides general access to a'-hy- 
droxy enones. In an application of this method to pentannulation, the trimethylsilyl- or ethoxyethyl-pro- 
tected cyanohydrins of a,p-enals were used. 118 The derived tertiary acetates undergo elimination 
(p-TsOWnzene) to the divinyl ketones which cyclize in the acidic reaction medium (equation 25).l18 
In some cases the a'-hydroxy or a'-silyloxy enones underwent cyclization but in much lower yields. 
Substitution in the ring and on the double bonds is compatible. 
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CN ___) ii, i, HC1 mix ,+5 ( & TSOH,C& reflux n-5(@ (25) 

iii, AczO 
n = 6,53% 
n = 7 , 6 0 %  
n = 12,91% 

( n-5 

63.53  Cyclization of Divinyl Ketones from Dienynes 

The use of these precursors is due almost entirely to N ~ z ~ T o v ~ , ~ ~ ~ . ~ ~ . ~ ~ ~ ~ , ~ ~ , ~ ~ - ~ , ~ ~  in work prior to 
1950. The construction of dienynes from condensation of ketones and vinylalkynes followed by dehydra- 
tion (Scheme 8) provides access to a broad range of structural types. Generally the dehydration occurs in 
a Saytzeff sense with unsymmetrical ketones.'19 The reagents most commonly used are phosphoric acid 
(occasionally with added fonnic acid) or concentrated hydrochloric acid. The conditions are rather harsh 
(50-80 "C) to accomplish both hydration of the alkyne and cyclization. 

63.53.1 Acyclic precursors 

The great majority of substrates employed are derived from vinylacetylene itself thereby providing 4- 
methyl-2-cyclopentenones, the 1- and 2-substituents arising from the ketone (equation 26). With a-bran- 
ched ketones, 4,4-disubstituted-3-methylcyclopentenones are f o ~ m e d . ~ ~ ~ ~  

0 

(33) R1 = R2 = Me; 71% 
R1 = Ph; R2 = Me; 70% 
R' = But; R2 = H; 49% 

6.3.5.33 Monocyclic precursors 

The dienynes (34) derived from cyclic ketones also undergo cyclization to accomplish a cyclopent- 
enone annulation.8.' 1*13914*22*26*319120 Scheme 23 contains representative structures. The cyclododecyl sys- 
tem was derived from a silyldienyne prepared by a novel condensation route shown in equation (27).120 

31% (ref. 8) 70% (ref. 13) 64% (ref. 120) 48% (ref. 22) 

Scheme 23 

63.5.4 Cyclization of Divinyl Ketones from Alkynic Alcohols 

Moving one step further back in the synthetic sequence towards cyclopentenoks identifies the alkynic 
alcohols as viable precursors. Since the subsequent dehydration-hydration-cyclization steps are all acid- 
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i, Bu"Li; ii, 3-trimethylsilyl-2-propenal; iii, Ac20, Py; iv, KOBut 

catalyzed processes, suitable conditions are easily identified. An alternative pathway may involve direct 
formation of an allyl vinyl ketone by Rupe rearrangement.'21 This approach has been applied exclusively 
to monocyclic substrates. The variation in precursor structure derives from the functionality present on 
the alkynic unit. 

6.35.4.1 Enynol precursors 

Treatment of the vinylacetyleneketone addition products (33; equation 26) with hot phosphoric acid 
or methanolic sulfuric acid induces the cascade to the ring fused systems.'1.25*31~122 With unsymmetrical 
ketones a mixture of regioisomers results." 

A interesting variation on this theme employing the isomeric enynol acetates (Scheme 24) has been 
developed by Rauten~trauch.'~~ The cyclizations are induced by a Pdn catalyst in warm acetonitrile. The 
proposed mechanism is intriguing. Reaction is initiated by an anchimerically assisted palladation to (35) 
followed by opening the dioxolenium ion to a pentadienylic cation (36). The closure of (36) is analogous 
to the silicondirected Nazarov cyclization in the ejection of the Pd" electrofuge from (37). Both second- 
ary and tertiary acetates can be employed as well as both acyclic and monocyclic systems. 

* 
PdC12(MeCN)2. HOAc 

u MeCN, 60 OC 

I 

Pd" 1 

(35) 

I 

Scheme 24 

6.35.4.2 Ynedwl precursors 

For many years the preferred method for cyclopentannulation involved the acid-catalyzed transforma- 
tion of ynediols (38) derived from addition of propargylic alcohol derivatives to ketones (equation 28). 
This strategy likely involves Rupe remangement to the P'-hydroxy enone followed by facile p-elimina- 
tion to the requisite divinyl ketone. The conditions employed for this variant are generally milder, rarely 
requiring elevated temperatures. For acid catalysts, methanolic sulfuric acid, phosphoric acid and formic 
acid are generally employed. Eat0n'"9'~~ has recommended the P20s-MeS03H system for this transfor- 
mation, which has been used successfully by ~ t h e r s . ' ~ ~ ? ' ~ ~  A representative sampling of structures ob- 
tained from the many examples of this reaction is collected in Scheme 25. Acyclic and monocyclic 
precursors of five-,129 six-,126*128*130-132 seven-,128 eight-128 and twelve-membered rings'28,'33-'35 have 
been employed. Eaton'" and M~Kervey '~~  have reported double annulation of symmetrical tetraols in 
their approaches to dodecahedrane. The hexaquinacene in Scheme 25 was prepared by two sequential 
double annulations.'" 
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RIvO 
OH 

, 0 ~ 3  

R4 
(38) 

53% (ref. 126) 49% (ref. 128) 

Scheme 25 

45% (ref. 127) 

The issue of relative stereogenesis has been studied in the context of this variant by H i ~ a m a . ' ~ ~  The 
preferred mode of electrocyclization is independent of substitution position but sensitive to the nature of 
the substituent. Thus conrotation produces the trans isomer of 1.2-disubstituted systems (39) and the cis 
isomer of 1,3disubstituted systems (40) albeit with lesser selectivity (Scheme 26). The divergence of the 
stereochemical outcome here from that described in the SDNC (Section 6.3.4.3) arises from the conse- 
quences of the &methyl group on ring conformation and avoidance of eclipsing interactions. 

(39) (40) 
R=H,60% 
R = Me, 67% 

R = pi, 64%, cisltrans = 83/17 
R = COzMe, 60%. cis/trans = 60/40 

Scheme 26 

The first example of this general process is due to Raphaels5 who, inspired by the mechanistic thinking 
of BraudeP8 suggested that alkynic amino alcohols (41) should serve to produce the desired divinyl ke- 
tone intermediates (equation 29). The reaction was found suitable for five-, six- and seven-membered 
ring monocyclic precursors, but the yields were low. 

H3PO4, 52% HC&H d (29) 

(41) 

A higher oxidation state product is obtained by the analogous cyclization of pmpargylic acetals.136 Un- 
fortunately, the location of the additional unsaturation cannot be controlled. 
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6 3 5 5  Cyclization of Divinyl Ketones from a-Vinylcyclobutanones 

In 1983 h i d i n g  reported a general synthesis of a -v inylcyc lobuts  (42) by the direct cycloaddi- 
tion of vinylketenes and simple alkenes.13' These strained compounds are prone to various rearrange- 
ment reactions. In the p,p-disubstituted series, treatment with catalytic amounts BF3.OEt2 or MeS03H 
results in the formation of divinyl ketones. If a full equivalent of MeS03H is used the major product is 
the cyclopentenone arising from Nazarov cyclization (equation 30). The reaction is very sensitive to sub- 
stitution pattern as four different classes of products arising from different pathways have been identi- 
fied.138J39 

65% 
71% 

11% 
3% 

63.6 CYCLIZATION OF DIVINYL KETONE EQUIVALENTS FROM SOLVOLYSIS 

A variety of different precursors have been shown to rearrange to divinyl ketones or equivalent species 
under highly ionizing acidic conditions. Equivalents of both crossconjugated and linear dienones have 
been generated and cyclize to cyclopentenones in situ. The structural diversity of substrates in this class 
is remarkable and testifies to the utility of these ring-forming reactions which are unified by the propens- 
ity for cationic electrocyclization. 

63.6.1 Solvolysis of Geminal Dichlorides 

63.6.1.1 Dichlomcyclopropylcarbinokk 

The development of phase transfer catalysis greatly improved the generation of dichlorocarbene and 
increased the availability of dichlorocyclopropanes for synthesis. 140 Dichlorocyclopropanation of trisub- 
stituted allylic alcohols proceeds cleanly. Heating the dichlorocyclopropylcarbinols (43) in 47% hydro- 
bromic acid at 100 'C produces cyclopentenones in good yields (Scheme 27).141J42 The reaction is 
proposed to proceed by cyclopropylcarbinyl cation ring opening to the divinyl geminal dichloride (44). 
Chloride ionization to the pentadienylic cation (46) initiates the electrocyclization to a chlorocyclopenta- 
diene (47) which hydrolyzes to a cyclopentenone in siru. 

(43) 

J 
(4) (47) 

L 

Scheme 27 
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63.6.13 Geminol dichbm hornwllybjc akohols 

As a test of the intermediacy of the divinyl dichloride (44) in the solvolysis of dichlorocyclopropylcar- 
binols, H i ~ a m a l ~ ~  prepared the homoallylic alcohols (48) by addition of 1,l-dichloroallyllithium to cy- 
clic ketones. Treatment of (48) with trifluoroacetic acid p rodud  the cyclopentenones in very good yield 
(equation 3 1). 143 This reaction presumably proceeds by dehydration to the divinyl dichloride followed by 
a slmilar ionization-cyclization sequence. Interestingly the regioisomeric dichloride also underwent clo- 
sure to a cyc10pentenone.l~~ 

n-5 t & CF~COZH 

0 

n = 6.71% 
n = 7,87% 
n=12.90% 

In a related study GaionP generated the divinyl dichloride by cheletropic extrusion of sulfur dioxide 
from the dichlorocarbeneL3-sulfolene adduct (49). Under the reaction conditions the divinyl dichloride 
solvolyzes to the cyclopentenone as outlined previously (equation 32). 

80% AcOH 
* 

(49) n = 6,26% 
n = 7.80% 
n = 10,60% 

63.62 Solvolysis of 2-Furylcarbinds 

The acid-catalyzed rearrangement of 2-furylcarbinols to 4-hydroxy-2cyclopentenones was first de- 
scribed by P ian~a te l l i~~~  and subsequently investigated by him in detail.16152 The precursors are readily 
available from either Grignard synthesis with furfural or addition of 2-furyllithium to aldehydes. The fa- 
cility of rearrangement is dependent upon ring substitution and differing reagents are recommended. 

For bromo or unsubstituted furans, sulfuric acid is used, while for alkyl-substituted furans, zinc di- 
chloride is most effective. The mechanism for this conversion is depicted in Scheme 28. Acid-catalyzed 
rearrangement of (50) to (52) provides access to the open oxocarbenium ion (53). This cation is seen as a 
1 -hydroxypentadienylic cation. Conrotatory closure of (53) generates a 1 -hydroxycyclopentenylic cation 
(54) which is deprotonated to form the final product. A key feature of this reaction is the creation of the 
cis double bond in (53) from the opening of (52). The thermodynamically more stable trans isomers can- 
not cyclize. A representative assortment of structures prepared by this route is found in Scheme 29. The 
fury1 carbinyl substituent (R2) becomes the 5-substituent in the product. Substituents on furan positions 
3,4 and 5 reside on cyclopentenone positions 2,3 and 4, respectively. The 4-hydroxy group and the 5- 
substituent are always trans in the product. Assuming the reactions are under kinetic control, this is a re- 
flection of the preferred configuration of the I-hydroxypentadienyl cation (53). Extension of this reaction 
to furfurylidenecarbinols in an approach to prostanoids was only moderately successful as other electro- 
cyclic processes involving the furan ring intervened.151 
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A ?  

Scheme 28 

Br O H  R 
R = H, 30% (ref. 145) 
R = Br, 81% (ref. 150) 

R = Bun, 18% (ref. 148) 
R = Ph, 70% (ref. 148) 

85% (ref. 150) R = H, 65% (ref. 151) 
R = Me, 30% (ref. 151) 

Scheme 29 

63.63 Solvolysis of Vinylallenes and Derivatives 

63.63.1 Epoxj&tion of vinylallenes 

Treatment of vinylallenes (55) bearing no allylic substituents with peracids results in epoxidation of 
the vinyl group. However, if the allene is substituted, the major product is a cyclopentenone (57; equa- 
tion 33).L53JM The mechanistic details of this transformation are still obscure. It is well known that al- 
lenes generally react with epoxidizing agents at the more substituted double bond.155 In this case, 
however, it is Micult to distinguish the two possible pathways since the regioisomeric epoxides (58) 
and (59) can lead to the same zwitterionic intermediate (60) or cyclopropanone (61; Scheme 30). A con- 
certed pericyclic process directly converting (59) to (57) was also put forward in the original work. Ex- 
perimental support for the concerted pathway was forthcoming in the transformation of optically active 
(R)-allene (62) to optically active (S)-2,5-dimethyl-2-cyclopentenone (63; 15% ee; equation 34).'" Un- 
forhmtcly the enantiomeric purity of (62) was not determined. Nevertheless, this is not consistent with 
the in- y of achiral intermediates such as zwitterion (a), but rather with a thermally allowed 
[,,28 + & + ,&] process. Cion? has also described a photooxygenation procedure to achieve the same net 
tran~farmation.'~~ A collection of representative structures prepared by this method is found in (Scheme 
31).1S3J58-162 Both simple and fused cyclopentenones are available in modest yield. The precursor viny- 
lallenes m obtained in various substitution pattems by hydrolysis of vinyl allenic Grignard reagent@ 
or sN2' substitution on propargylic sulfonate or halides.'64 

55% 
0% 

3% 

0% 
60% 
57% 
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r 

(59) Scheme 30 

MCPBA - 

n-5 ( d- 

0 1  

R2,&R3 (57) 

(34) 

0 

R2 
R' = R2 = Me; 50% (ref. 158) 
R1 = n-C5Hll; R2 = H; 40% (ref. 157) 

6.3.6.3.2 Epoxidation of vinyl allenic alcohols 

Since epoxidation at the vinyl double bond is unproductive, it is desirable to direct reaction on the al- 
lene moiety. This can be accomplished by taking advantage of the hydroxy-directed epoxidation of 
allylic alcohols using the r-butyl hydroperoxide/vanadium(V) system. 165 The directing effects of both 
allylic and homoallylic type hydroxy groups have been examined at both positions of the vinylallene 

At the 1-position (a), primary, secondary and tertiary allylic alcohols are effective, while 
only primary homoallylic alcohols have been examined (equation 35). Presumably the directing effect of 
the hydroxy groups favors formation of the intermediate allene oxide (65). A sample of the compounds 
prepared by this route is shown in Scheme 32.lM 

R'\ 

OH 
R3 R4 

11 R3 

50% 55% 
Scheme 32 

45% 
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Placement of the directing function at the 3-position (66) is also effective but regiochemistry of epoxi- 
dation is dependent upon the substitution of the hydroxy-bearing carbon. With secondary allylic alcohols 
the major product is the cyclopentenone with the allenyl epoxide as a minor by-product (equation 36). 
Tertiary alcohols give allenyl epoxides exclusively. lci7 

65 % 15% 

Homoallylic type alcohols (67), on the other hand, give predominantly cyclopentenones independent 
of substitution (equation 37). In the 3-hydroxyalkyl-substituted systems, presumably allene oxide (68) is 
the intermediate. Thus it would appear that the initial site of allene oxidation is not critical to the success 
of the reaction. Either precursor (58) or (59) is expected to give the observed stereochemical relation- 
ships of the newly formed stereocenters by the concerted mechanism.169 Finally, Cha has noted that the 
two intermediates may lead to different stereochemical relationships by the zwitterionic mechanism. 
This assumes a specific pathway for breakdown of (58) or (59). That stereochemical information is 
preserved in the reaction is shown by the selective transformations in equation (38). 

0 0 

* &OH %, 

+ +OH (38) 

$5 OH 
R' =Me; R2 = H major minor 
R' = H R~ = ~e minor major 

63.633 SolvometuUation of vinylallenes 

A similar electrophilic activation of the vinylallene to 2-cyclopentenone cyclization is possible using 
either mercury(I1) acetate or thallium a ~ e t a t e . ' ~ ~ J ~ ~  Solvometallation of allenes is a well studied pro- 
cess155 following expected Markovnikov attack at the central carbon by the metal salt. The yield of cy- 
clopentenones was generally higher with acetoxymercuration (49-79%) compared to acetoxythallation 
(2548%).  Compounds of similar substitution pattern as were investigated with epoxidation (Scheme 3 1) 
were prepared. Mechanistically the reaction is remarkable for the facility of solvodemercuration (Scheme 
33). Intermediates such as (69) or (70) lose elemental mercury spontaneously in the acetic acid medium 
to give the 2-cyclopentenones. 

63.63.4 Solvolysis of alkoxyallenyl alcohols 

A serendipitous discovery by T ~ U S " ~  has been developed into a useful a-methylenecyclopentene annu- 
lation p r ~ c e d u r e . ' ~ ~ ~ ' ~ ~  In an attempted synthesis of orthoquinones, Tius treated the allenyl alcohols (711, 
derived from addition of l-lithio- 1 -methoxyallene to a-silyloxymethylene ketones, with BF3.Et2. The 
product a-methylenecyclopentenones (72) were obtained in good yield (equation 39). The process can be 
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,OAc GR2 
R' 

(69) 

Scheme 33 

AcO M-OAc (yR2 
\ 

R' 

(70) 

&R2 R' 

seen as a 1-oxypentadienyl cation cyclization (Section 6.3.6.2). This transformation has been generalized 
to incorporate functionalized a-methylene ketones. Scheme 34 contains a collection of the structures pre- 
pared by this route.17* This method is extremely well suited for the synthesis of a-methylenecyclopent- 
enone natural products. 

X 
R1 = Me; X = OH; 68% 
R' = Et; X = OH; 72% 

0 

But 
X X 

X = OH, 76% 
X = H, 56% 

Scheme 34 

X = Ph, 78% 
X = SPh, 82% 

63.7 CYCLIZATION OF DIVINYL KETONES FROM IN SITU CONSTRUCTION 

In all of the cases in the foregoing sections the substrates employed in the cyclization reactions con- 
tained all of the requisite carbon atoms to construct the ring. The subsequent transformations primarily 
involved functional group manipulations to produce the divinyl ketone or its equivalent for cationic cy- 
clization. This final section includes those processes in which the divinyl ketone is constructed by a carb- 
on-carbon bond forming .reaction followed by cyclizatioii under the reaction conditions. With one 
exception these carbon-carbon bond forming reactions involve an acyl derivative and an alkene or al- 
kyne. The categorization is by acyl derivative. 

6.3.7.1 Aliphatic Acid Halides 

In 1974 S~hego lev '~~  reported the surprising isolation of 2-cyclopentenones from reaction of in situ 
generated acylium ions (73) and alkynes (equation 40). Evidence for the 1,5-hydride transfer to a vinyl 
cation (74) was secured from a study of cyclohexylacylium tetrafluoroborate with alkynes. Remarkably, 
in this system only products derived from fluoride capture of (75) were is01ated.l~~ The reaction was pur- 
sued by J a d h a ~ ' ~ ~  using propionyl chloride/silver tetrafluoroborate and long-chain internal alkynes. The 
yields were poor and regioselectivity ambiguous. While structurally similar to the Nazarov cyclization, 
these reactions are probably not mechanistically related. 
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(74) (75) 

0 

63.7.2 Alkenic Acids 

Unsaturated acylium ions generated from alkenic acids or anhydrides react with alkenes to produce cy- 
clopentenones (equation 41).88J78-181 With cycloheptene the major products arise from ring contraction. 
Again, it is unclear whether these reactions proceed via direct cyclization of (76) or a Nazarov cycliza- 
tion. 

(41) 
Co2H polYPhosPhoricad [n,y-)j -*J@ R 

R = Me; n = 6; 60% 
(76) 

,-j ( 

R = Ph; n = 6; 26% 
R=Me;  n = 5; 22% 

63.73 Alkenic Esters 

These substrates, studied exclusively by Conia,18* are a hybrid in that they contain all of the requisite 
carbon atoms for the ring but still require a coupling reaction. The action of hot polyphosphoric acid on 
alkenic esters (77) may begin by cracking the alkyl carbon-oxygen bond to produce an alkene and the 
parent acid. This new composition is in principle identical to the Dev mixture just described, and likely 
proceeds similarly by acylium ion generation and electrophilic attack on the in situ generated alkene 
(equation 42). 

0 

polyphosphoric acid 

R2 ''tk (77) R4 R2 R4 

Regiochemical ambiguities arise when R3 and R4 are similar groups. Another ambiguity arises due to 
the mobility of the cyclopentenone double bond. Thus, the same indenone (Scheme 35) is obtained by re- 
action of either isopropyl cyclohexenecarboxylate or cyclohexyl crotonate. The ease of preparation of the 
precursors allowed a broad survey of structural types. Scheme 35 contains representative structures of 
compounds prepared by this method. 

R1 = H; R2 = Me; 20% 
R1 = R2 = Me; 20% 

R' = H, 60% 
R' = Me, 60% 

Scheme 35 

n = 520% 
n = 6,60% 
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63.7.4 Alkenic Acid Chlorides and Bromides 

generated from acid halides and Lewis acids constitutes a general synthesis of divinyl ketones. 
Friedel-Crafts acylation of alkenes (Damns-Nenitzescu reactionIB3) with unsaturated acylium ions 

6.3.7.4.1 Alkenes 

As in the foregoing systems, a regiochemical ambiguity arises unless the alkene is either symmetrical 
or highly biased toward Markovnikov-type addition. Both acid chlorides and bromides can be employed. 
Aluminum trichloride is the preferred reagent.113,1s4 Frequently the divinyl ketone or fi'-chloro enone in- 
termediates are isolable as by-products which can be subsequently cyclized. Representative structures are 
similar to those collected in Scheme 35. 

6.3.7.4.2 Alkynes 

A thorough and systematic study of the reaction between unsaturated acid chlorides and alkynes has 
been carried out by M a ~ t i n . ' ~ ~ - ' ~ ~  The major cyclic products are 5-chloro-2-cyclopentenones (78) and 4- 
alkylidene-2-cyclopentenones (79; equation 43). Chlorinated divinyl ketones were also isolated. Nearly 
all substitution patterns have been investigated with regard to their effect on the distribution of cyclic and 
acyclic products. Obviously with acetylene only products of the type (78) are formed. The yields range 
from 3670% with various alkyl groups R1 and R2. The use of terminal alkynes results in good regiocon- 
trol, electrophilic attack always occurring in Markovnikov fashion. The alkylidenecyclopentenones (79) 
are generally the major products with highest overall yields for a$-disubstituted acrylates. Internal al- 
kynes have also been studied. In these reactions the 5-chloro-2-cyclopentenones (78) are the major pro- 
ducts constituting 75-100% of the cyclic material in 3040% overall yield. These systems present a 
stereochemical ambiguity in unsymmetrical alkynes where both possible regioisomers are formed. Rep- 
resentative structures prepared by this approach are found in Scheme 36. 

0 0 0 

"'fc' R2 
+ R3 = , R4 (CH,Cl),* AlCl, R' c* + R 1 $ 3 . R 3  (43) 

\ R2 R4 R2 

0 0 

R' c+ 
R2 

R 
R' = R 2 =  H 40% 
R' = Me; R2 = H; 72% 
R' = H; R2 = Me; 60% 

R = H, 40% 
R = Me, 68% 

Scheme 36 

0 

R = H, 30% 
R = Me, 40% 

6.3.7.4.3 Trialkylsilylalkenes (VinyLilanes) 

A significant advance in the use of Friedel-Crafts acylation of alkenes to prepare divinyl ketones was 
the employment of vinylsilanes to control the site of electrophilic s~bsti tution. '~~ Two groups have de- 
veloped this approach to cyclopentenone annulation using slightly different strategies. In the method de- 
scribed by mag nu^'^.'^' the reagent vinyltrimethylsilane (80) is used primarily as an ethylene equivalent 
(equation 44). The construction of bicyclic systems followed readily as Nazarov cyclization proceeded 
under the reaction conditions. Tin(1V) chloride was found to be the most effective promoter of the over- 
all transformation. As expected the position of the double bond is thermodynamically controlled. 
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Magnus has also made use of 1-phenylthio- and 2-phenylthio-vinylsianes to introduce additional func- 
tionality in the c y ~ l o p e n t e n o n e . ~ ~ ~ ~ ~  These reagents behave very differently. The 1 -phenylthiovinylsi- 
lane (81) reacts with unsaturated acid chlorides in the presence of silver tetrafluoroborate to afford 
3-phenylthio-2-cyclopentenone annulated products (83) in modest yields. It is suggested that a silicon-di- 
rected Nauvov cyclization of (82) intervenes to control the placement of the double bond (equation 45). 
No transformations of (83) were reported. The 2-phenylthiovinylsilane (84) also reacts with unsaturated 
acid chlorides (AIC13 catalyst) but to afford 5-phenylthio-2-cyclopentenone annulated products (86, 
equation 46). The surprising migration of the phenylthio group is seen to result from enolate capture of 
the electrofugal sulfenium ion expelled in the Nazarov cyclization. 

0 

> d c c l  + JsiMe3 AICI3 

Phs 40% 

0 c II 1 Phs I /  
0 

Vinyltrimethylsilane also reacts with substituted acryloyl chlorides to produce simple cyclopentenones 
in modest yield.195 This reaction requires aluminum trichloride and 12-dichloroethane for optimal re- 
sults. 

A complementary approach, developed by Paq~e t t e ,7~*~~  uses substituted acryloyl chlorides as addends 
in reaction with structurally embellished vinylsilanes. A general route to the vinylsilanes (87) was found 
in the silylation of vinyllithiums generated by the Shapiro reaction.'% The acylation with acryloyl 
chlorides takes place readily with aluminum trichloride to afford the divinyl ketones which are sub- 
sequently cyclized with tin tetrachloride. The Nazarov cyclization products were formed 8s a mixture of 
double bond isomers (equation 47). The best results were obtained with P,P-dimethylacryloyl chloride. 
Crotonyl chloride could be employed, but acryloyl chloride proved impractical. This method owes much 
of its utility to the regiocontrolled synthesis of the vinylsilanes, thereby clearly establishing the loci of 
cyclopentannulation. 

( 0 SiMe3 + 2~1 ii, i. A1Cl3, SnC14, -78 40 O C  O C  -5 ( MR +"-5(qj (47) 

R *S 
or 

(87) BF,*OEtZ, 80 "C n = 5; R = Me; 62% (1 S/l) 
n = 5; R = H; 58% (1D) 
n = 6; R = Me; 70% (1 S/l) 
n = 6; R = H; 44% (1D) 
n = 7; R = Me; 57% (lD.5) 
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63.8 APPLICATIONS IN SYNTHESIS 

The Nazarov cyclization has been featured in a variety of synthetic endeavors involving both natural 
and ~ n n a t u r a l I ~ ~ J ~ ~  products. In the area of polyquinane natural products (f)-hirsutene (88) , lW (*)-mod- 
hephene (89),197J98 (*)-silphinene (90),129 (f)-Aq12)-capnellene (91)Io7 and (f)-cedrene,lw have all been 
prepared (Scheme 37). The synthesis of (91) is noteworthy in the iterative use of the silicon-directed Na- 
zarov cyclization. The divinyl ketones were constructed by the carbonylation-coupling of enol triflates 
(92) and (95) with the P-silylvinylstannane (Scheme 38). The diquinane (94), obtained from Nazarov cy- 
clization of (93), was transformed into enol triflate (95) which was coupled with the @-silylvinylstannane 
as before. Silicon-directed Nazarov cyclization of (96) was highly diastereoselective to provide the 
cis,anti,cis isomer of (16). The synthesis was completed by routine manipulations. 

(93) 

ii - SSiMe3 80% 

*si..' ii 

- 
80% 

(94) 

v, vi 
__c 

i, 3-trimethylsilylvinyltrimethylstannane, Pd(Ph3P),, CO; ii, BF3*OEt2; iii, LiBus3BH; 
iv, Tf20; v, H2; vi, Ph3P=CH2 

Scheme 38 

The acetylene-based route (Raphael-Nazarov cyclization) has been used successfully to construct the 
five-membered rings in (*)-strigo1126 and (&)-nor~terepolide.~~~ This variant has also been used to per- 
form a cyclopentenone annulation towards the construction of other sized rings in (*)-nookatone (97),128 
(*)-muscone (98)133J84 and (f)-muscopyridine (99)128 (Scheme 39). In the nookatone synthesis, the Na- 
zarov cyclization served to set the stereochemical relationship between the isopropyl group and the ring 
fusion. A carbenoid ring expansion completed the synthesis. Since cyclododecanone is inexpensive, 
three-carbon ring expansion methods have been developed for the synthesis of (*)-muscone and (*)- 
muscopyridine. 
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For the construction of simple cyclopentanoid natural products, the Nazarov cyclization has been em- 
ployed in the synthesis of ~is-jasmone'~' and prostaglandin and (f)-vallerenal.162 Tius 
has made good use of his cationic a-methylenecyclopentene forming process in the synthesis of the re- 
lated natural products (&)-methylenomycin B, (f)-deepoxy-2,3-didehydromethylenomycin A (100)173 
and (f)-~anthocin.~~~ The facile construction of (100) illustrates the utility of the method (Scheme 40). 
Addition of 1-lithioallenylmethoxymethyl ether to enone (101) produced the allenyl alcohol (102). Ca- 
tionic cyclization of (102) was induced by treatment with trifluoroacetic anhydride to afford the a- 
methylenecyclopentenme (103) in 65% yield. Photooxidative removal of the isoxazolfl revealed the 
carboxy group and completed the synthesis. 

Scheme 40 

The N a m v  cyclization has also been used industrially. In the Merck synthesis of (+)-indacrinone the 
indanone unit is formed by an aromatic Nazarov cyclization."l 

Finally, there has been speculation and recent experimental support for the involvement of a Nazarov- 
type cyclization in the biosynthesis of cis-jasmonic acid202*203 and marine-derived prostanoids.204 Radie 
label tracer studies have demonstrated the intermediacy of 8-HPETE (104) in the biosynthesis of 
prostanoid intermediate preclavulone A (107).204 This remarkable conversion was proposed to proceed 
by fonnation of allene oxide (105) followed by isomerization to (107) via the 2-oxidocyclopentadienyl 
cation (106; Scheme 41). To demonstrate the chemical feasibility of this proposal, Corey reported the 
transformation of epoxysilane (108) to, inter alia, the cyclopentenone (111; Scheme 42)?* The reaction 
is presumed to involve formation of the allene oxide followed by isomerization to the 2-oxi- 
dopentadienylic cation (110). Conrotatory closure of (110) is expected to produce the cis isomer of (111) 
as observed. 

(106) 
Scheme 41 
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Scheme 42 

Strong experimental support for the biochemical pathway is provided by the isolation and charac- 
terization of the allene oxide (105) by Brash.2M Further, solvolysis of (105) produced (107) along with 
~ i - k e t o l s . ~ ~ ~ , ~ ~ ~  The biochemical mechanism for formation of an allene oxide from 8-HPE"E remains to 
be clarified. 
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7.1.1 INTRODUCTION 
The Cope rearrangement,' discovered in 1940 by Arthur C. Cope early in his outstanding career, com- 

prises the thermal reamngement of 1J-dienes to isomeric 13-dienes (equation 1). Today it is recog- 
nized as the prototype all-carbon member of a large family of related rearrangements which include the 
Claisen, am-, thia- and phosphoClaisen rearrangements, rearrangements of allylic esters, and a number 
of other variations collectively classified as 3,3-sigmatropic rearrangements. Rc - 

Cope rearrangement 

The special value of the Cope rearrangement in modcrn organic synthesis is due to the following char- 
acteristics, which provide a remarkable degree of specificity. 

(i) The parent Cope rearrangement is effected thermally, without any requirement for acid or base 
catalysis, and can thus accommodate a wide variety of functional groups. 

(ii) In creating a new C - C  single bond at the expense of an existing bond in the substrate, the rear- 
rangement generates 15dienes in which the location of the new single bond and two double bonds is 
fixed unambiguously and predictably. The Cope rearrangement produces not only acyclic dienes but also 
cyclic dienes in rings of seven or more members, and is one of the most powerful methods of synthesis 
of medium rings. 

(iii) Due to the highly ordered cyclic transition state the reaction is extremely stereospecific with re- 
spect both to the formation of unsymmetrical double bonds and to the creation of stereogenic centers. 
The substrate may have as many as four elements of stereochemistry in the six-carbon framework (two 
unsymmetrical double bonds and two asymmetric centers at the saturated carbons), and these are trans- 
lated to four new elements, usually with near quantitative asymmetric transmission.2 

(iv) The development of the oxy-Cope and anionic oxy-Cope reactions has Fa t ly  extended the utility 
of the Cope rearrangement by allowing easier access to diene substrates, lowering the temperam re- 
quired for rearrangement, and producing carbonyl products irreversibly. 

7.1.1.1 Oxy-Cope Rearrangement 
Infrequent synthetic application of the Cope rearrangement was made in the first two decades follow- 

ing its discovery, probably for obvious reasons: the general methods available for the preparation of the 
1,5-diene substrates could often be applied just as easily to the direct synthesis of the Cope product, mak- 
ing the rearrangement superfluous. This situation changed drastically with the discovery of the oxy-Cope 
rearrangement in 1964. Berson and Jones3 pointed out that substitution of a hydroxy group at carbons C- 
3 or C-4 of a 1.5-diene resulted, after rearrangement, in an enol whose tautomerization led irreversibly to 
a 8,e-unsaturated carbonyl compound (equation 2). Examples of oxy-Cope rearrangement are shown in 
equations (3H5). As these equations illustrate, several advantages accrue from carrying out the rear- 
rangement as the oxy-Cope variation: (i) the Cope substrate is easily prepared by Grignard-type addition, 
either of a vinyl organometallic reagent to a P,y-unsaturated carbonyl compound or of an allylic reagent 
to an u,&unsaturated carbonyl compound; (ii) the oxy-Cope rearrangement is irreversible; (iii) the pro- 
duct of oxy-Cope rearrangement has two different functional groups, easily manipulated for further syn- 
thetic purposes. 

3 F T  [@"I - (2) 

oxy-Cope rearrangement 
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The principal drawback of the oxy-Cope rearrangement is the competing fragmentation of the sub- 
strate via a thermal retro-ene reaction, as seen in equation (5), where the Cope product (3) is oversha- 
dowed by the retro-ene product (4), an almost inevitable competitor whenever geometrically possible. In 
simple substrates fragmentation is frequently the major thermal pathway. One logical solution to this 
problem is to protect the hydroxy group as an ether or ester. Examples of the oxyCope rearrangement of 
methyl ethers and esters are shown in equations (6)6 and (7)? which illustrate the good yields possible 
with protected alcohols. 

325 "C 4 OMe 87% ~ &J , / J  ___) H,o+ & 0 (6) 
" OMe 

H H - 

(2) 

0 0 
R = CHMez 

(7) 

It has also been observed that higher yields of oxy-Cope products are often obtained when N-methyl- 
pyrrolidone is added to the solvent? probably interfering with inter- or intra-molecular hydrogen bond- 
ing. 

The oxygen substituent has another important effect on the oxyCope process: Berson and Walsh9 
have shown that, at least in bridged bicyclic substrates of type (S), the hydroxy group lowers the bond 
dissociation energy by 24 kcal mol-' (1 cal = 4.18 J). This is sufficient to change the mechanism from a 
concerted one to a stepwise diradical process, which in turn may lead to significant amounts of 1.3-rear- 
rangement as well as 3.3-rearrangement (equation 8).9 

Thieslo has shown that the 1.3-0xy-Cope rearrangement can be used to advantage as a twocarbon ring 
expansion method (equation 9).1° Addition of vinyllithium to a cyclic p,y-unsaturated ketone (6), fol- 
lowed by pyrolysis of the TMS ether (7) of the resulting alcohol, gives predominantly the ld-reanstnge- 
ment product (8). 
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7.1.12 Anionic Oxy-Cope Rearrangement 

A major advance in synthetic applications of Cope rearrangements occurred in 1975, when Evans and 
Golobl' reported their remarkable finding that rate enhancements of 1010-1017 in oxy-Cope rearrange- 
ments can be achieved by using the 1J-diene alkoxide as substrate. Sodium and, especially, potassium 
alkoxides were found most effective. Some examples of anionic oxy-Cope rearrangements are shown in 
equations (10)-(12), where the relatively mild reaction conditions required to induce rearrangement are 
indicated. 

OMe 

(ref.13) (11) 

KH, THF L MeoaoK 
(ref.ll) (12) 

OH 66 OC, t lR = 1.4 min 0 
98% H H 

A simplistic explanation of the rate acceleration provided by the alkoxide ion is that in the product, as 
an enolate, the negative charge is much more delocalized than in the alkoxide substrate. Theoretical cal- 
culations, however, show that the primary effect of the alkoxide is to weaken the carbokcarbon single 
bond,14 rather than an effect on the transition state. The oxy-anion effect is seen in the gas phase as well 
as in solution. l5 

A simple model of substituent effects16 predicts that both donor and acceptor groups substituted on the 
saturated carbons of a Cope substrate should increase the rate. Interesting examples have been published 
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in which either an enolate ion (9)17 or a carha t ion  (lo)'* in that position does indeed dramatically ac- 
celerate a Cope rearrangement. 

0- 
25OC B d k  + But= 0 

But - 
73% \ \  \ \  

(9) 45% 55% 

7.13 POSITION OF EQUILIBRIA IN COPE REARRANGEMENTS 

Characteristic of all sigmatropic rearrangements, the Cope rearrangement is reversible; the starting and 
product 1.5-dienes exist at equilibrium at rearrangement temperature through a cyclic transition state. In 
the Claisen rearrangement the gain in energy which accompanies the conversion of a a vinyl ether double 
bond into a carbonyl double bond is usually sufficient to shift the equilibrium completely toward the car- 
bonyl product, but the Cope rearrangement of the parent 1S-hexadiene is degenerate, and so the position 
of equilibrium is determined by such other factors as the substitution pattern, conjugation, strain, or ine- 
versible conversion of one diene to a more stable product. These factors are outlined below. 

7.13.1 Alkyl Substitution 

In the absence of conjugating substituents the equilibrium between isomeric 19-dienes will generally 
lie on the side of that with more-substituted double bonds, reflecting the relative stability ranking of 
tetra- > tri- > di- > mono-substituted alkenes. Some examples of this preference are given in Scheme 1. 
In each case the product contains a higher degree of alkyl substitution on the double bonds than does the 
starting Wdiene. 

7.133 Conjugating Substituents 

A second important factor is conjugation of one or both of the double bonds with wsubstituents such 
as ketone, ester, cyano, or phenyl. Some examples are shown in Scheme 2. In each case the conjugated 
isomer heavily predominates at equilibrium. 

The reactions in which Cope initially discovered this rearrangement exploit this factor and represent a 
strategy still useful in synthesis today, illustrated in Scheme 3. An a,p-unsaturated carbonyl compound 
(or cyanoacetic ester, etc.) is converted to the anion and alkylated with an allylic halide; alkylation of the 
ambident anion takes place next to the carbonyl group@), creating a lg-diene. Heating then initiates the 
Cope rearrangement which brings the double bond back into conjugation. In equation (13) the condensa- 
tion product of cyclohexanone with ethyl cyanoacetate is alkylated with allyl bromide to give the 13-  
diene (13); distillation at atmospheric pressure effects Cope rearrangement28 to the conjugated isomer 
(14). Conia has used this technique extensively with cr,P-unsaturated ketones. As seen in equation (14), 
alkylation of 2-benzyl-3-methylcyclohexenone with allyl bromide gives diene (E), which again rearran- 
g e ~ * ~  on heating to the isomeric conjugated ketone (16). 

A recent variation of this strategy is due to Ziegler,30 who used TMS ethers of cyanohydrins of a$- 
unsaturated aldehydes as substrates. Alkylation with an allylic halide, such as crotyl bromide in equation 
(15), gave diene (17), which underwent Cope rearrangement on heating to afford the conjugated isomer 
(18). Work-up with KF in methanol afforded the ester (19) by way of an intermediate acyl cyanide. 
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(ref. 19) 

(ref. 20) 

(ref. 21) 

(ref. 22) 

Scheme 1 Cope equilibria in nonconjugated dienes 

Equation (16) shows a practical application of this sequence to steroid synthesis; the ester (20) was con- 
verted by carbocation cyclization to estrone or 1 1-ketoprogesterone. 

It should be noted that occasionally the preference for polyalkyl substitution of double bonds will out- 
weigh conjugation with electron-withdrawing groups, and the Cope equilibrium then lies on the side of 
the nonconjugated isomer. In equation (17) the unconjugated ester (21) is favored by a 3:l ratio?3 and in 
equation (1 8) the conjugated sulfone (22) is converted in high yield to the unconjugated isomer.31 In both 
cases the equilibrium position is apparently due to the greater degree of alkyl substitution in the noncon- 
jugated isomers. 

7.1.23 Aromatization of Cope Products 

In some cases the driving force for Cope rearrangement may be the incorporation of one of the double 
bonds into an aromatic ring system. Equations (19) and (20) show two examples of generation of a five- 
membered aromatic nitrogen heterocycle by Cope rea~angement .~~ Indoline (23) rearranges readily to 
the indole isomer, while (24) rearranges, after tautomerization to the enamine (25), to the aromatic py- 
razole (26). 

Alternatively, a Cope product may be able to tautomerize to an aromatic ring, driving the equilibrium 
toward the aromatic product. A classic example is the second step in the ‘pura’ Claisen rearrangement of 
aryl allyl ethers. This step can be seen in isolated form in equation (21) in the rearrangement of 5-allyl- 
2,4-cyclohexadienones such as (27), which rearranges readily33 to phenol (28). A useful modification of 
this principle is Evans’ methodM of introducing isoprenyl groups into quinones (equation 22). The di- 
methylallyl group in (29) is inserted by Grignard addition to a protected cyanohydrin of a naphthoqui- 
none. Once the carbonyl group is released from the cyanohydrin TMS ether by treatment with silver 
fluoride, an oxy-Cope rearrangement occurs readily to give (N), and loss of methanol drives the equili- 
brium toward quinone (31). 

Is the reverse possible, i.e. can a double bond of an aromatic ring participate in Cope rearrangement, 
destroying (at least temporarily) the aromaticity of the ring? In view of the close parallel between Cope 
and Claisen rearrangements, one might envision a Cope analog of the allyl aryl ether Claisen which 
would transfer an allyl group from a benzilic carbon to an ortho position on the ring (equation 23). At- 
tempts to realize this possibility with simple benzenes have met with uniform failure, both in the parent 
case (R = H) or with conjugating s~bst i tuents .~~ One of the few successful cases of aromatic double bond 
participation occurs with the thiophene (32) to give the rearranged isomer (33; equation 24);36 the unpre- 
cedented cyclization to (34) which takes place at higher temperatures is also seen with naphthalene and 
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(ref. 26) 

(ref. 27) 

79 1 

(12) 
Scheme 2 Effect of conjugation on Cope equilibria 

phenanthrene analogs?' The only example of a benzene which undergoes Cope rearrangement is phenol 
(39, in which the cyclopropane ring lowers the otherwise high activation energy required for disruption 
of aromaticity, affording the benzocycloheptene (W, equation 25);38 heteroaromatic analogs of (35) rear- 
range even more readily.39 

Aromatic double bonds participate somewhat more easily in oxy-Cope rearrangements, where the 
driving force of tautomerization to a carbonyl compound helps to compensate for loss of aromaticity. 
Equation (26) shows one example$0 in which 1,3- and 3.3-oxy-Cope products are formed from naph- 
thalene (37). The best cases to date have been provided by Jung and coworkers in bicyclo[2.2.l]hept- 
enols of type (38), which take advantage of relief of strain in the bridged ring system as well as the 
oxy-Cope effect to allow double bonds of furan and naphthalene to participate?1 Cope rearrangement of 
(38) leads to the steroid skeleton (equation 27), and an imaginative route to coronafacic acid was realized 
from the benzofuran analog. 

7.1.2.4 Ring Strain 

A critical factor in the Cope equilibrium between a 1,2-divinylcycloalkane and cyclic diene partner is 
the strain associated with the particular ring sizes involved. cis- 1,2-Divinylcyclopropannes and cyclo- 
butanes are notorious for easy Cope rearrangements to less-strained seven- and eight-membered ring 
dienes, as shown in Scheme 4. cis- 1,2-Divinylcyclopropanne (39) undergoes a spontaneous Cope rear- 
rangement below room tempera t~re~~ to produce 1 ,4-cycloheptadiene (40), and cis- 1 ,Zdivinylcyclo- 
butane (41) rearranges easilf3 to afford 13-cyclooctadiene (42). The relative strains in these two small 
rings are pitted against each other in the equilibrium between (43) and (44). and the equilibrium lies 
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completely on the side of the fused cyclobutane.44 Cope rearrangement still occurs readily when the 1,2- 
divinylcyclopropane arrangement is built into bicyclic ring systems, as in diene (45), which rearranges4s 
just above room temperature to the bicyclo[3.2.l]octadiene (46). Though not a 1,2divinylcyclo&ane, 2- 
vinylmethylenecyclopmpane (47) also undergoes a low temperature Cope rearrangement to relieve the 
ring strain.& 

(44) (45) r D 
(47) 

Scheme 4 Cope equilibria in cyclopropanes and cyclobutanes 

The position of equilibrium is totally reversed when one moves up to 1,2divinylcyclopentanes and cy- 
clohexanes (Scheme 5). Given relatively strain-free five- and six-membered rings versus considerable 
strain in the medium rings, the balance shifts in the opposite direction, and 1.5-cyclononadiene 
and cyclodecadiene (50>48 rearrange completely to the divinylcycloalkanes (49) and (51). We will en- 
large on the stereochemistry and synthetic applications of these rearrangements subsequently. The Cope 
rearrangement of the vinylbicyclo[2.2.2]octene (52) to diene (53) is an example of a 1,2-divinylcyclo- 
hexane whose rearrangement product is more stableP9 but this is undoubtedly due primarily to the re- 
lease of strain in the bicyclooctene. The rearrangementSo of the methylenecyclooctene (54) to (55) is 
probably favored by the increased stability of a six- versus an eight-membered ring. 

(4) (49) (50) (51) 

I (-+-a 
(52) (53) (54) (55) 

Scheme 5 Cope equilibria in 1,2-divinyl-cyclopentanes and -cyclohexanes 

7.1.25 Conformational Factors 
In addition to the major factors discussed above, a number of Cope equilibria can be interpreted only 

in terms of more subtle conformational factors which favor one isomer. Consider the two hydroxydicy- 
clopentadienes (56) and (57) in Scheme 6: at 140 'C each is in equilibrium with its Cope rearrangement 
product (58) or (59). For the exo-alcohol(56), the equilibrium ratio is 1:1, but in the endo isomer (57), 
where the hydroxy group suffers steric compression, the rearrangement product is favored by at least 
4:l.J' In the diphenylcyclopropene (60), conjugation would appear to favor the starting material, but the 
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1:l ratio with its Cope product (61) at 140 'C may reflect the nonbonded interactions between the phenyl 
groups in the cis-stilbene starting material, relieved in the products2 

(58) 
Ph 

(57) 
Ph 

1:l 

(60) (61) 
Scheme 6 Conformational factors in Cope equilibria 

(59) 

7.1.2.6 Irreversibility of Oxy-Cope Rearrangements 

As noted earlier, the generation in the oxy-Cope rearrangement of an enol which rapidly tautom-rizes 
to a carbonyl compound effectively removes the Cope product from equilibrium and drives the rear- 
rangement irreversibly; examples have been cited in equations (3)-(5), (lOHl2) and (26) and (27). 
Scheme 7 lists several additional examples which emphasize the ability of the oxy-Cope rearrangement 

- 
18-crown-6 

25 O C  
56% 

220 'C. 3 h 

90% 
- 

220 "C, 1 h 

lCO% 

25 O C  

62% 
__I 

@z? 83% 

a 0 

Scheme 7 Shift of unfavorable equilibria by oxy-Cope rearrangement 
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to mverse the normal equilibrium or to produce stxained pruducts which would not have been possible by 

12-Divinylcyclopentanes, as observed above, are usually the stable products of Cope equilibria, but 
the rearrangement of diene (62) is driven to the cyclononenone (63) by making it an irreversible oxy- 
Cope rearrangement.S3 Similarly 10-membered ring ketones, such as (65). can be prepared by oxy-Cope 
rearrangement of 1,2-divinylcyclohexanols (a),” and this versatile mute to functionalized cyclodecanes 
has played an important role in the synthesis of gennacrane sesquiterpenes. Rings containing 12 or more 
carbons can be synthesized in good yield by oxy-Cope rearrangement of 1,2-divinyl-l,2cycloalkanedi- 
ols, e.g. (66) to (67).s5 Considerably strained molecules such as the tricyclic ketones (69) and (71). both 
of which contain bridgehead double bonds, can be assembled in reasonable yields by oxy-Cope rear- 
rangement of hydroxydiene precursors (a)% and (70)$’ the oxy-Cope reaction provides one of the at- 
tractive strategies which have been developed to construct the taxane skeleton in (71). 

the normal CopeprOCeSs. 

r 1 

CO2Et 
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7.13 PARTICIPATION OF ALKYNES AND ALLENES IN COPE REARRANGEMENT 

7.13.1 Alkynes 

While it may seem geometrically unlikely that a linear alkyne bond could fit into the constraints of a 
six-membered cyclic transition state, Cope rearrangement of 1,J-enynes and even 1.5-diynes works sur- 
prisingly well and provides a useful route to allenes. Examples are shown in Scheme 8. Simple cases 
such as the parent (72) do not provide a viable route to allenes because the products (73) cyclize at high 
temperatures?E but more highly substituted examples are synthetically useful, and those shown in equa- 
tions (28)59 and (29)60 give isolable allenes. The oxy-Cope rearrangement of (74) leads to an allene enol 
which tautomerizes to an unsaturated ketone, providing a valuable intermediate in the B-ionone series.61 
The rearrangement of (79, designed to provide head-to-head competition between a vinyl versus an 
alkynyl group, shows that the normal unstrained Cope rearrangement of a 1 &diene is preferred?2 

Huntsman and Wristers have examined the Cope rearrangement of 1,5-diynes (76); these appear to re- 
arrange normally to bisallenes, but the products undergo ready electrocyclization to bismethylenecyclo- 
butenes (77) at the temperatures required for rearrangement.63 Diynediol (78) undergoes oxy-Cope 
rearrangement to a linear dienedione, again by tautomerization of a bisenol.64 

7.13.2 Allenes 

One double bond of an allene unit participates readily in Cope rearrangements, leading to the useful 
result of placing a conjugated diene at that end of the product. Several examples are shown in Scheme 9. 
Bicyclic allene (79) is converted in high yield on heating to the hydroindane (80).65 In an application of 
the oxy-Cope rearrangement to allenes, alcohol (81) is converted to diene (82). again in good yield.66 

n =2or3  

Scheme 9 Cope rearrangement of allenes 

When the allene and isolated double bond are both incorporated into a large ring, then Cope rearrange- 
ment affords 2,3-divinylcycloalkenes, as seen in equation (30).67 The cyclic bisallene (83) affords 2,3-di- 
vinyl-I ,3-cyclohexadiene (&I), again in excellent yield?' These examples illustrate just how useful the 
allene variation of the Cope rearrangement is in the synthesis of interesting 1,3-dienes. 
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7.1.4 EXPERIMENTAL CONDITIONS; CATALYSIS 

7.1.4.1 Experimental Conditions 

The experimental simplicity of the Cope reamngement is one of its most attractive features. As ther- 
mal reactions, the Cope and oxy-Cope rearrangements can be canied out in either of two basic ways. 

(i) Heating the substrate neat or in a high boiling solvent (e.g. decalin, xylene, diphenyl ether) under 
reflux or in a sealed tube is the most common method. The rates of most Cope rearrangements show little 
response to solvent polarity, so that a variety of solvents are acceptable. Substrates of moderate molecu- 
lar weight frequently undergo Cope rearrangement during distillation at atmospheric pressure. 

(ii) Vapor-phase rearrangement in a flow apparatus is often used for volatile substrates; passing the va- 
pors at low concentration through a heated tube with short contact time helps to minimize decomposi- 
tion. 

Descriptions of both techniques may be found in the 1975 Organic Reactions review' and in repre- 
sentative articles? 

Typical bases used to generate the alkoxide ion for the anionic oxy-Cope rearrangement include so- 
dium and potassium hydrides and potassium hexamethyldisilazide. Preliminary treatment of commercial 
KH with iodine, to destroy the putative contaminants potassium and potassium superoxide, is reporteda 
to result in reproducibly high yields of anionic oxy-Cope reactions with dienolates such as (85). Tetrahy- 
drofuran is the common solvent, although higher boiling solvents (e.g. diglyme) may be necessary. Fre- 
quently the addition of a complexing agent for the potassium ion (e.g. 18-cr0wn-6,~~ HMPT, or 
TMEDA@) is found advantageous. 

'mocici%m 

(85) 

7.1.4.2 Catalysis 

An experimental aspect of the Cope rearrangement particularly important in synthesis is the feature 
that it is frequently subject to catalysis. We have already seen that in the anionic oxy-Cope rearrange- 
ment enormous rate enhancements are realized by the incorporation of an alkoxide ion in the substrate. 
In many Cope rearrangements similar rate enhancements are achieved by the addition of catalysts, par- 
ticularly acids and metals.'O 

7.1.4.2.1 Acid catalysis 

Lewis acids. 
A number of Cope remngements of acyl-substituted 1,5dienes are markedly accelerated by protic or 

( i )  2-Acyl-I 3-dienes 
An example of this category is ketone (11) in Scheme 2; thermal rearrangement requires several days 

at 80 'C, but equally good yields are obtained in 15 min at 25 'C if 1 equiv. of trifluoroacetic acid or 
boron trifluoride etherate is added.25 A related case is enol ether (sa), which rearranges to ketone (87) at 
room temperature in dilute acid.25 
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OH R 1 & y  R4 
R1- R4 PdCIz(PhCN), 

25 'C -- R 2 Y  
R3 

example of 'cyclization-induced rearrangement catalysis', illustrated in equation (38). In this mechanism 
the metal coordinates with one of the double bonds, initiating a carbat ion cyclization step which forms 
a transient cyclohexane ring intermediate. Upon loss of the metal, this opens to form the rearranged 
diene. Support for this mechanism is given by the observation that cyclohexenes are occasionally found 
as by-products of palladium-catalyzed Cope rearrangements, e.g. equation (39). 

5 -  -e (38) 

An alternative view suggests that coordination of the Pd" catalyst with both double bonds of the 1.5- 
diene promotes dissociation into a bis(q3-allyl)palladium complex, followed by joining the allyl units 
together to form the isomeric 1.5-diene (equation 40).80 
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(ii) Other metal catalysts 
Scattered reports exist of catalysis of Cope rearrangements by metals other than palladium. Some 

amino-substituted 1J-dienes exhibit weak catalysis by Rl12(CO)4c12.~~ Gore and coworkers have studied 
the catalysis of oxy-Cope rearrangements by silver and mercury salts.82 As shown in equation (41), stoi- 
chiometric quantities of mercury(II) trifluoroacetate effect oxyCope rearrangement to a mercuriated ke- 
tone, from which the mercury is removed by sodium borohydride reduction. The same overall result can 
be achieved by using a catalytic amount of mercury(II) ion in the presence of excess lithium trifluoroace- 
tate. Silver triflate acts in a similar manner to catalyze the rearrangement of enynols, as illustrated in 
equation (42). Yields are variable with either silver or mercury(II) ion catalysis. 

(iii) Photochemical initiation 
A handful of cases are known in which Cope rearrangement has been initiated by photolysis. Some of 

these are shown in Scheme 10. The examples reported to date are a fairly random collection and it is not 

& refluxing hv heptane - (ref.83) 

/ 

Zenunbone 

hv 

Ar matrix, 15 K - a (ref.84) 

q.I-w EtOzC CN (ref. 86) 

COzEt 

(43) 

Scheme 10 Photochemical Cope rearrangement 
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(ii) I -Acyl-I 3-dienes 
The most commonly encountered examples of this type are the 4-allylcyclohexadienones and their 

derivatives, such as (88). which undergo room temperature Cope rearrangement, followed by aromatiza- 
tion, in the presence of a ~ i d . ~ ’ , ~ *  It is interesting that the 3,3-cope rearrangement competes with 1.2-mi- 
gration (acid-catalyzed dienone-phenol rearrangement). 

0.01 M HCI, 25 O C  

(ma) X = O  
(88b) X=NNHTs 

X = O H  
X = NHNHTs 

(iii) 3-Acyl-1 $-dienes 
The best-known examples of this category are the tricyclic ketones illustrated by (12; Scheme 2), 

which again undergo room temperature Cope rearrangement in the presence of mineral or Lewis acids. 
The thermal rearrangement of (12) requires 1 h at 135 “C, but the rearrangement can be achieved in 3 
min at 25 “C if a catalytic amount of sulfuric acid or aluminum chloride is added.” 

Another example of a 3-acyl- 1 $diene is cyclohexadienone (27), which is converted to (28) at room 
temperature in a few minutes by 1% sulfuric acid.71 

The origin of the catalytic effect ofacids in these cases has not been proven definitively. All these re- 
actions cited above could be considered examples of carbocation charge-accelerated rearrangements, 
seen earlier in substrate (10); coordination of the carbonyl group with a proton or Lewis acid creates a 
carbocation which weakens the nearby single bond in the 19-diene. Moreover, in classes (ii) and (iii), 
Cope rearrangement transforms the initial carbocation into a more stable cation, which would lower the 
activation energy. An alternative possibility for the 2-acyl- 15dienes is that the acid catalyst completely 
changes the mechanism from a concerted process to a two-step sequence, first a carbocation cyclization 
to form a new ring, followed by fragmentation. These possibilities remain to be sorted 

As an example of what appears to be an acid-catalyzed Cope rearrangement in a simple diene lacking 
acyl substitution, (f)-3,4-diphenyl- IS-hexadiene (89) rearranges in high yield on treatment with alumina 
at room temperature; a cyclization-induced rearrangement mechanism was ~uggested.7~ Catalysis of oxy- 
Cope rearrangement of (90) by weak acids, including ammonium salts and iodine, has been re~orted.’~ 

ph 
I c I 

0 

+I$ S A  \ \ \  

(90) Pseudoionone 

7.1.4.2.2 Metal catalysis 

While acid catalysis appears to be largely restricted to IS-dienes containing carbonyl substituents (or 
possibly other Lewis bases), several metal-containing catalysts have been shown to have a broader scope 
of application to a variety of 1,5-dienes. 

( i )  Palladium 
In the initial discovery, made by Jonassen and coworkers in 1966, a stoichiometric amount of bis(ben- 

zonitri1e)palladium dichloride was found to effect the rearrangement of ( E a -  1,5-cyclodecadiene into 
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cis-1,2-divinylcyclohexane (as its PdClz complex) at'room temperature (equation 3 1).75 This was a strik- 
ing contrast to the thermal process, which required attemperature of 150 'C. A series of substituted cy- 
clodecadienes and, later, 1,2divinylcyclobutanes was studied extensively by Heimbach and coworkers, 
again isolating the Cope products as palladium complexes.76 

i, PdCIzCPhCN)2, 

25 OC, 82% 
ii, KCN 

In a finding of greater practical significance, Overman and coworkers showed that the reactions could 
be carried out with catalytic amounts of the palladium(I1) complex, and that the catalytic effect was 
broadly applicable to acyclic 1,5-dienes as well.70b In a typical example (equation 32), 2-methyl-3-phe- 
nyl-1,s-hexadiene rearranges in 1 h at room temperature in 87% yield in the presence of 0.06 equiv. of 
bis(benzonitri1e)palladium dichloride, in contrast to the thermal rearrangement which has t1n = 13 h at 
177 'C. The catalyst thus provides an estimated rate acceleration of about lolo. The product is a 93:7 
mixture of (E)- and (2)-isomers, corresponding to the equilibrium ratio. Palladium acetate and tetra- 
kis(tripheny1phosphine) were ineffective as catalysts. One serious limitation is that the catalyzed reaction 
occurs only with those l$-dienes which possess an alkyl or aryl substituent at C-2 or C-5 (but not both). 

The catalyzed rearrangements generally give stereochemical results analogous to the uncatalyzed, 

thermal reactions. For example, optically active (91) rearranges to a mixture of (E)- and (2)-isomers of 
(92) with 96-9796 ee, very similar to the results of thermal rearrangement.77 The catalyzed rearrange- 
ment exhibits the same preference for the chair-like transition state conformation seen in the thermal re- 
actions (see Section 7.1.7). 

Pd" catalysis is also effective for dienes with electron-withdrawing groups at C-3, e.g. acid, ester, 

cyano, ketone, as seen in equations (33) and (34); it was shown that the catalyst equilibrates the geome- 
tric isomers around the conjugated double bond?8 In equation (34) the catalyzed rearrangement occurs in 
good yield at mom temperature, while the thermal rearrangement at 220-300 'C gave significant 
amounts of the P,y-unsaturated isomer of the product along with ene cyclization products. The use of 
Pd" catalysis extends the application of the strategy seen earlier in equations (13) and (14); as illustrated 
in equation (39, alkylation of an a,p-unsaturated ester with an allyl halide gives a 1J-diene, which can 
then be subjected to Cope rearrangement at room temperature. 

The same Pdn catalyst is also effective for oxy-Cope rearrangements (equation 36), provided that both 

R1 and R3 are alkyl groups.79 An example of this application, shown in equation (37), is the catalyzed 
Cope rearrangement to a cyclodecenone. 

Several mechanisms have been proposed for palladium catalysis of Cope rearrangements?0 Overman, 
who has examined metal ion catalysis of a number of 3.3-sigmatropic rearrangements, considers this an 
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yet clear what factors facilitate the photochemical rearrangement, but it is interesting that at least in one 
case (equation 43) the normal equilibrium is reversed. 

7.15 1,2-DIVINY LCY CLO ALKANES 

This section will focus on the use of the Cope rearrangement of 1,2-divinylcycloalkanes to synthesize 
carbocyclic rings of seven to ten members and even larger. As noted earlier in Section 7.1.2.4 and 
Schemes 4 and 5 ,  the Cope equilibrium between divinylcycloalkanes and cyclic dienes is determined pri- 
marily by ring size; divinylcyclopropanes and cyclobutanes rearrange to cyclohepta- and cycloocta- 
dienes, providing one of the best general routes to seven- and eight-membered rings. In 
1,2-divinylcyclopentanes, cyclohexanes, and cycloheptanes, on the other hand, the equilibrium lies in the 
opposite direction, but use of the irreversible oxy-Cope reaction does permit the synthesis of 9-, 10- and 
1 1-membered rings. Finally, when the vinyl groups are attached to medium rings of 8-12 members, the 
equilibrium shifts once again to favor the larger rings. We examine here each of the ring sizes in tum. 

7.15.1 l&Divinylcyclopropanes 

cis- 1,2-Divinylcyclopropane (39) rearranges spontaneously below room temperature to 1.4-cyclohep- 
tadiene (40; Scheme 4) so readily that preparation of (39) by Hofmann degradation or other pyrolytic re- 
actions8' leads instead to (40), although (39) can be isolated42 by conducting its synthesis by the Wittig 
reaction at -20 "C. The Cope rearrangement thus offers a straightforward route to simple c cloheptane 
natural products such as the dictyopterenes (equation 44)88 and karahanaenone (equation 45). k 

(44) - A QR 

Dictyopterene A, R = Bun 
Dictyopterene B, R = Et 

X = SPh or OSiMe3 
0 

Karahanaenone 

In order to use the divinylcyclopropane rearrangement for the construction of fused cycloheptanes, one 
of the double bonds must be incorporated in a separate, attached ring. Several practical methods have 
been developed to prepare the required substrates, as illustrated in Scheme 1 1. 

(a) Addition-elimination of vinylcyclopropyl organometallic reagents to @substituted cycloalkenones. 
Cyclopentenones and cyclohexenones with a leaving group at the &carbon are easily prepared from the 
1.3-diones, and undergo displacement when treated with organolithium or cuprate reagents derived from 
2-vinyl-1-halocyclopropanes. Examples of this strategy are given in equations (46)-(48). In the simplest 
cases," divinylcyclopropanes of type (93), prepared from enol ethers of cyclohexane- 1,3-diones, rear- 
range on heating to bicyclic ketones of type (94). More highly substituted cyclopropanes have been pre- 
pared by cuprate displacement of 3-iodocyclohexenone (95), leading to alkylated 
bicyclo[5.4.0]undecanes (equations 47 and 48), including the sesquiterpene P-himachalene?' 

(b) Construction of cyclopropanes from su#ii  ylides. Sulfur ylides of type (W) are easily available by 
displacement of 3-chlorocyclopentenones by trimethyloxosulfonium ylide, and add to a,p-unsaturated 
aldehydes and ketones to furnish cyclopropanes (equation 49). Wittig reaction then gives the divinylcy- 
clopropanes, which undergo Cope rearrangement on heating to afford hydroazulenes in good overall 
yields?2 

Bridged cycloheptadienes are created when one of the vinyl double bonds is located in a ring fused to 
the cyclopropane, as seen in the conversion of (45) to (46); when both double bonds are in fused rings, 
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I f  =flux 3 h I) 9 (48) 

>90% 

B-Himachalene 

Wittig -0, - 
& O W a  

(%I &j 1 4 o o c  c & 
\ 

60-7Wo O V C d  

Scheme 11 Fused cycloheptanes by Cope rearrangement 

(49) 

tricyclic skeletons result (equation 50) j3 Several general ways to prepare the necessary starting dienes 
are shown in Scheme 12. 

(a) Addition of vinylcarbenes to cyclic dienes. In a noteworthy one-step synthesis developed by 
DaviesP4 vinylcarbenes are generated by rhodium-catalyzed decomposition of diazo esters in the 
presence of furan or cyclopentadiene; the initial cyclopropane adducts, derivatives of (43, are not iso- 
lated but rearrange to bicyclo[3.2.l]heptadienes (equation 5 1). An intramolecular version of this reaction 
is illustrated in Guation (52). 

(b) Enol derivatives of 6-vinylbicyclo[3.Z.O]hexan-2-ones. Piers has shown that TMS enol ethers of the 
title ketones, as members of the (45) family, undergo Cope rearrangement leading, after hydrolysis of the 
enol ether. to bicyclooctenones?5 A simple example is given in equation (53) and an application to the 
synthesis of quakone is shown in equation (54). 
cis-l,2-Divinylcyclopropanes are constrained to undergo Cope rearrangement through one of the boat 

conformations (97). since only cis double bonds are possible in 1,4-~ycloheptadiene. trans- 1 ,2-Divi- 
nylcyclopropanes (98) give the same products at higher temperatures, but only after isomerizing via a 
diradical intermediate to the cis isomers.% Consequently in the synthetic applications discussed above, 
either stereoisomer (or mixtures) can be used, the only difference being the temperature necessary to ef- 
fect rearrangement. Terminal substituents on the double bonds retard the rate. Diene (99) rearranges to 
the meso-dimethylcycloheptadiene, but the cis-propenyl isomer (100) fails to undergo Cope rearrange- 
ment due to steric interactions between the methyls and the ring in the boat transition state?' 
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Me3SiO 

(53) ____) 

Scheme 12 Bridged cycloheptadienes by Cope rearrangement 

7.15.2 1,2-Divinylcyclobutanes 

The Cope chemistry of this strained-ring substrate class parallels that of the divinylcyclopropanes, and 
is discussed in detail in Chapter 8.2, this volume. cis- 1,2-Divinylcyclobutane (41) is stable at room tem- 
perature but rearranges at 120 'C to cis,cis- 1,5-cyclooctadiene (equation 55).43 trans- 1,2-Divinylcyclobu- 
tane (101) requires higher temperatures since it must first equilibrate with (41) through a diradical 
intermediate, but the diradical here has other options, particularly closure to a vinylcyclohexene?* Sub- 
stituents on the double bonds again retard the rate, and the two cis-methyls in (102) cause the transition 
state to choose a nonboat conformation.w Relief of ring strain is an obvious factor in the rearrangement 
of diene (103) to the bridgehead diene (104), which occurs at 60 oC.loo Shea et al. have examined a series 
of Cope rearrangements of this type; when the small ring is a cyclopropane, the Cope rearrangement oc- 
curs spontaneously below -10 'C. 

Oxy-Cope rearrangements are popular in the divinylcyclobutane series, because several good methods 
of preparation of 2-vinylcyclobutanones are available. A number of these ketones, such as (105), can be 
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prepared by ring expansion of cyclopropane intermediates.Io1 Addition of a vinyl group to the ketone 
then affords the divinylcyclobutanol (loa), ready for oxy-Cope rearrangement (equation 56; Scheme 
13).Io2 Equation (57) shows an example of this strategy in Gadwood's synthesis of poitediol; addition of 
lithium acetylide to cyclobutanone (107) occurs from the convex face, giving a cis-enyne which under- 
goes oxy-Cope rearrangement to the fused cyclooctadienone. lo3 

Another common strategy for construction of fused cyclooctanones is to first build a fused cyclobuta- 
none by [2 + 21 cycloaddition of a vinylketene to a cycloalkene. Equation (58) illustrates this approach 
with Paquette's synthesis of the tricyclic skeleton of the ophiobolins.lW Cyclobutanone (108) is assem- 
bled by addition of a vinylketene to cyclopentadiene. Cyclopentenyllithium then adds to the less-hin- 
dered face of (108), and the lithium alkoxide undergoes a spontaneous anionic oxyCope rearrangement 
to afford the central cyclooctane ring. 

In another approach to fused cyclooctanes, dienone (109) rearranges at 180 "C to bicyclic dienone 
(110). Adding fluoride ion in DMF allows the reaction to occur at -30 'C in doubled yield, apparently an 
'enolate-assisted' Cope rearrangement. Since Majetich has shown that divinylcyclobutanes of type (109) 
are intermediates in some intramolecular allylsilane Michael additions, this finding permits the novel se- 
quence of steps shown in equation (59) as a route to fused cyc l~oc tanes .~~~  Another variation to fused cy- 
clooctanes uses the spiro substrate (111) in an anionic oxy-Cope rearrangement (equation 60).'OZa 

Bridged cyclooctadienes result from Cope rearrangement of fused substrates, following the theme seen 
in Scheme 12. A general route to the requisite substrates is the [2 + 21 cycloaddition of vinylketenes to 
cyclic 1,3-dienes, illustrated in equations (61) and (62); the vinylketenes may be formed by dehydroha- 
logenation of unsaturated acid chlorides or by thermolysis of cyclobutenones. loci 

A final useful pattern incorporates one double bond into a spiro ring, leading via oxy-Cope rearrange- 
ment to bicyclic ring systems with bridgehead double bonds (equation 63).Io7 

7.153 1,2-Divinylcyclopentanes 

As noted in Section 7.1.2.4 the Cope equilibrium shifts when the ring size of a 1,2-divinylcycloalkane 
increases to 5-7, favoring the smaller ring. The equilibrium between cis- 1,2-divinylcyclopentane (49) 
and (Z,Z)-1,5-~yclononadiene, reached at 220 'C from either component (equation 64). is 955 in favor of 
(49). This remangement must utilize a boat transition state, but (E,Z)-1,5-cyclononadiene, which also re- 
arranges to (49), uses a chair transition state.47 Rearrangements of substituted cyclononadienes have been 
little studied because of the inaccessibility of the substrates, but Paquette has examined oxy-Cope rear- 
rangements of a series of cyclononatrienols,Io8 two of which are shown in equations (65) and (66). In 
equation (66) the alcohol fails to undergo a thermal oxy-Cope, giving products of hydrogen shifts in- 
stkad, but the room temperature anionic oxyCope works well, giving an aldehyde used as an intermedi- 
ate in the synthesis of multifidene, an algae sperm attractant. 
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Scheme 13 Cyclooctanones by oxy-Cope rearrangement 

KH, 25 "C 
C 0 Multifidene (66) 

H 

The normal equilibrium can be reversed, of course, by using the oxy-Cope rearrangement of a 1.2-di- 
vinylcyclopentanol; one example was shown in Scheme 7 (62 + 63) in which irreversible tautomeriza- 
tion of the enol gave a fused cyclononenone. Two additional examples are shown in equations (67)lorn 
and (68), the latter a key step in a synthesis of phoracantholide.Iw The fused divinylcyclopentane shown 
in equation (69) undergoes anionic oxy-Cope rearrangement to a bridged cyclononenone.' lo 

MEMO 

I Phoracantholide 

OH 

0 
KOH, aq. MeOH 
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7.15.4 l,2-Divinylcyclohexanes 

The Cope equilibrium between 1,2-divinylcyclohexane (51) and 1.5-cyclodecadiene (50) lies com- 
pletely on the side of the six-membered ring (Scheme 5); attempted preparation of (SO) by Hofmann 
elimination"' leads directly to (51; mostly trans), although the cyclodecadiene can be prepared at lower 
temperature. Optically active (51) racemizes at 200 'C through the Cope equ i l ib r i~m~~ with (50), and op 
tically active (112) racemizes on heating, by Cope rearrangement to its enantiomer.ll* The stereochem- 
istry of these rearrangements is best accounted for by assuming that the transition state assumes a 
chair-like conformation; (E,E)-(50) rearranges to rruns-(51), while (EZ)-(50) affords cis-(51).Il3 

H H 
(-)-(112) (+)-(112) 

This class of Cope rearrangement is commonly encountered among the germacrane sesquiterpenes, 
many of which contain a 1.5-cyclodecadiene skeleton. Examples are shown in Scheme 14. Distillation of 
germacrone (equation 70) effects Cope rearrangement to the divinylcyclohexane isomer pyrogexmac- 
rone.' l4 Substituents on the cyclodecadiene ring affect the conformation chosen for rearrangement.'l5 In 
hedycaryol for example, the hydroxyisopropyl group occupies an equatorial position in the preferred 
transition state conformation (114), leading to elemol of the configuration shown (equation 71).'l6 Com- 
parison of linderalactone and the related diol (116) in equations (72) and (73) is particularly instructive; 
the C - 0  bond of linderalactone must be axial, forcing the choice of chair conformation (115) for rear- 
rangement, but in diol (116), the C - 0  bond is free to be equatorial in the alternate chair conformation 
(117), leading to the opposite configuration at the ring junction in the product.115 

In highly substituted cyclodecadienes, Cope equilibria do not always lie totally on the side of the divi- 
nylcyclohexane. Linderalactone"' and isolinderalactone, for example, exist in a 1: 1 ratio at 160 'C 
(equation 72); the equilibrium has allowed a synthesis1lS of linderalactone through its isomer. Aldehyde 
(118) is converted in high yield to its cyclodecadiene isomer (119) by silica gel at room temperature, 
though curiously this Cope rearrangement cannot be effected by heating at 200 oC.1*9 Pyrogermacrone is 
converted by fluoride ion at room temperature to the conjugated ketone (113; equation 70), apparently by 
catalyzing the equilibrium with germacrone and then the tautomerization to the more stable conjugated 
isomer.105 

In this series, as well as the divinylcyclopentanes, the equilibria can be shifted completely in favor of 
the 10-membered ring by using the irreversible oxy-Cope rearrangement of 1,2-divinylcyclohexanols; 
the prototype (64 + 65) was shown in Scheme 7. This reaction type has found wide application in the 
synthesis of cyclodecane natural products, as illustrated in Scheme 15. In equation (74) the starting ma- 
terial was made beginning with (-)-cawone, leading after rearrangement to optically active germacra- 
nolides.Im Equation (75) shows one of the first spectacular successes in this area, the oxy-Cope step in 
Still's total synthesis of periplanone B, the sex attractant of the American cockroach.'*' These examples 
illustrate the range of substituents which the low temperature, anionic oxyCope rearrangement can tol- 
erate. The synthesis of eucannabinolide (equation 76)122 is novel in incorporating one of the vinyl groups 
into a cyclobutene ring, and an even more strained cyclobutene transition state is involved in the rear- 
rangement shown in equation (77).123 

A final class of oxyCope rearrangements leading to cyclodecenones is represented by spirodienol 
(120), which rearranges to a bicyclic ketone (121) containing a bridgehead double bond.lMb The related 
alkynic alcohols (122) behave similarly,'" but when R is H the initial product undergoes an intramolecu- 
lar Michael addition to afford (123). 
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Gennacrone F'yrogennacrone 

(+)-Hedycaryol (114) (-)-Elem01 

- - - 0- 
\ 1:l 

0 0 

Linderalactone (115) Isolinderalactone 

HO 
OH OH 

HO HO 
(116) (117) 

CHO 
93% 

(118) (1 19) 

Scheme 14 Cope rearrangement of gennacranes 

A recent modification due to Sworin and Lin is to incorporate an additional functional group into the 
substrate so that the intermediate enol can cyclize by intramolecular sN2' or Michael reactions. As shown 
in equations (78) and (79). this provides a novel route to hydroazulenes.lz 

7.15.5 1,2-Divinylcycloheptanes 
Very few Cope rearrangements of this type have been reported. The reaction shown in uation (80) 

implies that the divinylcycloheptane is favored in the equilibrium with a cyclo~ndecadieng~ but more 
examples are needed before this generalization is secure. 

At least one of the general protocols for effecting ring expansion by anionic oxy-Cope rearrangement 
has been applied to a cycloheptanone, and is shown in equation (81).lz6 The 2-vinyl group is inserted by 
Grignard reaction with the 2-chloro ketone, and additional vinyl Grignard reagent yields the divinylcy- 
cloheptanol. Heating then effects oxy-Cope expansion to the 1 1-membered ketone. 

7.1.5.6 1,2-Divinylcyclooctanes and Larger Rings 

At this point the Cope equilibrium shifts direction again, and 1,2divinylcyclooctanes and larger ho- 
mologs rearrange in good yield to afford 12-membered and larger rings (Scheme 16). The strain present 
in medium rings (8-11 members) is clearly a determining factor in these equilibria. Equations (82)Iz7 
and (83)lz8 show simple examples of divinylcyclooctanes which rearrange to 12-membered rings. 



Cope, Oxy-Cope and Anionic Oxy-Cope Rearrangements 81 1 

(74) 
RO,,, &k ,,o" KH, THF, 18crown-6- optically active - gennacranolides 67% 

HO 0 

____) 

i, MeJSiCl 
ii, MCPBA 

57% CH2OR 

a PeriplanoneB 
CHMe2 

CH20R 

(75) 

KN(SiMe& - "&HOMe I Eucannabinolide (76) 

0 
OMe OMe 

OH n 

KH, THF, 18-crown-6 

25 "C 
71% H 

Scheme 15 Cyclodecenones by Cope rearrangement of 1,2-divinylcyclohexanols 
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- 
C02Me 

(79) 

1,2,3,4-Tetravinylcyclobutane undergoes two consecutive Cope rearrangements, through a cyclooctane 
intermediate (equation 84), to a cyclododecatetraene. lZ9 

Larger rings participate easily in Cope rearrangements, and again the ring strain of a medium ring may 
help to induce rearrangement, as indicated by the mild conditions necessary for expansion of the divi- 
nylcycloundecane ring system in equation (85).130 The four-carbon ring expansion which the Cope rear- 
rangement allows offers the strategy of repetitive ring expansions leading to large rings. The most 
straightforward application is the oxyCope reaction, shown in equation (81) and again in equation 
(86)126,128 for the cyclododecane substrate. A number of ways12* have been published for introducing a 
2-vinyl group into a cyclic ketone in addition to the method shown in equation (81); vinyl Grignard addi- 
tion and oxy-Cope rearrangement then afford the enlarged ketone. Another practical repetitive strategy is 
shown in equation (87): two vinyl groups are inserted into a cyclic P-keto ester (124). and Cope rear- 
rangement of the diene (125) affords a homologated @-keto ester which can be subjected to the same se- 
quence. l 3  

7.1.6 VINYLBICYCLOALKENES AND OTHER BRIDGED DIVINYLCYCLOALKANES 

7.1.6.1 Vinylbicycloalkenes 

The most popular Cope substrates of this class, represented by (127), can be considered relatives of 
1,2-divinylcycloalkanes in which an additional carbon+arbon bond (as in 126) generates a vinylbicy- 
cloalkene. Concerted Cope rearrangement of (127) is permitted as long as the vinyl group is endo, and 
leads to a fused bicyclic diene (128), necessarily cis. The ring systems most frequently employed have 
been bicyclo[2.2.1 Jheptenes (x = y = l), leading to hydroindenes, and bicyclo[2.2.2]octenes (x = 2, y = l), 
which afford cis-decalin skeletons. Examples of the former are shown in equation (88)132 and the latter is 
illustrated in Scheme 5 (52 -+ 53). 

The most common route to these substrates is a convergent one in which the vinyl moiety is joined by 
Grignard addition to the bicyclic ketone, giving an alcohol which serves directly in the oxyCope or an- 
ionic oxy-Cope rearrangement. Equation (89) exemplifies this strategy beginning with dehydrocamphor 
(129),133 and equations (9O)lM and (91)*35 provide additional examples of construction of hydrindenones, 
as well as the example seen earlier in equation (27). Grignard addition can, of course, give a dia- 
stereomeric mixture of endo- and exo-alcohols, but fortunately the endo face of the ketone is usually 
more accessible and the major product is consequently that with the vinyl group endo. This simple two- 
step sequence is thus a powerful and versatile route to functionalized cis-hydrindanones; the rearrange- 
ment in equation (90) was used to synthesize dihydronepetalactone and, as illustrated in equation (91), an 
additional fused ring can be added if the vinyl group is incorporated into a ring.135 Notice, in equation 
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Scheme 16 Cope rearrangements of 1,2-divinylcyclooctanes and larger rings 
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(82) 

(W), that a substituent at C-7 in the bicycloheptene becomes attached, in a predictable configuration, to 
the five-membered ring in the Cope product. Moreover, a trans substituent at the f3-carbon of the vinyl 
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group ends up in the six-membered ring in a predictable configuration, based on the fact that in the tran- 
sition state (130) the group R prefers to lie oriented away from the rest of the molecule. 

H*C 

&O = 
(129) 

KN(SiMe& 

THF, 20 “C 
76% 

* 

0 & H 

...._ $? L..’ 

HJ 
R 

This strategy is equally powerful for the synthesis of cis-p-decalones from vinylbicyclo[2.2.2]octa- 
nols; examples were seen in equations (4), (6) and (12). Ketone (Z), prepared in 98% yield by anionic 
oxy-Cope rearrangement, was the starting material for two syntheses of the alleged ‘~annivonine’,~~~ and 
ketone (131; equation 92) was the key intermediate in Evans’ synthesis of l~ciduline.’~~ Propellane (133) 
is readily accessible138 by oxy-Cope rearrangement of tricyclic alcohol (132; equation 93). The bicy- 
clooctane skeleton may also incorporate heteroatoms, as in the aza derivative (134)’ which leads upon 
Cope rearrangement to a cis-hexahydroisoquinoline (135), an intermediate in Wender’s elegant synthesis 
of reserpine (equation 94).139 Again, if the vinyl group is contained in a ring, that ring becomes fused to 
the decalin skeleton, as in equation (93, showing Paquette’s approach to a forskolin model.140 

H2C=C(Me)MgBr R * 
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Still larger rings may be constructed by this general strategy; equation (96) shows the formation of a 
bicyclo[5.4.0]undecane by oxy-Cope rearrangement of a vinylbicycl0[3.2.2]nonane.'~~ 

A related substrate group is the 7-vinylbicycloheptenes (136), which rearrange to tetrahydroindenes 
(137), double bond isomers of the products shown in equation (88); an example was encountered earlier 
in Scheme 9 (79 + 80). These, too, are usually performed as oxy-Cope reactions, but suffer from two 
problems in comparison with the oxy-Cope rearrangements of 2-vinylbicycloheptenols (equations 89- 
91): (i) addition of vinyl organometallic reagents to 7-ketobicycloheptenes is not very selective, and 
usually gives the syn-alcohol as the major product, not the anti isomer required for concerted Cope rear- 
rangement142; (ii) as noted earlier for alcohol (5; equation 8), dienols of this type tend to give mostly 1.3- 
rearrangement products rather than 3,3-Cope rearrangements. This is also true for cyclic vinyl groups,I43 
as shown in equation (97), which illustrates both of these problems. anti-Alcohol (138) is the minor pro- 
duct of addition, and it rearranges predominantly by a 1,3-pathway, giving only 14% of the Cope product 
(139). Somewhat unexpectedly, Paquette et af. have found that replacement of vinyl with dienyl groups 
markedly increases the extent of Cope rearrangement,135 making this a practical route to tetrahydroind- 
anones. Examples are seen in equations (98) and (99). 

7.1.6.2 2-exo-Methylene-6-vinylbicyclo[2.2.2]octanes 

Another member of the divinylcycloalkane family is the title diene (la), which can be considered as a 
1,2-divinylcyclohexane in which one vinyl group is connected to the ring by an additional carbon. Cope 
rearrangement of (140) is of synthetic interest in leading to a product (141) containing a bridgehead 
double bond. The few examples of this type realized so far all use the oxy-Cope rearrangement to ensure 
formation of the strained products. The simplest example is (142), which undergoes anionic oxy-Cope 
rearrangement in high yield to (143); Martin et af. have studied several examples of this type?' including 
the preparation of the taxane model (71; Scheme 7). More complex examples in which an additional ring 
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(138) anti 
minor product 

(139) 14% 42% 

(97) 

is present include the conversion of (68) to (69 Scheme 7) and the rearrangement of (144) to (145)' the 
key step in Paquette's approach to cerorubenic acid acid-III.*44 &2%QEa 

(140) (141) 

7.1.6.3 Bridged 1,Wyclooctadienes 

A final variation of bridged divinylcycloalkanes is represented by (la), which can be thought of as a 
doubly bridged 1.2-divinylcyclooctane. Alternatively it can be considered as a bridged 1,5-cycloocta- 
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diene which could participate in a Cope equilibrium145 with the 1,2divinylcyclobutane (147). A handful 
of rearrangements of this type are known, and in every case not only does the equilibrium lie totally on 
the side of the cyclobutane, but the rearrangement occurs under unusually mild conditions, sometimes at 
room temperature (equations 100 and 101).l4 Apparently the strain in the cyclobutane ring is more than 
compensated by relief of nonbonded interactions in the tricyclic starting materials. 

H H  
W 0 C , 2 d  

H H  
100% 

7.1.6.4 Double Diastereoselection with Chiral Vinyl Substituents 

Previous examples in this section (especially equations 90 and 91, and 95-99) have made it clear that 
the use of substituted vinyl groups in oxy-Cope rearrangements of vinylbicycloalkenes leads to products 
with at least four stereogenic centers with essentially complete stereocontrol. If the vinyl moiety is not 
only cyclic but contains one or more chiral centers, then a large number of stereoisomeric products could 
result. In the search for control over the stereochemical outcome, Paquette et al. have investigated a 
series of chiral cyclopentene organometallic reagents (Scheme 17). 147 

Using the 7,7disubstituted bicycloheptenone (*)-( 148) reduces the number of possible stereoisomers, 
since organometallics add only from the endo face of the ketone. Still, when a chiral reagent such as (&)- 
(149) adds, two (*)-pairs (150 and 151) may result. The useful result is that one of these heavily pre- 
dominates, in this case (150), by a ratio of 16:l. Related reagents (152x155) give diastereomeric ratios 
not as high, but in each case the diastereomeric products are easily separated by chromatography; the 
predominant sense of preference is the same in each case. Because the anionic oxy-Cope then proceeds 
with total stereospecificity, the Cope product from (150) contains six contiguous asymmetric centers 
fixed in a single relative configuration. This convergent sequence, joining a chiral ketone with a chiral 
vinylorganometallic reagent, followed by oxy-Cope rearrangement, not only regenerates a carbonyl 
group but creates six or more asymmetric centers with high specificity and An example of its 
application is shown in equation (102): addition of the cerium reagent (156) to (148) gives alcohol (157) 
in a 12: 1 diastereomeric ratio, and oxy-Cope rearrangement then provides the as-indacene subunit of ika- 
rugamycin with its six asymmetric centers.149 

When one of the initial reagents is optically active and the other is used in excess, then the dia- 
stereomeric preference results in kinetic resolution. An examplelS0 is the reaction of racemic (149 six- 
fold excess) with (-)-isopiperitenone (158). which gives (+)-(159) and (-)-(160) in a ratio of 4.8:l. After 
separation each of these undergoes anionic oxy-Cope rearrangement to the optically active cyclodecadi- 
enones (161) and (162). These incisive studies demonstrate that the oxy-Cope rearrangement can be used 
to rapidly assemble complex polycyclic skeletons with remarkable control over the creation of multiple 
chiral centers. 
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(+)-(161) (-)-(162) 
Scheme 17 Double diastereoselection with c h i d  vinyl organometallics 

7.1.6.5 Tricyclic Skeletons 
We close this section with a brief look at tricyclic skeletons formed by joining the vinyl group of a vi- 

nylbicycloalkane to the bicyclic ring system with additional carbons. Such skeletons are easily accessible 
through Diels-Alder reaction of cyclopentadienes with cyclic dienes or trienes. Cope rearrangements of 
dicyclopentadiene derivatives have the special property of regenerating the original ring system with 
shuffled carbons, as illustrated by rearrangement of (12) in Scheme 2. This reaction type was discovered 
by Woodward and Katz with the alcohols (56) and (57; Scheme 6), and a number of related examples are 
now known.151 
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When the vinyl group is situated in a ring larger than five, nondegenerate rearrangements of possibly 
more synthetic utility take place. The adduct (163a) of cyclopentadiene and 0-benzoquinone, for 
example, remanges to (161a) in refluxing benzene;l52 Cope rearrangement occurs so readily that fre- 
quently Diels-Alder adducts of cyclopentadienes are not isolated, as seen in equation (103) for the re- 
action with cyclohexadienones. 153 

v o  

(163a) 

R3 A 
I 

R' 

(103) 

R' 

The facility of Cope rearrangement depends on the nature and length of the bridge connecting the 
vinyl group to the ring. Systems with bridges of three and four saturated carbons do not rearrange,1M but 
unsaturated three-atom bridges still rearrange easily, as shown in equations (104)155 and (105).156 

__c 

Ph 

Ph 

7.1.7 STEREOSPECIFICITY 

The preceding discussion has demonstrated how the specificity inherent in the cyclic transition state 
may be used to fix structural elements in Cope products, establishing double bonds and other functional 
groups in definite relationships in a variety of acyclic and cyclic skeletons. This final section treats the 
remarkable consequences of cyclic transition states in stereochemical control, including alkene configu- 
ration and both relative and absolute configuration at stereogenic centem2 

7.1.7.1 Transition State Conformation 
Restricting consideration to suprafacial-suprafacial geometries, 15' two limiting conformations are 

possible for the six-membered cyclic transition state, a four-center or 'chair' conformation with stag- 
gered allyl units which resembles chair cyclohexane, and a six-center or 'boat' conformation with 
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eclipsed allyl fragments which approximates boat cyclohexane (Scheme 18). The classic experiments of 
b r i n g  and Roth160 first showed the preference for chair conformations in Cope rearrangements of acy- 
clic 1,5-dienes. meso-3,4-Dimethyl-l,5-hexadiene rearranged to the (EZ)-isomer of 2,6-octadiene, with 
only 0.3% of the ( E a  isomer (equation lM), while the racemic starting material afforded 90% of the 
(E&)-octadiene and 10% of the (ZZ)-isomer (equation 107). These results revealed a difference of at 
least 5.7 kcal mol-' in free energies of activation favoring chair conformations. 

chair 

E- 
meso 

T- 
racemic 

Rc - 

chair 

I 1  
-Zz 
-4s.- 
- boat - 

chair I 

/& 
chair II 

1 1  
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:.- 

boat 
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(EZ) 99.7% 
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- .#I7 
(ZZ) 10% 

-7 (EZ) 0% 

R 

Scheme 18 Cope transition state conformations 

Several additional ingenious experiments devised to probe energy differences between chair and boat 
transition states have reached similar conclusions. In Scheme 1, equation (b), racemic 2,2'-bis(methyE 
enecyclopentane), which must adopt a chair conformation for rearrangement, rearranges 18 OOO times 
faster than its meso isomer, which must use a boat conformation.20 Moreover, chair and boat transition 
states in equation (c), Scheme 1, would lead respectively to racemic and meso products; the observed 
product ratio of 130: 1 gives an energy difference of 4.3 kcal mol-' favoring the chair conformation.21 
Although most Cope reammgements thus prefer chair transition states, the boat conformation is clearly 

energetically accessible and may be required by special structural features. In Scheme 1, equation (d), for 
example, the lactol ring forces the substrate to rearrange through a boat transition state." 1,2-Divinylcy- 
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clopropanes and most 1,2-divinylcyclobutanes employ boat transition states, as noted in Section 7.1.5 
since the vinyl groups are held nearly eclipsed, but increasing ring size allows greater flexibility. In 1,2- 
divinylcyclopentanes both chair and boat conformations are observed (equation 64), and the 1,2-divi- 
nylcyclohexane--l,5-~yclodecadiene equilibrium uses only chair conformations (cf. 50). 
Vinylbicycloalkene rearrangements are forced into inflexible boat transition state conformations, impos- 
ing a fixed (and predictable) stereochemical relationship of chiral centers in the products, as seen earlier 
in equations (12), (27). (90), (94) and (95). 

7.1.73 Double Bond Configuration 

A corollary of the preference for chair conformations is the accompanying preference for substituents 
at sp3 carbons to occupy equatorial, rather than axial, positions. This is shown clearly in the rearrange- 
ment in equation (107), which proceeds primarily through chair I conformation, with both methyls equa- 
torial, rather than chair 11, with the methyls axial. The immediate and important consequence, as 
emphasized in equation (108), is that transition states with equatorial substituents lead to (@-double 
bonds, while axial substituents afford (2)-double bonds, and that accordingly double bonds produced by 
Cope rearrangement are nearly always (E). Examples of this predominant formation of @)-alkenes have 
been seen in equations (17). (36), (74)-(76), (81)-(87), and Scheme 1, equation (a), and with compounds 
(85) and (89). When two substituents are attached to the same carbon in the substrate, the larger, of 
course, prefers the equatorial position, still affording usually the @)-alkene [cf Scheme 2, equation (d)]. 
The relationship between 'size' of substituent and (b')/(z) product ratios can be put on a quantitative 
basis: using experimental values of AGO for equatoriaVaxia1 preference of substituents in cyclohexanes 
allows the prediction of (E)/(2)  ratios in Cope products.16' In the rearrangement of (75) two substituents 
(methyl and ethynyl) are of similar size and the product is a 5545 (2):(E) mixture.62 In oxy-Cope rear- 
rangements the equatorial/axial preference of the oxygen substituent often depends on solvent or charge; 
the rearrangement in equation ( 109)162 affords @)/(a mixtures when catalyzed by bases but nearly pure 
(@-isomer when carried out in a nonpolar solvent.162 

%95% (E)  

7.1.73 Erythro-Threo Raticw 

When both vinyl groups contain @-substituents, two chiral centers are produced by Cope rearrange- 
ment. The asymmetry of two unsymmetrical double bonds is translated into a specific and predictable 
erythrolfhreo ratio by the cyclic transition state, as illustrated in equation (1 10). This erythrolfhreo speci- 
ficity is nicely demonstrated in the experiments of Gajewski er al. (equation 11 1),163 in which fhreo- 
(Z,Z)-4,5-dimethyloctadiene is cleanly equilibrated at 220 'C with the (E,@-isomer. Another instructive 
study is that of Evans and Nelson,13 who subjected all four racemates of alcohol (163b) to anionic oxy- 
Cope rearrangement; two are shown in equations (1 12) and (1 13). The cis- and frans-butenyl side chains 
lead to different stereoisomer mixtures, that in equation (1 12) giving a 96:4 ratio favoring one product, 
while in equation (113) the other predominates by 99:l. The specificity of these rearrangements was 
used to advantage in a stereospecific synthesis of (f)-juvabione. Another example of control of ery- 
fhrolfhreo stereochemistry is seen in equation (16). 

R' R' 

7.1.7.4 Transfer of Chirality 

A final consequence of the chair transition state is its ability to effect a 'self-immolative' asymmetric 
synthesis, i.e. the transfer of chirality from a stereogenic center in the substrate to a new center in the 
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product. This was first demonstrated by Hill and GilmanN in the investigation outlined in Scheme 19. 
Cope rearrangement of optically active (164b) led to two isomers of (165)’ resulting from the two chair 
transition states shown. The diastereomeric products had opposite configurations at both the double bond 
and asymmetric center, but most importantly, the degree of ‘asymmetric transmission’ was greater than 
97%. Similar results were obtained with substrate (166), which gave the @)-(E)- and (R)-(a-isomers of 
(167) in an 87:13 ratio, both formed with greater than 97% transfer of chirality. These results place an 
upper limit of 2-3% contribution from boat or any antara-antara transition states.*O Another instructive 
examplelW is the Cope rearrangement of steroidal dienone (168); the chair transition state requires that 
an (R)-configuration be generated as the butenyl group migrates to C-4, but an (S)-configuration during 
migration to C-2. 

The ability of the Cope rearrangement (as well as the Claisen and other sigmatropic rearrangements) to 
generate a new stereogenic center in a predictable configuration and with almost total stereospecificity is 
unique in organic synthesis in not requiring external chiral reagents, catalysts, or solvents; all the stereo- 
chemical information in the substrate is transferred to the product through a cyclic transition state which 
can usually be analyzed by the simple rules of cyclohexane conformational analysis. An elegant applica- 
tion is Koreeda’s use of the anionic oxy-Cope rearrangement of (171) to create C-20 of the steroidal side 
chain in the correct (R)-~onfiguration,’~~ It is reassuring that the degree and direction of asymmetric in- 
duction in oxy-Cope and Pd-catalyzed Cope  rearrangement^^^ are essentially identical with those in 
simple thermal rearrangements. 

7.18 CONCLUSIONS 

Developments since 1940, when Cope first reported this striking rearrangement, have transformed it 
from a laboratory curiosity into a powerful synthetic method. Today’s chemist can quickly assemble 
oxy-Cope substrates by Grignard additions and rearrange them at room temperature with base or metal 
catalysis. A wide range of ring sizes can be expanded or contracted by Cope rearrangements, and it has 
become one of the methods of choice for the preparation of medium rings. Equilibria can be controlled 
by choice of substituents and double bonds can be created in predictable configurations. The transfer of 
stereochemical information in a cyclic transition state allows stereogenic centers to be assembled in high 
optical purity. Finally, the emphasis in recent years on rearrangements of bridged bicyclic substrates has 
demonstrated that complex polycyclic molecules with six or more asymmetric centers can be constructed 
quickly and stereospecifically by rational design centered on Cope rearrangements. 
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Scheme 19 Transfer of chirality in Cope rearrangements 
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73.1 INTRODUCTION 

This article surveys variants of the Claisen rearrangement that are of general use in stereoselective or- 
ganic synthesis. Recent results concerning the influence of steric and electronic parameters on transition 
state geometries are highlighted. The impact of the Claisen methodology in modern synthetic strategy 
and its application for the preparation of highly functionalized derivatives is exemplified. 

2; equation 1) has 
become one of the most powerful tools for stereoselective carboxwarbon bond formation.* Much of its 
current popularity is due to the subsequent development of a series of new variants of this 3.3-sigma- 
tropic rearrangement. In 1940, Carroll reported the base-catalyzed rearrangement of p-keto esters and 
allylic alcohols to alkenic ketones (3 + 4 + 5; equation 2).3 Twenty years later, Saucy and M e t  dem- 
onstrated the acid-catalyzed reaction of tertiary propargylic alcohols with isopropcnyl methyl ether to 

Since its discovery in 1912,' the Claisen rearrangement of allyl vinyl ethers (1 

827 
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give f3-ketoallenes in high yields (6 -+ 7 + 8; equation 3): An application of this process for the prep 
aration of geranylacetone led to a commercial synthesis of vitamin A. 

Claisen (1) 

Although the preparation of y&unsaturated carboxylic acids by the aliphatic Claisen rearrangement of 
magnesium enolates had been demonstrated as early as 1949? a significant breakthrough was realized in 
1964 by Eschenmoser and coworkers.6 The exchange of amide acetals with allylic alcohols and sub- 
sequent in situ sigmatropic rearrangement greatly facilitated the stereoselective synthesis of y,&unsatu- 
rated amides (9 10 -+ 11; equation 4). The closely related acid-catalyzed exchange of orthoacetals 
with allylic alcohols, reported by Johnson and coworkers in 1970: represents another important stage in 
the proliferation of the Claisen rearrangement in organic synthesis (12 -+ 13 -+ 14; equation 5). It is im- 
portant to note that although both the Eschenmoser and the Johnson rearrangements are usually con- 
ducted at elevated temperatures, these conditions are required for the alcohol exchange reaction, and not 
for the actual rearrangement which can occur at significantly lower temperatures.8 

NMe2 MeO OMe 
NMez 

OH xylenes, 150 o c  
R 

M e 0  OMe 
>OMe 

OH propionic acid (ca; 
138 O C  

R L 

Eschenmoser (4) 

Johnson (5) 

In 1972, a further brilliant improvement on the Claisen rearrangement was realized by Ireland and co- 
workers? Ester enolization with lithium dialkylamide bases, lo followed by silylation with TMS-C1, 
generated reactive silyl ketene acetals at -78 ‘C or lower temperatures. Sigmatropic rearrangement to 
easily hydrolyzable y,&unsaturated silyl esters occurred at ambient temperatures (15 -+ 16 -+ 17; equa- 
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tion 6). A particularly important aspect of this process is the simple control of enolate geometry that can 
be achieved by solvent selection." The use of zinc enolates derived from a-halo esters in a Refonnat- 
sky-claisen combination has also been briefly reported (18 + 19 + 2 0  equation 7).12*13 However, the 
latter method has not been further developed, and in the past decade the Ireland silyl ester enolate se- 
quence has proven to be perhaps the most general way to effect a stereocontrolled Claisen rearrange- 
ment. 

In 1978, Bellus and Malherbe reported a ketene version of the Claisen rearrangement. Treatment of 
allylic ethers with in situ prepared dichloroketene provided rearrangement products in good yield (21 + 
22 + 23; equation 8).14 This procedure works well also with allylic sulfides.1s.16 In 1982, finally, Den- 
mark and Hamata demonstrated a first example of a carbanion-accelerated Claisen rearrangement (24 + 
25 -+ 26, equation 9).17 Related applications of the rate enhancement by formation of anionic species 
have been reported since,'* and research in this area will undoubtedly provide further mechanistic insight 
into the 3,3-sigmatropic rearrangement and expand its synthetic scope even further. 

0 

D - i' 85 "' eo Refonnatsky-Claisen (7) 
Zn dust JOB' 

benzene ii, H30+ 

(18) (19) (20) 

PhS02 PhS02 

50 O C  
0 Carbanion-accelerated Claisen (9) 

(24) (25) (26) 

From 1964 to 1990, the discovery of highly versatile stereoselective variants supported a period of im- 
pressive growth in the number of synthetic efforts which employ a Claisen rearrangement for a key carb- 
on-carbon bond forming process (Table 1). This increase in experimental applications was accompanied 
by a continuous interest in mechanistic analysis and theoretical understanding of the reaction. 

In this review, the use of the Claisen rearrangement in stereoselective organic synthesis and mechanis- 
tic aspects of the reaction are highlighted. Due to the wealth of data, sections concerning the photo,I9 

zwitterionic amino?' thia,22 pho~pha?~ and metallo" as well as retro-Claisen' rearrangements had 
to be omitted. Polyhetero 3.3-sigmatropic shifts have also been excludednz6 Consecutive processes invol- 
ving Claisen rearrangements are covered in Chapter 7.3. The closely related 2,3-sigmatropic remange- 
ments are discussed in Chapter 4.6 of Volume 6 in this series. Literature examples were mostly taken 
from reports published between 1985 and 1990, in order to provide information complementary to pre- 
viousz overviews. 
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Table 1 Number of Publications with Reference to Claisen Rearrangements Between 1%7 and 1990 
(Source: Chemical Abstracts) 

- 

- 

- 

1967-70 1971-74 1975-78 1979-82 1983-86 1987-90 

73.2 SYNTHETIC ASPECTS OF THE CLAISEN REARRANGEMENT 

7.2.2.1 Definition 

The Claisen rearrangement can formally be considered as the intramolecular SN' addition of a carbonyl 
enol (X = 0), thiocarbonyl enol (X = S) or enamine (X = N) to an allylic ether, sulfide or amine, respec- 
tively, forming a carbon+xrbon a-bond. The process involves concomitant r-bond migration and falls 
under the classification 3,34gmatropic shift.27 It is usually referred to as concerted, although in fact a 
spectrum of mechanisms may be operative.28 Other positions in (27) may be occupied by heteroatoms 
(hetero- and polyheteroClaisen rearrangements) and the degree of unsaturation may be higher than de- 
picted. In the aromatic Claisen rearrangement, carbons l and 2 are part of an aromatic system. 

2 
X = 0: Claisen rearrangement 
x = s: thia-Ciaisen rearrangement 
X = N: aza-Claisen rearrangement 

= x%' 

5 

(27) (28) 

73.2.2 Methods of Preparation of Allyl Vinyl Ethers 

Allyl vinyl ethers are typically prepared by either mercury- or acid-catalyzed vinyl ether exchange 
with allylic alcohols or acid-catalyzed vinylation of allylic alcohols with acetals.29 However, yields in 
these reactions are often low, and the use of mercury is not without concerns. Biichi and Vogel de- 
veloped a mercury-free Claisen sequence, via reaction of sodium or lithium salts of primary and second- 
ary allylic alcohols with the betaine (29) derived from ethyl propiolate and t~imethylamine.~~ Heating of 
the product, (~-3-(allyloxy)acrylic acid (30), leads to y,&unsaturated aldehydes (31; Scheme 1). The 
scope of this reaction is limited to primary and secondary allylic alcohols. Tertiary allylic alcohols can be 
vinylated by a Michael-type addition to a vinyl sulfoxide, followed by elimination of PhSOH (Scheme 
2)?l This method is closely related to the earlier demonstrated intramolecular bromoetherification, fol- 
lowed by base-catalyzed elimination of HBr?2 and the phenylselenenyl etherification/selenoxide elimi- 
nation33 reaction. Base-catalyzed intramolecular addition of allylic alcoholsM or allyloxy radicals35 to 
alkynes, or dehydration?6 are alternative means for the construction of the vinyl ether functionality. 
Allyl vinyl ethers may also be generated from carbonyl precursors by Wittig-type alkenation reactions. 
Corey and Shulman made use of allyloxytrimethylphenylphosphonium ~ l i d e s ? ~  and Paquette and cowor- 
kers applied the Tebbe reagent for the preparation of allyl vinyl ether (36) from lactone (35) in the course 
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of a synthesis of (f)-precapnelladiene (Scheme 3)?* Interestingly, this ring expansion occurs only when 
the methyl group on the six-membered ring can assume an equatorial position in the chair-like transition 
state. Epimerization at the carbonyl a-position occurs due to enolate formation under the strongly basic 
thermolysis conditions. 

04 '~~ 150-200 O C  
i, 6 4 0 2  - -b quantitative yield 

Me,N + - - CO2Et - Me3N&C02- 
THF, 65 OC, 14 h 

ii, H~O+ 

(29) (30) 

(31) 

Scheme 1 

Bu'Me2SiO ButMe2Si0 

0 - 
NaH (cat. KH) 
THF, r.t., 3 h 

Bu'MQSiO 81% 

(33) 

Y O S i M e 2 B u '  

ButMe2Si0 RCH0 
Scheme 2 

Tebbe 200 "C 
___) ____c 

90% 0 

(35) (36) 

Scheme 3 

(37) 

Whereas Eschenmoser and Johnson variants of the Claisen rearrangement utilize an excess of amide 
acetal and orthoester precursors, respectively, for generation of the vinyl ether functionality, the Carroll 
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and Ireland versions am especially useful because of the ease and economy in preparing the Claisen sys- 
tem, as will be seen in the following sections. 

7 3 3 3  The Claisen Rearrangement of Allyl Vinyl Ethers 
The uncatalyzed 'traditional' Claisen rearrangement of allyl vinyl ethers is still very much in use, es- 

pecially for the prepmation of quaternary centers of carbocyclic systems. The rearrangement is highly 
exothermic, but generally requires temperatures of 150-200 'C and is therefore limited to thermally 
stable compounds. 

Recent representative examples of this procedure include an a-allylation of p-tetronic acids (Scheme 
4)?9 the preparation of chiral2,2-disubstituted cyclohexanones (42) in high enantiomeric excess via chir- 
ality transfer (Scheme 5),40 and the rearrangement of intermediates for confomationally constrained 
peptide mimics (Scheme 6)?' For their synthesis of neosporol, Ziegler and Nangia alkylated the potas- 
sium enolate (46) with mesylate (47) in HMPA?2 The yield in the rearrangement of nitrile (48) was 
highly dependent upon the purity of the starting material. Trace impurities increased the amount of elimi- 
nation product. In silylated glassware43 and under high dilution conditions, a 16:l mixture of dia- 
stereomeric ketones (49) and (50) was isolated (Scheme 7). 

R = M e  
R = B n  
R I P +  

Scheme 4 

Isolated yield (%) 

56 14 

56 18 
58 7 

[ f 'yq cat. p-TsOH 
95 "C, 8 h 

c ___) 

0 
L 

Scheme 5 

SiMe, 

i 

87% 

OH eo 
(43) 

i, allyl iodide (1.2 equiv.), *@Et (1.3 equiv.), acetone, 16 h; (44):(45) = 9:l; ii, decalin, reflux, 1 h 

Scheme 6 
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ii 

47% 

OMS OSiMezBu' 
i 

47% 
- 

(49) (50) 

i, THF/HMPA, 0 OC, 18-crown-6,2 h; ii, nonane, 151 OC, 4 h 

Scheme 7 

In a series of elegant studies, Paquette and coworkers demonstrated the potential of the Claisen rear- 
rangement for the stereocontrolled total synthesis of natural products.44 Dehydrative c0upling4~ of (2)-3- 
(trimethylsilyl)-2-propen- 1-01 with cyclohexanone (51) under Kuwajima's conditions,* followed by 
rearrangement of enol ether (52) in decalin, led in excellent stereoselectivity (>99:1) to aldehyde (53; 
Scheme 8)."7 Concise construction of the eight-membered core of acetoxycrenulidine was achieved by 
intramolecular phenylseleno etherification of lactone (54). introduction of the exocyclic vinyl ether 
double bond by selenoxide elimination and subsequent Claisen rearrangement (Scheme 9, 66% from 
54).4* 

(52) 

Scheme 8 

(53) 

(W (55) (56) 

i, N-(phenylse1eno)phthalimide. CHzClz; NaI04, NaHC03, MeOH, HzO ii, EtzNH, mesitylene, A 

Scheme 9 

Mandai, Saito and coworkers recently described a new synthesis of isocarbacyclin, which features a 
crucial one-pot, three-step transformation: tandem tertiary allyl vinyl ether formation, Claisen rearrange- 
ment, and ene cyclization led from alcohol (57) directly to bicyclo[3.3.0]octane (5% Scheme 

Clearly, due to improvements in the preparation of the allyl vinyl ether moiety, there is a trend even in 
the classical Claisen rearrangement to tackle more complex structural challenges successfully. 
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n 
0 0  e SiMe3 

h -w CSH I 1 

OH OSiMezBu' 

(59) 

i, phenyl vinyl sulfoxide, NaH (1 equiv.)/KH (cat.), THF, r.t., 4 h; ii, NaHC03 (excess), 
decalika-pinane (2: l), 200 OC, 24 h 

Scheme 10 

733.4 The Aromatic Claisen Rearrangement 

3.3-Sigmatropic rearrangement of an allyl aryl ether gives an ortho-dienone, which usually enolizes 
rapidly to the ortho-allylphenol (ortho-Claisen rearrangement, 60 + 62, equation 10). If the ortho posi- 
tion is substituted, a second 3,3-sigmatropic shift followed by enolization yields a para-allylphenol 
(para-Claisen rearrangement, 60 3 64, equation 10). In general, the orthociaisen product predomi- 
nates, but sometimes some para product is obtained even if one or both ortho positions are unsub 
stituted.5O No reaction occurs when all ortho and para positions are substituted. The rearrangement 
requires temperatures in the range of 150 to 225 'C and is usually regarded as concerted.S1 In the 'abnor- 
mal' Claisen rearrangement?2 a subsequent homodienyl 1.5-sigmatropic H-shift leads to the formation of 
isomeric allyl phenols (67) and (69) (equation 11)?3 Recent applications of the aromatic Claisen rear- 
rangement involve syntheses of flavenes,54 dideoxydaun~mycinone~~ and dihydrocoumarins?6 

733.5 The Carroll Rearrangement 
the relative 

ease of preparation of the parent system by condensation of allylic alcohols with acetoacetic esteS7 or di- 
ketene and the defined configuration of the intermediately generated double bond. The Carroll rearrange- 

Among the most favorable features of the Carroll variant3 of the Claisen rearrangement 
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L J 

0 
I 

OH "9" 
OH // 

(66) (67) normal product 

(10) 

(69) abnormal product (as) 

ment has been utilized on a commercial scale for the synthesis of geranyl acetone as well as @- 
ionone.58959 

An improved version of the Carroll reaction, the ester enolate Carroll rearrangement, was reported in 
1984 by Wilson and Price.60 Dianions of allylic acetoacetates, generated by treatment with 2 equiv. of 
LDA at -78 "C in THF, were rearranged at room temperature or 65 'C to yield @-keto acids in 40-8096 
yield (equation 12). In thecourse of a synthesis of the sesquiterpene isocomene, Snider and Beal used 
this method for the rearrangement of acetoacetate (73), prepared in 83% yield from reaction of cyclopen- 
tene (72) with diketene and a catalytic amount of DMAP (Scheme 1 1).(j1 The (E)-isomer of ketone (74) 
is obtained stereospecifically, since there is a severe steric interaction between the methyl groups in the 
Carroll rearrangement transition state leading to the (2)-isomer. 

(12) 
r.t.,Zh x s i M e 3  

0 0  OLi OLi 0 

(69) (70) (71) 
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r -  83% 
I I 

(72) (73) (74) 

i, diketene, DMAP, ether, -25 OC to r.t.; ii, 2 equiv. LDA, THF. reflux and then CCh, reflux 

Scheme 11 

Another modification of the Carroll rearrangement was used by Gilbert and Kelly for the dia- 
stereoselective formation of contiguous quaternary centers.62 Transformation of an allylic &keto ester 
into a silylketene acetal is followed by a 3,3-sigmatropic rearrangement which generates the desired 
carbon-carbon bond in good yield and with excellent stereocontrol (Scheme 12). Ester (79) was thus iso- 
lated as a single isomer in 73% yield. 

0 0  I O  

(75) (76) v'i Et - iii Me3Si0 - iv Me0 w "rf Me3SiO 

Me3SiO 0 

(77) (78) (79) 

i, HMDS, imidazole, reflux; ii, LiTMP, TMEDA, THF, -50 "C; Me3SiC1, Et3", HMPA, -76 "C, 4 h; iii, r.t., 
3 h, then 40 "C, 12 h; iv, 1% HCI, MeOH, 0 "C, 15 min; CHzN2 

Scheme 12 

A Ciba-Geigy group used the Carroll reaction for the synthesis of hydroxyethylene dipeptide iso- 
st~res.6~ Alcohol (80) was converted with diethyl isopropylmalonate to the mixed malonic ester deriva- 
tive (81) by Ti(OEt)4 catalysis. Subsequent sigmatropic rearrangement of (81) was also effectively 
catalyzed by Ti(OEt)4, thereby allowing a one-step conversion of the allylic alcohol (80) to ester (82) 
(Scheme 13). 

moL$oEj R' pr' OEt 

(81) (82) 

i, diethyl isopropylmalonate, Ti(OE04, 16&190 "C 

Scheme 13 

73.2.6 The Eschenmoser Amide Acetal Rearrangement 

of the ynamineClaisen 
The 3.3-sigmatropic shift of ketene N,O-acetals, fvst developed by Eschenmoser,6lu preceded studies 

where the reactive intennediate is formed at ambient tempera- 
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ture by treatment of the ynamine with an allylic alcohol. Sucrow and Richter have studied the stereo- 
chemistry of the rearrangement of the dimethyl acetal of N,N-dimethylpropionamide with (E)- and (3- 
crotyl the stereochemistry of the 
products can be explained by an axial orientation of the C( 1)-methyl group of the ketene N,O-acetal(83 
and 88, equation 13). (2)-Ketene N,O-acetals (83) and (88) are predominant under thermodynamic re- 
action conditions. Using the ynamine method, Bartlett and Hahne succeeded in preparing the less stable 
kinetic diethylamide analogs of (@-ketene N,O-acetals (85) and (86) at 140 'C, where rearrangement is 
competitive with isomerization.68 

Based on the assumption of a chair-like transition 

II 
?do '% q C O N M e 2  97% 

NMe2 

In a stereocontrolled route to thromboxane B2, Corey and coworkers used the Eschenmoser rearrange- 
ment for the preparation of lactone (91; Scheme 14).69 The product of the 3.3-sigmatropic shift, amide 
(90), is directly iodolactonized, thus avoiding often troublesome amide hydrolysis conditions. Another 
application involving a carbohydrate derivative was demonstrated by Fraser-Reid and coworkers 
(Scheme 15)?O Reductive elimination of benzylidene (92), followed by in siru alkylation, Wittig re- 
action, DIBAL-H reduction and rearrangement, led to amide (94). which was transformed into the corre- 
sponding pyranoside diquinane by double radical cyclization. 

N-Silylketene N,O-acetals can also be generated from allyl N-phenylimidates by deprotonation and 
subsequent N-silylation?l Predominant (Zpconfiguration of the vinyl ether double bond in (96) leads, 
under the assumption of a chair transition state, with allylimidates (95a-d) preferentially to anti-products 

CONMe2 

ii 

76% 80% 
I 

OH OH OH 

(89) (90) (91) 

OH 
,,\\*'' - - 

OH 

Thromboxane B2 

i, NJV-dimethylacetamide dimethyl acetal, diglyme, 25 to 160 "C; ii, I,, THF/H,O, 0 OC, then Bu3SnH, 
NaE4H4, benzene 

Scheme 14 
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(92) (93) (94) 

i, BuLk BrCH2C02Et; Ph3PCHC02Et, THF, DIBAL-H, toluene; ii, Nfl-dimethylacetamide dimethyl acetal, 
toluene, reflux, 4 A MS; MeOH, H20, Et3N 

Scheme 15 

(97a-d) (Scheme 16, Table 2). The sigmatropic rearrangement of (@-configured allylic ester occurs 
smoothly at room ternperat~re.~~ The striking drop in stereoselectivity observed for (95e) can be at- 
tributed to the partial formation of the (@-configured enolate, probably due to energetically favorable 
chelate formation opposing energetically unfavorable A'~~-strain~~ during the enolization process. 

Bu'MezSi. . Ph - ii o$Rl + 0 3 R I  

R* '"I R2 
~ ~~~ R3 R3 

0 j Y R l  
$ @ R 2  

R3 

(95) (96) (97) (98) 

i, LDEA, THF, 1 h, -78 OC; ButMe2SiCl, HMPA, 1 h, -20 OC; ii, 24 h, r.t.; NHdCl. H20 

Scheme 16 

Table 2 Claisen Rearrangements of Allylimidates (95)" 

Ratio 
(98) 

Entry R' R2 R3 Yield (5%) 
(97) 

1 Me Me H 67 90.7 
2 Me n-Pr H 66 90.9 - 
3 Me Me Me 59 98.1 
4 Me Me SiMe3 64 99.2 
5 OMe Me H 54 46.6 

9.3 

53.4 

Complete chirality transfer in the formation of the quaternary center in acetal (100) was observed by 
Fujioka and coworkers in the synthesis of (R)-(+)-3'-methoxy-4'-O-methyljouber&iamine (Scheme 17).74 

Me2N(OMe)2Me 

110 "C 
* 

OMe OMe 

(99) (100) 

Scheme 17 
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7.2.2.7 The Johnson Ortho Ester Rearrangement 

Contrary to the Carroll and the Eschenmoser rearrangements, Johnson rearrangement7 of propionic 
acid derivatives fails to give stereochemically defined ketene  acetal^.^^*'^ This variant has therefore most 
successfully been applied to orthoacetates or ortho esters with fugitive groups in the a-position that are 
eliminated after the rearrangement step.77 The stereoselectivity of the 3.3-sigmatropic shift itself, how- 
ever, is excellent (generally >98%7). In an elegant synthesis of (+)-15(S)-prostaglandin A2, Stork and 
Raucher used the Johnson rearrangement for a crucial transfer of chirality from alcohol (101) to ester 
(103) (Scheme 18a).78 Due to expected formation of a mixture of (Q- and (E)-ketene acetals, approxi- 
mately a 1:l mixture of epimers is formed (which in this particular synthesis is irrelevant because the 
center is equilibrated at the end). 

xylene 

160 "C 
l h  

- 
M e 0  

Me02C &,:+ 1 :  + 
OH 

In an attempt to develop a synthetic strategy for 1,4- and 1,5-stereoselection by sequential aldol addi- 
tion to a,&unsaturated aldehydes followed by Claisen rearrangement, Heathcock and coworkers exam- 
ined the Johnson-Faulkner rearrangement of aldol (105; Equation 14).79 Although keto ester (106) was 
obtained in 40% yield, the major products seemed to derive from p-elimination.gO In a somewhat related 
system, rearrangement of allylic alcohols (108) and (109), obtained by addition of isopropenylmagne- 
sium bromide to aldehyde (107), yielded the same 1.51 mixture of ethyl esters (110) and (111) (Scheme 
18b).*I The desired isomer (110) was purified by HPLC and used in the total synthesis of the cyclodepsi- 
peptide geodiamolide A. Suzuki, Kametani and coworkers applied the ortho ester rearrangement in their 
enantioselective synthesis of (-)-chokol A.82 Allyl alcohol (112) was converted into the separable methyl 
esters (113) (51% yield) and (114) (19% yield), along with 5% recovered starting material (Scheme 19). 

In the context of the synthesis of a precursor of la,25-dihydroxyvitamin D3, Posner and Kinter treated 
allylic alcohol (115) with ethyl orthoacetate in a sealed t ~ b e . ~ ~ , ~  The resultant y,&unsaturated ester 
(116), formed in 85% yield, was sulfinated, oxidized and pyrolyzed to form the desired dienoate ester 
(117) in 3540% overall yield (Scheme 20). This sequence was considerably improved by the use of sul- 
finylacetate (118). Johnson rearrangement and subsequent in situ sulfoxide pyrolytic 1 ,Zelimination 
gave ester (117) in a gratifying 89% yield as a 4: 1 mixture of (E)@!) geometrical isomers.85 

MeC(OEt), - 
Et02C ' OSiMe3 

I I  

Bu'CO~H, 135 'C 0 
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+ EtO2C m O S i M y B u t  

NH 

Geodiamolide A 

i, H2C=C(Me)MgBr, THF, reflux; ii, MeCH2C(OEt)3, EtCOZH, 110 "C 

Scheme 18b 

- 
___.) 

b O H  

(MeO)Q4e (5 equiv.) 

propionic acid (0.1 equiv.) 
xylene, 150 "C, 1 h wco2Me 

(113) X = P-H (-)-ChOkOl A 

HO P 
(312) 

(114) X = a-H 

Scheme 19 

7.2.2.8 The Ireland Silyl Ester Enolate Rearrangement 

Since its introduction in 1972: the Ireland silyl ester enolate variant of the Claisen rearrangement has 
become increasingly popular in organic synthesis. Areas of successful applications include the polyether 
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CO2Et 

ii 

I D 

35% i 
ButMe2SiO"'" & OSiMezBu' COzEt 

i 

85% 

(5 &OH (116) 

ButMe2SiO'"'' OSiMezBut ButMezSiO'"" OSiMezBut 
PhS(0) CO2Et 

(115) (117) 
89% 1 

iii D~~~ ButMezSiO'"" OSiMeZBu' 

i, MeC(OEth, CH2Clz, acid (cat.), 150 OC, 2 h; ii, LDA, PhSSPh; MCPBA, 150 "C, 2 h; 
iii, PhS(0)CHzC(OEt)3 (118), trimethylbenzoic acid (cat.), CHzClz, 100 'C, 12 h 

Scheme 20 

terpene~,8~ irid0ids,8~ tetronates,gO amino C-glyc~sides?~ carbo- 
cycles,94 alkyl  fluoride^?^ stannaries% and  silane^.^^.^* 

Several factors contribute to the versatility of the ester enolate Claisen rearrangement. Among these 
are the ability to use a stoichiometric combination of the alcohol and the acid components, the relatively 
low temperaturekPw of the pericyclic process that allows for the assembly of complex, highly function- 
alized structures, and the transformation of a carbon-oxygen into a carbon-carbon bond that lends itself 
easily to the assembly of contiguous quaternary centers.lOOJO1 

Another particularly important aspect of the Ireland rearrangement is that, through an efficient control 
of ketene acetal geometry, a highly reliable and predictable transfer of stereochemistry from starting ma- 
terial to product can be realized (Scheme 21).9 Deprotonation of crotyl ester (120) with LDAIo2 in THF 
leads, via the selective formation of the kinetically favored (3-ester en~late,~~~@' upon silylation to the 
(E)-silylketene acetal (l2l).Io5 After rearrangement at 65 'C and mild hydrolysis of the silyl ester, an 
87:13 ratio of y,b-unsaturated acids (122) and (124) is isolated in 79% yield. These two products can be 
obtained in a 19:81 ratio by using 23% HMPADTIF as a solvent system for the generation of the thermo- 
dynamically favored106 (a-silylketene acetal (123) via the corresponding (E)-lithium en01ate.l~~ 

(E)-silyl ketene acetal (121) 

0 (120) . 
(124) 

(Z)-silyl ketene acetal (123) 

Conditions Yield (%) Ratio (122):(124) 

LDA, THF, Me3SiC1; & NaOH/HzO 79 87: 13 
LDA, "HF/23% HMPA; Me3SiC1; & NaOH/HzO 73 19:81 

Scheme 21 
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The stereoselectivity of the formation of the (E)-lithium enolate and thus of the entire rearrangement 
can be significantly increased by a change in the reaction solvent from 23% HMPA/I"F to 45% 
D M P U m  (Scheme 22).108J09 

0 

i, enolization 
ii, Bu'MezSiCI; A 

iii, NaOH. H20 : H  
- HOzC 

""'li 
(125) (126) (127) 

Enolization conditions (Z26):(127) Yield (a) 
LDA, 45% DMPURI-IF 98:2 60 
LDA, 23% H M P m F  90:lO 70 

LDA, THF 25:75 56 

Scheme 22 

The preferred formation of the kinetically favored (2)-silylketene acetal with amide bases in THF can 
be rationalized by a cyclic transition state model (128) that enables a close interaction between Li+ cat- 
ion, carbonyl oxygen and base (Scheme 23). The presence of additives such as HMPA or DMPU results 
in a greater degree of solvation of the lithium cation and a weakened Li+<arbonyl oxygen interaction. 
Accordingly, the association between base and ester is diminished and the 1,3-diaxial strain in transition 
state (129) is reduced, whereas transition state (128) is still destabilized by A1.3-strain.110 In the presence 
of a slight excess of ester in the enolization mixture, a kinetic resolution process accounts for an addi- 
tional increase in the ratio of the (E)- vs. the (3-lithium enolate (Table 3).lo8 

,OR 
(Z)-enolate (E)-silyl ketene acetal 

(Ej-enolate (Z)-silyl ketene acetal 

Scheme 23 

It is important to note, however, that an observed erosion of diastereoselectivity in the Ireland silyl 
ester enolate rearrangement can be attributed either to the geometric integrity of the silylketene acetals or 
the selectivity of the chair-like vs. boat-like transition states, and interpretation and improvement of ex- 
perimental stereoselectivities must take into account both of these factors. 

As the ester enolate Claisen rearrangement allows for a stoichiometric combination of alcohol and acid 
components, it has been used for the formation of strategically important C-C bonds by esterification or 
lactonization and subsequent rearrangement, such as is elegantly demonstrated in the synthesis of the 
antibiotic chlorothricolide (Scheme 24). Radical decomposition112 of the selenoester of (132) leads to 
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Table 3 Effect of Ester to Base Ratio on Stereoselectivity in Silylketene Acetal (SKA) Formation of Ethyl 
Propionate with LDA'OB 

Entry Solvent Ester:base (Z)-: (E)-SKA Yield (%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

THF 1.4:1 1:l 
THF 1 + 0.2:le 2080 
THF 1:l 6:94 
THF 0.6: 1 6:94 

THFBOZDMPU 1.2:1 
THF/30% DMPU 0.95: 1 
THF/30% DMPU 0.8: 1 
THF;/30% DMPU 0.5: 1 
THF/30% DMPU 0.3:l 
THF/45% DMPU 1.05: 1 
THF/45% DMPU 0.8: 1 
THF/45% DMPU 0.5: 1 
THF/23% HMPA 1.2: 1 

14 THF/23% HMPA 1:l 
15 THFn38 HMPA 0.8: 1 
16 THF/23% HMPA 0.6: 1 
17 THF/'23% HMPA 0.4: 1 

. 

298:2 
67:33 
68:32 ~~ ~~ 

m:40 
a 4 0  
S 8 : 2  
93:7 
84:16 
93:7 
85:15 
59:41 
55:45 
54:46 

5 
35 
90 
90 _ _  
70 
90 
85 .. 

95 
95 
80 
90 
85 
65 
80 
40 
35 
40 

'0.2 equiv. of the ester were added after addition of DMPU. 

the decarbonylated product (133) in high yield. Interestingly, analogous reductive decarboxylation with 
open-chain precursors had led to cylopropanation or the formation of pentacycle (134) by radical cycli- 
zation. 

In the total synthesis of the esterase inhibitor (f)-ebelactone A, Paterson and Hulme applied an aldol- 
Claisen strategy for a relay of 1,2-syn into 1.5-syn relative stereochemistry (Scheme 25).79J13J14 The 
critical Ireland ester enolate rearrangement could be performed without protecting the C9 ketone to give 
ester (137) in 74% overall yield.'15 

Danishefsky and coworkers have demonstrated the conversion of lactones to carbocycles by the 3,3- 
sigmatropic shift of silylketene a ~ e t a l s . ~ ~ ~ , ' ' ~  In the total synthesis of the Fusarium toxin equisetin, for 
example, keto lactone (138) was converted to its bissilyl derivative (139) by reaction with 2 equiv. of 
LDA and an excess of TMS-C1.*18 In situ thermolysis of ketene acetal (139) led to a very smooth trans- 
formation into ester (la), which was carried on to equisetin (Scheme 26). This methodology was also 
applied by Schreiber and Smith in the preparation of the cyclohexyl moiety of the immunosuppressive 
agent FK-506.' l9 Ireland-Claisen rearrangement of silylketene acetal (142). prepared by treatment with 
TBDMS-OTf and triethylamine at low temperature, provided, after hydrolysis of the silyl ester, the car- 
boxylic acid (143) in 71% overall yield (Scheme 27). The strict translation of configuration via a boat- 
like transition state is typical for this permutation. 

The Ireland ester enolate rearrangement of vinyl lactones can also be applied for the preparation of 
azacyclic systems. Silylketene acetal (145), again prepared by treatment of lactone (144) with a slight ex- 
cess of TBDMS-OTf and triethylamine,lZ0 was easily converted to the substituted pipecolic acid (146) 
upon reflux in toluene (Scheme 28).121 Claisen rearrangement mediated ring contraction of macrocyclic 
lactones was applied by Funk and coworkers for the preparation of the in,out-bicyclo[4.4. llundecan-7- 
one core of the potent tumor promoter ingenol (Scheme 29).122J23 The in,out bridged macrobicyclic lac- 
tone (147) does not suffer from the bending strain present in the smaller bicyclo[4.4.1]undecanone ring 
system and is therefore accessible without diversion to the out,out isomer. Addition of 4 equiv. of TIPS- 
OTf to a refluxing benzene solution of lactone (147) in the presence of 8 equiv. of triethylamine gave 
one major rearrangement product (149) in better than 15: 1 selectivity and 77% yield. The stereochemical 
assignment of the two newly created stereogenic centers was verified by X-ray analysis of the bromolac- 
tone derivative. 

Claisen ring contraction of lactones is amenable to the preparation of pyrrolidinecarboxylic acids, as 
demonstrated by Knight and coworkers in the enantiospecific total synthesis of (-)-a-kainic acid 
(Scheme 3O).lz4 Rearrangement of azalactone (150) proceeded smoothly only when the base (LDA) and 
the trapping agent (TBDMS-Cl) were premixed'" at low temperature before addition of lactone (150). 
Silylketene acetal (151) underwent rearrangement at ambient temperature, and led, after hydrolysis of the 
silyl ester under mildly basic conditions, to the desired pyrrolidinedicarboxylic acid (152) in 55% overall 
yield. Previous studies have shown that such rearrangements proceed exclusively via a boat transition 
state when the lactone is 1 l-membered or smaller. An example of a tandem Brook126-Claisen rearrange- 
ment was recently reported by Kishi and coworkers in the total synthesis of ophiobolin C (Scheme 
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0-0. 
Me 

& \ E  

H f  
0-0. 

Me 

ii 

5&72% 
- 

(134) 

i, Ag(02CCF3), Na2HP04, benzene, 82 OC; ii. KHMDS, THF, HMPA, -78 OC; HMPA, Me3SiC1, Et3N, THF; 
iii, Cl2POOPh, Et3N, THF, 0' C; PhSeH, Et3N, THF, 0 OC; Bu3SnH, AIBN, xylene, 130 OC 

Scheme 24 

3 1). 127 Silyllcetene acetal (154) was directly prepared from a-silyl ester (153) in xylene at 230 'C to give 
after acid hydrolysis the desired stereoisomer (155) in 72% overall yield with 6: 1 stereoselectivity.128J29 

Silyllcetene acetals are also obtained by TMS-CI accelerated conjugate addition of cuprates.130 The lat- 
ter method suffers presently from low diastereosele~tivities,~~~ though it offers the attractive possibility 
of one-pot formation of two carbon-carbon bonds and three contiguous chiral centers (equation 15). 
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w+++ OH 0 OSiMQBu' 0 OSiMezBu' 

Ebelactone A 

i, 9-BBNOTf, Et3N, -78 OC, 3 h; H2C=C(Et)CH0, -78 to 0 OC, 16 h; H20z, MeOH-pH 7 buffer; ii, (EtCOhO, 
cat. DMAP, Et3N, CH2C12, 0 to 20 OC, 2 h; Me3SiC1, Et3N, THF, LDA, -78 "C, 1 h; 20 OC, 1 h; 60 OC, 2 h; 

aq. 1% HCl; CH2N2, Et,O, 0 OC 

Scheme 25 

'I' 

0 
OSiMe3 \L OSiMe3 

ii 

52% 

Me3SiO 

i 

i, LDA, THF, Me3SiC1, -78 O C ,  30 min; ii, toluene, 105 "C, 10 h 

Scheme 26 

D O M e  - i I #] L Ho2crJoMe 
'I ButMezSiO 

0 

(141) (142) (143) 

i, Bu'Me2SiOTf, Et3N. CH2C12, -78 to 0 OC; ii, toluene, 110 OC; THF, 1M HCl 

Scheme 27 
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Cbz Cbz Cbz 

(144) (145) (14) 

i, ButMe2SiOTf, Et3N, c@,$ ii, toluene, reflux, 2 h; NaOH, H,O, THF 

Scheme 28 
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COzEt 

(150) (151) 

5 C W  - - 
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N 
I 

CO2Et H 

(152) Kainic acid 

i, LDA (2 equiv.), ButMe2SiC1 (2 equiv.), THF, -100 to 20 OC; ii, K2CO3, MeOH-H20, 20 OC, 2 h 

Scheme 30 
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ii 

72% 

- 

Ophiobolin C 

i, xylene, 230 O C ;  ii, 1 M HCI-MeOH-Et20 (l:l:l), r.t. 

Scheme 31 

r 1 

7.2.2.9 Charge-accelerated Claisen Rearrangements 

Although versions of the ester enolate rearrangement of magnesium? sodium,13* and lithium9 enolates 
as well as the anionic oxy-Cope shift133 gave early testimony of the potential of charge-accelerated rear- 
r a n g e m e n t ~ , ~ ~ ~  the first example of a carbanion-accelerated Claisen rearrangement was only reported in 
1982 by Denmark and Harmata.17 Since then, however, many other charge-accelerated Claisen rear- 
rangements have been reported. 135~136 In contrast to ethoxycarbonyl-, cyano-, and cyanohydrin-stabiliz- 
ing groups, which did not promote rearrangement, the arylsulfonylmethylene substituent was shown to 
be well suited for this role based on ease of incorporation and accelerating ~0 ten t i a l . l~~  Because of the 
ambident nature of the allyl anion (159), two regioisomers (160) and (161) can be formed in the rear- 
rangement (equation 16). However, only path a in equation (16) is observed, a fact which was explained 
by the large difference in relative stability between P-ketosulfone anion (160) and ketone enolate (161). 
The rearrangement itself is highly stereoselective, providing a 955 mixture of anti- to syn-P-ketosulfone 
(163):(164) in 85% yield upon deprotonation of vinyl ether (162) with KH in DMSO in the presence of 
LiCl and subsequent rearrangement at 50 'C (Scheme 32). Mechanistically, this implies a high barrier to 
alkyl anion stereomutation relative to rearrangement. A chair-like transition state (165) accounts for the 
observed ~tereochemistry.~~~ The limitations on this method are for the most part related to incompati- 
bilities with the presence of anionic intermediates. 

A high degree of asymmetric induction has been realized in the carbanion-accelerated Claisen rear- 
rangement of phosphorus-stabilized anions. 138 Treatment of 1,3,2-0xazaphosphorinane (166) with freshly 
prepared lithium d im~yla t e l~~  led to a 955 ratio of a-methyl ketones (167) and (168) (Scheme 33). Li+ 
coordination combined with steric interactions provide the necessary control elements for stabilization of 
the highly organized allyl anion conformation (169). 

a-Allyloxy ketones have also displayed remarkable rate accelerations. Ponaras compared the relative 
rates of rearrangement of cyclohexenone (170) and its derivatives."" In refluxing THF, ketone (170) af- 
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p-TolSO2 - i p-TolS02+ + p - T o K 3 0 2 w  yoL 85% 

(162) (163) (164) 

i, KH (2.6 equiv.), LiCl(l5 equiv.), DMSO, 50 O C ,  1.5 h 

(165) 

Scheme 32 

(167) 

i, Dimsyl Li, DMSOnHF (l:l), r.t., 15 min 

(169) 

Scheme 33 

fords diosphenol(l71) with rln = 340 h, whereas acylhydrazone (172) and sodium salt (173) rearranged 
at tln = 22 h and tln = 1.5 h, respectively (Scheme 34).I4l This methodology can be applied for the for- 
mation of vicinal quaternary centers. In a related study, Koreeda and Luengo prepared copper enolate 
(177) by conjugate addition to 2-(allyloxy)-2-cyclohexenone (176).lSc Warming of the reaction mixture 
to 0 'C resulted, within 15 min, in the smooth formation of the hydroxy ketone (178) in quantitative yield 
(Scheme 35). The silyl enol ether of (177), however, required a temperature as high as 63 'C to achieve a 
half-life of 1.6 h in its rearrangement. Koreeda and Luengo also measured rate acceleration as a function 
of the electron-donating ability of the MO group in enolate (179) (equation 17, Table 4).*& Rearrange- 
ment of the potassium enolate proceeded in toluene at -23 'C, whereas the sodium and lithium enolates 
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required temperatures of 0 'C and 96.5 "C, respectively. Interestingly, with THF as a solvent the condi- 
tions required for the rearrangement were significantly milder. The rate enhancement was explained by a 
vinylogous weakening effect of the oxyanion on the 0(3)--C(4) oxygen-carbon bond, similar to the ef- 
fect encountered in the anionic oxy-Cope rearmngement.142 In an application of this methodology, tricy- 
clic ketone (181) was enolized with potassium ?-butoxide and rearranged in THF with a half-life of ca. 2 
min at 50 'C to afford a-hydroxy ketone (183) in 94% yield (Scheme 36).143 

0 OH 

(170) 

NR 
(171) 

NR 

(172) R = N(H)C02Me (174) R N(H)C02Me 
(173) R = N(Na)C02Me (175) R = N(Na)C02Me 

Scheme 34 

THF. -78 O C  MeCuO i, 0 OC, 15 min b 
* 

bo\ MQCuLi * ii, H~O+ work-up 

Table 4 Results of Charge-accelerated Claisen Rearrangement of Enolates (179)'& 

Entry Solvent Compound (179) Temperature ( C) tin (h) 

1 
2 
3 
A 
5 
6 
7 
8 

Toluene 
Toluene 
Toluene 
Toluene 
THF 
THF 
THF 
THF 

M = K  
M=Na 
M=Li 

M = SiMei 
M = K  
M = K  
M=Na 
M=Li  

-23 
0 

%.5 
71 

4 2  
-23 
-23 
67 

3.3 
2.6 
1 .1  
0.5 
6.2 

43.1 
2.4 
1.3 
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(182) 

i, KOBU' (10 equiv.), THF, 50 O C  

Scheme 36 

733.10 Catalysis of Claisen Rearrangements 

Catalysis of the Claisen rearrangement is as old as the rearrangement itself. In his original report,' 
Claisen mentioned the apparent rate-enhancing effect of ammonium chloride. Since then, modest to dra- 
matic effects have been demonstrated for numerous Brflnsted and Lewis acids, bases and transition metal 
complexes.14 In an excellent comprehensive review, Lutz covered achievements in this field until 
1984.2fJ45 In recent years, particular attention was given to increased stereocontrol, and aluminum cata- 
lysts emerged as especially useful In many aspects, these systems can be considered as 
charge-accelerated 3,3-sigmatropic rearrangements. 

An initial report by Oshima and coworkers stated that organoaluminum reagents promote the aliphatic 
Claisen rearrangement at mom temperature under transfer of an alkyl or hydrogen residue to the alde- 
hydic carbon.149 Yamamoto and his group greatly expanded the scope of this process by the use of 
methylaluminum bisphenoxides. Rearrangement of optically active vinyl crotyl ether (184) with 2 equiv. 
of reagent (185) gave at -78 'C in 30 min an 84: 16 ratio of the (S)-(2)-aldehyde (186) and the (R)-(E)-al- 
dehyde (187) in 74% yield with moderate transfer of the chirality (74-78% chiral transmission) (Scheme 
37).150 It is important to note that the thermal Claisen rearrangement of ethers such as (184) invariably 
results in highly (E)-selective product formation (EIZ = 9:1),151 The alternative use of reagent (188) at 
-20 'C led to a 2:98 mixture of aldehydes (186) and (187) in 90% yield. The observed selectivities were 
explained by the two possible chair-like transition states (189) and (190) (equation 18). Conformation 
(189), highly unfavorable in the thermal Claisen rearrangement, would be favored over (190) in view of 
the severe 13-interaction between R and the exceptionally bulky organoaluminum reagent (185).152 The 
origin of the exceedingly high (E)-selectivity with reagent (188) remained unclear. Yamamoto and co- 
workers subsequently applied this methodology to the highly regiospecific rearrangement of bisallyl 
vinyl ethers,153 dienyl vinyl ethers, and the synthesis of the sex pheromone of the potato tuberworm 
moth.154 Additionally, catalysis with chiral organoaluminum reagent (192) led to the successful asymme- 
tric rearrangement of derivative (191; equation 19).155J56 Acylsilane (193) was obtained in high optical 
purity (90% ee). This reaction sequence could also be applied to the corresponding trimethylgermyl deri- 
vatives. 

In a series of recent reports, Paquette and coworkers examined the scope and stereochemistry of the al- 
kylaluminum-catalyzed Claisen ring expansion r ea~ t i0n . I~~  Treatment of vinyl ether (195), obtained from 
lactone (194) and Tebbe reagent, with DIBAL-H induced acceleration of the Claisen process and in situ 
ketone reduction to cyclooctanol (196 Scheme 38).lS8 After 5 h at 25 'C, a 7:3 ratio of the a-carbinol 
(196a) and the reduction product (197) was isolated in 42% yield. In contrast, the use of Bu'3Al led in 
high yield to a 5 1  mixture of carbinols (196a) and (196b), with no evidence for formation of (197). This 
process is completely (2)-selective and provides the less strained cis double bond geometry. Due to steric 
constraints, rearrangement of endocyclic vinyl ether (198) has to proceed via boat-like transition state 
(201; Scheme 39). Tricycles (199) and (200) were isolated in 71% and 7% yields, respecti~ely.'~~ 

7.2.2.11 Competitive Rearrangements 

Typical side reactions that interfere in the aliphatic Claisen rearrangement are 2,3-sigmatropic 
shifts,lS9 eliminations, and, especially in the Ireland variant, competitive Ferrier-type rearrangements,'@ 
ketene formation and C-silylation.161 Usually, optimizing reaction parameters such as base, temperature, 
polarity of solvent and bulkiness of the silylating agents leads to a significant increase in the desired 3,3- 
sigmatropic pathway. 162~163 
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Scheme 37 

CH,CI,, 4 0  "C, 8 h 

(192) AI-Me 
76%, 90% ee 

(191) (193) 

Me 
'0' ' liMe2Ph 

SiPhzBu' 

7.2.2.11.1 3J Chisen vs. 2 3  Witfig rearrangement 

Generally, ester enolates of structure (202; R' = M, R = Oalkyl) rearrange via a 3,3-shift,lU whereas 
the corresponding amide enolates (202; R' = M, R = N(alky1)z) and acid dianions (202; R' = M, R = OM) 
prefer the 2,3-pathway (equation 2O).'" Both pathways have been observed with ketone enolates (202; 
R' = M, R = alkyl). With substrate (179), Koreeda and Luengo observed only traces of Wittig r e m g e -  
ment product (205), except for the lithium enolate, where (205) accounted for up to 20% of the reaction 
mixture (equation 21).lSc Thomas and Dubini, however, reported predominant formation of 2.3 Wittig 
products (207) and (209) under base treatment of ketones (206) and (208) (equation 22).166*167 

7.2.2.1 1.2 Regwsekctive rearrangement of divinylcarbinols 

Several factors such as number and type of substituents contribute to the regioselectivity in the rear- 
rangement of divinylcarbinols.168~16g In a synthesis of the ring system of fastigilinc, Tanis and cowor- 
kers succeeded in influencing the ratio of competitive Ireland-Claisen rearrangements through the 
cyclopentenyl or the h y l  double bond of substrate (210) by the nature of the alkyl groups on the sily- 
lating agent (Scheme 4O).l7O 
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h 

(\ -1 
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V 

(210) (211) (212) 

R,SiCl Yield (%) Ratio (211):(212) 

Me3SiC1 79 7525 
P+,S~CI 73 20:80 

Bu'MqSiCl 69 9 5 5  

Scheme 40 

7.2.2.11.3 Elimination vs. rearrangement 

Elimination of the allylic ether moiety effectively competes in certain cases with the 3.3-sigmatopic 
shift.171 A change in the variant of the Claisen rearrangement often leads to significant reduction of un- 
desired elimination processes.172 

A related problem is elimination in ester enolates with leaving groups in the p-position. Knight and 
coworkers observed virtually no a-allyl-&amino acid product in the Ireland silyl ester enolate rearrange- 
ment of phthalate (213; Scheme 41).91d Rearrangement of the N-methoxycarbonyl analog (214), how- 
ever, provided methyl ester (215) in a 79:21 mixture of stereoisomers after treatment with etheral 
dimmethane. 

(213) (214) (215) 

i, LDA, THF, -78 OC; Me3SiC1; reflux, 4 h; hydrolysis; CHzNz 

Scheme 41 

Excellent experimental technique was required to effect formation of the monensin c b  ring system 
(218) via silyl ester enolate Claisen rearrangement of acid (216) and alcohol (217) (Scheme 42).lZa Ester 
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(221) is extremely prone to fragmentation and furan formation (path a), P-elimination (path b) and Fer- 
rier rearrangement (path c). Low temperature mixing of the furanoid acid chloride (219) and lithium al- 
coholate (220), followed by ester enolization in a solution of premixed LDA and TMS-Cl at -100 'C 
provided the corresponding silylketene acetal. Warming to ambient temperature, followed by methyl 
ester formation, then led to tricycle (218) in an excellent 80% yield (isolated as a 1.5: 1 mixture of dia- 
stereomers). 

1 

i, (COCl)2, benzene, DMF (cat.); ii, Bu"Li, DMAP, THF, -78 O C ;  iii, add (219) to (220), -78 O C ;  

add mixture to LDA, THF, Me3SiCI, Et3N, 10% HMPmHF, -100 O C ;  rat.; H30+; CH2N2, ether 

Scheme 42 

7.2.2.12 Solvent Effects 

Due to a relative insignificance of Coulomb interactions, pericyclic processes generally show little 
correlation between solvent polarity and reaction rates.173 The discovery of White and Wolfarth that 
polar solvents increase the rate of the ortho-Claisen rearrangement similarly to electron-donating substi- 
tuents was therefore of profound consequence. 174~175 Aliphatic Claisen rearrangement of allyl vinyl 
ethers also demonstrated a profound rate acceleration in polar s01vents.l~~ These results were interpreted 
in terms of a tight ion pair or dipolar transition Grieco and coworkers determined first-order 
rate constants for the Claisen rearrangement of carboxylate (222) and methyl ester (223) (equation 23, 
Table 5).179 In particular, they demonstrated that rearrangement of allyl vinyl ether (226) in water/meth- 
an01 (2.51) containing 1 equiv. of sodium hydroxide smoothly occurs at 80 'C, affording an 85% iso- 
lated yield of aldehyde (227; equation 24).180 Only after extensive experimentation had this 
transformation previously been achieved in 60% yield by McMurry and coworkers at 220 'C in a base- 
washed silylated glass tube containing toluene and sublimed sodium t-pentoxide, the major problem 
being vinyl ether elimination and cyclopentadiene 

R02C pyridine 

(222) R = Na 
(223) R = Me 

(224) R = Na 
(225) R = Me 
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Table 5 Rate Constants for the Aliphatic Claisen Rearrangement of Sodium Carboxylate (222) and Methyl Ester 
(223)'79 

Entry Solvent k x 10-5 (s-1) (222) k x 10-5 (s-1) (223) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

Acetone 
Benzene 

Cyclohexane 

18 
6.9 
2.6 
-1 i 
4.6 
1.6 

0.79 
3.0 

0.93 

4.7 

3.6 
1.4 

0.72 

0.82 
0.51 
0.42 
0.25 
0.18 
0.17 
0.084 

Po CHO 

H,O/MeOH (2.5: 1) 

HO''"' 
HO""' & : H  80°C,24h 85% * : H  

HOi HOi 

7.2.3 ENZYMATIC CLAISEN REARRANGEMENTS 

The 3,3-sigmatropic rearrangement of chorismate (228) to prephenate (229) in the shikimic acid path- 
way demonstrates the versatility of the Claisen rearrangement in a biochemical version (equation 25).18* 
The enzyme chorismate mutase catalyzes this process by a factor of approximately 3 x 106.183 The en- 
tropy and the enthalpy for the uncatalyzed reaction are 20.71 kcal mol-' and -12.85 cal mol-' K-l, re- 
spectively;lM and it was .shown that both uncatalyzed and enzymatic rearrangements proceed through a 
chair-like transition state (230), stabilized in polar media.176*185q186 Bartlett and coworkers prepared tran- 
sition state analog (231). which in fact proved to be a potent inhibitor of E. coli chorismate mutase-pre- 
phenate deh~dr0genase.l~~ Knowles and coworkers proposed a mechanism for the enzyme reaction that 
involves a heterolytic cleavage of the ether bond of chorismate by attack of an enzymic nucleophile in 
the rate-limiting step,188 and Berchtold and coworkers established the structural requirements for enzyme 
catalysis in this proce~s.18~ 

Discussions concerning this intriguing biological Claisen rearrangement have been further enriched by 
the development of synthetic protein catalysts based on monoclonal a n t i b o d i e ~ . ' ~ J ~ ~  The conjugate of 
transition state model (232) with carrier proteins keyhole limpet hemocyanin (KLH) and bovine serum 
albumin (BSA) was usedfor production of antibodies specific for (232).192 The rate of the antibodycata- 
lyzed rearrangement of chorismate to prephenate was subsequently compared with that of the uncata- 
lyzed thermal rearrangement, affording a value of kcpJk,,,, of 1 x lo" at 10 'C and pH 7.O.lm 

chorismate mutase 

COT 
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73.4 MECHANISTIC ASPECTS OF THE CLAISEN REARRANGEMENT 

Claisen reamtngements a~ highly e x o t h e r m i ~ ; ~ ~ J ~ ~ J ~  concerted but nonsynchron~us'~~ pericyclic re- 
actions1%J97*198 with a characteristic negative entropy (AS = -10 to -15 cal mol-' K-') and negative vol- 
ume of activation.'* Secondary deuterium kinetic isotope studies by Gajewski and coworkers indicate 
an early transition ~ t a t e , ~ ~ ~ ~ ~ ~  where bond breaking is more advanced than bond There 
is, however, still some disagreement as to which of the limiting alternatives to the aromatic transition 
state (233)204 - oxaallyl radical-allyl radical pair (234), 2-oxacyclohexane-l,4-diyl (235) or dipole 
(236) - more accurately represents or contributes to the transition state structure (Figure 1).176.2051206.m7 
Stabilization of the transition state (TS*) by resonance interactions is therefore clearly an important fac- 
tor.207 

eo * 
(236) 

G" eo eo 

(233) (234) (235) 

Figure 1 

73.4.1 Kinetics 

The influence of donor and acceptor substituents on the rates of the Claisen and other sigmatropic rear- 
rangements has been widely inve"igated.~.209,2'o,2'' A theoretical model by Carpenter and Burrows, 
based on Hikckel molecular orbital (HMO) calculations, assesses the conjugative electron-withdrawing 
and donating abilities of substituents. It predicts accelerating effects of donor substituents at C-1 and 
both donor and acceptor substituents at positions 2 and 4 of the Claisen system. Acceptor substituents at 
positions 1 and 6 and donor group at positions 5 and 6 are predicted to decelerate the reaction.212 Car- 
penter and Burrows synthesized the five isomeric cyano-substituted derivatives of the basic Claisen sys- 
tem and found the predictions of the HMO model fulfilled. Rate accelerations were observed with the 
C-2 (&I = 11 l), C-4 (&I = 270) and C-5 (knl = 15.6) substituted allyl vinyl ethers, while C-1 (knl = 0.90) 
and C-6 substitution (h = 0.1 1) led to deceleration.213 However, the HMO model did not remain with- 
out c r i t i c i ~ m . ~ ~ ~ 3 ~ ~  In allyl vinyl ethers with a trifluoromethyl substituent at C-2 on the Claisen system, a 
rate enhancement by a factor 73 over the parent system was found. At C-4, the trifluoromethyl group did 
not bring about a significant rate effect, in contrast to the energetic benefit of 3.5 kcal mol-' with the 
cyano group at that position, suggesting that radical-stabilizing and not electron-withdrawing ability 
might be important in stabilizing the transition state.216 
The accelerating effect of alkyl substituents on the Claisen rearrangement is well doc~mented~3'~ but 

not as dramatic as the effect observed with electron-donating groups (RzN-, EtO-, R s S i L )  at C-2 of 
the allyl vinyl ether.218 Accordingly, the ease of the Ireland Claisen reaction (the free energy of activa- 
tion is reduced by roughly 9 kcal mol-I relative to allyl vinyl ether itselo9 is mainly due to the stabiliza- 
tion of the .rr-bond of the oxaallyl species by the 2-(trialkyl)silyloxy substituent.219 This results in a TS* 
structure with much more advanced 0(3)-C(4) bond breaking than in the parent, unsubstituted rear- 
rangement system.99J76303*~JC'7 

A C(6) donor substituent exerts a similar enhancing effect on the rate of the Claisen rearrangement, 
though somehow less pronounced than the rate-accelerating effect of the 2-silyloxy substituent (approx. 
1.4 kcal mol-'). As Curran and coworkers repo1ied,'~8?2~~ this vinylogous anomeric effectm of the C(6) 
donor substituent is especially effective in glycal systems. The energy of the TS* is decreased by assist- 
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ance in the cleavage of the 0(3)-4(4) bond, which results in an approximately tenfold acceleration of 
the rearrangement (Scheme 43). The combined accelerating effect of the 2- and 6-oxygen substituents 
most certainly leads to an increased dipolar character of the TS* for the silyl ester enolate Claisen rear- 
rangementF21 with bond breaking substantially more advanced than bond formation (cf. structure 239). 

rates: X = 0,4.4 x l e  d; X = CH2, 4.9 x lV5 8’ 

Scheme 43 

OSiMe2Bu‘ 

A. 
0 “‘0 

(239) 

* 

Wilcox and Babston investigated the effect of alkyl substituents on the rate of the Ireland Claisen rear- 
rangement of silylketene acetals (240x242) (R = H, Me, Et, pr’, neopentyl, CH2SiMe3; Figure 2).22 
Their data suggest the possibility of a ‘syn-diaxial’ interaction in the order of 1.2 to 2.5 kcal mol-’ 
(AAGZ*/l?) in the transition state of the (E)-isomer (242), depending on the nature of the substituent R. 
Generally, steric bulk at C-5 was found to be rate accelerating, electron donation at this position, how- 
ever, rate decelerating. 

7.2.4.2 Transition State Structures 

five concerted transition states are possible for the 
Claisen as well as the closely related Cope rearrangements: chair, boat, twist, cross and plane (Table 
6).224 Only the chair and boat TS* have to be considered, as twist, cross and plane are antarafacial-anta- 
rafacial processes and require highly elevated t e r n p e r a t u r e ~ . ’ ~ J ~ ~ . ~ ~ ~  For the correct prediction of pro- 
duct stereochemistry it is nevertheless crucial to know the preference for chair- or boat-like transition 
state in the actual 3,3-sigmatropic shift. 

In acyclic systems, Claisen rearrangements show a well-established preference for chair-like transition 
states. With crotyl propenyl ether, the chair selectivity amounts to 97-98% at 142 ‘C, which corresponds 
to an approx. 3 kcal mol-’ difference between the free energy of activation (AAG*) of chair and boat TS* 
(equation 26)$77227 The preference for a chair-like geometry in the TS* is even more pronounced in the 
Cope rearrangement: 99.7% of the 3,4-dimethylhexa-l,5-diene remanges at 225 ‘C via a chair-like TSt, 
corresponding to a AAG*cmAat of -5.7 kcal m ~ l - ~ , ~ ~ * ~ ~ ~  The latter result closely parallels the difference 
in energy of the chair and boat conformations of cyclohexane (5-6 kcal 

In cyclic systems, however, conformational constraints can override the inherent preference for chair- 
like transition states in Cope23o as well as C l a i ~ e n ~ ~ l  rearrangements and lead to a partial involvement if 
not a dominance of boat-like TS* structures. In the Ireland rearrangement of lactones of type (Up, for 
example, chair-like transition state (249) is accessible only when the diaxial bridging methylene chain 
becomes sufficient in length (n = 7, Scheme 44).”2 The preference of boat-like transition state (250) over 
(251) is due to a serious A13-type interaction between the endocyclic oxygen atom and pseudoaxial sub- 
stituent R in (251). 

According to the Woodward-Hoffmann 
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Table 6 Transition State Models for 3.3-Sigmatropic Rearrangements'w 

Notation Geometry symmetry TYP 

3s,3s 

3s,3s 

3a,3a 

3a,3a 

3a,3a 

C2h 

D2h 

c2h 

Chair 

Boat 

Twist 

Cross 

Plane 

o q  
R 

(243) 

I 

via chair TS* v 
* I 

c 

via chair TS* 

Scheme 44 
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In their syntheses in the vitamin D field, Lythgoe and coworkers demonstrated an impressive example 
of remote stereoselection in the Claisen rearrangement via differential transition state stabilization 
(Scheme 45).233 Whereas (25%; R1 = H, R2 = Me) leads to a 70:30 mixture of diastereoisomers (253) 
and (254), respectively, with the chair-like transition state (256) providing the major isomer, its epimer 
(252b; R1 = Me, R2 = H) gives exclusively (255). Steric hindrance between the methyl group and the cy- 
clohexane ring in (256) in this isomer overrides the chair-boat factor and leads to a clear preference for 
the boat-like transition state (257). 

R' =Me, R2 = H 

I 

PhCO2 , 

The Ireland Claisen rearrangement of pyranoid glycals such as (258) generally occurs via a boat-like 
TS*,8",86b,87c,90,93.234.235 presumably due to destabilizing steric interactions of the silyloxy substituent and 
the dihydropyran ring atoms in chair-like TS$ (260) (Scheme 46).9,37b,235 In furanoid glycal systems, the 
destabilizing interaction between the silyloxy substituent and the ring carbons in the chair-like TS* 
should be considerably diminished. However, there is still a strong preference for boat-like TS$ geome- 
hies (Scheme 47). Additionally, the parent carbocyclic systems mostly demonstrate the usual chair selec- 
tivity in the 3,3-sigmatropic shift.23s*237 These striking results were explained by a stereoelectronic effect 
of the C(6) oxygen substituent on the relative stabilities of chair-like and boat-like TS* in the silyl ester 
enolate Claisen rearrangement.238 A vinylogous anomeric effect of the C-6 oxygen leads to an increased 
relative stabilization of the more loosely organized239 endo-type boat TS* in the order of 1 to 2 kcal 
mol-'. This effect is especially pronounced in glycal systems and is apparently based on a more dipolar 
character of the boat-like TS* in these systems (239 Figure 3).238 It was further demonstrated that the 
preferred transition state in the rearrangement of six- and five-membered carbacyclic systems such as 
(266) and (267) is highly dependent on steric factors, as the energy difference between chair- and boat- 
like TS$ tends to be small.238 With straight chain substrates, a significant contribution of the boat-like 
TSS to the rearrangement product mixture is only expected in bis-donor substituted allylic esters such as 
(268) (Figure 4).238*240.241 

7.2.43 Elements of Stereocontrol 

As pointed out earlier, the aliphatic Claisen rearrangement and its variants are powerful means to ef- 
fect stereocontrolled C,C-bond formation. Highly ordered transition states effect a reliable transfer of 
stereochemistry from starting materials to products. Naturally, the geometry of the vinyl ether bond and 
the conformation of the transition state are crucial parameters in this process. The former issue is strong- 
ly dependent on the Claisen variant that is employed,242 whereas the transition state geometry is control- 
led by both steric and electronic features of the Claisen system.243 Additionally, the choice between 
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diastereomeric transition states is often strongly influenced by stereogenic groups within, adjacent to, or 
even considerably nmoved from the allyl vinyl ether moiety. 

72.43.1 Intrinsic banqfer of StsrCwhemWy 

Up to three chiral centers can directly be involved in the Claisen nmangement (Equation 27). "he 
configuration of the allylic chiral center at C-4 in (269) specifically relates to the codiguration of the 
newly formed chiral centers in (271) and (273). Moreover, the ratio of diastereomeric transition states 
(270) and (272) greatly depends on the relative steric bulk of substituents R4 and R4'.244 Thus, generally 
a highly selective course of the reaction via pathway A or pathway B can be predicted. It is important to 
note that the primary chiral center is destroyed in the rearrangement ('self-immolative' p m ~ e s s ~ ~ )  and 

major product: prefemd TS* (select.): 

H02C boat (SO%)  
,# f5 OMe - 

OMe 

: !  

chair (260) 

Et- OSiMQBu' 

.$ 

boat (261) 

Scheme 46 

major product: pnfemd TS* (select.): 

I_\ 

(262) 

Meo7 
? 

J 

chair (264) 

Et 

(263) 

Bu'MezSiO 7 i r . 0  

Et 

boat (265) 

* 

Scheme 47 
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- - - Glycals (0) Silyl ester 

- 
Reaction coordinate 

Figure 3 Qualitive effect of C-6-carbon and C-&oxygen substituents on the transition state 
energy of the ester enolate Claisen rearrangement 

JO JO 

that a complementary set of products is obtained by a simple change in the geometry of the double 
bonds. 

(269) 
I B 
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(i)  Acyclic substrates 
Johnson rearrangement of allylic alcohols (274) and (277) led to the enantiomeric y,Bunsaturated es- 

ters (276) and (2791, respectively (Scheme 48).u6 Both transition states (275) and (278) favor a pseudo- 
equatorial position of the benzyloxymethylene substituent; the newly formed c h i d  center is obtained in 
very high optical purity through the chirality transfer process. As a consequence of this geometrical pref- 
erence, secondary allylic alcohols invariably provide predominantly Q-cdigured double bonds upon 
thennal Claim The @)-selectivity usually increases with the steric bulk of the C-2 
substituent, an effect which was rationalized by a pseudo-l,3diaxial interaction in the transition state 
leading to the (2)-alkene (280; Figure 5).249 

0 

OBn 

(278) 

i, MeC(OEt), (12 equiv.), pivalic acid (7 mol%), reflux 22 h 

Scheme 48 

R4 I 

(280) 

Figure 5 

As expected, with tertiary allylic alcohol derivatives, the selectivity for the formation of the corre- 
sponding trisubstituted alkenes is significantly Eschenmoser reammgement of alcohol 
(281). for example, led in 92% yield to a 7.1:l ratio of (6- to (2)-amides (282) and (283) (Scheme 
49)."'352 

(282) 

i, MeC(NMe2)(OMe)2, 120 OC 

Scheme 49 
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( i i )  Cyclic substrates 
In substrates where the allyl vinyl ether moiety is part of a cyclic system, steric and electronic con- 

straints can profoundly affect transition state s e l e ~ t i o n . ~ ~  Ireland rearrangement of propionate (125), for 
example, leads in THF via the (a-silylketene acetal to a 2575 ratio of carboxylic acids (126) and (127) 
in 56% yield (Scheme 22).238 Enolization in THF/45% DMPU generates the corresponding (2)-si- 
lylketene acetal, which upon rearrangement and hydrolysis provides acid (126) in 60% yield as the only 
NMR detectable isomer. In THF/23% HMPA a 9O:lO ratio of isomers is detected, in accord with the 
enolization stereosele~tivity.~~~ Consideration of the possible transition states for the 3.3-shift of propion- 
ate (125) leads to the conclusion that both the chaidchair- and the chairbat-like transition states (284) 
and (285) shown in Scheme 50 are strongly destabilized due to the severe interaction between the axially 
oriented isopropenyl substituent and the vinyl ether portion. However, an alternative set of transition 
states, where the cyclohexene ring adopts a boat conformation, avoids these destabilizing interactions 
(286 and 287). With both the (E)-silylketene acetal (R' = H, R2 = Me) and the (3-silylketene acetal (R' 
= Me, R2 = H) geometry, boat/chair transition state (286) seems to be preferred over b o a m a t  transition 
state (287).238 

chair/chair TS* (284) 

R' 

chairbat TS* (285) 

boat/chair TS* (286) 

R', R2 = H, Me 
Scheme 50 

ButMe2Si0 CR2 
R' 

boamat TS* (287) 

Ireland rearrangement of the unsaturated macrolide (288) in THF/HMPA (3: l), followed by desilyl- 
ation in aqueous hydrogen fluoride in acetonitrile, led in 70% yield to a 72:28 mixture of acids (289) and 
(290) (Scheme 51).255 The intermediate silylketene acetal was found to be a single isomer, therefore both 
transition states (291) and (292) seem to participate in product formation (Figure 6). 

i;,i,i, b + 

1 

(288) (289) (290) 

i, LDA (2 equiv.), THF/HMPA (3:1), -78 "C; ButMe2SiC1; ii, toluene, reflux, 8 h; iii, aqueous HF/pyridine; 
CH2N2, ether 

Scheme 51 
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7.2.4.3.2 Remote stemocontrol 

Besides the intrinsic stereochemistry that can be introduced into the Claisen system by an asymmetric 
carbon in the 4 position, remote centers of asymmetry can also lead to significant diastereocontrol in the 
rearrangement. 

( i )  Acyclic substrates 
Ziegler and coworkers reported low diastereoselectivities in the Johnson rearrangement of an (E)-allyl 

alcohol positioned as a side chain of a trisubstituted cyclohexanone ketal derivative (equation 2QZ6 
Only a modest stereoselectivity was observed with the center of asymmetry in the vicinal position to the 
Claisen system, such as in the rearrangement of dioxolane derivative (295 Equation 29).257,258 Ortho 
ester rearrangement of allylic alcohol (297). however, gave esters (298) and (299) in a ratio of 11.5: 1 
(Scheme 52).Z9 Replacement of the bulky (t-butyldimethylsily1)oxy group in (297) by a hydroxy group 
led to a drop in the observed diastereoselectivity of the rearrangement to 5.2: 1. This indicates a possible 
destabilizing interaction of the ethoxy group and the ring substituent in transition state (301). 

(ii) Cyclic substrates 
Generally, Claisen rearrangement of ring-bearing substrates with remote asymmetric centers has led to 

higher stereoselectivities than in the acyclic series.260 Kurth and coworkers used amino acid derived 
c h i d  auxiliaries such as (302) for the preparation of enantiomerically pure carboxylic acids?61 The ex- 
cellent facial selectivity in these systems was hampered, however, by poor chair vs. boat selectivities. 

In the acid-catalyzed ortho ester Claisen rearrangement of allylic alcohol (303) with trimethyl orthobu- 
tyrate, diastereomers (304). (305) and (306) were isolated in a ratio of 63:30:7 (Scheme 53).262 The 3,3- 
sigmatropic rearrangement occurred with a high degree of stereofacial selectivity from the &face of the 
allylic alcohol (a$ > 13:l for Ha)?63 In contrast, Claisen rearrangement of the enol ether (307) at 135- 
140 'C (PhH, sealed tube) provided the desired P-dicarbonyl compound (308) as a single diastereomer at 

-4- + .......................... * 
&&OH 

O Y  
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(298) 

i, MeC(OEt),, propionic acid (cat.), 135 "C, 27 h 

C-15 in 55% yield (Scheme 53). In this case, the thermal Claisen rearrangement occurred stereospecifi- 
cally from the a-face of the bicycle, presumably via chair transition state (309) (Scheme 54). Therefore it 
was concluded that the ortho ester rearrangement occurred predominantly via boat transition state (310). 
providing the first example of a difference in transition state geometry observed in Claisen variants with 
the same substrate. 

Johnson rearrangement 

70% 
* 

k e  

(303) 

. - -  
Me 

15 Claisen rearrangement - & \ h e  'COMe 55% Me 

(307) 

Scheme 53 
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3 
H 

Scheme 54 

73.5 CONCLUSIONS 

During the 1970s and the 1980s the Claisen rearrangement of allyl vinyl ethers has clearly become an 
extremely valuable tool in stereocontrolled organic synthesis. However, it still offers mechanistic chal- 
lenges and synthetic opportunities attractive to the entire chemical community. Certainly, future research 
in areas such as the influence of substituents and catalysts on transition state structures of the Claisen re- 
arrangement will have a significant impact in the general understanding of chemical reactivity and selec- 
tivity. 
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73.1 INTRODUCTION 

Sigmatropic rearrangements involve the allylic migration of a-bonds that are in conjugation with the 
s-framework of the double bond. Not only do sigmatropic rearrangements provide for the formation of 
sigma bonds, but the migration of the double bond can establish new, reactive functionality that initiates 
subsequent rearrangements. 

Consecutive rearrangements can be classified in three general categories: tandem, sequential and itera- 
tive. Tandem rearrangements require the reacting components of the rearrangement to be attached to one 
another prior to the initial rearrangement. Sequential rearrangements require chemical modification of 
the first rearrangement product prior to the second rearrangement. Iterative rearrangements are similar to 
sequential rearrangements except that the process may be conducted many times, and are often used for 
the synthesis of substances with repeating units. 

The concept of consecutive reactions need not be limited strictly to sigmatropic reactions. However, 
only those reactions that involve a minimum of two sigmatropic rearrangements will be considered. 

875 
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73.2 TANDEM AND SEQUENTIAL REARRANGEMENTS 

733.1 [3,31-[3,31 Rearrangements 

7.32.1 .I Claisen-Cope 

The fvst example of a tandem Claisen-Cope rearrangement was reported by Claisen in his final scien- 
tific paper.' Thermolysis of allyl aryl ether (1) provides phenol (4) in which the allyl residue has been in- 
corporated into the propenyl side chain of (1; equation 1). The reaction proceeds through an initial 
Claisen rearrangement to afford transient 1,5-hexadiene (2) which undergoes a subsequent Cope rear- 
rangement to provide unsaturated ketone (5). Rearomatization of (5) occurs, ostensibly catalyzed by the 
phenol, to afford irreversibly the observed product (4). Intermediate (2) may transfer the allyl group to 
both the pura position (3) or to the methyl-bearing ortho position (6). Structure! (6) may also be realized 
from allyl ether (1) by a direct Claisen rearrangement. The presence of 2- and 6-substituents prohibits 
premature tautomerization to an o-allylphenol. 

This reaction has been independently reinvestigated by Lauer2 and S~hmid.~ Rearrangement of (l), 
bearing a I4C label at the distal carbon of the allylic moiety (starred), gives phenol (4) with 84% of the 
label at the teminal carbon of the side chain and 16% at the methylene group. This nsult demonstrates 
that the reaction proceeds principally through a double transposition of the allylic residue; the labeling 
pattern is maintained independent of the pathway to phenol (4). 
The dienone ( 8  equation 2). prepared independently by allylation of sodium 2,6-dimethylphenolate, 

has been shown to undergo irreversible rearrangement to the p-allylphenol (9) and aryl allyl ether (7) 
(kdk-1 = -2.5; 75-100 T)." The rate constant ki for the forward reaction is negligible. In the aromatic 
Claisen-Cope sequence, the Claisen rearrangement is the slower step because the aromaticity of the ring 
must be overcome. 

OH 

(7) 

Although substituents at the 2- and 6-positions of the aromatic ring are generally employed to prohibit 
the formation of 2-substituted products, the tandem rearrangement has been observed in aryl vinyl ethers 
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that are devoid of substituents at these positions. The rearrangement of aryl crotyl ether (10; equation 3) 
proceeds through intermediate (ll), which can partition between 2-substituted phenol (12) and the 
Claisen-Cope product (13). The product distribution is solvent dependent; the prototropic isomerization 
of (11) to the ortho-substituted product (12) is facilitated by polar solvents (solvent, 12/13): neat, 1/1; de- 
calin, 1/1; NJ-diethylaniline, 4/1; benzonitrile, 8/1; NJV-dimethylformamide, 60/1? 

1 6 h  

1860c 

- i /b? 

(12) 

Steglich6 has observed a tandem rearrangement in the transformation of amyl phenylglycinates (14) to 
their respective oxazolinones (16; equation 4). The (E)-cinnamyl ester (14a) and the (a-cinnamyl ester 
(14b) provide the single (0-alkene (16a). Both Claisen rearrangements (15a or 15b giving 17a or 17b) 
are presumed to proceed through the more favorable chair-like transition state, while the aza-Cope rear- 
rangement of the (&isomer (17a) (giving 16a) occurs via the chair-like transition state and the (&- 
isomer (17b) (giving 16b) proceeds through the boat-like transition In addition, the chiral 
(0-ester (14c) (66% ee) undergoes tandem rearrangement with 100% chirality transfer via two chair-like 
transition states to afford oxazolinone (16c). The aza-Cope rearrangements are controlled by the allylic 
phenyl groups assuming an equatorial position in the transition state. Reductive removal of the heterocy- 
clic ring of (lac) provides a route to chiral, nonracemic @,-punsaturated ketones. 

0 R1 R4 

Ph3P, C2C& 
I c 

Et,N, 25 O C  
HN 

phHo 
Ry% R3 

R' R4 

(15) R4 

R' 

R2Y N R3 
Ph' Ph' 

- (chair) (17) (boat) 

a: R' = H, R2 = p-ClC6H4, R3 = Ph, R4 = H; b: R' = H, RZ = p-C1C6H4, R3 = H, R4 = Ph; 
c: R1 =Me, RZ = R3=Ph, R4= H 
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Tandem [3,3] rearrangements in the aromatic series may involve consecutive Claisen rearrangements. 
Thermolysis of ester (18 equation 5 )  is reported to give the benzopyran-Zone (20), whose structure is 
supported by an IR carbonyl frequency at 1690 cm-' (extended conjugation through the phenolic hy- 
droxy) and a 'H NMR allcenic proton at 67.67. The rearrangement of the initial Claisen product (19) to 
the (E)-cinnamate (21) is claimed to occur through transition state (22). Clearly, transition state (22) 
leads to (2)-cinnamate (23, equation 6). Although stereochemical and mechanistic ambiguities remain, 
the tandem nature of the process is s e i ~ r e . ~  

HO Q 
-MeOH 

0 

I t3.31 

The application of consecutive rearrangements to aliphatic systems has been exceptionally rewarding. 
A seminal contribution is provided by the work of Thomas, who has prepared p-sinesal(26; equation 7), 
a constituent of the essential oil of the Chinese orange, by the tandem Claisen-Cope rearrangement.'O 

Mercury(I1) acetate catalyzed exchange of allylic alcohol (24) with 1 -ethoxy-Zmethyl- 1,3-bu&adiene 
(25) ostensibly forms the isomeric vinyl ethers (28) and (32) that do not interconvert rapidly under the 
reaction conditions (equation 8). Claisen rearrangement of the isomers affords the diastereomeric alde- 
hydes (29) and (33). Although the chair-like transition state is generally preferred in Claisen rearrange- 
ments where the double bonds are not contained in rings, no stereochemical features are present in 
aldehydes (29) and (33) that will distinguish the chair-like from the boat-like transition state. Thus, dia- 
stereomer (29) is accessible from the (0-vinyl ether via the chair-like transition state (a), or from the 
(&vinyl ether via a boat-like transition state. Conversely, the @)-vinyl ether rearranging through a boat- 
like transition state or the (2)-vinyl ether rearranging through the chair-like transition state (32) gives 
diastereomer (33). The (60-double bond of p-sinesal must arise from Cope transition states (30) or (34) 
that bear the R substituent (R = CH2CH2C(==CH2)CH=CH2) in the equatorial position. Although no 
(22,6E)-isomer of p-sinesal(26) is detected as a product, the (2Z)-geomeq has been observed in related 
rearrangements (vide infra) and presumably isomerizes to the more stable (2E)-geometry during the 
course of the reaction. The tandem Claisen-Cope rearrangement of equation (8) is the operational equiv- 
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alent of the y-alkylation of the anion of (E)-2-methyl-2-butenal, of which (25) is the dienol ether, with an 
activated form of the alcohol (24). 

I‘ 

(2E,6E)-(26) - 
p-Sinesal 

Because the Cope rearrangement is an equilibrium driven reaction, the application of the Claisen- 
Cope rearrangement to synthesis requires the target substrates to be more stable than their Cope precur- 
sors. Thus, in the instance of equation (8), the 13-hexadienes (30) and (34) bear a monosubstituted and a 
1, l-disubstituted double bond, which are less stable than the trisubstituted double bonds of p-sinesal. 

Thomas and Ominnell have explored the tandem Claisen-Cope rearrangement on aromatic substrates. 
Treatment of 2-furfuryl alcohol with diene (25; equation 9) provides a 9: 1 mixture of Claisen-Cope pro- 
duct (39) and furan (37), respectively. The minor component arises via the ‘forbidden’ [ 1.31 prototropic 
shift of the initial Claisen intermediate (38), thereby reestablishing the aromaticity of the furan ring. 

When the reaction conditions that are successful with 2-furfuryl alcohol are applied to 3-furfuryl alco- 
hol (40), only the product of alcohol exchange, diene (41), as a 1:l mixture of isomers, is obtained 
(Scheme 1). Elevated temperature (350 ‘C) is required for the success of the rearrangement. Although 
the [ 1,3] prototropic rearrangement of intermediate (43) is not observed, the aldehyde (42) is produced as 
a minor component of the reaction mixture ostensibly arising via a homolytic scission-recombination of 
dienol ether (41). The products of [3,3] rearrangement are the unsaturated aldehydes (45) and (44), which 
are produced in an 85: 15 ratio, respectively. Assuming that the chair-like transition state is operative, the 
(E)-isomer (45) is produced when the aldehyde group is equatorial (cf. transition state 50). and the (9- 
isomer is formed when the aldehyde group is axial (cf. transition state 51). The mixture of aldehydes is 
transformed in a two-step process into the natural product perillene (46). 

The 85:15 mixture of alcohols (47) that serves as an intermediate in the synthesis of perillene can 
undergo a second Claisen-Cope rearrangement under moderate temperature conditions to afford an 
80:20 mixture of the (E)-unsaturated aldehydes (48), torreyal and its (9-stereoisomer, respectively. Re- 
duction of the aldehyde group of the mixture provides dendrolasin (49; Scheme 2). Both alcohols of the 
alcohol mixture (47) can channel through 1 ,5-hexadienes (52) and (53) after the initial Claisen rearrange- 
ment. The exclusive formation of the (6E)-double bond geometry is the result of the p-(a-furfury1)ethyl 
chain occupying the equatorial position in the ensuing Cope rearrangement of (52) and (53). The itera- 
tive nature of the process permits the continuing interpolation of ‘@)-isoprene’ units into the growing 
chain. 
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(25) 
# 

&OH neat, Hg(OAc)* 
100 O C ,  18 h 

(35) 

(-j-go 0 vCHO 0 

ii ,iii ,iv L ~ J iii, iv, iii 

0 
(46) 

i, (25). Hg(OAc)*, 100 "C, 15-24 h; ii, 350 OC; iii, LiAlh; iv, TsCl 

Scheme 1 
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i m C H O  ii, iii, ii 

0 
-OH - 
0 

(49) 
i, (25), Hg(OAc),, 100 "C, 18 h; ii, LiAlH,; iii, TsCl 

Scheme 2 

U 

OHC w H 
H 

When the Claisen-Cope rearrangement is applied to (-)-cis-carveol (54; Scheme 3) at 100 'C, a dex- 
trorotatory mixture of aldehydes (55) is isolated after the initial Claisen rearrangement, in addition to 
small amounts of the Claisen-Cope (E)-unsaturated aldehyde (57) ( [ a ] ~  = -5') and its (2)-isomer. Ther- 
molysis of (55) at 150 'C gives aldehyde (57)  ID = -8.4') and at 400 'C the product displays no rota- 
tion. At elevated temperature the reaction presumably occurs via a diradical species as the rotation of 
ent-(57), prepared via (56) from (%), is [a]D = +12'.12 

1 ii iii I 

A A 
(56) (57) 

i, (251, Hg(OAc)2,100 "C, 17 h; ii, EtOCH=CH2,120 OC, 24 h; iii, 400 "C; 
iv, MeCH=CHN(Li)Bu', Et20; v, H30+ 

Scheme 3 
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The success of the Claisen-Cope rearrangement need not be limited to the production of aldehydes via 
enol ethers. Allylic alcohol (58) is successively transposed into a mixture of allylic isomers (59; Scheme 
4), and is subjected to an orthoester Claisen rearrangement13 at 150 'C to provide ester (61). The moder- 
ate temperature of the Claisen step permits the isolation of an intermediate (cf. Scheme 3) prior to the 
fmal Cope rearrangement (195 'C) to @,y-unsaturated esters (60). The esters (60) are a 5545 mixture of 
(E)- and (Qdouble bond isomers owing to the near equal steric bulk of the methyl and acetic acid 
residues in the transition state for the Cope rearrangement. l4 

& i* ii' iii ~ koH - iv 

HO 
____) :2% + 

COzEt COzEt 
(58) (59) (61) (W 

i, PBr3, EtzO, ii, NaOAcDMF; iii, KOH/MeOH; 
iv, MeC(OEtI3, cat. 2,6-dimethylphenol, 150 "C, 3 h; v, 195 "C, 5.5 h 

Scheme 4 

C o o k s ~ n ' ~  has studied substrates that can, in principle, effect a tandem Claisen-Cope-Cope rearrange- 
ment. By employing 1,1.3-trimethoxybutane as a surrogate for 1 -methoxy- 1,3-butadiene (equation lo), 
allylic alcohol (62) undergoes acid-catalyzed exchange to provide the transient @,y-unsaturated aldehyde 
(66) which, lacking a substituent at the a-position, suffers a facile conjugation of the double bond that 
preempts the tandem process. This phenomenon has been also observed by Thomas.lo 

OMe OMe 

-0Me 

cat. o-N02C6H4C02H, 
xylene, reflux, 17 h 

65% 

OH 

OMe OMe 
(62) (63) (65) OMe 

Alternatively, the acetal (68 Scheme 5) ,  the analog of (25), provides aldehyde (70); in refluxing to- 
luene the sequence stops after the Claisen rearrangement. When aldehyde (70) is heated at 190 'C, two 
successive Cope rearrangements occur; first, the a,@-unsaturated aldehyde (72) is formed, but not iso- 
lated, followed by rearrangement of the 1 ,5-hexadiene system of (72) to aldehyde (73). The initial Cope 
rearrangement, the product of which bears an aldehyde group on the 13-hexadiene framework, has a 
lower activation energy than the second rearrangement. When the reaction is run at 160 'C, aldehyde 
(72) can be isolated as an intermediate. 

Reduction of aldehyde (72) to its alcohol (74; Scheme 6) followed by rearrangement with acetal (68) 
at 110 'C affords a 1:l mixture (30% yield) of the initial Claisen rearrangement product (76) and the tan- 
dem Cope-Claisen product (75) that is formed from (76). These conditions illustrate the ease with which 
the Cope rearrangement can occur when a carbonyl function is present as a substituent. Once again, elev- 
ated temperature is required for the unsubstituted Cope transformation, (75) to (77). These operations 
provide another example of the iterative introduction of '(E)-isoprene' units into a growing chain. 
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OEt OEt 

(62) + 

(68) 

883 

i, cat. o-NO~C,H,C~~H, toluene, 110 "C, 48 h; ii, decalin, 1% "c, 3 h 

Scheme 5 

(74) 

i 
___) 

CHO 
(76) y ii-w 

OHC CHO 
(75) (77) 

i, (a), cat. o-NOzC6H4COzH, toluene, 110 "C, 48 h; ii, decalin, 190 "C, 24 h 

Scheme 6 

In the aborted Claisenxope rearrangement of equation (lo), the presence of an additional substituent 
on the aldehyde a-carbon is required to prohibit enolization.16 However, the absence of a substituent 
does not preclude a successful Claisen-Cope rearrangement if the conjugation step is reversible. Thus, 
exchange of @,@-dimethylallyl alcohol (78) with acetal (79) realizes aldehyde (81; equation 11) after the 
initial Claisen rearrangement; the Cope remangement product (82) is not observed. Alternatively, the 
P,y-unsaturated aldehyde (81) undergoes reversible conjugation to (83) and deconjugation to the P,y-un- 
saturated aldehyde (85), which rearranges irreversibly to a 70:30 mixture of (E)- and (Z)-aldehydes (84). 

A Claisen-Cope rearrangement for the synthesis of 1,5-hexadienes is provided in Scheme 7." The 
allyl vinyl ether (88), formed by acid-catalyzed exchange of alcohol (78) and 1,l-dimethoxyheptane 
(M), affords aldehyde (87). Conversion of the aldehyde to the diene (89) via a Wittig reaction and sub- 
sequent Cope remangement provides the more stable diene (90) that bears the (@-double bond owing to 
the chain residing in an equatorial position in the transition state. This sequence requires an independent 
transformation before the second rearrangement and is, therefore, a sequential rearrangement. The pro- 
cess is formally a transmutation of the oxygen atom of the allyl vinyl ether (88) to the carbon in product 
diene (90). 
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I 

ii iii 

i, cat. O-NO~C~H&O~H, mesitylene, 170 O C ,  1 h; ii, Ph3PCH2, DMSO, 20 OC, 16 h; iii, DMSO, 190 OC 

Scheme 7 

732.1 2 Cope-Claisen 

One of the shortcomings of the tandem Claisen-Cope remgement  is that the Cope rearrangement is 
equilibrium controlled. When the tandem reaction is practised in the reverse sense, any unfavorable Cope 
equilibria are driven to completion by an irreversible Claisen rearrangement. If the activation energy of 
the Claisen rearrangement is lower than that of the Cope rearrangement, which is generally the case, no 
intermediates will be isolated. Owing to the unfavorable Cope equilibrium of equation (12) (91/92,4: 1). 
ester (92) is an unsuitable precursor for the formation of allyl vinyl ether (94) and its eventual transfor- 
mation to aldehyde (95). This difficulty is overcome by reduction of ester (91) to its alcohol and sub- 
sequent conversion of the resultant alcohol to vinyl ether (93). Thermolysis of (93; equation 13) provides 
the aldehyde (95) directly; allyl vinyl ether (94) is not observed. 
The tandem Cope-Claisen rearrangement of triene (W; equation 14) creates a product with three new 

stereogenic centers. Only two of the four possible stereoisomers are fonned, namely, aldehydes (100) 
and (98) in a 78:22 ratio. The factors that control the stereochemistry are the chair-like versus boat-lie 
transition state of the Cope rearrangement (96 giving 97) and the formation of the carbon-carbon bond in 
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(93) 

2 0 

(94) 

885 

(12) 

(95) 

the Claisen step cis or trans to the ring substituent of (97). The stereochemistry of the Cope rearrange- 
ment arises exclusively through the chair-like transition state, while the Claisen rearrangement proceeds 
preferentially via bond formation trans to the ring substituent. The major diastereomer (100) has been 
transformed into the pseudoguaianolide, aromatin. 18~19 

\ (97) 

c-- - 
CHO 

0 

The tandem Cope-Claisen rearrangement provides an excellent opportunity to transform trans-2,3-di- 
vinylcyclohexanes via the less stable (E&)- 1,5-~yclodecadienes to (E,& 1,6-cyclodecadienes (equation 
15). When the two trans-divinylcyclohexanes, (101) ('IT) and (102) (CT), are independently thermo- 
lyzed at -300 'C, the (ZZ)-1,6-cyclodecadiene (loa), not the (E&)-isomer (103), is formed. In the trans- 
formation (101) to (1048) to (103). the activation energy of the Claisen rearrangement is higher than that 
of the Cope rearrangement. At lower temperature (255 'C) interconversion of (101) and (102) occurs 
through the reversible Cope rearrangement. The interconversion is channeled through the crown confor- 
mations (104a) and (104b) of the intermediate (EJ?)-1,5-cyclodecadiene. This process can be viewed as 
a stepwise 180' rotation of the ring double bonds passing through conformations (104c) and (104d) with- 
out entering the cis manifold. At the higher temperature this barrier is breached and the (ZZ)-1,6-cy- 
cladecadiene (106) is formed via the cis-l,2-divinylcyclohexanes (105) (TC) and (107) (CC). This view 
is supported by facile conversion of cis- 1,2divinylcyclohexane (105) (TC) to (Z,Z)-cyclodecadiene 
(106) at 255 'C, conditions that only interconvert (101) ('IT) and (102) (TC). Reversible Cope isomeriza- 
tion of (105) (TC) to (107) (CC) occurs at 207 'C without Claisen rearrangement to (106). 
The success of this tandem Cope-Claisen rearrangement requires the lowering of the activation energy 

of the Claisen rearrangement below that of the Cope rearrangement. Recognizing that the Claisen rear- 
rangement of 0-silyl ketene acetals occurs more rapidly than vinyl ethers and that propionate- and i s h -  
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I 

bo (105) (TC) 

r \ 

l+ ' 0  

\ 

tyrate-derived 0-silyl ketene acetals rearrange faster than those derived from acetate,20 Raucherzl has 
examined the reaction with the series of chiral2,3-divinylcyclohexane 0-t-butyldimethylsilyl ketene ace- 
tals (109a) to (109~) derived from (S)-(-)-camone (equation 16). Thermolysis of (109a) at 205 'C effects 
equilibration with (llla) via the conformers (110a) and (112a) of the (E,E)-1,5-cyclodecadienes; in ad- 
dition, the products of 0- to C-silyl migration of (110a) and (llla) are also formed. The rearrangement 
of (109b) gives a mixture of three inseparable carboxylic acids; 'H NMR spectroscopy indicates the 
presence of an (&-disubstituted double bond. Rearrangement of the isobutyrate-derived silyl ketene ace- 
tal (109c) provides the desired acid (113d) in 5 1 % yield. The problem of 0- to C-silyl migration is obvi- 
ated by use of the triisopropylsilyl ester (TIPS), which permits the preparation of the ester (113b) in 30% 
yield. This substance has been transformed into the 10-membered ring lactone, (+)-dihydrocostunolide 
(1 14).22 

The functionality and stereochemistry provided by aldehyde (100) have led to the use of the tandem 
Cope-Claisen rearrangement for the synthesis of estrone methyl ether (117)23 and steroid synthons.24 
Thermolysis of triene (115; Scheme 8) provides aldehyde (116) as the major component of a 2/1 mixture; 
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a: R', R2 = H, H; X = OSiMqBu' 
b: R', R2 = H, Me; X = OSiMe2Bu' 
c: R', R2 = Me, Me; X = OSiMezBu' 
d: R', R2 = Me; X = OH 
e: R' = H, R2 = Me; X = OSiM3 
f: R' = H, R2 = Me; X = OMe 

the minor component is isomeric with (116) at the quaternary center. The stereochemistry of the C(8)- 
C(14) bond is the result of a chair-like transition state in the Cope rearrangement, a stereochemistry that 
is incorrect for construction of the steroid nucleus. This difficulty is corrected by ozonolysis of diene 
(116) and equilibration of the resultant tricarbonyl(118) to provide an intermediate that is amenable to 
reductive ring closure and subsequent transformation to (117). 

MeO 

i 

60% 
- 

MeO 

i, 370 OC, 20 s; ii, 0,; iii, MeONa, MeOH; iv, TiC13, Zn/Ag, DME v, K/NH3; vi, CrO3 

Scheme 8 
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7.33.1 3 Ckrisen-Claisen 

The use of two consecutive Claisen rearrangements has been accomplished in both the sequential and 
tandem modes. A noteworthy example of the former method has been applied creatively to syntheses in 
the vitamin D area by Lythgoe and his coworkers (Scheme 9).z @)-Methyl orthodihydrocitronellate 
(120) is subjected to an orthoester Claisen rearrange~nent'~ with allylic alcohol (119) to produce esters 
(121). To avoid the formation of diastereomers, (119) must be used as the enantiomer shown, not as its 
racemate or other enantiomer. Although the stereochemistry at the stereogenic center bearing the ester 
group is not controlled, it is of no consequence in subsequent steps. Because benzoate (121) is allylic, its 
derived allylic alcohol is readily subjected to a second Claisen rearrangement via the Eschenmoser pro- 
cedurep6 providing amide (122); subsequent Dieckmann cyclization affords the vitamin D synthon (123). 
The stereochemistry of each oxygen function in (119) dictates the eventual stereochemistry of each side 
chain introduced into (122). 

PhCOp + ' " " " ' ~  C(0Meh i * r- C02Me 

'%,, 
ii, iii 

PhCOp OH 
(119) (120) (121) 

'%,,e ''%,,W 
I iv-vii & I 

___.) 

C02Me 
CONM% \ s  

H 
(123) 

i, xylene, reflux, cat. EtC02H ii, NaOH, iii, MeC(OMe)2NMe2, xylene, reflux; 
iv, KOH; v, CH2N2; vi, NaH, DMSO vii, H30+ 

Scheme 9 

During preliminary studies on the synthesis of the pseudomonic acids, Curranp7 uncovered a rate en- 
hancement attributable to the presence of the ring oxygen in the Claisen rearrangement of di-t-butyldi- 
methylsilyl ketene acetal (124) to monoester (125). At 60 'C, the first Claisen rearrangement is an order 
of magnitude faster than the subsequent rearrangement of (125) to (126); however, the process can be ac- 
complished effectively as a tandem rearrangement. 

OSiMepBu' 
OSiMepBu' I 

A0 A0 

Bu'MepSiO 'T( O e o  -Q -Q 
Bu'MepSiOpC 

C02SiMepBut COpSiMepBu' 

73.2.2 [2,3]-[3,3] Rearrangements 
Nakai and his collaborators have explored in detail the stereochemistry of the [2,3] Wittig rearrange- 

ment of diallyl ethers and propargyl ethers and have applied the rearrangement in both the sequential and 
tandem modes with other sigmatropic rearrangements.28 Preferential metalation of ether (127) at the 
methylene group of the allyl residue effects a [2,3] Wittig rearrangement to the versatile 1,5-hexadien-3- 
01 (128; equation 17), which is a 4: 1 threolerythro mixture.29 The threo- and erythro-dienes (128) under- 
go oxy-Cope, anionic oxy-Cope,30 or SilyloxyCope rearrangement to afford aldehydes (129) with 
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6745% (&')-alkene selectivity. The oxyCope is more (0-alkene selective in nonpolar than in polar sol- 
vents, and reflects the high end of the selectivity range. 

(17) - ZOH - 
O - L  

(127) (128) (129) 

When converted to their (@-2-butenyl ethers (130), dienols (128) serve as precursors for additional 
tandem processes. Thermolysis of the trienes (130) at 250 'C induces an initial oxy-Cope rearrangement 
to an allyl vinyl ether (131) that suffers irreversible Claisen rearrangement affording aldehyde (132; 
equation 18). While the diastereoselectivity of the reaction has not been determined, the geometry of the 
disubstituted double bond is exclusively of the (&-configuration, a result that quires  the secondary 
methyl group of triene (130) to be equatorial in the oxy-Cope transition state. Extended reaction time 
produces cyclopentanol(133), the product of an intramolecular oxyene reaction, at the expense of alde- 
hyde (132). Trienes (93) and (130) differ in the relative positions of the oxygen and adjacent methylene 
group; accordingly, the products, (95) and (132), respectively, interchange the position of the aldehyde 
group and the proximate double bond. 

Not only are the trienes (130) suitable for consecutive [3,3] sigmatropic rearrangements, but, as diallyl 
ethers, are candidates for an additional [2,3] Wittig rearrangement. Because the diallyl ethers (130) are 
prepared from diallyl ether (127), and metalation occurs preferentially at the methylene adjacent to the 
oxygen rather than the methine?' the methodology adumbrates the opportunity for iterative processes. 
This concept is practised, in part (equation 19), by the [2,3] Wittig rearrangement of diallyl ether (134) to 
trienols (135), which is followed by a tandem oxy-Cope/Cope rearrangement to aldehyde (136); the alde- 
hydes are isolated as a 2/1 mixture of Q- and (a-isomers, respectively. 

' 1  
- GW 

OHC 

73.23 Sulfur-based Rearrangements 

The nucleophilicity of sulfur and its ability to stabilize a-carbanions provide sulfur compounds with 
unique opportunities for sigmatropic processes; consecutive rearrangements are no exception. The for- 
mation of salt (140) via sN2 alkylation of (&-Zbutenyl bromide (139) followed by deprotonation leads 
to the intermediate allyl vinyl ether (141) which, under the conditions of the deprotonation, undergoes a 
thio-Claisen rearrangement to afford thioamide (143; Scheme Thermolysis of (143) at elevated 
temperature affords the Cope product (142) in addition to some of its deconjugated isomer. Several 
unique characteristics of the thio-Claisen sequence should be noted: fmt, the heteroatom-allyl bond is 
made in the alkylation step, this connection being not normally practised in the parent Claisen reaction; 
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and secondly, the direct a-alkylation of (138). or any of its congeners, would not be expected to give the 
s ~ 2 ‘  butenyl unit Of thioamide (143). 

S 
(138) 

r 1 

i, Bu’OH, r.t.; ii, Bu‘OH, DBU, r.t.; iii, tetralin, reflux 

Scheme 10 

The ability of sulfur to stabilize carbanions is exemplified in the following cases. The pentadienyldi- 
thiocarbamate (144, Scheme 11) can be alkylated at the methylene group to afford the methylated pro- 
duct (14J).33 At 110 ‘C, the dithiocarbamate unit ‘walks’ its way to the other end of the pentadienyl 
chain via tandem [3,31 sigmatropic rearrangements. The formation of (146) is thermodynamically con- 
trolled as the more-substituted pentadienyl unit is formed. Dithiocarbamate (146) can be alkylated and 
eventually transformed into sulfur-free products; the sequence giving (148) from (146) is but one of 
these processes. 

I 

0 
I 

0 

(147) 

i, LDA, THF, -78 OC; ii, MeI; iii, toluene, reflux; iv, (139); v, MeI, LiF, Li2C03, DMF 

Scheme 11 

A close relative of the previous tandem [3,3]43,3] sigmatropic rearrangement invokes its tandem 
[2,3]-[2,3] counterpart: the allylic sulfoxidesulfenate rearrangementnM As a key step in the synthesis of 
5-deoxyleukotriene D, C ~ r e y ~ ~  applied the sequence of transformations illustrated in Scheme 12. The 
anion of allylic sulfoxide (149) undergoes 1,Zaddition to methyl 5-formylpentanoate followed by low 
temperature benzoylation. Upon warming the reaction mixture to ambient temperature, a facile sulfox- 
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ide-sulfenats-sulfoxide rearrangement occurs that provides the themodynamically more stable sulfox- 
ide (151). By virtue of the Pummerer rearrangement, the dienyl sulfoxide unit of (151) is transformed 
into a 2,4-dienaldehyde, thereby allowing the dienyl sulfoxide (149) to function as an equivalent of the 
4-fonnvl-~E.E9-1.3-butadienvl anion. In the examples of Schemes 11 and 12, the thermodynamically . . . ,  
more stable @,,!$:diene is fokned. 

i-iii - T 
SOPh 

(149) 

(CH214C02Me 

OCOPh 

iv 4 (CH2)4C02Me - 
OCOPh 

(150) 

i, Bu"Li, THF, -78 "C; ii, OHC(CH2)4C02Me; iii, PhCOCl, 4 0  "C; iv, 25 "C, 3 h 

Scheme 12 

733 ITERATIVE REARRANGEMENTS 

733.1 Linear Processes 

Faulkner and P e t e r ~ e n ~ ~  have examined the effect of C(2)-substituents of ethyl vinyl ethers on the al- 
kene geometry of the resultant Claisen product. The rearrangement of secondary allylic alcohol (153) as 
its vinyl ether provides a 9O:lO ratio of (EE)-isomers (154a). The use of the Eschenmoser variant, i.e. di- 
methylacetamide dimethylacetal, affords a 99.4/0.6 ratio of the (E/Z)-amides (154b). Similarly, the appli- 
cation of 2-methoxypropene gives rise to the methyl ketone (154c) without any detectable (2)-isomer. 
Based upon the assumption that the chair-like transition state is operative, transition state (155), having 
the ethyl substituent equatorial, encounters fewer pseudo- 1,3-diaxial interactions than its counterpart 
(156). This effect is more pronounced when the R substituent is larger than hydrogen. 

(154) 
a : R = H  
b: R = NMe2 
c:R=Me 

When 2-methoxy-3-methyl-1,3-butadiene and alcohol (153) are the reacting partners, the unsaturated 
ketone (157) results. In this instance, the R group is isopropenyl, and the stereochemistry of the isolated 
double bond is of the (,!?)-configuration. Reduction of the ketone (equation 20) provides a new secondary 
allylic alcohol (158) that can undergo iterative rearrangements. Each rearrangement introduces the equiv- 
alent of an isoprene unit in a head-to-tail fashion. 

This strategy has been applied to the synthesis of the cl8 Cecropia juvenile hormone (JH) (163; 
Scheme 13) using the ketal (160) rather than an alkoxy b~tadiene.~' Surprisingly, an ar,p-unsahuated 
ester is obtained as an -3: 1 mixture from which the undesired (@-isomer can be separated by fractional 
distillation. The iterated allylic alcohol (163) is transformed into its isomeric allylic alcohol which is sub- 
sequently reduced to an alkene and epoxidized to realize the target (163). The scheme also lends itself to 
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the synthesis of the enantiomers of JH by utilizing the enantiomers of 3-chloro-2,2-dimethoxy-3-methyl- 
pentane3& and 3-hydroxy-2,2-dirnetho~y-3-methylpentane.~*~ 

i, cat. 2,4-dinitrophenol, toluene, 110 OC; ii, NaB%; iii, cat. 2,4-dinitrophenol, toluene, 110 "C + (160); 
iv, SOCI,; v, aq. NBS; vi, K2C03 

Scheme 13 

Diol (165)39 is an intermediate in the synthesis of the symmetrical triterpene, squalene (167). Succin- 
dialdehyde serves as the central four carbons followed by bidirectional synthesis through diol (164). The 
transformation of diol (164) into its higher homolog (165) requires several operations: (i) orthoacetate re- 
arrangement13 to a diester; (ii) reduction to a diol; (iii) oxidation to a dialdehyde; and (iv) addition of iso- 
propenyllithium. A more convergent approach employs 3,3-dimethoxy-2-methylbut- 1 -ene in conjunction 
with diol (164), a sequence that only requires reduction of the resultant isopropenyl ketone after rear- 
rangement to realize diol (165).37 

Allylic alcohol (166) is the product of 'right-to-left' linear iteration by this process. Not only is the tri- 
substituted alkene accessible with high stereochemical control, but also the Q-disubstituted alkene is 
readily prepared. These linear polyenes play an important role in the biomimetic synthesis of steroids and 
higher terpenese40 

Vitamin E (u-tocopherol, 168) bears two secondary methyl groups at the stereogenic centers in its side 
chain. An ingenious solution to the synthesis of this chain has been realized employing iterative Claisen 
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rearrangements in a scheme that is enantioconvergent (Scheme 14)."l Readily accessible 6-methyl-2- 
heptyn-4-01, prepared by the addition of propynylmagnesium bromide to isovaleraldehyde, is resolved 
via the hemiphthalate a-methylbenzylamine salt to its (R)- and (S)-enantiomers, (169) and (170). respec- 
tively. Lindlar reduction of the (R)-enantiomer provides the (R)-(2)-allylic alcohol (171). while dissol- 
ving metal reduction affords the (S)-(E)-enantiomer (172). Claisen rearrangement of either allylic 
alcohol, after exchange with ethyl vinyl ether, gives rise to (S)-(E)-unsaturated aldehyde (173). The rear- 
rangement is also successful with the Eschenmoser?6 Johnsonl3 and IrelandZo variants of the Claisen re- 
arrangement. 

i, Lindlar cat., Hz; ii, Na/",; iii, EtOCH=CH2, Hg(OAc)2; iv, PhH, reflux, 12 h 

Scheme 14 

Figure 1 illustrates the stereochemical control elements (RIS; E/Z) that are operative in this reaction. 
The x-axis (RS) reflects the chair transition states for the enantiomers (174/enr-174 175/ent-175) of the 
vinyl ethers of the (E)- and (2)-alcohols; the y-axis reflects the change of alkene geometry of a given ab- 
solute configuration. Passage from one quadrant to a contiguous one results in the opposite enantiomer of 

E ,  Z 

ent-(174); (R), (E),  si 1 e n r ~ ~ ) ;  (R), (z), re 

Figure 1 
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(179) (178) 

i, H2C=CHMgCl, CUI; ii, NaH, CH2=CHS(0)Ph; iii, 250 "C, lV3 Torr 

Scheme 15 

the Claisen rearrangement product being formed; passage through two quadrants provides the same en- 
antiomer. That is to say, change of an even number of control elements provides the same enantiomer; 
change of an odd number gives the opposite enantiomer. Thus, the quadrants corresponding to (174) and 
ent-(175) afford aldehyde (173), while the quadrants corresponding to (175) and ent-(174) provide ent- 
(173). 

The second iteration is accomplished by the addition of propynylmagnesium bromide to aldehyde 
(168); the 1:l mixture of diastereomers is separated and treated as in Scheme 14.42 

733.2 Ring-forming Processes 
Iterative sigmatropic processes have been developed that achieve ring expansion or the formation of 

polycyclic structures. Schmid and coworkers43 have investigated the iterative ring expansion shown in 
Scheme 15. The double bond of cycloalkylidene P-keto ester (176) is appended with a nucleophilic vinyl 
unit and an electrophilic vinyl group, the latter in the guise of phenyl vinyl sulfone. Thermolysis of (179) 
achieves elimination and Cope rearrangement, the two reactions constituting a tandem process, to afford 
the 16-membered cycloalkylidene p-keto ester (178), the product of a four-atom ring expansion, as a 
mixture of geometric isomers. The product (178) of the rearrangement renews the functionality of (176), 
and it is ready for a second ring expansion. 

Vedejs4 and S ~ h m i d ~ ~  have independently developed an iterative ring expansion process that employs 
the [2,3] sigmatropic remangement of sulfur ylides (Scheme 16). Base-catalyzed rearrangement of the 
trans-substituted sulfonium salt (181) via the carbonyl-stabilized ylide gives rise to the (?)-alkene (183) 
(67%) in addition to 5% of the more strained (0-isomer. Wittig methylenation of (183) provides a new 
allylic sulfide (182), which upon treatment with dimethyl diazomalonate in the presence of copper under- 
goes a second, three-atom ring expansion to malonate (185) which bears a new (?)-alkene. 

While the minor component, (0-(183), of the rearrangement of the trans-substituted sulfonium salt 
(181) may be rationalized by the chair-like transition state trans-(E)-(186), the related transition state 
trans-(?)-(l86) does not account for the formation of the major product (183), because the bond-forming 
carbon atoms are too remote from one another (equation 21). Alternatively, an isomerization of the 
trans-substituted sulfonium salt to its cis counterpart via several possible pathways4 permits the forma- 
tion of (183) via transition state cis-(Z)-(186), or (E)-(183) through the twist transition state cis-(E)- 
(186). While the formation of a cis-alkene is highly favored in the 8-membered ring, the 1 1-membered 
ring favors the formation of a trans-alkene. 

The foregoing methods have been successfully applied to the synthesis of carbocyclic ~ytochalasans~~ 
and the macrolide methynolide (191; equation 22).4* Iterative ring expansion of the five- and eight-mem- 
bered ring sulfonium salts (187) and (189) leads to the 1 1-membered ring sulfur heterocycle (190). Sul- 
fonium salt (189) is a 1:l mixture of stereoisomers that gives (190) with 16:l selectivity in 76% yield. 

S ~ h r n i d ~ ~  has successfully transformed the five-membered ring sulfonium salt (192) into the 17-mem- 
bered ring sulfur thiacycle (197) in four iterations (Scheme 17). The products (194), (193) and (0-(194) 
are formed in a ratio of 67:27:6. The presence of tetrahydrothiophene (193) is the result of ylide forma- 
tion at the more-substituted allylic site of salt (192) followed by [2,3] sigmatropic rearrangement. The 
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iv - 9 Ph 

C02Me 

i, PhCOCHN2,60% HC104, MeCN: ii, DBU, toluene, 90 OC; 
iii, Ph3PCH2; iv, N2C(C02Meh, copper bronze, 100 "C 

Scheme 16 
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(2)-thiacyclooctene (194) undergoes a successful [2,3] sigmatropic rearrangement to provide the 11- 
membered (Ea)-triene (1%) (76%) and triene (195) (11%), which arises from isomerization of the 
double bond of the vinyl group into conjugation with the sulfur atom in the intermediate sulfonium salt 
and subsequent thioclaisen rearrangement. The third iteration to form the 14-membered ring (198) also 
introduces the alkene in the (@-configuration; however, expansion to the 17-membered ring affords a 
2:l ratio of (Z,,5B,Z)-(197) and (EBB,2)-(197), respectively. The rearrangements of Scheme 17 proceed 
in greater than 80% yield. 

P ___) i & +  
Br- 

(193) (194) 
ii, i 

ii, i I 
ii, i 

(197) (198) 

i, KOH, HzO-pentane, 23 "C; ii, HzC=CHCH2Br, F3CCHz0H 

Scheme 17 

An iterative cyclopentannulation process invokes a series of Claisen rearrangements coupled with 
polyphosphoric acid mediated ring closures of the Claisen products (Scheme 18). The lithium aluminum 
hydride reduction of cyclopentenone (204) to the allylic alcohol gives the a-alcohol which requires in- 
version via the Mitsunobu procedure to achieve the desired P-configuration. As each successive ring is 
added, the alkyl chain is shortened by one carbon. Thus, structure (208) represents the extent to which 
annulation may be carried with a five-carbon chain; the numbers in the rings indicate the length of the 
carbon chain as each ring is formed. The possibility exists for alkylation of the cyclopentenone ring of 
(208) and continued annulation. 
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+$OSiMe2But 

iii iv, ix,vi 
____) 

vii, viii 

n-C5H I 1 n-CSH11 

(208) 

i, MeC(OEth, EtCOzH, 135 OC; ii, KOH, aq. MeOH, reflux; iii, PPA, 110 OC; iv, LiAIH,; 
v, AczO, Py, DMAP vi, LICA, THF/HMPA, ButMezSiCl, -78 “C; vii, 60 OC; viii, AcOH 

ix, ACOH, DEAD, Ph3P, C$,5 

Scheme 18 
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8.1.1 INTRODUCTION 

Perhaps it is appropriate that this review be written some 100 years after the report of the first syn- 
theses of cyclopropane derivatives by von Baeyerl and Perkin* and the formulation of the ‘theory of ring 
strain’ by von Baeyer.’ The chemistry of small ring compounds has risen to prominence in the last 30 
years. The popularity especially of the three-membered rings as intermediates in synthetic transforma- 
tions has been due primarily to their latent energy content and to the almost endless number of chemical 
transformations in which these compounds and their derivatives can participate. New applications and 
novel permutations of the basic systems continue to appear at a fast pace. The fascinating chemistry 
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associated with the strain of these intermediates continues to find wide applicability in the field of 
synthetic methodology and in the total synthesis of complex molecules. 

The following discussion will highlight those transformations of vinylcyclopropanes and their deriva- 
tives that are selective with regard to regio- and stereo-chemistry. The discussion of such transformations 
is done from the position of a synthetic practitioner interested in their actual use. Omitted from this chap- 
ter are transformations likely to be covered in other parts of this volume (e.g. Cope rearrangements of 
divinylcyclopropanes). A guide to reviews dealing with the preparation of cyclopropane derivatives is 
provided. At the end of this chapter a survey of useful and general methodologies based on the title trans- 
formations is provided along with a tabular compilation of total syntheses featuring these reanslngements 
as key steps. 

8.1.2 THEORETICAL AND MECHANISTIC CONSIDERATIONS OF THE 
VINYLCYCLOPROPANE SYSTEM 

8.1.2.1 Bonding and Energetics of Cyclopropane Systems 

The bonding in cyclopropane requires that the sp3 hybrids be misaligned by approximately 22" from 
the imaginary line connecting the carbon atoms. The result is the so-called 'bent' bond having about 20% 
less orbital overlap than the corresponding bond in ethane. The Coulson-Moffitt3 model (1) and the 
Walsh4 model (2) use three sp3-hybridized CH2 groups and three $-hybridized CH2 groups, respective- 
ly. The overall hybridization of cyclopropane carbon-carbon bonds is thus s$.~; this greater p-character 
can be invoked in rationalizing the similarity of cyclopropane chemistry to that of alkenes. Because the 
bond angles are considerably less than the ideal 109.5', cyclopropane suffers from significant angular 
(Baeyer) strain, as well as from torsional (Pitzer) strain from eclipsed carbon-hydrogen bonds. 

A unique treatment of cyclopropane has been advanced by Dewar? who introduced the concept of a- 
aromaticity, which explains some of the anomalous chemical and physical properties of cyclopropane. 
The notion of a-conjugation implies that three a-bonds form a cyclic system of six electrons; thus cyclo- 
propane is aromatic by the (4n + 2) rule. This explanation well accounts for the strain energy of cyclo- 
propane. The actual value (27.5 kcal is much lower than the predicted value of 104 kcal mol-' (1 
cal = 4.2 J), calculated from the C 4 4  bending force constants obtained ~pectroscopically.~~~ A simi- 
lar comparison for cyclobutane (antiaromatic by the above notion and the 4n rule) underestimated the 
strain en erg^.^ a-Aromaticity also accounts for such observations as *H NMR chemical shifts and the re- 
activity of cyclopropane toward electrophiles. 

The cyclopropane ring is subject to a number of chemical transformations that are only possible be- 
cause of its unique bonding and high energy content. It is the energy content (27.5 kcal mol-l) that drives 
the diradical opening of cyclopropane, especially so if one (or both) of the resulting radicals becomes a 
part of a delocalized allylic system, as in the case of vinyl- or divinyl-cyclopropanes. Such resonance sta- 
bilization energy of an allylic radical system (12.6 kcal mol-')* can be used to explain the lower activa- 
tion energy for reactions involving vinylcyclopropane (34-55 kcal mol-l) compared with the activation 
energy for reaction resulting from diradical processes that involve only the cyclopropane ring (59-66 
kcal 
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The vinylcyclopropane unit contains the strain energy of the cyclopropane ring (27.5 kcal mol-'), and 
it is this energy content that will be primarily responsible for its reactive options. Thermal ring fission 
can occur by any one of three mechanisms: [ 1,5] sigmatropic hydrogen shift, [2us + 2rs]  concerted reor- 
ganization to cyclopentene, or a diradical fission followed by further reactions of the diradicals (recombi- 
nation or hydrogen abstraction). This discussion has received considerable attention in both the 
mechanistic and the synthetic sense and has been the subject of several recent 

The bonding in vinylcyclopropane (3) is such that an s-trans-gauche conformational equilibrium 
exists to allow for maximum orbital overlap of the asymmetric component of cyclopropane orbitals with 
the r- or r*-orbitals of the ethylene unit, as shown in (3a). From thermochemical studies it appears that 
conjugation of an alkene with cyclopropane stabilizes the system by 1.2 kcal m01-1.22923 The conforma- 
tional equilibrium for vinylcyclopropane was shown to consist of an s-trans minimum (3b) and two 
gauche conformers that are equal in energy and destabilized by 1.43 kcal mol-I with respect to the 
s-trans conformation. The barrier to interconversion has been determined to be 3.92 kcal mol-' F4 

The details of bonding and spectroscopic properties of cyclopropane derivatives have recently been re- 
v i e ~ e d . ' ~ , ~ ~ , ~ ~  In addition, the properties and energetics of cyclopropyl cations, anions, radicals, anion 
radicals and cation radicals have been amply reviewed, and comparisons have been made with their 
corresponding alkenic counterparts. 13,23.26 

8.1.23 Reactive Tendencies 

To a synthetic chemist the analogy between cyclopropanes and alkenes is indeed an appropriate one. 
Virtually every reaction that an alkene undergoes has its counterpart in the repertoire of transformations 
possible with cyclopropanes. Thus conjugation of a cyclopropane to an alkene makes it possible to 
invoke a number of reaction modes and reactive intermediates that can be compared directly to their 
alkenic counterparts. 

How a particular vinylcyclopropane will be electronically perturbed toward a specific mode of re- 
activity depends on the substitution of either the cyclopropane or the vinyl portion. All of the principal 
reactions of vinylcyclopropanes proceed via transition states that require stabilization by activating 
groups and/or release of the ring strain. To understand and to alter the reactive tendencies of substituted 
vinylcyclopropanes, we must understand the components of the possible transition state and the probable 
reactive intermediates involved. Table 1 shows the principal reaction pathways of the vinylcyclopropane 
system in the context of their intermediates, products, and alkenic equivalents. 

The cyclopropylcarbinyl radical (4), the cyclopropylcarbinyl cation (5) and the cyclopropylcarbinyl 
anion (6) all dominate the expected reactivity of vinylcyclopropanes since one of these forms will be ex- 
pected to be a major contributor to either a radical or a polar transition state. It is important to consider 
the various reactive subunits in some detail in order to understand the 'big picture' reactivity of a 
vinylcyclopropane system, especially as perturbed by additional substituents. 

The dominant contributor to the reactivity of vinylcyclopropanes in any radical reaction is the form 
(4a), the cyclopropylcarbinyl radical system. The opening of a cyclopropylcarbinyl radical to a butenyl 
radical is among the fastest radical processes known, with a rate constant of 1.3 x 108 sec-1.27,28 The vari- 
ous stereoelectronic effects of this rearrangement have been r e ~ i e w e d . ~ ~ . ~ ~  The structure of (4a), deduced 
from its ESR ~ p e c t r u m ~ ~ . ~ ~  and in agreement with calculations (STO-36 basis set)?3 is in the bisected 
conformation shown, predicted to be 1.4 kcal mol-' more stable than its perpendicularly oriented 
counterpart. Above -100 'C only the butenyl radical (4b) can be detected. Substituent effects do not 
seem to operate here when the substituents are on the cyclopropane (Le. product stabilization)." The cy- 
clopropylcarbinyl cation and anion have structures similar to (4a), bisected conformations (5) and (6), re- 
spectively. A concise summary of solvolytic and mechanistic data for system (5) has recently appeared.23 
Reviews of cyclopropylcarbinyl anions and carbenes are also a~ailable. '~. '~ 

To understand how substituents, especially heteroatoms, will change the reactivity of these systems, 
the basic transformations shown in Table 1 should be kept in mind. The number of possibilities is limit- 
less, especially upon the recognition that, depending on the substituents, any one of the above contribut- 
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ing structures (4), (3, or (6) can become operational on the mode of subsequent rearrangement of the vi- 
nylcyclopropane when such rearrangements occur from the homolytic or heterolytic manifolds. The 
question of concerted rearrangements, or the [2rS + 2uS] processes, is more difficult to address. Evidence 
exists on both sides of the argument with no clear-cut rules for or against a universally accepted mechan- 
ism. The next section will present the debate concerning this topic in more detail. 

In terms of retrosynthetic or disconnective reasoning, cyclopropane is an ideal molecular building 
block. Because it can be expected to act as an alkene, all of the standard reactions can be performed with 
it. As it has an extra carbon, however, it serves as a marvelous ‘synthetic wedge tool’** that can be used 
to either disrupt existing symmetry or consonance or to introduce it to the target. The concepts of syn- 
thetic consonance and dissonance formulated by Evans35 or the ‘cyclopropane trick’ analogy of See- 
b a ~ h ~ ~  are ideal in understanding the synthetic utility of cyclopropanes. Thus, for example, equilibrium 
addition of HBr across 1,3-butadiene yields 1-bromo-2-butene (7; equation I), in which the halide enjoys 
an allylic relationship with the alkene. Similar addition to a vinylcyclopropane (equation 2) will, on the 
other hand, produce 1-bromo-3-pentene (8) where the same relationship is homoallylic. One can immedi- 
ately see that the charge parity in the product alkenes has been inverted by the introduction of the odd 
carbon, and thus inverted reactivity of such alkenes can be expected in subsequent synthetic steps. This 
criterion is extremely important in synthetic schemes involving long range planning and placement of 
functional groups. This property of cyclopropane has been exploited in the pioneering efforts of Wen- 
kert, who developed 1 ,Cdicarbonyl compound synthesis based on the ability of ox ycyclopropylcarbinyl 
systems such as (9) to act as pseudo enols (equation 3).20337338 

D 

- Br- HBr 

+ + +  

0.l 

Finally the introduction of cyclopropane or vinylcyclopropane into organic compounds provides an 
opportunity to cross the odd/even manifolds in further synthetic steps aimed at the preparation of com- 
pounds of increased molecular complexity. Traditionally, any synthesis that involves intermediates with 
an odd number of atoms is more difficult because proper charge parity or consonance cannot be ob- 
served. A cyclopropane unit then functions as a topological operator in those cases where such crossover 
is 

The most fascinating features of vinylcyclopropane reveal themselves upon the introduction of not 
only substituents but heteroatoms. The number of possible permutations of molecular connectivity in a 
system such as (10; Figure 1) is virtually limitless. (Consider the series of connectivity operations for a 
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chemical system composed of an odd number of atoms with an external operator X (Figure 1). Whereas 
there is only one way to connect A and X, there are now six ways to connect X through the ring opening 
of the three-membered ring system (i) and 120 such different connections in the ring opening of the het- 
erovinylcyclopropane (ii) and its interactions with X?2) The complexity of connectivities of (10) with an 
external operator X is related through the factorial (!) function and becomes even greater when the 
presence or the position of substituents in (10) or the complexity of X are added for consideration. The 
success in predicting the reactivity of a system such as (10) depends on the nature of component atoms, 
substituents, electronic perturbations, and the preference of some mechanistic pathways over others. To 
consider selective transformations of a system that has in excess of 120 possibilities may seem frivolous; 
fortunately there exists a number of simplifying parameters that provide for surprising selectivity as well 
as predictability of the rearrangements of any hetero-substituted system of type (10). 

A + X - A-X ( 1  possibility) 

+ ~ 

XABC or XACB or XBAC or XBCA or XCAB or XCBA A 

0 )  
B'-'c (6 possibilities = 3!) 

A 
I \  + X - (120 possibilities = 6 ! )  B-C,,,+E 

Figure 1 

The substituent effects have been quantitatively addressed in the context of specific transformations, 
for example the vinylcyclopropane-cyclopentene rearrangement, and will be discussed in the appropriate 
sections. The donor/acceptor principles have been applied to thermal, heterolytic and transition metal 
catalyzed rearrangements and have been reviewed.16.21 These principles take into account the possible in- 
termediate structures listed in Table 1 and are used to explain the reactivity of a particular cyclopropane 
system. In the discussion that follows emphasis will be given to the processes that are uniformly selec- 
tive with regard to regio-, stereo- and enantio-chemical integrity of the products. 

8.133 Guide to Preparation 

The inherent energy content of the cyclopropane ring demands that the method of introduction of a cy- 
clopropyl subunit itself relies either on highly reactive intermediates or on irreversible or energetically, if 
not entropically, favored processes. Thus the synthesis of cyclopropane derivatives can be classified into 
three major categories: 1,3 bond forming sequences (equation 4);4u5 carbene or carbenoid routes (equa- 
tion 5);&% and rearrangement pathways (equations 6 and 7).51-54 

D-7 ay- X Y 
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The procedures for the synthesis of cyclopropane derivatives, especially by the carbenoid ~ ~ u t e ~ ~ $ ~ ~  
49*5s57 or the ylide route (1 , 3 - d i s p l a ~ e r n e n t ) , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  have been amply reviewed. Equally well re- 
viewed are the reactions of cyclopropanes and their use in synthetic methodology.9*12*13,1s21-41 For the 
preparation of the more common cyclopropane derivatives, the use of suitably functionalized cyclopro- 
pyl building blocks that are commercially available would be recommended. 

Vinylcyclopropanes are most easily prepared by one of the following methods: (i) cyclopropanation of 
conjugated dienes (inter- and intra-molecular) (equation 8);41 (ii) permutations of the reactions of allylic 
ylides with Michael acceptors (equation 9);19*u)-45 (iii) ring opening of oxaspirocyclopentanes (equation 
10);19320 (iv) additions of vinyl diazo compounds to alkenes (equation 1 (v) indirect methods of for- 
mation, e.g. Wittig reaction of acylcyclopropanes and rearrangement  pathway^;^*^^ and (vi) in certain 
specific cases where the vinylcyclopropanes are immediately reacted further, by thermolysis of 1,4- 
dienes via [ 131 shift sigmatropic reactions?1*61 The preparations of vinyloxiranes, vinylaziridines, cyclo- 
propylcarbonyls and cyclopropylimines have been reviewed in different contexts (addition of ylides to 
carbonyl compounds, interaction of azides or diazo compounds with alkenes, etc.), but their preparations 
have not been summarized under a common heading. However, any reference dealing with the use of 
these compounds will provide a guide to one or more methods of their synthesis. 

0 0 

8.13 REARRANGEMENTS OF VINYLCYCLOPROPANES 

The vinylcyclopropane system is subject to a wide variety of transformations ranging from thermolysis 
and photolysis to nucleophilic and electrophilic ring opening and transition metal catalysis. A common 
trait in all such transfonnations is the release of the ring strain and further reaction of the intermediates 
thus generated. Until recently the most commonly recognized transformations of vinylcyclopropanes 
were those resulting from thermally induced bond reorganizations. There are two major pathways avail- 
able to vinylcyclopropanes on thermolysis: rearrangement to cyclopentene and ring opening to alkenes or 
dienes. The ability to predict which of these transformations is the most likely depends to a great extent 
on the substituents and on the precise conformational definitions and the orientation of the msystem of 
the vinyl group to the cyclopropane. As will be seen in further discussion, some element of control is 
available. The thermal cleavage of vinylcyclopropane can in principle provide any of the products de- 
picted in Scheme l. The analysis of the mechanistic pathways has been reviewed, but a great deal of un- 
certainty exists regarding the precise distinction between radical, zwitterionic or the concerted nature of 
these processes.62 
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E, = 57.3 kcal mol-' 
log A = 14.4 

(3) E, = 49.6 kcal mol-' 
log A = 13.5 

E, = 56.2 kcal mol-' 
log A = 13.9 

E, = 53.6 kcal mol-' 
logA = 13.0 

Scheme 1 

8.13.1 [15] Shift Pathways 

Under some circumstances the [ 131 sigmatropic shift of hydrogen from an alkyl group oriented cis to 
the vinyl group is the lowest energy pathway available to a vinylcyclopropane.'0-*'~61 The classic experi- 
ments that led to the understanding of this process were pedonned by W i n ~ t e i n ~ ~  and F r e ~ . ~ * @ * ~  The re- 
arrangement of vinylcyclopropane (11) proceeded at 260 'C to furnish only the cis-alkene (12; equation 
12).64 This rearrangement usually proceeds with an activation energy of 30-35 kcal mol-',"'' and is 
thought to involve a chair-like (13) rather than a boat-like (14) transition state. Most of these rearrange- 
ments are stereospecific, yielding only the cis-alkene. 

chair: 4.5 kcal mol -' 
more stable 65* 

boat 

(13) (14) 

The transformation has been shown to be reversible by careful study of the temperature profiles of 
flash vacuum pyrolysis of either cis-methylvinylcyclopropane (15) or diene (16; equation 13).% Only 
above 400 'C did the vinylcyclopropane show the expected tendency toward diradical cleavage, a pro- 
cess that requires a substantially higher activation energy (15-20 kcal mol-' higher) than the concerted 
[ 1,5] shift. This rearrangement also occurs stereospecifically in endocyclic vinylcyclopropanes such as 
(17; equation 14).67 The migration of the hydrogen atom is governed by the principles of sigmatropic re- 
arrangements, i.e. the pathway of the hydrogen atom is suprafacial.68 The effect of substituents and their 
stereochemistry in this rearrangement was in~estigated.6~ 

The fact that suitably sterically biased cis-alkylvinylcyclopropanes participate in these types of re- 
actions attests to the ability of the cyclopropane ring to transfer conjugative properties and to act as a 
pseudo ene unit. Competing pathways of higher order may become dominant in those cases where the 
transition state is stabilized by extended conjugation, as in the case of (18) and its predominant [1,7] 
hydrogen shift (Scheme 2).70 
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below 400 o c  

above 450 
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907 

9% (18) 
Scheme 2 

91% 

Oxygen, nitrogen and carbon atoms can equally well participate in the ‘vinyl’ system. Table 2 pro- 
vides a survey of some synthetically useful rearrangements of this type. In all cases the formation of the 
alkene is regioselective and in most cases it is stereospecific as well, according to the principles outlined 
above. The distinction between boat and chair transition states depends on the precise conformation of 
the reacting system, and this factor can be somewhat manipulated experimentally. 

The synthetic utility of this process can be seen by evaluating the examples in Table 2. For example, 
because the cyclopropane serves as a pseudo alkene and because the [ 1.51 shift requires a six-membered 
transition state, it relates conceptually to the Cope and Claisen rearrangements. The y,b-unsaturated car- 
bonyl compounds in Table 2 are those that would otherwise be obtained via Claisen or orthoester Claisen 
rearrangements, which are normally effected under strongly acidic or strongly basic conditions (Scheme 
3). 

For compounds of small molecular weight, the [1,5] shift pathway may therefore be superior in the 
ease of preparation, simplicity and cost. In those instances where 1A-dienes are easily constructed with 
the alkene predisposed cis, the resulting conversion to vinylcyclopropanes may in fact be superior to the 
use of carbenoid-based reagents in those instances where the resulting vinylcyclopropanes need not be 
isolated (Scheme 4). The retro-ene reaction of 1 ,4-dienes requires temperatures which induce immediate 
further reactive options in the vinylcyclopropane as soon as it is generated.66 

Two examples that show selectivity in synthetic applications are the synthesis of cycloheptanone 
(19)?5 which involves ring expansion via a [1,5] hydrogen shift, and the synthesis of sarkomycin (20; 
Scheme 5).66976 In both of these protocols, the intermediate cyclopropyl ketone or vinylcyclopropane sys- 
tem could be rearranged to dihydrofurans or cyclopentenes respectively by the appropriate adjustments 
in the experimental conditions?*41 

8.13.2 Vinylcyclopropane-Cyclopentene Rearrangement 

The thermal rearrangement of vinylcyclopropanes to cyclopentenes is probably the most recognized 
mode of reactivity of the vinylcyclopropyl system and one that has received the most attention. Dis- 
covered by Neureiter in 1959?7 it was scrutinized in detail during the 1960s. The fundamental issue at 
that time revolved around the concerted [2m + 2as] versus diradical nature of the rearrangement. No res- 
olution of this question materialized as both mechanisms were invoked to explain specific cases.sL13 The 
experimental evidence in the majority of cases studied, however, supports a diradical-type cleavage of 
the vinylcyclopropane system and a reclosure of the allylic diradical with an average activation energy of 
about 45 kcal mol-’, or approximately 15 kcal mol-I higher than the competing [1,5] shift pathway dis- 
cussed in the previous section. What is puzzling is the apparent stereospecificity of the rearrangement of 
optically pure vinylcyclopropanes such as (21; equation 15).7* The presence of ‘forbidden’ products, 6)- 
(23) and (+)-(23), would suggest a biradical mechanism, but the high degree of retention of optical purity 
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Table 2 Thermal Rearrangements of cis-Alkylvinylcyclopropanes 
~~ ~ ~ 

Cyclopropane Temperature ("C) Alkene Yield (%) Ret 

300 

150 89.4 
0 

280 

120 

COzMe "lib 
ACHO 

200 @OH 

82.5 (trans) 
17.5 (cis) 

80 

6 5 7 1  

72 

72 

70,73,74 

75 

66 

Scheme 3 

r 1 

L J 
not isolated 

Scheme 4 

(80.1 f 0.4% at 60 'C, 68.8 f 0.5% at 120 'C) would rule out any freely rotating diradical ~pecies .6~*~* 
This observation implies that if the regiochemistry of the rearrangement is controlled, the stereo- and 
enantio-chemical consequences will follow. 
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(15) (16) (20) 
i, LiAlH,; Simmons-Smith cyclopropanation, Collins oxidation; ii, 200 OC, 2 h; 
iii, Cu(aca~)~,  PhH, A iv, 450 "C, Pyrex; v, 03, CH2C12, Me2S; Jones oxidation 

Scheme 5 

The molecular topology of this rearrangement is fascinating in its potentially limitless permutations. 
As indicated in Section 8.1.2.2, any one of the five atoms in the vinylcyclopropyl system may be re- 
placed with almost any other atom (C, Si, P, N, 0, S, ek . )  and the overall reorganization to an unsatu- 
rated five-membered ring system remains operational. Thus cyclopropyl aldehydes, imines, ketones and 
esters yield the corresponding heteroatom analogs of cyclopentene, as do vinyloxiranes, vinylaziridines 
and vinylthiiranes. When electronegative elements are contained within the vinylcyclopropane frame- 
work, the mechanism may change from a diradical to a dipolar one. 

In the parent system (3), only one bond is activated toward a cleavage that produces an allylic radical 
(equation 16). In more-substituted cases, however, different degrees of activation may exist, and these 
will control the rate as well as the regiochemistry of the rearrangement. Some rather drastic differences 
in the conditions and the rate of the rearrangement can be seen in Table 3. 

In general, increased carbon substitution, extended conjugation, or the presence of heteroatoms lowers 
the activation energy for the reorganization to cyclopentene. In some cases changes in carbon substitu- 
tion cause the reaction pathway to deviate from the cyclopentene rearrangement entirely. Thus, in the re- 
arrangement of keto vinylcyclopropanes of type (24; equation 17), only bond a is activated toward 
radical scission as a result of the electron-withdrawing effect of the carbonyl g r o ~ p ? ~ * ~ ~  No products that 
would result from scission of bonds b or c are observed until a higher order of substitution exists at the 
B-carbon, as in the case of (26), where the competition between the tertiary (bond c) and the secondary 
a-keto radical (bond b) clearly favored product (27) in several instances (equation Once the 
a-position was substituted, as in (28), the normal cyclopentene rearrangement took place (equation 19), 
indicating that a tertiary a-keto radical is favored over a tertiary 

Activation by electron-donating heteroatoms accomplishes similar regioselective ring cleavage. It has 
been shown during the era of mechanistic investigations that heteroatom substitution of the cyclopropane 
moiety lowers significantly the activation energy of rearrangement, whereas similar substitution on the 
alkenic unit has little effect? Several examples of this principle are shown in Table 3. In all of the cases, 
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Table 3 Substituent Effects in the Vinylcyclopropane-Cyclopentene Rearrangement 

Vinylcyclopropane Cyclopentene E,  (kcal mol-') Re$ 

49.7 

49.4 

48.7 

79-8 1 

82,83 

65,83 

x= 
D O M e  

44.7 

38.7 

20,84 

20,84 4 OMe 
ooMe 

OSiMe3 
I Me3Si0 

6 42 85 

SiMe3 

0 81 

xoAc D O A c  
86 

6 NMe2 
CYNMe2 87 31.2 

n 8 n 
S 

88 

OSiMe3 
I 

OSiMe3 'b - 

44.5 

89 

11 
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Table 3 (continued) 

Vinylcyclopropane Cyclopentene Ea (kcal mol-') ReJ 

SiMe3 
SiMe3 c-r"l 40.5 

OSiMe3 

90 
Me3SiO' 

39.6 91 

92 x 51.1 

51.3 

51.3 

92 

15,83,93 9 OSiMe3 M OSiMe, 

OSiMe3 

% 
OSiMe3 
I 

44.3 

25.8 

41.5 

83 

94 

03 
b L 

F L 
a 

37.9 95,96 

b 
a:b = 4:% 

the cleavage of the cyclopropane ring occurs regioselectively in such a way as to provide a diradical that 
is contained in an allylic system on one side and a to the heteroatom on the other, or both, as shown in 
equations (20) and (20a). When directly attached to the cyclopropane, oxygen, sulfur and nitrogen all 
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exhibit the accelerating effect, whereas silicon retards the rea~~angement .~~*~* Fluorine has been shown to 
destabilize vinylcyclopmpanes by 12-14 kcal m0l-~?~9% 

R = H, alkyl, acyl 

5 

(24) 

0 

R = Me, alkyl 
w 

- i  X 

.: P ...... 

The following examples further illustrate the selectivity that can emerge from this analysis (Scheme 
6). Divinylcyclopropane (30) underwent exclusively the cleavage of the siloxy-substituted rings3 with ac- 
tivation enhancement of cu. 5 kcal mol-', whereas the silyl-substituted counterpart (31) preferred the 
cleavage of the carbon-substituted ring due to the decelerating effect of silicon.*' 

OSiMe3 

a*&-$ OSiMe3 (30) 

SiMe3 51me3 bp -* - pro 51me3 -(yJ 
SiMe3 

(31) 
Scheme 6 
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Examples of rearrangements where odd electron species may be intermediates include the concerted 
(and stereospecific) rearrangements of alkoxides such as (33), generated from g-chloro esters (32) with 
n-butyllithium at low temperature1O0 and the cation radical accelerated rearrangement of (35 Scheme 
7).lo1 The exact mechanism of either of these transformations is not known. A concerted ring closure of 
an anion radical (37) was proposed in the former case, whereas either a stepwise isomerization of a tri- 
methylene cation radical (38) or a concerted rearrangement involving an odd electron pericyclic transi- 
tion state was invoked for the latter. The rate enhancement in the rearrangements of vinylcyclopropanes 
such as (35) has been estimated to be >lo9 as compared to the thermal reorganization that occurred only 
above 200 'C.'O1 It should be noted that odd electron species do not subscribe to the normal rules con- 
cerning symmetry forbidden reactions and that ample precedent is available concerning accelerating ef- 
fects in such reactions by creating odd electron intermediates.*m 

Bu"Li,7"MPA low 1 9 
50 OC, 1-2 h 

OH 

(35) 
Scheme 7 

A similar acceleration has most recently been observed in the rearrangement of vinylcyclopropanes of 
type (39; Scheme 8).lo3 This fluoride-mediated vinylcyclopropane-cyclopentene isomerization proceeds 
at -78 'C to give (40) in 85% yield; this is to date the mildest condition available. Two possible inter- 
mediates, the enolate anion (39a) or the diradical anion (39b), may be responsible for such acceleration 
in analogy to the enolate anion accelerated divinylcyclobutane rearrangement recently reported. lo4 The 
mechanism of this transformation is unclear but may involve anion acceleration similar to that observed 
in the rearrangement of sulfonyl anions derived from (42; Scheme 8).lo5 By comparison the thermolysis 
of (39) produced exclusively the endo isomer of (41) at 580 *C.lo3 

Most recently, a vinylcyclopropane rearrangement that appears to involve anion acceleration was re- 
ported to take place during an interesting [4 + 2 - 11 annulation, depicted in Scheme 9. Following the [4 
+ 21 cyclization of the thiocarbonyl compound, the [2,3] sigmatropic ring opening of the anion generates 
a thioenolate anion-terminated vinylcyclopropane, which rearranges at low temperature and is trapped 
with an alkylating agent. The stereoselectivity of this ring closure was reported to favor syn substitution 
by 13:1.lO6 This process is similar in concept to the rearrangement of vinylcyclopropane (39). 

Photochemical rearrangements of vinylcyclopropanes have been reported under both direct and sen- 
sitized conditions; the field has been reviewed on several  occasion^?^^^^^^ In 1962 the investigation of the 
addition of photochemically generated methylene diradical to butadiene led to speculations regarding the 
possibility of direct 1,4-addition of a carbene to a diene.lo7 Such direct additions, however, have been 
found operating only in the cases of sterically constricted dienes such as (43) or (44).lo8 A photochemical 
vinylcyclopropane-cyclopentene rearrangement taking place during the reaction can account for the ob- 
served products. The sensitized conditions generate triplet species with ET = 80 kcal mol-', far above the 
activation barrier for the vinylcyclopropane cleavage, and thus promote other, competing pathways. Both 
diradical and zwitterionic species (and sometimes carbenes) have been proposed as intermediates in 
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OSiMe2Bu' 

iii i or ii - 
OSiMezBu' 

(39) 

iV  b7 - W S 0 2 P h  
SOzPh 

(42) 97% 

i, KF, 18-crown-6, THF, -78 "C; ii, Bun4NF, H20, THF, -10 OC; iii, 580 "C, Pbcoflycor; 
iv, Bu"Li, THF, HMPA, -78 to -30 OC 

Scheme 8 

Et02CyC02Et + 1 ___) i 

[&:2Et - - eo:] S- 4;: SMe 

i, LiNPr$ or KN(Me3Si)2, THF, -78 "C; ii, Me1 

Scheme 9 

s 

transformations of this type.Iw The example in Scheme 10 illustrates such Photolytic 
rearrangements of vinylcyclopropenes such as (45) lead to cyclopentadienes via diradical recombination, 
bicyclo[2.1 .O]pentane diradicals or carbene intermediates (equation 21)."O 

Rearrangements of endocyclic vinylcyclopropanes under direct irradiation lead to useful yields of ring- 
contracted products as the examples in Table 4 illustrate. Some regioselectivity is observed in the rear- 
rangements of unsymmetrical vinylcyclopropenes, which lead to cyclopentadienes (46) and (47) 
(equation 22).'l4 A similar rearrangement of a cyclopropene ester, where the carbonyl serves as a vinyl 
equivalent, produced funtn (48) with similar regioselectivity (equation 23).Il5 For additional examples of 
vinylcyclopropene rearrangements consult Section 8.1.7. 
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COzEt 

hv 1.- I A R 1 
1 

+ 2 E t  

R 

Scheme 10 

ph\/" hv 
___) 

Ph A Ph 87% 

J 

Ph Ph 

Table 4 Photochemical Vinylcyclopropane-Cyclopentene Rearrangements 

915 

Vinylcyclopropane Conditions Product Yield (6) Ref. 

Q 0 hv, acetone 82 

H 

hv, "FA - 

111 

112 

113 

Ph k-.-x Ph Ph Ph +*  Ph Ph 
(46) 2.51 (47) 
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\ OMe 

The photochemical transformations of vinylcyclopropanes are of mechanistic interest, but because of 
the high energy of the reaction intermediates, especially in the triplet manifold, practical applications are 
scarce. The regio- and stereo-selective aspects are, however, similar to those of the thermal processes. 
Additional methods that provide for the cyclopentene rearrangement involve the degenerate photochemi- 
cal rearrangements observed by Wender during meta-photocycloaddition of arenes and alkenes and 
utilized extensively in the synthesis of triquinane se~quiterpenes.~~.l~~.'l~ (See Section 8.1.9 or ref. 41 for 
a recent summary.) 

Transition metal catalyzed rearrangements have received considerable attention because of the mild 
conditions required for these rearrangements. The interaction of the vinylcyclopmpanes with metal cata- 
lysts is accompanied by ligand insertion in most cases. This topic has recently been reviewed.''* Rho- 
dium-catalyzed rearrangements of vinylcyclopropanes (49) have been studied (Scheme 1 l),l 19J20 and 
found to yield diquinanes (50) in an apparent [2ns + 2.rrsl/[2ns + 2u.J process.119 It appears that the 
presence of an additional ligand in vinylcyclopropane (49) is necessary for the reax~angement.l~~J~~J*~ 
In contrast, both isomers of vinylcyclopropane (51) give diene (52) in a process involving stereospecific 
@-hydride elimination (equation 24). No cyclopentene formation was observed. In one case, a carbonyl 
was thought to assume the function of an additional alkenic ligand. Vinylcyclopmpane (53) gave exclu- 
sively triquinane (54; equation 25), whereas the pyrolytic conditions led to a mixture of cis-anti-cis and 
cis-syn-cis isomers in a 6:l ratio.122 Few examples exist where simple vinylcyclopropanes (without the 
additional ligand) rearrange to cyclopentenes; rather they rearrange to dienes. In the case of divinylcyclo- 
propylethylene (55) it can be argued that the nonparticipating cyclopropane serves the function of this 
additional ligand (equation 26). 121 

(49) 
Scheme 11 

H 

v 
PBu"~, 70 O C  * A  

U 99% 
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The presence of additional unsaturation in vinylcyclopropane (56) was invoked as an explanation for 
its facile nickel(0)-catalyzed rearrangement to vinylcyclopentene (57) in excellent yield (Scheme 12).lZ1 
The geometry of the diene in (56) turned out not to be important as the ring opening led to the equilibra- 
tion of (e- and (2)-isomers prior to the final closure. The reaction was therefore stereoselective, but 
cyclopentene (57) suffered, in some cases, isomerization to (58) under the reaction conditions.121 

R 
................ c 

(58) 

*b- [Ni(COD)J 

PBu"~, 
-90% 

(56) (57) 
R = Me, alkyl, Ph 

Scheme 12 

The coppercatalyzed rearrangement of vinylcyclopropane (59) was thought to involve the IT-allyl sys- 
tems (60a) and (60b) (Scheme 13). The regioselectivity of this rearrangement was only two-fold; how- 
ever, both enol ethers (61) and (62) can be hydrolyzed to the 1,4-dicarbonyl system (63). Platinum- and 
rhodium-catalyzed decomposition of (59) yielded dienes. 123 

cu 

E Q C  

(59) 

Me0 CO2Et 

* 0eco2Et H,d 

(63) 

LJ + MeooCo2Et 
(61) 2: 1 (62) 

Scheme 13 

Palladium-catalyzed rearrangements of dienylcyclopropanes have also been reported. Vinylcyclopro- 
pane (64) gave cyclopentene (65) without regard to the (E)/(Z) composition of the diene (equation 27).l" 
Similar results with respect to (E) and (Z) mixtures were also observed in the more-substituted case of 
(66) with moderate stereoselectivities (3: 1) observed upon reclosure (equation 28). It has been suggested 
that the palladium-catalyzed rearrangement is in fact a nucleophilic-like opening followed by reclosure. 
Such transformations are discussed in Section 8.1.3.4 in the context of the stepwise opening of activated 
vinylcyclopropanes with iodide and other nucleophiles. 

i' COIMe 
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In summary, the regio- and stereo-chemical course of the vinylcyclopropanecyclopentene rearrange- 
ment can be predicted by analyzing the donor/acceptor qualities of the substituents and by considering 
the nature of the intermediates in the incipient ring closures. It can be concluded that, based on the dis- 
cussion above, only one bond in a vinylcyclopropane system will be predominantly activated toward 
regioselective cleavage. The stereochemical outcome will then be governed by the energetics of the 
corresponding substituted cyclopentene, which is formed from a cisoid conformation of a biradical such 
as (68; equation 29). It should be noted that, if such a conformation cannot be reached for steric reasons 
(the size of R2 >> R3, for example), then processes other than cyclopentene formation will predomi- 
nate.'= In functionalized cyclopentenes the stereoselectivity would be expected to be dominated by the 
endo effect, which governs the radical closures~1~126*127 In fused systems, either the kinetic endo effect or 
the relative energetics of cis versus trans fusion will determine the stereochemistry at the ring junction. 
In the field of polycyclopentenoids, for example, this issue is relatively unimportant as all ring junctions 
prefer to be in the thermodynamically more stable cis form. 

The stereochemistry of those rearrangements involving concerted processes can be rationalized with 
the results of Baldwin's experiment78 for those vinylcyclopropanes that contain no resident chirality 
other than at the centers that become diradicals. Rearrangements of optically active vinylcyclopropanes 
that contain set chirality at centers remote to the rearrangement site, such as vinylcyclopropanes (70; 
equation 30) and (72; equation 31), lead to the retention of 100% optical purity in the praducts.128,1B Al- 
though the enantioselective preparation of cyclopentenes by this method is not routine, save isolated 
examples?' it should be expected that in optically pure vinylcyclopropanes of type (74; equation 32), the 
rearrangement would proceed with complete retention of optical configuration since center b is not in- 
volved in the rearrangement. The increased use of such processes awaits the development of a suitable 
methodology for the generation of optically pure vinylcyclopropanes. 

0 0 

- \b 
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A summary of the synthetic methods based on the vinylcyclopropane rearrangements appears in Sec- 
tion 8.1.8. The listing of total syntheses featuring this rearrangement and its heteroatom variants is com- 
piled in Section 8.1.9. 

8.1.33 Ring Expansions of Oxyvinylcyclopropanes 

Vinylcyclopropanes substituted with oxygen (or sulfur or selenium) are susceptible to ring expansion 
to the corresponding cyclobutanone derivative in addition to the expected cyclopentene rearrangement 
(Scheme 14). The oxycyclopropane can be viewed as a pseudo enol in those interactions with electro- 
philes that would involve the vinyl group. The resulting cyclopropylcarbinyl system (75) will interact 
with nucleophiles either directly (path a) or through ring opening (path b; Scheme 15). The participation 
of either bond a or b in this opening will depend on the precise conformation of (79, which is in turn de- 
pendent on the nature of the cation and its solvation, as well as on the tendency of the cyclopropylcarbi- 
nyl cation (75a) to unravel. When proper orbital overlap exists, one of these bonds will participate in 
opening the cyclopropane to yield (77) or it will act as an internal nucleophile in its migration (and con- 
comitant ring expansion to 78). This latter process has been developed and extensively utilized by Trost 
in spirocyclobutanone a n n ~ l a t i o n . ~ ~ , ~ ~  A less common reaction of oxyvinylcyclopropanes would involve 
normal electrophilic opening of the oxycyclopropane, as, for example, that occurring in the generation of 
the P-stannyl enone (equation 33).'5 

Scheme 14 

Scheme 15 

* 
Me3SnC1, Et,N 

DMSO, Et20, r.t. 
R = P h , H  

(33) 

The ylide-based methodology of oxaspirocyclopentanes in synthesis provided the elements of control 
shown in Scheme 14. The oxaspirocyclopentane system (79), prepared from the corresponding cyclopro- 
pyl and carbonyl compounds, can be eliminated by a variety of methods to vinylcyclopropane (M), 
which can be used in cyclopentene annulation or be rearranged to spirocyclobutanone (81; Scheme 16).20 
When treated with acid, vinylcyclopropane (80) generates cations of type (75b), which collapse to cyclo- 
butanones whose stereochemistry depends on the precise conditions and the solvating properties of the 
acid used. For example, treatment of epoxide (82) with protic acids resulted in approximately 80:20 se- 
lectivity in the formation of (Ma; Scheme 17).130 When the equilibrium of (83a) and (83b) was retarded 
by the use of counterions that accelerated the migration by rendering the oxygen more electron releasing 
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(and also prevented the rotation leading to the more stable conformer 83b), only (84a) was observed. The 
rearrangement occurs with inversion of configuration at the migrating centeq this would be consistent 
with a thermally allowed [2a + 2a + 24 concerted process, which has been invoked to explain the forma- 
tion of cyclobutanones during pyrolysis of vinylcyclopropanols such as (86; equation 34).lS3 The 
stereochemistry of this rearrangement has been shown to involve the intramolecular cis addition of H (or 
D) to the double bond via the transition state (87), which is not consistent with a concerted 

d But 

(82) 

(79) 

Scheme 16 

r 1 

But 
L J 

(83a) 

- 
But 

M (84u):(84b) (W) 
H 82:18 
Li 91:9 

Eu"' >99:1 

I I  

Scheme 17 

D 
A - D* 

100% 
D D  

(34) 
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Finally the stereochemistry of cyclobutanone is subject to complete control by adjusting the ex- 
perimental conditions of the reaction, which can lead to either a single or a double inversion at the mi- 
grating center. Thus LiBF4-catalyzed opening of epoxide (88) leads (through inversion) to cyclobutanone 
(89), whereas phenyl selenide opening (inversion) followed by oxidation to a selenoxide leaving group 
leads, through a second inversion, to the diastereomer (91) (Scheme 18).20J33 Table 5 illustrates the 
utility of cyclobutanone annulation in the preparation of spirocyclic ketones from oxygen- and sulfur- 
substituted vinylcyclopropanes. 

doMe O H  HoMe - H  0 

ii, MCPBA 

r 1 

Vinylogous modes of this rearrangement are also possible. Complex systems can be attained by utiliz- 
ing a built-in electrophile in an intramolecular ring expansion/alkylation, as shown in equation (35). This 
kind of cyclization is applicable to seven- and eight-membered carbocyclic ring synthesis and proceeds 
with approximately 12:l stereoselectivity, which is due to the more stable, parallel conformation de- 
picted in equation (35).'40 
Thus by recognition of the reactive options of the basic system (75) and the possibilities involving 

either further conjugation of functional groups or substitution possibilities, virtually limitless methodo- 
logy is available. Recent reviews of this  topi^'^,^^ point out the vast number of ring systems and substitu- 
tion patterns available. 

8.13.4 Reactions with Nucleophiles (Normal and Vinylogous Modes) 
When a vinylcyclopropane is substituted with an electron-withdrawing goup, donor/acceptor sym- 

metry causes the electrons to flow in one particular direction. Such a system, for example (92), is suscep- 
tible to nucleophilic opening by either external agents (Nu-) or by causing additional electrons to flow 
from heteroatom X to the cyclopropane weakened by electron withdrawal. The latter process usually 
takes place under acid catalysis and after substantial development of carbonium ion character at the site 
of the heteroatom. As the agency of a heteroatom lone pair can be considered in the same light as an ex- 
ternal nucleophilic attack, this process will also be mentioned briefly in this section. Control of regio- 
chemistry among the four possible modes of opening is available by careful consideration of 
stereoelectronic effects and choice of experimental conditions. 
The opening of activated cyclopropanes with nitrogen nucleophiles has been widely applied to the 

synthesis of pyrrolizidine and pyrroline alkaloids by Danishefsky; this subject has been re~iewed. '~. '~~ A 
number of pyrroline annulations have been based on this principle, illustrated in equation (35a).12,141-143 
Similar opening can be accomplished with halides, cuprates, and sulfur or selenium nucleophiles.12J631 
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With vinylcyclopropanes such ring opening can still occur without the participation of the alkene and 
with inversion of configuration at the reacting center. The opening of cyclopropyl keto ester (93) has 
been used in an approach to prostanoids (equation 36),144J45 whereas the opening of tricyclic systems 
(95)146 and (97)147 served in the synthesis of vernolepin and vernornenin (equations 37 and 38). Similar- 
ly, vinylcyclopropane (99) reacted with MezCuLi to give stereoselectively propellane (100) in an a p  
proach to modhephene (equation 39).14* 

(93) 

Me02C H 

(95) 

// 

(97) 

PhSK 

Bu'OH, r.t. 
6949% 

* 

PhSNa 

DMSO, ret. 
* 

PhSNa 

DMSO, r.t. 

- 

(37) 
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The vinylogous mode of opening depends to a great extent on the conformation of the vinylcyclopro- 
pane. Of the two conformations (101a) and (101b), the s-trans or antiperiplanar arrangement in (101b) is 
preferred (1.17 kcal mol-') and cannot be reached in a cyclic or confonnationally rigid system.149 Vi- 
nylcyclopropanes such as (102) react with enamines in refluxing p-cymene to furnish, after hydrolysis, 
ketones (103) through the vinylogous mode of opening (equation 40).l5O 

-$ e ..... = 650 $e=l8oo 

R 
EWG EWG 

(1018) Synclinal (gauche) (101b) Antipenplanar 

COzEt 

5 2 4 4 %  * @CO*Et (40) 

The opening of cyclopropyl ketones, investigated by Miller,lsl has been adapted to vinylogous open- 
ing of vinylcyclopropanes in the development of a milder procedure for cyclopentene annulation.lS2 In 
the presence of Lewis acids, the (E):(Z) selectivity in the formation of allylic iodides (105) was 80:20, 
whereas only marginal selectivity (60:40) was observed with TMSI alone (Scheme 19).128J52 Similar re- 
sults were also obtained with tosyl iodidelS3 and, under some circumstances, with LiI at higher tempera- 
tures.'" A recent review summarizes the reactivity and the synthetic utility of vinylogous modes of 
opening as well as the preparation of activated donor/acceptor-functionalized vinylcyclopropanes and 
their behavior in nucleophilic and electrophilic addition reacti0ns.4~ 

0 

TiCl.,. CHZCl,, Me3SiI -30 'C - w l = @  
COzEt COzEt 

n = l , 2 , 3  

(105) 
Scheme 19 

Donor- or acceptor-substituted vinylcyclopropanes such as (107) afford products of vinylogous open- 
ing (108) with a wide variety of nucleophiles (equation 41).16 The palladium(0)iatalyzed ring opening 
of vinyl- or dienyl-cyclopropanes such as (64) and (111) is thought to involve a nucleophilic attack to 
fonn zwitterion (109), which collapses to a vinylcyclopentene (and not cycloheptadiene) through the 
preferred W-confomation (110 Scheme 20).45J22 The mechanism of these openings has been stu- 
&ed.155,156 
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Nli Me3SiO 

Me3SiO acid or base N U A C 0 2 R  

(108) 

67% 

(107) 

Nu- = MeNO2, MeOH, PhSH, Et2NH, PhSOzH, HF 

/-J:2Et - 

Addition of carbon nucleophiles to doubly activated vinylcyclopropanes has also been reported. In- 
creasing the vinylcyclopropane ratio to two equivalents led to the isolation of doubly alkylated product 
(116) selectively (equation 42).157J58 All of the reactions discussed in this section, as well as their vari- 
ous permutations, have been the subject of an excellent re~iew.4~ 

b<""l" CO2Me 

C02Me 

Meo2cl SOzPh 

Pd(L)z 

PhOzS A SOzPh 
(114) 

PhOzS 

(115) 94% 

Et,,,? EtO2C 

(116) 96% 

8.13.5 Radical Reactions or Cycloadditions 

Addition of free radical species to vinylcyclopropane results either in the abstraction of hydrogen from 
the cyclopropane or ring opening through the agency of the cyclopropylcarbinyl radical generated upon 
the initial addition.12 The latter process has found some synthetic applications, for example, in the ring 
opening of triquinane (117) with benzenethiol (equation 43).lW 

Alkylboranes undergo free radical 1,6-addition to keto vinylcyclopropanes, as shown in Scheme 21. 
The mechanism postulated involves the generation and ring opening of cyclopropylcarbinyl radical 
(119).lS9 Free radical polymerization of substituted vinylcyclopropanes through both 1.2- and 13-type 
additions has also been A recent application of these types of procedures to synthetic metho- 
dology has been demonstrated in the cyclopentane annulation depicted in equation (44). The stereo- and 
regio-selectivity in the fonnation of cyclopentanes (120) is acceptable. (Syn orientation of the alkenic 
substituent with the vinyl group was observed, and there was about a 3:l preference for cis substitu- 
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70% 

CO2Et C&Et 
EtO2C E Q C  

927 

(43) 

tion.)161 Similar technology was applied to the preparation of tetrahydrofurans from vinyloxiranes (see 
Section 8.1.4.1).la Vinylcyclopropanes such as (121) also undergo radical addition with PhSH or 
Bu3SnH to afford functionalized enol ethers (122). which are hydrolyzed to ketones, thus eliminating the 
stereochemical problems of alkene geometry (Scheme 22).16 

BR, + 0, - R2B-0-0. + R e  

R = PI", Bun 

Scheme 21 

Ph&, AIBN, hv 

42-58% 
yR1 + @R2 

(120) 

R' = C02But, OEt, ph w' ; R2 = COZBut, OC02But, C02Me 

C02Me 
PhSH, AIBN, A 

LC02Me 
- 

Me3SiO - R  R 
or Bu3SnH, AIBN, A 

/ P 
(121) (122) R = SPh, 30%; SnBu3, 85% (123) 

Scheme 22 

Cycloadditions of vinylcyclopropanes have also been studied.163 For example, vinylcyclopropane 
(124) gave the Diels-Alder adduct (125), presumably as a single (endo) stereoisomer (Scheme 23). On 
the other hand, the reaction of (124) with tetracyanoethylene took a different course, resulting in the for- 
mation of cyclopentene (126). A possible mechanism involves the transformation shown in Scheme 24. 
It should be noted that the norphenyl derivative of (124) gave the corresponding cyclopropylcyclobutane 
supporting the intermediacy of the proposed zwitterion (127). A tin-promoted free radical opening of 
dienylcyclopropanes has recently been reported, but unfortunately the stereoselectivity of the radical clo- 
sure was modest (Scheme 25).lM 
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(124) + 

Ph P+ Ph 

n 

2 months, r.t. 
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Scheme 23 
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___) 
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67:33 0 COZEt 0 O& 

0 
i 

H 
8@-89%* 

COzEt 

CozEt 6535 -a% COzEt i or ii T 58-70% 

R = H, Me, Ph 

i, Ph3SnH or PhSH, AIBN, 80 O C ;  ii, Ph3GeH or Bu"3SnH. AIBN, 80 O C  

Scheme 25 

8.1.4 REARRANGEMENTS OF VINYLOXIRANES 

Rearrangements of vinyloxiranes proceed by analogy with the corresponding vinylcyclopropane reor- 
ganization with two notable exceptions: first, they generally require lower activation energy and there- 
fore take place under milder conditions, and, second, most of the thermal rearrangements proceed 
through zwitterionic or ylide-like intermediates. which are uncommon in carbocyclic cases. The nucleo- 
philic opening of systems such as (128) is more complex because of the coordinative abilities of oxygen 
and the increased number of nucleophilic interactions that ~IZ possible (Scheme 26). Nevertheless, some 
parallel behavior and predictability in vinyloxirane rearrangements are available. 
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Nu Nu 
Scheme 26 

8.1.4.1 Thermal Isomerization 

The study of benzene oxide-oxepin tautomerism, reviewed in the late 196Os, revealed a competing 
pathway in the rearrangements of trans-divinyloxiranes of type (129; Scheme 27).165J66 The comspond- 
ing cis isomer gave only oxepin (131). whereas the trans isomer gave a 7:3 mixture of dihydrofuran 
(132) and oxepin (131). The activation parameters implied that the intermediate was biradical(130) (cis- 
oxide: L\wI = 24.6 kcal mol-', AS* = -1 1.3 cal deg '  mol-'; trans-oxide: = 36 kcal mol-', A$ = -0.4 
cal d e g '  m ~ l - l ) . ~ ~ ~  These values indicate processes far lower in energy than those operating in the vi- 
nylcyclopropane rearrangement, while their difference (1 1 kcal mol-') led to the conclusion that the rear- 
rangement was concerted for the syn isomer and biradical for the trans compound. 

Scheme 27 

The mechanism has since been studied on a number of occasions, and it is generally agreed that con- 
certed, electrocyclic closures of ylides are operating in the formation of either oxepins or vinylfu- 
rans.167J68-171 The rate of racemization of optically pure vinyloxiranes has been shown to be six times 
faster than the isomerization to the dihydr~furan. '~~ Alternatively, cleavage of a vinyloxirane to a carb- 
on-oxygen diradical pair or to a carbenecarbonyl pair has been considered for processes that do not 
usually lead to the formation of d i h y d r ~ f u r a n ~ ~ ~ J ~ ~ * ' ~ ~  (though there is a notable e~ception*~*). Corre- 
sponding [ 1,5] shift pathways are also known for those oxiranes that contain a cis-oriented alkyl group 
with at least one hydrogen.'@ 

The regio- and stereo-selectivity of this rearrangement has been addressed and found to be excel- 
lent.la Thus either isomer of vinyloxirane (133) yielded dihydrofuran (134) stereoselectivity, whereas 
the rearrangements of vinyloxiranes (135) led to a mixture of cis and trans isomers (Scheme 28). 
(Cisltrans isomerization was also accomplished ph~tochemically.)'~~ The results were rationalized by in- 
volving ylides of type (137) and their allowed  IT, + 2ual or [ 2 n  + 2us] closures for the former case and 
biradicals for the latter, although the epimerization may have taken place after the rearrangement be- 
cause of the presence of an acidic proton.168 

A number of substituents can be placed on the periphery of the vinyloxirane system. For example, ex- 
tensively studied were alkynyl- and dienyl-oxiranes of the general structures represented by (la) to 
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__f Me02C 9 
Me02C C02Me 

Me02C 

[ -0. ,] .., 

R 

(138d). Their isomerization to various oxidation states of oxepins competed in some cases with the for- 
mation of the corresponding viny lfurans. 68~169, 9 74* I 75 

The control of furan versus oxepin manifolds has been addressed recently. Vinyloxiranes of type (139) 
yielded oxepins (140) at lower temperatures, whereas higher temperatures gave dihydrofurans (141; 
Scheme 29),176 indicating that the Cope-type rearrangement of cis-divinyloxirane may be controlled by 
precisely defining the temperature profile of the flash vacuum pyrolysis. 176~177 

A [2 + 31 dihydrofuran annulation methodology was recently developed based on this rearrangement. 
Divinyloxiranes (142) were generated by the stereospecific addition of the lithium dienolate of ethyl a- 
bromocrotonate to aldehydes, and the subsequent pyrolysis to dihydrofurans (143; Scheme 30) occurred 
in excellent isolated yields (except for R = Bun, 

J 3 C O 2 E t  
flash vacuum 

Br 
pyrolysis L R  0 

38-7896 7-9596 H 
(single isomer) 

(142) (143) 

R = Bun, pr', Ph, CH2=CH, 2-furyl. 3-furyl 

Scheme 30 
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Radical addition of alkenes to vinyloxiranes to yield tetrahydrofurans was reported in analogy to the 
similar reaction of vinylcyclopropanes (equation 45),161 with the same regio- and stereo-selectivity (with 
a predominance of syn isomers having the regiochemistry indicated in 144).162 Radical polymerization of 
vinyloxiranes has also been The rearrangements of vinylthiiranes proceed in a similar 
fashion to those of vinyloxiranes. The general field of thermal rearrangements of three-membered het- 
erocycles containing oxygen, sulfur or nitrogen has recently been reviewed.lm A vast majority of the lit- 
erature on the rearrangements of vinyloxirane systems deals with those cases where Cope-like 
rearrangements of the divinyloxiranes are possible. The expansions of such systems to oxepins and fur- 
ther rearrangements and transmutations of, for example, vinylalkynyloxiranes to vinylcyclopropyl alde- 
hydes have also been studied and r e v i e ~ e d . ~ ~ ~ J ~ ~ J ~ ~  Some of the reactivity patterns of vinyloxiranes and 
their derivatives are shown in Table 6. 

8.1.43 Nucleophilic Opening 

Vinyloxiranes react with nucleophiles in three regiochemically distinct ways: with a, p and vinyl- 
ogous modes of opening. The subject has been of considerable interest in the context of acyclic stereose- 
lection and generation of allylic alcohols in an iterative fashion. 

Cyclic vinyloxiranes react with organocuprates with inversion of configuration (anti) and in a vinyl- 
ogous mode (equation 46), not by the expected S N ~  reaction that simple oxiranes are known to undergo. 
This subject has recently been summarized.185 

The conformation of vinyloxirane is restricted in such cases, whereas the acyclic vinyloxiranes, like 
vinylcyclopropanes, enjoy a conformational equilibrium, which determines the ( E ) : Q  ratio of the allylic 
alcohols that result from interactions with nucleophiles. For example, vinyloxirane (145) gave a 4: 1 
(E):@) ratio of allylic alcohols (146; equation 47) with PhzCu(CN)Liz, but a 7:2 ratio when 
(2-CsHsNCHz)zCu(CN)Liz was used (Scheme 3 1). 

R2Cu(CN)Li2 
* T O H  

R = P h  (E):(Z) = 3.4:1 

R = nt (E):(Z) = 7:2 

n 
10,12 
14 

OH 
ee (%) trans:cis 
82-92 99: 1 
racemization 89: 1 1 

(47) 
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Stereoselective sN2'  addition of cuprates has been documented for vinyloxiranes such as (147a) and 
(147b). The pairs (148) and (149) are enantiomeric, so this selectivity also reflects a controlled access to 
all four enantiomers of these alcohols. The normal sN2 opening or elimination pathways were suppressed 
in these systems.185 The selectivity increased with (2)-isomers in all cases studied. The stereochemistry 
of the cuprate additions to optically pure macrocyclic (and exocyclic) vinyloxiranes has also been inves- 
tigated (equation 48).IE7 

Palladium-catalyzed nucleophilic opening of vinyloxiranes received much attention and led to the 
development of a methodology for cis-hydroxylation, as shown in Scheme 32. In this procedure the 
normally expected distal approach of the oxygen nucleophile is suppressed by intramolecular trapping 
with carbonate.188 

Carbon as well as amine nucleophiles add to vinyloxiranes in a vinylogous sense with palladium(0) 
catalysis. In all such cases the initial nucleophilic attack on the vinyloxirane probably proceeds as de- 
picted in Scheme 25, and its success would be governed by the usual steric effects. Some useful exam- 
ples are shown in Table 7. 

(147a) 

R 
i or ii 

h O H  - 
0"" 

(147b) 

R+oH+ LOH 
(148a) (148b) 

(148a):(148b) Yield (%) 
84: 16 81 

1 :99 88 

+ R+ OH 

(149a) (149b) 

(1490):(149b) Yield (%) 
14:86 95 
97:3 95 

R = H, SiMezBu', y.# 
i, LiMezCu, THF/Et,O (4: I), 0 OC; ii, LiMeCuCN, EtzO, 0 O C  

Scheme 31 

0 

ii 

92% 

i, ii - 
-OH 

OH 71% 

i, [Pd(P(OR')3)4], 30 min, THF, r.t; ii, COz 

Scheme 32 



Rearrangements of Vinylcyclopropanes and Related Systems 935 

Table 7 Addition of Nucleophiles to Vinyloxiranes 

Vinyloxirane Nucleophile Catalyst Product Yield(%) Ref: 

CO2Me 

CO2Me < 

H C8H17 

C8H17 &- 0 

0 

CO2Me 

PhO2S NaAC02Me 

CO2Me 

Ph02s NaAC02Me 

85 189 

c8H17d 91 190 

(E):(Z)  = 98:2 

U O H  \ 54 191 

-OH 76 192 Ph 

MeO2C 

MeOzC +-Q 89 193 

~ ~ ~ O I O H  

SOzPh 
>99% trans 

Me02C 

MeO2C *OH SOzPh 85 193 
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Table 7 (continued) 

Vinyloxirane Nucleophile Catalyst Product Yield (%) Ref. 

‘‘‘t10 

Me2CuLi Me3AI 
p 

PhOZS PhOzS 
trans:cis = 92:8 

Ph02S PhOZS 
cis:trans = 955 

80 194 

81 194 

For the sake of comparison, the regio- and stereo-selectivity of some nucleophilic openings of vinyl- 
oxiranes with organometallic reagents derived from copper, lithium, sodium and other metals indicate 
the control available under some conditions. Complete control of diastereoselectivity in the opening of 
cyclic vinyloxiranes is available, for example by utilizing palladium(0)-catalyzed conditions in the re- 
action of the sodium salt of dimethyl malonate with cyclic v i n y l ~ x i r a n e s . ~ ~ ~ * ’ ~  Increased substitution on 
the vinyl portion of the vinyloxirane leads to isomerization with opening, as in the case of the disub- 
stituted vinyloxirane (150; equation 49).l9l 

0 

OH I 0 Pdo II 
(150) 

Other nucleophilic reagents effect the opening of vinyloxiranes in a similar fashion. Sodium phenoxide 
reacts with vinyloxiranes as illustrated in Scheme 33, with some control of regiocherni~try.~~~ Vinylalu- 
minum reagents give S N ~ ’  products exclusively,196 whereas alkynides of titanium open epoxides such as 
(151) regioselectively by an sN2 process.19’ vinyloxiranes react with allylstannanes in the presence of 
Lewis acids with excellent regioselectivity, as shown in Scheme 34. Similar selectivity for the internal 
substitution was observed for allyl silane^.^^^ In contrast, Grignard or cuprate reagents favor the S N ~ ’  
opening leading to (153b) in 70:30 and 80:20 ratios, respectively. Rhodium(1)-catalyzed rearrangements 
of vinyloxiranes yield a,&unsaturated aldehydes and ketones.199 

(152a) (152b) (1524 

Conditions (Z52u) (%) (Z526) (%) (152~) (a) %yield 
PhONa, DMSO - - 100 61 
PhONa, EtzO 6 45 49 43 
PhONa, CF3CH20H 4 76 20 53 

Scheme 33 

Cyclic vinyloxiranes were opened with t-butyldimethylsilyl cyanide to yield isonitnles, as shown in 
equation (50).200 The opening of vinyloxiranes like (142) with TMS-I, TMS-I/TiCL and SmI2 was at- 
tempted in an effort to provide a topographical option for the [2 + 31 dihydrofuran annulation. While the 
2,5-substitution pattern inherent in (143) is furnished through thermolytic rearrangements, the 2,3-isomer 
would result from an S N ~ ’  opening of (142) to allylic iodide (154), which would cyclize to 2,3-function- 
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alized dihydmfuran (155; Scheme 35).128 Only marginal results were obtained under conditions adapted 
from similar opening of vinylcyclopropanes with trimethylsilyl iodide and titanium tetrachloride. 
However, SmI2 opening consistently gave the regioisomer (156),201 albeit in poor yields perhaps because 
of the reducing properties of this reagent.202 

(153a) (153b) 

Acid (15342) (%) (153b) (%) 
BF3 91 0 

AlC13 52 0 
TiCl, 14 0 

Scheme 34 

Bu'Me,SiCN, OSiMe2Bu' 

%I,, 48 h 
87% 

r 1 

8.1.5 REARRANGEMENTS OF VINYLAZIRIDINES 

Like vinyloxiranes, vinylaziridines are subject to a number of rearrangements that parallel the path- 
ways available to vinylcyclopropanes. Unlike vinyloxiranes, however, vinylaziridines undergo extremely 
well controlled nucleophilic opening to furnish pyrrolines under nonthermolytic conditions. They are 
easily prepared from alkenes and azides via t r i a z ~ l i n e s . ~ ~ ~  Because of the valency of nitrogen there are 
two topographical isomers possible (157 or 159), each leading to a different tautomer of pyrroline (158 
or la), and an additional isomer, 3-pyrroline (161), available through cleavage of bond a in (159 
Scheme 36). This remarkable property of vinylaziridines translates into selective preparation of all 
possible isomers of pyrroline, 1-, 2- and 3-pyrroline, by careful 'tuning' of the reactivity of (157) and 
(159) through substituent effects and the knowledge of probable reaction intermediates. Much of the 
thermal and photochemical behavior of vinylaziridines may be rationalized through either diradical or 
zwitterionic (azomethine ylide) intermediates. This subject has been thoroughly ~ummar ized !~J~~ .~~  
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Vinylaziridines such as (162) have been rearranged thermally to 3-pymlines (equation 5 1 ) , 2 0 5 ~  pre- 
sumably through one of the species (164). Substituents play an important role in the likelihood of these 
intennediate~.~' The energy of activation for carbon-nitrogen bond cleavage has been estimated to be 
12-14 kcal mol-' (compared with 27 kcal mol-' for cyclopropane).m Vinylaziridines of type (165; R = 
alkyl) furnish I - p p l i n e s  (166) or, if X is another heteroatom, the corresponding hetemcyclopentenes 
(equation 52; Section 8.1.7).206209 

(165) (166) X = CR2,0, S, NR 

The competing reaction involves the formation of imines (presumably via diradicals and hydrogen mi- 
gration), as proposed by Logothetis to account for the formation of imines in the thermolysis of azi- 
ridines?I0 Imine formation is sometimes observed as a competing pathway in the thermolysis of 
N-substituted vinylaziridines?" and can also be rationalized by a process analogous to a [1,5] homodi- 
enyl shift.179*212.213 In cyclic systems having proper Stereochemistry (endo) this process may predomi- 
nate, as evidenced by the isolation of only the (E)-alkene (168; R = C02Et; Scheme 37).2'2*2'3 

K 
R I, A I 

L J 

(167) R 2: H, CO2Et (168) 

Scheme 37 

Reaction of vinylaziridines (169) with NaI in refluxing acetone led to 3-pyrrolines (171; Scheme 
38).214*215 When the N-substituent contains an additional alkene as in the case of (169a), the possibility of 
an intervening Cope-like rearrangement will complicate pyrroline formation. The selectivity between 
these two pathways usually depends on the stereochemistry of the vinylaziridine and the temperature of 
the rearrangement. (Higher temperatures favor the pyrroline formation as the Cope rearrangement is fre- 
quently reversible.) No cisltruns isomerization was observed in the case of (169a)?I6 The divinylazi- 
ridine rearrangement as well as the [ 1,5] shift pathways of vinylaziridines can be controlled according to 
the principles found valid with vinylcyclopropanes or vinyloxiranes. Some aspects of the rearrangements 
of vinylaziridines have been reviewed. 179~180 

Photochemical rearrangements have also been reported, as shown in equation (53).2'7*218 Transition 
metal catalyzed rearrangement [palladium(O)] of a dienylaziridine has been reported in one case?I9 and a 
radical opening of a dienylaziridine led to pyrroline formation under the conditions of radical initiation 
with AIBNPh3SnH (equation 54).IM For those vinylaziridines that contain additional unsaturation, the 
corresponding aza equivalent of a divinylcyclopropane Cope rearrangement is the usual pathway.22o The 
subject of heterodivinylcyclopropane Cope rearrangement is covered in detail e1~ewhere.l~~ The 
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pyrroline-azepine pathways are usually controllable by determining temperature profiles for the re- 
actions. Higher temperatures favor pyrroline formation. 

Compared to vinylcyclopropanes, vinylaziridines have not enjoyed wide applicability in synthetic 
schemes or annulation prior to the discovery and development of [4 + 11 pyrroline annulation (Scheme 
39).419212,213.221-223 Activation of the dienes with electron-withdrawing groups proved necessary for the 
formation of vinylaziridines (173) and (176) (through intermediate triazolines and their thermal decom- 
position)?23 Noteworthy is the selectivity in bond activation in (173) and (176). Whereas thermolysis of 
(173) leads to pyrrolizidine (178),212*213*223 through the probable agency of azomethine ylide (179), the 
nucleophilic opening leads exclusively to (174) through intermediate allylic iodides (180), which are 
produced as mixtures of (E)- and (9-isomers but are converted to (174) through equilibration and recy- 
cling of the Q-isomer (Scheme 40)?21 

N 
R 
I 

(169) R = allyl, aryl (170) (171) 

- ___) 

cis 

A 

trans 

(169a) 

Scheme 38 

155OCor * & 
hv (366 nm) 

0 

AIBN, 80 O C  

(53) 

(54) 

... 

(175) X = H , O R  (176) (177) 

i, toluene, & ii, Me3SiI, CH2C12, -50 OC; iii, 485 O C  

Scheme 39 
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r 1 

CO2Et 

(E)-isomer 

SiMe3 I 

(174) 

-cA Me,SiI 

@)-isomer 

(173) (180) 
Scheme 40 

When oxygenated diene (175; X = OR) was utilized, a single isomer of pyrrolizidine (177) was formed 
on thermolysis.222 (The stereochemistry of the carboxylate was rationalized by the endo effect.) Thus a 
highly selective procedure for the exhaustive synthesis of pyrrolizidine alkaloids was developed (see 
Sections 8.1.8 and 8.1.9):l 

Azides (175 X = OH) were resolved through microbial reduction of @-keto esters (181) with baker's 
yeast and provided the azido dienes (182) and (183) in about 70% ee in an approach to enantiocontrolled 
synthesis of pyrrolizidines (equation 55).u4 In this series extensive racemization took place prior to or 
during the vinylaziridine formation. A conversion of chlorobenzenediol (184) to lactone (185) and ela- 
boration of this material to either enantiomer of trihydroxyheliotridane (187) constituted a fully enantio- 
controlled approach to both enantiomeric series of highly oxygenated pyrrolizidine alkaloids (Scheme 
41).225 

OH 

+ (55) ___) 

u 
e C 0 2 . t  

(181) (182) (183) 

iv-vi / 

(187b) (186b) (187a) 

i, Pseudomonas purida 39D ii, dimethoxypropane, HCI; iii, 03, Me2% iv, Ph3PCH2CHCHC02Et, Br-; 

v, BH3, THF, vi, MsCl, Et3N, then NaN3 
Scheme 41 
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Recently, compounds of type (188 Scheme 42) have been found to yield pyrrolines (190) through the 
vinylaziridine-pyrroline rearrangement of (189) (not isolated) in refluxing CHCl3 or THF, albeit in 
moderate yields (3 1-62%)JZ6 The heteroatom substitution apparently accelerates the rearrangement. 

c"-L[&]-d (190) 

(188) (189) 

X = SPh, OSiMe2Bu*, O(CH2),0Et 

Scheme 42 

8.1.6 CYCLOPROPYL-CARBONYLS AND -IMINES 
When the vinylcyclopropane system contains a heteroatom within the alkene portion, it is highly sus- 

ceptible to rearrangements governed by donor-acceptor principles. Under appropriate conditions the ring 
closure of systems such as (191), in addition to the normal diradical pathways, can occur by two addi- 
tional mechanisms: unravelling of a cyclopropylcarbinyl cation system (path a) or the action of a lone 
pair of an additional donor atom (or a full anion) resembling the unravelling of a cyclopropylcarbinyl 
anion (path b; Scheme 43). Ideally, both processes can reinforce one another to lead to a facile rearrange- 
ment of systems such as (192) to the corresponding 1,4-dicarbonyl compounds, reported as early as 1938 
(Scheme 44).227 Recognition that the cyclopropylcarbinyl cation unravels to provide additional unsatura- 
tion led to the methodology of acid- or base-catalyzed unravelling of systems of type (192a) to corre- 
sponding P,y-unsaturated carbonyls (equation 56).228 

b 

Y- 

Br - ' COZEt 

i: J - R  a J - R  - +  Y- J - R  

(191) 

X = 0, NR; R = alkyl, aryl, OR 

Scheme 43 

CO2Et 0 
H h o H  

KOH, HzO A NaOEt 
___L 

EtO' 0 

(192) 
Scheme 44 

R+ OH 

RO /A 
(192a) 

R c: 
0 

The above processes constitute the foundation on which Wenkert developed a general synthetic meth- 
odology applicable to terpenoid and alkaloid ~ y n t h e s e s . ~ ~ . ~ ~  In some instances, the carbonyl can be 
viewed as a vinyl moiety participating in the overall heterovinylcyclopropan-yclopentene rearrange- 
ment, as shown in Scheme 45, even though the mechanism involves the cyclopropylcarbinyl rearrange- 
ment. Some applications of this reaction are shown in Table 8. 
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y i.,3"j 
0 

1 
RO [i"l --,p 

Scheme 45 

Table 8 Synthesis of Dihydrofurans 

Cyclopropane Conditions Product Yield (%) Re$ 

CO2Et H+ 

CHO 
I 

Et m C02Et 
N 
I 

C02Me 

H+ 

H+ or OH- 

229 
H 

OEt 

Cpo CO2Me 

70-74 230,23 1 

88 232 

80 233 

Alumhacatalyzed conversion of either isomer of (193) to dihydrofuran (194) was reported as an alter- 
native to acid-catalyzed conditions (equation 57).234 A methodology of or-methylene lactone synthesis 
relies on the solvolysis of cyclopropyl esters of type (195) to give or-methylene lactone (1%) with 
Li?co3 in dioxane (equation 58). The formation of the undesired diene (197) was diminished by the use 
of AgC104.235 

CO2Et 
I / 

Me0 Me0  

(57) 
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Po + q C O 2 M e  (58) 

Me0 Me0 Mei, 

(195) (1%) 85% (197) 15% 

Vinylcyclopropanes containing carboxylates react selectively through the agency of the carbonyl 
group in acid-catalyzed rearrangements, as shown in equation (59).236 It is noteworthy that neither of the 
two alternative pathways, the divinylcyclopropane Cope rearrangement of (198) or cyclojmtene rear- 
rangement(s), takes place. Further examples of carboxylate over vinyl selectivity are seen in the rear- 
rangements of cyclopropanes (199) and (200) to the corresponding tetrahydrofuranones (Scheme 46).237 

w CO~BU' 

TFA 7 
(59) 

X = CHZ, 0 \ 

COzEt 4 COzEt 98% 

(200) 
i, (Me3SiO),S02, Cl(CH~)zCI, reflux, 1 h 

Scheme 46 

Donor-acceptor-substituted heterovinylcyclopropanes also react by addition or trapping of any inter- 
mediates generated during these rearrangements, as the example in Scheme 47 indicates.238 Further 
examples of the ring-opening modes and subsequent functionalizations have been exhaustively re- 
viewed.16.z1*45 The examples in Table 9 show the additional modes of reactivity of carbonylcyclopro- 
panes: reduction of cyclopropane, nucleophilic and electrophilic ring opening and thermal reactions. 
Recent reviews can be consulted for further examples.1z.16*21,251 

-4 Et3SiO 
COzEt 

- - 
'',I * 

60% 

COZEt COZEt 
L 

+ 

=(" x- i, KF, MeCN, 18-crown-6, 

Scheme 47 
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Table 9 Some Reactions of Carbonyl Cyclopropanes 

Cyclopropane Conditions Product Yield (%) Ref. 

L@ CO2Me 

q \ \  

(bo H 

qPh 0 

COzMe 

H2, Pd/C. MeOH 

CrSO4, Zn, DMFiH20 (2:l) 84 239 

Bu'MezSiI 84 240 
5: 1 

PhSeNa, DMF, 120 OC c:: 81 241 

PhSeLi 

i, Me3Si1, CC4; ii, H2O 

DMSO, 25 "C 

conc. HCI, Et20 

PhSe/\/\lf 90 242 
0 

98 243 

M e 0  

- 244 

72 245 
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Table 9 (continued) 

Cyclopropane Conditions Product Yield (%) Ref. 

o6 'OZEt NaOAc (catalyst), EtOH 

BF3, AcOH, CH2C12,O "C 
Me3Si 

0 

4 COzEt 

Me3Si 4 Ph 

515 "C, 1-3 torr, glass wool 

175 OC 

BFpOEt2, AcOH 

61-93 

\ 

COzEt 87 

\ 

246 

247 

248 

249 

250 

70 75 

81 
Ph 

249 

Rearrangements of cyclopropylimines have been studied in the context of the effects of heteroatom 
substitution on rearrangements of cyclopropanes quite recently, even though the cyclopropylimine 
pyrroline rearrangement (the Cloke rearrangement) has been known since 1929, long before the dis- 
covery of the parent vinylcyclopropane ~ystem.2~~ Dicyclopropylimine (201) rearranged to pyrroline 
(202), not to 2-pyrroline (203), the product expected from the accelerating effect of the amino substituent 
(Scheme 48). Further reaction and hydrolysis led to pyrrolizidone (205).253 The effects of substituents 
(N, S) were investigated on substrates shown in equation (60).z3 Sulfur and nitrogen did not exert an ef- 
fect of the magnitude expected from similar studies on vinylcyclopropanes, and this may be attributed to 
the mechanistic duality of this rearrangement, which may involve nucleophilic opening followed by al- 
kylation. The observed preference for the rearrangement of the less-substituted cyclopropane may have 
its roots in steric effects and the preference for the nucleophilic attack at the less-substituted site. A dif- 
ferent result was obtained by st even^.?^^.^^^ The piperido-substituted cyclopropane in (206) rearranged 
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on thennolysis in the presence of an acid with a non-nucleophilic counterion and gave pyrrole (207) 
upon further, acid-catalyzed elimination (equation 61).2541u5 

xylene, A 

(202) (204) (205) 

N 

(201) 

(206a) R' = piperidinyl, R2 = H 78% 
(206b) R' = piperidinyl, R2 = SH 69% 
(206~) R' = H, R2 = SPh 28% 

.H 
Me20, HBF4 

xylene, A H 

- 
22% 

R' = piperidinyl (207) 

(206a) R2 = H 32% 
(206b) R2 = SPh 42% 

Cyclopropylimines are usually generated by reduction of nitriles or condensation of carbonyl com- 
pounds with a r n i n e ~ . ~ 5 5 . ~ ~  An alternative to this process involves the generation of cyclopro ylimmoni- 
um salts such as (209) at room temperature from cyanohydrin equivalent (208, Scheme 49)?5 .p 

OAc OAc OAc 

(209) 
Scheme 49 
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The rearrangement proceeds thermally, under acid catalysis by HBr, “4C1, or via nucleophilic open- 
ing and reclosure as in the case of vinylaziridines. Some examples of these processes are shown in Table 
10. Sulfur substitution has been found effective in accelerating the rearrangement as well as serving as a 
site of further functionalization. This feature has been especially exhibited in the synthesis of pymli- 
zidine and Amaryllidaceae a l l ~ a l o i d s . ~ ~ * ~ ~ ~  Section 8.1.9 gives a list of applications. 

Table 10 Cyclopropylimine Rearrangement 

Cyclopropylimine Conditions Product Yield (96) Ref. 

I 
Me 

100 258,259 

80 260 

8.1.7 MISCELLANEOUS SYSTEMS 

It would be difficult to list all of the cases involving the various combinations of heteroatom substitu- 
tion in a vinylcyclopropane system. It has been recognized that virtually any heteroatom or any degree of 
unsaturation can be incorporated into the parent vinylcyclopropane system for almost limitless variability 
in the type of products that can be expected upon its  rearrangement^.^^.^^^ The general transformations 
depicted in equation (62) have been summarized and reviewed18*17g*26s2M in the context of the synthesis 
of five-membered heterocycles. Vinylcyclopropenes, methylenevinylcyclopropanes and cyclopropylal- 
kynes all undergo the requisite rearrangements to five-membered rings? The products are the corre- 
sponding cyclopentadienes or methylenecyclopentenes and their heteroatom analogs. These topics have 
been r e v i e ~ e d ? J ~ J ~ * * ~  The mechanism of these transformations ranges from diradical scission to car- 
bene generation and rearrangement.18*2M267 Some of the representative transformations are shown in 
Table 11. 

General discussions and reviews of rearrangements of heterovinylcyclopropane systems with one het- 
eroatom264 and two or more not discussed in the previous section are available. 
Their rearrangements are governed by principles discussed previously, i.e. most stable diradical or ylide 
intermediate or the least-hindered site for nucleophilic attack in the case of nucleophilic openings. The 
electronegativity of the heteroatom and the conditions of rearrangement determine the regiochemistry of 
bond cleavage. With systems containing additional unsaturation, the divinylcyclopropane Cope rear- 
rangement remains a viable 0pti0n.l~~ Table 12 lists the rearrangements of various nitrogen-, oxygen-, 
and sulfur-containing systems. Syntheses of pyrroles,?86 furans287,288 and thiophenesm by the rearrange- 
ment of appropriate heterocyclopropanes have been summarized. 
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Table 11 Rearrangements of Cyclopmpenes, Cyclopropylalkynes and Methylenecyclopropams 
Cyclopropane conditions Product(s) Yield (%) Ref. 

L 
Ph 

Ph Ph 

Ph 

Ph Ph 

Ph 

Ph Ph 

Ph 

Ph A Ph 

530 OC 

56 "C 

[Pd(DBA)2], 35 OC, 2 h 

Agc104, PhH, r.t. 

200 OC 

hv 

cu', 100 "C 

w ' w  61 268 
1.3: 1 

B 
&h 

Ph 

& Ph 

&Ph Ph 

Ph 

- 269 

61 18 

too 270 

100 27 1 

46 267 

- 272 

80 273 

The selectivity between five- and seven-membered ring expansions is usually controlled by the par- 
ameters discussed for carbocyclic cases; that is, higher temperatures will favor five-membered rings, 
whereas the Cope-like rearrangements will be reversible at lower temperatures. A rcgioselectivity be- 
tween thermal or photochemical rearrangements and metal-mediated rearrangements is illustrated by the 
examples involving azirines in equation (63)290 and Scheme 50.B1 In the rearrangements of azirines the 
stereochemistry of the alkene &&mines the regiochemistry of the rearrangement and themfore the path- 
way (formation of five- versus seven-membered rings) to products, as shown in equations (64) and 
(65)?92 No cisltrans isomerization was observed, in direct analogy to a similar rearrangement of divinyl- 
aziridines of type (169a) in Section 8.1 .5.216 
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Table 12 Rearrangements of Miscellaneous Systems 

Cyclopropane Conditions Product Yield (%) Ref. 

hv, 254 nm, 3 10 OC 

235-250 OC 

NaI, MeCN, r.t. 

32 

33 

79 

275 

276 

276 

Ph 
)= N A ~  

I- or SCN- 90 277 

NaI, acetone, A 

acetone, 5 "C 

78 278 

K ph 
Ph+N c1 

0 

75 279,280 

7 ' " P h  

OMe 

TsOH, PhH 

KOBU', DMSO, r.t. 

84 

75 

28 1 

282 

Me0 

0 

AAr 

NaI, acetone, A 93 283 

0 

ePh 0' phT CHO 200 "C 80 284 
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Table 12 (continued) 

Cyclopropane Conditions Product Yield (%) Ref. 

hv 
CHO 

dBr MeLi 

- 284 

94 285 

Ph 

H 

Ph 

Ph 

\ Ph 
ph k7-J 

N 
hv 

___L 

hv phvph - 

Ph 6 

Scheme 50 

Ph 4. 
I N = . \  1 d 

Ph 
I 
H 

d N Ph (64) 
I 
H 

Ph 

Other systems that undergo this rearrangement are dibromovinylcyclopropanes (through cyclopro- 
pylcarbene) equation (66)?93 and silavinylcyclopropanes in those cases where they can be isolated, as 
1 ,Caddition is the normal mode of addition of silalenes to conjugated dienes (equation 67).294 

MeLi, 0 "C 
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225 "C, d e d  tube, 18 h 

15% 

8.1.8 SURVEY OF GENERAL METHODOLOGIES 

The chemistry discussed in this chapter has been exploited in several important general methods of 
synthesis. These are summarized in this section with leading references provided. Additional aspects of 
the rearrangements can be appreciated by analysis of the heterodivinylcyclopropam systems that are re- 
viewed elsewhere.'" The following survey provides a schematic review of the general methods of syn- 
thesis that have surfaced over the years and that are based on the rearrangements of vinylcyclopropanes 
and their analogs. 

Trost developed a general method of synthesis of vinylcyclopropanes (and their sulfur and oxygen 
analogs) through the application of ylide addition to carbonyl compounds. Three major methods involve 
the cyclopentene annulation, cyclobutanone synthesis, and ring expansion with concomitant alkylation 
(Scheme 51)F0 

.O&J 

E 
4d 0 

Scheme 51 

Hudlicky developed a general method of triquinane synthesis based on a cyclopropanation-rearrange- 
ment sequence of dienic diazo ketones (Scheme 52). Topological selectivity of linear versus angular tri- 
quinane synthesis has been achieved:' 

Scheme 52 

Extension of this methodology to nitrogenous compounds (Scheme 53) has been implemented via 
azide cycloadditions to dienes as a facile means of synthesis of functionalized pyrrolizidines?*= Re- 
cently a [2 + 31 methodology was developed (Scheme 54) that promises to have wide applicability in the 
synthesis of cyclopentanoids, bridged systems and dihyd~ifurans.~' 

Scheme 53 
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Br 
R "  

0 
K 

R/ 
R COzR 

Scheme 54 

The cyclopropylimine-pyrroline rearrangement (equation 68) has been exploited by Stevens in aka- 
loid s y n t h e s e ~ . ~ ~ ~  Wenkert's cyclopropylcarbinyl rearrangement (equation 69) served extremely well 
in the design of 1,4-dicarbonyl synthons or P,y-unsaturated carbonyl ccimpounds which then were ex- 
pressed in numerous syntheses of terpenoid and alkaloid natural p rodu~t : ; .~~ ,~*  Donor-acceptor concepts 
continue to be expressed in the applicability of these rearrangements to organic synthesis. 16v21 

R R 

Y Y' 

x = O R  Y = RCH, 0, M, z = H, R, OR 

8.1.9 SURVEY OF TOTAL SYNTHESES 

In this section those rearrangements of vinylcyclopropanes and their analogs that have been used in the 
synthesis of natural products are featured. The chronological listing of the syntheses provides an addi- 
tional guide and cross-reference to specific literature dealing with the methodology discussed in t h i s  
chapter. The presentation of the key steps in the context of the overall targets highlights the variety of 
structural types accessible via the rearrangements. The tabular survey is divided into three sections: 
Table 13 lists the cases of vinylcyclopropane-cyclopentene rearrangements; Table 14 compiles the rear- 
rangements of vinylaziridines and cyclopropylimines to pyrrolines; and Table 15 shows transformations 
of vinyloxiranes or cyclopropylcarbonyls to dihydrofuran synthons. 
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Table 13 (continued) 

Author (year) Key tramformation Target R4. 
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Hudlicky (1988) 

Hudlicky (19891 
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99,128 s 
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8.1.10 CONCLUSION 

The chemistry associated with the vinylcyclopropane system and its heteroatom analogs has indeed 
provided for an incredible variety of transformations. In t h i s  chapter an attempt at a survey and a classifi- 
cation has been made in order to place all of the mechanistic pathways over a common denominator. 
Until now each system has been dealt with separately in the literature except for the v i n y l c y c l o p ~  
cyclopentene rearrangement, which has been reviewed in the same light as a name reaction. Upon read- 
ing this chapter it will become obvious that the immense amount of chemistry done to date bodes well 
for even better powers of predictability and increased utility of those transformations yet to be applied in 
organic synthesis. Further development of general synthetic strategies and their application in systematic 
preparation of complex molecules, as well as the basic understanding of mechanistic details, will indeed 
continue to be expressed especially in the systematic design of five-membered carbo- and hetero-cyclic 
compounds. The vinylcyclopropane-cyclopentene rearrangement and all of its variants therefore serve 
the same function in the domain of five-membered ring compounds as the Diels-Alder reaction occupies 
in the field of cyclohexane synthesis. It is hoped that through the summary and classification of the 
chemistry associated with the title systems this comparison has been amply demonstrated. 
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8.2.1 INTRODUCTION 

The facile thermal u2s + T% + a2s (Cope) rearrangement of cis-l,2-divinylcyclopropane (1) to 1,4-cy- 
cloheptadiene (2) was first reported in 1960 by Vogel.' In his experiments, Vogel did not isolate (l), 
since, under the conditions of its formation (e.g. thermolysis of 3 at 80 *C), (1) rearranges rapidly to (2). 
Indeed, it was not until more than a decade later that (1) was isolated and shown to rearrange to (2) with 
half-lives of approximately 90 s and 25 min at 35 'C2 and 11 *C,2v3 respectively. 

Not unexpectedly, rrun~-l,2divinylcyclopropane (4) is much more stable than the cis isomer (1) and is 
a readily isolable compound. Nevertheless, at elevated temperatures, e.g. 190 'C, (4) undergoes smooth 
bond reorganization to provide 1,4-cycloheptadiene (2) in essentially quantitative yield.'"lE Thus, at the 
time that the Cope rearrangement of 1,2-divinylcyclopropane systems was discovered,' it was already 
clear that both cis and trans isomers could, in principle, serve as suitable substrates for the reaction. As it 
turns out, this is an important reaction characteristic, since, in most (but not all) cases, it makes unnecess- 
ary the stereoselective preparation of either the cis or rruns starting material. 

97 1 
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Me3NOH 
., MelNOH ) H 

Since 1960, the thermolysis of 1,2-divinylcyclopropanes has been studied quite extensively from a 
mechanistic point of view. However, particularly since 1975, synthetic applications of the rearrangement 
reaction have been explored and these studies have shown that the reaction provides a versatile, effective 
method for the construction of functionalized mono-, bi- and tri-cyclic substances! In this chapter the 
mechanistic features of the rearrangement will be outlined briefly. The major portion of the discussion 
will deal with synthetic aspects of this interesting process. 

8.2.2 MECHANISTIC CONSIDERATIONS 

8.2.2.1 Rearrangement Pathways 

It appears to be well accepted that the thermal rearrangement of cis-l,2-divinylcyclopropane (1) pro- 
ceeds in a concerted fashion via a boat-like transition state, in which the vinyl groups lie over the three- 
membered ringss7 Thus, conformational orientation of (1) as shown in (lb; equation l), followed by 
bond reorganization by way of a transition state represented by (A), provides 1,4-cycloheptadiene (2). in 
which both double bonds have cis stereochemistry. Concerted rearranglement of (1) via a chair-like tran- 
sition state derived directly from conformation (la) would lead to the highly strained trans,frans- 1,4-cy- 
cloheptadiene and it is clear that such a pathway would be of a much higher energy than that involved in 
the conversion of (lb), via (A), into (2). 

' I  

A H  I 
H H  i n  I _ _  

The thermolytic transformation of trans- 1,2-divinylcyclopropanne (4) into 1,4-~ycloheptadiene (2)  
probably proceeds via the pathway shown in equation (2). Homolytic cleavage of the cyclopropane ring 
of (4) provides the resonance stabilized diradical (9, which, in addition to reverting to (4), can undergo 
bond rotation and subsequent ring closure to give cis- 1,2-divinylcyclo~propane (1). The latter substance 
then rearranges, by way of conformation (lb), into (2). 

(4) (5) (1b) 

The energy of activation Ea for the overall conversion of (4) into (2) has been r e p ~ r t e d ~ - ~  to be in the 
range 32.1-34.3 kcal mol-' (1 kcal = 4.2 kJ). In comparison, the data reported by Brown et aL2 and 
Schneider and Raug show that Ea for the rearrangement of (1) to (2) is about 19-20 kcal mol-'. Thus, for 
the conversion of (4) into (2), the rate-determining step is the isomeriz,ation of (4) into (l), presumably 
via the diradical (5). This characteristic is common to most of the known rearrangements of 1,Zdivi- 
nylcyclopropane systems. That is, for a given pair of isomers, trans to cis isomerization is generally 
slower than Cope rearrangement of the cis isomer. However, it must be noted that there are exceptions to 
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this generalization, since thermolysis of certain substituted cis- 1,2-divinylcyclopropanes results only in 
cis-tram isomerization and not in sigmatropic rearrangement (vide infra). 

83.23 Substituent Effects 

Substituents attached to the terminal carbons of the vinyl groups can have a profound effect on the rate 
of Cope rearrangement of cis- 1,2-divinylcyclopropanne systems. For example, Table 1 compares the 
relative rate of the sigmatropic rearrangement of the parent substance (1) with those of the simply sub- 
stituted substrates (6)-(8)? It can be seen that, although the rate-depressing effects of methyl substituents 
situated trun:T on the vinyl groups (substrates 6 and 7) are relatively minor, the effect of a cis substituent 
(substrate 8) is dramatic. On the basis of the rate data, the destabilizing free energies of activation 
(AAGS) associated with the steric interactions in transition states (BXD) (Table 1) were cal~ulated.~ 
The values (Table 1) show that the methyl-ring interaction in transition state (D) produces by far the lar- 
gest steric effect. Indeed, Schneider and Rau9 showed that the cis,cis,cis substrate (11) undergoes revers- 
ible cis-trans isomerization, (11) to (12). much faster than it undergoes Cope rearrangement to (10 
Scheme 1). In a related study, Baldwin and Ulleniuslo reported that, at 165 'C, the (11):(12) ratio at 
equilibrium is about 1:4. Furthermore, heating (12) at 178 'C for 4.2 h or 75 h gives, in addition to an 
equilibrium mixture of (11) and (12), minor (4%) or significant (35%) amounts of the Cope rearrange- 
ment product (10). Thus, although the sigmatropic bond reorganization of (11) is not precluded, the steric 
interactions present in the transition state (E; Scheme 1) make this a higher energy pathway than the 
isomerization of (11) to (12). 

Other studies have also qualitatively demonstrated the effect of substitution patterns on the ease of cis- 
divinylcyclopropane rearrangements. For example, at temperatures in the range 0-20 "C, the substrates 
(13x15) are readily transformed into the cycloheptadienes (16)-(18), respectively (Scheme 2)."-13 The 
rearrangement of (15) to (18) occurs with a half-life of approximately 50 min at 15 T,13 and is thus mar- 
ginally slower than the thermal conversion of the parent cis- l ,2divinylcyclopropane (1) into 1,4-cyclo- 
heptadiene (2).273 On the other hand, complete transformation of (19) into (16) requires heating at 75 'C 
for 5 h (Scheme 2)," again demonstrating the notable rate-retarding effect of a cis substituent. 

The highly substituted cis-divinylcyclopropanes (20) and (21) do not undergo sigmatropic rearrange- 
ment at all.14 Apparently, the highly sterically congested nature of the transition states (F) precludes this 
possibility. Thermolysis of (20) and (21) at 176180 'C produces only equilibrium mixtures of these sub- 
stances and the corresponding trans isomers (22) and (23), respectively (Scheme 3).14 

8.2.3 MONOCYCLIC DIVINYLCYCLOPROPANES 

823.1 Stereospecificity 

Rearrangement of (7) at -10 to 30 "C (Table 1, vide supra) provides quantitatively cisd,7-dimethyl- 
1,Ccycloheptadiene (lo)? Furthermore, prolonged heating of (11) at 178 "C produces, in addition to the 
trans isomer (12), the same sigmatropic rearrangement product (10 Scheme 1).lo Other studies have 
shown that thermolyses (178 "C, 4.2 h) of substrates (24) and (25) give, in quantitative yields, the 
epimeric cycloheptadienes (10) and (27), respectively.1° Presumably, these transformations proceed by 
way of the corresponding cis-l,2-di( 1-propeny1)cyclopropanes (7) and (26).1° 

Collectively, the results summarized above show that, with respect to the stereochemistry of appropri- 
ately substituted vinyl groups, the (reversible) trans to cis isomerization (e.g. 12 11; 24 - 7; 
25 26) and the sigmatropic rearrangement of the cis-l,2-divinylcyclopropane systems (e.g. 7 or 11 + 
10 26 + 27) are completely stereospecific. In connection with carrying out stereoselective syntheses, 
the importance of this reaction characteristic is obvious. Indeed, the stereospecific nature of the Cope re- 
arrangement of 1,2-divinylcyclopropanes has been demonstrated with substrates that are structurally 
more complex than those discussed above. Specific examples will be presented later in this chapter. 

8.233 Enantiospecificity 

Relatively little work has been done in this area. In studies related to the total synthesis of the marine 
natural product (R)-(-)-dictyopterene C' (M), Jaenicke and coworkers15 have shown that the enantio- 
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Table 1 Cope Rearrangement of some cis-l,2-Divinylcyclc1propane Systemsg 

Substrate Transition state Steric interaction(s) Product k,l 
(destabilizing free energy)= (40 

Me-H (0.84) 

Me-Me ( 1.03) 

Me-H (0.84) 
Me-Ring (4.55) 

'D 1500 

(9) 

1 

a M G t ,  in kcal mol-', calculated at 40 'C. By extrapolation of the fast (1,6 and 7) and slow (8) runs. Rate constants were 
determined as averages of 5 runs at 6 to 8 temperatures over a range of a least 40 OC: (1), -20 to 20 O C ;  (6), -10 to 30 " C  (7). 
-10 to 30 O C  (8), 50 to 98 "C. 

178OC- p? 178°C 

fast slow 
- - 

H " 

Scheme 1 

merically pure substrates (28) and (29) rearrange cleanly to the corresponding enantiomerically pure pro- 
ducts (30) and (31), respectively (Scheme 4). Non-natural (S)-(+)-dictyolpterene C' (31) is also obtained 
by rearrangement of (lR,2S)-l -[(E)-l-hexenyl]-2-vinylcyclopropane (Scheme 4).16 These results show, 
not unexpectedly, that the Cope rearrangements of rather simply substituted cis-divinylcyclopropanes are 
enantiospecific. 
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(13) R = Bu" 
(14) R = (E)-1-butenyl 
(15) R = (2)-1-butenyl 

(16) R = Bu" 
(17) R = (E)-1-butenyl 
(18) R = (2)-1-butenyl 

(22) R = H (75%) 
(23) R = M e  (72%) 

Scheme 2 

- 170-180 "C - & ....... x.- 
H 

(20) R = H (25%) 
(21) R = M e  (28%) 

(F) R = H or M e  

Scheme 3 

f 

(28) R = Bu", R = H 
(29) R = H, R = Bu" 

(30) R = Bun, R = H 
(31) R = H, R = Bun 

Scheme 4 

* 

With monocyclic trans- 1,2-divinylcyclopropanes, chirality transfer is, apparently, poor. Thermolysis 
of (+)-dictyopterene A (33) at 165 'C for 48 h and of (-)-dictyopterene B (34) at 103-108 'C for 40 h 
gives, in each case, a mixture of the two enantiomeric Cope rearrangement products, (30), (31) and (37). 
(40), respectively (Scheme 5).17 Although the uncertainty associated with the optical purities and (or) ro- 
tations of the various substances inv01ved~~J~ made a quantitative determination of the product ratios dif- 
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ficult, it is evident from the results that enantiomers (31) and (37) predominated marginally over (30) and 
(a), respectively. This observation has been rationalized1* by postulating, that, in the intermediate diradi- 
cal(35), the allyl system rotates more rapidly, to give (36), than the mone bulky heptenyl or heptadienyl 
groups, to produce (38). Ring closure of (36) and (38). followed by bond reorganization of the (enanti- 
omeric) cis-divinylcyclopropanes (32) and (39). produces the final products. 

(33) R = Bun 
(34) R = (Z)-1-butenyl 

R 
(32) (31) R = Bun 

(37) R = (Z)- 1 -butenyl 

(301) R = Bu" 
(40) R = (Z)-1-butenyl 

Scheme 5 

Although further work in this area is desirable, it appears that in the Cope rearrangement of simple 
trans-divinylcyclopropanes, such as (33) and (34), enantioselectivity is poor. 

8.2.3.3 Synthesis of Functionalized Cycloheptanes 

The use of the Cope rearrangement of 1,2-divinylcyclopropanes for the synthesis of functionalized 
seven-membered rings has been illustrated in a number of studies. For example, thermolysis of (41) 
(mixture of cis and trans isomers), followed by cleavage of the enol silyl ether function in the resultant 
product (42), provides the natural product karahanaenone (43 Scheme 6).19 In this case, as in many 
others, the fact that (41) was not stereochemically homogeneous was of no consequence, since both 
isomers of (41) cleanly afford the same rearrangement product. Similarly, sigmatropic rearrangement of 
the isomers (44) and (45) and subsequent hydrolysis of the resultant vinyl sulfide (46) also produces 
karahanaenone (43).20 The efficient conversion of substrate (47) into the: keto ester (50) via a route in 
which the Cope rearrangement of (48) played a key role has been reportedB21 
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OSiMe3 

% 

(44) cis 
(45) trans 

0 

i 
__._c 

iii 

OSiMe3 

\ 
/ -Q (43) 

i, 165-175 "C, PhH ii, BunLi, THF; iii, cis, 25 "C; truns, 160 "C (70%); iv, HgC12, 0- AeCN ( 5%); 
v, Me3SiC1, Et3N, EtzO (100%); vi, 210 "C, PhH (96%); vii, KF, MeOH (95%) 

Scheme 6 

In an investigation related to the synthesis of substituted 4-cyclohepten- l - o n e ~ ? ~  the stereochemically 
homogeneous cis-2-vinylcyclopropyl ketones (51a-51d) were converted cleanly to the enol silyl ethers 
(52; Scheme 7). Thermolysis of the latter substances, followed by acid hydrolysis of the resultant pro- 
ducts (53), gives excellent yields of the ketones (54a-54d). Interestingly, however, kinetic deprotonation 
of each of the cis-ketones (51e-51h) is not chemoselective. Treatment of these substrates with LDA- 
TBDMS-Cl provides mixtures of the enol silyl ethers (55) and (56). in ratios varying from 4: 1 (substrate 
Slg) to 1 :9 (substrate 519). Fortunately, the trans-ketones (57e-57h) give synthetically more satisfactory 
results, since these substances can be converted chemoselectively into the trans-divinylcyclopropanes 
(58). As expected, Cope rearrangements of compounds (58) require temperatures considerably higher 
than those employed for the conversion of (52) into (53). However, the reactions are clean and the pro- 
ducts (59), obtained in good to excellent yields, are readily hydrolyzed to the ketones (54e-54h). 

In a recent study of the chemistry of the cyclopropenone acetal (a), the very interesting transforma- 
tion shown in equation (3) was achieved.23 Although this conversion was the only reported example of 
this novel process, it seems likely that the use of other functionalized and (or) stereochemically modified 
reagents would provide efficient syntheses of a wide variety of interestingly substituted seven-membered 
rings. 
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OSiMe3 
ii 

i 
___) c 

85-96% R R 
from (51) H H  H H  

(51) (52) 

OSiMe3 

R 6 - iii 

- 8691% - 
(53) (54) 

8: R = Bu", R' = H; b: R = Ph, R = H; C: R, R = (CH2)3: d: R,, R = (CH2)4 

OSiButMe2 RB -RE) iii 

7348% 
- 

(59) (54) 

e: R, R = (CH,),; f: R, R = CH2CMe2(CH2)3; g: R, R = (CH2)6; h: R = But, R = H 

i, LDA, THF Me3SiC1, Et3N; ii, 100-1 10 OC, 30 min; iii, HCI, H20, MeOH; iv, LDA, THF ButMe+iC1, 
HMPA; v, 230 "C, 30-60 min 

Scheme 7 

i, ( B u " w ) $ u L i ,  THF-Et20, -70 "C; ii, BU"-;(P~~P)~.P~, -70 "C to r.t. 
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8.2.4 p-(ZVINYLCY CLOPR0PYL)-a#-UNSATURATED KETONES 

8.2.4.1 Synthesis of Functionalized Bicyclo[5.n.O]alkanes and Related Substances 

The Cope rearrangement of 1,2-divinylcyclopropane systems in which one of the vinyl groups is part 
of an a,&unsaturated ketone moiety has found considerable use in synthesis. A significant number of 
substrates have been prepared and subjected to thermal rearrangement and some of the products have 
been employed effectively for natural product syntheses. 
The reaction of 2-vinylcyclopropyllithium reagents with f3-alkoxy enones has served well as a method 

for preparing ~-(2-vinylcyclopropy1) en one^.'^.^^ For example, treatment of (61) with a mixture of cis- 
and trans-2-vinylcyclopropyllithium, followed by mild acid hydrolysis of the resultant products, pro- 
vides the epimeric divinylcyclopropanes (62) and (63) (Scheme 8).19 Although (62) rearranges slowly at 
room temperature, the trans substrate (63) requires, as expected, elevated temperatures for rearrange- 
ment. Indeed, heating of the mixture of (62) and (63) at 170-180 'C provides (64) cleanly and efficient- 
ly.19 Thus, not unexpectedly, the stereoselective preparation of the requisite divinylcyclopropane 
substrates is unnecessary, since both (62) and (63) are readily converted into the same product (64). In 
similar fashion, the enones (66)-(68) are smoothly transformed into the rearrangement products (65). 
(71) and (72), respe~tively.~~ Under the rearrangement reaction conditions, the primary products (69) and 
(70), derived from (67) and (68). undergo isomerization to the more stable enones (71) and (72), respec- 
tively. 

from(61) 

(61) (62) cis 
(63) trans 

i-iii 
c 

R 6 0 R=Me,73% R = H, 71% 

R 
(67) R = H 
(68) R = Me 

R I33 R 

(69) R = H 
(70) R = Me 

(64)n=1 
(65)n=2 

0 

(71) R = H 
(72) R = Me 

i, 7:3 mixture of cis- and trans-2-vinylcyclopropyllithium, EtzO ii, HCl, HzO; iii, 17G180 OC, PhH 
Scheme 8 

Chemoselective Wittig reactions on keto aldehydes, such as (73) and (74), also provide substrates suit- 
able for sigmatropic rear ra~~gernent .~~?~~ For example, treatment of (74) (mixture of epimers) with 
Ph$'=CHC@Et provides the trans-divinylcyclopropane (75; 86%) and the keto ester (77; 8%). the lat- 
ter being derived from room temperature Cope rearrangement of the initially formed intermediate (76; 
Scheme 9).2a Thermolysis of (75) produces (77) quantitatively. The efficient conversions of (75) and 
(76) into the stereochemically homogeneous keto ester (77) again illustrates the highly stereoselective 
nature of the sigmatropic rearrangement of cis- and trans- 1,2-divinylcyclopropane systems. 

The reaction of cyclopropylcuprate reagents with p-iodo enones has proven to be a useful method for 
preparing ~-(2-vinylcyclopropy1) enones. For example, reaction of (78) with the cuprate reagent (79) 
(7:3 mixture of cis and trans isomers, readily prepared from the cotresponding mixture of 1-bromo-24- 
nylcyclopropanes), followed by thermal rearrangement of the resultant product (80). gives the ketone 
(81; Scheme Similarly, the substrates (82)-(84) are smoothly transformed into the bicyclic ketones 
(71), (64) and (65). while subjection of the (E)-2-(iodomethylene)cycloallcanones (85) and (86) to the 
same reaction sequence affords the corresponding spirodienones (87) and (88). Since the iodo enones are 
readily prepared from 1,3-dicarbonyl compounds2* and the cuprate reagent (79) is obtained via a separate 
synthetic route, the overall annulation sequences are convergent, short, and efficient. 
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0 
II 

(73) R = H 
(74) R = Me 

b 
8% 

(75) 

COzEt WH H 

i, Ph,P=CHCO2Et, THF, 20 "C; ii, 140 "C, xylene, 6 h 

Scheme 9 

6 \ 

0 

(83)n=1 . .  
(84)n=2 

(79). i, ii 

n = l  84% 
n = 2  82% 

(64)n= 1 
(65) n = 2 

(81) n = 1 
(71) n = 2 

0 

(85) n = 1 
( 8 6 ) n = 2  

I ? =  1 64% 
n = 2  77% 

(87) n = 1 
(88)n=2 

i, THF, -78 OC, 1 h; -20 O C ,  1 h; 0 OC, 1-2 h; ii, neat, 180 OC, 3045 min 

Scheme 10 

Cuprate methodology can also be used to prepare more highly substituted substrates. Thus, treatment 
of the 3-iodo-2-cyclohexen- 1-ones (82) and (84) with the epimeric, stereochemically homogeneous cu- 
prates (89) and (90) produces the divinylcyclopropanes (91x94) in excellent yields (equation (4)?' 

(4) 
-78 to 20 OC 

H 
2.5 h 

(82) R = H 
(84) R = Me 

(89) cis 
(90) trans 

(91) IR = H, cis (88%) 
(92) IR = Me, cis (76%) 
(93) IR = H, trans (95%) 
(94) 1R = Me, trans (82%) 
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Rearrangement of the epimers (91) and (93) is, in each case, unexceptional (Scheme 1 l)?' Thmo- 
lysis of (91) in hexane provides the dienone (95). while heating either (91) or (95) at 110 'C (neat) af- 
fords the conjugated ketone (W). Although, as expected, rearrangement of (93) requires much higher 
temperatures, the same product (96) is formed in good yield. Presumably, this conversion proceeds by 
way of the stabilized diradical(97) and the cis-divinylcyclopropane (91). 

0 

93% 

i, hexane, reflux, 4 h; ii, neat, 110 "C, 10 min; iii, o-dichlorobenzene, 220 O C ,  14 h 

Scheme 11 

The cis substrate (92) represents an interesting case. Thermolysis of this material under a variety of 
conditions produces mixtures of (94) and (98). in which the latter substance nearly invariably predomi- 
nates (Scheme 12).27 For example, heating of (92) in collidine at 140-150 'C gives (94) and (98) in a 
ratio of about 1 :2. Under these and other thermolysis conditions, the truns-divinylcyclopropane (94) is 
stable. 

r I l* 

i, collidine, 140-150 OC, 43.5 h; ii, 180 "C, 3 h 

Scheme 12 

As mentioned previously, thermolysis of (20) at 180 'C does not result in Cope rearrangement but pro- 
vides an equilibrium mixture of (20) and its epimer (Z2).14 Interestingly, in terms of steric congestion, the 
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transition states for Cope rearrangement of (20) and (92), 0 and (G), aespectively, are similar (Scheme 
12). Therefore, it is noteworthy that (92) does undergo sigmatropic reanrangement (albeit in competition 
with isomerization to 94), while (20) does not. In (92), of course, one of the substituted vinyl groups is 
part of an a,p-unsaturated ketone function and, apparently, this structural feature lowers the activation 
energy of the Cope rearrangement process. 

The trans substrate (94) is quite resistant to thermal rearrangement. However, thermolysis of this sub- 
stance at 220 'C (Scheme 13)27 provides the Cope rearrangement product (98) and the trienone (99), in a 
ratio of 1:4. Product (99) results from a [ 1,5] sigmatropic hydrogen migration, presumably via a transi- 
tion state that can be represented by (H).6,29 Interestingly, in the thermolysis of (94), the latter process is 
energetically more favorable than the alternative Cope rearrangement palhway. 

0 

0 

20% 
__f 

- 
80% 

Q 

i, o-dichlorobenzene, 220 "C, 16 h 

Scheme 13 

From a synthetic viewpoint, a comparison of the thermolyses of the epimers (92) and (94) (Schemes 
12 and 13) illustrates the point, previously mentioned, that, in certain cases in which alternative modes of 
rearrangement are possible, the stereoselective formation of the cis-divinylcyclopropane substrate is im- 
portant. Thus, while thermal rearrangement of the cis substrate (92) provides the Cope rearrangement 
product (98) in reasonable yield, thermolysis of the trans isomer (94) does not. 

8.2.4.2 Natural Product Syntheses 

Naturally occumng compounds that possess as part of their structures bicyclo[5.3.0]decane and bicy- 
clo[5.4.0]undecane skeletons are very common in the terpenoid family of natural products. Since both of 
these carbon frameworks are readily prepared by sigmatropic rearrangement of ~-(2-vinylcyclopropy1) 
enones, it is not surprising that this method has been applied to the total synthesis of terpenoids. 

Wender et al. have reported interesting syntheses of the pseudoguaiane: sesquiterpenoids (f)damsinic 
acid (104) and (*)-confertin (105) (Scheme 14)?O Using methodology similar to that described earlier 
(see Scheme 8) the enone (61) is converted into a 1:4 mixture of the lepimeric divinylcyclopropanes 
(100) and (101), respectively. Interestingly, thermolysis of this mixture at temperatures 2 140 'C gives a 
mixture of the desired dienone (102) and the trienone (103), also in a ratio of 1:4, respectively. Clearly, 
while the cis substrate (100) is readily transformed into (102), the thenmal isomerization of the trans 
isomer (101) into (100) is precluded by the more facile rearrangement of (101) to (103) via a [1,5] sig- 
matropic hydrogen ~ h i f t . ~ , * ~  Thus, it appeared initially that an efficient preparation of (102) would re- 
quire the stereoselective preparation of the cis substrate (100). 

Not unexpectedly, it is found that, although the cis substrate (100) rearranges readily at 98 'C, the 
trans isomer (101) is stable under these conditions. More important, however, was the finding that the 
two isomers (100) and (101) can be equilibrated by photolysis. Consequently, the problem of preparing 
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Et0 
(61) 

i, ii I 98 O C  - 
O (loo) 

\ 

i, 1:4 mixture of cis- and trans-1-methyl-2-vinylcyclopropyllithium; ii, H,O+; iii, 9 steps; iv, 10 steps 
Scheme 14 

(100) stereoselectively was elegantly circumvented by subjecting the mixture of (100) and (101) to sim- 
ultaneous irradiation (>290 nm) and thermolysis (98 T). In this manner, both (100) and (101) are con- 
verted into (102) and the latter material is obtained in excellent yield (80-9096). The dienone (102) 
serves as a useful intermediate for the synthesis of (f)-damsinic acid (104) and (*)-confertin (105).30 

The bicyclo[5.4.0]undecane sesquiterpenoid (It)-P-himachalene (109) was prepared via a route in 
which thermolysis of a P-(2-vinylcyclopropyl) enone played a key role (Scheme 15)?' Reaction of the 
P-iodo enone (82) with the stereochemically homogeneous cyclopropylcuprate (106) provides the func- 
tionalized trans-divinylcyclopropane (107). Thermolysis of (107) gives exclusively the Cope rearrange- 
ment product (lo@, which is converted into (f)-P-himachalene (109). Notably, in contrast to structurally 
related systems (vide supra), the P,y-unsaturated ketone function in (10s) shows no inclination to rear- 
range to the corresponding a$-unsaturated (conjugated) ketone. 

iii 

PhSCu(Li) H 

___) - 
99% 

(82) 
(107) (10s) 

i, THF-Et,O, -78 "C, 10 min; -20 O C ,  15 min; r.t., 2 h; ii, xylene, reflux, 3 h; iii, 4 steps 

Scheme IS 

It is interesting to compare the thermal behavior of compounds (101; Scheme 14) and (107; Scheme 
15). Although, in each case, the substrate reacts chemoselectively, (101) undergoes solely [1,5] sigma- 
tropic hydrogen migration to give (103). while thermolysis of (107) proceeds exclusively by way of 
Cope rearrangement to provide (108). This remarkable difference between structurally rather similar sub- 
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strates may be rationalized as follows. The rate-limiting steps of the Cope rearrangement of (101) and 
(107) would be (are) the isomerization of these substances into the corresponding cis isomers, presum- 
ably via the diradicals (110) and ( l l l ) ,  respectively. Due to the difference in substitution patterns 
(methyl groups), it seems likely that (111) would be more stable than (110). Therefore, assuming little 
energy difference between (101) and (107), one might expect that the energy of activation for the Cope 
rearrangement process involving (107) would be marginally lower than that involving (101). More im- 
portantly, however, the (supposed) transition state for [ 1,5] sigmatropic ;hydrogen migra t i~n~**~ in sub 
strate (107) would be destabilized by a notable steric interaction, as shown in (J). The corresponding 
transition state (I) derived from (101) is devoid of any major steric repulsions and, therefore, one would 
expect that the energy barrier for (101) + (I) would be considerably lower than that for (107) + (J). En- 
ergetically, the two effects outlined above reinforce each other and, therefore, it is possible to rationalize, 
at least qualitatively, why the thermal rearrangements of (101) and (107) ]proceed via distinctly different 
pathways. 

0 

J ‘‘’,Ii, 

0 

In connection with developing a synthetic approach to tigliane-, daphnane- and ingenane-type diter- 
penoids, Wender et al. have reported the reaction sequence shown in &:heme 16.32 Interestingly, the 
functionalized cis-divinylcyclopropane (112) rearranges readily at room temperature, thus providing, in 
highly stereoselective fashion, the structurally rather complex product (113) from relatively simple start- 
ing materials. 

f i  

51% 

0 0 

i , i i _  

Me0 from (112) 

(112) (113) 

i, Bu‘Li, Et,O; 2,3-dimethoxy-2-cyclopenten-l-one; ii, H,O+, r.t. 

Scheme 16 

8.2.5 6-(l-ALKENl”Y)BICYCL0[3.1.O]HEX-2-ENES 

835.1 Background 

The Cope rearrangement of 6-endo-vinylbicyclo[3.1 .O]hex-Zene (114) to bicyclo[3.2.l]octa-2,6-diene 
has been shownM to take place with a half-life of approximately 1 d at 25 ‘C (Ea = 22.9 kcal 
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mol-') (Scheme 17). As expected, the e m  isomer (116), although stable at ambient temperatures, rearran- 
ges at elevated temperatures (e.g. 195 'C)35 to provide the bicyclic diene (115) cleanly and efficiently. 
By means of an elegant study using optically active substrates, Baldwin and Gilbed5 have shown that 
rearrangement of (116) to (115) proceeds entirely via a one-center epimerization at C-6 and not by way 
of inversion at both bridgehead carbons. Thus, thermolyses of optically active (114) and (116) (identical 
optical purities, absolute configurations as shown in Scheme 17) at 60 'C and 195 'C, respectively, give 
the same product (115). Importantly, the two samples of the latter substance exhibit essentially identical 
optical rotations. Presumably, the conversion of (116) into (115) involves the intermediacy of the diradi- 
cal (117). The latter species, upon suitable bond rotation and ring closure, would give (114), which 
would rapidly rearrange to (115). 

[ -1 '....'..."' -- 195'C 3 2  250c_ - (114) - ',, H 

The Cope rearrangement of 6-( 1-alkenyl)bicyclo[3.l.O]hex-2-enes would appear to be a (potentially) 
excellent method for the preparation of functionalized, substituted bicyclop.2. lloctanes. Therefore, par- 
ticularly since the latter carbon skeleton is a common structural feature of many terpenoid natural pro- 
ducts, it is surprising that during the period 1965-1980 this type of transformation received relatively 
little attention from the community of synthetic organic chemists. The 1980s, however, have seen con- 
siderable activity in this area and the results of some of this work is summarized in the next two subsec- 
tions of this chapter. 

8 3 5 3  Synthesis of Substituted Bicyclo[33.l]octa-2,6-dienes 

The readily available aldehyde (118) has served as a suitable precursor for a number of 6-endo-(l-al- 
kenyl)bicyclo[3.1 .O]hex-Zenes. For example, treatment of (118) with Ph3P-CHCONe gives a mixture 
of the bicyclic diene esters (121)-(123) (Scheme 18).36 In view of the stereospecific nature of the Cope 
rearrangement process (vide supra), it is highly likely that (121) and (122) are derived by bond reorgan- 
ization of the initially formed Wittig products (119) and (120), respectively. The ratio of (121):(122) is, 
therefore, a reflection of the (expected) fact that the Wittig reaction produces primarily the frans-a,p-un- 
saturated ester (119). The diene ester (123) is, presumably, formed by partial isomerization of (121) and 
(or) (122). 

OHC . R C02Me COzMe 

H -- 
(118) (119) R = COZMe, R = H (121) 81% (122) 15% (123) 4% 

(120) R = H, R = COzMe 
ii 150% 

. I +  A 

(124) (K) (125) 

i, Ph3P=CHC02Me, PhH, reflux, 18 h; ii, Ph3P=CMe2, THF, reflux, 1 h; iii, 350 OC, 15 Torr (1995 Pa) 
Scheme 18 

Substitution of the 6-endo-( 1-alkenyl) moiety with alkyl groups notably retards the rate of rearrange- 
ment. For example, in contrast to the 'parent' substrate (114), the diene (124) (readily obtained from the 
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aldehyde 118) is stable under the conditions of its preparation and, at room temperature, can be stored 
without change for months (Scheme 18).37 Presumably, steric crowding in the transition state (K) for the 
Cope rearrangement is primarily responsible for this stability. Neverthekss, flash vacuum thermolysis of 
(124) provides (125) q~antitatively.~~ 

Reaction of the ether aldehyde (126) with Ph3P=CH2 provides the diene (128 Scheme 19).38 Further- 
more, subjection of (126) to a Knoevenagel condensation using malonic ,acid gives a mixture of the acids 
(131)-(133), These conversions demonstrate the feasibility of effecting fstereoselective functionalization 
at C-8 of bicyclo[3.2.1]octa-2,6-diene systems (e.g. 128,131 and 132) by starting with the corresponding 
C(4)-substituted 6 4  1 -alkenyl)bicyclo[3.1 .O]hex-2-enes (e.g. 127, 129 and 130). It is also pertinent to 
mention explicitly the formation of the acid (132). The transition state for the Cope rearrangement of 
(130). the presumed precursor of (132), is destabilized by a severe steric interaction between a COZH 
group and the endo-BuQ function (see L, R = H, R' = C02H). Consequently, if this conversion is indeed 
a 'normal' Cope rearrangement, the facility with which it proceeds is surprising. 

ii 68% 1 
R 

R@- 

OBu' 
(129) R = C02H, R = H 
(130) R = H, R = CO2H 

R 

(133) (131) R = C02H, R = H 
(132) R = H. R = C02H 

i, Ph3P=CH2, THF, reflux, 3 h; ii, CH2(C02H)2, piperidine, pyridine, 100 "C, 2 h 

Scheme 19 

Interesting recent studies have shown that bicyclo[3.1 .O]hex-Zenes suitable for Cope rearrangement 
may be prepared directly from cy~lopentadiene .~~.~~ For example, carbenoid addition of the diazo diester 
(134a) to cyclopentadiene, followed by distillation of the product, gives the bicyclic diene (136a) in 98% 
yield (Scheme 20).39 When the alkoxy-substituted diazo esters (134b-134e) are employed, the endo-divi- 
nylcyclopropanes (135b135e) can be isolated in excellent yields and are found to be stable for days at 
room temperature. However, in refluxing toluene, these substances rearrange cleanly to the stereochemi- 
cally homogeneous alkoxy diesters (136b-Me). The remarkable feature: of these transformations is the 
highly stereoselective nature of the carbenoid addition reactions, which provide only the endo-divinylcy- 
clopropanes (135). Also, as expected, the Cope rearrangements of (135b-135e) are completely stereose- 
lective, with the cis-R and rruns-CO2Et substituents on the 6-(l-alkenyl) group of (135) ending up e m  
and endo, respectively, in the diene products (136). 

8 + 
i 

____.) 

11-98% 
COzEt 11 

___) 

>95% 

a, R = H; b, R = OMe; c, R = OEt; d, R = Opr'; e, R := OBu' 

i, Rh2(OAc),; ii, distillation (135a) or PhMe, reflux, 12 h (135b-e) 

Scheme 20 
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Recent investigations have demonstrated that 6-( 1 -alkenyl)bicyclo[3.1 .O]hexan-Zones are excellent 
precursors of Cope rearrangement substrates. The efficacy of this methodology may be illustrated in- 
itially by the synthesis of the diastereomeric ketones (141) and (146; Scheme 21):' Carbenoid cycliza- 
tion of the diazo compounds (137) and (142) provides the bicyclic ketones (138) and (143). Since ring 
closures of this type are well known to be stereospecific with respect to the stereochemistry of the double 
bond involved, only the expected 6-ex0 substituted products are formed. Thermolytic sigmatropic rear- 
rangement of the enol silyl ethers (139) and (144) (readily derived from 138 and 143) proceeds in stereo- 
specific fashion to afford the bicyclic dienes (140) and (145). The latter substances are readily converted 
into the epimeric keto alkenes (141) and (146). These syntheses illustrate clearly the stereochemical con- 
trol that can be achieved via Cope rearrangement of bicyclo[3.1 .O]hex-Zene substrates possessing ge- 
ometrically isomeric 6 4  l -alkenyl) groups. 

0 

ButMe2Si0 OCO'" i ' ii \ A  iii 
___) 

87% 95 % 
V -H 

OSiMe2But 
CO2Me 

i, Cu(aca~)~, PhH, reflux; ii, LDA, THF, -78 "C; ButMe2SiC1, HMPA, -78 "C to r.t.; iii, 200 "C, 2 h, 
PhH (sealed tube); iv, Bun4NF, THF v, HCl, H20, THF, reflux; vi, H2, Pd/CaC03, quinoline, pentane; 

vii, 240 OC, 4.5 h, PhH, (sealed tube); viii, HCl, H20, THF, r.t. 

Scheme 21 

Thermolysis of the enol silyl ethers (147a-147c) (readily prepared via the methods outlined in Scheme 
21, see 137 + 139) provides high yields of the bicyclic dienes (148a-148~). as shown in equation (5)."l 
Furthermore, the keto ester (149), when subjected to the reaction conditions shown in equation (6), is 
smoothly converted into the diene ester (El), presumably via the cis-divinylcyclopropane (150)$* 

The conversions summarized in Scheme 21 and equations ( 5 )  and (6) show clearly the synthetic ver- 
satility of using bicyclo[3.1 .O]hexan-2-ones as precursors of divinylcyclopropanes. Indeed, bicy- 
clor3.2. I]octa-2,6-dienes possessing alkyl substituents at either bridgehead position (148a,148c) or at 
C-4 with endo (141,148b) or ex0 orientation (146) are readily prepared. Furthermore, the rearrangement 
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xylene or R" 

* R - p R  (5 )  

ButMe2Si0 mesitylene, 
reflux 

93-98% OSiMezBu' 
C02Me 

(147) ( 148) 
a, R =  R = H, R =Me; b, R = R = M e ,  R = H, c, R = R'= H, R'= Me 

products contain, on the three carbon and two carbon bridges of the bicyclic system, functional groups 
that are readily amenable to further synthetic manipulations. 

Bicyclo[3.1 .O]hexan-2-ones are also suitable precursors for the synthesis of C(8)-functionalized bicy- 
clo[3.2.1]octa-2,6-dienes. For example, the bicyclic enone (153), readily prepared from the ketone (152), 
contains a trans-divinylcyclopropane system in which one of the 'vinyl' groups consists of the enone 
carbon-carbon double bond. Indeed, thermolysis of (153) provides the Cope rearrangement product 
(154), which possesses at C-8 a synthetically versatile carbonyl group (Scheme 22).4* Alternatively, c o p  
per(1)-catalyzed conjugate addition of vinylmagnesium bromide to the enone (153) provides a single pro- 
duct (155). The stereoselectivity of this process may be attributed to steric factors, with the reagent 
approaching the enone system from the less-hindered convex face. Thermolytic sigmatropic rearrange- 
ment of the enol silyl ether (156), readily obtained from (155), provides ithe triene (157)' which can be 
hydrolyzed to the keto diene (158)."' Thus, bicyclo[3.2.1]octane systems possessing at C-8 a useful func- 
tional group (e.g. 154) or an e m  substituent (e.g. 157 and 158) are readily prepared. 

0 Bu'MezSiO &yL WLqp 89% / I -Lq 93% 

OSilMe2Bu' (158) 
97% 

:\ \ (157) 
(155) (156) 

i, LDA, THF, -78 OC; PhSeC1, -78 to 0 O C ;  HOAc, H20, Hz02, 0 OC; ii, 160 "C, 4 h, PhH (sealed tube); 
iii, H2C=CHMgBr, CuBr*Me2S, THF, -30 to 0 O C ;  iv, LDA, THF, -78 "C; ButMe2SiC1, HMPA, -78 "C to r.t.; 

v, 200 OC, 5 h, PhH (sealed tube); vi, HCI, H20, THF, r.t. 
Scheme 22 

8.2.5.3 Natural Product Syntheses 

On the basis of the work summarized above, it would appear that the Cope rearrangement of 6-(1-alke- 
nyl)bicyclo[3.1 .O]hex-Zenes should be usefully applicable to the synthesiis of natural products that pos- 
sess, as part of their structures, the bicyclo[3.2.l]octane carbon skeleton. Recent work in this area, 
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involving total syntheses of the sesquiterpenoids (f)-sinularene, (f)-prezizanol and (f)-prezizaene, is dis- 
cussed below. 

The key intermediate for the synthesis of (f)-sinularene (159),43 a structurally unusual marine natural 
product, was the bicyclic divinylcyclopropane (160). Successful Cope rearrangement of this substance 
would be expected to proceed via the endo isomer (161) to produce the bicyclo[3.2.1]octa-2,6-diene 
(162), possessing the correct stereochemistry at C-4 (exo-isopropyl group) and functionality (exo-vinyl 
group at (2-8, enol ether associated with C-6 and C-7) that would allow the straightforward preparation of 
the tricyclic ring system of (f)-(159). 

(159) 

I I”*; J 9 ButMe2sib 4 
.........._ ’.. 1 

/ / 
/ ‘ OSiMeZB ‘H 

;\ 

(MI (163) (164) (16) 

In theory, thermolysis of (160) could also result in a [ 131 sigmatropic hydrogen invol- 
ving the C-5 methyl group, to produce the unusually substituted cyclopentene (163). However, the ex- 
pected transition state for this proce~s~,*~ would be destabilized by a severe steric repulsion, as shown in 
(M), and, therefore, the energy of activation (Ea) for (160) + (163) would probably be considerably 
higher than 31.2 kcal mol-’, the value associated with the conversion of the ‘parent’ cis-1-methyl-Zvi- 
nylcyclopropane into cis-1,4-hexadieneP4 On the other hand, lack of appropriate literature data makes it 
difficult to predict the value of Ea associated with the isomerization of (160) to (lal), the rate-determin- 
ing step for the conversion (160) + (162). Nevertheless, since the energy of activation for the transfor- 
mation of (164, racemate) into (16) has been shown* to be 32.8 f 0.8 kcal mol-’, one might expect Ea  for 
(160) + (161) to be in the range 31-33 kcal mol-’. Consequently, of the two alternative rearrangement 
pathways (160 + 162 or 163), it appeared that the Cope rearrangement would be energetically favored. 
This expectation turned out to be correct. 

The stereochemically controlled synthesis of the key substrate (160) is outlined in Scheme 23.43 A 
stereoselective ortho ester based Claisen rearrangement is employed to convert the alcohol (165) into the 
ester (166), which is transformed via a standard sequence of reactions into the bicyclic ketone (167). 
Chemo- and stereo-selective hydrogenation of the latter material provides the bicyclo[3.1 .O]hexan-2-one 
(la), possessing the required (2!)-3-methyl-l-butenyl group at C-6. To set the stage for introduction of 
the necessary C-4 vinyl group, the ketone (168) is converted into the enone (169) by Pd(0Ac)z oxidation 
of the corresponding enol trimethylsilyl ether. Treatment of (169) with lithium divinylcuprate gives a 
mixture of (170) and the corresponding C-4 epimer, in a ratio of about 9:1, respectively. Although this 
conjugate addition was not entirely stereoselective, the major product, resulting from approach of the cu- 
prate reagent to the less-hindered side of the enone (169), possesses the required ex0 stereochemistry at 
c-4. 

Routine conversion of the ketone (170) into the enol silyl ether (160) set the stage for investigating the 
key Cope rearrangement reaction. In the event, thermolysis of (160) provides a single product (162) in 
high yield. This result not only confmed the expectation that the Cope rearrangement of (160) would be 
energetically favored over the alternative [ 151 sigmatropic hydrogen migration, but also demonstrated 
the efficacy of the Cope process for the stereoselective synthesis of a highly functionalized bicy- 
clo[3.2.l]octa-2,6-diene. The diene (162) was readily converted into (f)-sinularene (159).43 
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0 

- 
58% 52% 91% 

OF I I  

V" 468from \ Ln 

xii """'"i&J - xi I -- (*)-(159) 

/ 
86% 

OSiMezBd 
:\ 
(160) (162) 

i, (EtO)$Me, EtC02H, 130 OC, 20 h; ii, KOH, H20-MeOH; iii, (C0C1)2. PhH, reflux; iv, CH2N2, Et20; 
v, C~(acac)~ ,  PhH, reflux; vi, H2, Pd/CaC03, n-C,HI2; vii, Me3SiI, Et3N, CH2C12. -78 "C; viii, Pd(OAc)2, 
MeCN, r.t.; ix, (CH2=CH)2CuLi, Et20, -30 OC to r.t.; x, LDA, THF, -78 OC; B8utMe,SiC1, THF-HMPA, 

-78 OC to ri.; xi, 220 OC, 4.5 h, PhH (sealed tube); xii, 4 steps 

Scheme 23 

The key step of the total syntheses of (f)-prezizanol(171) and (*)-preziimene (172) was initially envis- 
aged to be the Cope rearrangement of the 6-exo-( 1-alkenyl)bicyclo[3.1 .O]hex-Zene (173)."5 The stere- 
oselective synthesis of this material was readily achieved$s but, unfortunately, thermolysis of (173) in 
benzene at temperatures in the range 155-220 'C produces a plethora of products from which the desired 
material (175) can be isolated in only poor yields (25% at b e ~ t ) . " ~ , ~  In contrast, thermolysis (PhH, 190 
'C, 9 h) of substrate (176) proceeds cleanly to give (177).4s Therefore, it is evident that the unsatisfactory 
nature of the rearrangement of (173) is due to the presence of the P,y-uns;aturated ester function, which, 
perhaps not surprisingly, is unstable at the high temperatures necessary to effect isomerization of (173) 
into the endo isomer (174). Therefore, since the [3,3] sigmatropic rearrangement of (174) would be ex- 
pected to occur at relatively low temperatures, it appeared that the efficiient production of (175) would 
have to involve the intermediacy of (174) rather than (173). 

The stereoselective preparation of the &endo-( 1 -alkenyl)bicyclo[3.1 .O]hex-Zene (174) was achieved 
via the route summarized in Scheme 24."6 Slow addition of a THF solution of the dichlorocyclopropane 

O 7  

$$j Meco-co2Me H' g OMe 

€1 C02Me 
(171) R = Me, R = OH (173) (174) 
(172) R, R = CH2 
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Me0 
0-OMe 

C02Me OSiMezBu' wut 0-OMe 

(178) to an excess of r-butyllithium at -107 'C, followed by protonation of the resultant intermediate, 
gives a mixture of (179) and the corresponding emchloride (4:1, respectively), from which (179) is ob- 
tained in 55% yield by chromatography. Treatment of (179) with lithium 4,4'-di-r-butylbiphenylide, con- 
version of the resultant cyclopropyllithium reagent into the comsponding organozinc chloride and 
palladium(0)-catalyzed coupling of the latter species with (~-2-iodo-5-methoxymethoxy-2-pentene af- 
fords the bicyclic alkene (180). A standard sequence of reactions transforms the latter material into the 
a,P-unsaturated ester (Ul), which, upon deconjugation via the corresponding enolate anion, is con- 
verted into the key intermediate (174). At room temperature, the cis-divinylcyclopropane (174) rearran- 
ges slowly to (175) and, upon distillation at 110 'C under reduced pressure, is converted into (175) in 
essentially quantitative yield. Thus, a comparison of the thermolytic behavior of the epimers (173) and 
(174) shows clearly that, for the preparation of the bicyclic diene (175) via a Cope rearrangement pro- 
cess, the endo isomer (174) is a much more effective precursor than the ex0 isomer (173). Compound 
(175) serves as a suitable intermediate for the total synthesis of (f)-prezizanol(171), which, upon dehy- 
dration, gives (f)-prezizaene (172).& 

1 1 ~ 1 ~  OSiMezBu' ii g::: iii-v 

62% H'  
(179) H 

(180) 

~t~~*OSiMe2But 55% i H- H b 
(178) 

i, Bu'Li, THF-Et20-pentane, -107 OC; AcOH, EtzO, -107 OC; ii, (4,4'-di-?-butyIbiphenyl)- Li', THF, 

-78 OC; ZnC12, THF, -78 to 0 OC; (Ph3P)dPd. (~-2-iodo-5-methoxymethoxy-2-pentene, THF, reflux, 1 h; 

iii, TBAF, THF, iv, PCC, NaOAc, CH2C12; v, [(MeO)2POCHC02Me]Li, THF; vi, LDA, THF, -78 OC; HOAc, 

EtzO, -78 OC; vii, 110 "C, 0.1 Torr (13.3 Pa); viii, 11 steps 

Scheme 24 

8.2.6 7-(l-ALKENYL)BICYCLO[4.l.O]HEPT-2-ENES 
Although relatively little work has been done in this area, Schneider and Csacskod7 have shown that 7- 

endo-vinylbicyclo[4.1 .O]hept-Zene (182) rearranges to bicyclo[3.2.2]nona-2,6-diene (183) under condi- 
tions (I 25 'C) similar to those required for bond reorganization of cis-l,2divinylcyclopropane or 
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6-endo-vinylbicycl0[3.1 .O]hex-Zene. Furthermore, the corresponding ex0 isomer (184), upon thermo- 
lysis at 160 'C, also provides the bicyclic diene (183) in essentially quantitative yield (Scheme 25).4' 

1 
25 'C - 160 O C  

c-- 

Thermolysis of the enone (185) produces the tricyclic ketone (188) i ~ n  high yield (Scheme 26J4* Sup 
posedly, this transformation involves initial isomerization, via a diradical intermediate, of (185) into the 
endo isomer (186). Cope rearrangement of the latter substance gives t!he P,y-unsaturated ketone (187), 
which, under the reaction conditions, isomerizes to the more stable conjugated isomer (188). 

(185) 

i, o-dichlorobenzene, reflux, 40 h 

Scheme 26 

The synthesis of bicyclo[3.2.2]non-6en-3-one (192) and the spiro-substituted derivatives (195) can be 
achieved via similar methodology. Thus, thermolysis of the enol sibyl ether (190), which is readily 
derived from the ketone (189), gives the bicyclic substance (191). Mild acid hydrolysis of (191) affords 
(192; Scheme 27).49 In a similar fashion the exo-ketones (193) have been converted, via the enol silyl 
ethers (194), into the tricyclic keto alkenes (195).49 

(192) 

IV,  111 

49-8 1 % 
/ - /  ___I. ' 

OSiMe3 98-100% " 0 

(193) n = 1 4  (194) n = 1-4 (195) n = 1 4  

i, LDA, THF, -78 to 0 "C; Me3SiC1, -78 OC to r.t.; ii, 240 OC, neat, 6 h; iii, HC1, H20, T H F  iv, 240 OC, 
neat, 12 h 

Scheme 27 
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Although small in number, the investigations summarized above show that the Cope rearrangement of 
7-( I-alkenyl)bicyclo[4.1 .O]hept-2-enes is an effective method for the synthesis of usefully functionalized 
bicyclo[3.2.2]nona-2,6dienes. 

83.7 TRICYCLIC l&DIVINYLCYCLOPROPANE SYSTEMS 

8.2.7.1 Synthesis of Tricyclic Substances Containing the Bicyclo[3.2.l]octane Carbon Skeleton 

Recent studies, directed primarily toward the development of synthetic approaches to tricyclic and te- 
tracyclic natural products, have demonstrated the viability of Cope rearrangements of substrates pssess- 
ing a 1,2-divinylcyclopropane moiety as part of a tricyclic ring system. In these investigations, as in 
related studies described earlier (vide supra), one of the 'vinyl' groups is introduced by conversion of a 
ketone function into an enol silyl ether. For example, transformation of the tricyclic ketone (1%) into the 
trans-divinylcyclopropane (197), followed by thermolysis of the latter substance, affords the tricyclic 
diene (198) cleanly and efficiently (Scheme 28).50 Cleavage of the enol silyl ether function of (198) pro- 
vides the ketone (199). In a similar fashion, the ketone (200). an isomer of (1%). is transformed smooth- 
ly into the bridged tricyclic ketone (203) via the isolable intermediates (201) and (202) (Scheme 28):l It 
is worthwhile to note explicitly that, although the products (199) and (203) possess the same carbon 
skeleton, the functional groups are located at different positions. 

OSiMezBu' - Q t L / q . +  93% 

ButMe2Si0 

(196) (197) (198) 

i, LDA, THF, -78 OC; ButMe$iC1, THF-HMPA, -78 OC to r.t.: ii, 155 OC, 5 h, PhH (sealed tube); iii, TBAF, 
THF, -78 OC; iv, 170 OC, 5 h, PhH (sealed tube) 

Scheme 28 

Hudlicky and c0workers~~3~ have reported recently the Cope rearrangement of similar, but more high- 
ly functionalized substrates. For example, the keto esters (204) and (205) are readily converted into the 
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corresponding enol ethers (206) and (207) (Scheme 29)."2>52 Thermolysis of the latter substances at high 
temperatures, followed by acid hydrolysis of the enol ether functions in the resultant products, affords 
primarily the products (208) and (209) derived from Cope remanglements, accompanied by lesser 
amounts of the angularly fused triquinanes (210) and (211), respectively. Interestingly, when the sub- 
strates (212) and (213), containing endo-vinyl substituents, are treated with TMS-I in the presence of 
(TMShNH, the tricyclic substances (216) and (217) are obtained directly (Scheme 29).42,52 Not unexpec- 
tedly, the intermediate cis-divinylcyclopropanes (214) and (215) undergo sigmatropic rearrangement at 
relatively low temperatures. 

(208) R = H 
(209) R = OSiMe2Bu' 

+ gA __c ~~% Me;K ii, iii * 
H 
R R = OSiMe2Bu', 90% 

(204) R = H 
(205) R = OSiMe2Bu' 

R = H, 95% 

(206) R = H 
(207) R = OSiMe2Bu' 

(210) R = H 
(211) R = OSiMe2Bu' 

(212) R = H 
(213) R = OSiMe2Bu' 

(214) R = H 
(215) R = OSiMe2Bu' 

(216) R = H 
(217) R = OSiMe2But 

i, Me3Si1, (Me&,", pentane, -20 "C; ii, 585 OC, PbC03-conditioned Vycor tube; iii, HC1, H20, CH2C12 

Scheme 29 

8.2.7.2 Natural Product Synthesis 

The cytotoxic sesquiterpenoid (-)-quadrone, isolated from the fungus Aspergillus terreus, possesses 
the constitution and absolute stereochemistry shown in (218). The tricyclic carbon skeleton of this inter- 
esting natural product is the same as that found in compound (198), which, as described above (Scheme 
28), is readily prepared by thermolysis of the tricyclic diene (197).50 Thus, it appeared that the Cope rear- 
rangement of a suitably substituted and functionalized derivative of (1!37) might serve effectively as a 
key intermediate in a total synthesis of (&)-quadrone (218); that is, succ:essful Cope rearrangement of a 
substrate, such as (219), would provide, stereoselectively, the tricyclic substance (220). Presumably, the 
intermediate (220) could then be converted into the keto aldehyde (221)1, which had already been trans- 
formed into (&)-quadrone (218).53 

Treatment of the ketone (222) as shown in Scheme 3051 gives a mixtune of products from which the re- 
quired divinylcyclopropane (219) may be isolated (chromatography) in 47% yield. Unfortunately, sub 
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I Bu'Me2SiO 

(219) (220) (221) 

strate (219) does not undergo Cope rearrangement. Thermolysis of this material provides a mixture of 
products that does not contain any of the diene (220).51 

Bu'Me2SiO 

(223) (224) (225) 

i, LDA, THF, -78 OC; Bu'Me2SiOS02CF,, THF-HMPA, -78 "C to r.t.; ii, 170 "C, 5 h, PhH (sealed tube); 
iii, 170-175 OC, 4 h, PhH (sealed tube) 

Scheme 30 
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In an effort to probe the reason(s) underlying the failure of the attempted thermolytic conversion of 
(219) into (220), the structurally simpler substrate (224) was prepared from the ketone (2W. Scheme 
30).51 Interestingly, thermolysis of (224) also provides a mixture of products, a careful spectral examin- 
ation of which shows clearly that the Cope rearrangement product (225) is not present. A comparison of 
this result with that obtained from thermolysis of (197), which proceeds smoothly to give (198) in 93% 
yield, shows once again that cis substituents on the 'vinyl' groups can have a profound effect on the efi-  
cacy of the Cope rearrangement of 1,2-divinylcyclopropanne systems. Furthermore, since one would ex- 
pect isomerization of (224) to the corresponding endo isomer (226) to be a facile process (Scheme 31), 
the failure of the conversion (224) + (225) must be related to the second step, involving sigmatropic re- 
arrangement of (226) to (225). Indeed, an examination of molecular mod& indicates that, due to the in- 
flexible nature of the tricyclic ring system of (226), the (proposed) transition state for the conversion 
(226) + (225) possesses a severe steric interaction between the angular proton and the methyl group of 
the cis-1-propenyl moiety (see N; Scheme 31). Apparently, due primarily 4.0 this destabilizing feature, the 
transition state (N) is disfavored relative to those related to other modes of bond reorganization and, 
therefore, none of the Cope rearrangement product (225) is produced. A similar line of reasoning may be 
invoked to rationalize the failure of (219) to undergo sigmatropic rearrangement to (220). 

OSiMezBu' 

heat - - 

0 

OSiMezBut 

..... ..x* 
1 

QMe 

* 
.... ) 

Scheme 31 

9 iii 

OSiMezBut 

iv 

i, LDA, THF, -78 "C; ButMezSiOSOzCF3, THF-HMPA, -78 "C to r.t.; ii, 170-175 "C, 5 h, PhH (sealed tube); 

Scheme 32 

iii, TBAF, THF, -78 "C; iv, 10 steps; v, see ref. 53 
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A successful formal total synthesis of (*)quadrone (218) via a route in which a divinylcyclopropane 
rearrangement played a key role was achieved by employing the substrate (228; Scheme 32).% This ma- 
terial is readily prepared from the ketone (227) and, in contrast to compounds (219) and (224), undergoes 
smooth Cope rearrangement to the tricyclic diene acetal (229), which is easily transformed into the keto 
acetal (230). A rather lengthy sequence of reactions effects conversion of (230) into the keto aldehyde 
(221), which, as mentioned previously, has served as an intermediate in a total synthesis of (&)quadrone 
(218).53 
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83.1 CHARGE-ACCELERATED REARRANGEMENTS: BACKGROUND 

8.3.1.1 Introduction 

The strain intrinsic to small-ring compounds creates a potential for facile rearrangement which is not 
present in more conventional molecules. This characteristic of three- and four-membered rings has been 
extensively exploited in synthesis, particularly in such well-established ring expansion strategies as the 
vinylcyclopropane and divinylcyclobutane rearrangements. Although these reactions have proven utility 
as synthetic methods, they often suffer from serious limitations. Many of these rearrangements only pro- 
ceed under relatively harsh reaction conditions (e.g. at high temperatures), and frequently require the ap- 

999 
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plication of special techniques such as flash vacuum pyrolysis. Side reactions complicate the course of 
some small-ring rearrangements, compromising the efficiency of the reactions, and leading to mixtures 
of isomeric products which can be difficult to separate. Often these rearrangements also proceed with 
disappointingly low stereoselectivity. 

It is now established that many of these limitations can be overcome by exploiting the accelerated rear- 
rangements of small-ring compounds bearing charged substituents. The sulbject of this chapter is an over- 
view of the progress recorded in this area to date. To place this chemistry in proper perspective, this 
background section summarizes the general features of charge-accelerated pericyclic reactions which 
have emerged during the past 20 years from studies of compounds which do not incorporate small rings. 
It should be noted that this subject is treated in greater detail in the chapters specifically concerned with 
sigmatropic processes (Chapters 7.1-7.3, this volume). 

83.1.2 Azaanion- and Oxyanion-accelerated Rearrangements 

The thermal rearrangement of 3-hydroxy-substituted 1 ,5-hexadiene deirivatives (the ‘oxy-Cope’ rear- 
rangement) is regarded as a useful synthetic route to 8,eunsaturated carbonyl compounds. This 3.3-sig 
matropic process is generally carried out at 200400 ‘C, and is frequently accompanied by side reactions 
such as fragmentation initiated by 1,5-hydrogen shifts. In 1975, Evans anid Golob2 reported the remark- 
able observation that the potassium salts derived from 3-hydroxy- 1,5-hexadienes undergo dramatically 
accelerated oxy-Cope rearrangement, in some cases exhibiting rate enhancements of 1017 compared to 
the corresponding alcohols. For example, the half-life for the rearrangement of (1; equation 1) at 66 ‘C 
was calculated to be only 1.4 min. The isomeric alkoxide (3), however, remained unchanged even after 
heating for 24 h. This and later observations by Evans and coworkers provided strong evidence that these 
rearrangements follow concerted  pathway^.^^^ Since its discovery in 1975, the anionic variant of the oxy- 
Cope rearrangement has been widely exploited, particularly in the area of natural product synthesis.5p6 

i, THF, 66 OC H 
ii, H20 

Providing a rationale for the extraordinary rate acceleration observed in these reactions has been the 
aim of several theoretical and mechanistic studies. For example, Evans has shown from estimates of 
bond dissociation energies7 as well as by ab initio calculations* that the effect of an oxyanion substituent 
is to weaken the adjacent carbon4arbon bond, thus facilitating the dissociation of this bond which is 
undergoing cleavage in the transition state for rearrangement. The experiments of Evans and coworkers 
stimulated Carpenter to develop a simple but operationally useful model for predicting the effect of sub- 
stituents on a wide variety of pericyclic reactions? According to this model, the activation energy for re- 
arrangement of the anionic species is reduced because of the increased charge delocalization possible in 
the pericyclic transition state which, by definition, involves a comp1ete:ly conjugated array of orbitals. 
This stabilizing interaction is not present in the reactant, and consequently the net result is a reduction in 
At. Carpenter’s model predicts that this stabilizing effect should be observed for ‘anionic, radical, or ca- 
tionic substituents, provided that the skeletal atoms form an even-membered, uncharged ring in the tran- 
sition state’.l0 

The ability of charged substituents to accelerate the 3,3-sigmatropic reiarrangement of allyl vinyl ethers 
(the Claisen rearrangement) has also been documented. The effect of oxyanion substituents on the rate 
and course of aliphatic Claisen rearrangements has been the subject of particular attention?.11 In 1972, 
Ireland and Mueller reported that the lithium enolate derivatives of allyl esters undergo rapid and effi- 
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cient rearrangement at ambient temperature (e.g. equation 2).l2-I4 By contrast, the thermal aliphatic 
Claisen rearrangement of allyl vinyl ethers generally requires temperatures in excess of 150 ‘C. 

Oxyanion substituents at the terminal vinyl carbon of allyl vinyl ethers can also impart a considerable 
rate acceleration to the Claisen rearrangement. For example, enolate derivatives of a-allyloxy ketones re- 
arrange to a-hydroxy-y,b-unsaturated ketones at temperatures as low as 4 2  ‘C; this reaction has been 
employed in an elegant tandem conjugate additionxlaisen rearrangement strategy (equation 3). l5 In 
some cases, however, the reactions of enolates derived from a-allyloxy carbonyl compounds have been 
found to follow alternative 2,3-sigmatropic (Wittig-type) rearrangement pathways.16 

0 O C ,  15 rnin 

cu. 100% 

* (3) 

LiMe2Cu, THF 
-78 o c  

The familiar Cope and Claisen rearrangements are classified as 3,3-sigmatropic rearrangements; by 
comparison, thermal 1.3-sigmatropic migrations of carbon atoms (equation 4) have received relatively 
little attention. Carpenter’s model9 predicts that an oxyanion substituent positioned at either terminus of 
the migrating a-bond should facilitate these rearrangements, and in fact, recent studies have demon- 
strated that 1.3-sigmatropic shifts of alkali metal salts of both allylic (equation 5 )  and homoallylic (equa- 
tion 6 )  alcohols can exhibit dramatic rate accelerations. 

2 2 

Early examples of accelerated 1,3-sigmatropic rearrangements involving allylic alcohol derivatives 
were reported by Thies and Seitz.” Thies and coworkers had previously employed thermal rearrange- 
ments of medium-ring 1 -trimethylsilyloxy- 1 -vinyl-3-cycloalkene derivatives as a useful method for two- 
carbon ring expansion. These reactions require relatively high temperatures (280-350 T ) ,  however, and 
in some cases, e.g. (10) + (12), proceed in rather poor yield (Scheme 1). Thies and Seitz found that the 
ring expansion of the corresponding potassium allcoxides in highly dissociating media such as HMPA 
occurs rapidly at room temperature, and is often considerably cleaner than the analogous thermal rear- 
rangements. This two-carbon ring expansion strategy has also been successfully applied to several me- 
dium-ring 1 -vinyl-3-cycloalkenols (equation 7), although in some cases oxy-Cope rearrangement, e.g. 
(13) + (la), is observed as a competing process. In the case of larger ring systems, e.g. cyclotridecenol, 
3,3-sigmatropic rearrangement in fact becomes the predominant mode of reaction. 
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350 ‘C, 11 h, 

then H,O+ 

I 

- KH, HMPA 

KH, HMPA (121) 
25 O C ,  5.5 h 

56% 

Scheme 1 

(14) 54% (15) 35% (16) 11% 

A noteworthy feature of these 1,3-rearrangements is the requirement that the migrating carbon be acti- 
vated by a vinyl or aryl n-bond; that is, in equation (3, R must be a vinyl or aryl group. Saturated l-vi- 
nylcycloalkanols such as (17) show no tendency to rearrange when treateld with KH in HMPA at room 
temperat~re.”~ These results are consistent with a concerted Id-shift mechanism, but also raise the 
possibility that these reactions can follow a stepwise pathway involving fragmentation to an allylic (or 
benzylic) carbanion, followed by intramolecular Michael addition. Related 1,3-rearrangernents in which 
the migrating carbon is even more activated (e.g. as a dithiane derivative) appear to proceed via such 
retro-aldol/conjugate addition mechanisms. l8 

Zoeckler and Carpenter have also studied oxyanion-acce-;rated 1,3-sigmatropic rearrangements of 
allylic alcohols, focusing particular attention on the stereochemical course of the reaction.’O An interes- 
ting feature of Carpenter’s model for accelerated pericyclic reactions is thad it predicts that charged s u b  
stituents should accelerate orbital symmetry forbidden19 pathways more than the corresponding allowed 
ones. This principle is a consequence of the ability of charged substituents to more effectively stabilize 
antiaromatic forbidden transition states by interacting with the low-lying LUMO or high-lying HOMOS 
which they possess. In accord with these predictions, the 13-sigmatropic rmrrangement of (18; equation 
8) was found to proceed predominantly (265%) by the suprafacial-retention pathway to afford (19), even 
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though the Woodward-Hoffmann rules suggest that inversion of configuration at the migrating carbon 
should be favored. 

Several examples of anion-accelerated 1,3-sigmatropic rearrangements involving homoallylic alcohols 
(equation 6) have also been reported. In fact, reactions of this type involving lithium, magnesium, and 
zinc alkoxides have been known for many years.20 However, whereas the rearrangements of magnesium 
and zinc salts of alcohols such as (21; equation 9) require several days of heating at 65 "C, the reactions 
of the corresponding potassium salts are complete within minutes at 0 'C.21 The sodium salt of 7-norbor- 
nadienol(23) is subject to a similar 1,3-sigmatropic shift which takes place at room temperature. In this 
reaction the norcaradiene derivative which is generated then undergoes a further disrotatory 61r-electro- 
cyclic rearrangement to eventually furnish methyl tropyl ether (equation Krow and Reilly have re- 
ported a very similar 1,3-shift, accelerated by an azaanion substituent (equation ll).23 
Deuterium-labeling studies indicated that this rearrangement occurs via suprafacial migration with 
predominant retention of configuration at the migrating carbon, an outcome which is in accord with 
Carpenter's model. 

KH, THF, 18-crown-6 

C6H13 (9) 
& -7OC,5min 

(OH NaOH, MeOH-H,O 
25 OC, 15 min 

b 

(23) 

H 
N MeLi, Et,O r \ 3OoC, 1 min 

OMe 
I 

H 

The ability of an oxyanion substituent to facilitate 13-hydrogen sigmatropy was demonstrated by Pa- 
quette et al. in 1980. For example, rearrangement of the potassium salt of 2.4-cycloheptadienol occurs 
more than 105 times faster than the rearrangement of the corresponding alcohol (equation l2)." Accel- 
erated 1.5-shifts of alkyl, vinyl, aryl and cyclopropyl p u p s  in cyclopentadiene derivatives (e.g. equa- 
tion 13) have also been reported.25 

b 
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(33) 7'6% (34) 24% 

83.1.3 Carbanion-accelerated Rearrangements 

The ability of certain carbanion substituents to accelerate the aliphatic Claisen rearrangement has been 
documented in several laboratories. These reactions bear close analogy to the Ireland ester enolate rear- 
rangement and related oxyanion-accelerated processes discussed in the previous section. Denmark re- 
ported the first examples of the carbanion-accelerated Claisen rearrangement in 1 982.26 Subsequent 
studies have established that this reaction has broad scope and provides a valuable synthetic route to y,6- 
unsaturated ketones.27 Arylsulfonyl-stabilized carbanions appear to be particularly effective in promoting 
these reactions. Analogous carbanions stabilized by other sulfur-based functional groups tend to decorn- 
pose via elimination pathways, and nitrile and ester derivatives also fail to undergo rearrangement, pre- 
sumably due to the extensive delocalization of charge in these anions. 

The arylsulfonyl carbanion accelerated Claisen rearrangement is completely regioselective and has 
also been found to be highly diastereoselective (Scheme 2)?78 The stereochemical course of the reaction 
conforms to the familiar chair-like transition state model usually invoked for the classic thermal process. 
Recently, high degrees of asymmetric induction have been observed in the rearrangements of c h i d  cy- 
clic phosphoramidate stabilized carbanion derivatives.27c 

ArS027rH 
A H  

(38) 93% 

(38) 6% iv 

61% 

(39) 7% 

(39) 94% 

(37) 

i, (E)-HOCH2CH=CHMe, NaH, THF; ii, KCH2SOMe, DMSO, 20 OC, 4 h; 
iii, (Z)-HOCH2CH=CHMe, NaH, THF; iv, LiCH2SOMe, DMSO, 50 OC, 1.5 h 

Scheme 2 

Other carbanionic substituents are equally effective in promoting unusually facile rearrangements of 
allyl vinyl ethers. Ponaras has reported that the rearrangement of the hydrazone sodium salt (41; equation 
14) occurs with t ~ n  = 15 h at 66 "C; note that this reaction creates a sterically congested product with two 
adjacent quaternary centersz8 Buchi and Vogel have described Claisen rearrangements accelerated by 
carboxylic acid dianions (equation 15).29 No rearrangement was observed at 120 'C with the correspond- 
ing simple carboxylate salt. 

Blechert has developed an interesting synthesis of 2-substituted indoles which involves the conjugate 
addition of N-phenylhydroxylamine salts (or N-phenylnitrones) to electron-deficient allenes, followed by 
carbanion-accelerated hetero-Cope rearrangement of the Michael adduct.'I0 For example, addition of the 
hydroxylamine salt (46) to the allenyl sulfone (47) produces the anion (48), which undergoes rapid 3,3- 
sigmatropic rearrangement to afford the p-keto sulfone (49). Cyclization to the indole proceeds smoothly 
upon exposure to formic acid (Scheme 3). 
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Ac 

(4) 

I 
HC02H, 80 OC, 5 min S02Ph 

m S O # ’ h  * 95% 
Ac 

(50) 
Scheme 3 

(49) 

Wender and coworkers reported the first example of an enolate-accelerated Cope rearrangement in 
1985.3’ Exposure of the trienone (51; Scheme 4) to potassium hydride in THF at mom temperature for 
17 h led to the formation of a 1.2: 1 mixture of (55) and (54); each rearranged trienone was produced as a 
mixture of alkene isomers. The facility with which the rearrangement of the ketone enolates takes place 
is underscored by the observation that the corresponding silyl enol ethers remain unchanged under ident- 
ical conditions, and require temperatures in excess of 100 ‘C for efficient rearrangement. 

Finally, no examples of carbanion-accelerated 13-sigmatropic rearrangements appear to have been ob- 
served to date, although Okamura and coworkers have reported a transformation which may involve a 
sulfinyl carbanion accelerated 1,fi-hydrogen shiftq3* 
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rotation 1 

(54) 

Scheme 4 

(55) 

83.2 CHARGE-ACCELERATED REARRANGEMENTS OF CYCLOPROPANES 

8.3.2.1 Introduction 

The rearrangement of a cyclopropane ring is the pivotal step in a large number of important synthetic 
~ t ra teg ies .~~ Cyclopropane ring expansion and ring fission reactions have been effected using a very wide 
range of reaction conditions. Thus, rearrangements have been induced by both thermal and photochemi- 
cal activation of cyclopropane derivatives, by treatment with nucleopliilic, electrophilic, and radical 
species, and also with the aid of various main-group and transition metall reagents. Many of these rear- 
rangements involve charged cyclopropane derivatives as either starting materials or reactive intermedi- 
ates. The subject of this chapter is charge-accelerated small-ring rearrangements; this area is defined as 
including only those reactions which, although accelerated by charged substituents, nonetheless can also 
take place in the absence of such substituents. Among cyclopropane rearrangements, the most important 
process of this type is the vinylcyclopropane to cyclopentene rearrangement. 

The vinylcyclopropane (VCP) rearrangement is the subject of several excellent reviews,34 including 
Chapter 8.1, this volume. As detailed in these references, the VCP rearrangement has seen extensive ap- 
plication as a strategy for the synthesis of a variety of substituted and functionalized five-membered car- 
bocycles. In spite of these successful applications, several features of the conventional, thermal process 
compromise its utility as a general synthetic method. As will be seen in the next section, these limitations 
can to a large extent be overcome through recourse to charge-accelerated variants of the reaction. The 
most serious limitations associated with the thermal version of the VCP rearrangement include those 
mentioned below. 

(i) Extreme reaction conditions. The vinylcyclopropane to cyclopenterie rearrangement proceeds with 
activation energies in the range of 30 to 65 kcal mol-' (1 cal = 4.18 J).3''b Consequently, high tempera- 
tures (frequently over 500 "C) are required to effect the reaction, particuliwly in sterically congested sys- 
tems. In some cases these harsh conditions are not compatible with highly functionalized synthetic 
intermediates. 

(ii) Limited scope. Synthetically significant substrates sometimes resist rearrangement within the range 
of reasonable reaction temperatures. For example, while the rearrangement of (56; equation 16) proceeds 
smoothly at 332 'C, the isomeric vinylcyclopropane ( 5 8  in which the requisite rearrangement confonna- 
tion is sterically disfavored) is totally inert under these conditions, and at higher temperatures undergoes 
polymerization.35 

(iii) Side reactions. The intervention of side reactions further limits the scope of the thermal vinylcy- 
clopropane rearrangement. In particular, cyclopropanes with syn-vinyl and a-CH-bearing groups are sub 
ject to homo 1J-hydrogen shifts leading to 1,4-dienes, and rarely undergo satisfactory 
vinylcyclopropane rearrangement. The activation energy for this concerted retro-ene process is typically 
31 to 33 kcal mol-', significantly lower than the energy usually required for the VCP rearrangement. 
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Even in vinylcyclopropane derivatives in which the vinyl group is anti to the CH group, thermolysis 
often leads to 1.4-dienes as a result of isomerization to the syn isomer, followed by 1.5-shift (e.g. equa- 
tion 17).36 

0 

(59) 

(iv) Stereochemical ambiguities. As illustrated with equation (18), the thermal VCP rearrangement 
generally proceeds with modest ~tereoselectivity.~~ A problem in some cases is that at the high reaction 
temperatures diastereomerization of the initial cyclopropane occurs more rapidly than rearrangement. 
Note that in the reaction depicted in equation (18) the major product formed is in fact the diene (67). the 
result of homo 1.5-sigmatropic hydrogen shift (1 ,Cdiene:total cyclopentenes = 13: 1). 

(62) (63) 65% (64) 8% (65) 22% (66) 5% 

83.23 Oxyanion-accelerated Vinylcyclopropane Rearrangements 

The first example of a charge-accelerated vinylcyclopropane rearrangement was reported by Danheiser 
et al. in 1980.38 Cleavage of the diastereomeric 2-chloroethoxy ethers (68; equation 19) with n-butyl- 
lithium39 at 0 'C generated the vinylcyclopropanol lithium salts (as), which rearranged smoothly to the 
cyclopentenol(70) upon warming to mom temperature. The facility of this oxyanion-accelerated process 
stands in dramatic contrast to the high temperatures required to effect conventional thermal vinylcyclo- 
propane rearrangements. Although electron-donating substituents had previously been shown to increase 
the rate of the VCP rearrangement, even these systems require temperatures in excess of 200 'C for effi- 
cient reaction. For example, the activation energies for the rearrangement of 1 -methoxy-2-vinylcyclopro- 
pane and 1-dimethylamino-2-vinylcyclopropane have been determined to be 39 and 31 kcal mol-', 
respectively.4 

As outlined in Scheme 5 ,  tertiary cyclopropanol salts are also subject to the oxyanion-accelerated VCP 
rearrangement. In this sequence the requisite vinylcyclopropanol salts are conveniently prepared from 
readily available 1,l -dibromocyclopropanes by sequential halogen-metal exchanges, followed first by 
alkylation$* and then by oxygenation."2 Products resulting from alternative 1J-hydrogen shift (rem 
ene) pathways were not detected in these reactions. 
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Bu"Li, Et20hexane 
0-25 'C, 1 h 

90% 
Ph 

i, 1 equiv. Bu"Li, -100 'C, then 1 equiv. MeI, then 2 equiv. Bu'Li (-78 OC), then bubble in O,, warm to 25 O C  

Scheme 5 

Further studies on the scope and stereochemical course of the oxyanion-accelerated vinylcyclopropane 
rearrangement were reported in 1981.43 This paper introduced a general 1:4 + 11 annulation strategy for 
the synthesis of cyclopentene derivatives in which the anion-accelerated VlCP rearrangement functions as 
the key step. In this report, the accelerated version of the vinylcyclopropane rearrangement was also 
shown to proceed with remarkably high stereoselectivity, in further contrast to the thermal process. 

For the purposes of synthetic planning, the overall transformation may be viewed as the suprafacial 
e m  cycloaddition of hydroxycarbene across the termini of a conjugated diene (equation 20). Operation- 
ally, the annulation is accomplished in two steps. The first step involves the stereospecific syn addition of 
2-(chloroethoxy)carbene4 to the 1,3-diene to produce a mixture of vinylcyclopropanes (76) and (77). 
Exposure of these isomeric ethers to n-butyllithium in a mixture of THF, hexane, and HMPA at 0 to 50 
"C then effects ether cleavage39 and rearrangement of the resulting lithium salts in a single step. The in- 
termediate syn- and anti-2-vinylcyclopropanol salts rearrange by topologically different pathways to af- 
ford, in most cases, a single cyclopentenol. 

c,-O& R E  

R E  

R'Z R Z  (20) 
,,o Rz 

R Z  

R E  Bu"Li. "IW-HlvlPA-hexane (76) LiTMP, Et20 ( \ R'Z RZ CICH20CH2CH2CI- + 25-50 'C - ~ l l l l t o H  

R E  

(75) R E  R E  H$yRE (78) 

RZ Rz 
(77) 

Application of the [4 + 13 strategy to (E)-  and (Z)d-phenyl-l,3-helc.adiene illustrates the stereo- 
chemical course of the annulation (Scheme 6). Addition of 2-(ch1oroethoxy)carbene in each case occurs 
exclusively at the less-substituted double bond to afford a mixture of syn- and anti-2-vinylcyclopropyl 
ethers. Rearrangement of the corresponding lithium salts then furnishes (82) [99:1 mixture of (82) and 
(83) from the (@-diene (79)] and (83) [exclusive product from the (?)-diene (84)] in accord with the 
paradigm expressed in equation (20). Separate rearrangement of pure (80) and (81) revealed that the 
trace of cis-substituted cyclopentenol produced from the (@-diene originates entirely in the rearrange- 
ment of the syn isomer (81). In addition, the stereochemical integrity of the lithium salts derived from 
(82) and (83) upon prolonged heating suggests that these cyclopentenols are the kinetic products of rear- 
rangement. 
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(82) 99% (83) 1% 

iii 

78% 
___.c 

i 

(83) 

i, LiTMP, Et,O, ClCH,OCH,CH,Cl; ii, Bu"Li, THF-HMPA-hexane, 25 OC, 1 h; 
iii, BunLi, THF-HMPA-hexane, 50 OC, 1 h 

Scheme 6 

A variety of other conjugated dienes participate in the [4 + 11 annulation with stereochemistry in ac- 
cord with the predictions of equation (20). The l-vinylcycloalkenes (87H89) can be viewed as (E)-sub- 
stituted dienes, and are thus expected to yield the exo-alcohols (90x92). In each of these cases carbene 
addition generates a mixture of four intermediate 2-vinylcyclopropyl ethers, each of which then rearran- 
ges to produce exclusively the predicted stereoisomer. Application of the annulation to the endocyclic 
(Zn-dienes (93) and (94) also generates in each case a single bicyclo[n.2.l]alkenol, and the (,!?&)-diene 
(97) similarly reacts to afford exclusively the cyclopentenol(98; Scheme 7). 

In contrast to the very high stereoselectivities observed for the reactions discussed above, the mixture 
of vinylcyclopropanol salts obtained from (EaZ)-2,4-hexadiene (99) rearranges to the predicted cyclopen- 
tenol (102) with a preference of only 4:l. Separate rearrangement of the vinylcyclopropyl ethers (100) 
and (101; Scheme 8) suggests that the paradigm expressed in equation (20) cannot be applied to systems 
incorporating C-3 substituents syn to the vinyl group on the cyclopropane ring. Note, however, that the 
desired VCP rearrangement does occur smoothly in this system, and no retro-ene cleavage of the cyclo- 
propane ring was observed to take place as in the case of analogous thermal reactions. 

The stereochemical course of the oxyanion-accelerated vinylcyclopropane rearrangement can be ex- 
plained on the basis of several alternative mechanisms. 

(i) Concerted 1,3-sigmatropic shijit mechanism. Four stereochemically distinct pathways can be distin- 
guished for a concerted 1.3-sigmatropic shift: suprafacial migration across the wsystem with either in- 
version (si pathway) or retention (sr) at the migrating center, and antarafacial rearrangement with either 
inversion (ai) or retention (ur) at the migrating center. Three effects have been suggested to contribute to 
determining the relative energies for these alternative pathways: (a) conservation of orbital symmetry 
(Woodward and Hoffmann)lg predicts that the transition states for the si and ar  pathways should be of 
lower energy than those for the sr and ai modes of reaction; (b) the BersonSalem subjacent orbital ef- 
f e d 5  predicts stabilization of the transition states for the orbital symmetry disfavored sr and ai pathways 
due to interaction of the worbital of the migrating carbon and the subjacent HOMO bonding orbital of 
the allylic system; (c) as discussed earlier, Carpenter predicts that a charged substituent should stabilize 
the orbital symmetry disfavored pathway in a sigmatropic rearrangement more than it stabilizes the sym- 
metry favored one.10,6 
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BunLi 

(87) n = 5 
(88)n=6 
(89) n = 7 

( c W n 4  

61-73% * *OH 
( 9 0 ) n = 5  
(91) n = 6 
(92) n = 7 

(93) n = 6 
(94)n=7 

(!95) n = 6 
(196)n=7 

(100) 67% (102) 90% (103) 2% (104) 8% 

+ 

- (IO2)43% + (103)50% + (10417% 
59% 

OCH2CH2CI 

(101) 33% 

Scheme 8 

d# (99) 

Scheme 9 shows the possible rearrangement products from suprafaciail 1.3-sigmatropic migration of 
the isomeric vinylcyclopropanol salts (105) and (106). The ‘ex0 suprafacial’ annulation product gener- 
ally observed (equation 20) corresponds to cyclopentenol (107) in this scheme. Conservation of orbital 
symmetry requires that the si pathway should be favored for the isomer (105) in which the oxyanion sub- 
stituent is anti to the vinyl group on the cyclopropane ring. However, migration with inversion at C-1 is 
sterically disfavored for the isomeric salt (106) in which the vinyl and oxjranion substituents are oriented 
syn on the cyclopropane ring; the clockwise somersaulting action required at the migrating atom would 
force the solvated lithium alkoxide into the allylic framework in this transition state. This isomer conse- 
quently rearranges via the subjacent orbital stabilized sr pathway. Thus, both (105) and (106) are ex- 
pected to rearrange via topologically different concerted pathways to afford the same cyclopentenol 
(107). 

(ii) Stepwise mechanisms. These CM also be proposed to account for tlhe oxyanion-accelerated vinyl- 
cyclopropane rearrangement (Scheme 10). However, these stepwise patlhways involving diradical and 
allylic anion aldehydes are only compatible with the observed stereochemical results provided that cycli- 
zation of the intermediates occurs faster than conformational interconvemions. The observation that the 
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rearrangements of (101) and the vinylcyclopropanes derived from (97) result in different product dis- 
tributions, excludes mechanisms involving freely rotating acyclic intermediates, since in that case both 
reactions would proceed through a common intermediate and therefore yield the same results. c-" I .  .____._ 

Po L...... 

Scheme 10 

Several unsuccessful oxyanion-accelerated vinylcyclopropane rearrangements have also been noted. 
For example, the lithium &oxides derived from the highly substituted 2-vinylcyclopropyl ethers (109) 
failed to undergo rearrangement even after prolonged heating at 66 'C. Treatment of (110 derived from 
2cthoxybutadiene) with n-butyllithium resulted in the formation of complex mixtures in which no cy- 
clopentenol could be detected. Fragmentation of the oxyanion intermediate apparently occurs more 
rapidly than 1,3-sigmatropic rearrangement in this system. Finally, several reports have appeared indicat- 
ing that the alkali metal salts of I-vinylcyclopropanols are not subject to accelerated vinylcyclopropane 
rearrangement!71a For example, thermolysis of (111) in toluene gave the fragmentation product (112) 
with no evidence of VCP reamngement!8 
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8333 Carbanion-accelerated Vinykyclopropane Rearrangements5 

The ability of carbanionic substituents to accelerate the vinylcyclopro~pane rearrangement was reported 
by Danheiser and coworkers in 1985.49 a-Sulfonyl carbanions proved to be the most effective activating 
groups for these reactions. For example, exposure of (113; equation 22) to 1.2 equiv. of n-butyllithium in 
5:1 THF-HMPA at -78 'C generated the corresponding lithium derivative, which rearranged smoothly 
upon warming to -30 'C to afford the cyclopentene (114) in 97% yield. The carbanion-accelerated 
vinylcyclopropane rearrangement thus occurs with even greater facility than the oxyanion-accelerated 
version of the reaction. 

Bu"Li, THF-HMPA 
\\ -78 to -30 OC 

The use of HMPA as cosolvent is crucial to the success of these reactions; in its absence no rearrange- 
ment was observed to occur, even after warming to higher temperatures. Interestingly, if the lithium deri- 
vative of (113) is quenched at -78 'C with methanol, then the (vinylcyclopropy1)methyl sulfone is 
recovered, but the ratio of syn and anti diastereomers is significantly different from that in the starting 
material (an increase in the amount of the anti isomer is observed). Also noteworthy is the observation 
that the rearrangement of the corresponding potassium derivative is complicated by the formation of acy- 
clic by-products such as (115). These results suggest the possibility that heterolytic cleavage of the me- 
tallated (vinylcyclopropy1)methyl sulfones is occurring in these reactiom, and that the accelerated VCP 
rearrangement may proceed via a stepwise fragmentation-conjugate addition pathway. 

S02Ph rLi- 

From the perspective of synthetic analysis, the anion-accelerated vinylcyclopropane rearrangement 
provides a method, analogous to the Diels-Alder reaction, for the conversion of conjugated dienes to cy- 
clopentene derivatives. As outlined in the previous section, the oxyanion-accelerated version of the re- 
action serves as the key step in a process which results in the effective 1,4-addition of hydroxycarbene 
about the termini of a 13-diene (Scheme 1 1). The carbanion-accelerated vinylcyclopropane rearrange- 
ment comprises the pivotal step in a second-generation version of this [4 + 11 annulation strategy, which 
extends the method to include the synthesis of cyclopentene derivatives bearing a variety of function- 
alized substituents in place of the hydroxy group on the new five-membered ring. 

n 'Rz 

A typical annulation sequence (utilizing 1,3-~yclohexadiene as the diene component) is outlined in 
Scheme 12. Addition of monobromocarbene (generated from CHzBrz and NaHMDS by the method of 
Martel)50 furnished the isomeric bromocyclopropanes (117) and (118). F'henylthiomethylation was then 
achieved by coupling the Grignard derivatives with iodomethyl phenyl sulfide in the presence of 0.05 
equiv. of Li2CuCL5' in THF-Et20 at -30 to 25 'C. Next, chemoselectiva oxidation of the resulting sul- 
fides was accomplished using MOO~.HMPA-H~O,~~ or alternatively, with MCPBA or potassium hy- 
drogen persulfate ('0xone').5~ Exposure of the resulting pair of sulfones (119) and (120) to 1.2 equiv. of 



Charge-accelerated Rearrangements 1013 

BunLi in THF-HMPA at -78 "C, followed by warming to room temperature, then furnished the expected 
norbomene (121) as a single stereoisomer in 87% yield. 

+ 

&; \ 

H 

ii, iii 

74% 
- + 

& SOzPh 

\ 
H 

iv 

87% 

i, NaHMDS, CH2Br2, pentane; ii, Bu'Li, MgBr,, PhSCH21, cat. Li22uC14, THF-Et20; 
iii, Mo05-HMPA-H20, CH2C12; iv, Bu"Li, THF-HMPA, -78 to 25 OC 

Scheme 12 

As illustrated with the above example, a notable feature of this annulation method is its stereoselectiv- 
ity. As in the earlier version of the method, the overall annulation process can be viewed as accomplish- 
ing the effective suprafacial ex0 cycloaddition of a substituted carbene to the conjugated diene (Scheme 
11). However, the generality of this stereochemical control does not appear to be as impressive as in the 
previous oxyanion-based strategy. Thus, whereas rearrangement of the (vinylcyclopropy1)methyl sul- 
fones derived from (E)- 1,3-pentadiene affords almost exclusively the predicted trans-substituted cy- 
clopentene, annulation employing (2)- 1,3-pentadiene produces a mixture of cyclopentenes in which the 
expected cis-substituted isomer is the minor product (Scheme 13). 

(125) >97% (126) <3% 

(127) (128) 50% (129) 50% 

Scheme 13 

The synthetic utility of this annulation methodology is significantly enhanced by the fact that the cy- 
clopentenylmethyl sulfone anions generated in the rearrangement step can be trapped in siru with a var- 
iety of organic electrophiles, and that desulfonylation can then be conveniently achieved in the same 
flask under mild conditions. The transformations outlined in Scheme 14 illustrate this strategy. Thus, re 
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arrangement of the lithium derivatives of (131) and (132) occurs upon warming from -78 to -20 'C; ad- 
dition of excess t-butanol and lithium metal then effects reductive desulfonylation to afford (133) in good 
overall yield. Alternatively, the rearranged cyclopentenylmethyl sulfone mion can also be alkylated prior 
to reduction, as illustrated in the transformation of (134) to (135). 

R""' SOpPh 

BunLi, THF-HivvIpA 
then Li, Bu'OH 

G 
(131) 

+ 77% - *  R R A -  
(133) RT7J-- SOpPh 

(130) R = CH2CH2Ph 
H \'I' 

(132) 

Bu"Li, THF-HMPA 
then Me2C=CH(CH2),I 

then Li, Bu'OH < H \ \ + L S 0 2 P h  75% * 

(97) (134) 

Scheme 14 

Cyclopentene derivatives with unsaturated appendages are also available via this general annulation 
strategy; representative examples are presented in Scheme 15. In these several transformations desulfo- 
nylation is achieved using base-induced (3-elimination, via the fluoride-promoted elimination of (3-silyl 
 sulfone^?^ and by means of Brook rearrangement chemistry according to ithe method of R e i ~ h . ~ ~  In sum- 
mary, a wide variety of complex functionalized cyclopentenes are available using this versatile [4 + 11 
annulation method. The sulfonyl group serves a dual role in this strategy as a carbanion-stabilizing 
group: first to accelerate the vinylcyclopropane rearrangement, and then tal facilitate the functionalization 
of the resulting cyclopentene derivative. 

83.2.4 Carbocation-accelerated Vinylcyclopropane Rearrangements 

Several vinylcyclopropane to cyclopentene rearrangements have been reported in which a cationic 
substituent appears to facilitate the reaction. For example, exposure of (150 equation 23) to excess di- 
ethylaluminum chloride at 0 'C for 12 min furnished (151), which served as a key intermediate in Corey 
and Myers' synthesis of the plant hormone antherid~gen-An.~~ Attempts to effect this transformation 
thermally were unsuccessful. In a similar fashion, treatment of (152; equation 24) with boron tribromide 
induced VCP rearrangement of this compound at room temperature, probably via initial cleavage to the 
allylic carbocation (153).57 The reaction of the analogous vinylcyclopropane lacking a phenyl group 
failed to go to completion under these conditions. 

Dinnocenzo and Conlon have described the remarkable effect of one-ebectron oxidation on the rate of 
certain vinylcyclopropane rearrangements?s Exposure of several 1 -p-anisyl-2-vinylcyclopropane deriva- 
tives to a catalytic amount of tris(4-bromopheny1)aminium hexafluoroantimonate in acetonitrile at room 
temperature was found to induce ring expansion to form cyclopentenes (equation 25); temperatures in 
excess of 200 'C are required for the conventional thermal rearrangement of these systems. At this time it 
is uncertain whether these reactions follow concerted mechanisms, or are stepwise processes involving 
trimethylene cation radical intermediates. 
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i 0"- + - I  

0 - &C€I2SO2Ph - iii 

H 

- ii CQ 
46% 

overall \ 
(141) C02But 

iv 

77% 
overall 

[q: 0- SiMe3 --r;---I Me3SiO 

(145) (146) (147) (148) 

184l:Vcrall 

J h - m  0 

(149) 
i, Bu"Li, THF-HMPA, -78 to 25 OC, then add BrCH2C02Bu', -78 to 25 OC; ii, DBU, -78 to 25 OC; 

iii, Bu"Li, -78 to 25 OC, then add sequentially Me3SiCH21, BunLi, and PhCH2Br, -78 to 25 OC; iv, Bu"4NF; 
v, Bu"Li, -78 to 25 OC, then add PhCOSiMe3, LiBr; vi, KF, H20 

Scheme 15 

Et2AIC1, CHzClz 
then MeOH 

80% 
But M e 2 S i O v  
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(154) 86% (155) 14% 

83.3 CHARGE-ACCELERATED REARRANGEMENTS OF CYCLOBUTANES 

833.1 Vinylcyclobutane Rearrangements 

8.3.3.1 .I Introduction 

the vinylcyclobutane to cyclohexene rearrangement has been 
the subject of numerous mechanistic studies,60 including Berson’s elegant investigation of the stereoc- 
hemical course of 1,3-sigmatropic rearrangements!sC.61 In this classic study, Berson and Nelson demon- 
strated that the (necessarily) suprafacial rearrangement of the bicyclo[3.:2.0]heptene (158; equation 26) 
occurs with inversion of configuration at the migrating carbon, in full accord with the predictions of orbi- 
tal symmetry. However, in spite of this attention, to date the vinylcyclobutane (VCB) rearrangement has 
seen limited application as a practical method for the synthesis of cyclahexene derivatives. High tem- 
peratures are generally required to effect the rearrangement, and the scope of the reaction is further 
limited by the intervention of side reactions such as fragmentation, as illustrated in equation (27).62 

In the three decades since its 

833.1.2 Oxyanion-accelerated rearrangement of 2-vinylcyclobutanol derivatives 

The first example of an oxyanion-accelerated vinylcyclobutane rearrangement was reported by Wilson 
and Mao in 1978.63 Exposure of exo-bicyclo[3.2.0]hept-2-en-7-ol(160) to excess potassium hydride in 
THF at room temperature for 3 h afforded a mixture (8:l) of exo- and endo-norbornenol in addition to 
unrearranged starting material (Scheme 16). Although the endo-bicycloheptenol(l63) was stable under 
these conditions, 13-rearrangement did occur upon heating or in the presence of added 18-crown-6. 
Once again the major norbornenol produced was the exo isomer (161). These stereochemical results were 
interpreted as being consistent with a concerted mechanism, in which the e;ro isomer (160) remanges via 
a suprafacial inversion (si) pathway as in the thermal 1,3-sigmatropic shifts (equation 26) studied earlier 
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by Berson. The endo isomer (163), however, rearranges via the alternate sr pathway; in this case Wilson 
suggests that the transition state for orbital symmetry favored si migration is destabilized by steric inter- 
actions similar to those discussed earlier (Section 8.3.2.2) in the context of the oxyanion-auxlerated 
VCP rearrangement. Wilson and Mao noted further that, since the thermodynamic ratio of (161) to (162) 
is approximately 6: 1, it is also possible that a stepwise mechanism may be operating in these reactions. 2 Lz;*& + JHH 

H OH 
(160) (161) 89% (162) 11% 

(161)86% + (162) 14% 

(163) 
Scheme 16 

Further studies defining the scope and stereochemical course of the oxyanion-accelerated vinylcyclo- 
butane rearrangement were subsequently carried out in the laboratories of DanheiseP and Cohen.65 Po- 
tassium, sodiumM and even lithium alkoxides have been employed as the activating substituent in these 
reactions. For example, Danheiser has described a ring expansion strategy which involves the addition of 
lithium hi-s-butylborohydride or an alkyllithium reagent to a 2-vinylcyclobutanone derivative. The resul- 
tant cyclobutanol lithium salt rearranges at room temperature to afford the expected cyclohexenol, gener- 
ally in good yield, as illustrated in Scheme 17. In contrast to these results, the lithium alkoxides produced 
by reduction of the isobutenyl derivative (167) resisted rearrangement even at 70 'C in the presence of 
HMPA. However, it was found that VCB rearrangement can be achieved in this and other difficult cases 
by means of the corresponding potassium salts, which are conveniently generated in situ from 2-vinylcy- 
clobutanones under the conditions described in equation (28). 

LiBuS,BH, THF 
-78 to 25 O C  

65-7 1 % 

5G Ph 

(164) 
MeLi, THF-Et20 QoH 

-78 to 25 OC 
L 

42% 

Ph 
(166) 

Scheme 17 

LiBu',BH-MeLi-KOEt 
THF-HMPA-Et20 OH 
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Certain arylcyclobutane derivatives also appear to be subject to oxyanion-accelerated 1,3-sigmatropic 
rearrangement. Cohen and coworkers found that exposure of the diastereomeric 2-(2-furyl)cyclobutols 
(169 Scheme 18) to potassium hydride in THF at room temperature results in rearrangement to the tetra- 
hydrobenzofuran (171), albeit in modest ~ i e l d . 6 ~ ~  However, under the same conditions the tertiary alco- 
hol (170) suffers fragmentation to ketone (172), presumably via heterolytic cleavage of the &oxide 
followed by proton transfer. Similar findings have been reported by Snider and Niwa; these workers also 
examined the chemistry of the phenylcyclobutanol derivative (173).67 Treatment of this secondary alco- 
hol with potassium hydride in THF led to fragmentation, with no evidence for 1,3-sigmatropic rearrange- 
ment being obtained (equation 29). 

OH KH, THF 
25 "C I 

"i, 
(169) R = H 
(170) R = Me R = M e  

Scheme 18 

H KH. THF 

The oxyanion-accelerated vinylcyclobutane rearrangement is in many cases a highly stereoselective 
process, although the mechanistic basis of this stereoselectivity is not completely understood. Complicat- 
ing the problem is the fact that epimerization of the intermediate vinylcyclobutanol salt takes place, at 
least in some cases, faster than 1,3-rearrangementa6' Some generalizations with predictive value can be 
made, however. As in the case of the vinylcyclopropanes discussed in Section 8.3.2.2, systems in which 
the hydroxy group is anti to the vinyl substituent appear to rearrange preferentially by suprafacial inver- 
sion pathways. On the other hand, the overall stereochemical course of the ireactions of the corresponding 
cyclobutanes with syn hydroxy and vinyl groups appears to be suprafacial retention. It should be noted, 
however, that these generalizations only appear to be applicable to reactions carried out in highly disso- 
ciating media. 

The transformations of the epimeric vinylcyclobutanols (175) and (178), studied by both DanheiseF 
and Cohen,6' are representative (Scheme 19). In this case, both the syn- and anti-vinylcyclobutanol po- 
tassium salts rearrange to form mainly the exo-alcohol (177), provided that the reaction is carried out in 
the presence of "AM or 18-cr0wn-6.~' However, note that exposure of the syn-2-vinylcyclobutanol 
(178) to potassium hydride in THF at room temperature for 4 d led to its epimerization to the more stable 
anti isomer (175); very little rearrangement took place under these conditions. Interestingly, in the ab- 
sence of complexing agents the rearrangement of (175) (which proceeds only upon heating) affords a 
mixture of products in which the endo isomer (176) predominates. Cohen has suggested that the chelated 
species (179) may be involved as an intermediate leading to the endo-alcolhol in the case of the reaction 
carried out in THF alone. 

The transformations summarized in Scheme 20 provide further insight into the stereochemical course 
of the oxyanion-accelerated VCB rearrangement. 1,3-Migration of the 'anti-type' vinylcyclobutanol salt 
(181) leads to the exo-alcohol (182) via rearrangement with inversion at the migrating carbon, while re- 
arrangement of the syn isomer (185) takes place predominantly with retention of configuration to afford 
(183). Although these results are in accord with the stereochemical predictiions for concerted 1,3-sigma- 
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(175) 
KH, THF-HMF'A, 25 OC, 75% 
KH, THF, 18-crown-6 
KH, THF, reflux, 72% % KH, THF-HMPA, 25 O C  - 

65 % 

(178) 
Scheme 19 

(176) 
3% 
3% 
60% 

(176) 
11% 

+ (177) 
89% 

tropic rearrangements, it is likely that in most if not all cases the accelerated VCB rearrangement follows 
a stepwise pathway involving allylmetal aldehyde intermediates. 

LiBuS3BH-MeLi 
THF-HMPA 

70 O C  - 
82% H E  

(180) (181) (182) 97% (183) 3% 

Scheme 20 

The accelerated vinylcyclobutane rearrangement functions as the key step in several useful strategies 
for the assembly of functionalized six-membered carbocycles. As outlined in Scheme 2 1, these strategies 
are conveniently classified according to the approach used to synthesize the pivotal vinylcyclobutanol in- 
termediate. 

Bauld and coworkers have examined the cation radical cycloadditions of 1,3-dienes with electron-rich 
alkenes and found that, under photosensitized electron-transfer conditions, [2 + 21 cycloaddition is in 
many cases favored over Diels-Alder addition. Thus, as illustrated in equation (30), 1 ,l'-dicyclopentenyl 
(186) reacts with P-chloroethyl vinyl ether under electron transfer conditions to afford the cyclobutane 
adduct (187), which was cleaved to the cyclobutanol (188) in 70% yield upon treatment with n-butyl- 
lithium. Oxyanion-accelerated VCB rearrangement then provided (189) as a mixture of diastereomers in 
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___) 

67% 96% 
OHC 

@ - vii, viii 

29% 

1 ,,, vi 

65% from (192) 
/ 

(195) (1%) (193) 
i, 1-lithio-1-methoxycyclopropane, THF; ii, 48% HBF4, THF, iii, LiA1H4, Et2O; iv, KH, THF, reflux, 1 h; 

Scheme 22 

v, Jones oxidation; vi, A1203 chromatography; vii, MeCuBF3, Et20  viii, Ph3P=CH2. DMSO 

which is a suprafacial addition with respect to the two-carbon (alkene) component.@ The vinylketenes 
required for the [2 + 21 cycloaddition step are conveniently generated via the 1,4-dehydrohalogenation of 
a$-unsaturated acid chlorides. It should be noted, however, that the scope of this reaction is limited to 
the more ketenophilic alkenes; simple alkenes such as 1-hexene react slowly with vinylketenes at 90 'C 
to produce the desired 2-vinylcyclobutanones in relatively low yield. On the other hand, the intramolecu- 
lar addition of unactivated alkenes to ketenes is a more efficient process, and Snider and coworkers have 
recently employed this strategy to prepare the tetracyclic vinylcyclobutanone derivative (202; Scheme 
24)?* Reduction of this ketone with sodium borohydride furnished the cyclobutanols (203) as a 19:l 
mixture of diastereomers, which were then converted to the corresponding potassium salts in the usual 
fashion by treatment with excess potassium hydride. The oxyanion-accelerated VCB rearrangement pro- 
ceeded smoothly in this case at only 0 'C, and produced the tetracyclic steroid model compound (204) in 
90% yield. The stereochemistry of the two isomers (78:22) which were obtained could not be determined 
from the data available. 

In summary then, the oxyanion-accelerated rearrangement of 2-vinylcyclobutanol derivatives is now 
established as an attractive method for achieving twocarbon ring expansion under relatively mild condi- 
tions. In conjunction with the efficient synthetic routes to vinylcyclobutanones outlined in Scheme 21, 
this version of the VCB rearrangement provides several strategically novel annulation methods for the 
construction of six-membered carb~cycles.~~ 

0 

HHcocl 
+ 

(196) 70% LiBus3BH-MeLi-KOEt 
THF-Et2CbHMPA Et3N, CHC13 

heat, 18 h 25 OC, 20 min 

44% overall 

* + c 

(198) 80% (199) 20% 
%,,/ 

(197) 30% 

Scheme 23 

q T O  
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iii I 994b 

(204) (203) 
i, (COCI),, benzene, 55 OC; ii, Et3N, toluene, reflux; iii, N a b ,  MeOH, 25 OC; iv, KH, THF, 0 O C ,  2 h 

Scheme 24 

833.13 Oxyanionacelemted reamgement  of I -vinylcyclobutanol Lrivatives 

The substitution of an oxyanion substituent at carbon-1 of a vinylcyclobutane ring has been shown to 
facilitate the 13-rearrangement of this system, leading to a cyclohexanone enolate. These ring expan- 
sions appear to follow stepwise reaction pathways involving initial heterolytic cleavage to form an an- 
ionic a,@-unsaturated ketone intermediate, which then cyclizes via internal Michael addition to generate 
the six-membered ring. Only 1-vinylcyclobutanol derivatives that bear an anion-stabilizing group at 
carbon-2 are subject to the reaction. The transformation outlined in equation (32) is re~resentative.6~ Ad- 
dition of vinyllithium to l-phenylbicyclo[3.2.O]hept-7-one produced the requisite vinylcyclobutanol 
(205) as a single diastereomer (stereochemistry not assigned) in 5 1% yield. At -40 'C the potassium salt 
of this cyclobutanol rearranged to the enolate derivative of (207), presumably via initial heterolytic 
cleavage to the benzylic carbanion (206). This intermediate was also observed to undergo further frag- 
mentation (eliminating the enolate derivative of methyl vinyl ketone), and 1 -phenylcyclopentene was 
isolated as a by-product of the ring expansion in 15% yield. 

KH, THF 

-40OC94h ~ [(jq - uph (32) 

H H H 

(207) 82% (174) 18% (206) 

83% 

(205) 

Similar 1,3-rearrangements involving more highly functionalized 2-arq'l- 1 -vinylcyclobutanol deriva- 
tives have been studied by Sano and coworkers;73 Scheme 25 outlines the application of this process in 
an interesting synthetic approach to the erythrina alkaloids?3c [2 + 21 Phobocycloaddition of l-methoxy- 
3-trimethylsiloxybutadiene to (208) provided the requisite vinylcyclobutmol silyl ether (209) in 72% 
yield. Exposure of (209) to TBAF at -30 'C for several minutes then induced ether cleavage and 1,3-re- 
arrangement of the resulting salt to afford the enolate (210), which upon alimination of methoxide pro- 
vided the desired enone (211) in 82% overall yield. By contrast, the tharmal VCB rearrangement of 
(209) required heating above 110 'C, and produced (211) (after enol ether hydrolysis) in only 38% 
yield.74 

1 -Vinylbenzocyclobutanol salts also undergo stepwise anion-accelerated 1,3-rearrangements to form 
six-membered rings. For example, Caubere has used the 'arynic condensation' of ketone enolates with 
benzyne to generate benzocyclobutanol salts such as (212; equation 33) which rearrange at 45 "C to form 
~x-tetralones.~~ Swenton has employed related rearrangements in his elegant annulation approaches to the 
anthracyclinone and tetracycline  antibiotic^.^^ For example, addition of (215; from the corresponding 
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Bu"~NF, THF 
-30 OC, 10 min 

82% 

1023 

0 

M e O M V :  MeO / 

CO2Et 

Scheme 25 

bromide using 2 equiv. of n-butyllithium) to benzocyclobutenedione monoketal (214) furnished the vi- 
nylcyclobutane (216). which remanged at 50 'C to produce the tetracyclic quinone (218) in 5 5 6 5 %  
overall yield after ketal hydrolysis (Scheme 26). This annulation product served as an intermediate for 
the synthesis of the antitumor antibiotic 4-demethoxydaunomycinone. 

In the reactions discussed above an aromatic ring stabilizes the negative charge which develops at the 
C-2 position of the original cyclobutane ring. Cohen has demonstrated the ability of certain sulfur substi- 
tuents to function in a similar capacity.77 For example, ring expansion of the potassium salt derived from 
(220) proceeded smoothly in THF-HMPA upon warming from -1 1 'C to room temperature to afford 4- 
thiophenylcyclohexanone in 60% yield (equation 34). 

833.1.4 Azaanion-accelerated vinylcyclobutane rearrangements 

Bauld and coworkers have developed a strategy for the effective [4 + 21 cycloaddition of a vinylamine 
to a conjugated diene which features an azaanion-accelerated vinylcyclobutane rearrangement as a key 
step.69*78 Equation (35) illustrates this interesting approach to 3-cyclohexenylamine derivatives. Under 
photosensitized electron transfer conditions, the cation radical [2 + 21 cycloaddition of N-methyl-N- 
vinylacetamide takes place smoothly with a wide range of conjugated dienes. No [4 + 21 adducts are de- 
tected in these reactions, even with s-cis-dienes such as l ,3cyclohexadiene. Base-promoted hydrolysis 
then furnishes cyclobutylamines such as (222; 3.2: 1 mixture of anti and syn isomers). which r e m g e  to 
the desired cyclohexenes upon heating in THF in the presence of excess potassium hydride. 
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Me0 OMe 

MeO OMeOMe 
L 

Scheme 26 

KH, THF-HMPA 

,,\,+ \ -1 1 to 25 OC 

SPh 

* 

60% 

<lPh HzC=CHMgBr 

82% 

(21% (220) (221) 

(34) 

(222) (223) 

i, N-methyl-N-vinylacetamide, 1 ,Cdicyanobenzene, hv, MeCN, 72 h; 
ii, KOH, NH2NH2, HOCH2CH20H, 110 OC; iii, KH, THF, reflux, 1 h 

8.33.2 Divinylcyclobutane Rearrangements 

8.3.3.2.1 Introduction 

The isolation of a variety of biologically important natural products with structures incorporating 
eight-membered rings has led to increased interest in the search for new me:thodology for the synthesis of 
cyclooctane derivatives. Traditionally, the most popular synthetic routes to cyclooctanes have involved 
one- and two-carhn ring expansions and the cleavage (or fragmentation) of bi- and poly-cyclic systems 
already incorporating eight-membered rings.79 Methods based on the cyclization of acyclic precursors 
have also been explored, but usually are only marginally successful due to unfavorable enthalpic and en- 
tropic factors. Recently, the 3,3-sigmatropic rearrangement of 1,2-divin)rlcyclobute derivatives has 
emerged as an attractive and generally successful strategy for the preparation of cyclooctane derivatives. 
Charge-accelerated versions of the reaction proceed under unusually mild conditions and have further 
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expanded the scope and synthetic utility of this strategy. This section reviews the general features of the 
divinylcyclobutane (DVCB) rearrangement, which is also discussed in detail in Chapter 7.1, this volume. 

The thermal DVCB rearrangement was first reported by Vogel in 1958.80 Subsequent extensive physi- 
cal organic studies by Berson and other workers elucidated the important mechanistic features of the re- 
action.81 Driven by the release of cyclobutane ring strain, this Cope rearrangement often proceeds at 
significantly lower temperatures (generally in the range m 1 4 0  'C) than analogous reactions involving 
acyclic 1,5dienes. As illustrated in equation (36), cisdivinylcyclobutanes rearmnge via boat-like transi- 
tion states to afford cis,cis-l,5-~yclooctadienes~~~ In these systems the chair-like geometry normally fa- 
vored for the acyclic Cope rearrangement is difficult to achieve, and in any event would lead to the 
formation of severely strained cis,trans-cyclooctadienes. The analogous rearrangements of trunsdi- 
vinylcyclobutane derivatives are generally carried out at somewhat higher temperatures (140-210 'C), 
and often produce complex mixtures of several products (e.g. Scheme 27).81e In this example the major 
reaction pathway followed is 1,3-sigmatropic rearrangement leading to the cyclohexenes (229) and 
(230); [2 + 21 cycloreversion (producing trans-piperylene) is also observed as a side reaction. Interes- 
tingly, the Cope rearrangement of the transdivinylcyclobutane produces the same cyclooctadiene (226) 
formed in the reaction of the cis-divinylcyclobutane (224). The rearrangement of the trans compound is 
believed to take place by an indirect mechanism involving initial epimerization to (224), followed by sig- 
matropic rearrangement. 

"'%,,,rfH H 

''''''C? . 

(225) 

-a (36) 

(228) 8% 

(229) 28% (230) 35% 

Scheme 27 

The application of the divinylcyclobutane rearrangement to the synthesis of functionalized cyclooctane 
derivatives began to receive serious attention in the early 1980s. The general synthetic strategies which 
have emerged from these studies are conveniently classified according to the method used to pnpare the 
key 1,2-divinylcyclobutane intermediates. The most important strategies devised to date are based on: (i) 
the thermal [2 + 21 cycloaddition of vinylketenes with 1,3-dienes; (ii) photochemical [2 + 21 diene-diene 
cycloadditions; and (iii) the addition of vinyl organometallic compounds to 2-~inylcyclobutanones, 
which are themselves generally prepared via the acid-promoted rearrangement of cyclopropylcarbinols 
as discussed in Section 8.3.3.1.2. 

The first approach, based on thermal vinylketene-diene cycloadditions, was independently developed 
in three laboratories and first reported in 1982.82-84 The overall transformation constitutes a powerful [4 
+ 41 annulation strategy for the synthesis of eight-membered carbocycles (Scheme 28). Several options 
are available for the generation of the requisite vinylketene intermediates. One approach, employed by 
Danheiser and coworkers,82 involves the 41r-electrocyclic ring opening of cyclobutenones and is illus- 
trated in equation (37). Thermolysis of the cyclobutenone (231) in benzene at 120 'C produces isopropc- 
nylmethylketene, which combines with 1,3cyclohexadiene in a regiospecific [2 + 21 cycloaddition. At 
the elevated reaction temperature the resulting 2,3divinylcyclobutanone then undergoes 3,3-sigmampic 
rearrangement to afford the eight-membered ring annulation product. The overall transfomtion thus in- 
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volves a cascade of three pericyclic reactions, each step representing a different major class of pericyclic 
process. 

A related [4 + 41 annulation strategy relies on the base-promoted 1,4-dehydrochlorination of a,p-un- 
saturated acid ~ h l o r i d e s ; ~ * ~ ~ ~  the transformation outlined in Scheme 29 (reported by Dreiding and cowor- 
k e r ~ ) ~ ~  illustrates this approach. In some cases it is possible to effect all thee steps -ketene generation, 
[2 + 21 cycloaddition, and Cope rearrangement - in a single synthetic operation.s2 

0 0 

3 

8 + 

(233) (234) (235) 

i, Et,N, CHC13, 25 OC, 15 h; ii, xylene, 145 'C, 4 h 

Scheme 29 

In principle, the photoinduced diene-diene [2 + 21 cycloaddition reaction should provide a particularly 
expeditious route to 1,2-divinylcyclobutanes. Unfortunately, these diene-diene cycloadditions generally 
produce complex mixtures of regio- and stereo-isomeric dimers and have little practical value in syn- 
thesis. Recently, Wender and Correia demonstrated that the intramolecuilar variant of the reaction cir- 
cumvents these selectivity problems and provides an efficient route to substrates for DVCB 
rei~rangernents.8~ The transformations outlined in Scheme 30 illustrate this approach. Irradiation of 
tetraene (237) furnished the cis- and trans-divinylcyclobutanes (238) and (239) as a 1: 1 mixture in 80% 
yield. Thermolysis of cis isomer (238) in benzene at 130 'C then afforded the desired cyclooctadiene in 
nearly quantitative yield. More vigorous conditions (200 'C) were required for rearrangement of the 
trans-divinylcyclobutane, and in this case the product of 1,3-rearrangeme:nt (241; mixture of 4 isomers) 
was formed along with the desired Cope rearrangement product. 

Finally, a third synthetic approach to 1,2-divinylcyclobutanes employs the addition of vinylmetal re- 
agents to 2-vinylcyclobutanones which are available using the methods discussed earlier in Section 
8.3.1.2. A novel variant of this strategy was exploited by Gadwood and his coworkers in their total syn- 
thesis of the cyclooctanoid sesquiterpene poitediol (247).86 As outlined in Scheme 3 1. the key step in this 
synthesis involved the addition of lithium acetylide to (244) and oxy-Cope rearrangement of the resulting 
alkynylvinylcyclobutanol at 50 'C to afford the bicyclo[6.3.O]undecadienone (246) in 50% overall yield. 
The initial product of this remarkably facile 3,3-sigmatropic rearrangement is a high-energy 1,2,5-cy- 
clooctatrienol derivative; rapid enol-ketone tautomerization produces thle final cyclooctadienone pro- 
duct. 



Charge-accelerated Rearrangements 1027 

EtO2C 

EtO2C 
H 

EtO2C 

EtO2C 
H 

(238) 50% 
EQC- - i + 
E t o 2 c ’ W  80% 

(237) EtO2C Eto2c+- %,,/ Eto*cd 
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E Q C  

(241) 

i, hv, hexane, Ph2C0 (sensitizer); ii, benzene, 130 OC, 4 h; iii, benzene, 200 OC, 24 h 

Scheme 30 

- 4 steps 

Y 
(242) 

Hob 
(247) 

37% overall 
from (242) 

(243) (244) 

steps )- 
0 

several iii 

50% overall 
from (244) 

(246) (245) 

i, BF3-Et20, Et20, 0 OC, 10 min; ii, L i C e H ,  THF, -30 OC; iii, THF, 50 OC, 3 h 

Scheme 31 

83333 Anion-accelerated divinylcyclobutane rearrangements 

In principle, the oxyanion-accelerated version of the divinylcyclobutane rearrangement might offer 
several advantages over the thermal reaction discussed in the preceding section. Particularly attractive is 
the prospect of achieving the ring expansion of both cis- and trans-divinylcyclobutane derivatives under 
relatively mild conditions without the intervention of troublesome side reactions. In fact, these hopes 
have to a large extent been realized, and the anion-accelerated DVCB rearrangement constitutes a key 
step in several useful strategies for the synthesis of substituted cyclooctanes. 

The Fist examples of the oxyanion-accelerated DVCB rearrangement were observed in the labora- 
tones of Kahn!’ Levinegg and G a d ~ o o d . ~ ~  Particularly noteworthy are the studies of Gadwood and Lett, 
who reported their systematic investigation of the scope and stereochemical course of the reaction in 
1982.89 As illustrated with the example in Scheme 32, Gadwood and Lett elected to assemble all of their 
rearrangement substrates via the addition of alkenylmetal compounds to 2-vinylcyclobutanones; the lat- 
ter were conveniently prepared from a,@-enones according to the method of Trost.’O Exposure of the 
rruns-divinylcyclobutanol(249) to potassium hydride in THF at mom temperature led to its rapid rear- 
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rangement to a mixture of cis- and trans-cyclooctenones. Presumably thiis Cope rearrangement proceeds 
via the initial isomerization of (249) to the corresponding cis-divinylcyclobutanol salt. The success of 
this reaction stands in contrast to the results of the thermal rearrangement of related trans-divinylcyclo- 
butanes, which as discussed in the preceding section, generally afford significant quantities of 1,3-sigma- 
tropic rearrangement products in addition to the desired cyclooctadienes. Another interesting feature of 
the oxyanion-accelerated rearrangement of (249) is the appearance of the: trans-cyclooctenone (251) as a 
minor product of the reaction. This isomer is presumably formed via the: chair-like conformation (254); 
steric interactions between the endo terminal methyl groups and the cyclobutane ring protons appear to 
destabilize the normally favored boat-like transition state conformation (252). Related oxyanion-accel- 
erated DVCB rearrangements favoring the formation of (E)-cyclooctenones have been reported by Frei 
and coworkemgO 

r in 

0 i, ii >''\ 
/ pc;+ I - r r  I l * 42% 7 

iv / 62% overall 

(250) 79% (251) 21% 

i, THF, 0 OC; ii, p-TsOH, benzene, reflux, 1.5 h; iii, H,C=CHLi, Et,O, -78 O C ;  iv, KH, THF, 25 OC,  45 min 

Scheme 32 

Gadwood and Lett also described the rearrangement of several divinylcyclobutanols derived from the 
spirononenone (256); similar reactions had been studied earlier by Kahns7 and by Levine.88 The potas- 
sium salts obtained from both the cis- and trans-divinylcyclobutanols (257) and (258) rearranged 
smoothly at room temperature to produce the interesting bridgehead alkene containing bicyclo[5.3. llun- 
decenone (259) in excellent yield (Scheme 34). Once again, cyclohexene by-products resulting from al- 
ternative l ,3-sigmatropic rearrangement pathways were not detected in this reaction. 

The chemistry of the divinylcyclobutanols derived from 5-methylenespiro[3.5]nonanone (260) proved 
to be more complicated than the reactions described above. As expected, the oxyanion-accelerated 3.3- 
sigmatropic rearrangement of the cis isomer (261) was extremely facile a s  a consequence of the rigid 8- 
cis orientation of the exocyclic methylene group (Scheme 35). The rearrangement of the trans isomer, 
however, produced none of the desired Cope product; instead this cyclobutanol salt underwent exclusive 
1 $rearrangement to afford the cyclohexenol derivative (2aS). It is uncefiain whether this transformation 
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25 O C ,  10 min - 
80% 

H2C=CHMgBr (257) 
THF 

78% 
+ 

Il 

(258) 

Scheme 34 

proceeds via a concerted mechanism or involves a stepwise pathway initiated by heterolytic cleavage to 
an allylmetal ketone intermediate. 

0 
U 
(261) 

(263) (264) 

i, H2C=CHLi, Et20, -78 OC, 15 min, then quench at -78 OC with AcOH; ii, KH, THF, 25 OC, 30 min 

Scheme 35 

A second attractive strategy for the synthesis of eight-membered carbocycles utilizes the [2 + 21 cy- 
cloaddition of vinylketenes in conjunction with the oxyanion-accelerated DVCB rearrangement. Pa- 
quem and coworkers have examined the application of this strategy to the synthesis of the 
dicyclopenta[u,d]cyclooctane ring system which is incorporated in the structures of the ophiobolane and 
related sesterterpenes?l As discussed earlier (see Scheme 23), the addition of methylvinylketene to cy- 
clopentadiene provides a 7030 mixture of diastereomeric cycloadducts; separation of these isomeric vi- 
nylbicycloheptenones can be accomplished by means of high-pressure liquid chromatography. Addition 
of cyclopentenyllithium to the exo-vinyl isomer (196) at -78 'C then produces the cyclobutanol salt 
(265), which undergoes spontaneous Cope rearrangement at this temperature to furnish the enolate (266). 
Alkylation with methyl iodide then affords the desired tricyclic product (267) in 96% overall yield 
(Scheme 36). 

Intramolecular vinylketene cycloadditions have also found use as an efficient method for the prepara- 
tion of divinylcyclobutanols suitable for accelerated oxy-Cope rearrangement. A typical reaction se- 
quence is outlined in Scheme 37.92 In this case the cyclobutanol salt produced by addition of 
vinyllithium to (270) at -78 'C was observed to undergo 3,3-sigmatropic rearrangement simply upon 
warming to room temperature; the tricyclic enone (272) incorporating a transcyclooctene ring was thus 
formed in 62% overall yield from (270). 
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(266) 

Me1 
-78 to 25 OC 

96% overall 

(269) 

J 

(272) (271) 

i, (COCl)2, benzene, 25 to 55 "C; ii, Et3N, toluene, reflux, 3 h; iii, H2C=CHLi, THF, -78 to 25 O C  

Scheme 37 

Finally, a recent study by Majetich and Hull has demonstrated the feasibility of the carbanion-accel- 
erated divinylcyclobutane rea~angement.9~ Whereas the thermal rearrangement of the divinylcyclobu- 
tane (273; Scheme 38) required extended heating at 180 'C and proceeded in modest yield, the 
corresponding enolate was shown to rearrange smoothly at -35 'C in 90% yield. As illustrated in Scheme 
39, the enolate-accelerated DVCB rearrangement can be employed in tandem with the intramolecular 
fluoride-promoted Michael addition of allylsilanes to provide an attractive route to a variety of fused bi- 
cyclic cyclooctane derivatives. 

833.3 Cyclobutene Rearrangements 

833.3.1 Introduction 

The electrocyclic ring opening of cyclobutenes has found considerable use as a method for the syn- 
thesis of 1,3-dienes. The reaction has recently been reviewed by Marvellw and is also the subject of 
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0 Bu"oNF, DMF 
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Scheme 38 

(278) 
Scheme 39 

(277) 

Chapter 6.1, this volume. Several important synthetic strategies feature the electrocyclic cleavage of a 
cyclobutene derivative as a key step. Particularly noteworthy in this regard is the thermolysis of benzo- 
cyclobutenes, which serves as a convenient method for the generation of o-quinodimethanes. These high- 
ly reactive conjugated dienes readily participate in both inter- and intra-molecular Diels-Alder reactions, 
and the tandem electrocyclic cleavag-ycloaddition strategy provides a powerful method for the prep- 
aration of a wide range of complex six-membered ring-containing compounds. The application of this 
strategy in elegant total syntheses of a variety of steroids, alkaloids and lignan antitumor agents is well 
doc~men ted .~~  

Cyclobutene thermolyses are typically performed at temperatures ranging from 80 to 200 'C. Car- 
penter's model (see Section 8.3. l .q9 suggests that electron-donor substituents at C-3 of the four-mem- 
bered ring should enhance the rate of electrocyclic ring cleavage. This prediction has received 
experimental verification; for example, the activation energy for the ring opening of 3-ethoxycyclo- 
butene was determined to be 9 kcal mol-' lower than that required for the parent system.96 A particularly 
interesting recent development is the finding that these conrotatory electrocyclic processes occur with a 
strong preference for the 'outward' rotation of C-3 donor substituents, as illustrated with the transforma- 
tion outlined in equation (38).97 

benzene OMe 
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8333.2 Anion-accelerated electrocyclic cleavage of cyclobutenes 

The ability of both oxyanionic and carbanionic substituents to facilitate the electrocyclic ring opening 
of cyclobutenes has now been documented?* For example, the oxyanioni-accelerated electrocyclic cleav- 
age of benzocyclobutenes has been examined by Choy and Yang;w some of their results are summarized 
in Scheme 40. Addition of 1.1 equiv. of n-butyllithium to the benzocyclobutenol(281) in THF at -78 'C 
and subsequent warming to -25 'C led to the formation of a burgundy red solution believed to contain 
the oxyanion-substituted o-quinodimethane (285). Efficient Diels-Alder cycloadditions were observed to 
take place when the electrocyclic cleavage reaction was carried out in the presence of electron-deficient 
dienophiles such as dimethyl fumarate and y-crotonolactone (Scheme 40). These cycloadditions proceed 
under considerably milder conditions than the analogous thermal reactions, and in many cases exhibit in- 
creased selectivity for the formation of the endo Diels-Alder adducts. 

dimethyl fumarate OH OH 

Bu"Li, THF, -78 O C  

(281) \ dimethyl fumarate 

(282) 60% (283) 40% 

O O C ,  1 h 
c (282) 87% + (283) 13% 

16% 

toluene, 110 O C ,  24 h 

11% 

(284) 
/ 

Scheme 40 

OLi 

Kametani and his group have described several examples of carbaniain-accelerated cyclobutene ring 
openings.Im As outlined in Scheme 4 1, cyclobutenes substituted with arylsulfonyl-, arylsulfinyl- and di- 
phenylphosphinoyl-stabilized carbanions all undergo extraordinarily facil'e electrocyclic cleavage at tem- 
peratures below -20 'C. It is unclear whether these reactions follow concerted mechanisms or involve 
heterolytic cleavage of the cyclobutene ring. The formation of the peculiar rearranged products such as 
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(290) in reactions in the sulfoxide series has been explained on the basis of a mechanism involving se- 
quential 2.3-sigmatropic rearrangements (equation 39). 

0 
I I  

iv 

i, 1.2 equiv. Bu"Li, THF, -78 to -30 OC, 10 min; ii, 1.2 equiv. Bu"Li, THF, then 1.2 eqiuv. MeI, -78 OC; 

iii, LDA, THF, -78 O C  to -30 OC; iv, 7 equiv. LDA, THF, -20 OC,  16 h 

Scheme 41 
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9.1.1 GENERAL CONSIDERATIONS 

9.1.1.1 Introduction 

Although the a priori development of multicomponent cycloaddition reactions involving selective in- 
corporation of three or more different molecules may seem to be a daunting task, numerous such re- 
actions exist.' Indeed, study of the chemistry of transition metals in the presence of organic .rr-systems 
over the past four decades has led to the serendipitous discovery of a marvelous array of multicomponent 
processes. More recently, as a fuller understanding of mechanisms of transition metal reactions has 
evolved, the intentional development of still more remarkably powerful reactions has taken place.2 
Among the several systems that have been found to be suitable for the cocycloaddition of alkynes, al- 
kenes and carbon the most extensively studied is the one first reported in detail by Khand 
and Pauson in 1973,6 a cyclopentenone synthesis from the three components and C07.(CO)g, a formal [2 + 
2 + 13 cycloaddition (equation 1). This reaction was discovered in the course of a study aimed principally 
at the preparation and characterization of various alkene and alkyne complexes derived from Ca(C0)g. 
During the subsequent half-dozen years or so the Pauson group was virtually alone in pursuing the devel- 
opment of this reaction, carrying out a number of extensive series of studies of remarkable breadth and 
depth. The Pauson-Khand reaction has now taken a place amidst the more conventional methodological 
approaches to the challenging cyclopentenone ring system, is a focus of study by a number of research 
groups and has been used in synthetic applications by many more. 

1037 
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0 
co HzC=CHz + HCZCH - 

The reaction is carried out in one of two principal ways. In the more common stoichiometric method, 
the alkyne is allowed to react with COZ(CO)S at room temperature over the course of several hours in hy- 
drocarbon or ethereal solvent to generate the thermally stable, readily characterized complex 
C O Z ( C O ) ~ . R C ~ R ' . ~  This in turn reacts under moderate heating with a wide variety of alkenes to gener- 
ate cyclopentenones, giving typical yields in the 3040% range (equations 2 and 3).8*9 The reaction is 
normally carried out under an atmosphere of either nitrogen or carbon monoxide; if the alkyne in 
C O Z ( C O ) ~ . R C ~ R '  is a gas, it is typically incorporated into the atmosphere above the reaction mixture 
as well. Depending on the reactivity of the substrate, reaction times range from hours to days at tempera- 
tures between 70 and 110 'C for all but the most unreactive alkenes. The use of pressure above 1 atm is 
usually unnecessary, although improvements in yields have occasionally been noted when the reaction is 
canied out in a sealed tube. 

When the reaction involves a gaseous alkyne, it is often both feasible and advantageous to carry it out 
in a catalytic fashion by stirring a mixture of alkene and ca. 10 mol % Coz(CO)8 in an inert solvent under 
a 1: 1 alkyne/carbon monoxide atmosphere. Provided that potential side reactions involving the alkene 
and Coz(CO)8 do not compete, the continuous supply of excess alkyne allows trapping and recycling of 
reactive cobalt-containing fragments to occur, while also compensating for independent side reactions 
that consume the alkyne, such as trimerization to benzene derivatives. 'The result is substantially im- 
proved yields in the most favorable cases (equation 4).1° 

(4) 
i, 15% o +  or ii, 70% 

excess 

- - Me*CO2(C0)6 

i, toluene, 1 10 "C, 8 h, N2; ii, isooctane, 85 OC, 8 d, 1 : 1 COL!-butyne 

9.1.1.2 Scope of the Reaction 
The scope of the Pauson-Khand reaction with respect to substrate structure is considerable. Virtually 

all alkynes that have been tried participate, except derivatives of propynjoic acid. Most satisfactory are 
acetylene itself and simple terminal alkynes, including arylalkynes. Internal alkynes give consistently 
lower yields of cyclopentenones. The scope of the reaction with respect to the alkene is typically some- 
what more limited. Strained cyclic alkenes are the best substrates, typically reacting at a 8 0  'C over a 
period of several hours. Steric hindrance around the double bond exerts a significant deleterious effect on 
the cycloaddition. In particular, tri- and tetra-substituted double bonds, and double bonds containing 
large allylic substituents, even when contained in a strained ring, frequently give cyclopentenones only 
in low yields, if at all. This is apparently due to a reduction in the ability of the alkene to compete with 
additional molecules of alkyne for reaction with the initially formed Coz(C0)a.R-R' complex. As a 
result, reactions such as alkyne trimerization, and multicomponent cycloaldditions involving only alkyne 
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and carbon monoxide, normally only minor side reactions, become the principal processes taking place, 
leading to a variety of products (equation 9 . l  Simple acyclic alkenes and unstrained cyclic alkenes are 
also generally poor substrates, rarely giving cyclopentenones in yields better than 40%. Several tech- 
niques for improving yields of cyclopentenones in these less favorable situations have been employed, 
and these will be described in the appropriate sections. 

benzene: 9% 
DME: 1% 

3% trace 
10% 1% 

As examples that follow will reveal, the Pauson-Khand reaction possesses substantial functional group 
tolerance. It is completely compatible with a wide range of functionality including ethers, alcohols, ter- 
tiary amines, sulfides, ketones, ketals, esters, tertiary amides, and aromatic rings including benzene, 
furan and thiophene. Partial tolerance of the following groups has also been observed: alkyl and aryl 
halides, vinyl ethers and esters, and less reactive alkenes and alkynes in the presence of more reactive 
unsaturation.12 Cyclopentenone formation generally appears not to be adversely affected by conjugation 
of either substrate wsystem with another carbon-carbon r-bond. However, a few examples of reduced 
or anomalous reactivity have been reported in substrates bearing other allylic or propargylic function- 
ality. Most noticeably, alkenes conjugated with electron-withdrawing substituents react very differently. 
Formal addition of a vinylic C-H bond across the triple bond of the alkyne results in the formation of 
1,3-dienes (equation 6).13 A possible mechanistic relationship between this process and the formation of 
cyclopentenones will be presented in the section that follows. 

+ Ph e C H C O ~ ( C O ) ~  Ph 

Excellent background material on the Pauson-Khand reaction is available in reviews published by 
Pauson in 1977,1985 and 1988.14-16 

9.1.2 MECHANISM: REGIO- AND DIASTEREO-SELECTIVITY 

Direct studies of the mechanism of the Pauson-Khand reaction have been limited to the observations 
made very early on by the Pauson group indicating the unambiguous intermediacy of the 
C@(CO)6.RC?=CR’ complex in the process. Although alkene complexes derived from Coz(C0)s are 
well known, if limited in number, they have been shown not to give rise to cyclopentenones upon treat- 
ment with alkynes? Attempts to observe intermediates spectroscopically beyond the alkyne complexa- 
tion stage have been unsuccessful; invariably the only species detected during the course of the reaction 
are the final products themselves. It is most reasonable to assume that, whatever the mechanistic se- 
quence that follows alkyne complexation, the rate-determining step occurs early in the sequence, pre- 
cluding the build-up of any subsequent intermediates to observable levels. 

Nevertheless, although direct mechanistic evidence beyond the alkyne complexation stage is lacking, a 
hypothesis has been inferred from observations of regio- and stereo-chemistry in a large number of 
examples of Pauson-Khand cycloaddition. l7 This is illustrated using the reaction between the 
Coz(C0)epropyne complex and 1 -methoxybicyclo[3.2.O]hepta-3,6-diene, reported by Pauson and co- 
workers in 1977 (Scheme 1).l8 In common with the majority of transition metal mediated organic cy- 
cloaddition reactions known at the present time, the principal controlling interactions appear to be steric 
in nature. Complexation of the alkene to cobalt via a standard dissociative mechanism initiates the se- 
quence. With bicyclic alkene substrates such as the one shown, the less hindered en0 face of the .rr-bond 
preferentially complexes to the metal. This process is almost certainly reversible. The step that follows, 
insertion of the complexed face of the alkene r-bond into one of the formal cobalt-carbon bonds of the 



1040 Other Transition Metal Associated Reactions 

alkyne complex, is thought to be both the rate- and product-determining step. Both regio- and stereo- 
chemistry are kinetically controlled, chiefly by steric interactions in this ixreversible insertion process. In 
the example shown, the diastereofacial selectivity upon alkene complexation is preserved upon insertion, 
a stereospecific process that leads exclusively to a cis-em ring fusion. This result is nearly universally 
observed with bicyclic alkenes, including those employed in the first reported examples of the reaction: 
norbomene, norbomadiene and several of their derivatives? 

During the insertion into the cobalt-carbon bond, regiochemistry with respect to both alkyne and al- 
kene is determined. The incipient carbon-carbon bond is most susceiptible to steric crowding; for 
example, a 1.3-pseudodiaxial interaction (A in Scheme 1) develops betweem the substituent on the alkyne 
carbon and any allylic group on the alkene. As a result, if the alkyne is unsymmetrical, insertion and 
carbon-carbon bond formation proceed exclusively at the alkyne carbon possessing the smaller substit- 
uent (i.e. H in a terminal alkyne, leading eventually to a 2-substituted enione). With steric hindrance at 
the alkyne carbon thus removed, a second 1,3-pseudodiaxial interaction comes into play, capable of ex- 
erting regiocontrol of an alkene unsymmetrically substituted at the allylic positions. This interaction (B 
in Scheme 1) involves an allylic substituent with the Co(C0)3 moiety. In order to minimize this interac- 
tion, the alkene carbon bearing the larger allylic substituent inserts away from the cobalt, thus forming 
the new carbon-carbon bond with the alkyne carbon. Subsequent CO inse:rtion, reductive elimination of 
one cobalt, and decomplexation of the other give the final product. 

Me+H cO(co13 + &J +e- (co),c~ 6 endo complex 

Me --t;fH 
cO(c0)3 

Co(CO)3 I 
H 

co(c0)3 insertion / p ) 3  
e e H  towards CMe . Co.,OM 

Me< 

insertion 
towards CH 

or 

H 

0 
disfavored favored 

(cO),cO, 

reductive elimination * - ~ ~ ~ 2 ( ~ ~ ) 6 1  - %  
of one CO(CO)~ 0 

60%; only product 
Scheme 1 

Briefly summarized, the less-hindered face of the alkene inserts into the less-hindered formal cobalt- 
carbon bond of the starting complex, with the orientation of alkene insertion placing the larger allylic 
substituent away from cobalt. The overall result is: (i) cis-ex0 ring fusion stereochemistry; (ii) alkyne re- 
giochemistry placing the larger alkyne substituent a to the new ketone carbonyl and (iii) alkene regio- 
chemistry placing the larger allylic substituent anti to the new ketone carbonyl. The first two preferences 
are strong ones; indeed, no exceptions to the second are known. As to the third, it should be pointed out 
that the bicyclo[3.2.0]hept-6-ene system is an unusually regioselective substrate. Indeed, the steric sensi- 
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tivity of this system is strikingly illustrated in the total reversal of regiochemistry upon replacement of a 
ring fusion hydrogen with methyl, which is effectively larger than methoxy (equation 7).19 

In general, however, the issue of alkene regiochemistry is still incompletely resolved, as it is depend- 
ent on both the nature of the alkene as well as the alkyne. Thus, while the systems depicted in Scheme 1 
and equation (7) are totally regioselective, most other types of bicyclic alkenes give mixtures of regio- 
isomers, although the isomer predicted on the basis of the analysis above always predominates. Further- 
more, regiocontrol with simpler alkenes is more difficult to predict. Simpler terminal alkenes themselves 
display little or no regioselectivity upon reaction with acetylene or terminal alkynes, although incorpora- 
tion of the alkyne remains totally regioselective (equation 8).20321 In addition, alkyne regiocontrol re- 
mains high even in reactions with ethylene itself, even though some of the steric interactions alluded to 
earlier are obviously absent (equations 9 and 10).I6 Krafft has suggested that steric effects may play a 
controlling role prior to insertion, by favoring specific configurational and conformational isomers of the 
alkene complex for subsequent reaction. Thus of the three possible configurational isomers at pseudooc- 
tahedral cobalt, the one most likely to lead to insertion contains the alkene complexed trans to the bond 
between cobalt and the substituted alkyne carbon, avoiding a steric interaction with the latter. Insertion 
can therefore only occur into the other cobalt-carbon bond, fixing the alkyne regiochemistry (Scheme 2, 
R' = H). With most terminal alkenes, there will be little preference between the two possible reactive 
conformations about the cobalt-alkene bond, resulting in no regioselectivity in alkene incorporation (cf. 
equation 8). However, if the R' group on the alkene is sufficiently large, conformation (2) is preferred 
(Scheme 2), placing the large group anfi to the cobalt-carbon bond. This results in a preference for the 5- 
substituted cyclopentenone, as has been observed by Pauson in the case of 3,3-dimethyl-l-butene (f-bu- 
tylethylene; equation 11).*6 

Strong support for this picture has been provided by Krafft in the observation of greatly increased al- 
kene regioselectivity in Pauson-Khand cycloadditions with internal alkynes (equation 12)?I As above, 
the site of coordination of the alkene determines alkyne regioselectivity, while the conformation of the 
coordinated alkene prior to insertion determines alkene regioselectivity. The presence of groups larger 
than hydrogen on both alkyne carbons introduces unavoidable steric interactions biasing the system to- 
wards alkene insertion from a conformation similar to conformation (2) in Scheme 2. This more detailed 
analysis has only been applied to terminal alkenes, in which steric differentiation between the alkene car- 
bons is large. Comparable application to bicyclic systems such as those discussed earlier (Le. cis-disub- 
stituted alkenes) will be more complicated. Steric differentiation is much smaller, and, in addition, it will 

toluene (autoclave), 

e + P h ~ C H * C O 2 ( C 0 ) 6  1600C'7h - &ph + bPh (8) 
23% 

/ 
53% 47% 

* &Ph (9) 
toluene (autoclave). 160 'C, 7 h 

H2C = CH2 + Ph + CH*CO2(C0)6 
30% 

toluene (autoclave), 

H2C=CH2 + n - C 5 H 1 1 ~ M e * C o z ( C O ) 6  160 17% OC, 7 h - &n-c5H11 + & (10) 

n-C5HI 1 
93% 7% 
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R 

t 
trans to 

RC-Co bond 

R 
conformation (1)  conformation (2) 

R R 

R 

preferred for large R 
Scheme 2 

* B u t d  + (11) 

benzene, 1 : I CO/acetylene, 
80 "C 

28% 
/= + HC E CH*C%(C0)6 

But 

Bu' excess catalytic 

>95% 4% 

be necessary to consider the effects on regiochemistry of the chirality of both the allylically substituted 
alkene as well as the alkene-alkyne<obalt complex, in which the cobalt becomes a stereocenter, thus in- 
troducing an additional diastereoselection problem in the formation of the complex itself. At present, the 
simpler analysis based upon pseudoaxial interactions will have to suffice. 

toluene, 98 O C ,  2 d 
+ Ph-Me*COz(C0)6 - * 

n-C6H1/= 20% 

0 

+ 

95% 5% 

0 

(12) 

Electronic effects on alkene regioselectivity in the Pauson-Khand reaction have also been observed. 
The regioselectivity observed in cycloadditions of norbornen-2-ones has been interpreted as arising from 
an electronic preference for attachment of the 6+ C-5 of the alkene to an alkyne carbon rather than cobalt 
in the bond-forming insertion step (equation 13). In these systems electronic and steric effects have been 
separated by carrying out identical reactions with the corresponding norbornen-2-01s. in which the 
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alkene-polarizing homoconjugation interaction has been removed. The observation of ca. 1:l product 
ratios from the latter (equation 14) supports the interpretation given above, and is consistent with earlier 
results from the Pauson group involving reactions of styrene derivatives (see Section 9.1.3. 1).22 

76% 

isooctane, b h 60-65 OC, 12 h A io 

0 
24% 

45% 
0 

55% 

As already mentioned, alkenes attached to electron-withdrawing groups react anomalously, giving 1,3- 
dienes (equation 6).13 The reaction is completely regioselective, with the new carbon-carbon bond for- 
ming between the less-hindered alkyne carbon and the less-hindered alkene carbon, which also happens 
to be the 6+ polarized alkene carbon. It is therefore reasonable to assume that complexation of the alkene 
and subsequent insertion still occur as illustrated in Scheme 1, and are controlled by the same steric and 
electronic factors. The electron-withdrawing group in every example of this reaction is wconjugating. 
This probably renders a P-hydrogen elimination/reductive elimination sequence competitive with CO in- 
sertion, by providing a driving force for regeneration of the alkene (Scheme 3). 

cO(c0)3 Ph 

co 
H e  Ph 

H e P h  c O ( c 0 ) 3  + 7  COzEt - (C0)ZCO I - H &.2j::? 

- (  
c O ( c 0 ) 3  7 

C02Et CO2Et 

- c0(co)3c0(co)3 -[Co,(CO),] 

C02Et 

P-Helim.- f -( - c0(c0)3 red. elirn. 
Co(C0)3H 

C02Et COzEt 

Scheme 3 

9.13 INTERMOLECULAR PAUSON-KHAND REACTION 

9.13.1 Reactions involving Acyclic Alkenes: Chemo-, Regio- and Diastereo-selectivity 

Application of the Pauson-Khand reaction to simple acylic alkenes has been limited by both low re- 
activity and lack of regiocontrol in incorporation of the alkene. Among simple alkenes, ethylene provides 
the most consistently useful results. Yields with terminal alkynes range from 3060% (equations 9,15 
and 16);23*24 internal alkynes have also been used with some success (equation 10).l6 Forcing conditions 
(toluene, 130-160 'C, -0 atm, autoclave) are usually required for best results, although it has been re- 
cently demonstrated that the reaction proceeds, albeit slowly, at reduced pressures and temperatures 
(equation 17). 16325 

toluene (autoclave), H2C=CH2, 0 
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6.- -," . _. 

33% 

(17) 
* 

toluene, H2C=CH2. 110 OC, 5 h 
PhS e CH*C*(C0)6 

11% 

As already mentioned, terminal alkenes usually give modest yields but no regioselectivity in reaction 
with terminal alkynes. Isolated examples of regiocontrol have been reported in the case of allyl ethers 
(equation 18);*6*26 note that the R = Me situation is consistent with Krafft's results (equation 12)?l In the 
case of R = H, a remarkable and unexplained effect is observed in which the regioselectivity is totally 
lost when reaction is carried out in a nonaromatic solvent. On the other hand, of considerable potential is 
another recent observation by Krafft that alkenes containing groups capable of acting as soft ligands at a 
homoallylic position give both enhanced yields and regioselectivities. This is thought to result from coor- 
dination of the heteroatom to cobalt prior to insertion, thereby fixing the conformation of the alkene to 
favor the 5-substituted product (Scheme 4).27 Reduced but still usable (ea. 3 : l )  selectivity is observed 
when the heteroatom is one carbon further removed from the double bond. For optimal yields in these 
situations it is necessary to exclude carbon monoxide from the atmosphere above the reaction. 

0 

R 
exclusively 

R = H: -5nzene, 80 OC, 8 h, 48%; R = L: toluene, 110 OC, 8 h, 32% 

v/\ A -  

x< 
or 

Ph 
I 

preferred 
U 

A B  
1 : 5 R = NMe2: 72% 

R = SMe: 61% 1 : 220 

Scheme 4 

Ph 

X 

Conjugated acyclic dienes (in contrast to cyclic dienes, Section 9.1.3.2), like alkenes conjugated to 
electron-withdrawing groups, give only linear oligomerization, resulting in acyclic polyene products. l4 
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Styrene derivatives have been extensively studied and are intermediate, giving both dienes and 5-aryl- 
cyclopentenones, both with complete regioselectivity, consistent with expectations. Atkmpts to explain 
and control chemoselectivity in such systems have been made in several studies by the Pauson group. In- 
itial notions that chemoselectivity might be related to electron-withdrawing capability of the aryl substi- 
tuent have not been supported by the evidence. For a variety of styrene derivatives containing para 
substitution the product ratio of cyclopentenone to linear diene varies in no readily interpretable way 
with the nature of the substituent, nor does complexation of the strongly electron-withdrawing cr(co)3 
unit to the arene have a consistent effect (equation 19).20,28129 Fragmentary data indicate that alkyl al- 
kynes give more cyclopentenone and less diene than do aryl alkynes in reactions with styrenes. Ally- 
larenes (3-arylpropenes) also give 5-substituted cyclopentenones with complete regioselectivity, for no 
obvious reason (equation 20). 

/= + Ph~CH*Co2(C0)6 toluene Ar&Ph + ~r Ph 
110 O C ,  5-7 h Al 

(19) 
Ar = Ph: 31% 77% 23% 
Ar = Ph-Cr(CO),: 69% 54% 
Ar = P-ToI: 39% 33% 
Ar = p-T0l*Cr(C0)~: 68% 57% 
Ar =p-cIc&4: 29% 55% 
Ar = p-ClC,H4*Cr(C0)3: 29% 0% 

46% 
67% 
43% 
45% 
100% 

Considerably less work has been carried out with more heavily substituted acyclic alkenes; for all 
practical purposes these cannot at present be considered useful substrates. A significant exception exists 
in the reactivity of the homoallylically derivatized systems of Krafft, again, greatly improved yields are 
observed along with impressive regioselectivity but no diastereoselectivity (equations 21 and 22). It is 
not known at what stage stereochemistry at the saturated a-carbon is lostF7 

yNMe2 

SMe 

0 

* + e:*1) toluene, ReCH*Co2(CO), 

90 "C, 30 h 

m e 2  

R=Ph: 77% 
R = B u :  60% 

95 % 
94% 

5% 
6% 

toluene, Ph(LCH*Cq(CO)6 

90 O C ,  30 h 
* MeS 

MeS 
(E)-alkene: 40% 87% (trunslcis = 12:l) 13% 
@)-alkene: 73% 297% (trunslcis = 19:l) 53% 

Limited work has revealed that vinyl and allyl halides cyclize only in low yield, and the products suf- 
fer halogen loss in the pmcessFO Also, unlike allyl ethers, vinyl ethers and esters are only marginally 
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suitable substrates for Pauson-Khand cycloaddition (equation 23).30 Part of the difficulty lies in the sen- 
sitivity of both the substrates and the products to decomposition under the reaction conditions. 

B u d  
40% 4 0 %  

9.1.3.2 Reactions involving Monocyclic and Fused Bicyclic Alkenes: Chemo- and Regio-selectivity 

The first alkenes studied as substrates for Pauson-Khand cycloaddition were strained bicyclics con- 
taining the double bond in four- or five-membered rings. Simple cyclobutenes do not appear to have 
been examined as substrates, but bicyclo[3.2.0]hept-6-enes have been used with considerable success. 
Pauson found the parent system to be generally reactive towards both terminal and internal alkynes, for- 
ming the expected cis,anti,cis-tricycl0[5.3.O.@~~]dec-4-en-3-ones via ex0 face selective cycloaddition 
(equation 24). As mentioned earlier, total regioselectivity was obtained in the case of substrates with ring 
fusion (i.e. allylic) substitution, with the larger allylic group ending up anti to the newly introduced cy- 
clopentenone carbonyl (Scheme 1; equations 7,25 and 26).18J9 

+ R-R'*CO2(C0)6 
toluene - Rh (24) 

60-80 "C, 4-6 d 
0 

R = R = H, 32% 
R = Me, R = H, 43% 

R = Ph, R = H, 43% 
R = Ph, R = Me, 30% 

R = R  = H, 46% 
R = M e , R ' = H , 6 0 %  

R = Ph, R' = H, 30% 
R = R' = Et, 44% 

DME, 60-65 "C, 4 d 

D' 

UAc 54% 

Although unstrained cyclic alkenes are generally less reactive than strained systems, cyclopentene and 
dihydrofuran are important exceptions. Required reaction temperatures are higher in some cases (120- 
160 'C), but no other special conditions are necessary and yields are frequently excellent. Cyclopentene 
itself reacts with terminal alkenes to give 3040% yields of cyclopentenones (equation 27).*O." This re- 
action has seen extensive and imaginative development by de Meijere in the use of cyclopropylace- 
tylenes as cycloaddition partners (see Section 9.1.3.4). Moreover, 1 -methylcyclopentene, which reacts 
with acetylene to give <20% yields of cyclopentenones under normal conditions, becomes an excellent 
substrate when the catalytic modification of the cycloaddition procedure is used (equation 28). 16*25b The 
remarkable regioselectivity may be due to a combination of (admittedly small) 1,3-pseudodiaxial interac- 
tions and electronic effects (cf. Scheme 1 and equation 13); recall that the Krafft conformational analysis 
involves interactions of internal alkynes only. 

In contrast to acyclic dienes, cyclopentadienes and fulvenes react chemoselectively with alkynes to 
give cyclopentenones, the former in excellent yield but somewhat reduced regioselectivity, the latter less 
efficiently, although only one regioisomer is obtained (equations 29 and 30). Note that the favored posi- 
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1:l CO/acetylure,80°C benzene, 

69% @ + do - + HC CH*Cq(C0)6 (28) 

excess catalytic 
90% 10% 

tion of conjugated unsaturation is the 5-position of the product, as was the case with styrene derivatives. 
Indene derivatives behave similarly. The fact that dienes are observed only as very minor products, if at 
all, reflects the clear superiority of the cyclopentene system over simple alkenes in Pauson-Khand annu- 
lation (equation 31). The same is true for acenaphthalene (equation 3), which also reacts with propyne 
and phenylacetylene to give exclusively cyclopentenones? 

0 
major product 

R = Me, 55%; R = Ph, 60% 

0 
R = H, 3 1%; R = Me, 41 8; R = Ph, 52% (+ 4% diene) 

Other ring-fused cyclopentenes have been studied by both P a w n  and Serratosa Pauson's studies 
show the expected chemoselectivity when a cyclopentene is present together with a more reactive alkene 
moiety. In the system shown (equation 32), the cyclopentene is in fact totally inert under conditions re- 
quired for the norbomene double bond to react." Pentalene-derived substrates present an interesting 
variation on the basic theme. Serratosa's group has found an unexpected alkene isomerization to precede 
cycloaddition in the bicyclo[3.3.0]oct-2-ene system. Thermodynamics favors the double bond between 
C-2 and C-3; however, the double bond at C-1 is more reactive in spite of its increased steric hindrance. 
Under a variety of conditions, contrathermadynamic double bond isomerization is observed, and only 
products resulting from reaction of the double bond towards the ring fusion are observed (equation 33).31 
Note the regioselectivity, which is in the same direction as that observed for another trisubstituted al- 
kene, l-methylcyclopentene (equation 28). It is presumed that a standard hydrogen transfer mechanism 
involving a-allyl complexes mediates this process; certainly the presence of a tertiary allylic C-H bond 
in the starting alkene renders this feasible. Cyclopentenone yields in this system increase with tempera- 
ture, but so do the yields of side products, including the corresponding cyclopentanones and products in 
which hydrogenolysis of the silyl ether has taken place. These reductions are further evidence for the in- 
termediacy of metal hydrides, such as the ones that would mediate the aforementioned alkene isomeriza- 
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tion. The 2-methyl-substituted analog has been found to undergo similar reaction by Pauson: isomeriza- 
tion of the alkene again precedes cycloaddition (equation 34). Although the yield is low, the reaction is 
noteworthy as the only case in which a tetrasubstituted alkene gives an isolable enone product from a 
Pauson-Khand reaction. The lack of regioselectivity in the more symmetrical system is e ~ p e c t e d . ~ ~ ~ ~ ~ ~  

h 

v n 

R = R' = H, 74% 
R = Me, R = H, 51% 

R = Ph, R = H, 57% 
R = Ph, R = Me, 32% 

Bu*Me$iO 7 

Regarding five-membered rings involving heteroatoms, 1 -acetoxycyclopentene gives a single isolated 
product, although the conditions are such that the other regioisomer may not have survived (equation 
35). Another case of alkene isomerization is presented in equation (36). Reaction from exclusively the 
internal double bond isomer again gives a single regioisomer; it is not known whether this results from 
the same factors controlling the reactions of other trisubstituted alkenes, or if this is another artifact aris- 
ing from further chemistry under cycloaddition conditions. 16.25b 

Dihydrofurans have seen considerable use as substrates in the Pauson-nand reaction. The parent 
compound reacts in excellent yield with acetylene, terminal and internal alkynes. Yields in this system 
respond very well to the use of catalytic reaction conditions (equation 4). Another unusual experimental 
modification has also been found by Pauson to be useful in this system: addition of tri-n-butylphosphine 
oxide nearly doubles the product yield in certain cases (equation 37). The role of the added substance is 
unclear. Addition of phosphine oxide does not always improve reaction efficiency; at this time there are 
no guidelines to indicate when its use might be beneficial. Substituted dihydrofurans give somewhat 
lower but still acceptable yields; the poor regioselectivity in unsymmetrical cases is the more significant 
difficulty with these substrates (equation 38).14,25a.32 

hexane, 70 OC, 2 d 

3540%; with Bu",PO, 69% 
- CH*C02(Co),j o +  L- 4 
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benzene, 1:l CO/scetylene 
60°C,6d 

53% 

excess catalytic 62% 38% 

+ HCECH*C%(C0)6 

Alkenes in larger rings show acceptable reactivity in some cases but not others. For example, cyclo- 
heptene and cyclooctene give moderate yields of cyclopentenones upon reaction with phenylacetylene 
(equation 39), but none of the simple cycloalkenes reacts well with alkyl alkynes and cyclohexene itself 
is a very poor substrate?O Attachment of a 2-dimethylaminoethyl chain onto cyclohexene (Le. homoal- 
lylic nitrogen) introduces useful reactivity (equation 40)?' Dihydronaphthalene is also a usable substrate, 
perhaps due to reduced steric hindrance in the flattened ring. It displays the expected regioselectivity for 
a styrene analog (equation 41).% Cyclohexadienes do not give cyclopentenones directly under Pauson- 
Khand conditions. Instead, an apparently catalyzed Diels-Alder reaction takes place with the alkyne 
first, giving a bicycl0[2.2.2]octa-l ,4-diene; this then participates in Pauson-Khand cycloaddition with 
additional alkyne (equation 42; Section 9.1.3.3). The product thus contains two molecules of starting al- 
kyne, one of alkene and one of CO.* 

0 

toluene, -0 OC, 4-6 h + P h e  CH*C%(CO)6 

n = 1,3%; n = 2,41%; n = 3.35% 

0 
R = Me, 35%; R = Ph, 38% (+ 4% diene) 

* & (42) 
toluene, 60-80 OC, 5-6 h 

2 Ph CH*CO~(CO)~ 
65% Ph4 / P h  

9.133 Reactions involving Bridged Bicyclic Alkenes: Reglo- and Diastereo-selectivity 

Five-membered ring alkenes contained in bridged bicyclic or polycyclic systems are by far the most 
extensively studied substrates for intemolecular Pauson-Khand reaction. Comprehensive surveys car- 
ried out by the Pauson group identified many of the key features of the process in these substrates.6J2 
Norbomene is nearly ideal, displaying such a wide scope of reactivity towards alkynes that it is usable as 
a test of the suitability of an alkyne as a Pauson-Khand substrate (equation 43).1534933 Yields of cy- 
clopentenones, all of which are formed with complete regioselectivity and exo-diastereofacial stereose- 
lectivity, range for internal alkynes typically between 20 and 4096, and for terminal alkynes from 30 to 
>70% using catalytic conditions. Monoaryl substitution on the double bond is tolerated to a certain ex- 
tent as well (equation 44). Reactivity of norbomenones and norbomenols has been discussed (equations 
13 and 14)F2 

Both double bonds in norbornadiene are similarly reactive, so yields of tricyclic enones are limited by 
continued reaction of the initial product.6J2*24 Use of a large excess of the diene is a partial remedy. This 
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R = OEt, low yield; R = SPh, 59%; R = I 30% 
c1 

substrate is unique in affording small amounts of endo-fused products in some cases, probably as a result 
of reduced steric differentiation between the faces of the double bond (equation 45).34 When cycloaddi- 
tion is permitted to proceed at the second double bond, the result is low yield but regioselective forma- 
tion of anti-diketones (equation 46). Chemoselectivity in systems containing less strained double bonds 
has been mentioned (equation 32);'* this is also observed in systems with less electron rich double bonds 
(equation 47). Among heterocyclic analogs, 2,3-diaza-5-norbomene shows Pauson-Khand reactivity, but 
7-oxanorbomadiene deoxygenates to an aromatic system. 14915 

isooctane, 80 "C, 2 d 

96% 
Bun 

4% 

88% 12% 

-k ~ C H * C O z ( C 0 ) 6  M e O Z C 6  I (47) c 

toluene, 
6&70 OC, 4 h 

38% 
MeOzC 

As bridged dihydrofuran analogs, 8-0xabicyclo[3.2.l]octd-enes are also useful substrates. Only low to 
moderate regioselectivity is observed in the cycloaddition of bridgehead substituted examples of these 
compounds (equation 48). In this system Pauson-Khand reactivity is eliminated by either further sub- 
stitution on the double bond or even a bulky bridgehead ~ubstituent.'~ The analog containing an amide 
nitrogen in place of the oxygen bridge has also been cyclized successfully (equation 49).35 

1. U 

R = H ,  45% 
R = Me, 49% 
R=Ac,  24% 

60% 
75% 

40% 
25 % 
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Bicyclo[2.2.2]octenes are good to excellent substrates, quite comparable to norbomene-based systems 
(equation 50).8 

R = H, 50%; R = Me, 19%, R = Ph, 34% 

9.13.4 Synthetic Applications 

Numerous synthetic applications of the intermolecular Pauson-Khand reaction have been reported. 
Pauson has reported a number of very direct applications of cycloadditions of ethylene in the synthesis of 
prostanoids and jasmone analogs (e.g. equations 15 and 16).23*M73b This is a reliable entry to 2-sub- 
stituted cyclopentenones. The suitability of cyclopentene and dihydrofuran as substrates has permitted 
the extension of this work to the preparation of still further varieties of prostaglandin analogs (e.g. equa- 
tions 27 and 51).36b Simple 4,5-disubstituted 2-cyclopentenones are not as directly accessible, but may be 
prepared from the cycloaddition products of norbomadiene (equation 45). A sequence of conjugate addi- 
tion followed by retro-Diels-Alder reaction affords the product (Scheme 9." Dihydrofuran cycloaddi- 
tions have been used by Billington in the syntheses of the antibiotic methylenomycin B (Scheme 6),26 as 
well as cyclomethylenomycin A (synthetic precursor to the antibiotic methylenomycin A), cyclosarko- 
mycin (precursor to the antitumor agent sarkomycin)I0 and the iridoid Japanese hop ether.32 

benzene, 6 , 
80 "C, 3 h 

CO2Me 

(51) c 7- 65% 
Co2(CO)6 

6OOOC 

&&Bun 90% vacuum 79% distil - &Bun 
Me2CULi. Et20, 0 "C 

(from equation 45) Scheme 5 

p-TsOH, MeOH 

92% 

(from equation 18) 
Scheme 6 

Variations on the hydrazulene skeleton have been approached via the Pauson-Khand reaction, several 
with high regio- and diastereo-selectivity. Pauson's cycloadditions of cycloheptene provided the fmt en- 
tries but were limited in scope and efficiency (equation 39)F0 Several synthetic equivalents of cyclohep- 
tenes displaying greater reactivity include 8-oxa- and 8-aza-bicyclo[3,2.l]oct-6-enes (equations 48 and 



1052 Other Transition Metal Associated Reactions 

49),17 and bicyclo[3.2.0]hept-6enes (equation 7). Two syntheses of the sesquiterpene furanether B have 
been completed, based on cycloaddition reactions in the 84xa series (Scheme 7).37 The bicy- 
clo[3.2.0]heptenes provide especially versatile access to systems transformable into both the guaianolide 
and pseudoguaianolide natural product structural types (Scheme 8).19 

- vii-ix koH - x-xiii %o 

i, LiAlH,, Et20 (96%); ii, MeC=CH*Co&O),, benzene, 65-70 "C, 2 d (75%); iii, separate; iv, ButMe2SiC1, 

imidazole, DMF (98%); v, H2, 5% Pd/C, EtOAc, MeOH (100%); vi, MeI, KOBu', Bu'OH, benzene (100%); 

vii, LiAIH,, Et20 (100%); viii, NaH, then CS2, then MeI, THF (100%); ix, Bun3SnH, AIBN, toluene, 1 10 OC 

(50%); x, PCC, CHzCI2; xi, EtOCHO, NaOMe, benzene (550%); xii, Bu"SH, p-TsOH, benzene, 80 "C (100%); 

xiii, Me3S+MeS04-, CH2C12, NaOH, H20, then HC1, THF (46%) 

Scheme 7 

%T "OTs HO \ & 0 

a,, ii + iii 

0 OH 

(from equation 7) 

iv, \ a, vi, vii, viii - 
"OH Bu'Ph2SiO OTs 

OSiPh2But 

i, p-TsC1, pyridine, 0 "C (~100%); ii, NaHC03, CaCO,, pyridine, MeOH, H20, 65 "C (90%); iii, MeI, 

KzCO3, acetone, 55 "C (82%); iv, HZ, 5% Pd/C, MeOH (98%); v, Ph3P=CH2, Ph3PMe+ Br-, DMSO, 60 "C 

(88%); vi, BH,*SM%, THF, then NaOH, H202, 60 OC (90%): vii, Bu'Ph2SiC1, Et,N, DMAP (76%); 

viii, p-TsC1, pyridine, 0 "C (94%); ix, NaHC03, CaC03, pyridine, MeOH, H20, 65 OC (72%) 

Scheme 8 

In a novel combination of Pauson-Khand cycloaddition with vinylcyclopropane chemistry, de Meijere 
has described an entry to linearly fused triquinanes beginning with cyclopropylalkynes. Cyclopentenone 
formation has been carried out with a variety of substitution patterns on the cyclopropane, and moderate 
yields achieved with both norbomene and cyclopentene as substrates. Thermal vinylcyclopropane-cy- 
clopentene rearrangement of the cycloaddition products leads to the final tricyclic system (Scheme 
9).33,38 

Serratosa's entry into the angularly fused triquinanes, mentioned earlier (equation 33), succeeds for 
terminal but not internal propargyl ethers. The in situ alkene isomerization that precedes cycloaddition 
renders synthesis of the bicyclo[3.3.0]oct- 1 -ene isomer unnecessary, making this a most direct synthetic 
process in spite of the modest yields.31 
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hexane, %(CO), 
120 "C, 2 d - Q +  Et0 P- 34% 

600 "C, flash vacuum pyrolysis 

39% 

0 0 
Scheme 9 

9.1.4 INTRAMOLECULAR PAUSON-KHAND REACTION: DIASTEREOSELECTIVITY 

9.1.4.1 Reactions involving Acyclic Allcarbon Enynes 

Enynes in which three or four atoms separate the double and triple bonds cyclize upon complexation to 
Cm(CO)8 and subsequent heating to give bicyclic enones (equation 52). With the exception of slightly 
elevated temperatures the conditions required are no different than those of the stoichiometric procedure 
described earlier for reactive substrates in intermolecular Pauson-Khand reactions. The intramolecular 
cycloaddition cannot in general be carried out under catalytic conditions. Hex- 1-en-5-yne, which would 
give a four-membered ring upon intramolecular cycloaddition, instead undergoes alkyne trimerization 
exclusively.39 The most extensively studied systems are those derived from hept- 1 -en-6-yne, as the pro- 
ducts, bicyclo[3.3.O]oct- 1 -en-3-ones, are useful in the synthesis of numerous cyclopentane-based polycy- 
clics. 

n = 1,31%; n = 2,3540% 

Considerable information on the effects of substitution on these reactions has been collected from the 
work of Magnus, Hua and Serratosa. Magnus carried out the first systematic examinations of the factors 
that contribute to diastereoselectivity in these reactions, and all three workers have compiled results bear- 
ing on the effects of substitution on yields and reaction rates. Toleration and effect of substitution in 
these cyclizations is a function of position. Indeed, the detailed effects of substitution on Pauson-Khand 
reactivity have been readily accommodated by a mechanism that is in all important aspects identical to 
that previously described.40 As alkene insertion takes place into a cobalt-carbon bond of the enyne- 
hexacarbonyldicobalt complex, pseudodiaxial interactions develop between any substituent on the ter- 
minus of the alkyne ((2-7) and those substituents at the allylic (C-3) and propargylic ((2-5) positions of 
the original enyne that are positioned to end up on the endo face of the product. Thus the insertion is 
preferentially directed to place the larger of these substituents in ex0 orientations. The larger these substi- 
tuents are, the greater the diastereoselectivity obtained (Schemes 10 and 11). It should be noted that later 
work of Serratosa suggests the operation of an additional process that may contribute to dia- 
stereoselectivity in the case of labile propargyl substituents (see Section 9.1.4.3). 

Unprotected alcohols occasionally interfere with the. intramolecular reaction. Although the t-butyldi- 
methylsilyl protecting group has been most frequently used in these situations, it too is occasionally un- 
suitable, in which case the methoxymethyl (MOM) group is preferred. 

Comparison of equation (52) with Schemes 10 and 11 suggests that substitution at C 4  confers sub- 
stantial benefit in terms of both yield and reaction time. This is most likely a result of a gem-dialkyl ef- 
fect in which conformations placing the alkene and complexed-alkyne ends of the system in close 
proximity are rendered enthalpically more favorable by increasing substitution on the intervening atoms. 
The reduced contribution of to AG* associated with alkene complexation allows it to better compete 
with intermolecular side reactions (Le. trimerization of the otherwise more reactive alkyne moieties). 
Hua has made similar observations in simpler systems (equation 53)P1 No stereocontrol at C-4 is avail- 
able, however, the position being too remote from the reaction centers (equation 54).4* 
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r 

favored 

* 

R=Me, 65% 23% 
R = Me&, 79% 4% 

Scheme 10 

r 

77% 
96% 

L - 

RO H Rq H 

* 0 

SiMe3 SiMe3 
R = H. 25% 28% 72% 
R = MOM, 68% 0% 100% 

Scheme 11 

C~(CO)E ,  heptane 

80-120 'C, 2-3 d 

R 
R = H, 58%; R = CHzOSiMezBd, 65% 

(53) 

Recent work of Serratosa has identified limitations in substitution tolerance when substituents are 
lacking at C-4.43 The formation of even modest yields of cycloaddition products require more forcing 
conditions, and double bond reduction becomes a significant process. Surprisingly, gem-dimethyl groups 
at C-1 are accommodated (equation 55). Without the gem-dialkyl assistance from groups at C-4, how- 
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ever, propargyl (C-5) substitution now becomes a liability, especially in conjunction with substitution at 
the alkyne terminus (equation 56). Diastereoselectivity was not determined in these low yield reactions, 
although mixtures of stereoisomers were obtained in each case. 

R 

R = H, 30% 83% 
R = Me, 23% 87% 

CO?(CO)~, toluene b (-&Lo 
- SiMe3 l 1 0 ° C , 7 d  

SiMe3 

R = H, 15%; R = Me, 0% 

17% 
13% 

9.1.4.2 Reactions involving Acyclic Heteroatom-containing Enynes 

The ready access of allyl propargyl ethers from Coz(C0)a-complexed propargyl cations, whose chem- 
istry has been extensively developed by Nicholas,44 has made them the most frequently studied hete- 
roatom-containing substrates for intramolecular Pauson-Khand cycloaddition. Initial work by Billington 
established the feasibility of these systems as cycloaddition substrates, albeit in only moderate yields 
(equation 57).45 The collaboration of Smit and Caple has also combined even more extensively de- 
veloped versions of Nicholas chemistry with Pauson-Khand cycloaddition to access novel heteropolycy- 
clics (Scheme 12).46 Schreiber has demonstrated still another direction of development of Nicholas 
chemistry. Incorporation of an alkyne in a medium-sized ring is achieved by exploiting the 'bending' of 
the triple bond by cobalt complexation in the course of alkylative ring formation via the stabilized pro- 
pargyl cation complex. The resulting system is then capable of inter- as well as intra-molecular Pauson- 
Khand cycloaddition (Scheme 13).47 

- O R 0  
w CO~(CO)~,  isoooctane 
0 Ai,.' R R R' 

60 OC, 24 h R 
R 

(57) 

R = R' = H, 14%; R = Me, R = H, 29%; R = H, R'= Me,41% 

Scheme 12 
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ii, iii 
___) 

17% 83% 

i, BFyEt,O, CH2C12, -78 OC to 25 "C; ii, separate and purify trans isomer, iii, CO, PhH, 60 "C, 4 h (85%) 

Scheme 13 

In the course of work in the Smit and Caple groups the remarkable discovery was made that adsorption 
of the cobalt-complexed enyne ether onto silica gel enormously facilitates intramolecular Pauson-Khand 
cycloaddition. Reactions that in solution require 24 h heating at temperatures ranging from 60 to 2100 'C 
may be carried to completion in under 2 h by gentle heating of the dry silica gel adsorbate under oxygen 
or air (equation 58)>* Apparently adsorption to silica favors reactive conformations in a manner similar 
to that of bulky substitution, facilitating cycloaddition by means of a novel variant of the gem-dialkyl ef- 
fect. As the examples show, the process is remarkably tolerant of substitution throughout the molecule, 
although bulky groups on the alkyne terminus do not appear to have been examined. Stereochemical as- 
pects of the process are not clear from the published examples, although reasonable expectations would 
parallel the findings of Magnus in the all-carbon systems described previously: a tendency for substi- 
tuents in allyl or propargyl positions to end up e m  relative to the newly formed ring fusion. The tech- 
nique is also applicable to ordinary enynes containing polar substituents and enynes containing 
heteroatoms other than oxygen (equations 59 and 60). Indeed, it is now known that heteroatoms, while 
helpful, are not necessary: even simple intermolecular cycloadditions of hydrocarbon substrates have 
been found to benefit from adsorption on various dry supports. Sonication also provides some accelera- 
tion, allowing reactions to be carried out at still lower temperatures (e.g. 145 0C).25a749 

w SOz, 45-50 "C - o n 0  

20 min to 3 h R 
R R  

c % ( c 0 16 

R = R  =H, 58%; R =Me, R = H, 75%; R =  H, R =Me, 60% 

In the 'dry' Pauson-Khand reaction system oxygen is necessary in order to prevent hydrogenolysis of 
the allylic carbon-oxygen bond in the product. This process is presumably effected by hydridocobalt 
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species whose formation is facilitated by adsorption, although the details are not known. The oxygen 
may serve simply to scavenge adsorbed cobalt hydride species. In any event, Smit has demonstrated that 
the hydrogenolysis process may be selectively promoted if desired by carrying out the reaction under 
'dry' conditions on alumina under an argon atmosphere. This results in 3-alkyl-4-(hydroxyalkyl)cy- 
clopentenones directly, in yields consistently in the 70% range (equation 61LW 

w 
*'Z03 

R+--R 90 O C ,  70 min R R 

R = R = H, 70%; R = Me, R = H, 69%; R = H, R'= Me, 73% 

c02(co)6 

9.1.43 Reactions involving Cyclic Enynes 

As might be expected from comparable intermolecular situations, incorporation of the alkene partner 
in a ring of appropriate size is compatible with intramolecular Pauson-Khand reaction. However, steric 
and functional group considerations are essential in order to achieve acceptable results. To date work in 
this area has been limited to cyclopentenes containing pendant alkynes. A variety of 1-(4-pentyny1)cy- 
clopentenes and 3-(3-butynyl)cyclopentenes have been examined by both ourselves and the Serratosa 
group, and a reasonably useful framework for determining the applicability of the reaction has emerged. 
Pauson-Khand cycloaddition of 1 -(4-pentynyl)cyclopentene itself gives rise to the angularly fused triqui- 
nane (tricycl0[6.3.0.0.~~~]undecane) ring system, the basis of a number of compounds of recent synthetic 
interest (see Section 9.1.4.4). This substrate, containing a trisubstituted alkene partner, is in fact already 
at the substitution limit for useful reactivity: its derivative containing additional methyl substitution and 
therefore a tetrasubstituted double bond gives only trace amounts of enone product (equation 62).51 

R*R benzene. 80 O C .  4 d 

The reaction has been shown to benefit from gem-dialkyl acceleration and to exhibit useful dia- 
stereoselectivity in the cycloaddition of an appropriately substituted analog (Scheme 14).52 In this case 
the twist about the newly formed spiro center generates a 1,3-pseudodiaxial interaction between the pro- 
pargyl methylene and the endo group at the C-5 allylic position on the cyclopentene ring, thus favoring 
the formation of the exo-methyl stereoisomer. This stereocontrol is compromised by additional substitu- 
tion. The (RS)/(SR) diastereomer of an alkoxy-substituted analog gives a mixture of endo- and exo- 
methyl-substituted enones in which the latter no longer predominates (Scheme 15). The cause of this 
effect is not clear, although the alkoxy-substituted products are unstable under the reaction conditions 
and the observed ratio is likely not to be the kinetic one. The situation with the (RR)/(SS) diastereomer is 
more straightforward: the endo-methyl product forms exclusively. In this situation the ex0 isomer experi- 
ences a 1.3-interaction between the methyl and the methoxymethyl group that is far more severe than the 
endo-methyl-propargyl methylene interaction that controls its deoxygenated analog. In these latter sys- 
tems it was found that protection of the allylic hydroxy group was essential for Pauson-Khand reactivity 
to be observed. 

Trimethylsilyl substitution at the alkyne terminus totally eliminates cycloaddition reactivity in these 
~ystems.5~ Examination of possible structures of Pauson-Khand intermediates reveals steric interactions 
involving this silyl group occurring at both the alkene complexation and insertion stages. The analysis in 
Scheme 16 shows four possible complexation modes of the alkene. Complexation cis to the second co- 
balt appears to be disfavored by steric interactions involving the ligands on this cobalt with allylic groups 
(Scheme 16, structures 3 and 4). The alternative, complexation trans to the second cobalt, can occur from 
either pseudoboat (Scheme 16, structure 5) or pseudochair (Scheme 16, structure 6)  conformations of the 
side chain, and involves opposite faces of the alkene. The latter conformation, which also experiences 
less steric congestion involving allylic groups with the alkyne terminus, is probably the one favored in 
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L 

- M:&o ~ f& 0 

Me 

12% 88% 

Scheme 14 

f 

major product 

Reagent: CO,(CO)~, benzene, 80 OC, 18-22 h, 30% 

Scheme 15 

the observed cycloaddition when R = H. The structure, (8). shown at the bottom of the scheme, with R 
cis to the newly formed ring fusion and trans to the cyclopentene ring originally present, is the likely in- 
termediate (compare Schemes 10, 11, 14 and 15). Evidently, even the relatively unimportant-looking 
steric interaction leading to this intermediate is sufficient to eliminate useful reactivity when R = TMS. 
In any event this establishes that practical intramolecular reactivity of trisubstituted alkenes is limited to 
terminal alkynes and, further, suggests that a similar restriction might also apply to simple acyclic hept- 
1-end-ynes containing an additional substituent at C-2. Such situations do not appear to have been 
examined as yet. 

Similar intramolecular cycloadditions of cyclic alkenes containing alkynyl substitution have been ex- 
plored by Serratosa in the 3-(3-butynyl)cyclopentene series. The product in this case is a triquinacene 
derivative, a tricyclo[5.2.1 .O"JO]decane. Since the targets in Serratosa's studies required functionalization 
of all three five-membered rings, all cycloaddition substrates utilized contained varying degrees of sub- 
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R 

complexation trans 
to second cobalt 

complexation cis 
to second cobalt 

co 

(7) 

t- 

(5) 
or 

stitution. In this class of substrate the alkene is effectively cis-l,2-disubstituted, and therefore it may 
complex to a cobalt in an orientation that avoids steric interaction with a substituent on the alkyne ter- 
minus. Substrates in which the alkyne is not terminally substituted undergo cycloaddition in variable 
yields.54 The reaction also tolerates unsubstituted hydroxy functionality when carried out under 'dry' 
(Smit-Caple) conditions (Scheme 17). 

RO J? + 
RO''"' p i, ii - 

RO 

0 

RO 

+ 

80% 20% 

R Total yield 
Bn 60% 70% 30% 
Bu'Me2Si various 78% 22% 
H 16% - - 

R = Bn: i, CO~(CO)~,  t-butylbenzene, 170 "C, 2-3 h; ii, H2, 10% Pd/C, EtOH, Et3N 
R = Bu'MezSi: i, CO~(CO)~,  isooctane, 160 OC, 3 d; ii, H2, 10% Pd/C, EtOH, Et3N 
R = H: i, CO~(CO)~ ,  benzene, then Si02, remove solvent, 120 OC, 2 h; ii, H2, 10% Pd/C, EtOH 

Scheme 17 



1060 Other Transition Metal Associated Reactions 

That the apparent changes in diastereomer ratio between reactants and products shown in the above 
examples were significant was confinned by the results of cycloadditions of silyl-substituted alkyne 
analogs. In these cases only a single product, with the opposite stereochemistry to the dominant isomer in 
the examples above, is formed (equation 63). This result plus the high chemical yield require that a 
mechanism for isomerization be operative. Serratosa and coworkers proposed that the diastereomer that 
would lead to the unobserved endo-5-alkoxy isomer is rendered completely unreactive towards cycload- 
dition by steric interference from the silyl group. Instead, ionization of the propargylic leaving group, fa- 
cilitated by the strong stabilization imparted to the propargylic cation by complexation to cobalt, allows 
the center to isomerize to the diastereomeric precursor to the 5-ex-o product, which then forms readily.55 
This result is of interest in the context of Magnus' earlier results (e.g. Scheme IO). In those systems the 
substrate contains only a single stereocenter and is racemic. Its isomerization merely interconverts en- 
antiomers and therefore is an 'invisible' process. However, substrates with a second stereocenter (e.g. 
equation 59) may be worth reexamination for effects of this isomerization, and future applications of this 
chemistry that aim towards the preparation of optically active enones from optically pure substrates will 
face obvious difficulties if isomerization at a labile propargyl stereocenter cannot be prevented. 

Co2(CO),, isooctane 
160 "C, 3 d 

* 0 (63) 

ButMezSiO P +  Bu'MezSiO 

76% 

SiMe3 Bu'Me2SiO SiMe3 
- - SiMe3 

80% 20% exclusively 

9.1.4.4 Synthetic Applications 

Magnus was the first to develop extensive synthetic applications of the Pauson-Khand preparation of 
the bicyclo[3.3.0]oct-l-en-3-one system. His efforts amply demonstrate the degree to which the high lev- 
el of functionality in the Pauson-Khand products can be directly utilized in building more complex struc- 
tures. A formal synthesis of the antitumor sesquiterpene coriolin illustrates a very efficient sequence for 
construction of the third ring in the linearly fused triquinane series in the presence of considerable func- 
tionality (Schemes 10 and A synthesis of the related triquinane hirsutic acid utilizes the observa- 
tion that the proper stereochemical relationship between the substituents at C-7 and the ring-fusion 
carbon ((2-5) of the bicyclo[3.3.0]oct-l-en-3-one system, while not controllable in the cycloaddition re- 
action itself, may be readily established by acid- or base-catalyzed equilibration (equation 54 and 
Scheme 19).42 

In a short and completely diastereoselective synthesis of the unusual tetracyclic natural product quad- 
rone, Magnus was able to minimize an interfering hydrogenolysis problem involving the propargylic 
ether by the addition of a hindered pyridine base, which presumably scavenges highly acidic cobalt hy- 
dride species (equation 64). In contrast, addition of a phosphine oxide only exacerbated the problem?6 
Note that the three syntheses just described illustrate diastereocontrol strategies for every position around 
the bicyclic enone system with the exception of the saturated a-carbon (C-4). Both Magnus and Mulzer 
have described stereoselective synthesis of optically active carbocycline  analog^.^^.^^ Magnus derived 

+o i,ii,iii 

ButMezSiO 
0 (from Scheme 10) 

i, H,, 10% Pd/C, EtOH (92%); ii, NaH, allyl bromide, DMJT(79%); 
iii, O,, PdCl,, CuCl, DMF (64%); iv, BU'OK, Bu'OH (74%) 

Scheme 18 
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Et02C&. __ i H 0 2 C ! 0  ii, iii ~ 

H 

SiMe3 
(from equation 54) 

i, MeS03H, 75 OC, 135 min (96%); ii, p-TsOH, benzene, 80 "C, 4 h (100%); 
iii, separate and recycle undesired isomer three times (90% yield of isomer shown) 

Scheme 19 

enyne stereochemistry from D-(+)-ribnolactone, but Pauson-Khand reaction on a trans-disubstituted y- 
butyrolactone was thwarted by excessive strain. Instead, a seven-membered ring ketal analog was used 
successfully (equation 65). Mulzer's stereochemistry was derived from derivatives of (+)- or (-)-glycer- 
aldehyde. 

A 
Bu' N But 

heptane, 86 "C, 30 h 

45% 

0-- heptane, Bu",PO 0-2 

- 85 "C, 3 d - " O q O  \ (65) 
- SiMe3 51% H 

Y o H e  
SiMe3 I 

C02(CO)6 

Hua has used the products of Pauson-Khand cycloadditions for syntheses of optically active pental- 
enene and racemic pentalenolactone E methyl ester. The racemic ketone in the first case was converted 
to the necessary optically active intermediate by kinetic resolution via 1,4-addition of an optically active 
allyl sulfoxide anion. These represented the first synthesis of natural products containing the angularly 
fused triquinane skeleton from bicyclic Pauson-Khand products (equation 53 and Scheme 20):' 

iii, iv 
____c 

H 

ii 
0 -  

- 0 - 5  \ \ *S'Tol 

r; (from equation 53) 

s9- 0 v-viii 
(+)- ____) 

OH 
Pentalenene 

i, 0.5 equiv. (S)-fruns-p-MeCsH4S(0)CH=CHCH2Li, THF, -78 "C, 30 min (45%); ii, 2.0 equiv. racemic trans- 
p-MeC6H,S(0)CH=CHCH(Me)Li, THF, -78 OC, 45 min (91%); iii, Zn, AcOH (95%); iv, HC02H, CF3C0,H, 

60 OC, 24 h, then KzCO3, MeOH (64%); v ,  MeMgBr, Et20,O "C (70%); vi, (Me;?N)2POCl, Et3N, DMAP, 
toluene, 60 OC, 10 h (96%); vii, Li, Bu'OH, Et",, THF, 0 OC, 30 min (97%); viii, BF3, Et20, CH2C12 (99%) 

Scheme 20 
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i 
___) 

L O T H P  

O y  - ii-v 

OTHP 

H O q 0  

i, isooctane, 60 OC, 24 h (41%); ii, H2. Raney Ni, EtOH, iii, p-TsOH, MeOH 
iv, NaNO2, HzS04, H20, -10 OC, 1 h; v, hv, benzene, 0 "C, 15 h 

Scheme 21 

A formal synthesis of the natural product aucubigenone by Billington has made use of a very direct 
route involving Pauson-Khand cycloaddition of an allyl propargyl ether (Scheme 21)?5 

Since our direct route to angularly fused triquinanes from cycloaddition of 1-(4-pentynyl)cyclopen- 
tenes is limited to trisubstituted alkenes and simple terminal alkynes, bisnorisocomene, but not iso- 
comene itself, could be prepared (Scheme 22).51,53 However, this limitation is not a factor for most other 
compounds in this class of natural products, and the steric interactions described earlier worked to our 
advantage in a diastereocontrolled synthesis of pentalenene (see structure, Scheme 20). The natural pro- 
duct was obtained by subjecting the product of Scheme 14 to the sequence i, Li, "3, MeOH; ii, MeLi, 
Et2O; iii, p-TsOH, benzene, reflux.52 

1 
(from equation 62) 

i, Me2CuLi, EtzO, &25 "C, 2 h (89%); ii, MeLi, Et20, THF, -78 OC, 150 min (91%); 
iii, SOCl2, pyridine, THF, -45 to 25 OC, 15 min (66%) 

Scheme 22 

Serratosa has critically evaluated the various entries to the triquinacene system available via Pauson- 
Khand chemistry, concluding that a route involving cycloaddition of the dibenzylated enyne substrate 
(Schemes 17 and 23) is operationally the simplest for preparation of multigram quantities of tricy- 
clo[5.2.1 .04,10]decane-2,5,8-trione. This in turn is a key intermediate for the study of synthetic entries to 
dodecahedrane and its derivatives. An optically active version of this synthesis has been developed as 
We11.54c9d 

PhCHzO 

___c p - - i, ii H@ 0 

PhCHzO O H  

(from Scheme 17) 

i, Co2(CO),, r-butylbenzene, 170 OC, 2-3 h (-70%); ii, H2, 10% Pd/C, EtOH, then PCC, Celite (63%) 

Scheme 23 

Finally, there have been a number of additional recent methodological advances.59 
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93.1 INTRODUCTION 

The chemistry of transition metal carbene complexes has been examined with an eye to applications in 
organic synthesis ever since their discovery by Fischer in 1964, and the growth in the number of useful 
applications has been exponential with time.'" There are two types of transition metal carbene com- 
plexes; those which have electrophilic carbene carbons and which are typified by the pentacarbnylchro- 
mium complex (1). and those which have nucleophilic carbene carbons and which are typified by the 
biscyclopentadienyltitanium complex (2). Complexes (1) and (2) are often referred to as 'carbene' and 
'alkylidene' complexes, respectively. This review will be limited to the chemistry of electrophilic car- 
bene complexes of the Fischer type. The chemistry of the nucleophilic alkylidene complexes will be 
covered in Chapter 9.3, this volume? 
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d=cH2 
(la) 

A Fischer carbene complex 
(2) 

An alkylidene complex 

An overview of the chemistry of the electrophilic transition metal carbene complexes will be 
presented, which will focus on those reactions that have established potential in organic synthesis, and on 
actual applications in the synthesis of organic molecules. Emphasis will be given to chemistry that has 
not been reviewed'" and includes the literature up to the end of 1988 with a few citations from 1989. 
The chemo-, regio- and stereo-selectivity of the reactions of carbene complexes will be emphasized, and 
in Section 9.2.2 special focus will be made on the comparisons between carbene complexes and their or- 
ganic analogs. The organization of this material begins with the separation of the reactions of carbene 
complexes into two groups: (i) those that occur at a substituent of the carbene carbon and in which the 
metal-carbene bond remains intact (Section 9.2.2); and (ii) those that occur at the metal center and which 
involve the metakarbene bond (Section 9.2.3). Most of the reactions in this chapter involve the combin- 
ing of C - C  wbonds and thus fall under the subject heading of this volume. Also included, however, are 
several ionic reactions of carbene complexes (Sections 9.2.2.5, 9.2.2.6 and 9.2.2.7), which are not 
covered in any other chapter in this work. The coverage of cyclopropanation reactions of carbene com- 
plexes will be only be briefly included for completeness, and a more extensive treatment can be found in 
Volume 4, Chapter 4.6. 

The various methods for the preparation of carbene complexes will not be presented here, as they have 
been extensively reviewed elsewhere. The syntheses of the carbene complexes from the noncarbene 
complex precursors presented in this review have almost all been by Fischer's original procedure (equa- 
tion l), involving the addition of an organolithium to a metal carbonyl, followed by alkylation of the re- 
sulting metal acylate. Grignard reagents are not as useful as organolithiums, and there is essentially no 
limit to the nature of the organolithium that may be employed. The yields of carbene complexes by the 
Fischer method are good to excellent and can often be prepared on an open-ended scale since most com- 
mon complexes are solids and purification can be accomplished by crystallization. Most transition metal 
carbene complexes can be handled in the presence of air and thus alternatively can be purified on silica 
gel in the presence of air without noticeable losses. The sensitivity of these complexes to air increases 
with temperature, and for reactions carried out above room temperature, an inert atmosphere is normally 
employed. Finally, the cost of Group 6 metal carbonyls at 20-50 cents mmol-I makes them no more ex- 
pensive to use in stoichiometric reactions than the typical organic reagent. 

R' 
(3) M = Cr, Mo, W (4) 

R' 
(5) 

As the chemistry of Fischer carbene complexes has developed, the synthesis of new complexes by 
elaboration of existing complexes has naturally become increasingly important. The reactions that have 
become important in this regard are largely those that are discussed in Section 9.2.2. Two methods for 
the preparation of Fischer carbene complexes from noncarbene complex precursors, that were introduced 
early on but have recently been more fully developed, are mentioned here because they may find increas- 
ing ~ t i l i t y . ~ - ~  The first involves preparation from Group 6 metal pentacarbonyl dianions and has been 
used for the preparation of carbene complexes from amides5 and acid halides.6 The optimal procedure in 
the case of amides is illustrated in Scheme 1, and is generally useful for the preparation of amino carbene 
complexes in very good  yield^.^ This method has the advantage that amino complexes can be prepared 
without the intermediacy of the alkoxy complex that must of necessity be produced by the Fischer proce- 
dure. The second method involves the rearrangement of a metal-alkyne complex to a metal-alkylidene 
complex, which is then trapped by an alcohol. This reaction has been optimized in specific systems?.8 
but has yet to be optimized in the more general case that is included in Scheme lq9 This method has the 
advantage that highly reactive anionic reagents need not be employed, and that the alkoxy substituent R' 
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need not be limited to one that is derived from a reactive carbon electrophile as is necessary by the Fi- 
scher procedure. 

i-iii 0 

i, hv OR' 
w(co)6 + - - R  * (co)5w < 

ii, RIOH R 
(34 (9) 10-328 (10) 

i, THF, -78 to 0 "C; ii, 3 equiv. Me3SiC1, -78 OC; iii, A1203, -78 to 25 "C 

Scheme 1 

9.2.2 REACTIONS ON THE CARBENE LIGAND: THE METAL AS REACTIVITY AND 
SELECTIVITY AUXILIARY 

9.2.2.1 [2 + 21 Cycloadditions 

The first examples of a [2 + 21 cycloaddition at an unsaturated substituent on a carbene ligand have 
been recently reported.'O In the example shown in Scheme 2 it can be seen that the cycloadditions can 
occur very rapidly between enol ethers and alkynic carbene complexes. Alkynic carbene complexes can 
serve as surrogates for alkynic esters since the cycloadducts can be very efficiently oxidized to their 
corresponding esters. While the [2 + 23 cycloaddition of methyl tetrolate and dihydropyran is unknown, a 
comparison can be made between the alkynic carbene complex (12b), which reacts at room temperature, 
and the doubly activated alkynic ester (15), which will only react at 180 'C with the same substrate. 

DMSO, 25 O C ,  
W(C015 10 min 

94% 
H 

25 O C ,  6 h 

97% 
H 

COzMe 

Ill 
C02Me 
(15) 

180 "C, 16 h 

60% 
CO2Me 

(16) 60% 

Scheme 2 

(17) 40% 

The [2 + 21 cycloa tion of ... e propynyl tungsten complex (12b) has been found to be stereospecific 
with the cis and trans isomers of ethyl propenyl ether." The reaction with cis-propenyl ethyl ether gave 
rise to the cyclobutenyl complex (18). in addition to a minor amount of the ring-opened dienyl carbene 
complex (19). The stereochemistry about the double bonds in the dienyl complex (19) revealed that it 
was derived from a thermal electrocyclic conrotatory ring opening of the cis-cyclobutenyl carbene com- 
plex (18) and thus the stereochemistry is completely retained in this cycloaddition. In support of this 
analysis it was found that cyclobutenyl complex (18) could be thermally opened to the dienyl complex 
by heating in an inert solvent at 50 "C. In the cycloaddition of the propynyl complex (12) with trans- 
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propenyl ethyl ether the expected cyclobutenyl complex (20) was not observed, and the only product that 
was isolated from this reaction was the (2,E)-dienyl carbene complex (21). Again this stereochemistry 
about the diene is that expected from the ring opening of the cyclobutenyl complex that would result 
from the [2 + 21 cycloaddition occurring with retention of configuration about the propenyl ethyl ether. It 
is not unreasonable that ring opening of the cis-cyclobutenyl complex (18) should be more sluggish than 
for the trans complex (20), since a conrotatory opening requires that one of the substituents in (18) ro- 
tates inward. If there is a stepwise mechanism for this cycloaddition, then in this case the second step oc- 
curs faster than bond rotation. The reason for low mass balance for the trans-propenyl ether reaction has 
not been determined. The [2 + 21 cycloaddition of alkynyl carbene complexes with enol ethers could 
prove useful in the preparation of 2-substituted dienyl carbene complexes, which would be difficult to 
prepare with the Fischer procedure. 

hexanes, 50 "C 

OMe 
m 

Et0 

+ Me0Tw(c0)5 d 
25 "C, 4 h 

72% 

Et0 Me0Tw(c0)5 L7 
25"C,4h 

29% 

(12b) 

Et0  i-1 
(18) 94% 

Et0  'G 

(20) not observed 

(19) 6% 

OMe 

-c 

Et0 

(21) 

Scheme 3 

The only other examples of [2 + 21 cycloadditions come not from carbene complexes, but from vinyl- 
idene c ~ m p l e x e s . ~ ~ * ' ~  The [2 + 21 cycloadditions of imines with vinylidene complexes was developed by 
Barrett and represent the first synthetic applications with this class of organometallic corn pound^.^^ The 
reaction of the vinylidene complex (22) with N-methyl benzaldehyde imine gives the cationic cyclic car- 
bene complex (23) in 46% yield. The expected azacyclobutene-iron complex (30) was not observed and 
apparently very quickly reacts with a second equivalent of the imine. The p-lactam (24) could be ob- 
tained in good yield upon oxidation of the carbene complex (23) with iodosylbenzene. The same p-lac- 
tam could be obtained in a slightly different manner from the chromium metal acylate (25). Sequential 
treatment of this salt with tosyl chloride and then the same imine produced the carbene complex (26), 
which was oxidized in 97% yield to (24). There are two possible pathways for the sequence of events in 
the chromium case. Deprotonation of the product from the tosylation of (25) would give the anionic car- 
bene complex (28), which can undergo p-elimination to the vinylidene complex (27) or condense with 
the imine followed by subsequent ring closure to give the cyclic carbene complex (29). Preliminary ex- 
periments indicate that the latter is most likely. In either event, the chromium complex (29), like the iron 
analog (30), is apparently not stable with respect to reaction with a second equivalent of imine. 

The incorporation of the second equivalent of imine can be prevented in these reactions if a vinylidene 
complex, such as (31), is employed which is P,p-disubstituted. Under the optimized conditions indicated, 
the reaction of (31) with N-methyl benzaldehyde imine will provide the cycloadduct (32) in quite good 
yield. A rather unorthodox oxidation procedure (Bu4NN02, 6.5 kbar; 1 bar = 105 Pa) is required for the 
effective cleavage of the cationic complex (32) to the p-lactam (33). This reaction was shown to involve 
a two-step process, since the salt (37) could be isolated in 80% yield by column chromatography if the 
reaction was stopped shortly after the reaction mixture was brought to room temperature. The reaction 
with the cyclic thioimidate (34) indicates that vinylidene complexes can be useful in the synthesis of 
functionalized p-lactams in good yields with high stereoselectivity. 
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0E:Fe &Ph 
Ph3P 

Me 
(30) 

i, PhIO, CHzC12, 25 OC, 2 d; ii, TsCl, CHzC12, 25 OC, 10 min; iii, PhCH=NMe, 25 O C ,  8 h; 
iv, PhIO, CHZCI2, 25 OC, 4 d 

Scheme 4 

(35) 
8:l mixture of 
diastereomers 

(36) 
one diastereomer 

i, PhCH=NMe, ClCHzCHzCl, Amberlyst A21 resin, 25 OC, 1 h, reflux 2 h; 
ii, Bu4NNO2, CH2ClI, 6.5 kbar, 60 h; iii, (M), conditions in i; iv, PhIO, EtOH, 25 OC, 4 d 

Scheme 5 
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9.2.2.2 [3 + 21 Cycloadditions 

The only examples of [3 + 21 cycloadditions of carbene complexes are of diazoalkanes with alkynyl 
complexes.*s.16 The reactions of the chromium and tungsten propynyl complexes, (12a) and (12b), with 
trimethylsilyldiazomethane give high yields of the pyrazole carbene complexes (38). l5 The reaction of 
alkynyl complexes with diazomethane was first reported by Fischer, but with diazomethane the pyrazole 
complex (38) was not isolated. The carbene ligand was cleaved to give a nonorganometallic product with 
the less sterically hindered diazoalkane.16 The pyrazole complexes of the type (38) can be isolated from 
the reaction with diazomethane if conditions are carefully controlled but the yields are low, since carbene 
ligand cleavage can not be completely suppressed. The cycloaddition of a number of alkynyl carbene 
complexes with trimethylsilyldiazomethane and 3-diazopropene give good to excellent yields of py- 
razole complexes. Of particular advantage in these cycloadditions is the regioselectivity. The reaction of 
methyl tetrolate (41) with trimethylsilyldiazomethane gives approximately a 2: 1 mixture of the two 
possible cycloadducts, whereas both the chromium and tungsten complexes, (12a) and (12b), give a 
greater than 3OO:l selectivity for the cycloadduct (38). It was demonstrated that the pyrazole carbene 
complex (38) can be oxidized in high yield to the ester (39). From the point of view of regioselectivity 
and the relative rates of the reactions, alkynyl carbene complexes should prove to be useful as synthons 
for alkynyl esters in [3 + 21 cycloadditions. The reactions of other carbene complexes and other 1,3-di- 
poles have yet to be investigated. 

Other Transition Metal Associated Reactions 

i - (C0)sM q 
H - N .  / 

N M = Cr, 76% 
M = W, 87% 

(12a) M = Cr (38) 
(12b) M = W 

OMe 
MeO-0 / 

... 
111 

74% 

OMe 

M = Cr, 97% 
M = W, 78% 

(39) 
(39):(40) 5300:l 

OMe 
+ 

H - N .  / 
N 

(40) 65% 

i, Me3SiCHN2 , hexane, 25 "C, 2-4 h; ii, Ce(",),(NO,)z, Et20,25 OC, 30 min; 

Scheme 6 

iii, Me,SiCHNz, hexane, 69 OC, 5 d 

9.2.2.3 [4 + 21 Cycloadditions 

The most thoroughly studied pericyclic reaction of carbene complexes is the Diels-Alder reaction of 
a$-unsaturated complexes. The first examples were published in 1983 and since that time a number of 
other reports have appeared which together demonstrate that this reaction is a useful tool for the prepara- 
tion of highly functionalized carbene complexes and should have significant utility in organic syn- 
t h e ~ i s . l ~ - ~ ~  In the first study a comparison was made between the Diels-Alder reactions of the vinyl 
carbene complexes (42) and methyl acrylate with several 1,3-dienes.17 The reaction of the vinyl chro- 
mium carbene complex (42a) with isoprene occurs at room temperature in three hours, whereas its ester 
analog, methyl acrylate (43 ,  has been reported to react in seven months at this temperature. The rate en- 
hancement for the reaction of the carbene complex (42a) over methyl acrylate is 2 x 10" and associated 
with this rate enhancement is a significant increase in the regioselectivity. These enhanced rates and 
regioselectivities are comparable to those observed for the aluminum trichloride mediated Diels-Alder 
reaction of methyl acrylate and isoprene. Since carbene complexes can be easily oxidized to esters, this 
initial report pointed to the potential that vinyl carbene complexes could have as synthons for esters in 
the Diels-Alder reaction. 

The earliest studies examining the stereoselectivity of these reactions involved c y c l ~ p e n t a d i e n e ~ ~ * ~ ~ ~ ~ ~  
and among the examples in the literature is the reaction of the isopropenyl chromium complex (48a).18 
The reaction is rapid and gives the endo and ex0 adducts (49) and (51), as well as the chelated complex 
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(4%) M = Cr 
(42b) M = W 

OMe 
(43) 92% 

25 O C ,  7 months 

54% 

(45) 
OMe OMe 

(4) 70% (47) 30% 

Scheme 7 

(50) derived from the endo adduct. The assignment of stereochemistry was made on the basis of the ob- 
servation that the endo adduct (49) could be converted upon heating to the chelated complex (50), which 
in turn was characterized by X-ray diffraction. The stereoselectivity of this reaction thus is in favor of the 
endo adduct, but only by a small amount (60:40).19 The reaction of methyl methacrylate with cyclopenta- 
diene is also not stereoselective and in fact gives a small preference for the ex0 adduct. The Lewis acid 
mediated reaction of methyl methacrylate with cyclopentadiene, interestingly, also gives a 60:40 mixture 
of endo to exo. 

(49) 40% (50) 20% (51) 40% 

The stereospecificity of the reactions of the trans- and cis-propenyl complexes (52b) and (55) with 
cyclopentadiene has been investigated.m The frans-propenyl complex (52b) affords the endo and ex0 
adducts as a 90: 10 mixture, in which the trans stereochemistry present in the carbene complex is com- 
pletely retained in both cycloadducts. As a point of comparison, the reaction of trans-methyl crotonate 
with cyclopentadiene gives a 54:46 endo:exo ratio in the thermal reaction and a 93:7 ratio in the alumi- 
num chloride mediated reaction. The stereospecificity of these reactions was established when it was 
found that the cis-propenyl carbene complex (55) was found to give the cis-derived endo and ex0 adducts 
(56) and (57) in an 84: 16 ratio. Thus, no evidence for stereochemical crossover could be found in the re- 
actions of (52b) or (55) in their reactions with cyclopentadiene. 

(55) 

25 OC, 2 h - &  
+ &  t W(CO)5 

Me0 A W(CO)5 
0 87% 

(53) 90% (54) 10% 

MeOAW(CO)5 
(56) 84% (57) 16% 

1 Scheme8 
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The reaction of the unsubstituted vinyl tungsten complex (42b) was found to be completely ex0 selec- 
tive in its cycloaddition with the diene (58).21 The reaction of this same diene with methyl acrylate also 
occurred with exclusive ex0 addition giving the adduct (a), but at a significantly lower rate. The stere- 
ochemistry of the carbene complex cycloadduct (59) was confirmed by oxidation with DMSO, which 
gave the ester (60) which was identical with the adduct obtained from the reaction of diene (58) with 
methyl acrylate. It was interesting to observe that, despite the much greater reactivity of the carbene 
complex (42b) compared to methyl acrylate, the ex0 adduct was the only isomer isolated in each re- 
action. This is especially interesting in light of the increased endo selectivities observed for the carbene 
complexes over their ester analogs in cycloaddition with the parent cyclopentadiene. 

n w f i e  OMe 

h i 

(59) 

i, (42b) M = W, PhH, 20 "C, 15 min; ii, DMSO, 25 "C, 58 h 

In the Diels-Alder reaction, the typical dienophile will display lower stereoselectivity with acyclic 
dienes than with cyclic dienes. This is the case for the reactions of both methyl crotonate and the prope- 
nyl tungsten complex (52b) with Danishefsky's diene (Scheme 9).20 Carbene complex (52b) gives a 
58:42 selectivity in favor of the ex0 adduct (66), while methyl crotonate gives a similar selectivity of 
66:34 in favor of the e m  adduct (63) (64 and 65 are both derived from elimination of methanol from the 
endo adduct). This example reveals that the Diels-Alder reactions of carbene complexes are viable with 
functionalized and highly electron rich dienes. Furthermore, although the reaction of the carbene com- 
plex (52b) with Danishefsky's diene is not stereoselective, it does occur with a much greater rate and ef- 
ficiency than that for the organic ester for which it can serve as synthon. 

OMe 

i-iii ~ : y  o ~ ~ ~ ~ ~ c o 2 M e  

>OMe 0 M e 0  + AosiMe3 30% 0 

(61) (62) (63) 66% (64) 17% (65) 17% 

i, toluene, 110 "C, 2 d; ii, 0.005 M HCl, THF, 25 "C, 1 h; iii, silica gel; iv, 25 "C, 2 min; 
v, silica gel, ether/hexane/CH,C12, 25 "C, 3.5 h 

Scheme 9 

The reaction of the propenyl tungsten complex (52b) with the trisubstituted trunsnans-diene (68) oc- 
curs with retention of the stereochemistry of both the diene and the dienophile.20 In this reaction the fa- 
cial selection at the 1,3-diene favors the formation of the exo adduct (69) by a factor of 4: 1. The reaction 
of the relatively unhindered tungsten complex (52b) gives high yields of Diels-Alder adducts with both 
of the electron rich dienes (68) and (62; Scheme 9) with no cyclopropane side products, which is to be 
contrasted with more highly substituted alkenyl chromium carbene complexes (Section 9.2.3.1. l).22*23 

The [4 + 21 cycloadditions of akynyl carbene complexes with 13-dienes have also been examined 
and, as illustrated by the examples in Scheme 10, they occur with the same increased rates that are ob- 
served for alkenyl complexes over their organic ester analogs.2"-26 The reaction of the propynyl chro- 
mium complex with cyclopentadiene occurs in 2 h at room temperature to give the cycloadduct (71) 
in 85% yield after purification by silica gel chr~matography.~~ On the other hand, the reaction of methyl 
tetrolate only gives a low yield of the cycloadduct (72) under relatively forcing conditions. A good yield 



Metal-Carbene Cycloadditions 1073 

oQ Me0 +o& Me0 
OSiMe3 i , i i  - (4) 

Et0 A O M e  86% OMe OMe 
>OMe + 

w(co)5 
Et0 W(CO)5 Et0 W(C0)s 

(52b) (68) (69) 80% (70) 20% 

i, PhH, 25 OC, 68 h; ii, silica gel, hexane/ether, 25 'C, 2.5 h 

of the analogous cycloadduct can be obtained with the more reactive tetrolyl chloride; however, the re- 
action is significantly slower than the reaction of the carbene complex (1%) and the cycloadduct is not 
stable to chromatography. There is clearly potential for alkynyl carbene complexes to serve as synthons 
for alkynyl esters in the Diels-Alder reaction. Additionally, as will be seen in Section 9.2.3.2.4, the cy- 
cloadducts from alkynyl carbene complexes and 13-dienes can be employed in various annulation re- 
actions. 

,OMe A 

170 'C, 1 h 

22% \\ . 

I 

Me0 3-0 

There are only two reports in the literature concerning the Diels-Alder reactions of carbene complexes 
where the diene is part of the carbene c ~ m p l e x . ~ ~ . * ~  The example in equation ( 5 )  illustrates the utility of 
the [2 + 21 cycloadditions discussed in Section 9.2.2.1. The [2 + 21 cycloaddition of the propynyl tung- 
sten complex (12b) and ethyl vinyl ether proceeds at room temperature; however, the subsequent electro- 
cyclic ring opening of the resulting cyclobutenyl carbene complexes occurs at a similar rate, and the 
initial cycloadduct is isolated in only a low yield (6%).1° The major product is the dienyl carbene com- 
plex (74a), which can be obtained in 40% yield, and this will react with a number of reactive dienophiles 
in Diels-Alder reactions. In the case of propargyl aldehyde, the initial cycloadduct eliminated ethanol 
and gave the aryl carbene complex (74b). Such an aryl complex bearing an aldehyde group would be 
rather difficult to prepare by the standard procedures. It is apparent that the ethoxy group in (74b), and 
not the electron-withdrawing carbene complex functionality, is controlling the regiochemistry. A 
possible explanation involves the preference for a conformer about the carbene-carbon to the carbon of 
the 2-position of the diene in which the electronic influence of the carbene complex functionality is not 
felt in the diene. 
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Both of the examples of intramolecular Diels-Alder reactions of carbene complexes involve the 1,3- 
diene tethered through the heteroatom ancilliary substituent of the carbene carbon.z*28 The example 
shown in Scheme 11 is the only example of a Diels-Alder reaction of an amino carbene complex.28 Al- 
kenylamino and alkynylamino complexes are inert to reaction under intermolecular conditions with very 
reactive dienophiles, such as cyclopentadiene and Danishefsky 's diene.28*29 The aminolysis of the meth- 
oxy complex (48b) with the amine (75) represents the most common method for the preparation of 
amino carbene complexes.'S2 It is typical that two isomeric amino carbene complexes are obtained by 
this procedure, and, as is the case for the complexes (76) and (77), it is also typical that these isomers 
about the carbene-nitrogen bond are not interconvertable, even at elevated temperatures. The (@-isomer 
(76) was separated and was found to undergo an intramolecular Diels-Alder reaction at 80 'C to give the 
interesting tricyclic carbene complex (78). 

H2Na -20 hexane, 'C, 3 h H ,p & - =Y + 
(CObW 

=$= (77) 55% 

<+  0 93% 

(COkW 

(48W (75) (76) 45% 

toluene, 80 "C, 24 h 68% I 
H 

(78) 
Scheme 11 

The final example is illustrative of another advantage that the Diels-Alder reactions of carbene com- 
plexes can offer. The Diels-Alder reaction of the a-silapyran (79) with methyl acrylate requires heating 
to 120 'C before a reaction e n ~ u e s . ~ ~ . * ~  The expected cycloadduct (80) was not observed and it is likely 
that this is due to a subsequent retro-Diels-Alder reaction involving extrusion of a silicon-oxygen 
double bond. This thermal limitation to this reaction can not be overcome by the typical approach to this 
kind of problem in conventional Diels-Alder technologies, that is the use of Lewis acids. The silapyran 
(79) is relatively sensitive and all attempts to effect its reaction with standard Lewis acids (AlCb, 
BFyOEt2, ZnC12) failed. Alkenyl carbene complexes, such as (42b), are relatively tolerant of sensitive 
organic functionalities and, at least in this case, tolerant of pathways that would be competitive to the 
Diels-Alder reaction, which then occurs at room temperature to give clean formation of the cycloadduct 
(81). 

(80) 
not observed 

(79) 

The Diels-Alder reactions have been examined for a number of alkenyl and alkynyl complexes with a 
dozen or so different dienes and the general observation is that they occur with rates, regio- and stereo- 
selectivities that are normally only associated with the Lewis acid mediated reactions of their corre- 
sponding organic esters. The Diels-Alder reaction of carbene complexes has been introduced more 
recently than other reactions of carbene complexes that have found applications in syntheses of various 
organic targets. Although the Diels-Alder reaction of carbene complexes has yet to be employed in natu- 
ral product synthesis, the special advantages that they offer suggests that this situation may change. 
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9.2.2.4 Ene Reactions and Sigmatropic Rearrangements 

Very few pericyclic reactions of carbene complexes have been studied that are not in the cycloaddition 
class. The two examples that are known involve ene reactions and Claisen rearrangements. Both of these 
reactions have been recently studied and thus future developments in this area are anticipated. Ene re- 
actions have been observed in the the reactions of alkynyl carbene complexes and enol ethers, where a 
competition can exist with [2 + 21 cycloadditions.ll Ene products are the major components from the re- 
action of silyl enol ethers and [2 + 21 cycloadducts are normally the exclusive products with alkyl enol 
ethers (Section 9.2.2.1). As indicated in equation (7), methyl cyclohexenyl ether gives the [2 + 21 adduct 
(Ma) as the major product along with a minor amount of the ene product (ma). The f-butyldimethylsilyl 
enol ether of cyclohexanone gives the ene product 9: 1 over the [2 + 21 cycloadduct. The reason for this 
effect of silicon is not known at this time but if the reaction is stepwise, this result is one that would be 
expected on the basis of the silicon-stabilizing effect on the p-oxonium ion. 

25 "C, 4-12 h 

90% R2 = Me 
96% R2 = SiMe2Bu' 

* 

(12b) (82a) R2 = Me (83a) 23% 
(83b) 90% (82b) R2 = SiMe2But 

OMe 

(84a) 77% 
(84b) 10% 

Cationic iron-carbene complexes were used as precursors in the Claisen rearrangement of the iron- 
substituted allyl vinyl ethers The carbene complexes were generated in situ from the correspond- 
ing iron-acyl complexes by deoxygenation to cationic vinylidene complexes, which were trapped by an 
allyl alcohol. The cationic iron-carbene complexes were not isolated, but were deprotonated directly to 
give the allyl vinyl ether complexes (86). The Claisen remangement of these complexes occurred in re- 
fluxing benzene to give the iron-acyl complexes (87). The yields were only modest, but they were deter- 
mined for the overall process involving four steps from the iron-acyl complexes that were the precursors 
to the carbene complexes (85). These Claisen rearrangements were found not to proceed with useful 
stereoselectivities. The complex (87b) was obtained as a complex mixture of diastereomers. These first 
examples of ene reactions and Claisen rearrangements of carbene complexes should stimulate further 
study of pericyclic reactions of the noncycloaddition type. - - 

PhH 
reflux 

KH, PhH, 0 o c  

18-crown-6 - 
L 

(851) R', R3 = H, R2 = Me 
(85b) R2 = H, R', R 3= Me 

OC bFe  

(87aIa 60% 

(87b).sb 34% 

R2 

*Yield from the iron acyl precursor of (85). bComplex mixture of diastereomers. 

9.2.25 Coupling of Anions of the Carbene Ligand with C-X aBonds 

The alkylation of carbene complexes is one of the potentially most useful methods for the preparation 
of highly substituted and/or highly functionalized carbene complexes via the elaboration of more simple 



1076 Other Transition Metal Associated Reactions 

and readily available carbene complexes. The high acidity of protons on a carbon OL to the carbene was 
first recognized by Kreiter in 1968.31 In the years to follow, it was the work of Casey that revealed the 
scope of the reactions of anions generated from alkyl carbene complexes with e l e~ t roph i l e s .~~*~  The PKa 
of the methyl complex (888)33*34 was found to be nearly equal to that of p-cyanophenol @Ka = 8) and it 
thus might be expected that the conjugate base (89) is a relatively stable and unreactive anion. The alky- 
lation of the anion (89) with methyl iodide is successful but is not synthetically useful, due to the low 
~ i e l d . 3 ~  Alkylation of (89) with other simple alkyl halides has not been reported. The reactions of the 
‘enolates’ of carbene complexes with epoxides is one that has found use in the preparation of substituted 
2-oxacyclopentylidene complexes of the type (93).35 These complexes can be oxidatively cleaved to y- 
butyrolactones and have been employed in the synthesis of cu-methylene-y-butyrolactones.36 The anions 
generated from the cyclic carbene complexes (93) are more reactive towards alkylating reagents than 
noncyclic alkyl complexes and this may be for stereoelectronic reasons. In the stoichiometric additions 
of carbene enolates to enones, the cyclic complex (93a) gives a 41% yield of the adduct (%), whereas 
the methyl complex (88a) is alkylated in only 22% yield.37 It is interesting that, in the presence of a cata- 
lytic amount of base, the reaction of (93a) with methyl vinyl ketone gives the bis adduct (97). As indi- 
cated by the reaction of 3-penten-2-one, the complex (93a) can be alkylated in good yield by a number of 
substituted enones. The efficiency of these alkylations is greatly increased with more active alkylating 
agents, but as illustrated for complex (88a) and methyl bromoacetate, dialkylation is usually a serious 
side reaction.38 

The cyclic carbene complex (93a) can be alkylated in good yield with allyl bromide, but again, signifi- 
cant dialkylation was reported.39 The tungsten complex, however, was reported to be alkylated with allyl 
bromide in good yield, and no dialkylation product was reported.40 The alkylation product (104) was 
used to prepare the complex (105) via a metathesis reaction with WOCL, and it was surprising to find 
that this could be carried out to any extent without affecting the tungsten-carbene bond. The dialkyation 
problem can often be avoided for chromium complexes using inverse addition of the reagents. The 
methyl chromium complex (88a) can be monoalkylated in good yield (72%) with allyl bromide if anion 
(89) is added to a solution of allyl bromide.41 The alkyations of alkyl(alkoxy) pentacarbonyl carbene 
complexes are not useful with simple alkyl halides and this is illustrated in the fact that even the more re- 
active anion derived from complex (93a) can only be alkylated with ethyl bromide in 20% 

The anions generated from tetracarbonyl@hosphine) carbene complexes are more reactive in their re- 
actions with organic ele~trophiles.4~ This is consistent with the observation that the PKa of the methyl 
pentacarbonyl complex (88a) is increased by six orders of magnitude when one of the carbon monoxide 
ligands is replaced with tributylphosphine. The anion generated from (106) will give good yields of alky- 
lated products with simple alkyl halides such as ethyl bromide; however, dialkylation is still a serious 
side reaction. It has been reported that both pentacarbonyl and tetracarbonyl(ph0sphine) complexes can 
be efficiently monoalkylated with alkyl triflates (primary and secondary). The anion (89) for example, 
can be monoalkyated with the 3-butenyl tiflate in 80% ~ i e l d . 4 ~  

The anions generated from alkylamino carbene complexes can be alkylated in high yields with simple 
alkyl halides without any detectable amount of dialkylation.44 This is illustrated for the methyl pyrro- 
lidine complex (109), which can be alkylated cleanly with ethyl bromide to give the monoalkylated prod- 
uct (110) in 87% yield. The methyl pyrrolidine complex (109) can be prepared in nearly quantitative 
yield quite simply by treating an ether solution of the methyl methoxy complex (88a) with pyrrolidine at 
room temperature for a few minutes. A few examples of diastereoselective alkylations are known. The 
O-alkylimidate carbene complex (112) can be alkylated with methyl tiflate to give a 93:7 mixture of 
(113) and (114), which are diastereomers as a result of the chiral axis about the aza-allenyl l id~age.4~ 
Other examples of diastereoselective alkylations will be presented in Section 9.2.2.7. 

9.2.2.6 Coupling of Anions of the Carbene Ligand with C-X T-Bonds 

The condensation of the anions generated from alkyl alkoxy pentacarbonyl carbene complexes with 
carbonyl compounds occurs with the formation of or,P-unsaturated carbene complexes of the type (117). 
This reaction was first explored by Casey and it was found that this reaction was limited to nonenolizable 
aldehydes.32 The reaction of the anion (89) with benzaldehyde gave the styryl complex (117) in 48% 
yield, and with pivaldehyde the corresponding unsaturated carbene complex was obtained in 26% yield. 
No reaction was observed with several ketones, including acetone, acetophenone, benzophenone and cy- 
clopentanone.46 Reactions with enolizable aldehydes, including butanal, diphenylacetaldehye and acetal- 
dehyde, also failed.& Recently a modification of this reaction was reported that does not require the 
stoichiometric generation of the anion (89).“7 The complex (88c) was observed to give the unsaturated 
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(88a) R' = H 
(91) R' = Me 

R' 
(93) (94) 

(c0)5cr=9 

, i, Bu"Li (1 .O equiv.), THF, -78 OC; ii, Me1 (1.0 equiv.), -78 to 0 "C, 30 min; 
iii, methyl vinyl ketone (1.5 equiv.), 0 OC, 2 h; iv, Bu"Li (1 .O equiv.), THF, -78 to 0 OC; 

v, (94) (1.5 equiv.), 0 "C, 0.5-2 h; vi, truns-3-penten-2-one, 25 "C, 2 h; 
vii, Bu"Li (0.1 equiv.), THF, -78 OC; viii, methyl bromoacetate ( 1  .O equiv.), 0 "C, 1 h 

Scheme 12 

complexes (117) with the aldehyde (115) in the presence of triethylamine and trimethylsilyl chloride. 
The reaction was reported only for nonenolizable aldehydes. The aldol adducts are not isolable from 
these reactions and, apparently, the initial adduct (116) undergoes proton transfer from the more acidic 
methylene group (Y to the carbene carbon, and the resulting anion suffers rapid p-elmination of the hy- 
droxy group. 

The isolation of the initial aldol products from the condensation of the 'enolates' of carbene complexes 
and carbonyl compounds is possible if the carbonyl compound is pretreated with a Lewis acid?8 As indi- 
cated in equation (9), the scope of the aldol reaction can also be extended to ketones and enolizable alde- 
hydes by this procedure. The condensations with ketones were most successful when boron trifluoride 
etherate was employed, and for aldehydes, the Lewis acid of choice is titanium tetrachloride. The carbo- 
nyl compound is pretreated with a stoichiometric amount of the Lewis acid and to this is added a solution 
of the anion generated from the carbene complex. An excess of the carbonyl-Lewis acid complex (2-10 
equiv.) is employed; however, above 2 equiv. only small improvements in the overall yield are realized. 
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(co)scr+  - i, ii ( c o ) s c r a  - i, iii (C""f ( c o q  

(100) (934 (101) 60% (102) 40% 

( c o ) s w \  OMe 

20% 67% 

Et 

i;;: ( co)sw& ,r, ( c o ) s w b  OMe - ___) 

- 
(103)\ ( 1 W  (105) 

i, Bu"Li (1 .O equiv.), THF, -78 "C; ii, EtBr (1.3 equiv.) 67 "C, 45 min; 
iii, allyl bromide (1.0 equiv.), 0 "C, 12 h; iv, Bu"Li (1.0 equiv.), THF, do "C; 

v, WOCI, (1 equiv.), Ph2SiH2 (2 equiv.), hexane, 60 "C, 2 h 

Scheme 13 

OTf 
OMe -78 O C ,  20 min 

8W0 
(CO)SCr 5 - 1 (co),cr 71 

(88a) (89) 

i, Bu"Li (1.0 equiv.), THF, -78 "C; ii, EtBr (3 equiv.), 22 "C, 10 h 

Scheme 14 

- __..) i, iii 0 
( c o ) s c r L  

76% 

i, ii 

(CO15Cr + 87% (CO)sCr< 
R 

(110) (109) (111) 

(COkCr --.,~ (CO)sCr ---..s 7 IPh N + N 
__c 

)"" OMe 

(CO)SCr TPh i, iv 

73% N 

Ph Ph Ph 
(112) (113) 93% (114) 7% 

i, Bu"Li (1.0 equiv.), THF, -78 "C; ii, EtBr (2.0 equiv.). 0 "C, 40 min; 
iii, I-iodo-3-pentyne (2.0 equiv.), 0 "C, 1 h; iv, methyl txiflate, 0 "C, 40 min 

)~~~~ OMe )""OMe 

Scheme 15 
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OMe ii 
OMe 

OMe + AH - 1 ( c o ) 5 c r q - ]  (C0)5Cr< - 1 (co)5cr< J R 

(ma) (89) (115) (116) 

R = P h  48% 
R = Bu' 26% 1 

(co)5cr=( OEt + R JH iii ~ (co)5cr< 

R = Ph, 68-8096 
(88~)  (115) (117) 

i, Bu"Li, Et20, -78 "C; ii, -78 to 25 OC, 2 h; 
iii, (115) (1.0 equiv.), Et3N (4 equiv.), Me3SiC1 (3.0 equiv.) 25 OC, 1-14 d 

Scheme 16 

The aldol adduct (120) is obtained in 59% yield with 2 equiv. of the carbonyl-lewis acid complex and in 
67% with 10 equiv. 

(9)  
i, ii 0 iii, iv 

59% 
c_ - 

FY 
56% R' ,A R2 'b (119) (120) 

(C0)5Cr 

(118) 

i, BF3*Et20 (1.0 equiv.), Et20,O OC; ii, (89) (0.1 equiv.), &25 OC, 20-30 min; 
iii, TiC14 (1.0 equiv.), CH2C12, -78 OC; iv, (89) (0.5 equiv.), -78 OC, 1 h 

The condensation of the a-anions of carbene complexes with acid halides cannot be stopped at the 
monoacylated prod~ct.4~ The reaction of the anion generated from the tungsten complex (88b) with ace- 
tyl chloride gives a 2:l mixture of the enol acetate complexes (121) and (122) along with recovered 
(88b). The initially formed P-keto carbene complex (124) was not isolated, and apparently acetyl 
chloride more rapidly 0-acylates (124) than C-acylates the enolate of (88b); the reason for this may be 
due to rapid proton transfer from (124) to the anion of (88b). The related complexes of the type (123) can 
be prepared in high yield from the reaction of the anion of (88a) with electrophiles generated from the 
treatment of orthoesters with Lewis acidsP8 This type of product can also be obtained from acetals that 
have been pretreated with Lewis acids48 and from alkyl enol ethers in the presence of trifluoroacetic 
acid.50 The reaction of carbene complexes with Nfl-dimethylformamide dialkyl acetals has recently 
been reported to give P-aminoalkenyl complexes of the type (126):l Complexes of the type (126) can 
only be prepared from the methyl complex (88a), and unexplainedly, the ethyl complex (91a) gives the 
dimethoxy complex (125). 

The stereochemistry of the aldol reaction has been examined with regard to simple diastereoselective 
The anion generated from the ethyl carbene complex (91a) was added to a solution of ben- 

zaldehyde that had been pretreated with titanium tetrachloride and the resulting aldol adduct was ob- 
tained as an 86:14 mixture of diastereomers in favor of the u-isomer. This example demonstrates that 
carbene complexes could have value as synthons for esters in the aldol reaction since the corresponding 
aldol reaction of methyl propionate with benzaldehyde is nonselective and gives a 62:38 mixture (in 
favor of the 1-isomer) of the P-hydroxy esters (128). That carbene complexes could be synthons for es- 
ters was established by the fact that the purified u-isomer of the carbene complex (127) could be ox- 
idized in 73% yield to the ester (128), in which the stereochemistry was completely retained (>99.4% 
diastereomeric purity)."8 That the stereochemistry could have been lost during this oxidation was of 
some prior concern given the high acidity of carbene complexes. The origin of the stereoselectivity in the 
reaction in equation (10) is not known, since the stereochemistry of the 'enolate' generated from (91a) is 
not known under the reaction conditions. 
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\ 
(121) 67% OAc (122) 33% 

OMe (123) 

V OMe V - OMe 

OMe R I = M e  R ~ = H  
( C 0 1 5 c r q  (co)5cr<RI 

NMez 
(126) 

78% (Ma) R' = H 
(91a) R' = Me 

50% (125) 

i, Bu"Li, THF, -20 "C; ii, AcCl(2.2 equiv), 5 min; iii, Bu"Li, Et20, -78 OC; 
iv, addition to a CHzClz solution of MeC(OMe)3-TiC14 complex (10 equiv.), -78 to 0 "C; 

v, (Me0)2CHNMe2 (1 .O equiv.), DMF, 20 "C, 30 min 

Scheme 17 

OMe i, ii (CO),Cr OH (CO)@ OH 

(C015Cr =( Et 
__c 55% M e O v P h  + M e O v P h  (lo) 

(914 ~-(127) 86% 1-(127) 14% 

i, Bu"Li, Et20, -78 "C; 
ii, addition to a CH2Cl2 solution of benzaldehyde-TiCl, complex (2.0 equiv.), -78 OC, 1 h 

0 OH 

M e O v  Ph 

u-(lzs) 

The aldol reactions of amino carbene complexes are superior to the aldol reactions of alkoxy carbene 
complexes in several respects.52 First, the condensations of the anions generated from alkyl amino car- 
bene complexes can be carried out with both aldehydes and ketones without the need to precoordinate 
the carbonyl compound with a Lewis acid. Second, high yields of the aldol adducts can be obtained even 
with stoichiometric amounts of the carbonyl compound. Third, as illustrated in Scheme 18, it has been 
found that aldol reactions of amino carbene complexes display much higher diastereofacial selective ad- 
dition to chiral aldehydes than do alkoxy complexes. The anion of the methyl pymolidine complex (109) 
will add to 2-phenylpropanal to give the Cram product 14113) with greater than 97:3 stereoselectivity. 
This is the highest facial selection ever observed for the addition of an enolate of a carbonyl compound 
to this aldehyde. Employing the carbonylative demetallation procedure developed by Hegedus (Section 
9.2.2.8),53 the aldol adduct 1-(115) can be converted to the 2-amino-ybutyrolactone (117) with reason- 
able stereoselectivity. These results should prompt further examination of the utility of carbene com- 
plexes in stereoselective aldol reactions. 
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Complex XR 
(88a) OMe 

Ratio 1x1 Yield of (113) 
89:ll (113a) 59% 

(Sa)  XR = OMe 
(109) XR = N(CH2)4 

0 0 0 

---L 

Ph 

Ph Ph 
1-(115) (116) (117) 89% (118) 11% 

i, for (Sa)  the anion of (88a) is added to a CH2C12 solution of a TiC14 complex with (112) (2.0 equiv.), 
-78 "C, 1 h; ii, for (109), (112) (2.0 equiv.) is added to a THF solution of the anion of (109). 

-78 OC, 10 min; iii, MeCN, hv, 4 h 

Scheme 18 

93.2.7 Michael Additions to a,&Unsaturated Carbene Complexes 

Conjugate additions to cr,P-unsaturated carbene complexes have not been extensively studied; how- 
ever, from the few reports that have appeared in the literature one can get a brief sense of the scope, limi- 
tations and special features of these reactions that may ultimately find application in synthetic organic 
chemistry. One of the earliest examples involves the addition of amines to alkynyl carbene complexes.s4 
The example in Scheme 19 is particularly interesting because complete control between 1,4- versus 1.2- 
addition can be exercised simply by proper choice of reaction temperature. The complex (119) suffers 
exclusive 1,2-addition with dimethylamine at -90 'C and exclusive 1,4-addition at -20 'C. The 1,2-ad- 
duct (120) will further react with dimethylamine, but the 1A-adduct (122) will not. This example demon- 
strates the importance of being attentive to reaction conditions when preparing amino carbene 
complexes, such as the alkynyl complex (120), or the alkenyl complex (76) in Scheme 11. 

NMe2 (co,wq 
ii (co)sw< - ,& (co)sw\ - 50% 

NMe2 

(121) 
Ph 

(120) 
Ph 

(119) 

% iii 
91% 

i, "Me2 (8 equiv.), EtzO, -80 OC, 1 h; ii, "Me2 (8 equiv.), Et20, 20 "C, 1 h; 
iii, " M e 2  (10 equiv.), Et20, -20 OC, 1 h 

Scheme 19 

One of the first studies directed to carbon-carbon bond formation via Michael addition to a,p-unsatu- 
rated carbene complexes involved the examination of the traditional reagent for this purpose in organic 
systems. The reactions of the styryl complex (123) with phenyllithium and diphenyl cuprate were com- 



1082 Other Transition Metal Associated Reactions 

pared as indicated in Scheme 20, but neither were particularly efficient.ss As would be the case in or- 
ganic systems, the cuprate gave higher proportions of 1.4-addition than the organolithium reagent. In ad- 
dition to the expected 1P-qdduct (124), two nonorganometallic products were also formed. The enol 
ether (125) most likely results from y-protonation of the initial 1,Zadduct (128). The enol ether (126) is 
likely a 1P-addition derived product resulting from the protonation of 'enolate' (127) on the metal rather 
than on carbon, and subsequent reductive elimination from the resulting metal hydride intermediate. 

OMe EtzO, -78 "C OMe OMe 
10-15 rnin - ( C o ) @ ~  + Ph< + qph 

Ph Ph Ph Ph 
(123) (124) 

Reagent Total yield (%) 
PhLi 26 35% 

Ph2CuLi-PBu3 44 65 % 
65% 0% 
13% 22% 

Scheme 20 

Greater success in Michael additions with carbon nucleophiles was achieved with ketone en01ates.~~ 
The enolate of isobutyrophenone will undergo 1,caddition to the isobutenyl carbene complex (131) in 
71% yield and the enolate of cyclopentanone will react with the same carbene complex to give the Mi- 
chael adduct (133) in 82% yield. Cleavage of the carbene ligand in (133) with diazomethane generates 
the homologated enol ether (134), which upon purification on silica gel gives rise to the diketone (138) 
and the aldol closed product (137) in a total of 65% yield. Alternatively, base-induced cleavage of the 
metal from the Michael adduct (133) with pyridine gives the (a-enol ether (136) in 82% yield. Hydrol- 

OAc - iii, iv 
OMe - W O M e  

0 
1 82% 165% 

0 

c-- 

56% 

(137) 34% (138) 66% 

i, KOBu' (1.0 equiv.), THF, 0 "C, 15 min; ii, addition to (131) (1.0 equiv.), THF, -78 "C, 40 min; 
iii, MeLi, THF, 15 min, -78 OC; iv, addition to (131), (0.88 equiv.), -78 "C, 5 min; v, CH2N2 (excess), 

PhH, 25 "C, 30 min; vi, silica gel; vii, pyridine (12 equiv.), heptane, 100 "C, 14 h; viii, 2M HCl 

Scheme 21 
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ysis of (136) gives the intramolecular aldol product as a mixture of diastereomers. In addition to the high 
efficiency of the Michael addition of ketone enolates to a@-unsaturated carbene complexes is the degree 
of steric congestion tolerated by these condensations as illustrated in the formation of (130). The addition 
of an enolate to an a$-unsaturated carbonyl compound with the generation of two adjacent quaternary 
centers has not been accomplished in the all-carbon case. 

In line with the observed greater propensity of softer nucleophiles to Michael add to a,&unsaturated 
carbene complexes, the ‘enolates’ of carbene complexes undergo very facile conjugate additions to a#- 
unsaturated carbene complexes. This type of reaction was observed early on?6 but a recent report more 
clearly defines its potential. Two of the twelve examples from the work of Macomber are included in 
Scheme 2ZS7 The condensation of the ‘enolate’ of the ethyl complex (139) with the isopropenyl complex 
(141) occurs in a highly stereoselective fashion to give only the meso adduct (140) in 58% yield. The for- 
mation of the adduct (143) illustrates that the Michael addition can be coupled with alkyation of the enol- 
ate resulting from the conjugate addition. The alkylation step with allyl bromide in the formation of 
(143) occurs stereoselectively with approach of the alkylating agent from the least-hindered side of the 
enolate. The adducts in these reactions are bis-carbene complexes and a unique opportunity provided by 
these complexes is an approach to five-membered ring synthesis. Thermolysis of adduct (145) gives the 
1,2dimethoxycyclopentene (146) in 90% yield. The parent 1,2-dimethoxycyclopentene is apparently an 
unknown compound and the Michael additions of carbene complexes clearly provides a facile entry to 
functionalized systems of this class. The dimerization of carbene complexes to give alkenes has long 
been known for intermolecular reactions,’** but they occur with lower yields than that observed from the 
thermolysis of (145), which is the first example of an intramolecular dimerization. 

\ 

Bun 74% 

OMe 

” I  

i ,  Bu”Li, THF, -78 OC; ii, (141) (1.0 equiv.), -78 “C, 1 h; iii, Me,SiCl(l.O equiv.), -78 to 25 “C; 
iv, (144) (1.0 equiv.), -78 “C, 1 h; v, allyl bromide (1.0 equiv.), -78 to 25 OC; vi, PhH, 75 O C ,  3 h 

Scheme 22 

9.2.2.8 Nucleophilic Substitutions at and Cleavage of the Carbene Ligand 

There is a very large number of reactions of carbene complexes that result in cleavage of the carbene 
ligand from the metal. These reactions are too numerous to include in this review and have been thor- 
oughly treated in other reviews on the chemistry of carbene complexes.’** Nucleophilic substitution re- 
actions are an important class of reactions for the preparation of carbene complexes. This general 
reaction is indicated in equation (11) by the transformation of (147) to (149) and is most important for 
heteroatom nucleophiles, most typical being nitrogen, sulfur and oxygen. Examples of substitution of an 
alkoxy group for an amino group can be found in Schemes 11 and 19. Other nucleophiles of synthetic 
importance in substitution reactions include hydride and aryllithiums. 

In most reactions involving addition of a reagent to the carbene carbon the outcome is liberation of the 
carbene ligand in the general process indicated by (147) to (148) in equation (1  1). Reactions of this type 
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are of course of key importance in the use of carbene complexes as surrogates for organic functional 
groups in the reactions described in this section (Section 9.2.2), where the advantages of the metal as re- 
activity and selectivity auxilliary can be exploited. Examples of this type will not be included here, but 
can be found in the oxidative cleavages in Schemes 2,4-6 and equation (3), in the diazomethane cleav- 
age in Scheme 21, and in the pyridine cleavage in Scheme 21. Depending on the nature of the cleavage 
reaction, carbene complexes not only can serve as synthons for organic esters (their closest organic ana- 
logs), but also for a variety of other organic functional groups, including ketones, aldehydes, enol ethers, 
alkyl ethers, allenes and 1,3-diene~.'**5~ 

One new method that has been reported recently will be mentioned since it has significant potential in 
organic synthesis. Hegedus has reported that the carbene ligand can be carbonylatively liberated upon 
photolysis with UV radiation.53 Irradiation of the methoxy complex (la) in the presence of methanol 
generated the a-methoxy ester (152) in 69% yield. With the development of this new method for ligand 
liberation, carbene complexes can serve as alkoxy- and amino-ketene synthons. This reaction most likely 
involves the generation of either a free or coordinated ketene and, as illustrated in the photolysis of the 
optically active complex (150), the ketene intermediate can also be trapped in an intramolecular fashion. 
Significant asymmetric induction in this intramolecular trapping was observed since the lactone (154) 
was produced 9:l over its diastereomer (155). Since lactones of the type (154) can be cleaved to amino 
acids, this should have potential in the synthesis of optically active a-amino acids. An additional 
example of the utility of this method for removing the metal can be found in Scheme 18. 

hv, MeCN 

1 

I 
r 
I H 

___) 

84% 
H' 

Ph Ph 
(154) 90% (155) 10% 

Scheme 23 

9.23 REACTIONS AT THE METAL CENTER: CYCLOADDITIONS IN THE 
COORDINATION SPHERE 

9.23.1 Coupling of the Carbene Ligand with Alkenes and 13-Dienes 

933.1.1 Three-membered rings via 12 + I ]  cycloaddilions: cyclopropanes 

One of the first reactions of carbene complexes to be investigated after their discovery was the cyclo- 
propanation of alkenes. This reaction has been extensively studied and will only be briefly surveyed 
here. Two excellent reviews of this subject have appeared,59-60 and the cyclopropanation of alkenes with 
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carbene complexes is covered in Volume 4, Chapter 4.8 of this work. The investigation of this reaction 
has been driven not only by potential synthetic applications, but also due to the relationship of this re- 
action to alkene metathesis. The first examples, reported by Fischer and Ntz, showed that good to 
moderate yields of cyclopropanes could be obtained from the reaction of aryl carbene complexes with 
both e1ecton-rich6l and electron-deficient alkenes?2 In the case of the former, good yields of cyclopro- 
panes could be obtained only if the reaction was carried out under pressure of carbon monoxide. The re- 
actions were not particularly stereoselective as illustrated by the formation of (157) and (158) in a 3:l 
ratio under 100 atm (1 atm = 101 P a )  of carbon monoxide in a total of 61% yield. Recently, it has been 
reported that higher yields and stereoselectivities could be achieved with silyl enol ethers.63 An unacti- 
vated alkene such as tetramethylethylene could not be cyclopropanated even under forcing conditions.64 
The fact that good yields of cyclopropanes could be obtained with both electron-rich and electrondefi- 
cient alkenes, but not simple alkenes, suggests that the two reactions in Scheme 24 operate with different 
mechanisms. 

p h ~ o M e  + OMe 

Ph ''%oEt "%oEt Ph 
+ +OMe 

,,+' OEt (co)~c~+ + - 
(la) (156) (157) (158) (159) 

i, neat, 33 "C, 3 h 46 - - 100% 
ii, neat, 50 "C, 65 h 61 76% 24% - 

Conditions Total yield (%) 

100 atm CO 

neat, 90 'C 

- y;02Me OMe 3 h  

Ph 60% 

(la) (160) (161) 29% (162) 71% 
Scheme 24 

Unactivated alkenes can be cyclopropanated if more electrophilic carbene complexes are employed or 
if the cyclopropanation is carried out in an intramolecular fashion. As an example of the former ap- 
proach, Casey prepared the highly reactive benzylidene complex (164) in situ and found that it will effi- 
ciently cyclopropanate most unactivated alkenes. This is illustrated in Scheme 25 by its reaction with 
l-methylcyclopentene.65 It has since been found that the complex (164) could be isolated and can be 

(167) 89% (168) 11% 

V Q 0 J L  
53% p-MeC6H4\'"" 

(co)5w 3 
C6H4Me-p 

(165) (166) 

i, HB(O*I3, THF, (1.5-2.2 equiv.), 0 "C; ii, 1 M NaOH iii. Et4NBr (3 equiv.); iv, 1-methylcyclopentene 
(excess), CF3C02H (3 equiv.), CH2C12, -78 "C, 40 min, -78 to 25 "C; v, PhH, 70 "C, 13 h 

Scheme 25 
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handled in the solid form.% A number of intramolecular cyclopropanations related to the example shown 
in Scheme 25 have been examined, mainly as a probe for mechanistic issues, nonetheless, given the ease 
of preparation of coqpounds of the type (165) this could be a useful synthetic method.6749 

Efficient cyclopropanations of unactivated alkenes can also be achieved with cationic cyclopentadie- 
nyliron-carbene complexes and this area has been developed by Brookhart,7° Casey7' and H e l q ~ i s t . ~ ~  Al- 
kylation of the a-thioalkyl iron complex (169) generates the cationic carbene complex (170), which is 
not observed, but presumably very rapidly cyclopropanates the unactivated alkene to give the tricyclic 
compound (171) as a single diastere~mer.~~ Optically active cyclopropanes can be obtained by asym- 
metric induction from the iron center by employing carbene complex precursors of the type (172), in 
which the iron center was resolved with the aid of a chiral phosphine ligand in place of one of the two 
carbon monoxide ligands." The carbene complex (173) was generated in the presence of styrene and 
very rapidly led to the formation of the cyclopropanes (174) and (175). This reaction was not particularly 
selective with regard to the formation of diastereomers, but each was formed with reasonably high opti- 
cal punty. 

m , , : p J  oc' 

SPh 
(169) 

R*PhzP 1 i 1 1  Fe 

(172) 98% ee 
R* = (S)-Zmethylbutyl 

L 

r 

(173) (174) 22% (175) 78% 
84% ee 88% ee 

i, (Me0)3CBF4 (1.25 equiv.), CHzC12, 25 "C, 12 h; 
ii, styrene (8 equiv.), Me3SiOTf (1 equiv.), Et,N (0.05 equiv.), CHzC12, -78 to 25 OC 

Scheme 26 

In a recent development, it has been found that the c yclopropanations of electron-deficient alkenes 
with heteroatom-stabilized complexes, such as (la), need not be carried out with the alkene as solvent 
(as are the reactions in Scheme 24), but in fact better yields are obtained if the reaction is performed stoi- 
chiometrically in ~yc lohexane .7~~~~  A variety of different electron-deficient alkenes were examined in- 
cluding the dienyl ester (176) which gave a 4: 1 mixture of diastereomers in 70% total yield. This report 
should stimulate a reconsideration of the potential of these reactions for synthetic organic applications. 

(la) (176) 1 equiv. (177) 80% (178) 20% 

The cyclopropanation reaction has been extended to electron-rich dienes with the recent report of the 
reactions shown in Scheme 27.22 The carbene complex in this reaction was the cyclohexenyl chromium 
complex (179a) and the resulting products from its reaction with the diene (180) were found to be the 
trans-divinylcyclopropane (181) and the seven-membered dienol ether (183). The latter presumably re- 
sults from the Cope rearrangement of the initially formed cis-divinylcyclopropane (182) and the stere- 
oselectivity of the cyclopropanation is 1.7: 1.0. The trans-divinylcyclopropane (181) can thermally be 
converted to the same diastereomer (183) and thus this tandem cyclopropanation-cope sequence should 
have potential for the construction of highly functionalized seven-membered rings. Although the reasons 
for it are unknown at this time, it was observed that the analogous reaction of the tungsten complex 
(179b) did not give cyclopropanation products, but rather the Diels-Alder adduct (184). 
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25 "C, 4 d 
PhH 
M = W. 34% 

&OM. 
+ Bu1Me2sioY 

OMe 

PhH 
25 OC, 2 d 

M-Cr 
63 % 

- FoMe 'OSiBu'Mez 

0 
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OSiBdMez 

%OM] 

J 

(181) (182) 
(181):(183) = 1.7: 1 .O 

90°C,3h\' / 
Me<! 

l 

(181) COS% a OSiBu'Mez 

H Z  
OMe 

(183) 
Scheme 27 

9.2.3.1.2 Four-membered rings via [2 + 1 + 11 cycloadditions: cyclobutanones 

In a recent publication in 1989, Sierra and Hegedus reported that cyclobutanones can be obtained from 
the photolysis of Fischer carbene complexes in the presence of alkenes.77 The cyclobutanones are pro- 
duced as a single diastereomer and a single regioisomer in high yields. A few of the examples from this 
report are presented in Scheme 28. Electron-rich alkenes give high yields of cyclobutanones as a single 
regioisomer, unactivated alkenes also work well and react with retention of stereochemistry, as illus- 
trated in the case of cis-Zbutene. The yield with styrene falls off, and electron-deficient alkenes such as 
methyl acrylate and acrylonitrile fail. The intramolecular reaction of the carbene complex (186) is most 
successful if the reaction is carried out under an atmosphere of carbon monoxide. The first step of this re- 
action is thought to involve a photo-induced insertion of carbon monoxide to give the ketene complex 
(188). It is suspected that the cyclobutanones are a result of the reaction of the ketene complex (188) 
with the alkenes rather than the result of a [2 + 21 cycloaddition of the alkene with a metal-free ketene, 
but at this time this issue cannot be resolved. This method for the generation of cyclobutanones is clearly 
superior in terms of yields and reaction conditions to the traditional [2 + 21 cycloaddition of alkenes and 
alkoxyketenes generated from acid halides. 

(186) (187) (188) 

i, hv, MeCN, 15 h, 25 "C; ii, same as i except the reaction was carried out under CO 

Scheme 28 
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9.23.13 Coupling leading to acyclic products 

The reaction of carbene complexes with alkenes generally leads to cyclopropane formation or to meta- 
thesis; however, in the reactions of the iron carbene complexes (189) with alkenes a new mode of re- 
activity was uncovered?* The reactions of (189) with a variety of alkenes lead to the acyclic coupling 
products (190) and (191). These products are thought to arise from a @-hydride elimination in the fer- 
racyclobutane intermediate (192) and a subsequent reductive elimination from the allyl complex (193), 
which can occur in either of two directions to give (190) or (191). The regiochemistry of the incorpora- 
tion of the alkene into the ferracyclobutane is independent of the nature of the alkene. The regioselectiv- 
ity in the formation of (192) is consistent with a steric consideration or with a two-step mechanism 
involving a diradical intermediate, but not a two-step mechanism involving a zwitterionic intermediate. 
The present view is that steric effects lead to the stereoselective formation of (192), since an alkene with 
a cyclopropyl substituent is converted to the coupling products (190) with the cyclopropyl ring intact. 

Ph 
(189) 

- EtoYx + 

OEt neat, 50 "C, 1 h 

55 psi CO 
(1  psi = 6895 Pa) 

7 
Ph Ph 

( C 0 ) 4 F e q  + X 

(190) (191) 

H '  
X 

(193) 

/ 
Yield % 

60 (0:lOO) 
OEt 76 (1OO:O) 

C02Me 61 (0:lOO) 
2-phenylcyclopropyl 61 (1OO:O) 

Scheme 29 

A similar type of reaction has been observed in the reactions of iron-carbene complexes with 1,3- 
dienes.79 In this case the direction of reductive elimination in the metal hydride intermediate correspond- 
ing to (193) is constrained to that which generates a conjugated 1,3-diene; however, two isomeric 
products are also obtained from this reaction which are epimers about the face of the diene to which the 
iron tricarbonyl group is attached. This reaction produces highly functionalized 1,3-dienyl complexes of 
iron in high yield under relatively mild conditions and will likely play a role in the development of the 

OEt i R2 &ph + R2* 

I I I I OEt 
( C O ) 4 F e q  + R2h - 

Ph I~!,IH 

(189) (CO)3Fe OEt ( C O ~ F ~  H 

R2 Yield (%) (194) endo (195) ex0 
H 68 75 25 

Me 90 67 33 
OMe 87 75 25 

i, hexane, 25 OC, 0.5-10 h; ii, HCIO,, Ac20, 0 "C; iii, diethyl sodiomalonate, 25 OC 

Scheme 30 
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chemistry of 1,3-dienyl complexes of iron. This is illustrated in Scheme 30 with the generation of the 
cationic q5-dienyl complex (197) by the treatment of (1%) with acid. Although the chemistry of cyclic 
q5-dienyl complexes of iron has been explored by a number of groups for two decades, the chemistry of 
acyclic complexes of the type (197) is essentially undeveloped. In one of the few examples of nucleo- 
philic addition to such complexes, the 1.3-dienyl complex (198) can be obtained in 81% yield from the 
addition of diethyl sodiomalonate to (197). 

933.2 Coupling of the Carbene Ligand with Alkynes 

9.2.33.1 Three-membered rings via [2 + 11 cycloadditions: cyclopropenes 

The reaction of alkenes with Fischer carbene complexes most typically leads to cyclopropane pro- 
ducts; however, the formation of a three-membered ring product from a reaction with an alkyne has been 
observed on only one occasion.80 The reaction of the cationic iron-carbene complex (199) with 2-butyne 
presumably leads to the formation of the cyclopropene (200), which was unstable with respect to hydride 
abstraction by the starting carbene complex and the ultimate product isolated from this reaction was the 
cyclopropenium salt (201) and the benzyl-iron complex (202). Cyclopropene products have never been 
observed from Group 6 carbene complexes despite the extensive investigations of these complexes with 
alkynes that have been carried out since the mid 1970s. 

9.2.3.2.2 Four-membered rings via [2 + 1 + I ]  cycloadditions: cyclobutenones 

The reactions of Group 6 carbene complexes with alkynes has been studied extensively since the mid 
1970s, and normally these reactions produce six-membered ring products, but in a dozen or so instances 
cyclobutenone products have been observed.81*82 In most cases cyclobutenones were minor products 
from these reactions, but in a few cases where circumstances were favorable they were the major prod- 
ucts of the reaction. Cyclobutenone formation is the result of the assembly of the pieces indicated diag- 
ramatically in (205). A mechanistic discussion of their formation will be deferred until Section 9.2.3.2.4 
The first report of a cyclobutenone was by D6tz who found that the reaction of the methyl complex (88a) 
with diphenylacetylene produced cyclobutenone (203) as an aryl chromium tricarbonyl complex (coordi- 
nated to one of the phenyl groups) in 27% yield.83 It was later found that the yield of (203) (as the metal- 
free cyclobutenone) could be increased to 70% if the reaction was carried out in the presence of 1 equiv. 
of tripheny1phosphinesM This reaction is not general, as it was found that cyclobutenones are not 
produced in this reaction with terminal alkynes or with internal alkynes, such as 3-hexyne, that are not 
as sterically encumbered as diphenylacetylene.M That sterically bulky substituents on the alkyne favor 
cyciobutenone formation can be seen in the example from the work of Yamashita of the reaction of com- 
plex (la) with ethyl r-butylpropynate, which gives (204) in 93% yield, whereas the same reaction with 
ethyl phenylpropynate does not give any cycl0butenone.8~ 

The formation of cyclobutenones is also affected by solvent and internal chelating groups, as indicated 
by the reactions in equation ( 14).86.87 As indicated by the first two reactions, cyclobutenone formation is 
favored in the more polar solvent. The third and fourth reactions indicate that cyclobutenone formation is 
also favored by the presence of an oxygen substituent that can chelate to the metal center during the re- 
action. These observations, however, are not general. For example, the quinone products (to be discussed 
in Section 9.2.3.2.4i) are formed in high yield from the reaction of complexes of the type (206, R = H 
and R = OMe) with terminal alkynes in both THF and acetonitrile. Although dependence of cyclobute- 
none formation on chelation in complexes of the type (206) is consistent with the observed effect of tri- 
phenylphosphine on the reaction of complex (la), the reaction of the (206, R = H) is unaffected by the 
presence of triphenylphosphine. At this point in time, the reactions of carbene complexes with alkynes 
cannot be employed as a general approach to the synthesis of cyclobutenones. 
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(la) (204) 

i, Bu",O, 70 "C, 1 h; ii, THF, 1 equiv. Ph3P, 80 O C ,  24 h; iii, THF, 65 "C, 6 h 

Scheme 31 

(206) 
R Solvent 
H T H F  
H MeCN 
o-OMe MeCN 
o-OBu' MeCN 

i ,  45 "C, 1-2 d 

ii, oxidant 
t 

Oxidant 
Ce'" 
Fe"' 
air 
Fe"' 

og:, - Et 

Et 
(207) 

Yield (%) 

c2 
23 
43 
23 

0 

(208) 
Yield (%) 

88 
38 
e2 
24 

9.2.3.2.3 Five-membered rings 

( i )  [3 + 21 Cycloadditions-cyclopentadienes and indenes 
In almost all situations the reactions of Fischer carbene complexes of chromium with alkynes lead to 

the formation of six-membered ring products, but on several occasions five-membered ring annulated 
products have been observed as minor products or as major products if the formation of six-membered 
rings is blocked.81 In an early report by Dotz, the reaction of the 2,6-dimethylphenyl complex (209) was 
observed to react with diphenylacetylene to give the complexed and uncomplexed indenes (210) and 
(211).88 This reaction is not general; if one or two of the methyl groups are removed from complex (209) 
only six-membered ring products are observed and these reactions will be discussed in Section 9.2.3.2.4i. 
These annulations occur with cyclization to the aryl substituent of the carbene carbon, the overall trans- 
formation is represented by the assembly of the pieces indicated diagramatically by structure (213), and a 
mechanistic consideration of this reaction will be presented in Section 9.2.3.2.4. 

While unsubstituted aryl complexes of chromium react with alkynes to give six-membered ring prod- 
ucts, the tungsten carbene complex (lb) was reported to react with diphenylacetylene to give the indene 
(212) in 90% yield.89 This reaction with tungsten complexes was reported to fail with terminal alkynes 
and sterically less encumbered disubstituted alkynes. This was attributed to competing polymerization of 
the alkyne, although this can be offset in many cases if the reactions are camed out at low concentra- 
t i o n ~ . ~ ~  It was reported that five-membered annulation is favored by polar coordinating  solvent^,^^>*^ and 
Yamashita found that carbene complexes bearing an amino ancilliary substituent, such as (214), undergo 
reactions with alkynes in DMF to exclusively give five-membered ring annulated products.91 This re- 
action is general for aryl complexes with both disubstituted and terminal alkynes; (216) is obtained from 
the reaction of (214) and l-hexyne in 95% yield. 

The five-membered annulation of amino complexes appears not to be general for alkenyl complexes. 
The reaction of the morpholino complex analogous to (217) with 3-hexyne in DMF gives a low yield 
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OMe 

+ @ Ph 

(211) 67% 

( C 0 ) ' C r b  + Et = Et - 96% iii @Et \ 

(214) (215) 
i, n-butyl ether, 100 O C ,  2 h; ii, toluene, 100 "C, 3 h; iii, DMF, 125 "C, 5 h 

Scheme 32 

Bun sx) 0 

(40%) of a mixture of compounds that has not yet been identified.g0 The reactions comparing the three 
Group 6 metals indicated in equation (15) include the first examples of the annulation of a molybdenum- 
carbene complex.w In contrast to the aryl tungsten complex (lb), the alkenyl tungsten complex (219) (as 
well as the chromium complex 217) gives only the six-membered ring annulated product (220) with 3- 
hexyne. The molybdenum complex (218), however, gives the five-membered ring annulated product 
(221) as the major product of the reaction. The enone (221) is the result of the acid hydrolysis of the 
primary product of the reaction, which is presumably the cyclopentadiene (222) or isomers thereof. This 
is the first example of the formation of a five-membered ring annulated product from the reaction of an 
alkenyl carbene complex and should stimulate further investigations of the chemistry of molybdenum- 
carbene complexes. 

(c0)5M% 

+ Et-Et 

OH 

i, THF, 25-90 "C 

ii, air, HOTS, 
* 

H,O/rHF 

WE: Et 

OMe 

*Et 

H O  
Complex M Yield (%) (220) (221) 
(217) Cr 73 >99% <1% 
(218) Mo 67 12% 88% 
(219) W 77 >98% <2% 
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(ii) [2 + 2 + I ]  Cycloadditions: furans 
As is the case with cyclobutenones and five-membered annulation products, furans are usually only 

observed as minor products in the reaction of chromium-carbene complexes and alkynes, and have only 
been observed in a few instances.*l One exception is the reaction of the ferrocenyl carbene complex 
(223) with diphenylacetylene for which the furan (224) was reported as the only productF2 The reactions 
of carbene complexes of other metals with alkynes have been more recently found to display higher se- 
lectivity for the formation of furan products. Iron amino carbene complexes of the type (225) will react 
with a variety of alkynes to give furans as either the major or exclusive product.93 The reaction of (225) 
with methyl tetrolate gives exclusively the aminofuran (226) as a single regioisomer. Other alkynes give 
varying amounts of pyrone and two-alkyne annulation products along with the furans. Cobalt-carbene 
complexes of the type (227) give exclusively furan products with all of the alkynes that were exam- 
ined.94 The furan nucleus is constructed from the pieces indicated diagramatically in (229) and the mech- 
anism will be briefly presented in Section 9.2.3.2.4i. The connectivity indicated in the assembly (229) 
was determined by two labeling experiments, and the reader is referred to the original report for a discus- 
sion of these experiments.g2 

OMe iii 

Ph 
Ph3Sn(CO)3C04 + Et = Et - 

(227) (228) 

i, Bun20, 80 OC, 4 h; ii, CICH2CH2CI, 60 "C, 1 h; iii, PhH, 50 "C, 6 h 

Scheme 33 

The high selectivity of the reaction of cobalt-carbene complexes with alkynes for furan products was 
taken advantage of in the synthesis of bovolide, a natural flavor constituent of butter.94 The carbene com- 
plex (230) was prepared in two steps from n-pentanal and was treated with 3 equiv. of 2-butyne. The 
crude reaction mixture, which presumably contained the furan (231), was treated directly with 3 equiv. 
of trimethylsilyl iodide to give bovolide in - 50% yield from carbene complex (230). 

OC, COOMe 
ii, 3 equiv. Me3SiI 

48-52% OMe Bun PhH, 50 OC, 4 d oc 
Pr" M e 0  Me0 

(230) (231) (232) Bovolide 
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933.2.4 Six-membered rings 

( i )  13 + 2 + I] Cycloadditions; benzannulation and cyclohexadienone annulation 
With the possible exception of the cyclopropanation of alkenes, the most thoroughly examined re- 

action of Fischer carbene complexes is that with alkynes. l 3  The reactions in this class that have been of 
most interest to date are those that lead to six-membered ring 4-alkoxyphenols of the general type (234). 
This reaction is a benzannulation, in which the newly formed benzene ring is generated in the coordina- 
tion sphere of the metal under neutral conditions at near ambient temperatures from the pieces indicated 
diagramatically in (235). This benzannulation reaction produces new benzene rings that have a 1,4-di- 
oxygen substitution pattern and it is for perhaps this reason that it is the most extensively applied re- 
action of carbene complexes in organic synthesis. 

Scheme 34 

A comprehensive treatment of the benzannulation of Fischer carbene complexes with alkynes is not 
possible in this review, and thus instead the material presented here will hopefully serve to give the 
reader an overview of its scope and limitations. The first report of this reaction was in 1975 by D6tz in 
which he describes the formation of the naphthol chromium tricarbonyl complex (236) from the reaction 
of the phenyl chromium complex (la) with diphenyla~etylene.~~ In the intervening years over 100 papers 
have been published describing various aspects of this The reaction of the generic carbene 
complex (233; Scheme 34) with alkynes will serve to focus the organization of the scope and limitations 
of the benzannulation reaction. The issues to be considered are: (i) the regioselectivity with unsymmetri- 
cal alkynes; (ii) possible mechanisms; (iii) applications in natural product syntheses; (iv) the effect of 
substitution on the aryl or alkenyl substituent of the carbene carbon; (v) functionality on the alkyne; (vi) 
effects of the solvent and the concentration of the alkyne; (vii) tandem applications with other reactions 
of carbene complexes; (viii) reactions where aromatization is blacked (cyclohexadienone annulation); 
(ix) annulation of aryl versus alkenyl carbene complexes; (x) the effect of the ligands L on the metal; (xi) 
the effect of the ancilliary substituent RX; and (xii) reactions with -C=X functionality. 

(a)  Regiochemistry of alkyne incorporation. All of the studies in the literature suggest that the regio- 
selectivity of the incorporation of an unsymmetrical alkyne is determined by the steric differences of the 
alkyne substituents and not by their electronic  difference^.^.^ The regioselectivity with unsymmetrical 
disubstituted alkynes is low for alkenyl complexes as well as for aryl complexes, as indicated by the the 
reaction of complex (la) with 2-pent~ne.9~ The major isomer is always that in which the sterically larger 
group is incorporated adjacent to the phenol functionality. This lack of regiacontrol for unsymmetrical 
disubstituted alkynes can be overcome in intramolecular annulations in which the alkyne is tethered to 
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the ancillary substituent RX (233; Scheme 34) and in this manner regioselective syntheses of 
deoxyfrenolicin (263)?E,1 l5 nanaomycin (264),9s.1 l5 angelicin (271)99 and sphondin (272)w were possible 
(Scheme 37). The benzannulations of both aryl and alkenyl complexes are highly regioselective with ter- 
minal alkynes and in the case of the reaction of (241) with 1 -pentyne this was greater than 250: 1 .3 

+ 
i, ii 

704 

- + - Et - 
Me0 OMe M e 0  OMe 

(la) (239) 68% (240) 32% 

+ pr"- - iii, iv *pp+ 

' Pr" 55% 

OMe OMe 
(242) >99.6% (243) <0.4% 

(c0)5crli (241) 

i, Bun20, 45 "C, 24 h; ii, Ce(N03)6(NH4)2, methanol, 25 "C, 30 min; 
iii, THF, 45 "C, 24 h; iv, FeC13-DMF, THF, 25 "C, 30 min 

Scheme 35 

(b)  Mechanistic considerations. A consideration of all of the mechanistic possibilities for all of the 
nine known structural typesE1 from the reactions of Fischer carbene complexes with alkynes is not pos- 
sible in this review.1d*3*s2*E7*1w The mechanistic possibilities presented in Scheme 36 are for the formation 
of the five-membered ring annulated product (25O),lo1 the benzannulated product (253), the two-alkyne- 
annulated product (258)lo2 and p01yalkyne.l~~ With regard to the mechanism for the formation of the six- 
membered benzannulated product (253) there are two mechanisms that have been proposed, neither of 
which can be ruled out on the basis of existing data. The kinetics of the reaction suggest that the first step 
is the dissociation of a carbon monoxide ligand to generate the unsaturated intermediate (245).lwa This 
step is thought to be the rate-limiting step in most situations and all subsequent steps are then fast, which 
is consistent with the fact that none of the intermediates indicated in Scheme 36 have been isolated from 
these reactions where M is chromium. The vinyl ketene complex (255) has been isolated when M is 
cobalt" and vinyl ketenes have been trappeds1 or isolated where the metal is displaced from the vinyl 
ketene functionality.E1 

The second step is proposed to involve the addition of the alkyne to give the alkyne complex (246). 
The next step involves carbon-carbon bond formation between the carbene carbon and one of the alkyne 
carbons and it is this step which may determine the regioselectivity of the reaction. The regioselectivity 
can be accounted for by a consideration of the most stable conformer of the alkyne complex (246) on the 
basis of steric interactions; this should be that which has the smallest substituent adjacent to the carbene 
ligand and the largest substituent adjacent to the trans carbon monoxide ligand. Electrocyclic ring open- 
ing of (247) would generate the vinyl carbene complex intermediate (248), which is the branch point be- 
tween the two mechanisms that have been proposed for the formation of the benzannulated product 
(253). ld*lm 

The mechanism proposed by Dotz involves the insertion of a carbon monoxide into the vinyl carbene 
complex intermediate with the formation of the vinyl ketene complex (255). lwa Electrocyclic ring clo- 
sure of (255) leads to the cyclohexadienone complex (252), which is related to the final benzannulation 
product by a tautomerization when R is hydrogen. The mechanism proposed by Casey differs from that 
of Dotz in that the order of the steps involving carbon monoxide insertion and cyclization to the aryl or 
alkenyl substituent is reversed.Id Specifically, the vinyl carbene complex intermediate (248) first under- 
goes cyclization to the metallacyclohexadiene (249), followed by carbon monoxide insertion to give the 
intermediate (251), and finally reductive elimination to give cyclohexadienone intermediate (252). At 
this time the circumstantial evidence favors the intermediacy of vinyl ketene intermediates since they can 
be trapped from these reactionsE1 and isolated where the metal is dispaced from the vinyl ketene func- 
tionality;E1 however, there is not any evidence which can rule out the alternative mechanism. 
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Rsb M e 0  

(245) 

0 

(251) 

I 

1 R = H  

OH 

(253) 

/ 

c- 

R 4) \ 

/ 

RS R 

/ 
RL- 

OMe 

...... Q-. 

( c )  Applications in natural product synthesis. The applications of the benzannulation of Fischer car- 
bene complexes to natural product synthesis is too extensive to review comprehensively here. Those tar- 
gets which have been realized in either formal or total synthesis are listed in Scheme 37 and they include 
the total syntheses of vitamins Klczo), Kzcs), K2(10) and K2(1s),lM the total synthesis of vitamin E,IM the 
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total syntheses of deoxyfrenolicin and nanaomycin?* the total synthesis of 7-etho~yprecocene.~~ the 
total synthesis of khe1lin,lo7 the total syntheses of angelicin, sphondin, heratomin and thiosphondin,w and 
formal syntheses of 4-demethoxydaunomycinone, daunomycinone and 1 1 -deoxyda~nornycinone.~J~J~ 

0 I 

0 
(259) K,(20) R = (CH2CH2CH2CHMe),Me 
(260) K2(,, R = M e  
(261) K2(,,) R = CH2CH2CHCMe2 
(262) K2115) R = (CH2CH2CHMe)2Me 

OH 0 R 

%,, 
I 

0 COzH 
(263) Deoxyfrenolicin; R = pf 

(264) Nanaomycin; R = Me 

M e 0  EtoD3 \ / 

(265) Vitamin E (266) 7-Ethoxyprecocene 

q&fH & 
R1 0 OH OH OMe 

(270) Khellin (267) 4-Demethoxydaunomycinone; R' = H, R2 = OH 
(268) Daunomycinone; R' = OMe, R2 = OH 
(269) 1 1 -Deoxydaunomycinone; R' = OMe, R2 = H 

0 0 

OR 
(271) Angelicin (272) Sphondin; R = Me 

(273) Heratomin; R = CH2CHMe2 

0 

OMe 
(274) Thiosphondin 

Scheme 37 

The two syntheses of 11 -deoxydaunomycinone are summarized in Schemes 38 and 39 as they are il- 
lustrative of the viability of carbene complexes as intermediates in organic synthesis. The synthesis by 
Dotz and Popall begins with the chelated o-methoxyphenyl carbene complex (275)124J27 and the alkyne 
(276).1wd,e A single regioisomer of the phenol (277) was obtained in 76% yield in the benzannulation. 
After protection of the phenol and carbon homologation of the ketone to the acid, an intramolecular Frie- 
del-Crafts reaction gave the tetracyclic dione (279) in 45% overall yield from (277). This represents a 
formal synthesis of 1 1-deoxydaunomycinone (269) since it has been reported that (279) can be converted 
to (269) by the procedures of Sih1Io and Johnson.ll1 

The synthesis of 1 ldeoxydaunomycinone by Wulff and Xu is presented in Scheme 39 and involves 
the benzannulation of the non-chelated o-methoxyphenyl complex (280) with the alkyne (281). 'OgC The 
utilization of a t-butyl ester in the alkyne (281) makes possible a one-pot construction of the tetracyclic 
dione (282) via a tandem benzannulation-Friedel-Crafts cyclization. After the reaction between the 
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OH 

0 -  

Me0 M e 0  
(275) (276) (277) 

vi 

45% 
from (277) 

Me0 Me0 0 

(279) 

Me0 Me0 

(278) 

i, Bu'OMe, 40 "C, 1 h; ii, CH2C12, 75 bar CO (1 bar = 100 P a ) ,  70 "C, 72 h; iii, CHzN2 (excess); 
iv, TosCH2NC, KOBu', THF, -10 OC; v, HOAc; vi, TFA, TFAA, 0 "C 

Scheme 38 

complex (280) and alkyne (281) is complete, the reaction is opened to air for 10 min to allow for the oxi- 
dative removal of the chromium tricarbonyl group, and then is diluted with trifluoroacetic anhydride con- 
taining a small of amount of sodium acetate to protect the phenol. After 10 min, the mixture is again 
diluted with trifluoroacetic acid to effect cleavage of the t-butyl ester and the Friedelxrafts cyclization 
which yields, after base work-up to deprotect the phenol, the tetracyclic dione (282) in 56% yield. If 
(282) is not purified, but oxidized directly, the anthracyclinone (283) can be obtained to 61% overall 
yield from alkyne (281). A slightly higher overall yield of (283) can be obtained if the reaction is canied 
out with the alkyne (284) containing a methyl ester (since 281 is prepared from 284); however, the con- 
venience of a one-pot reaction is lost since it is not possible to cleave the methyl ester and simultaneous- 
ly effect the Friedel-Crafts closure. No difference in the yield for the benzannulation step was noted 
between the reactions of (284) and either (280) or (275). 

0 OMe 

vi, 61% vii \ *qpy / from (281) 
Me0 0 OH 

(283) 
0 

Me0 
(284) 

i, PhH, 75 "C, 12 h; ii, air, 10 min, 25 "C; iii, (CF3C0)20, NaOAc, 10 min; 
iv, CF3C02H, 1.5 h, 25 "C; v, aq. NaOH vi, Ago, HN03, acetone, 25 OC; vii, 02 ,  DMF, 100 OC, 3 h 

Scheme 39 
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An appreciation of the value of carbene complexes in anthracycline synthesis can be obtained by com- 
paring the two syntheses of 1 1-deoxydaunomycinone shown in Scheme 38 and 39 with the 20 other syn- 
theses that do not involve transition metal  reagent^."^-"^ The overall yields for the 22 reported 
syntheses of 1 1-deoxydaunomycinone range from 0.05% to 9.7%. The overall yield for the synthesis of 
(269) according to Scheme 38 can be calculated to be 2.8% starting from cyclohexan-l,4-dione 
monoethylene acetal and including the five steps by Sihllo and three steps by Johnson."' The overall 
yield for the synthesis of (269) according to Scheme 39 can be calculated to be 8.5% starting from 
methyl vinyl ketone and, including four steps by Johnson.111 By this criteria, the synthesis in Scheme 39 
ranks second out of 22 and clearly demonstrates the efficacy of carbene complexes as intermediates in 
organic synthesis. 

(d)  Functionality on the aryl and alkenyl substituent. Although not yet completely defined, the range 
of functionality on the aryl complex (la) and the alkenyl complex (233; Scheme 34) that can be tolerated 
in the benzannulation reaction is beginning to be established. Benzannulations of aryl complexes of the 
type (la) have been examined and found to be successful with o-methoxy,87~96a~98~108c~d~109c~d~e m- 
methoxy,96a ~-methoxy,8~ o - t - b u t ~ x y , ~ ~  rn-methy1,96a p-methy1,82,121.125 rn-trifluoromethyl,%a phi- 
fluoromethyl12' and p-chromium carbene complex l3 ' substituents. The annulations of diary1 complexes 
have been examined but the yields are not generally useful. lZo The annulations of naphthyl complexes 
have been e ~ a m i n e d ' ~ ' . ~ ~ ~  and have been employed in the synthesis of daunomycinone and 4- 
demethoxydaunomycinone.'@ The annulations of a number of heteroaryl complexes have been reported 
by Diitz, Yamashita and Wulff. These include complexes derived from furans,128  thiophene^,^.^^^,^^^ 
 pyrrole^,^^^.^'^ pyrazoles15 and indoles117 and an example of the annulation of the latter is shown in 
Scheme 40. The annulation of the fury1 complex (285) indicated in Scheme 40 was employed in the syn- 
thesis of khellin.Io7 

OAc OSiMezBu' 

+ Et0 _iOSiMe2But = -* 43% 

OMe 

( c o w r ~  

(285) (286) (287) 

Me I 0 
Me 

(288) (289) 

i, THF, Ac,O, NEt,, 65 OC, 10 h; ii, THF, 50 OC, 24 h; iii, Ce(N03)6(NH4)2, 25 OC, 30 min 

Scheme 40 

The annulations of alkenyl complexes of the type (233; Scheme 34) have been examined mainly with 
alkyl substituents and in a few cases with oxygen87.106,126 and silicon108b.c substituents in a variety of cy- 
clic and noncyclic systems.129 It is notable that the benzannulations of the parent vinyl complex of (233) 
(42a; Scheme 7) fail, which is apparently due to competing polymerization ,of (42a).IM Annulations of 
complexes of the type (233) are successful if at least one of the three substituents is nonhydrogen. 
Benzannulations of alkenyl complexes have been employed in the synthesis of 7-ethoxypreco~ene,'~ 
vitamin E105,123 and daunomycinone. logs+ 

(e)  Functionality on the alkyne. Considerable progress has been made towards identifying the scope 
and nature of the functionality that can be present on the alkyne and tolerate the benzannulation reaction. 
The benzannulation reaction can give good yields with silyl groups134 directly substituted on the alkyne 
carbon and gives lower yields with oxygen135 and carbonyl groups136 directly attached to the alkyne 
carbon. The reaction can give good to excellent yields with functionalized arylalkynes96b.100a and 
alkylalkynes bearing  alkene^,'^^,'^^ amides,139 ~ t -e thers , '~~  lactones,108a-c s ~ l f i d e s , ~ ~ J ~ ~  enol 
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ethers,106JOEc tosylates,’ l7 ketones,108d~10sc* nitriles108c and acetal g r o ~ p s ~ ~ ~ ~ ~ ~ J ~ ~ ~  on the alkyl chain. 
Alkylalkynes bearing remote alcohol groups do give benzannulated products, but usually in competition 
with ketene trapping p r o d u ~ t s . ~ ~ ~ ~ ~ ~  

The benzannulation reaction has the advantage that a great range of functionality can be tolerated by 
the reaction. One major limitation involves alkynes with leaving groups alpha to the alkyne function (a- 
ethers’?, where a competing pathway is oquinone methide formation.119 The competing pathway can 
often be overcome by carrying out the benzannulation reaction in the presence of triethylamine and 
acetic anhydride, such that the phenol functionality of the benzannulated product is trapped in 
Another major limitation involves the presence of carbonyl groups conjugated with the alkyne.’36 Ben- 
zannulation products can often be obtained from reactions of alkynes of this type, but the yields are 
usually reduced. The example in equation (17) is presented since the reactions of conjugated and non- 
conjugated esters have been carried out on the same complex. The reaction of (285) with methyl-4-pen- 
tynoate gives the phenol (291) in 55% yield and has been employed in the synthesis of sphondin and 
angelichW The reaction of the same complex with methyl propiolate only gives the annulated product 
(292) in 21% yield.Io7 

““““5 ~ ,A 
1 8 h  ~ V O M e  (17) 

OMe 

THF, 85 “C, OMe 

55% OMe 
o /  

(285) (290) (291) 

OH 0 

OMe 
(292) 2 1 % 

If) Effects of the solvent and the concentration of the alkyne. The role of the solvent can be extremely 
important in determining the product distribution from the reaction of Fischer carbene complexes with 
alkynes. Early on it was thought that the reaction displayed its highest selectivity for benzannulated 
products in more polar solvents,141 but subsequent studies have shown that it is highest in nonpolar sol- 
v e n t ~ . ~ ~  This is illustrated by the reaction in equation (1 8) for the reaction of the complex (280) with 3- 
hexyne in hexane and THF (see also equation 14 and Scheme 32).E7 The product distribution has also 
been found to depend in some cases on the concentration of the alkyne, as is illustrated for the reaction of 
(280) with 3-hexyne, where at 0.01 M in alkyne (0.005 M in 280) the five-membered ring annulated 
products are the major products. An explanation for this phenomenon, termed the allochemical effect, is 
illustrated in Scheme 36 and has been proposed to be due to an increased rate of CO insertion as a result 
of the coordinated alkyne in intermediate (254).E7,90 

(8) Tandem Diels-Alder-benzannulation. The potential of the benzannulation reaction in organic syn- 
thesis can be enhanced when it is coupled with other reactions of carbene complexes and the tandem 
Diels-Alder-benzannulation sequence is particularly attractive in this regard.3J5.24 The Diels-Alder re- 
action of the alkynyl carbene complex (296) with 2,3-dimethylbutadiene gives the alkenyl complex (297) 
in 89% yield after chr~matography.~~ The benzannulation of (297) with l-pentyne gives the trimethyl- 
silyl-protected phenol-metal complex (298) in essentially quantitative yield. This tandem cycloaddition- 
annulation sequence can also be carried out concurrently. In the presence of both the diene and the 
alkyne, the carbene complex (2%) chemoselectively reacts with the diene and the in situ generated 
Diels-Alder adduct (297) chemoselectively reacts with the alkyne. The tandem Diels-Alder-benzan- 
nulation sequence has been used in the preparation of an intermediate employed in the synthesis of 
daunomycinone (26& Scheme 37).% 
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- i, THF, 55 "C 

ii, Ce*"/H20 Et 
+ 2 Et = Et 

OMe 0 
(293) 

Et Et 

Solvent 
hexane 
THF 
THF 

@Et \ + @Et \ 

OMe OMe OMe 

[Alkyne] Yield (%) (293) (294) + (295) 
0.3 83 100% not determined 
1 .o 84 73% 27% 
0.01 80 6% 94% 

OSiMe3 

OMe 
80-928 

OH 
(CO)5Cr Me3SiO iv 

+ --pr" - 
58% 

SiMe3 
OMe 

\ +  2 7  
(296) (299) (300) 

i, neat, 50 O C ,  4 h; ii, 1-pentyne (1.5 equiv.), THF, 45 "C, 24 h; iii, 2,3-dimethyl-1,3-butadiene (excess), 
1-pentyne (2 equiv.), THF, 50 OC, 60 h; iv, a) THF, 50 OC, 36 h; b) silica gel, air 

Scheme 41 

(h) Benzannulation where aromatization is blocked: cyclohexadienone annulation. Alkenyl carbene 
complexes in which the P-vinyl carbon is disubstituted produce cyclohexadienone products from re- 
actions with alkynes.142 In the case of the complex (301) which contains a chiral center there is sig- 
nificant asymmetric induction in the selective formation of the trans-decaladienone (302), which was 
greater than 90% for alkynes that were examined.' l6 The formation of cyclohexadienone products occurs 
because the final step of the mechanism is thwarted: tautomerization of (252) in Scheme 36 is prevented 
when R is a group of low migratory ability. An additional example of the cyclohexadienone annulation is 
included in Scheme 42, which was recently reported as a potential new route for the synthesis of the 
Aspidosperma alkaloids.' l7 

( i )  Benzannulation of aryl versus alkenyl complexes. The reactions of alkynes with aryl (la) or alkenyl 
complexes (233; Scheme 34) generally produce good to excellent yields of benzannulated products. 
There appears to be no significant difference in the type of functional groups they can tolerate. The an- 
nulations of alkenyl complexes seem to be less sensitive to the nature of the solvent.87 With the excep- 
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(302) 90% (303) 10% 

OMOM 

\ 

Me 

NHCOPh MOM0 
\ 

ii 

59% 

UMC M e  

(307) Vindoline 

i, THF, 45 'C, 24 h; ii, PhH, 50 O C ,  17 h 

Scheme 42 

tion of the molybdenum complexg0 shown in equation (15) the formation of five-membered ring products 
and cyclobutenones has not been observed from the reaction of an alkyne and an alkenyl carbene com- 
plex. The cyclohexadienone annulation is also useful mainly for alkenyl complexes, the reactions of 
ortho-blocked aryl complexes generally give five-membered ring annulated products (Scheme 32), with 
the only known exception being the reactions of ortho-blocked indole carbene complexes (Scheme 
42).' l7 

(j) The effect of the ligand complement on the metal. Only two reports have appeared which describe 
the benzannulation of carbene complexes of the type (233) (alkenyl or aryl), in which the ligand comple- 
ment is not penta~arbony1.4~~~~~ In both reports it was observed that if one of the carbon monoxides is 
replaced by a phosphine that the reaction gives the same products but generally in lower yields. Further 
investigations are warranted in this area. 

(k) The effect of the ancilliary substituent RX. Up to now, the benzannulation reaction has been almost 
exclusively limited to alkoxy functional groups as the ancilliary substituent RX in (233; Scheme 34) for 
both alkenyl and aryl complexes. As indicated in Section 9.2.3.2.31 nitrogen substituents lead to five- 
membered ring annulation and six-membered ring benzannulation products (Scheme 
32) have yet to observed from the reaction of amino complexes. Only one example of the benzannulation 
of a complex bearing a thiol group has been reported, and although it gave the six-membered ring ben- 
zannulated product, the yield was lower than for its methoxy a n a l ~ g . ~  Control of the group RX has the 
potential to allow for further fine tuning of the benzannulation reaction. 

( I )  Reactions with other carbon triple bondedfunctional groups. The substitution of nitrile for alkynes 
does not lead to pyridines or quinolines in the benzannulation reaction. 143~144 Instead noncyclic products 
are obtained that are the result of insertion of the carbon-nitrogen triple bond into the metal-carbene 
bond. On the other hand, in a very recent report it was found that A3-phosphaakynes will undergo the 
benzannulation reaction to produce phosphaarene chromium tricarbonyl complexes.145 
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(ii) [2 + 2 + I + 11 Cycloadditions: two-alkyne annulations and pyrone formation 
The reactions of Fischer carbene complexes with alkynes can under certain conditions lead to products 

that result from the incorporation of two alkynes, the carbene ligand and a carbon monoxide. In inter- 
molecular reactions, this is most commonly observed for acetylene itself or for sterically unhindered al- 
kynes.3Jm As can be anticipated by the mechanism in Scheme 36, two-alkyne incorporated products of 
the type (258) are also favored for high alkyne concentration. Synthetically, the two-alkyne reactions are 
most useful in intramolecular reactions, two of which have been reported and are exemplified by the re- 
actions in Scheme 43. The typical product from the reaction of a Fischer carbene complex with a diyne, 
such as (308), is a bicyclic phenol of the type (309).31431102 These products are apparently the result of the 
assembly of pieces indicated by (311). Under some conditions, dienones of the type (310) and (314) can 
be isolated, and it is thought they are the immediate precursors of the phenol products via an in situ re- 
duction by a chromium(0) species. This reaction is completely regioselective with diyne (308) and the 
phenol (309) results from incorporation of the terminal alkyne of (308) before the disubstituted al- 
kyne.lo2 Phenols of the type (309) have also been observed from the reaction of diynes with carbyne 
complexes. 146a 

A less efficient mode of the two-alkyne annulation is the intra-intermolecular reaction of an alkyne- 
containing carbene complex of the type (312) with a second alkyne.14& Under optimal conditions, these 
reactions will lead to moderate yields of bicyclic phenols of the type (313), which result from the assem- 
bly of pieces indicated by (315). The precursor dienones (314) can be isolated as minor products from 
these rea~ti0ns.l~' Applications of the two-alkyne annulations in organic synthesis have not yet been re- 
ported. 

ii 

56% 
+ Ph- - 

(312) (313) 
q P h  < 0 ,[ 

\ \\ 
RS R 

(314) (315) 
i, THF, 70 "C, 6 h; ii, MeCN, 50 O C ,  36 h 

Scheme 43 

Alkoxy iron complexes of the type (316) will also react with alkynes to give six-membered ring prod- 
ucts that, like the two-alkyne annulation, are formally the result of a [2 + 2 + 1 + 11 cycloaddition. The 
formation of these pyrone complexes (317) have only been reported from the reactions of alkynes with 
iron-carbene complexes.93J48 These pyrones are also the only product from the reaction of an alkyne 
with any carbene complex which incorporates one alkyne, two carbon monoxides and the carbene ligand. 
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Pyrone formation by this reaction appears to be general (eight examples) and quite efficient (33-9396) 
and for a discussion of mechanistic possibilities the reader is referred to the primary literature.'@ With 
terminal alkynes, pyrone formation occurs with the same regioselectivity as is observed in the benzannu- 
lation reaction of chromium complexes (R1 = Ph, R2 = H). 

(19) 
OEt i 

R3 
(CO)4Fe=( + R1-R2 - 

R1 Fe(CO13 
(316) R3 = Ph, R' = R2 = Me (317) 

i, CH2CI2, 70 OC, 1 h, 55 psi carbon monoxide 

9.23.2.5 Coupling leading to acyclic products 

The reaction of alkyl-substituted tungsten-carbene complexes of the type (88b) have been reported by 
Macomber to react with alkynes to give dienes of the type (319).149 One mechanism that has been pro- 
posed to account for this product is a p-hydride elimination from the metallacyclobutene intermediate 
(320) and subsequent reductive elimination in the metal hydride species (321). An additional example of 
this type of reaction has been reported by Rudler, also for an alkyl tungsten carbene complex.150 Chro- 
mium complexes have not been observed to give diene products of this type; the reaction of the analo- 
gous chromium complex (=a) with diphenylacetylene gives a cyclobutenone as the only reported 
product (see Scheme 31).83 Acyclic products are observed for both tungsten and chromium complexes in 
their reactions with ynamines. These reactions produce amino-stablized carbene complexes that are the 
result of the formal insertion of the ynamine into the metal-carbene bond.'51-153 

9233 .6  Coupling leading to intercepted products 

The two-alkyne annuation reactions shown in Scheme 43 are actually reactions of this class since 
mechanistically they can be viewed as the interception of vinyl carbene complex intermediate (248) in 
Scheme 36 by an alkyne. In addition to alkynes, intermediates from the reactions of Fischer complexes 
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and alkynes have also been intercepted with alcohols and arn ine~. l "*~~~ In all of the known examples 
these trapping reactions produce @,y-unsaturated esters and amides that apparently result from the trap 
ping of vinyl ketene complexed intermediates of the type (255; Scheme 36) by alcohols or amines. 

The first examples of the interception of intermediates from these reactions by alkenes were reported 
in 1985 by W ~ l f f , ' ~ ~  Katz15' and R ~ d 1 e r . l ~ ~  Wulff reported that enynes of the type (322) would react 
with Fischer carbene complexes to give bicycloheptanones of the type (323) and (324). In contrast to 
these results, Hoye has recently observed that enynes derived from dimethyl malonate will react with the 
same carbene complex to give bicyclohexane products of the type (326) and (327).160 It is possible that 
the difference between these two observations can be accounted for on the basis of the Thorpe-Ingold ef- 
fect on the two possible pathways for the vinyl carbene complexed intermediate (329). When the substi- 
tuents R in (329) are not hydrogen, the intramolecular formation of the metallacyclobutane (330) would 
be favored relative to the CO insertion that generates the vinyl ketene complex (328). Reductive elimina- 
tion from (330) would give the bicyclohexane products, and an intramolecular [2 + 21 cycloaddition of 
the alkene and the ketene in (328) would lead to the bicycloheptanone products. Another possible out- 
come for the metallacyclobutane intermediate (330) is a metathesis reaction leading to cycloalkene prod- 
ucts and these have been o b ~ e r v e d . ~ ~ ~ * ~ ~  The Thorpe-Ingold effect does not account for the formation of 
cyclopropane products from the double intramolecular reaction of the complex (331), which gives the tri- 
cyclic product (332) in high yield.I6O Much yet needs to be learned before the outcome of reactions of 
this type can be predicted. 

(ma) (322) (323) 67% (324) 33% 

go- ~ 

C02Me ii 

(co)5cr=(oMe + -- CO2Me 69% 

MeOzC CO2Me Me02C CO2Me 

(W) (325) (326) 83% (327) 17% 

R = C02Me 

R = H  ii R R  Me02C C02Me 

(331) (332) 

i, MeCN, 70 OC, 3 h; ii, PhH, 80 OC, 2 h; iii, PhH, 80 "C, 5 h 

Scheme 44 

In a variation of the reactions in Scheme 44, Rudler has reported that the alkene which intercepts the 
vinyl carbene complex leading to cyclopropane products can be tethered onto the starting carbene com- 
~ 1 e x . l ~ ~  This was extensively studied for the reaction of the carbene complex (334) with a number of al- 
kynes leading to bicycloheptanones of the type (336).150 This reaction is quite general (14 examples, 
6 9 5 % )  and is regioselective with terminal alkynes, i.e. it occurs in the same sense that has been ob- 
served for the benzannulation reaction (R' = H in 336). Acetylene fails and cyclooctyne gives a reduced 
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yield (31%) of (336). The intermediate (335) was not observed in these reactions and apparently suffers 
hydrolysis upon purification on silica gel. The interesting tricyclic product (338) can be obtained from 
the reaction of the cyclopentenyl complex (337) with 3-hexyne. products similar to (336) can be ob- 
tained from the reactions of amino complexes in which the alkene is tethered through the nitrogen.159 

OEt OEt 

iii 
+ Et = Et - 

79c Et 
Et 

(337) (338) 

i, PhH, 78 OC, 12 h; ii, CH2CI2, 10 "C, 12 h; iii, hexane, 25 OC, 48 h 

Scheme 45 

Recently, two groups have reported reactions of Fischer carbene complexes with alkynes, in which in- 
termediates have been intercepted by ring-opening reactions. The tetrahydropyridine carbene complex 
(339) was found to react with diphenylacetylene to give the two fused azabicyclics (340) and (341) in a 
total of 50% yield.161J67 These products are proposed to both have a common mechanistic origin in the 
zwitterionic intermediate (342), which is a tautomeric form of the vinyl carbene complexed intermediate 
(248) in Scheme 36. Each product arises from a ring opening of the tetrahydropyridine ring at the allylic 
carbon-nitrogen bond of the ammonium ion in (342), and are differentiated by whether the chromium 
migrates to the a- or y-carbon. The generality of this reaction has not been established with other al- 
kynes; however, it has been shown to occur with diphenylacetylene with cyclic amino carbene com- 
plexes of other ring sizes (three and five). Analogous products are obtained from the reaction of a 
dihydropyrrole complex; however, with saturated tetrahydropyrrole complexes, ring opening cannot 
occur in the same manner and leads to a different ring system.162 Ring opening also occurs with aziridine 
complexes, but the products isolated from these reactions differ in that they have 2 equiv. of the alkyne 
incorporated. 162*163 

Reaction intermediates can also be intercepted by the ring opening of carbocyclic substituents attached 
to the carbene carbon as illustrated by the reaction reported by Hemdon involving the cyclopropyl car- 
bene complex (347).lW Depending on the nature of the alkyne, this reaction can produce varying 
amounts of the three isomeric cyclopentenones (348)-(350). The data given in Scheme 47 refer to the re- 
action with diphenylacetylene, but the reaction is general for a number of alkynes (nine examples, 0- 
85%). The regioselectivity was examined for terminal alkynes; it is the same as observed for the 
benzannulation reaction and the products from these reactions have the terminal alkynic hydrogen incor- 
porated at R2. The ring opening is proposed to occur at the intermediate (351). which is an q2-tautomer 
of the vinyketene intermediate (255) in Scheme 36. The ultimate intermediate proposed for this reaction 
is the cyclopentadienone complex (354), which must add the elements of dihydrogen to produce the final 
products. This is consistent with the observation that yields are higher when the reaction is carried out in 
the presence of reducing agents. The reactions in Scheme 46 and 47 have opened several interesting 
mechanistic issues and some novel synthetic possibilities. 
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+ Ph = Ph PhH, 79 OC, 12 h 9 Ph w+ pyb 
I N N 

0 0 
(COhCr (W3Cr  

(C0)5Cr =( R = Me, 50% 
R 

(339) (340) 40% (341) 60% 

I 

(C0)dCr -N 

Ph P h q R  Ph Ph Ph 

(344) (343) (345) (346) 
Scheme 46 
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9333 Coupling of the Carbene Ligand with Cumulenes and C Y  m-Bonds 

9.233.1 AUenes 

The frrst reaction of a Fischer carbene complex with an allene was reported by Aumann in 1987.’@ 
The initial event in this reaction was presumably the formation of the methylene metallacyclobutane in- 
termediate (356). This intermediate could have undergone reductive elimination to give a methylene- 
cyclopropane, but apparently preferred to rearrange to the trimethylenemethane complexes (357) and 
(358). Also formed in this reaction is the bismethylenecyclopentane (359), which was shown either by 
prolonged reaction times or separate experiments to arise via [3 + 21 cycloaddition of a molecule of the 
allene with the trimethylenemethane complexes (357) and (358). Trimethylenemethane complexes of 
iron can be obtained in a similar manner from the reaction of iron-carbene complexes with allenes and 
have the advantage that they can be prepared cleanly since subsequent [3 + 21 cycloaddition of the allene 
with the products is not observed.IM The [3 + 21 cycloadditions of the isolated iron trimethylenemethane 
complexes prepared in this manner have not yet been examined. Although this reaction has not yet been 
extended to other allenes or carbene complexes other than aryl, this initial observation is particularly ex- 
citing given the established synthetic utility of transition metal trimethylenemethane complexes and the 
uniquely functionalized trimethylene complexes that are accessible from the reaction of Fischer carbene 
complexes with allenes. - - 

OEt 

- OEt i 

L 
(355) 

Cr(CO)4 

(358) 20% 
Ph’ 

(359) 21 % 

9.2.33.2 Imines 

The synthetic applications of photo-induced reactions of Fischer carbene complexes have been de- 
veloped in the laboratories of Hegedus over several The development of this chemistry as a 
method for cyclobutanone synthesis was discussed in Section 9.2.3.1.2. The area that has been most thor- 
oughly developed at this time is the synthesis of p-lactams from the photo-induced reactions of carbene 
complexes and imines. As indicated in Scheme 48 this reaction is general for a number of substrates and 
gives p-lactams in fair to high yields with complete stereoselectivity.168 This chemistry was first de- 
veloped with alkoxy-substituted complexes for the complexes for the synthesis of 6- and 7-alkoxy anal- 
ogs of p-lactam  antibiotic^.'^'-^@ The exposure of the complex (=) to sunlight in the presence of the 
homochiral thiazoline ester (34) gave the penicillin analog (364) as a single diastereomer in 42% 
yield.la In a similar manner, the photolysis of (a) in the presence of the thiazine (363) gave the cepha- 
losporin analog (365) in 52% yield as a single diastereorner.l@ The preparation of oxapenam and oxace- 
pham analogs failed with chromium carbene complexes; however, this was successful with molybdenum 
complexes.’69 Photolysis of the complex (88c) with the oxazine (366) gave the oxacepham analog (367) 
in 41% yield. The reaction of the complex (88c) with the oxazoline (368) gave the corresponding oxape- 
nam analog in 14% yield. 

In penicillins of the type (370) the position a to the carbonyl in the four-membered ring bears a hy- 
drogen and a nitrogen substituent. This requires that unsubstituted amino carbene complexes of the type 
(369) be readily available and was the driving force for the development of the procedure for the prep- 
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Me0 H 
OMe iii 

N 41% 
(COhMo< + 

(W (366) (367) (368) 

i, Et20, sunlight, 2-4 h, or Et20, vitalite fluorescent tubes, 10-20 h; ii, CH2C12, sunlight, 2 d; 
iii, THF, 0 "C, rayonet reactor with 3000 A and 5000 A lamps, 48 h 

Scheme 48 

aration of carbene complexes that is illustrated in Scheme 1. As it turned out, the amino complex (369) is 
more versatile in the synthesis of p-lactams than alkoxy complexes. The reaction of (369) with (34) in 
the presence of light allowed for the preparation of the penicillin analog (370) in 93% yield as a single 
dia~tereomer. '~~ The reaction of (369) with the thiazine (371) proceeded in 77% yield and subsequent 
dehydration produced a cephalosporin analog. Unlike the alkoxy chromium complex (a), the amino 
chromium complex (369) would react with oxazines and oxazolines to produce oxacephams and oxapen- 

The reactions of both alkoxy and amino complexes are highly stereoselective and give the unnatural 
epimer at the C-6 position in the penicillin analogs, but methods are known for inversion at this center. 
The mechanism of these reactions is thought to involve the intermediacy of a metal-ketene complex 
whose formation is p h ~ t o - i n d u c e d . ' ~ ~ ~ ' ~ ~  Early indications that this was the case came when it was found 
these reactions fail to give cyclic products of any kind under thermal conditions. More recently, vi- 
nylketene complexes have been trapped from these rea~ti0ns.l~' With the recent realization that metal- 
ketene intermediates are likely to be involved in these reactions further development of the 
photo-induced reactions of Fischer carbene complexes can be anticipated. 

a m S .  
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9.2333 Isonitriles 

"he chemistry associated with the reaction of Fischer carbene complexes with isonitriles has been in- 
vestigated over the last 20 year period, mainly by Aumann. It is not possible to cover this material com- 
prehensively in this review, however, and an excellent overview of this area has appeared in the 
1iterat~re.I~~ All of the chemistry reported to date actually involves reactions of the ketenimine complex 
(376), which is generated by the coupling of the carbene ligand and an isonitrile. If the reaction of the 
carbene complex and an isonitrile is carried out in a coordinating solvent, such as acetonitrile, the free 
ketenimine (377) can be isolated. In the case of Group 6 metals, the ketenimine in complexes of the type 
(376) are bound through the nitrogen.174 The electrophilicity of ketenimines is reversed when coordi- 
nated to a metal. Free ketenimines suffer nucleophilic attack at the central carbon, whereas the kete- 
nimine complexes (376) add nucleophiles at the terminal carbon and, thereby, provide for an alternative 
preparation of amino carbene complexes.175 Ketenimine complexes also will undergo head to head dim- 
erization at the carbon-carbon bond. 176 

Ketenimine complexes can serve as three-atom components in [3 + 21 cycloadditions. The reaction of 
the tungsten complex (378) with cyclohexyl isonitrile and phenyl isocyanate produces the heterocyclic 
carbene complex (379), which is the result of the in situ trapping of a ketenimine complex with the iso- 
cyanate.177 Complexes of the type (379) can be oxidatively cleaved to give the previously inaccessible 5- 
ethoxyhydantoins. [3 + 21 Cycloadditions of this type have also been carried out with aldehydes.177 

In the presence of 2 equiv. of isonitrile, [3 + 11 cycloadditions can be effected leading to the formation 
of the cyclic amino carbene complex (381), which can be cleaved in high yield to the p-lactam (382). 
This reaction gives highest yields with iron-carbene complexes,17s although for manganese complexes 
the initial ketenimine complex (376) reacts sluggishly with the second equivalent of isonitrile making it 
possible to sequentially incorporate two different is on it rile^.^^^ 

X R\ X 
L,M+ + R - N = C  - L,M(R'-N=C=CXR) - N=C==( 

Ph 
(374) (375) 

R 
(377) 

(378) 1 equiv. 5 equiv. (379) 

EtO, ,Ph Et0 Ph 

(CO)4Fe+ + R - N Z C  - iii (COhFe A N  0 4 N ,  
OEt 

Ph 94-%% N 95% Me 

(189) 2 equiv. 
Me 
(382) 

i, EtzO, 25 "C, 24 h; ii, KMn04, Fe(NO&, acetone/water; iii, pentane, 20 "C, 1 h; 
iv, KMnO,, benzene/water, 25 O C  

Scheme 50 

The reactions of alkenyl carbene complexes with isonitriles can produce a variety of products whose 
distribution is sensitive to the nature of the isonitrile. Reacting 3 equiv. of aryl isonitrile with the alkenyl 
complex (383) produces the dihydro-y-carbolinone (385).174 The ketenimine in (384) is liberated with a 
second equivalent of the isonitrile, and the the third equivalent undergoes a formal [4 + 21 cycloaddition 
with the free ketenimine. With sterically encumbered isonitriles, the ketenimine is more rapidly liberated 
from the metal by a second isonitrile and 2 tquiv. are required to drive the reaction to completion. Free 
ketenimines that are generated in this manner can be trapped via their [4 + 21 cycloadditions with maleic 
anhydride.179 Primary and secondary alkyl isonitriles will react with alkenyl carbene complexes to give 
cycloadducts that can be converted to pyrroles179 or products that contain five-membered ring carbo- 
cycles.179Js'J 

The chemistry associated with the reactions of isonitriles and carbene complexes is extraordinarily rich 
and should find applications in organic synthesis. 
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i 

46% 
I 0 

H Ph 

(383) 3 equiv. (384) (385) 

+ Bu‘-NEC + 
54% 

Ph 0 
(383) 2 equiv. 1 equiv. 

0 Ph 
(386) (387) 

i, pentane, 20 O C ,  2 h; ii, toluene, 80 O C ,  4 h 

Scheme 51 
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93.1 INTRODUCTION 

The alkene metathesis reaction between carbon-carbon double bonds is now a well-established syn- 
thetic method in industrial operations and in the laboratory.1 Recently it has been recognized that a close- 
ly related, transition metal catalyzed reaction takes place between a carbon-carbon double bond and a 
carbon-oxygen double bond.? This latter process, which can be considered as a Wittig analog, shows 
promise of becoming an important tool of synthesis strategy.3 

93.2 REACTIONS BETWEEN CARBON-CARBON DOUBLE BONDS 

The alkene metathesis reaction represents a unique carbon skeleton rearrangement in organic chem- 
istry. This reaction, which grew out of the studies of catalysts related to alkene polymerization, results in 
the cleavage of the carbon-carbon double bond of an alkene and the redistribution of the resulting alkyl- 
idene fragments (equation l).' The same reaction canied out with cyclic alkenes generally results in the 
formation of polymers (equation 2). 

1115 
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Although there was considerable controversy over the mechanism of this unique reaction, it is now 
generally accepted that the reaction proceeds through a series of metallacycle and carbene complexes as 
shown in equation (3): Although the relative stabilities of the carbenes and metallacycles can change 
with reaction conditions, catalyst composition and alkene substitution, the fundamental mechanism a p  
pears to be the same for all  catalyst^.^ 

F 

M=CH2 ~ M 3  

R +R-ll (3) 

R /=== 
R 

The original catalysts reported for the metathesis of acyclic alkenes were related to alkene polymeriza- 
tion systems. Banks and Bailey reported in 1964 that the heterogeneous cobalt molybdate complexes 
would promote the metathesis reaction6 Since that time a wide variety of catalysts that use Mo, W and 
Re as the active metal in combination with a variety of supports, promoters and activation conditions 
have been reported.' These heterogeneous catalysts are the systems of choice for most industrial fine 
chemical applications. 

Eleuterio had described the formation of polymers by the ring opening of cyclic alkenes as early as 
19577 It is now well understood that the cyclic and acyclic alkene metathesis reactions, although they 
lead to very different type products, are the same fundamental reaction.8 For polymerizations and other 
applications, a series of nonsupported catalysts have been generated. These catalysts usually result from 
mixing a tungsten or molybdenum halide with an alkylaluminum. Although the resulting mixture con- 
tains a low concentration of the active species, these systems can be extremely active at room tempera- 
ture. For example, a room temperature catalyst mixture of WCldEtoWEtzAlCl will convert 104 moles of 
2-pentene per mole of tungsten in 3 min with 99.6% selectivity to 2-butene and 3-hexene. Due to the 
strong Lewis acidity of these systems, only a few functionalized alkenes can be successfully meta- 
thesized using these Zeigler type catalysts.8b In all of these systems the generation of the initial carbene 
complex is inefficient and appears to be the rate-limiting reaction. 

Recently, highly efficient catalysts have been developed that are one component systems and contain a 
preformed alkylidene or metallacycle as the catalyst Some of these complexes have shown 
excellent utility in the synthesis of organic molecules and will be the major topic of the last part of this 
chapter.2J2 These complexes will not only change many of the approaches in simple alkene metathesis 
but will also have a major influence on the future applications in organic and polymer synthesis. 

933.1 Industrial Applications 

The simplest example of alkene metathesis, the disproportionation of propylene to ethylene and 2- 
butene, was the first commercial application of this reaction. Changes in the relative economic value of 
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the three alkenes resulted in the early closing of this fa~i1ity.I~ The general process, called the Phillips 
Triolefin h e s s ,  is now used to produce neohexene from ethylene and the dimer of isobutylene (equa- 
tion 4). 

excess 

The largest commercial application of metathesis is as a major step in the Shell Higher Olefin Rocess 
(SHOP).14 In this process, ethylene is oligomerized to prepare CIO to C20 alkenes to be used in the pro- 
duction of fatty acid alcohols. The nickel-catalyzed oligomerization process gives a broad distribution of 
a-alkenes. Those that are of higher and lower molecular weight than desired are separated and 
isomerized to internal alkenes. This mix of high and low molecular weight internal alkenes is meta- 
thesized to a new broad distribution of alkenes. The desired molecular weight materials are removed and 
the remainder is again recycled. By this process most of the ethylene can be redistributed to the desired 
molecular weight range (equation 5). 

H2C=CH2 --+ Me n = l - > 1 7  

I separate 

n c 7 fraction n > 17 fraction n = 7-17 fraction 

1 isomerization catalyst 1 Used in next 

I 
a + b c  3 a n d a +  b>13 

metathesis 
Re-based 
system 1 

\ 
a + b =  0->13 and metathesis with 

Cross metathesis of ethylene with internal alkenes provides a facile route to terminal alkenes. A num- 
ber of processes have been described that use this transformation; however, the only products, besides 
neohexene,13 that appear to be important are the a,w-dienes that result from metathesis of cyclic alkenes 
with an excess of eth~1ene.l~ This family of compounds should find a wide variety of applications. 

93.23 Fine Chemical Synthesis 

Applications of metathesis to the synthesis of more complex organic molecules has been limited by the 
lack of tolerance of the catalyst systems for functional groups. Many of the new catalyst systems that are 
being developed appear to be less sensitive to basic functional groups.11J6 It is anticipated that there will 
be numerous advances in this area over the next few years as better and more easily synthesized catalysts 
become available. 
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93.23 Pheromone Synthesis 

Since a number of insect pheromones are nonfunctionalized alkenes, they are potential target molec- 
ules for synthesis from petrochemicals by the metathesis reaction. Cross metathesis between unsymme- 
trical internal alkenes can lead to a complex mixture of products: however, in some cases, this reaction 
provides the easiest method for production of such alkenes. For example, the pheromone for Musca do- 
mestica, tricosene, has been prepared from 2-hexadecene and 9-octadecene (equation 6).17 Both of these 
alkenes are readily available. 

WC16-EtOH-EtAlCl2 
* 

30 min, r.t. 12 
f i  

9-Tricosene, 
9% isolated other cross products 

A few of the heterogeneous catalysts will catalyze a number of turnovers of nonconjugated unsaturated 
esters.8b The catalysts (1 and 2) appear to be of too low efficiency to be used commercially. 

. But 

As will be seen later in this chapter, many early transition metal alkylidenes and metallacycles of the 
type required for metathesis (examples containing Ti, Ta, W and Mo as transition element) will undergo 
reactions with many organic functional groups. Although it was believed that this reactivity would limit 
the application of metathesis to nonfunctionalized alkenes, recent advances in the synthesis of one com- 
ponent catalysts of tungsten and molybdenum and the development of catalysts based on the later transi- 
tion metals Re and Ru, suggest that catalysts can be prepared that are much less sensitive to basic 
functionalities. The key to functional group tolerance is to develop complexes that will react with al- 
kenes in competition with heteroatom functionality. The tungsten catalysts prepared by the group of 
Schrock" and of Basset9 will catalyze the metathesis of methyl oleate to the corresponding diester (equa- 
tion 7). 

Me$n 
(7) 

Related molybdenum catalysts appear to show even more functional group tolerance. To date, the 
major test of functional group compatibility has been in the synthesis of polymers; however, it is antici- 
pated that this activity will persist into acyclic metathesis. Later transition metals are active in the meta- 
thesis polymerization of highly functionaiized cyclic alkenes. These catalyst systems, which appear to 
tolerate almost all functional groups, show very low activity for acyclic alkene metathesis.'* If these sys- 
tems can be activated, the problems associated with the use of alkene metathesis in the synthesis of 
multifunctional organics will be solved. 

93.2.4 Synthesis of Macrocycles 

Two approaches to the formation of large rings by metathesis have been attempted. The first approach 
is demonstrated by the synthesis of 9-octadecen-18-olide by Tsujilg by the closure of an a,o-diene 
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(equation 8). Although the yield in this reaction is low (18%), the result demonstrates the potential of this 
approach, especially in view of the functional group tolerant catalysts that are now available. 

R 0 R 

OH + 

0 
I1 

WCl&p2TiMe2 benzene w fo3 + /dR 
R 

18% yield 
9-Octadecen- 18-olide 

The second approach, which involves the dimerization of cyclic alkenes to larger cyclic dienes, ap- 
pears to be successful for certain ring sizes. For example, cyclooctene can be dimerized to 1,9-cyclohex- 
adecadiene in 34% yield and cycloheptene is dimerized in an 80% yield to 1,8-~yclotetradecadiene.~~ A 
careful consideration of the mechanism of this transformation is important in understanding the ex- 
perimental conditions required to obtain dimers instead of the thermodynamically favored ring-opened 
polymer. Each step in the reaction is reversible and the rate of chain growth is related to the rate of the 
forward bimolecular reaction between the growing polymer chain and more monomer, kp, and the unim- 
olecular back-biting reaction with a double bond in the tail of the polymer, kbb. If reaction takes place 
with the last double bond formed, starting material is produced. However, if a double bond further down 
the chain reacts, a larger cycle is formed (equation 9). 

Nl - 
R R 

I kQ 
R (9) 

Consequently, in order to optimize the yield of the dimer resulting from a unimolecular reaction, the 
concentration of the starting material in contact with the catalyst must remain low. Also, since the pro- 
duct dimer can also react with the catalyst to produce larger rings, it must be removed from the reaction 
as it is formed. Both of these requirements are accomplished by using a soxhlet extractor as the reactor. 
A heterogeneous catalyst is used to facilitate the separation of the products from the catalyst. The cata- 
lyst (Re207/A1203) is maintained in the cup of the apparatus and the reactant is circulated over the cata- 
lyst by heating the reactant in a lower boiling solvent such as pentane or hexane. In this way only a low 
concentration of the reactant is in contact with the catalyst at any time, and the products are rapidly 
removed from the catalyst. Since the products are much higher boiling than the reactants, only small 
amounts of the products are recycled (equation 10). In both cases, the thermodynamic mixture of stereo- 
isomers is formed. The high yield of the dimer from cycloheptene is attributed to the exceptional confor- 
mational stability of the truns,truns- 1,8-~yclotetradecadiene. 
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+ trimers + higheroligomers -a 8% 12% 

R e ~ O r M 2 0 3  

68% yield 
(80% selectivity) 

3% cis,cis 
89% trans,trans; 9% cis,trans; (10) 

+ trimers + higher oligomers 

30% yield 26% 
(34% selectivity) 

16% trans,trans; 58% cis,trans; 
26% cis,cis 

40% 

9.3.25 Polymer Applications 

The developments of the metathesis reaction for polymer synthesis have paralleled the opportunities in 
acyclic chemistry. Acyclic and cyclic metathesis were discovered independently and only later were rec- 
ognized as the same reaction. Most of the work in the area of ring-opening metathesis polymerization 
(ROMP) is outside the scope of this article, and only those areas where the results suggest possibilities in 
organic synthesis will be discussed in detail. 

As discussed above in the mechanism of the alkene dimerization reaction, the polymerization of 
simple alkenes proceeds by the basic metathesis mechanism. Since polymers that are prepared from com- 
plex monomers require homogeneous catalysts, much of the early 'organometallic' catalyst development 
has had polymer synthesis as the driving force. Recently, developments in the synthesis of organometal- 
lic complexes that serve as well-defined catalysts for metathesis have opened many opportunities in the 
area of polymer synthesis.2* 

The speed and efficiency of chain growth relative to termination of the metathesis catalysts provides 
high molecular weight polymers. Different catalyst mixtures produce different double bond geometries 
and tacticities.22 These factors have been studied in detail since one of the first promising polymers pro- 
duced by ROMP was polypentenamer. The all-trans isomer is an elastomer and was studied as an excel- 
lent material for tire manufacture, while the cis isomer is a nonelastomeric solid (equation 1 l).23 

To date, low volumes of materials have been produced commercially from norbomene and cyclo- 
~ c t e n e . ~ ~  Numerous products are expected to result from the material produced by the ROMP of 
dicyclopentadiene in a RIM (reaction injection molding) process. In a RIM process, two streams of a 
monomer are mixed in the mold where it is polymerized to the final part.25 In this case, one of the 
monomer streams contains a tungsten complex while the second contains an alkyl aluminum activator. 
When the two streams of dicyclopentadiene are mixed, the metathesis catalyst is formed and the 
monomer is ROMP polymerized (equation 12). 

Recent advances in ROMP chemistry have resulted from the finding that the isolated organometallic 
carbene and metallacycle complexes give living polymers. These systems continue to add monomers to 



Alkene Metathesis and Related Reactions 1121 

the end of the growing chain without chain transfer or termination. From a polymer synthesis viewpoint, 
this result opens the way for the synthesis of monodispersed polymers, block copolymers and a variety of 
materials with tailored properties. For example, the metallacycle formed from norbomene and the Tebbe 
reagentk can be isolated and characterized. When this metallacycle is heated with more norbomene, 
polynorbomene is produced.26 If the reaction is cooled to mom temperature, the reaction stops and a 
polymer can be isolated that contains a metallacycle at the end. When this metallacycle is heated with a 
carbonyl compound, the intermediate alkylidene undergoes a Wittig type reaction, of the type that will be 
discussed later, to give a high yield of an end-capped polymer (equation 13)?7 

If this reaction is carried out as an intramolecular reaction, interesting ring systems are produced. This 
reaction was used to produce a precursor to capnellene28 and involves all the same reactions as used in 
the polymer synthesis (equation 14). 

slow + CpzTir\AlMe2 - Cp2Ti ___) 

C i  
CO~BU' C02Bu' 

OBu' 

With the availability of the newer catalysts discussed above that are more tolerant of functionality, it is 
anticipated that a wide variety of synthetically useful carbon skeleton rearrangements can be carried out. 
For example, the molybdenum catalyst shown in equation (15) gives a high molecular weight, living 
polymer with endo,endo-5,6-dicarbomethoxynorbomene. This result demonstrates that the rate of re- 
action of the growing alkylidene with the alkene double bond is much faster than the competing 'Wittig' 
reaction of the alkylidene with the carbonyl functionality. l6 

Living polymer C02Me 

Another area of ROMP in the early stages of development is the polymerization of highly function- 
alized monomers in protic and aqueous solutions. These catalysts appear to tolerate most organic func- 
tional groups and will polymerize highly functionalized monomers (equation 16).18 The development of 
the organometallic chemistry of these catalysts will open a variety of new applications of metathesis in 
organic synthesis. 
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0 

C02H 

n 

0 

(16) 

93.3 REACTIONS BETWEEN CARBON-CARBON AND CARBON-OXYGEN DOUBLE 
BONDS 

Alkene metathesis catalysis involves intermediates in which a transition metal is multiply bonded to 
carbon. These species are often referred to as nucleophilic carbenes when the carbon atom is negatively 
polarized. A more functional description is to name these compounds as alkylidene complexes, since 
they react to transfer an alkylidene moiety from a transition metal to a substrate carbon atomsx Previous 
sections of this chapter have focused on a common example of this chemistry; the process of metathesis 
that involves transition metal mediated interaction of carbon-carbon multiple bonds. 

In this section we will consider the interactions between transition metal complexes and carbon- 
oxygen double bonds, Le. carbonyl groups. The transition metal functions as a reagent to deliver an 
alkylidene fragment and replace the oxygen atom. The process is analogous to a Wittig reaction (equa- 
tion 17).29 

)=O + > M  - + O = M  (17) 

M = metal 

Compounds of the early transition metals have been found to function in this way. Titanium, zirco- 
nium, tantalum and tungsten are among the most prominent metals in these complexes. The complexes 
of titanium form the basis for most of the reagents currently reported in synthesis applications. 

9.3.3.1 Titanium Based Reagents 

The titanium-aluminum methylidene (3), commonly known as the Tebbe reagent? was the first well- 
characterized compound in this series. The Tebbe reagent (3) and related metallacycles (4) have been 
used principally as methylidene sources toward carbonyl groups. Both are believed to provide the tita- 
nium methylidene (5)FCv3 

Cp2Ti A.41Me2 
'Cl' 

CpzTi 3< CpzTi = CH2 

In the case of the Tebbe reagent, the titanium methylidene is presumably released by some Lewis base. 
That base is often the heteroatom of the substrate. A Lewis base such as tetrahydrofuran or pyridine may 
be added to the reaction and usually enhances reactivity relative to reaction with the substrate 

The metallacycles (4) generate the requisite titanium methylidene thermally. Consistent with this is the 
observation that reaction with a carbonyl compound is first order in the metallacycle and zero order in 
the carbonyl compound.30 Metallacycle stability depends on the alkene moiety that has replaced the 
aluminum-chlorine portion of (3) and thus could provide a series of reagents whose reactivity is tem- 
perature de~endent.~' 

The titanium methylidene interacts with the carbonyl carbon-oxygen double bond in a sequence that is 
believed to resemble the metathesis process. With the metallacycle (4), a titanium oxametallacycle is be- 
lieved to be formed, which then decomposes to generate the new carbon-carbon double bond and a tita- 
nium-oxygen p r~duc t .~  The driving force for the reaction has been attributed to the oxophilicity of 
titanium (equation 18).32 

Reaction of the titaniumaluminum reagent (3) is more complex. If no additional Lewis base is em- 
ployed, the carbonyl compound takes that function. Interaction with the aluminum atom is required to 
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C p 2 T i x  + R1)=o 
R* 

'release' the methvlidene. 

R' 

0 R2 R2 
- )== + CpzTiO<R1 - CpzTi=O + (18) 

Kinetic studies of the reaction with esters indicate a second-order process, 
first-order in the &agent and first-order in the ester.33 The large negative entropy for this prockss sug- 
gests that an intermediate forms, possibly a six-membered ring metallacycle, which then leads to the ob- 
served product. In contrast to the related reaction with the metallacycle, the major titanium-containing 
product is Cp2TiClMe while the oxygen of the original carbonyl group is found in a methylaluminoxy 
polymer (equation 19). 

Me 0 Me 
/ \  + CpzTi, AIMe2 - CpzTi: + I (19) 

fA10 3, OR2 Ci c1 

The Tebbe reagent and its metallacycle analogs have proven particularly valuable for the formation of 
enol ethers from e ~ t e r ~ . ~ ~ , ~ . ~ , ~ ~  This methylenation of an ester carbonyl is not normally accomplished 
using the classical Wittig pho~phoranes .~~ ,~~  The same methylenation process takes place with lac- 
t o n e ~ . ~ ~ ~ ~ , ~ ~ ~ ~  In fact, the sequence has been used to methylenate a lactone, and the methylidene product 
then allowed to undergo an electrocyclic reaction (equation 20).37 Similarly, the carbonyl group of sugar 
lactones reacts with the reagent (equation 2i).3* 

I 
OR 

I 
OR 

The Tebbe and metallacycle reagents are also effective at ketone and aldehyde m e t h y l e n a t i ~ n . ~ ~ ~ ~ . ~ ~  In 
this reaction, they are similar to the Wittig reagent, methylenetriphenylphosphorane. A comparison of 
the effectiveness of the Tebbe reagent and the Wittig reagent indicates that the Tebbe reagent is com- 
parable to or better than the Wittig reagent for the methylenation of ketones. The value of the Tebbe re- 

Tebbe reagent, 77%; Wittig reagent, 4% 

agent for methylenation is particularly obvious when the carbonyl substrate is hindered (equation 22).40 
Stereochemistry is retained in substrates containing carbon-carbon double bonds.& Furthermore, the 

absence of a basic medium provides a process in which epimerization of a chiral center is not a prob 
lem?A1 The method also accomplishes methylenation of enolizable ketones,42 a process not very suc- 
cessful with the Wittig reagent. 
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In some cases, there appears to be competition between reaction of (3) with the carbonyl and with the 
terminal alkene product. In the latter case a metallacycle is believed to be formed, which, on protono- 
lysis, leads to the product of gem-dimethylation of the original ~ a r b o n y l . ~ ~ * ~  This transformation has only 
been observed with unhindered aldehydes and ketones, but does, in itself, provide a rather useful syn- 
thetic sequence (equation 23). 

Amides are converted to enamines by reaction with the Tebbe reagent (equation 24),2b whereas acyl 
halides lead to enolates (equation 25).43 Anhydrides lead to a combination of enolate formation, methyl- 
enation and enolization.44 

The Tebbe reagent is a methylidene transfer reagent. Attempts to prepare the homologous titanium- 
aluminum reagents, i.e. ethylidene, etc., have failed, presumably because @-hydride abstraction destroys 
the complex.45 However, some success at homologous alkylidene transfer has been attained through hy- 
droalumination of an alkenyltitanium complex. A spectroscopically identified intermediate is formed 
which then alkylidenates a ketone carbonyl?6 This, along with other titanium-aluminum reagent mix- 
tures, suggests the possibility of alkenylation:' though none of these potential methods have been used 
in synthesis. 

A rather novel approach makes use of the reaction between the titanium metallacycle (4) and one 
double bond of an allene to produce a new metallacycle. That new metallacycle then transfers the allene 
to a carbonyl compound (equation 26).48 

The synthesis of capnellene discussed earlier is an interesting example in which (3) was used to gener- 
ate a new titanium alkylidene which then underwent an intramolecular reaction with an ester carbonyl. 
The process effectively involved carbonyl alkylidenation by a substituted titanium alkylidene (equation 
14). In this case steric factors apparently account for the desired reaction selectivity?8 

The Tebbe reagent can be isolated before use or prepared as an in situ mi~ture.4~ Other in situ reaction 
mixtures which mimic many of the synthetic results of the Tebbe reagent have been introduced. For 
example, a mixture of TiC4, Zn and CH2Br2 provides a reagent that methylenates ketones,50 including 
those that are commonly enolized under the conditions of the Wittig rea~tion.~'  The procedure was used 
for the methylenation of gibberellins and their analogs (equation 27)52 and has also been used with other 
natural products (equation 28)?3 

COzMe 94% COzMe 
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CH2Br2-TiC14-Zn THF * & 
(28) 

OSiMe2But Bu’MezSiO 97% 
OSiMe2But Bu’MezSiO 

Dideuteriomethylenation has been accomplished by utilizing CDzBr2,52,s and 13C has been introduced 
using 13CH2Br2.55 The method has been developed as an organic synthesis procedurGh and is currently 
the most widely used of the titanium based methylenating reagents. 

The compositions of these types of reagents are not yet understood, though it has been suggested that 
the active agent may be a gem-dimetallic methylene reagent rather than a carbenoid. For example, the re- 
action of CH2(ZnI)2 with CpzTiClz in THF gives a reagent which methylenates ketones and whose NMR 
spectral data suggest C ~ ~ T ~ C H T Z ~ X ~ . ( T H F ) ? ~  A reagent containing titanium and magnesium has also 
been reported to methylenate ketones5’ 

The reagent formed with Tic14 is reported to give good yields with ketones, though pinacol-type prod- 
ucts often result when the carbonyl compound is an aldehyde. However, the use of Ti(OPr’)4 is reported 
to be selective for methylenation of aldehydes.58 

All of the dihaloalkane-based reagent mixtures discussed above have only been reported to be effec- 
tive for alkylidenation of ketones and in some cases aldehydes. Modification of the TiC14En dibromo- 
alkane reagent by adding NJVJV’N’-tetramethylethylenediamine (TMEDA) is reported to alkylidenate 
esters?9 a reaction similar to that of the Tebbe reagent and its metallacycle analogs. The reagent mixtures 
derived from Tic14 and Zn have recently been reported to accomplish C2 and higher alkylidenation by 
using dihaloalkanes (equation 29).60 

- phFc5H1’-n 
0 n-C,H, 2Br2-TiC14-Zn 

Me0 TMEDA-THF 
89% 

PhKOMe 

933.2 Other Transition Metal Based Reagents 

Compounds of tantalum and niobium were among the earliest reagents investigated for alkylidene 
transfer to carbonyl.2d.61 Ketones, aldehydes, esters and amides were found to react with a neopentyl- 
idene reagent. Note that there are no f3-hydrogen atoms in this reagent, so that the instability associated 
with most nonmethylene examples is not present (equation 30). Interestingly, the tantalum analog of the 
Tebbe reagent (CpzTadH2) is not an effective methylenation reagent for ketones.61 

0 But AH + (BU‘CH~)~T~=CHBU’ - 
Ph Ph 

Zirconium-aluminum analogs of the Tebbe reagent have been reported to react with carbonyl com- 
pounds slowly, in low yield62 or not at all.63 However, zirconium alkylidenes which are stabilized by a 
phosphorus rather than an aluminum ligand do transfer their alkylidene moiety to carbonyl.64 These 
results provide some of the few examples of long chain alkylidene transfer to carbonyl from an organo- 
metallic reagent (equation 3 1). 

0 
+ 

94% PhKOMe Ph 

Tungsten alkylidenes have also been shown to accomplish carbonyl alkylidenation.‘ Aldehydes, 
ketones, esters and amides have been used as the carbonyl moiety. These reactions involve metallacycle 
intermediates and appear to parallel much of the metathesis chemistry (equation 32). 
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A series of molybdenum alkylidene complexes react with aldehydes, and in some cases ketones, to 
give the product of methylenation (equation 33).66 Some of the examples appear to involve an alkyl- 
idene, while others may follow an addition4imination route typical of the Peterson alkenations.6’ Prob- 
ably the most interesting aspect of this work is the observation that some of the methylenation reactions 
can be carried out in aqueous or ethanolic media (equation 33).66 

AH + C13Mo=CH2 - 
Ph 65% Ph 

(33) 

A metallacycle in which uranium, silicon and nitrogen atoms connect to the methylene group has been 
shown to methylenate a variety of aldehydes and ketones, including some carbonyl compounds which do 
not react well in the Wittig process (equation 34).68 This material exemplifies the complexity and sophis- 
tication that is being used to develop reagent and catalyst systems. 

93.4 CONCLUSIONS 

The metathesis reaction between carbon-carbon double bonds (alkene metathesis) is well established 
in commercial scale synthesis. It is a key component of some polymerization processes and is the route 
to nonfunctionalized alkenes which find applications in fine chemical synthesis. The development of 
well-defined, functional group tolerant catalysts will lead to a much greater role for alkene metathesis in 
synthesis. 

The related reaction between carbon+arbon and carbon4xygen double bonds is just beginning to be 
developed. This Wittig analog provides new routes for carbonyl alkylidenation of aldehydes, ketones and 
members of the carboxylic acid family. 
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9.4.1 INTRODUCTION 
This section will address transition metal mediated cycloaddition processes that fall into the [2 + 2 + 21 

category: reactions involving three components, each of which formally contributes two electrons to- 
wards the final product of cycloaddition. Since the designation (in square brackets) refers to the electrons 
and not the atoms contributed by each cycloaddition component, reactions involving cycloaddition par- 
ticipants such as CO, isonitriles and heteroatoms are included. Products formed will include four-mem- 
bered rings from 2 + 1 + 1 cycloaddition (atom, not electron designation), five-membered rings from 2 + 
2 + 1 cycloaddition, and, of course, six-membered rings from 2 + 2 + 2 processes. Several reactions 
which fall into the formal [2 + 2 + 21 category are covered elsewhere: the Pauson-Khand (2 + 2 + 1) re- 
action (Volume 5, Chapter 9.1), 2 + 1 + 1 and 2 + 2 + 1 cycloadditions of metal carbenes (Volume 5,  
Chapter 9.2), and zirconium-promoted 2 + 2 + 1 bicyclization of enynes (Volume 5, Chapter 9.5). 

Mechanistically, the term cycloaddition applies in only a formal sense to most of the reactions in the 
section; virtually none of these reactions involves true single-step cycloaddition of all three components 
that appear in the final product. More typically, cycloaddition involving a transition metal fragment and 
one or two other components leads to a metallacyclic intermediate whose reaction with the remaining 

1129 
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component(s) ultimateiy gives rise to the final organic ring system.' As organic synthesis is the focus of 
these volumes, this section will not cover cycloaddition reactions that give rise to metal-containing 
species from which the metal-free organic product cannot readily be liberated. 

9.4.2 SYNTHESIS OF FOUR- AND FIVE-MEMBERED CARBOCYCLIC RINGS 

9.4.2.1 Cyclobutenediones and Related Compounds 

A number of Nio complexes with donor ligands react with unsaturated substrates to give five-mem- 
bered ring nickelacycles. Upon reaction of either phenyl- or diphenyl-acetylene with (bipy)Ni(CO)2 
(bipy = 2,2'-bipyridyl) under carbon monoxide a nickelacyclopentenedione complex forms in high yield. 
Further reaction with either higher pressures of CO or with maleic anhydride induces reductive elimina- 
tion, liberating a cyclobutenedione, formally the product of a six-electron 2 + 1 + 1 cycloaddition 
(Scheme 1). Complex formation also occurs from alkylacetylenes, but subsequent reductive elimination 
does not, restricting the utility of this chemistry.2 Similar chemistry had earlier been found in the re- 
actions of Ni(CNAr)4 with diarylalkynes, from which varying yields of diiminocyclobutenes could be 
isolated? 

i, (bipy)Ni(CO),, THF, 24 h; ii, CO, 80 "C, 64% overall; iii, O e 0 6  h, 80% 

Scheme 1 

9.4.2.2 Cyclopentanones: Regio- and Diastereo-selectivity 

A number of cycloaddition reactions of alkenes with transition metals are known to produce metalla- 
cyclopentanes, which in turn may yield cyclopentanones upon treatment with carbon monoxide, the net 
result being that of a formal 2 + 2 + 1 cycloaddition process. The most general involves the use of any of 
the iron carbonyls to generate polycyclic ketones directly from strained alkenes, generally compounds 
related to n0rbornadiene.4.~ The reaction may be carried out thermally or photochemically, usually with 
less than a full equivalent of iron carbonyl. The metallacyclic intermediate is not observed, but proceeds 
directly to product. Yields are lower with most norbornene derivatives. The reaction is normally com- 
pletely diastereoselective, generating exo,rruns,exo-fused cyclopentanone rings, and it proceeds with 
complete regioselectivity from homoconjugated substrates (equations 1 and 2).6 The stereochemical 
course of the reaction may be altered dramatically by remote groups capable of metal coordination 
(equation 3).' A few mixed cycloadditions are known.8 

Among simpler cyclic alkenes, cyclobutenes are reported to undergo similar  transformation^.^ Cy- 
clopentenes and cyclohexenes react only under extreme conditions, giving very low yields. lo 

Fe(c0)~  n 125 "C, 48 h 
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Bun20, Fe(CO)5, A 
(3) 

0 

In general, acyclic alkenes do not give cyclopentanones upon reaction with low-valent metals and CO. 
Although a large number of metallacyclopentanes are known, many of which give cyclopentanones upon 
carbonylation, most are not readily formed from the corresponding alkenes and must be prepared in other 

Noteworthy exceptions include the completely regioselective reaction of methyl acrylate with 
iron c a r b ~ n y l ' ~  and an intramolecular variant using a,o-dienes with Nio (Scheme 2). The latter reaction 
is completely diastereoselective to give the rruns-fused bicyclic from the 1,7-diene; reaction of 1,6-hep- 
tadiene to give bicyclo[3.3.0]octan-3-one is however a much lower yield process (25%) exhibiting only 
3: 1 trunslcis diastereoselectivity.16 

toluene, 

-10 OC, 10 h 
(Ph3PhNi(C2Hd9 toluene, CO, 

-10 to 10 oc 

94% 

53% * &Ni(pph3)2 H H 
Scheme 2 

9.4.23 Cyclopentenones and Related Compounds: Chemo-, Regio- and Dmstereo-selectivity 

Although the Pauson-Khand reaction (Volume 5 ,  Chapter 9.1) and the Negishi bicyclization (Volume 
5 ,  Chapter 9.5) are the two most thoroughly studied cyclopentenone syntheses using transition metals, 
several additional methods exist. Metallacycles derived regioselectively from alkynes, alkenes contain- 
ing ester groups, and the CpCo fragment (Cp = -q5-C5H5) react with carbon monoxide to give cyclopent- 
enones, and with isonitriles to give the corresponding enamines (i.e. 1-amino- 1,3-~yclopentadienes) 
(Scheme 3)." As the Pauson-Khand reaction is ill-suited for substrates bearing electron-withdrawing 
groups, this method is complementary in scope. 

CpCo(PPh3)(PhC&C02Me) 

MeOzC C02Me benzene, 2 d 
Ld 1 30% 

Ph 

MeO2? 

Ph 
b C 0 2 M e  

C02Me 
Me02C 

Ph, ,C02Me 

/ 
toluene. co, 

OMe yh & C02Me 
0 

p C 0 2 M e  
MeO2C 

Scheme 3 

A cycloaddition of alkynes, ullenes and CO under conditions that generate the Fe(CO)4 fragment gives 
rise completely regioselectively to 4-methylenecyclopentenones (equation 4). Terminal alkynes are in- 
corporated with the substituent largely or totally in the 2-position of the product, and the substituent in 
unsymmetrical allenes ends up preferentially on the exocyclic carbon rather than at position 5. Although 
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the (2) diastereoisomer of the exocyclic double bond appears to be the kinetic product, isomerism readily 
occurs thermally in the presence of the metal carbonyl.'* 

0 0 

R' \-.- -t RZ-R3 EtzO,Fc(CO),, 15h - R 2 q  + R 3 4  f 2 e R 1  

R3 R2 R3 

(4) 
R' R' 

R' R2 R3 
H Ph H 
Ph H H 48% 100% 0% 
Ph Ph H 18% 100% 0% 0% 
PhCH2 Ph Ph 25% 80% 20% 

15% 75% 25% - 

An intramolecular reaction of 13-  and 1,g-enynes with isonitriles takes place in the presence of 
Ni(COD)2 (COD = 1,5-cyclooctadiene) and phosphines, giving bicyclic cyclopentenone imines (equation 
5).19 Stereochemical characteristics in substituted systems appear to parallel those in the intramolecular 
Pauson-Khand: enynes with substituents in propargylic positions cyclize preferentially to products in 
which those substituents occupy ex0 positions relative to the newly created ring fusion. It is likely that 
these reactions proceed via similar mechanisms involving insertion into bonds of metallacycles, although 
the order of incorporation of the three two-electron systems into the precursor to the final product is open 
to question in the nickel system. 

DMF. Ni(COD),, 

ButMe2Si0 
\ 

Bu"~P, 
100 "C, 12 h 

ButMe2Si0 Bu'MezSiO 

d N A r  + NAr 

H H 

91% 9% 

In a mechanistically quite different process Ni(C0)4 is the catalyst precursor and the double bond of an 
allylic halide serves as the alkene component in another cyclopentenone synthesis. Sequential insertion 
of the alkyne and CO into an initially formed allyl-Ni complex leads to the primary cyclization product, 
a (2-oxo-3-cyclopenten- 1 -yl)methylnickel complex (Scheme 4). The final product of the sequence de- 
pends on which of several possible reactions of the latter take place. Important features of this reaction 
have been described in several 

Nio @p, R'C&R2, CO ~ ' R' Ni(C0)2X 
I 

e x  - 
, co 

R2 

Scheme 4 

A variety of alkynes follow this reaction sequence in reactions with allyl and crotyl chlorides, as well 
as with methyl 4-bromocrotonate. All examples proceed with total regioselectivity with respect to carb- 
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on-carbon bond formation between unsubstituted carbon atoms of unsymmetrical alkynes and allyl deri- 
vatives. The final products are derived from further insertions of CO and alkyne, followed either by 
pmtonolysis to give an enone side chain, or another CO insertion and cyclization to a lactone (equation 
6).= Chemoselectivity is to some extent possible by control of reaction conditions. Methallyl halides are 
anomalous in giving rise to six- instead of five-membered ring products.24 

acetone, HzO, cat. 

R2 

R1 R2 
HorMe H 
H Me 84% 

0% 
33% 

major product 
67% 

HorMe Ph 68-7 1 % 94-1008 0 4 %  

9.43.4 Cyclopentadknones and Related Compounds: Chemo- and Regio-selectivity 

In 1953 Reppe reported the isolation of 1-indanone, the product of decarbonylation of the Diels-Alder 
dimer of cyclopentadienone, from the reaction of acetylene with Ni(C0)4Fs A wide variety of metal- 
based systems have been found to be capable of such chemistry, and both indanone and cyclopentadie- 
none dimer are occasionally encountered as byproducts of reactions involving acetylene and metal 
carbonyl systemsF6 The interaction of a variety of transition metal fragments with alkynes has also long 
been known to give rise to cyclopentadienones in the form of metal-bound complexes.27 Reactions of the 
iron carbonyls with alkynes are typical, producing varying yields of cyclopentadienoneFe(C0)3 com- 
plexes under thermal conditions. Examples include Fe(C0)s-complexed tetrakis(dimethy1amio)cy- 
clopentadienone, which is obtained in moderate yields from Fe(C0)s in refluxing octane,28 and the 
tetracyclopropylm and tetraisopropyls0 analogs, which are accessible in somewhat lower yields, from 
Fe3(C0)12 at 175-180 'C (equation 7). Treatment of the latter two complexes with trimethylamine oxide 
enables isolation of the metal-free dienones and is the most reliable general method for liberation of 
stable cyclopentadienones from complexation with metal carbonyl fragments. 

octane, Fe(CO),, 

Me2N-NMe2 A, 55% 17 h - M e 2 N k M :  (7) 

Me2N 
Fe(CO)3 

Stable, isolable metallacycles are also obtained from reaction of complexes that serve as sources of the 
CpCo fragment (e.g. CpCo(PPh3)z) and alkynes. Upon carbonylation these typically give high yields of 
cobaltcomplexed cy~lopentadienones.~~3~ Direct reaction of CpCo(C0)s with alkynes is similarly use- 
ful. The cycloaddition of di(r-but0xy)acetylene upon photolysis with CpCo(CO)2 is an example (Scheme 
5).  In all these systems the final complexes lack coordinated CO, and therefore amine oxides are not suit- 
able reagents for liberating the stable cyclopentadienones. Tetra@-butoxy)cyclopentadienone is ac- 
cessible on a preparative scale via controlled electrochemical oxidation.33 Other oxidants such as Crvl 
have been used as well in other systems. 

MeCN, 
0 But 4N+C10; 0 

pentane, 
cPc0(c0)2 

D BUY) 4 . 7 7  v Bt+o&oBt+ \ I  -78 OC, hv 
BuQ OBu' \ , I  

50% 

Scheme 5 
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Unsymmetrically substituted alkynes display a significant degree of regioselectivity in these reactions, 
usually in favor of products with the larger substituents in positions 2 and 5 ,  with lesser amounts of 2,4- 
disubstituted ~ r0duc t . s~~  Isolated examples are known where the latter, unsymmetrical products predomi- 
nate, usually as a result of extreme steric interactions that would be generated around the metal upon 
coupling the less-hindered ends of the two alkynes (equation 8).35v36 

A number of examples exist involving reactions of CpCo(C0)z and silylated alkynes. Cycloaddition of 
Me3Si-H gives a 3: 1 mixture of 23-  and 2,4-bis(trimethylsilyl)cyclopentadienone complexes. The 
use instead of [CsMes]Co(CO)z reverses the regioselectivity to 1 :3.7, presumably due to the increased 
steric crowding about cobalt (equation 9).37 This effect has yet to be exploited in synthesis. 

0 0 

- M e 3 S i 4 +  SiMe3 + M e 3 S i 4 4  (9)  

THF, -20 OC, hv 
Me3Si- 

(Ring)Co(C0)2 
(Ring)Co (Ring)Co SiMe3 

Ring 
CP 75% 
C W 5  21% 

25% 
79% 

In this general area quite efficient intramolecular examples have been described as well (Scheme 6). A 
thorough examination of the intermediates and likely mechanisms associated with this system has been 
published.38 In particular, it has been found that the type of metallacycle formed depends on the length of 
the chain separating the two alkyne units in the diyne. Efficient intramolecular cycloaddition to a bicy- 
clic metallacycle occurs only from 1,6- and 1,7-diynes. The poor results on attempted cyclization of 13-  
diynes to give highly strained bicyclo[3.2.0]hepta- 1,4-dien-3-0nes result from resistance towards closure 
of the strained four-membered ring upon metallacycle formation.39 

THF, CPCO(CO)~ SiMe3 pentane, MeCN, SiMe3 
-20 OC, hv, 5.5 h - e o  

Ce'", 30 min 

=100% 

SiMe3 

SiMe3 

73% - SiMe3 

Scheme 6 

The use of complexes in which unsymmetrical disubstitution is present on the Cp ring leads to dia- 
stereoselection in the cycloaddition process, leading to chiral cyclopentadienone In the 
course of subsequent transformations stereochemical information has been shown to be transferable to 
the complexed cyclopentadienone ring (Scheme 7)."l 

Although catalytic preparations of cyclopentadienones with other metal systems are known, chemose- 
lectivity is often a problem. For example, the reactions of 2-butyne, 3-hexyne and diphenylacetylene 
with [(C0)2RhC1]2 at 80 'C give mixtures of hexasubstituted benzenes, metal-complexed, tetrasub- 
stituted cyclopentadienones and quinones.42 An exception is the preparation of the stable tetrakis(triflu0- 
romethy1)cyclopentadienone from the alkyne;43 the unusual electronic properties of the product make 
this result lack generality. 

Also lacking generality due to chemoselectivity problems are attempts at achieving intramolecular cy- 
cloadditions from a,w-diynes in the presence of iron  carbonyl^.^*^^ An efficient two-stage intramolecu- 
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SiMe3 

& ...._,, COzMe 

1 ...._,, .' COzMe 

THF, 

-78 "C 
n-C6HI3(LCLi 

c 

I 91% 

SiMe3 

67 % 

Scheme 7 

...._,, .' C02Me 

33% 

lar process starting with a variety of a,o-diphenyldiynes and a rhodium-based reagent is known, how- 
ever. Reaction with tris(triphenylphosphine)rhodium(I) chloride gives excellent yields of the correspond- 
ing rhodacyclopentadienes, which give the dienones upon carbonylation (Scheme 8). In addition, the 
corresponding imines are formed upon reaction with isonitriles?6 

xylene, 
Rh(PPh3)3CL 
A, 30 min 

95% 

c 

- - Ph '. CPh \ 0 

benzene, CO, 
50-60 "C, 4 h 

a : h ( P P h 3 ) $ l  \ /  50% 

0 ph 

Scheme 8 

A catalytic, completely regioselective conversion of 4,4-dimethyl-2-pentyne (methyl-r-butylacetylene) 
to 2,5-di(t-butyl)-3,4-dimethylcyclopentadienone is mediated by (PhCN)zPdC12?' Other examples exist 
for earlfa as well as late transition metals, and an isonitrile has been used as a CO equivalent in one Nio- 
based system as ~ e l l . 4 ~  Finally, a heterogeneous catalytic intramolecular cycloaddition of diynes has 
been developed, leading to cyclopentadienones which either dimerize (Diels-Alder) or in certain cases 
may be trapped by nucleophiles (equation 

Using Ni(CO)4 as both reducing agent and cycloaddition mediator, o-diiodobenzene may be induced 
to serve as a benzyne equivalent in a cycloaddition with alkynes leading to indenones. Yields are consist- 
ently good and regioselectivity with terminal alkynes for the 2-substituted product excellent (equation 
11).5132 

MeCN, EtOH, cat. Pd/C, CO, 

40"C,2d 87% - H-*o (10) "-+ 
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cyclohexane, Ni(CO), 
120 "C, 6 h 

50% 

9.43 SYNTHESIS OF FIVEMEMBERED HETEROCYCLIC RINGS 

9.43.1 Furans 

pheric oxygen or with peroxides gives furans in modest yields (Scheme 9)?a 
Oxidation of rhodacyclopentadienes, prepared from diynes as shown in Scheme 8, with either atmos- 

benzene. 

A, 10 min 
Rh(Pph,),CI, 

- Ph 
0 

Scheme 9 

In an isolated intermolecular example air oxidation of the polymeric metallacycle derived from di- 
methyl acetylenedicarboxylate and a source of Pdo gives a 45% yield of the corresponding furan tetra- 
ester.53 

9.4.3.2 Furanones: Regioselectivity 

The synthesis of furanones (y-lactones) from alkynes and carbon monoxide consititutes a unique vari- 
ation of the [2 + 2 + 21 pattern. The ring incorporates both carbons from the O d ,  the carbon from one 
CO, and both carbon and oxygen from the other CO. The process is therefore a 2 + 2 + 1 cycloaddition 
of the form [2n(gc + 2 n ~  + 2ncol. The formal result of such a cycloaddition is a carbene at position 
4, the carbon atom of the nco participant (equation 12). 

In one common mechanistic version of the reaction one of the molecules of CO is incorporated as a 
metal acyl. Insertions of alkyne and CO lead to a 4-keto-2-alkenoyl metal derivative. Cyclization via in- 
sertion of the 4-keto group into the acyl-metal bond generates a 4-metallalactone complex containing 
both the metal and the R group originally present in the starting acyl ,RCOM attached to C-4 of the new 
ring (the 'carbenoid' carbon mentioned above) (Scheme 10). Regioselectivity with regard to alkyne in- 
sertion is normally controlled sterically, with the first new carbon-carbon bond forming between the acyl 
carbonyl and the less sterically hindered alkyne carbon. This places the larger alkyne substituent closer 
to the lactone carbonyl group. Model studies have confirmed the feasibility of mechanistic variations 
such as q3 (allyl) complexation to the metaLS4 
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RIM + CO 
' M  

Rz 

Scheme 10 

Unsaturated lactones lacking substitution at C 4  are the simplest ones available via this general type of 
cycloaddition. Several syntheses of these lactones are of practical value, including two Pd-based meth- 
o d ~ ? ~  However, the considerable utility of metal carbonyl anions in lactone synthesis is illustrated by a 
rhodium carbonyl anion catalyst system which gives very high yields upon reaction with a variety of in- 
ternal alkynes under weakly basic aqueous conditions, essentially water-gas shift conditions. These con- 
ditions were established to maximize chemoselectivity with respect to other possible alkyne 
carbonylation products. Regioselectivity is modest in this process, but was not examined systematically 
(equation 13)?6 

Addition of an alkene insertion step to the sequence above prior to reductive elimination of the final 
product gives an alkene-derived R group. Although for reliable results the reaction is restricted to 
ethylene,-giving an ethyl substituent at C-4, yields Ad alkyne regioselectivity are reasonable (equation 
14):' 

EtOH, HzC=CHz 

* ph$: + x: cat. R~~(CO) ,Z ,  
50 atm CO, 150 OC 

Ph = 
Ph 52% 

Et Et  

92% 8% 

In still another variation on the above Rh-catalyzed system, lactones with 4-alkoxy substitution are ob- 
tained from internal alkynes by omitting the alkene and introducing one of several oxygen bases (equa- 
tion 15)?* As before the reaction is characterized by good yields and modest regioselectivity. The 
mechanism involved here is not well understood. 

MeOH, NaOAc 
cat. Rh,(CO),z, 

40 atm CO, 100 OC 

75% 
- ph$: + x: (15) Ph = 

Ph 
OMe OMe 

72% 28% 

Several first-row metals display varying utility in stoichiometric lactone syntheses. The general mech- 
anism described above is followed in a reaction sequence that begins with acyl complexes derived from 
reaction of -Co(C0)4 with Me1 and CO. Under phase transfer conditions these react with alkynes to give 
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4-keto-2-alkenoylcobalt intermediates. These in turn react with hydroxide to give an unsaturated keto 
acid, which cyclizes spontaneously to a y-hydroxylactone (equation 16).59 The reaction is general for ter- 
minal alkynes and displays total regioselectivity. Saturated 2,4-disubstituted-y-butyrolactones are formed 
in a similar process that uses manganese carbonyl anions instead of cobalt.60 

benzene, 5N NaOH 
cat. MeI, Cq(CO),, CO, 25 CTAB, “C Ph fl0 

Ph w I o  (16) 
44% 

Y O H  

When the acylcobalt species is derived from a compound containing halogen on an activated carbon 
(e.g. an a-halo ester or nitrile) an elimination may occur to introduce an exocyclic double bond in the 
final product. This sequence, leading to lactones of pentadienoic acids, is general for both terminal and 
internal alkynes in the presence of amine bases (equation 17).61 

Et@, Cy$” 
NaCo(CO),, CO 

27 OC, 14 h 

51% 

BrCH2COZEt 

Et Et 1 Et 

CO2Et 

Acyl halides and alkynes also give lactones upon reaction with Ni(C0)4 in an aqueous acetone me- 
dium. The result in this system is typically a f3.y-unsaturated lactone, formed together with some product 
derived from condensation with molecules of solvent (equation 18).62 Lactones are also formed in low 
yield as byproducts from the reactions of acylnickel carbonyl anions (derived from addition of RLi to 
Ni(C0)4) with terminal alkynes at -30 0C.63 A single example of y-aminolactone formation is reported 
from 2-butyne, CO and diethylamine, catalyzed by ( E t z ” ) 2 N i B r ~ ~  

acetone, 0.13% H20, 
cat. Ni(CO),, PhCOC1, 

* + +  y: 54 ‘C, 3 h 

63% 

- - - 
\ \ 

Ph Ph 

84% 16% 

Of more specialized interest is the reaction of alkynes with C02(CO)8 in polar solvents under condi- 
tions of elevated temperature and CO pressure. The major products are the (E) and (2) isomers of so- 
called bifurandiones, the products of formal (but not actual) carbene dimerizati0n.6~ An intermediate, a 
complex of this lactone-derived carbene bridging a Coz(C0h moiety, may be isolated from reactions of 
alkyl-, aryl- or dialkyl-acetylenes with COZ(CO)S. Its formation is completely regioselective even for 
ethyl vs. methyl, placing the larger group a to the lactone ~ a r b o n y l . ~ . ~ ~  In the subsequent formation of 
the bifurandione itself regioselectivity in alkyne incorporation into the second ring is incomplete and in 
the opposite direction, an observation which remains unexplained (Scheme 1 l).68-70 

9.43.3 Furandiones 

Formal [27rrc-c + 27rca + 2ncol and [ ~ I T C H C  + 2nc0, + 2nm] cycloadditions give rise to 2,5-furan- 
diones (succinic and maleic anhydrides). Thus the complex (CDT)Nio (CDT = 1,5,9-~yclododecatriene) 
reacts with either alkenes or alkynes and C02 in the presence of diamines or diphosphines to give 5-nic- 
kelafuranones. Upon exposure to CO these give the corresponding anhydrides (Scheme 12).71 Ethylene, 
acetylene and 2-butyne have been carried through this sequence. 
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hexane, 

300 atm CO, 
70 "C, 14 h 

52% 

acetone, 
200 a m  CO, 
120 "C, 3 h 

30% 
c c 

go COZ(C0)8. 

- - 
(CO)3C0 - CO(CO)~ K 

0 yo + 0 A0 + omo 
major product minor products trace amounts 

Scheme 11 

THF, bipy, 
(CDT)Ni, COz THF, 

1 atm CO 

80% 

-78 to 25 OC, 7 d 

85% 

- - 

Scheme 12 

9.4.3.4 Thiophenes, Selenophenes and Similar Heterocycles: Regioselectivity 

In contrast to the limited number of approaches to furans, several metallacyclopentadienes derived 
from reactions of alkynes with appropriate metal complexes may be used as precursors to other five- 
membered ring heteroaromatics. As was the case with furans, rhodacyclopentadienes are usable for con- 
version to thiophenes and selenophenes, although yields are typically 10w.46,72 Iron-containing 
metallacycles may also be employed as precursors to thiophenes, however, and some of the yields ob- 
tained in reactions with Sg are quite good (Scheme 13).73 Greater flexibility is obtained using a cobalt- 
based process which allows the sequential incorporation of two different alkynes, followed by a 
heteroatom, into a heterocyclic product.74 Typically reaction of CpCo(PPh3)z at room temperature with 
first one and then a second alkyne proceeds in good yield to the cobaltacycle with good to excellent 
regioselectivity in most cases, forming the new carbon-carbon bond between the least sterically hindered 
alkyne carbons. Reaction with elemental sulfur or selenium gives rise to the final heterocycle (Scheme 
14). 

In one case, formation of the thiophene from sulfur and dimethyl acetylenedicarboxylate, a viable cata- 
lytic procedure was optimized (75% yield) by using CpCo(C0D) and elemental selenium, which pro- 
motes thiophene formation in refluxing toluene. The role of the Se is not known, and the implications of 
these results have not been explored.75 

A wide variety of main group heteroatom-containing ring systems are formed by the reaction of appro- 
priate reagents with metallacycles derived from cycloaddition of 'Cpzzr"' with alkynes, diynes, dienes, 
enynes or alkynenitriles. This is an exceptionally general process of considerable potential, especially for 
the synthesis of less-common types of heterocycles (Schemes 15 and 16).76 

SiMe3 SiMe3 

benzene, :y 
55% Fe(C0)3 63% 

I I 

\ 

Fe~(C0)9, A - b Fe(CO)3 
\\\ 

SiMe3 / SiMe3 / SiMe3 

SiMe3 

\\ 

SiMe3 
\\ \\ 

Scheme 13 
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benzene, benzene, 
~ o ( p p h 3 ) 2  PhCIcCOzMe 

Ph = Ph CpCo(PPh3)(PhC I CPh) - 
48% 

benzene, 

ph$IoCp(PPh3) Ph + MeO2C ph g:oCp(PPh3) 

COzMe Ph Ph 

10% 90% 

Scheme 14 

THF, 
CPz=I,. 

Mg, HgC12,25 OC 
THF, xc12, 

25 OC 

X = PhP, 85% 
X = PMs, 76% 
X = GeCI2, 83% 

\ 
- gzp2 - - 

Scheme 15 

Y Reagent Yield(%) X 

CH Se2C12 53 Se 
CH MezSnBrz 82 SnMe2 

CH S2C12 55 S 

N S2Cl2 65 S 

Scheme 16 

9.435 Pyrroles and Related Compounds 

nitrosobenzene to give low yields of N-phenylpyrroles (Scheme 17).46v72-74 
Both the rhodium- and cobaltcontaining metallacycles described in the previous section react with 

benzene, benzene, 

- $~oCp(l'Ph~l Ph phNo'A 35% * xzm Ph 
~ O ( p ~ 3 ) Z  

Ph = 
54% 

Scheme 17 

Succinimides and malehides are accessible via processes analogous to those described for the corre- 
sponding anhydrides (see Section 9.4.3.3). Reactions of (COD)zNio with either alkenes or alkynes and 
isocyanates (Le. heterocumulene analogs of COz) give azametallacycles that upon carbonylation yield 
cyclic imides. With alkenes high yields of metallacycles are formed from both simple isocyanates as well 
as a,w-diisocyanates. Carbonylation yields are variable, however (Scheme 18). Alkynes give lower 
metallacycle yields but high yields of the final imide (Scheme 19).77 
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THF, CY3P 
(COD),Ni. -78 "C, 20 h, 

then 25 'C, 24 h 

89% 
ph/\\ + OCN(CH2),NC0 - 

Scheme 18 

THF, TMEDA, 

Ph Ph\ / 

(COD),Ni, 
m c o ,  

CO, 25 "C -50 to 25 "C, 3 d 
Ph-Ph Ni(TMEDA) 

45% 75% 

Ph Ph 

Scheme 19 

Allenes may take the place of alkenes in this process, leading to exo-methylenesuccinimides as pro- 
ducts. With unsymmetrically substituted allenes, the less-substituted double bond is chemoselectively in- 
corporated into the heterocyclic ring.78 The alkene may also be replaced by an aldehyde in this 
cycloaddition, leading to 1,3-oxazole-2,4-diones (Scheme 20).- 

THF, TMEDA, 
(CDT)Ni, 
MeNCO, co, 

b 

-78 to 25 OC, 1 d 

45% 

-78 to 25 "C, 1 d 
PhCHO 

I 
69% 

Me Ph 

Scheme 20 

9.4.4 SYNTHESIS OF SIX-MEMBERED CARBOCYCLIC RINGS 

9.4.4.1 Cyclohexanes and Cyclohexenes: Regioselectivity 

There are few cycloadditions involving either three alkenes, to produce cyclohexanes, or two alkenes 
and an alkyne, to produce cyclohexenes.80 The appropriate metallacyclic precursors containing the CpCo 
fragment have in fact been prepared and examined for reactivity. Both cobaltacycloheptanes and cobalt- 
acycloheptenes undergo &hydride elimination, producing 1-heptenes and 1,6-heptadienes respectively, 
in preference to reductive elimination of the metal and coupling to produce cyclic 

Nonetheless, there are a small number of systems that do mediate such [2 + 2 + 21 cycloadditions. 
With allenes as the 'alkene', cycloaddition with both acetylene and terminal alkynes proceeds regio- 
selectively to give 3,5-dimethylenecyclohexenes using Ni" catalysts, and mostly 3,6-dimethylenecyclo- 
hexenes using NiO catalyst precursors (equation 1 9)!2 Norbomadiene undergoes so-called 
'homo-Diels-Alder' cycloaddition with both alkenes and alkynes in the presence of nickel catalysts.83 
Further elaboration of this chemistry with alkynes but not alkenes has been described using a Co/Al cata- 
lyst system (equation 20).84 Attempts to produce cyclohexenes via all-intramolecular [2 + 2 + 21 cyclo- 
addition of 1,13-dien-7-ynes or 1,ll -diend-ynes have been unsuc~essful.~~ 
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cat. Ni(acacI2, 80 OC, 45% 100% 
39% cat. Ni(CO),((Ph0)3P)2, 80 OC, 43% 

benzene, cat. 
CO(WC)~, EtZAICI, 
PhzPCHzCHzPPhz 

35 O C ,  2 h 

41% 
+ Ph-Ph - 

0% 
61% 

9.4.4.2 Cyclohexadienes: Regio- and Diastereo-selectivity 

The synthesis of the 1,3-cyclohexadiene system using transition metals has generally involved reaction 
of the intermediate metallacyclopentadiene derived from two alkynes and a metal fragment with an al- 
kene. Many systems have been developed for this process, although sensitivity of the product diene to- 
wards aromatization or other subsequent reactions is an occasional problem.86 The alternative insertion 
sequence, involving a metallacyclopentene derived from one alkyne and one alkene, is generally unsuit- 
able as reactions of such species with alkynes usually give linear products. Thus the cobaltacyclopenta- 
diene derived from diphenylacetylene reacts stoichiometrically with methacrylonitrile to give both 
cyclohexadiene and pyridine products (equation 21) (see Section 9.4.5.1). However, reaction of 
diphenylacetylene with methacrylonitrile in the presence of catalytic amounts of the monoalkyne com- 
plex CpCo(PPh3)(PhWPh) leads only to acyclic products. Thus the alkene and not the alkyne pref- 
erentially complexes to the metal, and the cobaltacyclopentene, once formed, reacts with additional 
alkene to form linear products instead of undergoing cycloaddition with the alkyne.87 Only occasionally 
does the alkyne compete sufficiently well for complexation to the metal to prevent metallacyclopentene 
formation, in which case catalytic cycloaddition is possible.74 Thus under most circumstances cyclohexa- 
diene formation requires that the metallacyclopentadiene be preformed, and then reacted stoichiometri- 
cally with alkene. Incorporation of the alkene is highly diastereoselective with retention of 
stereochemistry. Typically the product is isolated as a diene-metal complex from which the metal is 
removed by oxidation (Scheme 21).88 

Although cobaltacyclopentene complexes react preferentially with alkenes, they can be preformed and 
reacted with alkynes, providing an alternative stoichiometric permutation for 1,3-~yclohexadiene syn- 
thesis (Scheme 22).89 

Regioselectivity in metallacyclopentadiene formation has been considered in earlier sections (Sections 
9.4.2.4 and 9.4.3). As the examples show, mixtures are typically formed containing isomers in which the 
larger alkyne substituents are either in,positions 2 and 4 or positions 2 and 5,  resulting in cyclohexa- 
dienes with the large groups in either a 1.3- or a 1 ,Cdisposition. Total regioselectivity (larger group at C- 
2 or C-5 in the metallacycle) may be achieved with alkynes containing attached groups sufficiently 
different in size, e.g. Ph or COzMe vs. Me, or anything vs. H. Systematic examination of alkene regio- 
selectivity has not been done. Exceptional 1,3-selectivity is found in the Nio-catalyzed cocycloaddition 
of phenylacetylene with N-methylmaleimide (equation 22).90 

ph$:~Cp(PPh3) Ph + =( CN benzene, 70 29% "C Ph PhQCN \ + Py$ ph \ N  (21) 

Ph Ph 

34% 66% 

Ph 
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CDCO Y C O z M e  75% v C 0 2 M e  
CO2Me C02Me 

Scheme 21 

be-, 3 d rn .- 
Me02C C02Me 3 w  

CpCo(PPh3)(PhC&C02Me) + 

CO2Me C02Me benzene, 
C02Me 

cpco-  - 
PhCICC02Me, 3 d 

Me02C g C o C p ( P P h 3 )  43% MeO2C 
Ph Ph 

Scheme 22 

Partially intramolecular versions of this process, e.g. cycloadditions of a,w-enynes with alkynes, give 
only low yields of ring-fused 1,3-cyclohexadienes, even when hindered alkynes incapable of cyclotrim- 
erization side reactions (e.g. MesSiC-CSiMes) are used (see Section 9.4.4.3).91 However, when the al- 
kene portion of the enyne is part of a heteroaromatic ring such as a pyrrole, an indole or an imidazole, 
cycloaddition has been found to proceed smoothly, allowing access to remarkably complex heteropoly- 
cyclic products.92-w Regioselectivity with regard to incorporation of the alkyne is variable, but tends to 
favor large alkyne substituents at C-1 of the cyclohexadiene ring (equation 23). Although either 
CpCo(CO)2 or CpCo(CHdH2)2 may be used as the CpCo source in these reactions, the latter gives 
rise to higher regioselectivities with unsymmetrical alkynes. 
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Upon extended heating with stoichiometric CpCo(CO)2 all-intramolecular cycloadditions of 1 -ene- 
6,12-diynes to fonn cobalt-complexed cyclohexadienes take place in good yields (Scheme 23).95*96 High 
diastereoselectivity in the formation of the complex is sometimes observed in these processes, as is con- 
siderable tolerance for steric hindran~e?~*~* 

isooctane, 

100 "C, 48 h 

65% 

~PcO(CO)2 

c 

Me0 

MeCN, 
FeC13*H20, 

-40 to 0 "C, 25 min 

78% 

Scheme 23 

Complementary cycloadditions of 7-ene- 1.13-diynes proceed with similar success, and are noteworthy 
in their ability to incorporate tetrasubstituted alkenes with total diastereoselectivity (equation 24).wJ00 
Incorporation of the alkene into a heteroaromatic ring is compatible with all-intramolecular cycloaddi- 
tions of this type as well (equation 25).93 

xylene, 
cPco(co),, 

120 "C, hv, 1.5 h 

60% 
cocp 

9.4.43 Benzenes: Chemo- and Regio-selectivity 

The cyclotrimerization of alkynes to give benzene derivatives is perhaps the most general reaction of 
these compounds in the presence of transition metal complexes. Practically any mono- or di-substituted 
alkyne, in addition to acetylene itself, may be cyclotrimerized. In addition, cocycloadditions involving 
more than one different alkyne are possible with some degree of selectivity, and intramolecular versions 
of the reaction have seen sophisticated development. 

A wide variety of homogeneous and heterogeneous catalysts are available for alkyne cyclotrimeriza- 
tion. As a result, numerous mechanistic pathways have been established for the different versions of this 
process, each characteristic of the metals involved in the system.lO' The most common involves the inter- 
mediacy of metallacyclopentadienes, derived as already shown from any number of metal fragments and 
two alkynes. Upon opening a vacant coordination site, these systems may readily complex a third alkyne, 
which may insert to give a transient metallacycloheptatriene from which the benzene product is ultimate- 
ly released via reductive elimination of the metal (Scheme 24).lo2 

The major regiochemical consequence of this mechanism is that trimerization of unsymmetrically sub- 
stituted alkynes gives rise mostly to benzenes in which the most sterically demanding substituents oc- 
cupy positions 1, 2 and 4 around the ring. To a lesser extent products with the 173,5-substitution pattern 



12 + 2 + 21 Cycloadditions 1145 

are also obtained. In the sequence regioselection can be seen to occur at two stages: in the formation of 
the metallacyclopentadiene, and in the subsequent insertion of the third alkyne. The preference for for- 
mation of the metallacyclopentadiene with the larger substituents at positions 2 and 5 has been noted, 
and must lead exclusively to the 1,2,4-substitution pattern, irrespective of the sense of the final inser- 
tion.lo3 The formation of products with a 13,5-pattem requires the intermediacy of a metallacycle with a 
2.4-disubstitution pattern. Even so, the latter can still give rise to 1,2,4-products as well (illustrated for 
terminal alkynes in Scheme 24). Although examples of reactions showing quite high levels of regio- 
selectivity towards either 1,2,4- or 1,3,5-trisubstituted benzenes are well-known, few of these systems 
have been studied to the extent that rational control of regioselectivity is possible. 

Supporting evidence for the above mechanistic patterns in the majority of metal systems was first es- 
tablished in elegant isotopic labeling studies, which showed clearly that no intermediate with the sym- 
metry of a cyclobutadiene was involved.lW In one system, the reaction of a cobaltacyclopentadiene with 
Me02CGdC02Me, benzene formation does not involve direct complexation of the third alkyne to the 
metal. It has therefore been suggested that the conventional insertion process has been here replaced by a 
direct Diels-Alder reaction with the metallacycle, perhaps as a result of electronic factors (Scheme 
25).'05 

Scheme 25 

The general mechanistic picture presented above applies to a number of synthetically useful systems 
including the fmt to be discovered, in which trimerization of acetylene to benzene, and propargyl alco- 
hol to a 1:l mixture of 1,2,4- and 1,3,5-trisubstituted benzene derivatives was catalyzed by 
(ph3P)~Ni(CO)2.~~ Phosphine nickel carbonyls are usually much more highly regioselective for 1,2,4- 
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products, although their reactivity in simple trimerizations is mostly limited to terminal alkynes, prefer- 
ably with carbonyl substitutents (equation 26). ‘06 

- - - CO2Me 
78% 

COzMe 

Another system that appears to follow the same pattern utilizes (q5-indenyl)Rh(CzH4)z, which is re- 
markably effective for the regioselective trimerization of 3,3-dimethyl- 1 -butyne (r-butylacetylene), giv- 
ing rise to 1,2,4-tri(t-butyl)benzene in 76% yield, and only 8% of the 1,3,5-i~orner.~~’ On the other hand, 
unusually high 1,3,5-regioselectivity has been observed from certain NiII-based catalysts: (Bu3P)NiBn, 
which converts (S)-3-methyl-l-butyn-3-01 exclusively into the corresponding 1,3,5-trisubstituted ben- 
zene derivative in moderate yield,lo8 and [(.r13-allyl)NiC1]z, which gives 1,3,5-trisubstituted benzenes 
from terminal alkynes in excellent yields with very good selectivity (equation 27).Io9 

I I 
Bun Bun 

90% 10% 

Chemoselective cocycloaddition of two molecules of a terminal alkyne together with one molecule of 
an internal alkyne into a benzene product is possible due to the relative unreactivity of phosphine nickel 
carbonyls towards simple trimerization of the internal alkyne itself (equation 28).106J10 Careful control of 
reaction conditions has also permitted selective intermolecular cocycloaddition in the presence of cobalt 
catalysts as well; for example, diphenylacetylene and 3-hexyne give rise to a 57% yield of 1,2,3,4-tetra- 
phenyl-5,6-diethylbenzene.’ 

THF, cat. Ni(CO)*(PPh3)2, 
5-15 am, 8 M 6 0  OC, 3 h - - - - - + 

93% 

46% 54% 

The feasibility of carrying out chemoselective cocycloadditions by reacting a preformed metalla- 
cyclopentadiene and an alkyne has been explored. Despite some success in the area (e.g. equation 
29),53,74 chemoselectivity is generally compromized by the fact that the metal fragments liberated after 
one cocycloaddition cycle are catalytically active in promoting simple cyclotrimerization of the added 
alkyne. ‘02 

COZMe 

* (29) 
benzene, 1 10 OC 

CoCp(PPh3) + Ph-Ph 
36% 

MeOzC MeOzC x Ph Ph 

A number of other mechanistic sequences are thought to occur in alkyne trimerizations mediated by 
other metal systems. Catalysts derived from Co2(CO)s follow a characteristic sequence of steps that in- 
volves exclusively dinuclear complexes (Scheme 26). The nature of the final ‘(alkyne)sCoz(CO)4’ inter- 
mediate, a so-called ‘flyover’ complex, is supported by both X-ray crystal structure data as well as its 
involvement in forming other products besides  benzene^.^^.^^ These dinuclear cobalt systems are note- 
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worthy due to their wide scope of reactivity as well as their ability to trimerize alkynes in high yield with 
high 1,2,4-selectivity (equation 30)."' 

R 

Scheme 26 

dioxane, cat. 
C ~ ( C O ) ~ * p h l c H ,  

A, 1 h 

90% 
+ phqph (30) Ph = 

Ph 

96% 4% 

A characteristically different mechanism appears to operate in alkyne trimerization systems based on 
PdC12.1'2 Cationic metal complexes are involved in which initial halide transfer to an alkyne carbon is 
followed by sequential linear insertion of two more alkyne moieties. Metallacyclopentadiene intermedi- 
ates are not involved in this sequence. Unique to this mechanism is the subsequent ring-closure to a cy- 
clopentudienylmethyl metal derivative, which, via halide transfer back to the metal, eventually leads to 
benzene via a bicyclo[3.1.0] system (Scheme 27). Support for this mechanism comes in part from the 
isolation of methy lcyclopentadienyl-derived structures in several cases, including pentalene derivatives 
from further alkyne insertion followed by a second ring-cl~sure.~'~ 

(PhCN)ZPdCI, But But e 
But- .I 

C - 
C12(F%CN)Pd--Al - 

BU' But 

But ...... DB"$ 

Scheme 27 
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Regiocontrol in the insertion sequence appears to be steric in origin, with large groups directed away 
from the bulky metal. A tail-to-tail linkage sequence followed by rearrangement leads to 1,3,5-tris(r- 
buty1)benzene as the sole benzenoid product from trimerization of t-butylacetylene in the presence of 
PdC12. 

The dual characteristics of sequential insertion and lack of metallacyclopentadiene formation appear to 
apply to other high-valent metal halide catalysts as well, e.g. NbCls. Regioselectivity varies from one 
system to the next, however. The related Ziegler-type catalysts typically give l,3,5-systems in com- 
parable or greater amounts relative to their 1,2,4-isomers. l4 For example, TiCWAlEt2Cl converts 
phenylacetylene in high yield into a mixture of 1,3,5- and 1,2,4-triphenylbenzenes, with 80:20 regio- 
selectivity.' l5 These systems display extraordinary reactivity; for example, the trimerization of w-chloro- 
1-alkynes is complete in 5 min at 0 'C in the presence of T~CWAIBU'~ . '~~  A mechanistic study dealing 
with Ziegler-type catalysts confirmed the lack of involvement of metallacyclopentadienes and concluded 
that benzene formation involved a template-type concerted cycloaddition, although the sequential inser- 
tion mechanism outlined above appears equally consistent with the results. ' l7 Catalysis of alkyne trimeri- 
zation by AlC13 is a mechanistically distinct process which does involve a complexed cyclobutadiene. 

High yields of benzenes are formed from internal alkynes (and a few select terminal alkynes) upon 
heating in the presence of a soluble catalyst generated by combining Me3SiC1 and Pd/C. Although 
neither the mechanism nor the structure of any active intermediate is known, the procedure is so simple 
operationally as to be the method of choice for symmetrical systems (equation 3 1).'18 Regioselectivity is 
mixed in the few instances reported; it is impossible at this time to draw conclusions as to possible simi- 
larities with PdC12 systems. 

THF, Me,SiCI 
cat. W/C 

A, 6 h 

100% 

(31) 
Bun Bun - 

Bun --Bun 

Bun 

A commercially available heterogeneous catalyst derived from coating K2CI-04 on a silicdalumina 
support is capable of trimerizing alkynes in good yields under very mild  condition^.^'^ This system has 
been found to be quite useful in the syntheses of "C-radiolabeled benzenes from the corresponding al- 
kynes. Regioselectivity with unsymmetrical alkynes is moderate and favors l ,2,4-isomers. For example, 
propyne is trimerized to give a 4:l ratio of 1,2,4- and 1,3,5-trirnethylbenzene~.~~~ The mechanism pro- 
posed invokes a unique concerted cycloaddition route to a surface-bound metallacycloheptatriene 
(Scheme 28). Chemoselective cotrimerizations have also been demonstrated with this catalyst. 

L -1 

Scheme 28 

Without question, the metal-promoted cycloaddition of three alkynes to produce benzenes is the most 
extensively studied organometallic cycloaddition in intramolecular versions. Early work indicated the 
utility of Nio systems (e.g. Ni(CO)z(PPh3)2), Ziegler catalysts and rhodacyclopentadienes in the partially 
intramolecular cocycloaddition of a,w-diynes with additional Ziegler catalysts were 
noteworthy in giving rise to products containing the benzocyclobutene moiety from reactions of 1,5-hex- 
adiyne, while the Rh systems showed considerable utility in the preparation of anthraquinone derivatives 
from appropriate diyne precursors (Scheme 29). 

As is the case with totally intermolecular cocycloadditions, chemoselectivity is a potential problem in 
partially intramolecular systems where the desired process, combination of a diyne with a monoyne, may 
face competition from cycloadditions involving either exclusively the diyne or exclusively the monoyne. 
In practice chemoselectivity is readily achieved. Phosphite complexes of NiO chemoselectively catalyze 
rapid and efficient cycloaddition of alkynes to heteroatom-containing diynes in good yields (equation 
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- - xylene, 

A, 30 min 
Rh(PPh3)3cl9 M e 0  OMe 

xylene, A, 4 h 
* 98 45 - @Rh(PPh&Cl \ 

81% - Ph 
0 0 ph 

0 Ph 

QCPh 
0 Ph 

Scheme 29 

32).” Wilkinson’s catalyst (RhCl(PPh3)3) is similarly effective, and both systems show considerable 
functional group tolerance (equation 33).lz 

THF, P(OW),, 

H-N + =+NH2 cat. A, NYCOD),, 65% 20 h - H-N S N H 2  (32) 

EtOH, H C S H ,  
cat. RhC1(PF%3)3, 

4 0 0 C v 1 h  79% - $$yJ (33) 

0 0 

The most extensively studied system for partially intramolecular cycloadditions is also the one with 
the widest demonstrated scope, a system in which any one of several CpCoL2 species acts as a catalyst 
precursor.126 The CpCoL fragments actually involved in catalysis are extremely reactive, being relatively 
unhindered sterically. The principal factor determining the conditions necessary for cycloaddition to 
occur is the ease of inducing the CpCoLz 4 CpCoL transformation to take place. Although the earliest 
work, in which L = CO, required temperatures approaching 200 ‘C, these methods have been superseded 
by either combined thermaVphotochemical conditions for dissociation of CO from CpCo(CO)2, or the 
use of more labile precursors, in which L = PPh3 or C H d H 2 .  Instances in which catalytic activity is 
exhibited at -78 ‘C are known for the latter system. Careful selection of substrate characteristics is 
necessary for control of chemoselectivity in such highly reactive systems. Reactivity towards simple 
awdiynes is very similar to that found from Ziegler systems: trimerization to give alkanes a,o-sub- 
stituted with annulated benzenes occurs and, again, benzocyclobutene derivatives are accessible (equa- 
tion 34; n = 0). Benzocyclobutene formation follows a slightly different mechanistic pathway than 
formation of benzocyclopentenes and benzocyclohexenes. In the latter two cases an intramolecular first 
step forms a bicyclic metallacycle, which goes on to react with the additional alkyne. This pathway is un- 
available for 1.5-hexadiynes due to strain in closing the metallabicyclo[3.2.0]heptadiene. Instead, the 
first step is intermolecular, combining one end of the diyne with the additional alkyne. Only then does 
reaction at the free end of the diyne occur. As a result, four-membered ring formation is delayed to a 
later stage in the sequence, where it is fused to a larger ring.38 

Chemoselectivity in cocycloadditions is typically poor unless the additional alkyne is resistant to 
simple cyclotrimerization. Examples of alkynes which satisfactorily fulfill this requirement include 
Me3SiCaCSiMe3, Me3SiWOMe and Me~SnCkdSnMe3. In the case of the unsymmetrical alkyne, 



1150 Other Transition Metal Associated Reactions 

cat. CpCo(C0)z 
xylene, A 

n = 0.45% 
n = 1,25% 
n = 2,20% 

c 

- 

cycloaddition typically proceeds with total or near-total regioselectivity, as is illustrated in syntheses of 
tetracyclic isoquinolinoid alkaloids in the protoberberine series. Regiocontrol arises from the steric pref- 
erence for forming bonds between the least sterically hindered carbons, with the relatively unhindered 
metal atom becoming linked to the more hindered end of the inserting alkyne (Scheme 30).*" 

xylene, cat. CpCo(CO),, 

Me3Si 0 7 
Bu' 

A, hv, 8 h - MeO - - 
\ SiMe3 

61% 

- MeoqN Me0 

Me0 

M e 0  

L J 

Scheme 30 

The utility of this chemistry in synthesis is considerably enhanced by the versatility of the arylsilane 
and stannane functionalities in further transformations such as electrophilic substitution and migration re- 
actions (Scheme 31). 

Me3Si SiMe3 SiMe3 
CCl,. MeOH, 
CF$O2H,7h 

65% 

cat. CpCo(C0)2, 
140 "C, 3 d SiMe3 

c - SiMe3 
c 44% 

SiMe3 CCI,, ICI, 17 h 

Br Br 95% 

Scheme 31 

The availability of benzocyclobutenes from cocycloadditions of 1,5-hexadiynes and hindered alkynes 
has been elaborated into an iterative synthesis of a variety of novel polycyclic biphenylene derivatives. 
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Repetitive annulations have been achieved by a cycloaddition/refunctionaliz,ation/coupling sequence: cy- 
cloaddition of an o-di(ethyny1)arene to Me3SiOsCSiMe3 gives an o-bis(trimethylsilyl)arene, which rep- 
resents the product of formal 'cyclobutabenzannulation' on the original arene. Electrophilic iodination of 
the silyl groups generates a new o-diiodoarene, suitable for another cycle. As the polycyclic becomes 
more extended, the sensitivity of the system to electrophilic conditions increases. To compensate, 
Me3SnWSnMes is used in later cycles in order to exploit the higher reactivity of arylstannanes to- 
wards electrophilic substitution under mild conditions (Scheme 32). m~ Similar methodology has pro- 
vided routes to both linear and nonlinear polycyclics and heterocyclics of theoretical and synthetic 
interest.12P-131 

vi, vii, viii 

i, Me3SiC=CSiMe3, cat. CpCo(CO)2, A, hv, 10 h, 96%; ii, ICI, CC14, G20 "C, 1 h, 63%; 
iii, Me3SiC=CH, piperidine, cat. PdCI,(PhCN),, CUI, 20-85 "C, 2 h, 75%; iv, KOH, MeOH, Et20, 

10 min, 100%; v, Me3SnC-CSnMe3, xylenes, cat. C~CO(CO)~, A, hv, 3.5 h, 20%; vi, Iz, CHC13, 1 h, 80%; 
vii, Me3SiC=CH, Et3N. cat. PdC12(PhCN)2,23 "C, 20 h, 75%; viii, KOH, MeOH, 1 h, 95% 

Scheme 32 

Further synthetic utility is derived from the reactivity of benzocyclobutenes towards thermal electrocy- 
clic ring opening, producing highly reactive o-quinodimethanes (o-xylylenes). In suitably designed sys- 
tems, efficient intramolecular Diels-Alder cycloaddition can follow ring-opening, leading to products of 
substantial complexity in a single experimental ~ p e r a t i o n . ~ ~ ~ . ~ ~ ~  The landmark synthesis of A-ring aro- 
matic steroids in general and estrone in particular by Vollhardt represents the epitome of development of 
the general sequence, which has also made accessible several other types of polycyclics and heteropoly- 
cyclics (Scheme 33).134*135 

i, ii 

81% 
- 

L J 

i, Me3SiCd3SiMe3, cat. C~CO(CO)~, A, 41 h; ii, decane, 180 "C, 20 h 

Scheme 33 

Finally, a spectacular example involving the totally intramolecular cyclization of an enetriyne has been 
demonstrated in an approach to a novel B-ring aromatic steriod (Scheme 34).136 
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OMe 

r 1 

L J 

i, xylene, cat. C~CO(CO)~, A, hv, 1 h; ii, decane, A, 20 h 

Scheme 34 

9.4.5 SYNTHESIS OF SIX-MEMBERED HETEROCYCLIC RINGS 

9.4.5.1 Pyridines: Chemo- and Regio-selectivity 

The synthesis of the pyridine ring system by incorporation of a nitrile in a cocycloaddition reaction 
with two alkynes is closely related to the synthesis of benzenes. The same catalysts are generally active 
in both processes. Questions concerning chemoselectivity and regioselectivity considered in the section 
on benzenes apply here as well, but in the case of pyridine synthesis the critical chemoselection is the 
competition between pyridine formation and benzene formation: i.e. the ability of the nitrile to success- 
fully compete for incorporation into a cycloaddition process. As virtually all the early examples of this 
process involved cobalt-based systems, much of the mechanistic work developed in connection with al- 
kyne trimerization can be applied to pyridine synthesis. It is generally accepted that the same metallacy- 
clopentadiene intermediates involved in alkyne trimerizations form on the pathway to pyridines as well. 
This is supported by kinetic data that indicate that rates of pyridine formation are independent of nitrile 
concentration. As cobalt in the CpCo fragment is initially in the +1 oxidation state, the preference for IT- 
complexation to moderately .rr-acidic alkynes in preference to a-donor nitriles is reasonable. Once ring- 
formation to the cobaltacyclopentadiene has taken place, however, complexation preferences at the now 
oxidized (+3) metal center are reversed. There should be a natural chemoselectivity preference for nitrile 
complexation, and, consequently, pyridine formation, and this expectation is generally realized. The 
sense of insertion of the nitrile is such that the nitrogen remains bound to the metal, and a new carbon- 
carbon bond is formed (see equation 39, below). 

Early attempts at direct reaction of nitriles with cobaltacyclopentadiene complexes gave modest yields 
of pyridines, but, more importantly, demonstrated that the reaction was catalytic. With CpCo(PPh3)(al- 
kyne) as catalyst precursor, reaction occurs even at room temperature with a variety of n i t r i l e ~ . ~ ~ ~ J ~ ~  
Through a painstaking series of studies BBnnemann demonstrated practical improvements in conven- 
ience and overall yield through the use of more labile CpCoL sources, while maximizing chemoselectiv- 
ity by maintaining an excess of nitrile and adding the alkyne in portions. In this way excellent yields of 
2-alkyl- and 2-aryl-pyridines are synthesized from acetylene and nitriles, using either CpCo(C0D) as 
catalyst, or any of a variety of soluble Co' species capable of generating catalytic fragments in situ.139J40 
Pyridine itself is also accessible from acetylene and hydrogen cyanide.141 Yields of pyridines equal to or 
greater than 90% are commonplace using this methodology, the reaction requiring only 2-3 h at 120-130 
"C, and exhibiting catalytic turnover numbers of several hundred (equation 35).142 Applications of this 
methodology in the preparation of pyridines containing chiral substituents at C-2 exist (equation 
36).143J44 A significant extension of this reaction makes use of the fact that arylnitriles, and pyridylni- 
triles in general, may be employed in further cycloaddition processes. Thus conversion of the product of 
equation (36) into a new 2-cyanopyridine allows access via a second cycloaddition with acetylene to a 



[2 + 2 + 21 Cycloadditions 1153 

new optically active bipyridine, of potential value as a ligand for transition metal systems involved in 
asymmetric synthesis (equation 37).I45J46 

CpCo(COD), 120-130 "C, 
15 bar, 2 h 

EtCN + E (35) 
%% 

TCN + = (36) 

cat. CpCo(COD), 
140 O C ,  4 h 

95% 

toluene, cat. 
CPWCOD), 

120 "C, 13 am, 20 h 

83% 
L 

Substituted alkynes react readily with nitriles in the presence of these catalysts to generate substituted 
pyridines. Symmetrically disubstituted internal alkynes give rise to excellent yields of pentasubstituted 
pyridines (equation 38). In the case of monosubstituted and unsymmetrically disubstituted alkynes regio- 
selectivity becomes an important issue, and one which is not generally amenable to good control from a 
synthetic point of view. Although pyridines are formed in good (ca. 65%) yields from nitriles and mono- 
alkyl- or aryl-alkynes, regioselectivity is only modest in most cases: both 2,4,6- and 2,3,6-trisubstituted 
pyridines form in substantial amounts.lo3 Ratios of ca. 2: 1 in favor of the 2,4,6-trisubstituted pyridine are 
typical (equation 39).147 The 2.4- and 2,5disubstituted cobaltacyclopentadiene intermediates must there- 
fore both participate in these processes, with the former being the predominant reactive species, in con- 
trast to the situation encountered in the trimerization of alkynes. Insertion of the nitrile is regioselective 
for bond formation with the less sterically hindered carbon attached to the metal.I4* Not surprisingly, the 
lack of overall regiocontrol renders attempts at cocycloaddition using a nitrile and two different alkynes 
essentially worthless as a synthetic technique.139 

hEt 

CpCoCOD), 
130 O C ,  3 h - EtCN + - 

77% 

pentane, cat. 
CoCI,, Bu"Li 

70% 

- MeCN + - - 

70% 30% 

The properties of the Col-based catalysts are a sensitive function of ligand structure. Both reactivity 
and regioselectivity have been studied in an extensive series of systems containing a variety of sub- 
stituted cyclopentadienyl and other related ligands. The ease of dissociation of the two-electron ligands 
determines the ease with which the active 16-electron catalytic species may be generated. Thus 
CpCo(CH24H2)2 is capable of initiating cycloaddition at room temperature, while CpCo(C0D) is in- 
active below ca. 125 'C. Since reasonable turnover rates still require elevated temperatures, this distinc- 
tion is not a particularly important one in practice. 

For a series of complexes containing the same dissociating ligand(s), the electron density at the metal 
is the most important remaining factor, and is of considerable practical importance. Electron-poor metal 
centers such as that in (CsHaCOMe)Co(COD) exhibit the highest reactivity but the lowest regie 
selectivity (ca. 1.5: 1). In contrast, the electron-rich metal in (CsMes)Co(COD) is much more selective, 
giving better than a 3.51 ratio of 2,4,6- to 2.3.6-trisubstituted products, but exhibits greatly reduced 
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reactivity and gives chemical yields that are too low to be preparatively useful. It is reasonable to assume 
that complexation of the nitrile to the intermediate metallacycle is facilitated by electron deficiency at 
the metal center, while regioselectivity in favor of the 2,4-disubstituted metallacycle benefits most from 
extreme steric crowding. A reasonable compromise is found in the 1,2-bis(trimethylsilyl)cyclopentadie- 
nylcobalt system, which gives regioselectivity approaching that in the C5Me5 system, but preserves both 
reactivity and excellent pyridine vs. benzene chemoselectivity. 149*150 Vapor-deposited Co atoms are also 
effective catalysts for pyridine formation, like CpCo(CH2==CH2)2 showing activity even at room tem- 
perature, but giving optimal results at 120 'C: 80% yields, 7: 1 chemoselectivity and ca. 2: 1 2,4,6-regio- 
~electivity. '~~ Similar results are obtained with both soluble and polymer-bound Rh*-based catalyst 
systems. With these regioselectivity in reactions of nitriles with terminal alkynes varies over a wider 
range than is found with Co; the (C5Mes)Rh system in particular gives better than a 4:l preference for 
2,4,6-trisubstituted products, and exhibits higher reactivity than its Co counterpart. However, yields and 
chemoselectivities are generally lower than with Co-based catalysts, especially in the more regioselective 
~ystems.15~ 

Although extensive work with heteroatom-containing nitrile analogs has not been done, successful cy- 
cloadditions along these lines include the synthesis of 2-aminopyridine from cyanamide,140 and syn- 
theses of 2-alkylthiopyridines from alkyl thi0~yanates.l~~ However, nitriles containing strongly 
electron-withdrawing substituents are poor substrates. 140 

Partially intramolecular cycloadditions of nitriles with a,o-diynes have proven to be excellent means 
by which di- and poly-cyclic pyridine derivatives may be prepared. Nitrile insertion is highly regio- 
selective, as expected from the results of intermolecular analogs (equation 40).IM Heteroatom-bridged 
diynes have been used equally successfully: dipropargyl ethers, in synthetic approaches to pyridoxine, 
and dipropargylamines, in chemoselectivity studies where Col-based catalysts were found to be most py- 
ridine-selective, although a CoCldMn-derived catalyst is also useful in certain cases (equation 41). 155-157 
A novel form of intra- vs. inter-molecular chemoselectivity has been uncovered in cycloadditions of a,* 
diynes catalyzed by Co atoms from vapor deposition: deposition in toluene gives predominantly the ex- 
pected partially intramolecular cycloaddition of 1,7-octadiyne to the corresponding bicyclic pyridine. In 
contrast, deposition in mesitylene gives largely intermolecular cycloaddition involving only one triple 
bond from each diyne, forming mostly di(5-hexyny1)methylpyridines as products (equation 42).15* 

xylene, cat. 

Et 

95% 5% 

CoCl,, Mn, 

+ PhnCN 80 O C ,  93% 20 h 9 H - P P h  (41) 

H--+ 

R (1 + MeCN - +Rb + RJrJR (42) 

Co, toluene, 25 "C, 73% 
Co, mesitylene, 25 O C ,  66% 

86% 
45% 

R = (CH2)4C=CH 

2% 12% 
44% 11% 

The cocycloaddition of a,o-cyanoalkynes with alkynes is another efficient entry to bicyclic pyridines. 
In this process an intermediate metallacyclopentadiene is formed intermolecularly from the cyanoalkyne 
and the alkyne. The larger alkyne substitutent ends up nearer the metal with very high regioselectivity 
except in the case of 2-hexyne, where selectivity is reduced to about 3:2 (equation 43).159 
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xylene, cat. 

A, hv, 4-8 h 
CPC0(CO)2, 

a S i M e 3  (43) 

- - SiMe3 
66% 

Intramolecular cycloaddition does not occur with a,odinitriles; each cyano group instead undergoes 
independent cocycloaddition with two molecules of alkyne to afford high yields of di(2-pyridy1)alkanes. 
The reaction may also be controlled to give high yields of 2-(w-cyanoalkyl)pyridines.*s1 

9.4.5.2 Pyridones and Related Compounds: Chemo- and Regio-selectivity 

qtridones are accessible from formal [2 + 2 + 21 cycloaddition of two alkynes and an organic iso- 
cyanate. Two quite distinct catalyst systems have been developed for this reaction, with significant dif- 
ferences between them in mechanism and mechanistic implications on selectivity. 

The first system to be developed utilizes CpCoL fragments in a catalytic cycle that proceeds through 
the usual cobaltacyclopentadiene intermediate. Indeed, preformed cobaltacyclopentadienes are effective 
catalyst precursors for this reaction; cobaltocene has also been used. As was the case in trimerization re- 
actions of unsymmetrical alkynes, a preference is found for product formation through the metallacycle 
with larger groups at positions 2 and 5 .  When the metallacycle is unsymmetrical, total regioselectivity is 
observed in the subsequent insertion of the isocyanate, with the carbon of the latter bonding exclusively 
to the less-hindered end of the cobaltacyclopentadiene system. The result is primarily the formation of 
the pyridone ring system with the larger alkyne substituents at positions 3 and 6, from the 25metalla- 
cycle, with lesser amounts of the isomer with large groups at positions 4 and 6, from the 2,4-metallacycle 
(equation 44).160 Stoichiometric reactions between preformed cobaltacyclopentadienes and isocyanates 
are high yield, completely regioselective processes, consistent with this mechanism. Another catalyst 
precursor, CpCo(CzH4)z, is useful for terminal alkynes, and is especially regioselective for 3,6-disub 
stituted pyridones when an aryl substituent is present in either substrate, although chemoselectivity 
relative to benzene formation is not so good (equation 45).162 

benzene, cat. 
CP~CO, 160 O C ,  8 h 

MeNCO + P h v C O z M e  - 
32% 

Ph COzMe I 

Me02C* Ph + M e o ~ c f i c o z M e  

Ph N 0 Ph 0 
I 

Me 
63% 

Me 

37% 

benzene, cat. 

Ph 

A Nio-based system related to those already described in connection with syntheses of both cyclobut- 
enediones and several five-membered heterocycles (Sections 9.4.2.1, 9.4.3.3 and 9.4.3.5) is also capable 
of catalyzing pyridone synthesis from isocyanates and alkynes. However, the structures found for the 
isolable metallacyclic intermediates in this system imply a completely different insertion sequence: iso- 
cyanate first, followed by the two alkynes (Scheme 35). As a consequence, the regiochemistry found in 
the products of reaction of unsymmetrical alkynes is the reverse of that typical of Co': larger substituents 
end up at positions 4 and 6. Thus, starting with the carbonyl carbon of the isocyanate, each carbon-carb 
on bond forming event is strongly regioselective for the less-hindered alkyne carbon (equation 46). The 
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yield shown is typical for reactions with internal alkynes; terminal alkynes give much poorer re~u1ts . l~~  
An Rh-based system is also regioselective for the same substitution pattern, but chemoselectivity with re- 
gard to competing alkyne trimerization is poor.164 

MeOzC CO&e 
toluene, -20 OC, 2 d 

47% 
Ni(TMEDA) 

Ph 
Ph 

(from Scheme 19) 
C02Me 

C02Me 

toluene, 3 d - 
I 

48% 0 
Ph 

Scheme 35 

toluene, Cy,P Ph 
I 

* no (46) 

cat. Ni(COD)2, 
20 OC, 1 h 

PhNCO + Ph = 
76% Ph 

I 

Ph 

Among partially intramolecular versions of this cocycloaddition, a,o-diynes have been found to cy- 
cloadd only with low efficiency to isocyanates in the presence of CpCo precursors. In contrast, o-iso- 
cyanatoalkynes react smoothly with silylated alkynes in the presence of CpCo(CO)z, giving high yields 
of products formed with excellent chemoselectivity and modest to excellent regioselectivity (equation 
47). The regioselectivity is most likely controlled in a manner similar to that in equation (43).165 

C O  
+ 

xylene, cat. 

A, hv, 4 h 
cpco(co) ,  

L 

76% 
(47) 

Replacement of organic isocyanates by carbodiimides in cycloadditions with alkynes results in a syn- 
thetic entry into the closely related 2-iminopyridine series of heterocycles. Both Cot and Nio catalysts 
have been used for such cycloadditions. Remarkably, however, in each catalyst system the regio- 
selectivity is reversed as compared with the otherwise analogous isocyanate cycloaddition. Either cata- 
lytic Nio or a preformed Nio complex of the carbodiimide reacts to produce excellent yields of 
cocycloaddition products from internal alkynes, with larger substituent groups ending up at positions 3 
and 6 (equation 48, cf. equation 46).lM 

toluene, Ph3P, 
cat. Ni(COD),, 

80 "C, 2 h 
Ph-N=C=N-Ph + Ph = 

90% Ph 
Ph 

Similarly, although the yields are lower, the Co' catalysts also show generally reversed regioselectivity 
in reactions with carbodiimides as compared with In fact, the 4,6-disubstituted product 
is formed with complete regioselectivity in reactions of di(p-toly1)carbodiimide with terminal alkynes, 
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although dialkylcarbodiimides are rather unselective; internal alkynes give mixtures as well (equation 
49). Chemoselectivity with respect to benzene formation is moderate in these systems. 

benzene, cat. I 

p-To1 

9.4.53 Pyrones and Similar Heterocycles: Chemo- and Regio-selectivity 

In a reaction completely analogous to the pyridone synthesis in Scheme 35,5-nickelafuranones formed 
from NiO, an alkyne and carbon dioxide (see Section 9.4.3.3) react with additional alkyne to give 2-py- 
rones (Scheme 36) .7l1'~~ Under catalytic conditions this becomes a viable synthesis of the heterocycle be- 
ginning with internal alkynes, especially when the solvent system and ligand environment of the metal 
are properly optimized (equation 5O).la Regioselectivity with unsymmetrical systems is similar to that 
shown in equation (46): large groups at positions 4 and 6, as a result of carbon-carbon bond forming 
steps that involve the less-hindered carbon of each inserting alkyne. Unfortunately neither terminal al- 
kynes nor alkynes with aryl substituents are useful substrates. 169 

Me02C COzMe 
THF, -55 to 20 "C, 2 d 

0 k N i ( T M E D A )  91% 

C02Me 

* h C 0 2 M e  0 

40 "C, 14 d 

20% 

Scheme 36 

1 : 1 THFNeCN, 
cat. Ni(COD),, 

(50) 
* 0 

Et,P, 80 "C, 2 h 
CO2 + Et = Et 

96% 
Et 

An intramolecular version of this process has been described, leading to bicyclic 2-pyrones. Diynes in 
which both alkyne functions are internal and are linked by three-, four- or five-atom chains cycloadd to 
carbon dioxide in the presence of catalytic Nio and various trialkylphosphines (equation 51). Terminal 
diynes require stoichiometric metal and give lower yields, however. Extensive studies of ligand effects 
on yield and chemoselectivity have established a broad scope for the process and pointed out important 
practical differences between it and the intermolecular reactions described above. 

toluene, Cy3P 
cat. Ni(COD),, 

(51) 
COz, 20 h 

76% 
- Bun CBU" Bun 

A novel cycloaddition of diynes with aldehydes is catalyzed by the same metal system, giving rise to 
bicyclic a-pyrans after 1,5-hydrogen shifts. Yields of these sensitive compounds are remarkably high 
(equation 52).17' 
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Bun 

78% 

Bun 
L B ” ”  

9.4.5.4 Other Heterocycles 

Cobaltacyclopentadienes react with CS2 to form thiopyran-Zthiones, and with methyl isothiocyanate 
to form pyridine-2-thiones, respectively, in two little-explored analogs of the processes described 

Multiple insertion reactions of isocyanates have been observed in the presence of Nio catalysts. Pyri- 
midinediones are obtained in low yield from reaction of diphenylacetylene with excess alkyl isocyanates 
in the presence of Ni(COD).163a Similarly, alkyl and aryl isocyanates undergo simple cyclotrimerization 
to form symmetrical triazinetriones in the presence of both low-valent Ni and Ti catalysts.’73 

above. 137,172 
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9.5.1 INTRODUCTION 

Carbometallation,'g2 as represented by equations (la) and (lb), is one of only several fundamentally 
different types of transformations permitting carbon-carbon bond formation that organotransition metals 
undergo? It is, in fact, a ubiquitous process observable with a wide variety of organotransition metals, 
one of the most representative examples being the Ziegler-Natta polymerization? 

Until recently, most of the organic compounds prepared via carbometallation had been relatively 
simple and highly symmetrical cyclic or polymeric c0mpounds.S More recently, however, intensive ef- 
forts have been made to utilize carbometallation reactions in the synthesis of complex molecules. In par- 
ticular, the fact that two new bonds, Le. one carbon-carbon and one carbon-metal, are formed in 
carbometallation has led to the development of a number of cyclization methodologies.6 Furthennore, 
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1164 Other Transition Metal Associated Reactions 

carbometallation can, in principle, be observed with metal-carbene and metal-carbyne complexes as 
well as with rnetallacyclopropanes and metallacyclopropenes (Schemes 1 and 2). 

Scheme 1 

Scheme 2 

This chapter summarizes cyclization reactions of alkynes and alkenes promoted by Zr and other Group 
IV metals that are thought to proceed via transformations shown in Scheme 2. It is clear from Scheme 2 
that the formation of five-membered metallacycles can be complicated by at least two potential prob 
lems, one dealing with pairing alkynes and alkenes, pair selectivity hereafter, and the other dealing with 
the regiochemistry of alkynes and alkenes. These difficulties can be substantially alleviated by linking 
the two unsaturated units. Of particular interest is the bicyclization reaction of enynes (equation 2), since 
the desired products, Le. rnetallacyclopentene derivatives, would readily allow further regioselective 
transformations. Also attractive are the related reactions of diynes that can give exocyclic conjugated 
dienes of defined stereochemistry suitable for use in the Diels-Alder reaction (equation 3) and those of 
dienes (equation 4). 

R 
L 

(4) 

Consideration of molecular orbital interactions suggests that it would be ideal to use a transition metal 
complex having at least two empty and one filled nonbonding metal valence shell orbital, Le. a 514-elec- 
tron species, for observing facile bicyclization reactions shown in equations (2H4). This is based on as- 
sumptions that effective n-complexation of an alkyne or an alkene with a metal complex requires the 
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simultaneous availability of one empty and one filled nonbonding metal orbital’ and that carbometalla- 
tion is greatly facilitated by the availability of an empty orbital.’ These points are illustrated for the case 
of enyne bicyclization in equation (5). 

Z 
I 

\ Z 

’n 

95.2 ENYNE BICYCLIZATION 

Prior to the development of enyne bicyclization reactions promoted by Zr and other Group IV metals, 
the Co-catalyzed enyne bicyclization-carbonylation reaction (the Pauson-Khand reactionE) was known. 
This reaction is discussed in Volume 5 ,  Chapter 9.1. In the Pauson-Khand reaction, the overall transfor- 
mation is the conversion of enynes into bicyclic enones, and the organometallic bicyclic intermediates 
are usually neither readily available nor isolated. The use of C02(CO)8, an 18-electron species, necessi- 
tates relatively high reaction temperatures. These and other limitations suggested the desirability of de- 
veloping alternative enyne bicyclization reactions. 

9.5.2.1 Zirconium-promoted Bicyclization and Reactions of Zirconabicycles 

It was reported earlier that treatment of 2 equiv. of an alkyne with ‘ZrCp2’, generated by reduction of 
ClzZrCp2 by various methods, produced the corresponding zirconacyclopentadienes?JO Using Farona’s 
procedure,1° consisting of treatment of Cl2ZrCp2 with Mg (10 equiv.) and HgC12 (1 equiv.), 7-(trimethyl- 
sily1)-l-heptend-yne (la) can be converted into (2a) in 90% yield (equation 6).* * The product shows two 
distinct singlets for the two Cp protons at 6 5.78 and 5.82 p.p.m. in toluene-ds. Carbonylation of (2a) 
with 1.1 a m  of CO at 0 ‘C for 2 h gives the corresponding bicyclic enone (3a) in 55-75% isolated yield 
based on (la). Protonolysis of (2a) with 3 M HCl provides (4a) in 90% yield, while its iodinolysis af- 
fords (5a) in 75% yield. The stereochemistry of (4a) has been clearly established by comparing its spec- 
tral data with those of an authentic sample prepared by an independent method.12 Similarly, 
8-(trimethylsilyl)-l-octen-7-yne (lb) can be converted into (2b). (3b), (4b) and (5b) in 90, 60, 87 and 
76% yields, respectively. Treatment of (5b) with 1 equiv. of BunLi in ether at -78 ‘C13 cleanly gives (6) 
in 70% yield (equation 7). 

Although Farona’s procedure is satisfactory in the cases shown above, the use of a large excess of Mg 
and HgC12 is not synthetically attractive. In the search for an alternative procedure for generating 
‘Zrcpz’, treatment of Cl2rCp2 with 2 equiv. of an alkyllithium, especially BunLi, or an alkylmagnesium 
halide has been shown to serve as a more convenient and satisfactory procedure. l4 The bicyclization-car- 
bonylation of (la) run in THF, ether, benzene, toluene and hexane gives (3a) in 73,62,77,74 and 66% 
yields by GLC, re~pectively.’~ Thus, the yields are quite insensitive to the solvents. 

The results of the enyne bicyclizatiokcarbonylation summarized in Table 1 and those of less success- 
ful experiments not included in Table 1, indicate the following. First, the Zr-promoted bicyclization re- 
action to produce zirconabicycles generally proceeds in 280% yields. Secondly, terminal alkynes have 
failed to undergo this reaction for reasons as yet unclear. The relatively high acidity of terminal alkynes 
appears to be responsible for the failure. On the other hand, various carbon groups, such as Me, Pr”, 
(CH2)2CH=CHz, CH2SiMe3, aryl, and alkenyl, as well as silyl and stannyl groups, can serve as satisfac- 
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/ 

i .CO(l.1 am) 

(3) 

10 equiv. Mg 
1 equiv. HgCI, 

(1) a : n = 3  
b : n = 4  (2) \ SiMe3 

2.5 equiv. 1, 

-78 to 25 "C 

Bu"Li, -78 "C 

(7) 

(5b) (6) 

tory substit~ents.~~J' Thirdly, both five- and six-membered rings can be fused to the zirconacyclopentene 
or cyclopentenone moiety, although only a few examples of six-membered ring fusion have so far been 
obtained. Fourthly, a wide variety of carbon and heteroatom substituents can be accommodated, as 
judged by the examples given in equations (8) and (9). 

The required highly carbon-substituted enynes, such as (7) and (8), are conveniently prepared by the 
Sakurai-Hosomi allylsilane conjugate addition,18 followed by conversion of methyl ketones into silyl- 
ated alkynes,19 as shown in equation (lo)." 

Even oxygenated enynes, such as (11) and (12), react satisfactorily (equations 1 1-13).20 
Fifthly, the bicyclization reaction of nitrogen-containing enynes, Le. (16)-(18), not only proceeds sat- 

isfactorily but also reveals an intriguing and beneficial heteroatom effect. 
The smooth cyclization of (16) to produce (19; equation 14) is somewhat surprising in the light of 

many unsuccessful attempts to effect a similar cyclization reaction of (20; equation 15).16 The reactions 
of (17) and (18) are strictly stereospecific (equation 16).16 

9.5.2.2 Synthetic Applications of the Zirconium-promoted Bicyclization of Enynes 

It is clear from the results presented above that the Zr-promoted bicyclization of enynes is applicable 
to the synthesis of a wide variety of monocyclic, bicyclic and polycyclic compounds, including terpe- 
noids. At present, however, the number of such applications is still very small. 

The stereodefiied dienynes represented by (22) can now be readily prepared via either allylalumina- 
tion21 of 1,4-diynes, as in the synthesis of (22a) shown in equation (17),15 or Cu-catalyzed allylmagnesia- 
tion of propargyl alcohols,22 as shown in equation ( 18).17 

After conversion of (22) into the corresponding Me3Sn derivatives (23), the Zr-promoted bicycliza- 
tion-carbonylation-iodinolysis of (23) gives (24) in good yields, as shown in equation ( 19).23 

The formation of (24) is >98% stereoselective. Efforts are currently being made to apply this methodo- 
logy to the synthesis of carbacyclin (25).24 A model study indicates that the Pd-catalyzed cross-coupling 
reaction of alkenylzinc  derivative^^^ is a promising method for the attachment of the so-called prostanoid 
w-side chain, as shown in equation (20). 

Another promising application is to use the Zr-promoted bicyclization of enynes for controlling the 
stereochemistry of aliphatic carbon centers, as exemplified by the synthesis of a key intermediate (26)20 
for invictolide (27) shown in Scheme 3. 
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Table 1 Zirconocene-promoted Bicyclization-Carbonylation of Enynes' 

rz 
L 
R 

~ 

R 
~ ~ ~~ ~ 

Z ProcedurB YieldC (%) Yield (%) Yield" (96) Re$ 

TMS 
TMS 

SnMes 
Me 

A 
B 
A' 

95 
90 
92 
95 
80 
90 
90 
80 - - 

75 
87 

65 
60 
63 
65 - 

11,15 
11,15 
15, 16 
15, 16 
15, 16 

15 
15,16 
15,16 
15.16 

_ .  
60 
65 
55 

A 
A 
Af 
Af 
A 

55 
55 

- 
70 
75 
80 - 

Ph 
CH4HHex-(E)  50 - A P 

B 
B 
B 

11; 15 
11,15 
11.15 - 

95 
92 
93 
85 
95 
92 
86 - 
- 

TMS 
TMS 
TMS 
TMS 

A 
A 
A 
A 
A 
A 
A 
A 
B 
B 

70 
73 
65 

17 
17 
17 

66 
77 

15, 16 
15,16 
15, 16 
15.16 

20 
20 

72 
62 - 
94 
7or 
k 

PP 

20 

Unless otherwise mentioned, the reaction is run in THF. bA = ClzzrCp2 + 2Bu"Li; B = C12zIcp2 + Mg + HgC12. By 'H NMR. 
Isolated. Isolated. ' Benzene used as solvent. Z = C H d H C H  (OSiMe2Bu')n-CAl I. R = (CH2)$2H(OSiMe2Bu ). A 2.5: 1 

mixture of (1%) and (13b). J A 62:8 mixture of (14) and (14b). 'This product is obtained as a by-product arising from (12b) in 
the reaction of a 74:26 mixture of (1%) and (12b). 

(8 )  

i, 'ZrCp2' 
SiMe3 ii, f,", 

(7) (9) 

i, LDA 
ii. CW)(OEt), 

iii, LDA (2.3 equiv.) 

R4 
* Me3Si R5 -b 

H R3 0 iv, MeJSiCl 

SiMe3 
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zo i,'ZrCp,' ZO PP w k- pr" i i ,H30+ + 

2: 1 94% 

___) 
- 
- 

(11) Z = SiMe2But 

ii, H,O+ 
___c 

70% 

oz 

(14a) 62:8 (14b) 

i, C1,ZrCpZ. Bu"Li 51me3 

ii, CO * rN * C l  (14) 
66% Ph 

(19) 

i, A AIBU$ SiMe3 

ClzzrCp2 * GSiMe3 (17) f ii, I2 
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i, B u S i  
ii, MeS02Cl 

iii, BrMgCdSiMe3 
iv, Li2CuCh 

R' 
iii, R2ZnCl, 

cat. Pd(PPh3I4 

iv, H30+ 

R'+s (224 R' = Bun, R2 = Me 
(22d) R' = Me, R2 = Bun 

1169 

ClZn n-C,H, I 

OSiMe2But n-C5HI, yOSiMe2But 

Although the product yields are very modest (40-SO%), conversion of zirconacyclopentenes into the 
corresponding S-, Se- and Sn-containing cyclopentene derivatives has also been reported (equations 21 
and 22)" 

9533 Bicyclization Promoted by Other Group IV Metals 

Although the number of examples of the Ti-promoted bicyclization of enynes is very limited, the re- 
action appears to proceed satisfactorily in some favorable cases, as shown in equations (23) and (24).a 
The presumed titanacyclic intermediates do not appear to have been characterized. 

In more demanding cases, however, the Ti-promoted bicyclization reaction appears to be far inferior to 
the Zr-promoted reaction. For example, the reported yields of (223) for the Ti- and Zr-promoted reactions 
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0 

Z = SiMe2But (28) 

i, ClzTiCpz, 

I PMePhZ, Na(Hg) 

i, ClzTiCp2, 
PMePhz, Na(Hg) 

ii, H ~ O  + 

are 33 and 948, respectively?0 Furthermore, the use of a phosphine as a stabilizer appears to be essential 
for the Ti-promoted reaction, l5 thereby offsetting any economical advantage Ti might offer. 

Treatment of ClzHfCpz with 2 equiv. of Bu"Li gives Bu"2HfCpz as a discrete product that is stable at 
25 T . 1 5  Its reaction with 7-(trimethylsilyl)-1,6-heptenyne (la) is much slower than that of 'ZrCp2' but 
proceeds smoothly at 100 'C for 5 h to give the expected hafnabicycle (29) in 90% yield. Its carbonyla- 
tion with 3 atm of CO at 25 "C for 2 h gives (3a) in 80% GLC yield based on (la; equation 25).15 

Although no advantage to the use of relatively expensive Hf has been noted so far, the higher stability 
of organohafnium intermediates relative to the corresponding Zr compounds promises to provide some 
significant synthetic advantages. 
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953 DIYNE BICYCLIZATION 

Bicyclization of linear diynes (30) to produce bicyclic metallacyclopentadienes (31) followed by their 
conversion into rrans,frans- l,2-bis(alkylidene)cycloalkanes (32) is a highly attractive synthetic operation 
primarily because (32) can now serve as the diene component in the Diels-Alder reaction (equation 26). 

Z' Z' 

The first generally applicable procedure for the conversion of (30) into (32) was developed with 
C12TiCp~?~,~~ as shown in equation (27). 

L 

(33) 

Z' 

The titanabicycles (33) do not appear to have been fully characterized as such. Subsequently the corre- 
sponding Zr reaction was reported as an alternative procedure (equation 28). 14~15*27 

In this case, some of the zirconabicycles (34) have been fully characterized. No attempts as yet appear 
to have been made to use Hf in the conversion of (30) into (32). 

The experimental results summarized in Table 2 may permit the following generalizations. First, al- 
though both Ti and Zr are satisfactory in many cases, the Ti procedure is far more sensitive to steric and 
ring strains than the Zr procedure. Thus, the presence of one or more pr', But, TMS and other sterically 
demanding groups causes a major decrease in product yield in the Ti reaction. Furthermore, the applica- 
bility of the Ti procedure is practically limited to the preparation of only five- and six-membered rings, 
while the Zr procedure can be used to synthesize four- to seven-membered rings. It is reasonable to state 
that the Zr procedure is, in general, either comparable or superior to the Ti procedure. So far, the supe- 
riority of the Ti procedure has been observed only in the reaction of 1 ,8-diethoxy- 1,7-octadiyne. 

The Diels-Alder reaction of the conjugated dienes (32) is well established. The following reaction se- 
quence illustrates the potential synthetic utility of a combination of the bicyclization and the Diels-Alder 
reaction (equation 29)F7 
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Table 2 Ti- or Zr-promoted Bicyclization-htonolysis of Diynes 

Yield Yield 
R Z’ zz Using Ti (%)l Using Zr ( Ref. 

Me Me 0 89 27 
(CH212 Me Bun - 67 (76) 14 
(CH212 

(CH2)3 Me Me 78 70 27 
(CH2)3 Et Et 80 (85) 14 

Me Me 19 82 27 
27 H&H2 Me Me 72 

HzCOCH:! d d 67 55 27 
Me (CH2)2”2 - 41 27 

(c;?I2)4 Me Me 89 70,55 (84) 14,27 
(CH2)4 Et. Et 83 77 27 
(CH2)4 pr’ pr’ 16 67 27 
(CH2)4 But BU‘ 0 65 27 
(CHz)4 Me pr’ 56 69 27 
(CH2)4 Me But 31 49 27 
(CH2)4 Me (CHd20H 79 63 27 

TMS TMS 0 89 (97) 14,27 
OEt OEt 63 e16 27 

f Me Me - 60 27 
(CH2)5 Me Me 24 45,40 (60) 14.27 
(CH2)6 Me Me 0 <2 27 

- 

(CH2)4 
(CH2)4 

Isolated. Isolated. The numbers in parentheses are GLC yields. R = CH2CH2CH(OSiMezBu1). Z’ = 2’ = 1,3-benzodioxol-5-y1. 
e R = CHzCH2CH(OTMS). R = 1,2-(CH2)&H+. 

95.4 DIENE BICYCLIZATION 

The double bonds in dienes can be isolated, conjugated, or cumulated. The reaction of conjugated 
dienes with ‘ZrCp.r’ can give 1 -zircona-3-cyclopentenes. This aspect of organozirconium compounds has 
been extensively studied and In fact, the conjugated diene-‘ZrCp2’ reaction does not lead 
to the formation of bicyclic structures (equation 30). It instead gives monocyclic allylic zirconium deri- 
vatives exhibiting characteristics very different to those discussed above. For these reasons, the chem- 
istry of the conjugated diene-‘ZrCp2’ reaction is excluded from this review. Little or nothing is known 
about the cumulated diene-‘ZrCp2’ reaction. The relatively high acidity of cumulenes may cause a diffi- 
culty similar to that observed with terminal alkynes. 
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Z Z < = qc& 
Z 

The reaction of 1,7-octadiene with Cp2zr-phosphine complexes generated by treatment of Cp&(R)H 
with 2 equiv. of phosphine was briefly reported to give a 90% yield of the expected zirconabicycle (35; 
equation 31) as a 1:l stereoisomeric mixture.31 The nonstereoselectivity is rather disappointing, but this 
aspect may need to be reexamined in the light of more recent results in this area. No paper on the corre- 
sponding Hf reaction appears to have been published. 

H,O+ a + 0 (31) 

1:l H 
(35) 

Earlier, the corresponding reaction of ‘TiCpz’ was investigated under carbonylation Al- 
though bicyclization may have occurred, the yield of 2-perhydroindanone was reported to be only 2% 
(equation 32). On the other hand, the reaction of ClzTiCpz with 1,2-bis(lithiomethyl)cyclohexane gave, 
after carbonylation, a 20% yield of the expected 2-perhydroindanone (equation 33).32 

i, Cp,TiN,TiCp, 

2% 

H 

H 

22 bo (33) 
20% 

H 
stereospecific 

9.5.5 FORMATION AND REACTIONS OF THREE-MEMBERED AND FIVE-MEMBERED 
ZIRCONACYCLES 

It has so far been assumed that treatment of ClzZrCp with reducing agents, such as Mg and HgClz or 
BunLi, produces species that effectively act as ZrCpz, i.e. ‘ZrCpz’. Another key assumption has been that 
‘ZrCp2’ interacts with alkynes and alkenes to produce zirconacyclopropenes and zirconacyclopropanes 
respectively, which then undergo cyclic carbometallation to afford five-membered zirconacycles. As 
such, these were only working hypotheses without sufficient experimental support. A few important as- 
pects to be clarified are as follows. First, can three-membered zirconacycles actually be formed? Second- 
ly, if they are indeed formed, how are they formed? Thirdly, can they serve as intermediates for 
five-membered zirconacycles? And how? Because of the current synthetic significance of organozirco- 
nium compounds in this area, this section deals mainly with zirconacycles. 

9.5.5.1 Formation of Zirconacyclopropenes and Zirconacyclopropanes 

At the outset of the subsection, it should be emphasized that distinction between metallacyclopropenes 
and q2-alkyne-metal complexes or that between metallacyclopropanes and q2-alkene-metal complexes 
is largely a matter of semantics or convenience. Most or perhaps all of these species should probably be 
viewed as hybrids of three-membered metallacycles and wcomplexes. 
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Prior to the development of the cyclization reactions discussed earlier, some three-membered metalla- 
cycles containing Group IV metals were known. In 1968, the thermal reaction of Ph2TiCpz with 
P h W P h  producing (36; equation 34) was reported.33 One of the presumed intermediates was (37). No 
experimental support was presented, and the mechanistic interpretation was probably erroneous in the 
light of what is now known. The same compound was later prepared by another method, and benzyne- 
titanocene complex (38; equation 35) was suggested as an intermediate.34 

Ph2TiCpz Ph-ph - I P h T ]  464 ph@icp2 (34) 

Ph I \  

Ph 

(37) (36) 

In an analogous manner, either thermolysis at 70 'C or photolysis of PhzZrCpz was thought to generate 
benzyne-zirconocene (39; equation 36), but no direct evidence was provided.35 

Probably the first metallacyclopropene containing a Group IV metal that has been isolated and charac- 
terized is a diphenylacetylene-titanocene complex (40) prepared by the reaction of (0C)zTiCpz with di- 
phenylacetylene, as in equation (37).36 Its structure was established primarily by X-ray crystallography. 

In 1983, (q5-C5Me5)2Ti(q2-CH~Hz) (41; equation 38) was prepared as the first example of metalla- 
cyclopropanes containing a Group IV metal, and its structure was established by X-ray analysis and 
other spectroscopic means.37 

Na, HzC=CHz H2C 
ClzTi(C5Me5-q5), - I I - T i G M e d ) 2  (38) 

>80% HZC 
(41) 

Somewhat surprisingly, no report on the preparation of zirwnacyclopropenes or zirconacyclopropanes 
as discrete, characterizable species and/or their full spectroscopic characterization was available until a 
few years ago. Probably, stilbene-zirconocene (42; equation 39) is the first example of such compounds 
spectroscopically characterized. l4 

Ph 
6 5.25 p.p.m, 
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The compound (42) gives, on treatment with 3 M HCl, bibenzyl and stilbene in 79 and 7% yields, re- 
spectively, and reacts with PMe3 to give a 1:l complex (43; equation 40)?8 

3 M HCI Ph Ph 

* ph/\ /ph + (40) 
Ph 86% 

Ph" 
92% 8% 

Since 1986, the following zirconacyclopropenes as well as one zirconacyclopropane, i.e. (43),38 have 
been characterized by X-ray and other spectroscopic means. The compound (44)39 represents a benzyne- 
zirconocene complex, and (45)40 is an example of a cycloalkyne-zirconocene complex. Although these 
compounds are interesting and significant in their own right, they do not provide support for the forma- 
tion of zirconacyclopropenes from alkynes and 'ZrCpz', because the alkyne components are generated in 
situ and have probably never been free. 

PMe3 

0 h P 2  
PMe3 

0 h P 2  

The first isolated and fully characterized zirconacyclopropene prepared by the reaction of free alkyne 
and 'ZrCp2' is (46; equation 41; Figure 1).4l Independently and simultaneously, another X-ray structure 
of an acyclic alkyne-zirconocene (47) prepared as shown in equation (42) was also The first 
X-ray structure of a zirconacyclopropane derivative is shown in Figure 2.38 

It has now been established that both zirconacyclopropenes and zirconacyclopropanes can be prepared 
as discrete and fully characterizable species. More relevant to the present discussion is that these species 
can be generated by the reaction of free alkynes or alkenes with 'ZrCpn', as shown in equations (39) and 
(41). Another useful piece of information is that the formation of (46) from diphenylacetylene according 
to equation (41) is about 150 times as fast as that of (43) from (@-stilbene under the same conditions, in- 
dicating that, in comparable situations, alkynes are far more reactive than alkenes towards 'ZrCpz'. Little 
definitive information is currently available on the formation of related three-membered hafnacycles. 

The second question to be answered is how three-membered zirconacycles are formed. This will no 
doubt depend on the starting compounds, the reagents and the reaction conditions. A reasonably clear 
mechanistic scheme has emerged for the reactions of 'ZrCpz' derived from Cl~ZrCp2 and BunLi.14J5 
Treatment of ClzZrCp2 with 2 equiv. of Bu"Li at -78 'C gives Bu"2ZrCpz in nearly quantitative yield. Al- 
though the compound is too unstable to fully identify as such, it has been characterized by NMR. Its 
treatment with 2 equiv. of iodine gives Bu"1 in excellent yield. Furthermore, the corresponding reaction 
of ClzHfCp2 gives Bun2HfCpz, which is stable at 25 'C and readily characterizable. Treatment of 
Bu"&Cpz with 2 equiv. of PMe3 gives a relatively stable complex, which was initially and erroneously 
identified as CpZr(PMe3)z on the basis of a triplet-like 'H NMR signal for the Cp group.14 The original 
simplistic view was as shown in equation (43). 

Reexamination has established that it is a ca. 90:lO mix- 
ture of (49) and (@).Is It now is likely that 'ZrCp2' generated in situ from ClzZrCpz and 2Bu"Li is (50). 
It is also likely that (50) is formed directly from BulZrCpz, as shown in equation (44). 

An alternate structure (48) was 

ph-ph Ph 
* (41) 

2 Bu"Li PMe, 
c1,zrcpz - Bu"2mP2 
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Figure 1 Molecular structure and atom labeling scheme for Cp2Zr(PhC zCPh)(PM%) (46). Selected bond lengths and 
angles are as follows: ~ r 4 ( 1 0 )  = 2.20(4) (A); 2 4 ( 2 0 )  = 2.25(4); 2-P  = 2.70(1); C(10-(20) = 1.36(6); 
C(10)-24(20) = 36(1)O; Zr4(10)-C(20)  = 74(2); Zr4(20)-C(10)  = 70(2); C(ll)--C(IO)-C(20) 

= 134(4); C(lO)-C(2O)-C(21) = 133(4) 

Figure 2 Molecular structure and atom labeling scheme for Cp2Zr(PhCH=CHPh)(PMe,)(43). Selected bond lengths (A) 
and angles are as follows: 2-P = 2.715(5); B 4 1 =  2.361(15); Zr-CQ) = 2.426(15); C ( l F ( 2 )  = 1.376(21); 

C(21)-C(2)-C(l) = 122.8(14); P-Zr-C(2) = 75.9(9); Zr-C(2>--c(1) = 70.7(9); P-Zrx(1) = 114.5(4); 
C ( l w ( 1 1 )  = 1.509(22); C(2)-C(21) = 1.495(22); C(l)-Zr-C(2)= 33.4(5)O; C(ll)-C(l)--C(2)= 127.2(14); 

P-ZrA(2) = 81.3(4); Z r - - C ( l ~ ( l l )  = 123.5(1); Zr--C(2>--c(21) 125.2(10) 
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(50) Bun 

Further investigation of alkene ligand exchange processes has revealed a novel semiassociative-semi- 
dissociative mechanism for alkene ligand exchange shown in Scheme 4. The salient feature of the mech- 
anism is that, in an associative process, an alkene ligand partially dissociates to generate a dipolar species 
in which C and Zr are positively and negatively polarized, re~pectively.4~ 

R R  [cp+€j 

Scheme 4 

The conclusions summarized in Scheme 4 are based on the following. First, the reaction of BunBCpz 
with either (I?)- or (&stilbene gives exclusively the (I?)-stilbene-zirconocene complex (42). (2)-Stilbene 
is isomerized to the (E)-isomer under the catalytic influence of 'Zrcpz'. Secondly, whereas the complex- 
ation and/or isomerization processes are retarded by electron-donating phosphines, an electron-donating 
substituent, e.g. Me, in the para position of stilbene accelerates these processes, the p value being ea. 
-2.9. Thirdly, the proposed mechanism is in accord with simple molecular orbital considerations. Al- 
though yet to be further clarified, the reaction of an alkyne with (50), a formal do, Idelectron species, 
probably proceeds in a similar manner (equation 45). 
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9.553 Formation of Zirconacyclopentadienes, Zirconacyclopentenes and Zirconacyclopentanes 
via Three-membered Zirconacycles 

Earlier studies of the preparation of five-membered zirconacycles either do not discuss the interme- 
diacy of three-membered zirconacycles or merely suggest their intermediacy. Such studies include those 
on the formation of zirconacyclopentadienes,9."4.26.27 zirconacyclopentenes, 1~1630~4446 and zircona- 
cyclopentanes.31.35 

The recent availability of well-defined z i rconacycl~propenes~~~ and zirconacyclopropanes~4~15~*~43 
has permitted investigation of their conversion into five-membered zirconacycles. In general, zircona- 
cyclopropenes readily undergo coupling with alkynes, alkenes, nitriles, aldehydes and ketones to produce 
the corresponding five-membered zirconacycles. Some representative results involving zirconacyclo- 
propenes corresponding to acyclic  alkyne^,“^.^^ cyclic alkynesa and b e n z ~ n e s ~ ~  are shown in Schemes 
5-9. These results show some remarkable pair selectivity and regioselectivity. 

The precise mechanisms of the conversion of zirconacyclopmpenes into five-membered zirconacycles 
are still unclear. For the reactions of alkynes and alkenes, a concerted carbometallation mechanism ear- 
lier proposed' appears to be plausible, but remains only a reasonable working hypothesis. One useful 
piece of information is that the reaction of an in situ generated benzyne-zirconocene complex with stil- 
bene is stereospecific, as shown in equation (46),45 suggesting that, in contrast to the formation of some 
three-membered zirconacycles, this and other related reactions may be concerted. 

With the information available at present, the following mechanistic scheme may be proposed for the 
bicyclization of (la) with 'ZrCp2' generated in situ by treating ClzZrCpz with BunLi. The reaction of 
ClzZrCpz with 2 equiv. of BunLi initially produces at -78 "C Bu"zZrCp2 which, in the presence of (la), 
decomposes to generate 1-butene-zirconocene (50) as 'ZrCpz'. Interaction of (50) with (la) initially pro- 
duces, most likely via a semiassociative-semidissociative mechanism (Scheme 4), an intermediate repre- 

Ph y- cpzn*ph - H30' 

Bun 
86% Bun 

CP2?< 
Ph2MeP Ph 

H3O' 1 MezCO * cp2:+ ___) 

0 

Scheme 5 

A 

w u t  96% \ 

Ph 

B > u" L n  

>97% pure 
Ph 

I 
Et 

Et 

CpzZr =CEt I ' 
I Et PMe3 

Et L Et 

Et\ 
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Scheme 7 

Scheme 8 

Bu'CN 94% 1 
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Et Scheme 9 

MezCO - Q 
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sented by (51), which then undergoes concerted intramolecular carbozirconation to give (Za), as depicted 
in equation (47). 

Formation of (51) rather than the zirconacyclopropane derivative (52) is reasonable in the light of the 
considerably higher reactivity of alkynes relative to alkenes. Furthermore, the following intriguing re- 
sults not only reveal some remarkable reactivity of five-membered zirconacycles but also support the in- 
termediacy of (51) rather than (52; equation 48).15 
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2 Bu"Li 
b 

SiMe3 
I 

A - 
Ph 

SiMe3 SiMe3 

&ep2 1 - p,zek " 

3 N HCI (48) 
THF (51) 

MeCN 25 "C r - I  SiMe3 

SiMe3 

(-35zrCp2 

The reactions of zirconacyclopropanes with alkenes and alkynes are somewhat more capricious and 
unpredictable than those of zirconacyclopropenes. Zirconacyclopropanes display both u- and w-re- 
activities even toward compounds of the same class. For example, the reaction of 1-butenezirconocene 
(50) with stilbene gives stilbene-zirconocene (42) via alkene displacement (wreactivity), as shown in 
equation (39). On the other hand, the corresponding reaction with styrene gives exclusively a zirconacy- 
clopentane derivative (53), displaying a high pair selectivity and a high and intriguing regioselectivity, as 
shown in Scheme Protonolysis, deuterolysis and iodinoiysis cleanly give the expected products in 
good yields, and carbonylation provides (54) in 70% yield, after oxidation of the corresponding cy- 
clopentanol formed as a minor by-product of (54)."7 The isolated product (54) is a 5 1  mixture of two 
possible diastereomers. Since (54) is readily epimerizable, this ratio may not represent the stereoselectiv- 
ity of the cyclization step. Regardless of the precise stereochemistry of the reaction, the pair-selective 
and regioselective alkyl-alkene coupling and carbonylation reactions can provide potentially attractive 
synthetic tools. 
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CP~ZTBU"~ 

I 

Scheme 10 

Et 

DJJ D 

Et 

Et 

Interestingly, the reaction of Cp2ZrBun2 with 1-butene cleanly and selectively gives (55)."7 At present, 
the difference in regiochemistry between Scheme 10 and equation (49) cannot readily be explained. Pre- 
sumably, placement of alkyl substituents in the 3- and 4-positions of the zirconacyclopentane ring is fa- 
vored by steric factors, whereas additional electronic factors, such as formation of the benzyl cation 
rather than alkyl cations, may favor placement of aryl substituents in the 2- or 5-position. This point, 
however, needs to be further investigated. Unfortunately, the reaction of (50) with other terminal alkenes 
containing alkyl substituents is not pair selective, giving essentially statistical mixtures of three cyclic 
products, even though the reaction is highly regioselective and apparently stereoselective, favoring the 
trans relationship between the two substituents (equation 50).47 These results suggest that the formation 
of zirconacyclopentanes from zirconacyclopropanes is readily reversible (equation 5 l), as in the cases of 
zirconacyclopentenes shown in equation (48). 
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The reaction of CpZZrBu"2 with conjugated dienes produces previously reported zirconacycles2g-30 of 
the type represented by (57; equation 52). A wide variety of substituents can, in principle, be readily in- 
corporated in Cp2ZrR2, and a wide variety of conjugated dienes appear to participate in the reaction. 
Consequently, this provides a convenient alternative to the previously developed 

One application of the reaction shown in equation (52) is the conversion of cyclic, conjugated dienes 
into exocyclic alkenes. Although the stereochemistry of the reaction needs to be established, the cycliza- 
tion-protonolysis sequence may provide a convenient route to stereodefined exocyclic alkenes, as sug- 
gested by the examples given in equations (53) and (54).48 These reactions are all at least 90-95% 
regioselective, as judged by 13C NMR. 

ChZrBun2 

Cp2ZrEtz 

9.5.6 CONCLUSION 

i, 6 
ii, H30' 

8 0 4 0 %  

i, 

ii, H~O+ 
L 

91% 

(53) 

(54) 

The results presented above indicate that the Zr-promoted bicyclization reactions of enynes and diynes 
constitute novel and attractive synthetic methods. The corresponding reaction of dienes remains to be de- 
veloped. Somewhat unexpectedly, the reactions of monoalkynes and monoalkenes can, in many cases, be 
highly pair selective and regioselective. Many aspects of these reactions also need to be further de- 
veloped. Besides being attractive from the viewpoint of organic synthesis, the chemistry of 'ZrCpz' pro- 
vides a number of novel structural and mechanistic features that broaden the horizon of organometallic 
chemistry. 

Many unaccomplished and yet highly necessary tasks remain. The scope and limitations as well as 
mechanistic details of most of the reactions discussed above need to be further delineated. More exten- 
sive and challenging applications of the newly developed reactions to the synthesis of natural products 
and other complex organic molecules must also be carried out. In addition, other less routine but highly 
desirable aspects should also be explored. These include asymmetric cyclization and catalytic procedures 
for cyclization-carbonylation. 

In general, the corresponding organotitanium reactions appear to be more prone to steric hindrance and 
other strain factors. In principle, this may be overcome by various approaches, such as stabilization by 
suitable ligands. Nonetheless, it appears at present that, on balance, advantages of using the Ti reactions 
may be observed only in a limited number of cases. On the other hand, organohafnium compounds ap- 
pear to be generally more stable or less reactive than the corresponding organozirconium compounds, 
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even though they appear to participate in most of the corresponding reactions. This and the higher cost 
of Hf relative to that of Zr makes Hf less amctive than 23. However, the p a t e r  thermal stability of 
organohafnium compounds may prove to be advantageous in some cases where the instability of organo- 
zirconium compounds may be the cause for difficulties. 

As is clear from the introductory discussion, most, if not all, of the d-block transition metals are ex- 
pected to participate in reactions that are related to those discussed here. In addition to the Co-based 
methodologys mentioned earlier, some related reactions of Pd and Ni49-56 are known. Also related are the 
cyclization reactions of metal-carbene complexes containing Cr, Mo, W and other transition metals with 
alkynes and alkenes57 and a recently reported Nb- or Ta-promoted diyne-alkyne cyclization 
which appears to be closely related to a number of previously developed alkyne cyclotrimerization re- 
actions, such as those catalyzed by c0.5~ Investigations of reactions involving other transition metals 
may prove to be important especially from the viewpoint of developing asymmetric and catalytic proce- 
dures. 

The author wishes to thank his coworkers whose names appear in the references section, especially S. 
J. Holmes, F. E. Cederbaum, D. S. Swanson, T. Takahashi, and C. J. Rousset. 
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9.6.1 INTRODUCTION 

Highly strained carbon-carbon double bonds and even carbon-carbon a-bonds of small ring com- 
pounds interact readily with transition metal complexes. Such perturbation activates them to enter into 
intra- and inter-molecular cycloadditions with cleavage of carbon-carbon a-bonds. * 

9.6.2 TRANSITION METAL CATALYZED REACTIONS OF BICY CLOI1.1.OIBUTANES: 
SYNTHESIS OF ALLYLCYCLOPROPANES 

Bicyclo[l.l.0]butanes (1; equation 1): the smallest bicyclic hydrocarbons, are highly strained but 
stable at ambient temperature. Under the influence of a catalytic amount of a nickel(0) complex, how- 
ever, they undergo cleavage of the central bond and one of the four peripheral bonds and enter into cy- 
cloaddition reactions with electron deficient alkenes to afford allylcyclopropane derivatives. Reaction of 

1185 
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bicyclo[l.l.O]butane (la) and methyl acrylate catalyzed by [Ni(AN)z] (AN = acrylonitrile) affords 
methyl 2-allylcyclopropanecarboxylates (2a) in quantitative yield (cis:rrans = 65:35).3 Similarly, allylcy- 
clopropanes are obtained in good yields by use of (lb), 1-methoxycarbonylbicyclo[ l.l.O]butane, 1- 
cyanobicyclo[ 1.1 .O]butane, The reactions of (la) with 2,3-cis-dideuterated methyl acrylate and 
with dimethyl fumarate and dimethyl maleate indicate that the overall process proceeds with excellent 
stereospecificity and with retention of configuration in the alkenic reaction partner (equation 2). 

Z 

36 h 

(1) Z = C02Me cis-(2) 

a:R=H 
b : R = M e  

li" 

quantitative 65 
70% 65 

Z rc 
(3) 55% 

Z 4- Z 

Z = C02Me (5) 88% 

+ 

+ 

trans-(2) 

35 
35 

&z (4) 45% 

(6) 6% 6% 

This coupling reaction can be formally viewed as a metal-assisted intramolecular retrocarbene addition 
of bicyclobutanes, followed by intermolecular cycloaddition of the resulting allylcarbene-nickel com- 
plexes to alkenes. 

Methoxycarbonylcyclopropane derivatives are also obtained in 38% yield (cis:trans = 308) by the re- 
action of 1-methylbicyclo[ 1.1 .O]butane with methyl acrylate in the presence of a catalytic amount of 
[ { RhCl(norbornadiene)}2], in addition to 2-methyl- 1,3-butadiene (37%) and 2,7-dimethyl- 1,4,7-0cta- 
triene (25%): 

9.6.3 TRANSITION METAL CATALYZED REACTIONS OF BICY CLO[Z.l.O]PENTANES: 
SYNTHESIS OF BICYCLO[2.2.1]HEPTANES 

Bicyclo[2.1 .O]pentane (7; equation 3) readily undergoes a cycloaddition across carbon-carbon double 
bonds in the presence of nickel(0) cornplexe~.~ The mode is formally analyzed as a thermally forbidden 
[2 + 21 process6 and is in striking contrast to that of the lower homolog, bicyclo[l.l.O]butane, which suf- 
fers cleavage of two a-bonds and affords formal allylcarbene addition  product^.^ When a solution of bi- 
cyclo[2.1.0]pentane (7) and [Ni(AN)2] in excess methyl acrylate is heated at 40 'C for 36 h under a 
nitrogen atmosphere, the stereoisomeric cycloadducts exo- and endo-2-methoxycarbonylbicy- 
clo[2.2.l]heptane (8a) and (9a) (50:50 ratio) are produced in 66% combined yield, in addition to the 
monocyclic product methyl 3-(cyclopent-2-enyl)propionate (loa; 22%). Reaction of (7) with acrylo- 
nitrile affords the corresponding adducts (8b), (9b) and (lob). 

In contrast to the purely thermal cycloaddition which occurs in a nonstereospecific manner with re- 
spect to alkenes in low yield, nickel(0) catalysis results in a highly stereospecific cycloaddition, as dem- 
onstrated by the reactions between (11; equation 4) and dimethyl fumarate or dimethyl maleate. 
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(7) 

a: Z = COzMe 40 T i 3 6  h 66% 5050 
b : Z = C N  70 T I 3 6  h 75% 62:38 

22% 
16% 

Interestingly, the purely thermal cycloaddition occurs with inversion of the configurations at C-1 and C-4 
of (11). while the nickel(0)-catalyzed reaction proceeds with retention of configuration at these carbons. 

Z iz 

46% 

Z = COZMe 

D Z  kz 
(12) 87% 

D 

(14) 61% 

(13) 13% 

+ A + (12) 

D Z  

(15) 5% 4% 

9.6.4 TRANSITION METAL CATALYZED REACTIONS OF OTHER STRAINED 
POLY CYCLIC HYDROCARBONS 

Quadricyclane (16; equation 5) reacts with electron deficient alkenes in the presence of [Ni(acryloni- 
trile)~] to afford the cycloadducts (17a) and (17b) in moderate yields, along with some norbornadiene.8 
This catalytic cycloaddition proceeds in a highly stereospecific manner with retention of alkene configu- 
ration. The same compounds are obtained using norbornadiene in place of (16) under similar catalytic 
conditions. In the absence of transition metals, though under rather forcing conditions, quadricyclane 
(16) reacts with electron deficient alkenes in a concerted [2 + 2 + 21 manner to give tricy- 
clo[4.2.1 .@.5]non-7-enes? 

Z = C N  
COzMe 

20 T I48  h 50% 4951 
58% 40:60 

30% - 

exo-Tricycl0[3.2,1.O~*~]oct-6-ene (18 equation 6) as either neat liquid or solution in CDCb, is con- 
verted quantitatively into tetracyclo[3.3.0.02~8.~~6]octane (19) in the presence of 10 mol % of 
[ (RhCl(CO)z}2] at mom temperature.1° This reaction is also promoted by [RhCl(PPh3)3] at elevated tem- 
perature. In the latter reaction, a metallacyclic intermediate has been proposed.ll Failure of the endo 
isomer (20) to undergo a similar reaction shows that the ex0 arrangement of the fused cyclopro ane ring 
in (18) is prerequisite for the occurrence of the valence isomerization. Tetracyc10[4.3.0.@~~.$"]non-8- 
ene (21), a compound closely related to (18), is not converted to (22) in the presence of [ (RhCl(CO)z)2] 
at room temperature for two days or with [RhCl(PPh3)3] at 170 "C for three days.12 
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Rhodium(1) complexes are efficient catalysts for the valence isomerizations of cubane (23a; equation 
7) and its derivatives to the corresponding syn-tricyclo[4.2.0.@2.5]octa-3,7-dienes. When a stoichiometric 
amount of [ { RhCl(CO)z)2] is added to a chloroform solution of cubane, the organorhodium compound 
(24) is obtained in about 90% yield. Treatment of (24) with a stoichiometric amount of triphenylphos- 
phine gives, in about 90% yield, the polycyclic ketone (25) together with a small amount (5-1096) of cy- 
clooctatetraene. l3 A similar reaction is also reported for the methoxycarbonyl derivative (23b). 

I COzMe 

F +  0 

3456 
0 

(7) 

9.65 TRANSITION METAL CATALYZED REACTIONS OF 
METHYLENECYCLOPROPANES: SYNTHESIS OF METHYLENECYCLOPENTANES 

Although methylenecyclopropanes14 are highly strained molecules, they are stable at ambient tempera- 
ture. At elevated temperature they undergo [2 + 21-type reaction with alkenes15 such as butadiene and 
maleic anhydride and [3 + 21 reaction with tetracyanoethylene.16 The latter reaction involves a trimethyl- 
enemethane diradical intermediate. For catalytic transformations of methylenecyclopropanes, nickel(0) 
and palladium(0) complexes have been used successfully. 

In the presence of [Ni(COD)z], methylenecyclopropane (26; equation 8) cyclodimerizes at tempera- 
tures as low as -15 ‘C to give (27), (28) and small amounts of higher  oligomer^.'^ When [Ni(COD)2] is 
used as a catalyst with electron deficient alkenes (e.g. dialkyl fumarate or maleic anhydride) as additives, 
cyclopentane derivative (27) is obtained as a major product (6045% yield), along with (28) (1-4%), 1,3- 
dimethylenecyclohexane (1-1 2%) and oligomers ( 4 5  %). l8 Reaction of (26) using nickel(0) compounds, 
modified by trialkylphosphines, as catalysts gives a complex mixture which consists of open chain and 
cyclic C12H18 hydrocarbons in up to 95% combined yield.lg Palladium(0) complexes prepared in situ 
from triisopropylphosphine and [Pd(DBA)2], or from triisopropylphosphine, diethylaluminum ethoxide 
and [Pd(acac)z], catalyze the dimerization of (26) to (27) in high yield and with high selectivity.zo 

Synthetically useful [3 + 21 cycloadditions of (26) and alkenes to give methylenecyclopentanes have 
been attained in the presence of a catalytic amount of nickel(0) or palladium(0) complexes. 

[Pd(DBA)z]/PPri3 (equation 9) catalyzes the cycloaddition of (26) with strained alkenes to give the 
corresponding methylenecyclopentanes.20 The codimer, methylenecyclopentane, is also obtained in 20% 
yield from the reaction of (26) with ethylene, along with (27) in 64% yield, in the presence of 
[Pd(acac)~]/PW3/AlOEt. 



Metal-catalyzed Cycloaddition of Small Ring Compounds 1189 

(26) (27) (28) 

[NYCODhI 50%; (27):(28) = 80:20 
[Ni(COD)zl/dibutyl fumarate 
[Ni(COD)zl/maleic anhydride 
[Pd(DBA)21/PR'3 
[Pd(aca~)~]/PPr$/Et~AlOEt 
[Pd(pPh3)41 

68%; (27):(28) = 94:6 
67%; (27):(28) = 98:2 

100%; selectivity of (27) = 91% 
100%; selectivity of (27) = 94% 

4%; selectivity of (27) =loo% 

80% 

When isopropylidenecyclopropane (Ba;  equation IO) or diphenylmethylenecyclopropane (Sb)  is 
used, the codimerizations with alkenes such as ethylene, styrene or norbomene giving alkylidene- 
cyclopentanes are achieved under mild conditions in more than 75% yields.21 

R 
a:R=Me 
b:R=Ph >75% 

R 

(Diphenylmethy1ene)cyclopentane derivatives (30 equation 11) are also obtained by the reaction of 
(29b) with simple alkenes in the presence of [PdCp(q3-allyl)] and triisopropylphosphine.22 
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[PdCp(q 3-allyl) 0 "C ]/PR'3 * p g  
( 1 1 )  

R' R2 

(29b) (30) 

R1 R2 Yield (a) R1 ~2 Yield (%) 

H Me 83 H CH=CH2 48 
H Et 86 -CH2CH2- 61 

H H  83 H Ph 88 

1-Methylene-2-vinylcyclopropane is cyclodimerized by palladium(O)/PP& systems to give carbo- 
cycles such as 5-methylene-3-vinylallylidenecyclohexane (4 1 %) and 3-methyleneallylidenecyclooct-5- 
ene (1 3%). Codimerization of 1 -methylene-2-vinylcyclopropane with norbomene is also catalyzed by 
[Pd(DBA)2]/PW3 to afford 4-allylidenetricyclo[5.2.1.02~6]decane (55%) and 4-methylene-3-vinylticy- 
clo[5.2. 1.02*6]decane ( 17%).23 

Compound (26) reacts with methyl acrylate in the presence of nickel(0) complexes (e.g. [Ni(acryloni- 
trile)2],% [Ni(COD)2]25) under mild conditions to give 3-methoxycarbonylmethylenecyclopentane (31; 
equation 12) in high yields (>82%). Use of methyl vinyl ketone or acrylonitrile as the substrate also gives 
rise to the corresponding methylenecycl~pentane.~~~ Cycloadditions of 2-methyl- or 2,2-dimethyl-methy- 
lenecyclopropanes with C H 2 4 H Z  (Z = electron-withdrawing group) give 4-substituted 2-methyl- or 
2,2-dimethyl-methylenecyclopentanes (30-60%), while 2,2,3,3-tetramethylmethylenecyclopropane gives 
no cycloadducts on reaction with electron deficient alkenes.22 

Nio - 4  (12) 

C02Me 

The complexes [Ni(acrylonitrile)2lWb and [Ni(COD)2]25 catalyze [3 + 21 cycloadditions of (26) with 
electron deficient 1 ,Zdisubstituted alkenes to afford 2.3- or 3,4-disubstituted methylenecyclopentanes 
such as (32) and (33). Similar reactions have been reported by use of tertiary phosphine complexes of 
nicke1(0)26 and pa l lad i~m(0)~~ (equation 13 and Table 1). The reaction proceeds regioselectively to give 
(32) or (33) depending on both the alkene structure and catalytic system. Reactions catalyzed by phos- 
phine-palladium(0) complexes afford only products of the type (32), via selective cleavage of the (32)- 
C(3) bond of (26). 

Cycloadditions of isopropylidenecyclopropane (29a) or diphenylmethylenecyclopropane (29b) with 
electron deficient alkenes are catalyzed by [Ni(acrylonitrile)~]~~~ or triarylphosphite-nickel(0) com- 
pounds (Table 2)28 to give alkylidenecyclopentane derivatives (34) and (35) in high yields (equation 14). 
2-(Trimethylsilyl)methylenecyclopropane (36; equation 15) is usable instead of methylenecyclopro- 

pane in reactions with electron deficient alkenes involving [PdCp(q3-allyl)]/PPri3, giving silylated 
methylenecyclopentanes (37) and (38) in good yields and with better selectivities than those obtained 
from unsubstituted methylenecyclopropane (26). The trimethylsilyl group can be easily removed by 
protonolysis with trifluoroacetic acid.29 

Ni or Pd complex 

80-100 'C, 5 h 
+ R*E 

R E  E 
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Table 1 Reactions of Methylenecyclopropane and Electron Deficient Alkenes in the Presence of Nickel(0) or 
Palladium Complexes 

Yield Composition (%) 
R E CaralysP (96) Cis-(32) Trans-(32) Cis-(33) Trans-(33) Re$ 

H COzMe 
H COzMe 
H COzMe 

Me 
Me 
Pr 

(CHzK02Me 
c w t  
c o s t  
C a M e  
c w t  
C o s t  cwt 

Me h 

A 
B 
C 
A 
B 
A 
A 
A 
D 
B 
A 
C 
E 
A 

A 

55 
92 

87.5 
55 
43 
50 
49 
42 

78.2 
78 
72 

89.2 
79.0 
54 

62 

25 
23 

4 
4 
4 

100 

75 
77 

% 
96 
% 

22 
0 
27 
28 

90 

9 

78 
100 
73 
72 

10 

91 

26 
25 

27b 
26 
25 
26 
26 
26 

27b 
25 
26 

27b 
27b 
26 

26 

‘A, [Ni(COD)21/PPh,; B, [Ni(CODk]; C, [PdCp(q3-allyl)l/PPr$; D, [PdC~q3-allyl)]/P(OEt)l; E, [Pd(DBA)&PW,. 

+ X &R Y 

a:R=Me catalyst A, [Ni(COT)2]/P(OAr)3 
b:R=Ph catalyst B, [Ni(COD)2]/P(OAr)3 

Table 2 Reactions of Alkylidenecyclopropanes with Electron Deficient Alkenes in the Presence of Nickel(0) 
Complexesz* 

(29) R X 
Temp Yield (%) 

Y CatalysP (“c) Time(h) (34) 135) (X, Y )  

b Ph H COzMe A 50 8 79 
a Me H C02Me B 100 5 81 14 (COzMe, H) 
b Ph Me COzMe(E) B 120 5 75 (tram) 
a Me Me C&Me(E) B 110 5 14 (trans) 46 (trans) 

(Me, COzMe) 
b Ph COzEt COzEtQ B 100 3 98 (trans) 
a Me COzEt COzEt(E) B 120 5 56(trans) 34 (trans) 
b Ph COzEt COzEt(2) B 120 5 28 (cis) 

69 (frons) 
Me C W t  COzEt(Z) B 130 10 57 (trans) 23 (trans) 
Ph H CN A 120 5 82 
Me H CN A 120 5 47 4 (H,CN) 

f: 
a 

‘A, [N~(COT)~I/P(OA~)I; €3, [Ni(COD)2l/P(OAr),. 

The nickel(0)catalyzed codimerizations of methylenecyclopropane (26) or 2.2-dimethylmethylene- 
cyclopropane with the chiral derivatives of acrylic acid lead to optically active 3-methylenecyclopen- 
tanecarboxylic esters or amides (39; equation 16) in good yields (Table 3). When (-)-camphorsultam 
acrylate is used, 3-methylenecyclopentanecarboxylic amides are obtained in up to 98% de.30 

The seven-membered ring product (49; equation 17) is obtained as a mixtuE of the trans and cis 
isomers (82:18) in 67% yield from the reaction of (26) with dimethyl muconate (48) in the presence of a 



1192 Other Transition Metal Associated Reactions 

SiMe3 Me3Si 

cam'yst 4 + 6 + 4 , $ , S i M e 3  

SiMe3 ..+ .+' 
R' C02Me Re'" COZMe R' CO2Me 2-5 h 

+ 
R 

(36) (2)-(37) (EM371 (38) 
Catalyst: [PdCp(q3-allyl)]/P*3 (15) 

0 
0 

10 

47 
43 
90 

R = H  78% 53 
R=Me 79% 57 
R=C02Me 87% 0 

palladium(0) catalyst.I3 On the other hand, methyl 2,4-pentadienoate reacts with (26) only at the terminal 
C 4  bond, giving methyl 3-(3-methylenecyclopentyl)prop-2-enoate in poor yield 

Bicyclic ketones are prepared by cycloadditions of methylenecyclopropanes with cyclic a,@-unsatu- 
rated carbonyl compounds. cis-Bicyclo[3.3.0]0ctan-2-ones (50), (51) and (52) are obtained in good 
yields by phosphine-nickel(0)-catalyzed cross coupling reactions of 2-cyclopentenone with methylene- 
cyclopropanes in the presence of 0.1-1 equiv. of triethylborane as a Lewis acid (equations 18 and 19 and 
Table 4).32 
(Diphenylmethy1ene)cyclopropane (29b) reacts with a$-unsaturated cyclic ketones in the presence of 

[PdCp(q3-allyl)] and triisopropylphosphine to afford compounds (53) in moderate to high yields (equa- 
tion 20).22 

When 2-(trimethylsilyl)methylenecyclopropane (36; equation 2 1) is allowed to react with cyclic un- 
saturated ketones in the presence of [PdCp(q3-allyl)]/PPr$, silylated methylenecyclopentanes (54) and 
(55) are produced in good yields and with better selectivities than those obtained from unsubstituted 
methylenecyclopropane. The trimethylsilyl group can easily be removed.29 

R 0 

(lR,2S,3R)-(44) 

(lR,2S,5R)-(42) 
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Table 3 Cycloadditions of Methylenecyclopropanes with Chiral Acrylic Acid Derivatives, Catalyzed by 
[Ni(CODklM 

R R * 4 -  Temperature Time (h) Yield (%) De (%) Configuration 
( 'c) at C-1 

-20 24 93 80 
20 20 63 25 
20 16 79 83 
0 20 80 86 

-20 16 72 91 
-35 24 76 86 
0 20 86 98 

-20 24 59 78 
20 14 55 55 

-20 72 85 30 
20 72 47 46 

-20 72 38 68 
25 7 92 3 

-20 72 78 26 

H (40) 
Me (40) 
H (41) 
H (41) 
H (41) 
H (41) 

Me (41) 
H (42) 

Me (42) 
H (43) 
H (44) 
H (45) 
H (4) 
H (47) 

MeOzC 67% 
K 

MeOzC COZMe 

R 
/ 

d + a R q R 

Table 4 Cycloadditions of Methylenecyclopropanes with 2-Cyclopentenone, Catalyzed by a PPhs-NiO-BEg 
System3* 

Isomer ratio 
R R' Yield (%) Endo-(51) EXO-(51) EndO-(52) Ex0-(52) 
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0 

IJ 
n = 2  
n = 3  
n = 4  

(2%) 

catalyst [PdCp(q3-allyl)l/P&PPr', 

[Pd(DBA)&Pff, - 4 SiMe3 
(36) 

+ 

144°C 5 h  81% 
110°C 15h 31% 
144°C 5 h  71% 

catalyst 

0 o c  

(53) 

n = 2,97% 
n = 3,76% 
n = 4,80% 

&:trans = 74126 
cis:trans = 16234 

(54) (55) 

72% (cis, (Z):(E) = 5:2) 28% 
68% ( 4 isomers) 32% 
72% (trans, @):(E) = 5:3) 28% 

Nickel(0)-catalyzed [3 + 21 cycloadditions of methylenecyclopropanes with N-substituted maleimides 
(56; equation 22) lead almost exclusively to 5alkylidenehexahydro- 1H-cyclopenta[c]pyrrolo- 1,3-diones 
(57) and (58; equation 23). A similar reaction occurs in the presence of a palladium(0) catalyst, but with 
lower selectivity. Unsubstituted maleimide and maleic anhydride do not undergo this cycloaddition. 
Ozonolysis of (57) and (58) into the corresponding ketone derivatives (62-78% yield) followed by re- 
duction of both carbonyl groups gives 1H-cyclopenta[c]pyrroles, which are of interest with regard to 
their pharmacological activity (98% yield).33 

'Y' 
R' 
H 
Me 
Me 
Me 
Ph 

4 Ph 

+ d-R2 
0 

R2 
Ph 
Ph 
Ph 
Me 
Ph 

f 4 - P h  

0 

(57) 

Catalyst ratio Conditions Yield (a) 
[Ni(COD)&TOPP = 1 : 1 70 "C/20 h 12 
[Ni(COD),I/TOPP = 1 : 1.5 120 "C/5 h 90 
[Ni(COD),I/TOPP = 1:4 120 OCA4 h 84 (isolated) 
[Ni(COD)2]/rOPP = 1:4.5 120 "C/10 h 93 
tNi(COD)21/TOPP = 1:2 120 "C/2 h 83 (isolated) 

(58) 82% 

Additions of methylenecyclopropanes to alkynes (59; equation 24) give 4-methylene- 1 -cyclopentenes 
(60), (61) and (62) in the presence of phosphite-coordinated nickel(0) catalysts (Table 5). Alkynylsilanes 
are particularly suitable for these codimerizations. In the reactions with 1-alkynes or dialkylalkynes, oli- 
gomerization of the alkynes cannot be avoided. When alkynes with electron-attracting substituents are 
used, cyclotrimerization is so rapid that cross addition no longer occurs.34 
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Ry+ R3 -R4 

(59) 

[Ni(COD)21 
TOPP - 

80 “C. 5-8 h 

R‘ 

R3 & R4 + 
R3 R4 

+ f i i2  
R4 R3 

Table 5 Cycloadditions of Methylenecyclopropanes with Alkynes, Catalyzed by TOPP+Ni(CODh]” 

R‘ R2 R3 R4 (%) (60) (61) (62) 
Yield Composition (96) 

H Ph 
Me Me 
Ph Ph 

Me Me 
H n-CsH1 I 

~ ~~ 

Ph Ph 
H H 

Me Me 
Ph Ph 
H H 
H n-CsHi 1 

Me Me 
Ph Ph 
Me Me 
Ph Ph 
Ph Ph 

SiMe3 
SiMe3 
SiMe3 

Me 
Et ~ 

Et 
CH20SiMe3 
CHfiSiMe3 
CH20SiMe3 

C07Me 
CO;Me 
C02Me 
C02Me 

Me 
Me 

CH20SiMe3 

SiMe3 41 
SiMe3 50 
SiMe3 71 
SiMe? 82 ~~ 

SiMe; 88 
SiMe3 92 
SiMe3 59 
SiMe3 82 
SiMe3 90 
SiMe3 72 
SiMe3 65 
SiMe3 64 
SiMe3 63 

Me 66 
Me 95 

CHzOSiMe3 86 

100 

6 60 34 
53 2 45 

25 22 53 
41 21 38 
100 
6 94 
6 94 
57 43 

In the co-oligomerization of methylenecyclopropane (26) with allene (63; equation 25) on a palla- 
dium(0) catalyst, prepared in situ from [Pd(acac)z], triisopropylphosphine and diethylaluminum ethoxide, 
or from [Pd(DBA)2] and triisopropylphosphine, cyclic hydrocarbons such as 2-methylenespiro[2.4]hep- 
tane (27), 1,3-dimethylenecyclopentane (64) and 1,3,5-trimethylenecycloheptane (65) are formed.35 

(27) (64) (65) 
23% 40% 10% 
38% 14% 25% 

[Pd(PPh&]- or (Ph0)3P/[Ni(COD)2]-catalyzed [3 + 21 cycloadditions of methylenecyclopropanes with 
ketenimines (66) lead selectively to pyrroles (67; equation 26), (68) and (69 (equation 27). or a- 
methylene-A3-pyrrolines (70 equation 28) depending on the substituents of the imino group and the 
methylenecyclopropanes. Diphenylketene-N-methylimine reacts with (26) to give l-methylimino-3- 
methyl-5,5-diphenylcyclopent-2-ene in 38% yield.36 
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catalyst 

Ph Ph 

Palladium(0)-phosphine complexes catalyze the reaction of methylenecyclopropanes and C02 with 
opening of the three-membered ring to give y-la~tones.3~ When isopropylidenecyclopropane is treated in 
benzene with C02 (40 atm) at 126 'C for 20 h in the presence of a catalytic amount of [Pd(DBA)2]PPh3, 
lactone (71; equation 29) is formed in 69% yield accompanied by 3,4,4-trimethyl-2-buten-4-olide (72) in 
8% yield. Cyclopropylidenecyclohexane and butylidenecyclopropane also react with C02 to give the 
corresponding lactones and butenolides in moderate yields. With methylenecyclopropane (26) as sub- 
strate, further alkylation of 3-methyl-2-buten-4-olide proceeds under the same catalytic conditions to 
give cotrimer, cotetramer, copentamer, erc., while 2,2-dimethylmethylenecyclopropane and cis-2,3-di- 
methylmethylenecyclopropane do not react under similar conditions. 

Lactone (71; equation 30) undergoes cycloaddition to aromatic and aliphatic aldehydes in the presence 
of a catalytic amount of a palladium(0) complex to give 3-methylenetetrahydrofuran derivatives (73) 
with the liberation of carbon dioxide. a$-Unsaturated carbonyl compounds also react with (71) to give 
(35) (equation 31 and Table 6).38 

(71) (73) 
R Conversion (%) Yield (%) 
Ph 100 100 
1 -Np 72 69 
CH=CHPh 25 16 
1 -fury1 69 67 
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(31) 
Z [Pd(DBA)2]/phosphine 

$ 2 . -  0 (35) Z 

(71) Z = electron-withdrawing group 

Table 6 Reaction of (71) with a$-Unsaturated Carbonyl Compounds Catalyzed by Pho~phine-[Pd(DBA)2]~~ 

Phosphine Product Yield (%) Substrate 

COMe 

COzEt 

DPPE 

PPh3 

4 COMe 

4 COzEt 

25 

38 

9.6.6 TRANSITION METAL CATALYZED REACTIONS OF CYCLOPROPENES: 
SYNTHESIS OF VINYLCYCLOPROPANES 

Cyclopropenes are highly strained and thus very reactive molecules. Cyclopropene itself tends to poly- 
merize even below 0 "C and l-methylcyclopropene dimerizes within minutes at room temperature via an 
ene reaction. In contrast, 3,3-dimethylcyclopropene does not undergo an ene reaction even at 100 'C, but 
it readily oligomerizes under the influence of n i ~ k e l ( 0 ) ~ ~  or cyclodimerizes to 3,3,6,6-tetramethyltricy- 
clo[3.1 .0.@*4]hexane (80% yield) in the presence of palladium(0).40 1,2-Diphenylcyclopropene is con- 
verted to 1,2,4,5-tetraphenylcyclohexa- 1 ,4-diene in the presence of palladium(0) in high yield (equation 
32).14 

When electron deficient alkenes are added to cyclopropene derivatives (74; equation 33) and (77; 
equation 34) in the presence of [Ni(CODh], vinylcyclopropanes are formed in good yields.4l For 
example, dialkyl fumarate or maleate reacts with 3,3-dimethylcyclopropene in the presence of 
[Ni(CODh] to give 2,3-bis(alkoxycarbonyl)- 1-(2-methyl- 1 -propenyl)cyclopropanes (79, (76), (78) and 
(79), in which alkene stereochemistry is chiefly retained, in 50-73% yields. Reaction of methyl acrylate 
with 3,3-dimethylcyclopropene results in the formation of several products, while reaction of methyl ac- 
rylate with 3,3-diphenylcyclopropene gives vinylcyclopropane derivatives (80 equation 35) in 85% 
yield. Under similar conditions, methyl crotonate reacts with (74a) to give (82) in low yield (equation 
36).4* Catalysis with ni~kel(O)/PR3?~ [Ni(COh],43 [Pd(DBA)2]# or [P~(DBA)Z]/PH~~'  gives mainly 
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homooligomers and mixed oligomers with a small amount of 1:l cycloadducts. In these cycloaddition 
reactions, vinylcarbene-metal complexes are formed at first by the reaction of cyclopropene with low 
valent metals. The carbene complexes then react with alkenes to give vinylcyclopropane derivatives. 

(74) Z = C 0 2 M e  (75) (76) 

a: R = M e  60% 97 3 
b: R = P h  65% 79 21 

R2 R' 

(77) z = CO,R~ 

Me02C 

(77) truns-(80) cis-(80) 

R 1 = R 2 = M e  39% 51 49 
R' =Me, R2 = Ph 51% 64 (E):(Z) = 51:49 : 36 (E):(Z) = 92:8 
~1~ R Z =  ph 85% 86 14 

Ph 

phxph + ?CO2Me [Ni(COD)z] 40 "C 
+ Me02C( Ph (36) 

(74d (81) 26% (82) 16% 

Vinylcarbene is also regarded as an intermediate in the catalytic isomerization of cyclopropene in the 
presence of [CuCl( P(OPh)3)].4s 3-Methyl-3-cyclopropylcyclopropene (83a) and 3,3-dicyclo- 
propylcyclopropene (83b) react with cyclopentene derivatives under the influence of CuCl/P(OPh)3 to 
yield endo-vinylcyclopropane derivatives (84; equation 37) in 55-72% yields. 3-Methoxycarbonyl- 1- 
propylcyclopropene also reacts with norbornadiene in the presence of CuCl to give the corresponding 
vinylcarbene adducts in 60% yield. 
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R' =Me 72% 62% 65% 60% 
a: R2 = 4 ( E )  + (Zj  4 isomem ( E )  + (2) (Ej:(Z) = 1:l.S 

b: R' =R2=- 70% 

In the presence of [Ni(COD)2], 3,3-dimethoxycycloprpene (85; equation 38) reacts with methyl- 
acrylate, dimethyl fumarate and dimethyl maleate to give the corresponding vinylcyclopropanes (86) and 
(87). respectively.% 

=/ 0 "C, C 4 M e  74% 
c >:Me 

MeOzC 
(sa) 

cis:trans = 8:92 

OMe 

maleate, 0 OC, 80% 
fumarate, 30 "C, 59% 

C02Me 

(87) 

Benzocyclopropene (88) and naphtho[b]cyclopropene react with various alkenic substmtes to give cy- 
cloaddition products in the presence of silver ion?' Reaction of (88, equation 39) with butadiene assisted 
by 1 mol 96 of AgBF4 in benzene (0 'C, 30 min) gives (89) and (90). Dimethylallene (91; equation 40) 
and oct-4-yne (95; equation 41) also react readily with (88) in the presence of silver ion to give the corre- 
sponding cycloaddition products (92), (93) and (Sa), together with acyclic products (94) and (97). 

(89) 64% (90) 26% 

A8+_ 03=( + 
+ a W) o+ \ \ 

(92) 39% (93) 19% (94) 19% (91) 
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(95) (96) 25% (97) 14% 

9.6.7 TRANSITION METAL CATALYZED REACTIONS OF VINYLCYCLOPROPANES: 
SYNTHESIS OF CYCLOPENTANE DERIVATIVES 

Vinylcyclopentane derivatives (99) are prepared from the palladium(O)-catalyzed cycloaddition re- 
action of vinylcyclopropane (98). bearing two electron-withdrawing groups, with electron deficient al- 
kenes (equation 42 and Table 7).# The reaction can be formally envisaged as a 1,3-dipolar 
cycloaddition. 

Z L + 
DMSO 

(98) 
Z, Z = electron withdrawing group 

9.6.8 TRANSITION METAL CATALYZED REACTIONS OF CYCLOPROPANONES AND 
RELATED COMPOUNDS 

Heterocyclic spirans are prepared by [Ni(C0)4]-promoted tandem cycloaddition of diphenylcyclopro- 
panone (100) to isothiocyanates (101; equation 43) or to carbon disulfide (105; equation 44). When an 
equimolar mixture of (loo), (101) and [Ni(CO)4] is allowed to react in DMF at 65-70 ‘C, two heterocy- 
clic spirans, pyrrolin-2-one-5-spiroro-5’-thiolen-4’-one (102), and (103), are formed in addition to the 
pyrroline derivative (104). Similarly, carbon disulfide (105), reacts with (100) to give thiolen-2-one-5- 
spiro-5’-thiolen-4’-one (106) along with a small amount of 1:l cycloadduct (107).49 

1 -Ethoxy-1 -trimethylsiloxycyclopropane (108; equation 45) is a stable and distillable liquid and is 
available in good yield by reductive silylation of ethyl 3-chloropropanoate.s0 Compound (108) smoothly 
reacts below 0 “C with aliphatic aldehydes in the presence of a slight excess of T ic4  giving y-lactones 
(109) in high yield, while reaction with aromatic aldehydes gives linear adducts.s1 The reaction of l-iso- 
propoxy- 1 -siloxycyclopropane (110; equation 46) with Tic4  gives crystalline 3-trichlorotitanium pro- 
pionate (111) in 82% yield. When complex (111) is treated with half an equivalent of a 
tetraalkoxytitanium complex and then with ketones, y-lactones (112) are obtained in high yieldss2 

The addition of a carbonyl compound to methyl 2-siloxycyclopropanecarboxylate (113; equation 47) 
in the presence of a stoichiometric amount of Tic4  affords a ‘mixture of hydroxyalkylation products 
(114) and (115). which are versatile starting materials for highly substituted tetrahydrofurans, dihydrofu- 
rans, and y-b~tyrolactones.5~ 

9.6.9 TRANSITION METAL CATALYZED REACTION OF CYCLOPROPENONES 

Tetrasubstituted 1,4benzoquinones (117) are formed by the [Ni(COD)z]-catalyzed dimerization of 
2,3-disubstituted cyclopropemones (116; equation 48) (R = Ph, 5 1%; R = Pr, 43%; R-R = -(CH2)s-, 
18% yield).54 

Reactions of diphenylcyclopropenone with ketenes (118; equation 49) in the presence of a catalytic 
amount of [Ni(CO)4] afford 1: 1 cycloadducts, cyclopentene-1 ,2-diones (119) and -1.3-diones (120), in 
more than 80% yields. The yields of the products are significantly affected by variation of the solvent 
used in the reaction, and DMF is the solvent of choice.s5 
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Table 7 Reactions of Vinylcyclopmpanes and a,p-Unsahuated Carbonyl Compounds Catalyzed by 

Substrates a Phosphine Temperature Time Product Yield 
Palladium(0) Complexes 

("C) (h) (96) 

z z  L F z  

v z z  L 0 

L Jz 
z z  

Z 

F z  

DPPE 

PBu"3 

PBu"~ 

PBu"3 

PBu"3 

89 30 3 

Z 

1. 

' Z = CQMe. 

[NU C 0 LID MF 0 
II 

phmph Ph 
+ P h , f q P h  + omH (43) 

O N  Ph 0 0  Ph N S  I 

R O  0 R 

(102) 
R = P h  30% 
R = COPh 50% 

(103) 
17% 
- 
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Et0X0SiMe3 + RCHO - TiC14 " Y O Y O  (45) 

C13Ti- 0 i, 112 Ti(0Bu'k b 'eo (46) X uOSiMe2But  0 R' 

P& OSiMe2But TiC14 
___) 

(110) (111) (112) 

R ' = M e , R 2 = P h  2OoC 1 h 93% 
R1-R2 = -(CH2)5- 20 'C 18 h 84% 

COzMe 

Me3SiO 4 -  But - ByQp:h (47) 

C02Me 

i, ii 

But 

(113) (114) (115) 

i, PhpC=O, TiC14, -78 to 20 "C, CH2C12; ii, H20, 95% yield 

9.6.10 TRANSITION METAL CATALYZED REACTIONS OF CYCLOBUTENEDIONES: 
SYNTHESIS OF QUINONES 

Benzocyclobutenedione (121) and cyclobutenedione (125) react with the low valent cobalt complex 
[CoCl(PPh3)3] to form phthaloylcobalt (122; equation 50) and maleoylcobalt complexes, respectively. 
Subsequent treatment of (122) (L = PPh3) with one equivalent of dimethylglyoxime (DMG) in pyridine 
provides a route to the dimethylglyoxime variant (123) in high yields. From the phthaloylcobalt complex 
(123). naphthoquinones (124) are prepared in high yield simply by heating (123) to 80 'C in the presence 
of an alkyne and a mild Lewis acid such as CoC126H20. Similarly, benzoquinones (126; equation 51) 
are obtained from (125). Effective reaction rates were only achieved at room temperature in the presence 
of a strong Lewis acid such as SnC4 or Zn(OSOzCF3)2.56 Complex (122) also reacts directly with al- 
kynes on treatment with AgBF4 in MeCN, but more forcing conditions (1 10 'C, 20-40 h) are necessary 
for reasonable reaction rates compared to that of the reaction of (123). Iron compounds can also be used 
for this transformation and the phthaloyltetracarbonyliron complex produces naphthoquinones simply on 
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Ph Ph Ph Ph G; + + Ph-Ph 

R Ph 
0 

0 

(49) 

R Solvent 
Ph DMF 85.9 
Ph THF 11.0 
Et DMF 85.3 

Yield (%) 
trace 4.8 
8.5% 24.1 
trace 5.8 

heating in MeCN in the presence of alkynes (100 'C, 6 h). Similar or even better results are obtained by 
using iron complexes instead of cobalt compounds. Sterically demanding alkynes, however, give signifi- 
cantly higher yields of the naphthoquinone products using cobalt instead of iron. 

Nanaomycin A (la), an antibiotic pyranonaphthoquinone, has been synthesized via this route starting 
from (127).5' This method has also been applied to the synthesis of royleanone (129), an abietanoid 
diterpene quinone possessing antitumor cytotoxicity, in which the highly substituted quinone skeleton 
has been efficiently constructed by using the maleoylcobalt complex.58 

R1 R2 Yield (%) R1 R2 Yield (%) 

Bu H 87 Et OEt 85 
Me C02Et 99 Me CH2CH=CMe2 94 
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- QR1 

Me0 i, [C~Cl(Pph~)~l 84% 
ii, DMGhyridine 92% 

ii, RI-RZ M e 0  R2 dichloroethane/r. t. 
snC1, 0 

(125) (126) 

x: 
R’ R2 Yield (%) Regioisomer ratio 

Bu H 65 101 
Me C02Me 62 20: 1 
CH2SiMe2But Me 51 20: 1 
(CH,)2N(CH,Ph)(CoCO2Et) H 65 7: 1 

Y 

OH 0 

0 c02h 

OH I 

\CN 

(127) (128) Nanaomycin A (129) Royleanone 
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Allyl iodide 

Allyl organometallic compounds 

Aluminium bisphenoxides, methyl- 

reaction with chlorosulfonyl isocyanate, 105 

[3 + 21 cycloaddition reactions, 272-277 

Claisen rearrangement 

Aluminum, alkoxydichloro- 
catalysis, 850 

catalysts 
Diels-Alder reactions, 376 

Aluminum, allyl- 
metallo-ene reactions, 3 1 

Aluminum, dialkoxy- 
chiral catalysts 

Diels-Alder reactions, 376 
Aluminum, dichloromenthyl- 

catalysts 
Diels-Alder reactions, 376 

reaction with vinyloxiranes, 936 

Claisen rearrangement 

Aluminum, vinyl- 

Aluminum compounds 

catalysis, 850 
Aluminum-ene reactions, 3 1-33 
Amaryllidaceae alkaloids 

synthesis 
via Diels-Alder reactions, 323 

Amides 
methylenation 

a$-unsaturated 

y,Cunsaturated 

Tebbe reagent, 1124 

chelated, Diels-Alder reactions, 365-367 
Diels-Alder reactions, 360-365,464 

stereoselective synthesis via Claisen 

Amides, ~-keto-2-[2-(trimethylsilyl)methyl]- 

Amides, N-methylenium 

Amides, N-methyl-N-methylenium cations 

Aminium cation radicals 

Amino acids 

rearrangement, 828 

cycloaddition reactions, 247 

Diels-Alder reactions, 501 

Diels-Alder reactions, 501 

Diels-Alder reactions, 520 

N-methylation 

synthesis 
retrograde Diels-Alder reaction, 552 

via Ireland silyl ester enolate rearrangement, 841 
Amino alcohols, alkynic 

divinyl ketones from 
cyclization, 769 

Amino sugars 
synthesis 
via intramolecular Diels-Alder reaction, 425 

Ammonium chloride 
Claisen rearrangement 
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catalysis, 850 

synthesis, 1096, 1099 
regioselective, 1094 

Angelicin 

Anhydrides 
methylenation 

Aniline, N-sulfinyl- 
Tebbe reagent, 1124 

[3 + 21 cycloaddition reactions 
with q*-butynyliron complexes, 277 

Anisole 
photocycloaddition reactions 

with vinylene carbonate, 653 
[4 + 21 Annulation 

oxyanion-accelerated 
vinylcyclobutane rearrangement, 1020 

Annulations 
two-alkyne, 1102 

[ 10lAnnulene 
disrotatory ring closure, 7 16 
synthesis 

t12lAnnulene 

[ 16lAnnulene 

Antheridogen- An 

via [6 + 41 cycloaddition, 623 

electrocyclization, 717 

disrotatory ring closure, 716 

synthesis 
via vinylcyclopropane rearrangement, 1014 

Anthracene, 9-cyano- 
photocycloaddition reactions 

cycloheptatriene, 636 
2,5-dimethyl-2,4-hexadiene, 636 

Anthracene, 9,lO-dimethyl- 
Diels-Alder reactions, 7 1 

acyl nitroso compounds, 419 
tetracyanoethylene, 76 

[4 + 31 cycloaddition reactions, 608 
Diels-Alder reactions 

Anthracenes 

benzynes, 383 
Lewis acid promoted, 339 
selenocarbonyl dienophiles, 442 

photocycloaddition reactions 
2,5-dimethyl-2,3-hexadiene, 636 

photolyses, 637 
reaction with tetracyanoethylene 

retrograde Diels-Alder reactions, 552 

synthesis, 1098 

thermochemistry, 76 

An thrac yclines 

via benzocyclobutene ring opening, 693 
via Diels-Alder reactions, 327,375,393 

Anthracyclines, demethoxy- 

Anthrac yclinones 

synthesis 
via Diels-Alder reaction, 338 

synthesis 
via Diels-Alder reaction. 384 

Diels-Alder reactions, 394 
Anthraquinones 

synthesis 
via benzocyclobutene ring opening, 693 
via [2 + 2 + 21 cycloadditions, 1148 

p- 1 -Apiofuranoside 
asymmetric synthesis 

synthesis 

via photocycloaddition, 185 
Apiose 

via Patemo-Biichi reaction. 158 
Aporphine alkaloids 

synthesis 
via Diels-Alder reaction, 384 
via photocyclization, 724 

[3 + 21 and [5 + 21.645-671 
exciplex pathway, 649 
mechanism, 648-654 

Arenediazoc yanide 
Diels-Alder reactions, 428 

Arenes 
[4 + 31 cycloaddition reactions, 608 

Arenes, alkoxy- 
photocycloaddition reactions, 652 

Arenes, alkyl- 
photocycloaddition reactions, 652 

Aristeromycin 
synthesis 

Arene-alkene photocycloaddition reactions 

via Diels-Alder reaction, 370 
Amottianamide, methyl- 

synthesis 

a- Aromaticity 

Aromatin 

via Diels-Alder reaction, 500 

cyclopropanes, 900 

synthesis 

Artemisinin 
synthesis 

Aryl complexes 
benzannulation, 1100 

Aryl isocyanates 
2-azetidinones from, 103 

Aspidosperma alkaloids 
synthesis 

via Cope-Claisen rearrangement, 886 

via Patemo-Biichi reaction, 155 

via annulation, 1100 
Aspidosperma alkaloids, deethyl- 

Aspidospermidine, 6,7-dehydro- 

synthesis 
via retro Diels-Alder reactions, 58 1 

synthesis 

synthesis 

Asteriscanolide 
synthesis 

via Diels-Alder reaction, 372 
Asteltoxin 

via photocycloaddition, 172 

via oxyanion-accelerated rearrangement, 1022 

benzocyclobutene synthesis, 692 Aucubigenone 

via [4 + 41 cycloaddition, 641 

[3 + 21 cycloaddition reactions, 305 
Anthranilic acid Asymmetric synthesis 

Anthranol synthesis 

Anthraquinone, bis( bromomethy1)- Avenaciolide 

benzyne from via diazotization 

retro Diels-Alder reaction, 564 via Pauson-Khand reaction, 1062 
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synthesis 
via photocycloaddition, 17 1 

Adon-accelerated rearrangements 
small rings, 1OOO-1004 

2-Azabicyclo[2.2n]akenes 
flash vapor pyrolysis, 576 

8-Azabicyclo[3.2.l]octd-ene 
Pauson-nand reaction, 1051 

1 -Aza-1,3-butadiene, N-acyl- 
Diels-Alder reactions, 473 

1 -Aza- 1,3-butadiene, 2-f-butyldimethylsiloxy- 
Diels-Alder reactions, 473 

1 -Am- 1,3-butadiene, N-phenylsulfonyl- 
Diels-Alder reactions, 474 

1-Aza- 1,3-butadiene, 2-trimethylsiloxy- 
Diels-Alder reactions, 473 

2-Am-l,3-butadiene, 3-trimethylsiloxy- 
Diels-Alder reactions, 480 

Ambutadienes 
Diels-Alder reactions, 47049 1 
synthesis 
via photocycloaddition, 16 1 

Diels-Alder reactions, 473480 

Diels-Alder reactions, 480484 
hetero 

Diels-Alder reactions, 485 

1 -Aza- 1,3-butadienes 

2-Aza- 1,3-butadienes 

2-Aza-1,3-butadienes, 1,3-bis(t-butyldimethylsiloxy)- 
Diels-Alder reactions, 480 

Aza-Cope rearrangement, 877 
Azacyclic systems 

synthesis 
via Ireland rearrangement, 843 

Azadienes 
cationic 

Diels-Alder reactions, 492-501 
five-membered ring heteroaromatic 

Diels-Alder reactions, 491 
heteroaromatic 

Diels-Alder reactions, 41 1,491-492 
six-membered ring heteroaromatic 

Diels-Alder reactions, 491 
2-Aza-l,3-dienes 

synthesis 
via retro Diels-Alder reactions, 559 

Aza-di-T-methane rearrangements 
photoisomerizations, 201,220 

Azafumarates 
intramolecular cyclization, 414 

1-Am- 1 -oxa-di-n-methane rearrangements 
photoisomerizations, 202 

2-Aza-l,3-pentadiene, 1 -phenyl- 
Diels-Alder reactions, 480 

1 -Azatrienes 
electrocyclic ring closure, 741 

Azepine, N-ethoxycarhonyl- 
cycloaddition reactions 

dienes, 634 
Azepines 

synthesis 
via cyclobutene ring expansion, 687 

Azepines, 2,3-dihydro- 
synthesis 
via cyclobutene ring expansion, 687 

Azepines, N-substituted 

dimerization 
via [6 + 41 cycloaddition, 634 

Azetidine hydrazones 
synthesis, 110 

Azetidines, 2-imino- 
synthesis 
via ketenimines, 113 

Azetidines, vinyl- 

Azetidinethiones 
cycloaddition reactions, 257 

synthesis 
via azetidiminium salts, 110 

2-Azetidinethiones 
synthesis 

Azetidinimines 
synthesis 

via imines and thioketenes, 115 

via azetidiminium salts, 110 
2-Azetidiniminium salts 

synthesis 

2-Azetidinones 
synthesis 

via keteniminium salts, 108-1 13 

via enolates and imines, 100-102 
via isocyanates, 102-108 
via ketenes and carbonyls, 9&100 
via lithium phenylethynolate cycloaddition, 1 16 

Azetidinones, vinyl- 

Azetines 
cycloaddition reactions, 257 

synthesis 

Azetinones 
Diels-Alder reactions, 407 

Aziridine, dienyl- 
radical opening, 938 
rearrangement 

Aziridine, divinyl- 

Aziridine, vinyl- 

via retro Diels-Alder reactions, 581 

transition metal catalyzed, 938 

rearrangement, 948 

photochemical rearrangements, 938 
rearrangements, 909,937 

cycloaddition reactions 

Diels-Alder reactions, 41 3 
rearrangement 

stereochemistry, 948 

Azirines 

fulvenes, 630 

Azoalkanes 

Azoalkenes 

Azocines, 1 ,2-dihydro- 

denitrogenation, 205 

Diels-Alder reactions, 486 

synthesis 
via cyclobutene ring expansion, 687 

Azo compounds 
acyclic 

cyclic 

Diels-Alder reactions, 426 

Diels-Alder reactions, 486 

diethyl ester 

Diels-Alder reactions, 428 

Diels-Alder reactions, 429 

Azodicarbox y lates 

Azodicarboxylic acid 
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Diels-Alder reactions, 426 
Azomethane 

synthesis 
via retro Diels-Alder reactions, 576 

Azomethine ylides 
cycloaddition reactions 

reactions with benzaldehyde, 265 

synthesis 

diasteroselective, 260 

Azulene, 1,3-dimethyl- 

via [3 + 21 cycloaddition reactions, 285 
Azulene, hexahydro- 

synthesis 
via palladium-ene reaction, 50 

Azulene, cis-4-keto- 
synthesis 
via cycloaddition reactions, 274 

Azulene, perhydro- 
synthesis 
via [4 + 31 cycloaddition reactions, 598 

Azulenes 
synthesis 
via [3 + 21 cycloaddition reactions, 285 
via [6 + 41 cycloaddition reactions, 626,629 
via electrocyclization, 744 

Azulenes, hydro- 
synthesis 
via Cope rearrangement, 803,810 
via cycloaddition reactions, 274 
via [6 + 41 cycloaddition reactions, 626,629 

Azulenone, oxidoperhydro- 
synthesis 
via [4 + 31 cycloaddition, 609 

Barbaralanes 
synthesis 
via [4 + 31 cycloaddition, 612 

Barrelene 
flash vapor pyrolysis, 57 1 
photoisomerization, 204 

to semibullvalene, 194 
Barrelenones 

photoremangement, 229 
Benzaldehydes 

Diels-Alder reactions, 433 
photolysis 

reaction with azomethine ylides, 265 

alkynes 
functionality, 1098 

aminohexatrienes, 720 
aryl versus alkenyl complexes, 1100 
carbene complexes, 1098 
[3 + 2 + 11 cycloadditions, 1093 
Diels-Alder reactions 

with 1-hexyne, 163 

Benzannulation 

tandem, 1099 
Benzene, cyano- 

Benzene, nitroso- 
photocycloaddition reactions, 652 

Diels-Alder reactions 
with 1,2-dihydropyridine, 418 

Benzene, 1.2.3 ,Ctetraphen y l-S,6-diethyl- 

Benzene, 1,2,4-tri-t-butyl- 

synthesis 
via [2 + 2 + 21 cycloaddition, 1146 

synthesis 
via [2 + 2 + 21 cycloaddition, 1146 

Benzene, 13.5-tri-t-butyl- 
synthesis 
via [2 + 2 + 23 cycloaddition, 1148 

Benzene, trifluoromethyl- 

Benzene, 1,2,4-&iphenyl- 
photocycloaddition reactions, 652 

synthesis 
via [2 + 2 + 21 cycloaddition, 1148 

Benzene, 1,3,5-triphenyl- 
synthesis 
via [2 + 2 + 21 cycloaddition, 1148 

Benzenes 
[4 + 31 cycloaddition reactions, 608 
derivatives 

synthesis via retro Diels-Alder reaction, 571-573 
Diels-Alder reactions 

benzynes, 383 
irradiation 

fulvene generation, 646 
photocycloaddition reactions 

dienes, 636 
furan, 637 
vinyl acetate, 667 

via cyclotrimerization of alkynes, 1144-1 151 
synthesis 

Benzil 
photolysis 

with 1-t-butylthio-I-propyne, 163 
1H-Benz[b]azepines 

synthesis 

Benzobarrelene 
photoisomerization, 198 
substituted 

via cyclobutene ring expansion, 687 

photoisomerizations, 2 10 
Benzobarrelene, tetrachloro- 

synthesis 
via Diels-Alder reaction, 383 

Benzobarrelenone 

Benzocarbazoles 
photoremangement, 229 

synthesis 
via thermolysis, 725 

Benzocyclobutanols, 1 -vinyl- 
1,3-rearrangements, 1022 

Benzocyclobutene 
electrocyclization, 72 1 
synthesis 
via thermolysis of benzothiophene dioxides, 693 

Benzocyclobutene, 1 -acetoxy- 1 -methyl- 

Benzocyclobutene, trans- 1 -acetoxy-2-phenyl- 
thermolysis, 681 

ring opening, 682 
synthesis 
via thermolysis of benzothiophene dioxides, 693 

Benzocyclobutene, 1 -acetyl- 
isomerization, 68 1 

Benzocyclobutene, trans- 1 -alkoxy-2-phenyl- 
ring opening, 682 

Benzocyclobutene, 1 ,Zdimethoxy - 
ring opening, 683 

Benzocyclobutene, diphenyl- 
one-electron transfer, 77 

Benzocyclobutene, 7,8-diphenyl- 
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Diels-Alder reactions, 391 

cycloaddition reactions 
Benzocyclobutene, [(methoxycarbonyl)amino]- 

fulvenes, 627 
Benzocyclobutene, 1 -methoxy- 1 -phenyl- 

rearrangement 
anthracene synthesis, 694 

Benzocyclobutene, trans- 1 -methoxy-2-phenyl- 

Benzocyclobutene, 3-methyl 

via benzynes, 692 
Benzocyclobutene, 6-methyl- 

via benzynes, 692 
Benzocyclobutene, 7-methyl- 

Diels-Alder reactions, 391 
Benzocyclobutene, 1 -phenyl- 

ring opening, 682 
Benzocyclobutene, l-vinyl- 

isomerization, 680 
Benzocyclobutenecarboxylic acid 

esters 

ring opening, 682 

synthesis 

synthesis 

synthesis via benzyne cyclization, 692 
Benzocyclobu tenedione 

Benzocyclobutene- 1,2dione, 3-hydroxy-5-methyl- 
Diels-Alder reactions, 395 

synthesis 
via cycloaddition, 693 

Benzoc y clobutenediones 
cycloaddition reactions 

metal catalyzed, 1202 
Benzocyclobutene- 1 ,2-diones 

anthraquinones from, 690 
Benzoc yclobutenes 

cycloaddition reactions 

electrocyclic ring opening, 1032, 1151 
o-quinodimethane precursors, 69 1-694 

synthesis, 692 

thermolysis, 1031 
Benzocyclobuten-7-01,7-phenyl- 

Diels-Alder reactions, 388 
Benzocyclobutenols 

synthesis 

fulvenes, 627 

Diels-Alder reactions, 386 

via [2 + 2 + 21 cycloadditions, 1148, 1149 

via benzyne, 692 
via intramolecular cyclization, 692 

Benzocyclobutenols, 1 -alkyl-1-cyano- 
ring opening 

morphinan synthesis, 694 
Benzocyclobutenols, rrans-2-aryl- 

via benzyne cyclization, 692 
Benzocyclobuten- 1 -one, 3,6-dimethyoxy- 

synthesis 

synthesis 
via benzyne, 692 

Benzocyclobutenones 
o-quinodimethane precursors 

Diels-Alder reactions, 388 
synthesis 
via benzyne, 692 

Benzocyclobutenyl carbamate 
Diels-Alder reactions, 390 

Benzocyclohexenes 

synthesis 
via [2 + 2 + 21 cycloadditions, 1149 

Benzoc yclononadienes 
synthesis 
via intramolecular ene reactions, 20 

Benzocyclopentenes 
synthesis 
via [2 + 2 + 21 cycloadditions, 1149 

Benzoc yclopropene 
cycloaddition reactions 

metal catalyzed, 1199 
Benzo fluorene 

synthesis 

Benzofuran 

Benzofuran, 4,5,6,7-tetrahydro- 

Benzofurans, hydroxy- 

via FVP, 732 
Benzofurans, tetrahydro- 

via thermolysis, 721 

[3 + 21 cycloaddition reactions, 307 

retro Diels-Alder reaction, 579 

synthesis 

synthesis 
via oxyanion-accelerated rearrangement, 1018 

Benzoic acid, p-cyano- 
methyl ester 

photolysis with diphenylacetylene, 163 
Benzonitrile 

photochemical cycloadditions 
alkenes, 161 

Benzonitrile oxide 

fulvenes, 630 
tropones, 626 

cycloaddition reactions 

reaction with (a-oxyallyl)silane, 262 

reaction with 3,4,4-trimethyl-l -pentene, 262 

photoisomerization, 204 

photoisomerization, 204 

bridgehead-substituted 

Benzonitrile oxide, p-nitro- 

Benzonorbomadiene, 1,2-bis(trimethylsilyl)- 

Benzonorbomadiene, 1 ,Zdimethyl- 

Benzonorbomadiene, 6-methoxy- 

photoisomerization, 204 
Benzonorbomadiene, 1 -methoxy-4-substi tuted 

Benzonorbomadienes 
photoisomerization, 203 

deuteriated 

photoisomerization, 197,203,205 
stoichiometric complexes 

substituted 

photoisomerization, 204 

with P-cyclodextrin, 210 

photoisomerizations, 210 
Benzonorcaradiene 

synthesis 
via photoisomerization, 21 2 

Benzo[c]phenanthrenes 
synthesis 
via electrocyclization, 720 

Benzo[k]phenanthridones 
synthesis 

Benzophenone 
photolysis 

via photolysis, 728 

with 2-methylbut-l-en-3-yne, 164 
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with cis- 1.4-polyisoprene, 16 1 

oxetane formation, 152 
reaction with 2-butene 

Benzophenone, 4-phenyl- 
photolysis, 154 

2-Benzopyran-3-one 
cycloaddition reactions 

tropones, 6 1 8 
Benzopyrans, dihydro- 

via benzocyclobutenes, 69 1 
synthesis 

Benzoquinones 
laser photolysis 

synthesis 
with tetramethylallene, 154 

via cyclobutenone ring opening, 690 
via metal-catalyzed cycloaddition, 1202 

1 ,4-Benzoquinones 
Diels-Alder reactions, 342.45 1 

Lewis acid promoted, 339 
synthesis 
via metal-catalyzed cycloaddition, 1200 

Benzo systems 
photoisomerization, 197 

Benzo[b]thiophene, 4-phenyl- 
synthesis 
via photocyclization-oxidation, 720 

Benzo[b]thiophene, 7-phenyl- 
synthesis 
via photocyclization-oxidation, 720 

Benzothiophene 2,2-dioxides, 2J-dihydro- 

benzocyclobutene synthesis, 693 
thermolysis 

Benzothiophenes, hydroxy- 
synthesis 
via FVP, 732 

Benzotricyclo[3.1 .0.@v6]hex-3-ene 

p-Benzyne 
photoisomerization, 212 

generation 
in thermal isomerization, 736 

Benzyne, 3-flUOrO- 

Benzyne, 3-methyl- 

Benzyne, tetrachloro- 

Benzy nes 

Diels-Alder reactions, 382 

Diels-Alder reactions, 38 1 

Diels-Alder reactions, 383 

Diels-Alder reactions, 379-385 
intramolecular trapping by carbanions, 692 

Berson-Salem subjacent orbital effect 
1.3-sigmatropic rearrangements, 1009 

Biacetyl 
photochemistry, 154 

Bicyclic compounds 
inside-inside 

synthesis via ene reaction with methyl propiolate, 8 
Bicyclization 

dienes, 11 72 
diynes, 1171 
enynes, 1165-1 170 

promoted by Group IV metals, 1169 
zirconium-promoted, 1163-1 183 

Bicyclo[5.n.O]alkanes 
functionalized 

synthesis via Cope rearrangement, 979-982 

Bicycloalkanones 
insideoutside 
via photocycloaddition reactions, 137 

Bicyclo[4. 1 .O]alkenes 
synthesis 
via photoisomerization, 21 1 

Bicycloalkenes, vinyl- 
Cope rearrangement, 8 12-8 19 

Bicyclo[l.l.O]butane, l-cyano- 
cycloaddition reactions, 1 186 

Bicyclo[ 1.1 .O]butane, l-methoxycarbonyl- 
cycloaddition reactions, 1186 

Bicyclo[ 1.1 .O]butane, 1 -methyl- 
cycloaddition reactions, 1186 

Bicyclo[ 1.1 .O]butanes 
cycloaddition reactions 

metal-catalyzed, 11 85 
Bicyclo[5.3.0]decanes 

synthesis 
via Cope rearrangement, 982 
via photocycloaddition, 669 

Bicyclo[4.2.2]deca-3,7,9-triene 

Bicyclo[6.2.0]dec-2-ene 

Bicyclo[6.4.0]dodecanes, alkyl- 

dimerization, 66 

thermolysis, 686 

synthesis 
via [4 + 41 cycloaddition, 640 

Bicyclo[3.2.0]hepta-3,6-diene, l-methoxy- 
reaction with hexacarbonylpropynedicobalt complex 

Pauson-Khand reaction mechanism, 1039 
Bicyclo[ 3.2.1 Iheptadienes 

synthesis 
via Cope rearrangement, 804 

Bicyclo[3.2.0]hepta-1,4-dien-3-ones 
synthesis 
via [2 + 2 + 21 cycloaddition, 1134 

Bicyclo[2.2.1 ]heptane, 2-methoxycarbonyl- 
synthesis 
via cycloaddition of bicyclo[2.1.O]pentanes, 1186 

Bicyclo[4.1 .O]heptane-3,4-diones, 7-halo- 
tautomerism, 714 

Bicyclo[2.2. llheptanes 
synthesis 
via cycloaddition of bicyclo[2.1.O]pentanes, 1186 
via [3 + 21 cycloaddition reactions, 286 

Bicyclo[3.2.0]heptanes 
synthesis 
via [4 + 41 cycloaddition, 639 

Bicyclo[4.1 .O]heptanes 
synthesis 
via photocycloaddition, 669 

Bicyclo[2.2.l]heptan-2-one, 6-methyl- 
synthesis 
via intramolecular ene reactions, 21 

Bicyclo[2.2.1 Iheptanones 
synthesis, 1104 
via intramolecular ene reactions, 21 

Bicyclo[4.1 .O]hept-2-ene, 7-endo-vinyl- 
Cope rearrangement, 991 

Bicyclo[2.2.l]hept-5-enes 
thermolysis, 558 

Bicyclo[3.2.0]hept-6-enes 
Pauson-Khand reaction, 1046, 1052 
rearrangement, 1016 

Bicyclo[4.1 .O]hept-2-enes 
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synthesis 
via photoisomerization, 1% 

Bicyclo[4. 1 .O]hept-3-enes 
photoisomerization, 1 % 

Bicyclo[4.2.0]hept-2-enes 
thermal isomerizations 
via retro Diels-Alder reactions, 586 

Bicyclo[4.1 .O]hept-Zenes, 7-( 1 -alkenyl)- 
Cope rearrangement, 991 

Bicycloheptenes, 7-vinyl- 
Cope rearrangement, 815 

exo-Bicyclo[3.2.0]hept-2-en-7-ol 
rearrangement, 1016 

Bicyclo[2.2.1 Iheptenols 
Cope rearrangement 

product aromatization, 791 
Bicycloheptenols, 2-vinyl- 

oxy-Cope rearrangement, 815 
Bicyclo[2.2. llheptenones 

photoisomerizations, 224,228 
Bicyclo[4.1 .O]heptenones, 7-halo- 

tautomerism, 714 
Bicyclo[3.2.0]hept-7-one, 1 -phenyl- 

reaction with vinyllithium, 1022 
Bicyclo[3.1 .O]hexanes 

synthesis 
via ring opening, 708 

Cope rearrangement, 987 

enol derivatives 

Bicyclo[3.1 .O]hexan-2-ones, 6-( l-alkeny1)- 

Bicyclo[3.1 .O]hexan-2-ones, 6-vinyl- 

Cope rearrangements, 804 
Bicyclo[2.2.0]hex- 1 (4)-ene 

Bicyclo[3.1 .O]hex-2-ene, 6-endo-vinyl- 

Bicyclo[2.2.0]hex-2-enes 

dimerization, 66 

Cope rearrangement, 984 

synthesis 

thermolysis, 678 

Cope rearrangement, 984-991 
synthesis, 990 

via photolysis, 737 

Bicyclo[3.1 .O]hex-2-enes, 6-( 1 -alkenyl)- 

via Cope rearrangement, 985 
Bicyclo[3.1 .O]hexenone 

via photolysis, 730 
synthesis 

Bicyclo[2.2.0]hexenones, amino- 

cis-Bicyclo[4.3 .O]nona-2,4-diene 

frans-Bicyclo[4.3.0]nona-2,4-diene 

via thermal rearrangement, 7 16 

rearrangement, 732 

photolysis, 737 

synthesis 

Bicyclo[5.2.0]nona-2,8-diene 
synthesis 
via photoisomerization, 709 

Bicyclo[3.2.2]nona-2,6-dienes 
synthesis 
via Cope rearrangement, 991,993 

Bicyclo[3.2.2]nona-6,8-dien-3-one 

via [4 + 31 cycloaddition, 608 
synthesis 

Bicyclo[4.3.O]nonane 
synthesis 
via [3 + 21 cycloaddition reactions, 304 

Bicyclo[3.2.2]nona-2,6,8-triene 
photoisomerization, 196 

Bicyclo[3.2.2]non-6-en-3-one 
synthesis 
via Cope rearrangement, 992 

Bicyclo[3.2.2lnonenone, l-methoxy- 

photoisomerizations, 226 
Bicyclo[3.2.2]nonenones 

photoisomerizations, 225,228 
Bicyclo[2.2.2]octa- 1,4-diene 

Pauson-Khand reaction, 1049 
Bicyclo[2.2.2]octa-2,5-diene 

flash vapor pyrolysis, 571 
Bicyclo[4.2.0]octa-2,4-diene 

tautomerism, 714 
Bicyclo[2.2.2]octa-2,5-diene, 1,4-bis(methoxycarbonyl)- 

thermolysis, 571 
Bicyclo[4.2.0]octadiene, 1 -cyano- 

synthesis 

bridged 

via photocycloaddition, 161 
Bicyclo[3.2.l]octa-2,6-dienes 

photoisomerization, 205 
substituted 

synthesis 
synthesis via Cope rearrangement, 985-988 

via Cope rearrangement, 794,984,987 
via [4 + 31 cycloaddition reaction, 597 

Bicyclo[2.2. lloctadienone 

Bicyclo[3.3.O]octanedione 
elimination reactions, 558 

synthesis 
via photoisomerization, 233 

Bicyclo[2.2.2]octanes 
synthesis 
via photocycloaddition, 657 

Bicyclo[3.2. lloctanes 
synthesis 
via Cope rearrangement, 993 
via photocycloaddition, 657 

Bicyclo[3.3.0]octanes 
synthesis 
via Claisen rearrangement, 833 
via [3 + 21 cycloaddition reactions, 290,304 
via photocycloaddition, 654,657 

Bicyclo[4.2.0]octanes 
aromatization 

synthesis 
benzocyclobutene synthesis, 692 

via photocycloaddition, 657 
Bicyclo[2.2.2]octanes, 2-exo-methylene-6-vinyl- 

Bicyclo[3.3.0]octan-3-one 
Cope. rearrangement, 815 

synthesis 
via [2 + 2 + 21 cycloaddition, 1 131 

Bicyclo[2.2.2]octanones 
synthesis 
via intramolecular ene reactions, 21 

cis-Bicyclo[3.3.0]octan-2-ones 
synthesis 
via metal-catalyzed cycloaddition, 1 192 

Bicyclo[4.2.0]octa-2,4,7-triene 
tautomerism, 715 

Bicyclo[4.2.0]octa-l,3,5-trienes 
o-quinodimethane precursors 

Diels-Alder reactions, 386 
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Bicyclo[2.2.2]oct-l -ene 
dimerization, 65 

B icyclo[ 3.3 .O]oct- 1 -ene 
Pauson-Khand reaction, 1052 

Bicyclo[3.3.0]oct-2-ene 
Pauson-Khand reaction, 1047 

Bicyclo[2.2.2]oct-2-ene, 5.5-dicyanomethylene- 
photoisomerization, 196 

Bicyclo[2.2.2]octene, vinyl- 
Cope rearrangement, 794 

Bicyclo[2.2.2loctenes 
Pauson-Khand reaction, 105 1 
synthesis 

via Cope rearrangement, 812 
via Diels-Alder reactions, 329 

Bicyclo[4.2.0]oct-7-enes 
thermolysis, 678 

Bicyclo[2.2.2]oct-5-en-2-one 
photoisomerizations, 200 

Bicyclo[3.2.l]oct-6-en-3-one, 8-alkylidene- 
synthesis 

via [4 + 31 cycloaddition, 604 
Bicyclo[2.2.2]octenone, 1 -methoxy- 

Bicyclooctenones 
photoisomerization, 226,233 

synthesis 
via Cope rearrangement, 804 

photoisomerizations, 218,224,228 

synthesis 

Bicyclo[2.2.2]octenones 

Bicyclo[3.2.1 Joct-6-en-3-ones 

via [4 + 3 J cycloaddition, 603 
Bicyclo[3.3.0]oct- 1 -en-3-ones 

synthesis 
via Pauson-Khand reaction, 1053, 1060 

Bicyclo[2.1 .O]pentanes 
cycloaddition reactions 

diradicals 
metal-catalyzed, 1186 

via photolytic rearrangement, 914 
Bicyclo[2.1 .O]pent-Zene 

thermolysis, 678 
Bicyclopropy lidene 

cycloaddition reactions, 7 1 
dimerization, 65 
reaction with tetracyanoethylene, 78 

synthesis 
cis-Bicyclo[5.4.0]undeca-8,lO-diene 

via photolysis, 7 17 
trans-Bicyclo [7.2.0]undeca-2,lO-diene 

synthesis 
via electrocyclization, 717 

Bicyclo[5.4.0]undecanes 
synthesis 

via Cope rearrangement, 815,982 
Bicyclo[4.4. llundecanone 

synthesis 
via [6 + 41 cycloaddition, 624 

Bicyclo[4.4.1 Iundecene 
dimerization, 65 
synthesis 

via [6 + 41 cycloaddition, 635 
Bicyclo[4.4.1 Iundecenone 

synthesis 
via [6 + 41 cycloaddition, 620 

Bicyclo[5.3.1 Iundecenone 

synthesis 
via Cope rearrangement, 1028 

[3 + 21 cycloaddition reactions, 287 
trimethylenemethane from, 298-308 

B ifurandiones 
synthesis 

Bifunctional conjunctive reagents 

via 12 + 2 + 23 cycloaddition, 1138 
Bilobalide 

synthesis 

B inaphthols 
Diels-Alder reactions, 376 

Biphenyl, 2.2'-divinyl- 
photochemistry, 728 

Biphenyl, 2-(a-styryl)- 
photochemistry, 726 

Biphenyl, 2-vinyl- 
photochemistry, 726 

Biphenylenes 
synthesis 

Bipyridines 
synthesis 

via cycloaddition, 1153 
Bis-imines 

Diels-Alder reactions, 425 
2,2'-Bis(methylenecyclopentane) 
Cope rearrangement, 820 

Bisnorisocomene 
synthesis 

Bistriazoles 

via Diels-Alder reaction, 356 

via [2 + 2 + 21 cycloaddition, 1150 

via Pauson-Khand reaction, 1062 

benzyne precursors 
Diels-Alder reactions, 382 

Bleomycin A2 
synthesis 

via Diels-Alder reaction, 492 
Boat-like transition states 

Diels-Alder reactions 
decatrienones, 539-543 

Diels-Alder reactions, 376 

synthesis 

Borane, binaphthoxy- 

Borane, cyclopropyl- 

via boron-ene reaction, 33 
Borane, triethyl- 

Lewis acid co-catalyst 
[3 + 23 cycloaddition reactions, 296 

Boranes, acyloxy- 
chiral catalyst 

Boranes, dialkoxy- 
chiral catalysts 

Diels-Alder reactions, 376 
Boranes, dialkylallyl- 

reaction with ethoxyacetylene, 34 
Boranes, triallyl- 

ene reactions, 33 
Bornane- 10,2-sultam 

Diels-Alder reactions, 362 
Bomyl fumarate 

photocycloaddition reactions 

Diels-Alder reactions, 377-379 

stilbenes, 132 
Boronates, 1,3-dienyl- 

Diels-Alder reactions, 336 
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Boron-ene reactions, 33 
Boschnialactone 

synthesis 
via photoisomerizations, 230 

Boschnialic acid 
synthesis 

Bourbonene 
synthesis 

via magnesium-ene reaction, 42 

via photochemical cycloaddition, 124, 129 
Bovine serum albumin 

monoclonal antibodies 
Claisen rearrangement, 855 

Bovolide 
synthesis, 1092 

Brefeldin A 
synthesis 

via [3 + 21 cycloaddition reactions, 308 
Bridged systems 

synthesis 
via [2 + 31 cycloaddition reactions, 951 

Brook-Claisen rearrangements 
tandem, 843 

Brook rearrangement 
desulfonylation, 1014 

Bunte salts 
Diels-Alder reactions, 436 

1,3 Butadiene, l-acetoxy- 
cycloaddition reactions 

Diels-Alder reactions, 376 
1,3-Butadiene, 1 -alkoxysilyl- 

synthesis 
via cyclobutanones, 677 

Diels-Alder reactions, 323 

synthesis 

tropones, 620 

1,3-Butadiene, 1,3-bis(trimethylsiloxy)- 

1,3-Butadiene, 2,3-bis(trimethylsiloxy)- 

via cyclobutenes, 684 
1,3-Butadiene, 2,3-bis(trimethylsilylmethyl)- 

Diels-Alder reactions, 338 
1,3-Butadiene, 1 -diethylamino- 

cycloaddition reactions 
6,6-dimethylfulvene, 626 

1,3-Butadiene, 1,l -dimethoxy-3-trimethylsiloxy- 
Diels-Alder reactions, 330 

1,3-Butadiene, 2,3-dimethyl- 
cycloaddition reactions, 199 
[4 + 31 cycloaddition reactions, 603 
Diels-Alder reactions, 372,380 

3-(trimethylsilylmetyl)- 
Diels-Alder reactions, 338 

cycloaddition reactions 

1,3-Butadiene, 2-hydroxy- 

1,3-Butadiene, 2-(N-dimethylaminomethyl)- 

1,3-Butadiene, 2-ethyldiethy lamino- 

fulvenes, 629 

synthesis 
via retro Diels-Alder reactions, 557 

1,3-Butadiene, 2-methoxy-3-methyl- 

1,3-Butadiene, 2-methoxy-3-phenylthio- 
iterative rearrangements, 891 

synthesis 
via cyclobutenes, 683 

Diels-Alder reactions, 329 
1,3-Butadiene, 1 -methoxy-3-trimethylsiloxy- 

[2 + 21 photocycloaddition, 1022 

synthesis 

1186 

13Butadiene, 2-methyl- 

via cycloaddition of I-methylbicyclo[ 1.1 .O]butane, 

1,3-Butadiene, 2-methyl-4-trimethylsiloxy - 
Diels-Alder reactions, 376 

1,3-Butadiene, l-pheny1-4-(2’-thienyl)- 
photocyclization-oxidation, 720 

1,3-Butadiene, 24 (pheny1thio)methyll- 
Diels-Alder reactions, 338 

1,3-Butadiene, l-silyl- 
Diels-Alder reactions, 335 

1,3-Butadiene, 2-tributylstannyl- 
Diels-Alder reactions, 335 

1.3-Butadiene, 2-triethylsilyl- 
Diels-Alder reactions, 335 

1,3-Butadiene, 2-(trimethylsilylmethy1)- 
Diels-Alder reactions, 337,338 

1,3-Butadiene, 1 -trimethylsiloxy- 
cycloaddition reactions 

tropones, 620 
cyclodimerization 

[4 + 41 cycloaddition, 641 

Diels-Alder reactions, 320,329 

synthesis 

1,3-Butadiene, 2-trimethylsiloxy- 

1,3-Butadiene-2,,3-dicarbonitrile 

via retro Diels-Alder reaction, 566 
1,3-Butadiene-2,3-dicarboxylic acid 

synthesis 

1,3-Butadienes 
via retro Diels-Alder reaction, 565 

cyclization, 675 
cycloaddition reactions 

tropones, 618 
[4 + 31 cycloaddition reactions, 603 
dimerization, 63 

via nickel-ene reaction, 56 
photoc ycloaddition reactions 

benzene, 636 
substituted acyclic 

synthesis via retro Diels-Alder reaction, 565 
1,3-Butadienes, alkoxy- 

Diels-Alder reactions, 329 
1,3-Butadienes, 4-alkyl-2-amino-4-( substituted 

amino)- 1,1,3-tricyano- 
synthesis 

via retro Diels-Alder reaction, 566 
1,3-Butadienes, 2-methoxy- 1 -(phenylthio)- 

Diels-Alder reactions, 333 
1,3-Butadienes, 1 -(phenylthio)- 

Diels-Alder reactions, 333 
1,2-Butadienoic acid 

methyl ester 
reaction with C-methyl-N-phenylnite, 255 

2,3-Butadienoic acid 

ene reactions, 9 
esters 

1,2,3,4-Butanetetracarboxylic acid 
synthesis 

via photolysis, 723 
Butatriene 

synthesis 
via retro Diels-Alder reaction, 589 

2-Butenal, 2-methyl- 
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Diels-Alder reactions, 378 

ene reactions, 2 

cyclobutanones from, 1087 

synthesis 

2-Butene 

cis-2-Butene 

2-Butene, l-bromo- 

via 1,3-butadiene, 903 
1 -Butene, 3,3-dimethoxy-2-methyl- 

1-Butene, 3.3-dimethyl- 

2-Butene, 2.3-dimethyl- 

iterative rearrangements, 892 

Pauson-Khand cycloaddition, 1041 

ene reactions 

photochemical cycloadditions 
Lewis acid catalysis, 4 

benzonitrile, 161 
2-Butene, 2-methyl- 

ene reactions 

photolysis 
Lewis acid catalysis, 4 

with benzonitrile, 161 
1 -Butene, 2,3,3-trimethyl- 

ene reactions, 2 
deuterated 

3-Butene- 1 ,2-diol, isopropylidene- 

But-1 -en-3-yne, 2-methyl- 
reaction with (ethoxycarbony1)formonitrile oxide, 262 

photolysis 
with benzophenone, 164 

2-Butyne 

1-Butyne, 3,3-dimethyl- 
reaction with iron carbene complexes, 1089 

trimerization 
rhodium catalysis, 1146 

1 -Butyn3-01,3-methyl- 
trimerization 

3-Butyn-Zone 
nickel catalysis, 1146 

[3 + 21 cycloaddition reactions 

ene reactions 

photolysis 

with 1,3,3-trirnethyl- 1 -(trimethylsilyl)allene, 278 

Lewis acid catalysis, 8 

with isobutene, 164 
Butyric acid, 3-hydroxy- 

esters 
reaction with imines, 102 

Butyric acid, triisopropylsiloxy- 
cycloaddition with imines, 99 

y-Butyrolactone, 2-amino- 
synthesis, 1080 

Butyrolactone, menthyloxy- 
Diels-Alder reactions, 37 1 

ydutyrolactones 
synthesis 
via [3 + 21 cycloaddition reactions, 297 
via metal-catalyzed cycloaddition, 1200 

yButyrolactones, 2,4-disubstituted 
synthesis 
via [2 + 2 + 21 cycloaddition, 1138 

y-Butyrolactones, a-methylene- 
synthesis, 1076 
via retro Diels-Alder reactions. 578 

Caesalpinine 

synthesis 
via photocycloaddition, 176 

Calciferol 
synthesis 
via precalciferol, 700 

Calciferol, 1,25dihydroxy- 
A ring 

Calichemicin 
synthesis 

A1 component 

synthesis via intramolecular ene reaction, 18 

via electrocyclization, 736 
California red scale female sex pheromone 

synthesis via ene reaction with methyl propiolate, 8 
Camphenic acid 

synthesis 

Campherenone 
synthesis 

via [4 + 31 cycloaddition, 603 

via [3 + 21 cycloaddition reactions, 286 
Camphor 

synthesis 
via [3 + 21 cycloaddition reactions, 286 
via intramolecular ene reactions, 21 

Cannabinoids 
synthesis 

Cannabinol 

Cannabinol, hexahydro- 

via Diels-Alder reactions, 468 

photochemical ring opening, 727 

synthesis 
via Diels-Alder reaction, 468 

Cannabinol, 3-hydroxyhexahydro- 

via Diels-Alder reaction, 468 
synthesis 

Cannabisativine, anhydro- 
synthesis 

Cannivonine 
synthesis 

Cantharidin 
synthesis 

via Diels-Alder reaction, 414 

via Cope rearrangement, 814 

via Diels-Alder reaction, 342 
A9(12)-Capnellene 

synthesis 
via magnesium-ene reaction, 40 
via Nazarov cyclization, 763.779 
via ring opening metathesis polymerization, 1 12 1 
via Tebbe reagent, 1 124 

Carbacyclin 
synthesis 

1166 
via zirconium-promoted bicyclization of enynes, 

Carbamates, a-chloro- 
imines 

Diels-Alder reactions, 405 
Carbamycin B 

synthesis 
via photoisomerization, 232 

Carbanion-accelerated rearrangements 
small rings, 1004-1006 

Carbapenems 
synthesis 
via cycloaddition with CSI, 105 
via Diels-Alder reactions, 407 
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Carbazoles 
synthesis 

via thermolysis, 725 
Carbazoles, hydroxy- 

via FVP, 732 
synthesis 

Carbene complexes 
alkene metathesis, 1 1  15 
alkylation, 1075 
cleavage, 1083 
coupling reactions 

with alkenes, 1084 
with alkynes, 1089 

cumulenes, 1107 
cycloaddition 

nucleophilic substitutions, 1083 

Carbene complexes, alkyl amino- 

Carbene complexes, alkyl pentacarbonyl- 

reactions, 1065-1 1 13 

reactions, 1067 

alkylation, 1076 

alkylation, 1076 
anions 

reaction with carbonyl compounds, 1076 
Carbene complexes, amino- 

aldol reactions, 1080 
cycloaddition reactions, 1074 
synthesis, 1066 

alkylation, 1076 

Michael additions, 1081 

transition metal complexes 

Carbene complexes, tetracarbonyl phosphine 

Carbene complexes, a$-unsaturated 

Carbenes, alkynyl- 

[2 + 21 cycloaddition reactions, 1067, 1068 
cycloaddition reactions with 1,3-dienes, 1072 
ene reactions, 1075 

Carbenes, cyclopropyl- 
ring enlargement 

cyclobutene synthesis, 677 
Carbenes, vinyl- 

adducts 

[4 + 31 cycloaddition reactions, 599,604 

[4 + 31 cycloaddition reactions, 599 

regioselective rearrangements 

Cope rearrangement, 804 

Carbenoids, vinyl- 

Carbinols, divinyl- 

via Claisen rearrangement, 85 1 
Carbocations 

o-hydroxybenzyl 
Diels-Alder reactions, 501 

Carbocycles 
synthesis 

via Ireland silyl ester enolate rearrangement, 841, 
843 

Carbocy clines 
synthesis 

Carbodiimides 
via Pauson-Khand reaction, 1060 

cycloaddition reactions 
isocyanates, 1156 
ketenes, 99 

y-Carboline, dihydro- 
synthesis, 1109 

Carbometallation 

organotransition metal compounds, 1163 

[3 + 21 cycloaddition reactions, 303 

akylidenation, 1122-1 126 
[3 + 23 cycloaddition reactions, 307 
cy clopropy 1 

rearrangements, 941 
Diels-Alder reactions, 430 
gem-dimethylation 

Tebbe reagent, 1124 
reaction with alkyl pentacarbonyl carbene anions, 
1076 

Carbonates 

Carbonyl compounds 

Carbonyl compounds, a$-unsaturated 
cycloaddition reactions 

metal catalyzed, 1 197 
Diels-Alder reactions, 453 

acyclic 

semicyclic 

synthesis, 941 
Carboxylic acids 

alkenic 

enantiomeric synthesis 

y,S-unsaturated 

Carbonyl compounds, P,y-unsaturated 

photoisomerizations, 220 

photoisomerizations, 22 1 

divinyl ketones from, 776 

Claisen rearrangement, 864 

synthesis, via Claisen rearrangement, 828 
Carpanone 

synthesis 
via Diels-Alder reactions, 468 

Carroll rearrangement 
ester enolates, 835 
variant of Claisen rearrangement, 834 

a-Cartopterone 
synthesis 

cis-Carveol 

Carvone 

via retro Diels-Alder reaction, 571 

Claisen-Cope rearrangement, 88 1 

photochemical cycloadditions, 123 
silyl ketene acetal derivatives 

Caryophy llene 
synthesis 

a-Caryopterone 
synthesis 

Cope-Claisen rearrangement, 886 

via photochemical cycloaddition, 124 

via retro Diels-Alder reaction, 564 
Cationic cyclizations, 751-781 
cc- 1065 

synthesis 

Cedranoids 
synthesis 

via Diels-Alder reaction, 492 

via photoisomerization, 233 
Cedrene 

synthesis 
via Nazarov cyclization, 779 
via photocycloaddition, 647,657 

Cedrenone 
synthesis 

via photocycloaddition, 659 
Cedrenone, bromo- 
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synthesis, 659 

synthesis 

Cephalosporin 
synthesis 

Cedrol 

via photoisomerizations, 23 1 

via cycloadditions of acid chlorides and imines, 92 
Cerorubenic acid-III 

synthesis 

cyclobutanes, 1016 
cyclopropanes, 1006-1016 
small rings, 999-1033 

Chelidonine 
synthesis 

via Cope rearrangement, 816 
Charge-accelerated rearrangements 

via Diels-Alder reaction, 391 
Chenodeoxycholic acid 

precursor 
synthesis via ene reaction with methyl acrylate, 5 

Chloral 
N-sulfonyl imine 

Diels-Alder reactions, 402 
Chlorosulfonyl isocyanate 

Chlorothricolide 
reaction with imines, 105 

synthesis 
via Ireland rearrangement, 842 

Chokol A 
enantioselective synthesis 

synthesis 
via Johnson rearrangement, 839 

via magnesium-ene reaction, 44 
Cholecalciferol, la,25S,26-trihydroxy- 

Sa-Cholesta- 1.3-diene 

5B-Cholesta- 1.3-diene 

synthesis, 257 

photoisomerization, 706 

synthesis 
via photoisomerization, 706 

Cholestan-3-ones, 5-vinyl- 
pyrolysis 

intramolecular ene reaction, 21 
Cholesterol, 25-hydroxy- 

precursor 
synthesis via ene reaction with methyl acrylate, 5 

via intramolecular photocycloaddition, 180 

Cholesterol 3-acetate, 1 a-hydroxy- 
synthesis 

Cholesterol acetate, 24-oxo- 

via ene reaction, 6 

Claisen rearrangement 

synthesis 

Chorismate 

enzymatic, 855 
Chorismate mutase-prephenate dehydrogenase 

Chromium complexes, isopropenyl- 

cyclopentadiene in, 1070 

Claisen rearrangement, 855 

cycloaddition reactions 

Chromium complexes, naphthol tricarbonyl- 

Chromium complexes, propynyl- 

Chromium complexes, tricarbonyl(q- 1,3,5- 

synthesis, 1093 

cycloaddition reactions with cyclopentadiene, 1072 

cyc1oheptatriene)- 

cycloaddition reactions 
dienes, 633 

Chromium complexes, vinylcarbene- 
reaction with isoprene, 1070 

Chrysene, 5.6.1 1,12-tetrahydro- 
synthesis 

via FVP, 725 
Chry senes 

synthesis 

Chry somelidial 
synthesis 

via electrocyclization, 720 

via [3 + 21 cycloaddition reactions, 309 
Citronellal 

synthesis 
via Diels-Alder reaction, 468 

Citronellate, orthodihydro- 
methyl ester 

Claisen rearrangement, 888 
Claisen-Claisen rearrangement, 888 
Claisen-Cope rearrangement, 87-84 
Claisen rearrangements, 827-866 

abnormal, 834 
acyclic substrates 

remote stereocontrol, 864 
stereochemistry, 862 

alkyl substituents 
kinetics, 856 

allyl vinyl ethers, 832-834 
discovery, 827 

aromatic, 834 
arylsulfonyl carbanion-accelerated, 1004 
carbanion-accelerated, 829, 1004 
catalysis, 850 
charge-accelerated, 847-850 
competitive, 850 

cyclic substrates 
with Wittig rearrangement, 85 1 

remote stereocontrol, 864 
stereochemistry, 863 

elimination vs. rearrangement, 853 
enzymatic, 855 
ketenes, 829 
kinetics, 856 
mechanism, 856-865 
ortho, 834 
oxyanion-accelerated, lo00 
para, 834 
phosphorus stabilized anions, 847 
remote stereocontrol, 864 
ring expansion 

self-immolative process 

solvent effects, 854 
stereochemistry 

stereocontrol, 859 
synthetic aspects, 830-855 
tandem ene reactions, 11 
transition state structures, 857 
vinylogous anomeric effect, 856 
ynamine, 836 

Clavulones 
synthesis 

alkylaluminum-catalyzed, 850 

stereochemistry, intrinsic transfer, 860 

intrinsic transfer, 860-863 

via retro Diels-Alder reactions, 562 
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Cloke rearrangement, 945 
Cobalt, octacarbonyldi- 

catalysts 
alkyne trimerization, 1146 

Pauson-Khand reaction, 1037 

P-hydride elimination 
Cobaltacycloheptanes 

1-heptene synthesis, 1141 
Cobaltacycloheptenes 

P-hydride elimination 

Cobaltac y clopentadienes 
pyridone synthesis 

reactions with nitriles, 1152 
reaction with carbon disulfide 

synthesis 

1,6-heptadiene synthesis, 1141 

via [2 + 2 + 21 cycloaddition, 1155 

thiopyran-2-thione synthesis, 1 158 

via [2 + 2 + 23 cycloaddition, 1142 
Cobalt complexes, carbene 

Cobaltocene 
furans from, 1092 

pyridone synthesis 
via [2 + 2 + 21 cycloaddition, 1155 

Cocycloaddition reactions 
alkynes, alkenes and carbon monoxide, 1037 

Colchicine 
synthesis 

via [4 + 31 cycloaddition, 604 
via isomerization, 714 

Compactin 
synthesis 

via Diels-Alder reaction, 350 
Conduramine-F1 

synthesis 

Conduritol A 
synthesis 

via Diels-Alder reaction, 4 18 

via retro Diels-Alder reactions, 564 
Confertin 

synthesis 

Conia reaction 

o-Conjugation 

Consecutive rearrangements, 875-896 
Cope-Claisen rearrangement, 884-887 
Cope rearrangements, 785-822 

alkyl substitution, 789 
carbanion-accelerated, 1005 
catalysis, 798-803 
chirality 

transfer, 821 
chiral vinyl substituents 

double diastereoselection, 8 17 
cis- 1,2-divinylcyclopropane, 97 1-996 
conformation, 794 
conjugating substituents, 789 
double bond configuration, 821 
equilibria, 789-796 
erythro-fhreo ratios, 82 1 
heterodivinylcyclopropane, 939 
metal catalysis, 799 
photochemical initiation, 802 
product aromatization, 790 

via Cope rearrangement, 982 

thermal intramolecular ene reactions, 20-23 

cyclopropanes, 900 

ring strain, 791-794 
stereospecificity, 8 19-822 
transition state conformation, 819,857 

synthesis 
Coriolin 

via [4 + 41 cycloaddition, 639 
via Pauson-Khand reaction, 1060 
via photocycloaddition, 146,665,666 
via photoisomerization, 232,233 

Coronafacic acid 
synthesis 

via Cope rearrangement, 791 
via ene reaction with methyl propiolate, 8 

Corynantheoid indole alkaloids 
synthesis 

via Diels-Alder reactions, 467 
Costunolide, dihydro- 

synthesis 
via Cope-Claisen rearrangement, 886 

Coulson-Moffit model 

bonding, 900 
cyclopropane 

Coumarins, dihydro- 
synthesis 

via aromatic Claisen rearrangement, 834 
Crenulidine, acetoxy- 

synthesis 

Crotepoxide 
synthesis 

Crotonaldehyde 
ene reactions 

synthesis 

Crotonic acid 

via Claisen rearrangement, 833 

via retro Diels-Alder reactions, 563 

Lewis acid catalysis, 6 

via retro Diels-Alder reaction, 553 

methyl ester 

Crotonyl chloride 

Cubanes 

reaction with 1-pyrroline 1-oxide, 256 

Nazarov cyclization, 778 

isomerizations 

synthesis 

Cumulenes 

metal catalyzed, 1 188 

via photochemical cycloaddition, 123 

coupling reactions 

synthesis 

a-Cuparenone 
synthesis 

carbene complexes, 1 107 

via retro Diels-Alder reaction, 589 

via [3 + 21 cycloaddition reactions, 284 
via [4 + 31 cycloaddition reactions, 603 

Cuprates 

Cyanamide 

Cyanide, f-butyldimethylsilyl 

Cyanides, arylsulfonyl 

Cycloaddition reactions 

alkenes, 676 

Claisen rearrangement, 844 

trimerization, 1154 

reaction with cyclic vinyloxiranes, 936 

Diels-Alder reactions, 416 

alkynes 
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carbene transition metal complexes, 1065-1 1 13 via acrylonitrile dimerization, 63 
photochemical, 123-148 

mechanisms, 124 
small ring compounds 

metal-catalyzed, 1185-1204 
thermal, 239-270 
transition metal catalysts, 271-312 

cyclobutanones, 1087 

alkenes 

carbene transition metal complexes, 1067 
diastereofacial selectivity, 79 
intramolecular, 67-72 
thermal 

stereochemistry, 79 

cyclopentenone synthesis 

[2 + 1 + 13 Cycloaddition reactions 

[2 + 21 Cycloaddition reactions 

thermal, 63-79 

[2 + 2 + 11 Cycloaddition reactions 

Pauson-Khand reaction, 1037 
[2 + 2 + 1 + 11 Cycloaddition reactions 

[2 + 2 + 21 Cycloaddition reactions, 1129-1 158 
[3 + 21 Cycloaddition reactions 

carbene complexes, 1070 
intramolecular, 304 
methylenecyclopropanes, 1 188 
synthons, 27 1 

[4 + 21 Cycloaddition reactions 
carbene complexes, 1070 

[4 + 31 Cycloaddition reactions, 593-613 
intramolecular, 609 

[4 + 41 Cycloaddition reactions, 635-641 
[6 + 41 Cycloaddition reactions, 617-635 
1 ,2-Cycloalkanediols, 1,2-divinyl- 

oxy-Cope rearrangement, 796 
Cycloalkanes, trans,trans- 1,2-bis(alkylidene)- 

synthesis 

two-alkyne annulations, 1102 

via diyne bicyclization, 1 17 1 
Cycloalkanes, divinyl- 

bridged 
Cope rearrangements, 8 12-8 19 

Cycloalkanes, 1,2-divinyl- 
Cope rearrangement, 791,803-812 

Cycloalkenes 
synthesis 

via cycloadditions, 64 
Cycloalkenes, 2,3-divinyl- 

synthesis 
via Cope rearrangement, 797 

3-Cycloalkenes, 1 -trimethylsiloxy- 1 -vinyl- 

3-Cycloalkenols, l-vinyl- 

C ycloaraneosene 

thermal rearrangements, 1001 

oxy-Cope rearrangements, 1001 

synthesis 
via intramolecular ene reactions, 24 

Cyclobutabenzannulation 
biphenylene synthesis, 11 5 1 

Cyclobutadiene 
synthesis 

via retro Diels-Alder reaction, 568 
Cyclobutane, cyclopropyl- 

Cyclobutane, 1,2-dicyano- 
synthesis, 927 

synthesis 

Cyclobutane, 1 ,ldicyano-2-methoxy- 

Cyclobutane, 1 -1ithio- 1 -selenophenyl- 
cleavage, 73 

synthesis 
via cyclobutanones, 677 

Cyclobutane, 1,2,3,4-tctravinyl- 
Cope rearrangement, 810 

Cyclobutanedione, tetramethyl- 
irradiation 

C yclobutanes 
[4 + 31 cycloaddition reaction, 597 

alkenes from, 64 
charge-accelerated rearrangements, 10 16 
ring formation 

thermal, 63-79 
strain energy, 900 
synthesis 

via photochemical cycloaddition, 123 
Cyclobutanes, alkylidene- 

isomerization 

Cyclobutanes, aryl- 
rearrangement 

1 -alkylcyclobutenes, 677 

oxyanion-accelerated, 101 8 
Cyclobutanes, divinyl- 

rearrangements, 1024-1030 

thermolysis 

Cope rearrangement, 791,805,821 

3.3-sigmatropic rearrangement, 1024 
synthesis 

via [2 + 21 cycloaddition, 1025 

anion-accelerated, 1027-1 030 

[4 + 41 cycloaddition, 639 
Cyclobutanes, 1 ,2-divinyl- 

palladium catalysts, 799 

Cyclobutanes, vinyl- 
rearrangements 

azaanion-accelerated, 1023 
oxyanion-accelerated, stereochemistry, 101 8 
thermal, 10 16-1 024 

oxyanion-accelerated, 1017-1023 

via photoisomerization, 199 

ring expansion 

synthesis 

Cyclobutanols, 242-furyl)- 
rearrangement 

oxyanion-accelerated, 1018 
Cyclobutanols, phenyl- 

rearrangement 
oxyanion-accelerated, 1018 

Cyclobutanols, 1 -vinyl- 
rearrangement 

oxyanion-accelerated, 1022 
Cyclobutanols, 2-vinyl- 

rearrangement 
oxyanion-accelerated, 1016-1022 

Cyclobutanone, 2,3-divinyl- 
synthesis 

via cyclobutenone ring opening, 690 
Cyclobutanones 

annulation 
in preparation of spirocyclic ketones, 921 

synthesis, 951, 1087, 1107 
via ring expansion, 919 
via vinylcyclopropanes, 919 

1289 
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Cyclobutanones, 2-vinyl- 

cyclization, 770 

via Cope rearrangement, 805 
via ring expansion of cyclopropylcarbinols, 1020 

two-carbon ring expansion, 686488 

via ene reactions with methyl propiolate, 7 
divinyl ketones from synthesis, 676 

synthesis uses in synthesis, 683-688 
Cyclobutenone, isopropylidene- 

synthesis 
Cyclobutene, 3-t-butyl-3-methoxy- 

isomerization, 679 

synthesis 
Cyclobutene, cis-3,4-dichloro- 

via retro Diels-Alder reaction, 677 
Cyclobutene, 3,3-diethyl- 

isomerization, 679 
Cyclobutene, diimino- 

synthesis 
via diarylalkynes, 1130 

Cyclobutene, 1,l -dimethoxy- 

via benzynes, 692 
Cyclobutene, 3,3-dimethoxy- 

synthesis 

synthesis 
via retro Diels-Alder reaction, 677 

Cyclobutene, cis-3,4-dimethoxy- 

Cyclobutene, 3,3-dimethyl- 

Cyclobutene, 3,4-dimethyl- 

Cyclobutene, dimethylene- 

synthesis and ring opening, 684 

isomerization, 679 

thermolysis, 678 

synthesis 
via Cope rearrangement, 797 
via retro Diels-Alder reactions, 560 

Cyclobutene, 3-ethoxy- 
ring opening, 1031 

Cyclobutene, 3-ethyl-3-methyl- 
isomerization, 679 

Cyclobutene, cis-3-methoxy-4-chIoro- 
synthesis and ring opening, 684 

Cyclobutene, 3-methyl-3-isopropyl- 
isomerization, 679 

Cyclobutene, 3-methyl-3-propyl- 
isomerization, 679 

Cyclobutene, perfluoro- 
ring opening, 680 

Cyclobutene, 3-phenyl- 
ring opening, 682 

Cyclobutene, vinyl- 
synthesis 

via ring opening, 708 
Cyclobutene-3-carbaldehyde 

Cyclobutenediones 
ring opening, 680 

cycloaddition reactions 

synthesis 

Cyclobutenes 

metal catalyzed, 1202-1204 

via [2 + 2 + 21 cycloaddition, 1130 

cis-3,4-disubstituted 
cycloaddition reactions, 257 

[2 + 2 + 21 cycloaddition reactions, 1130 
electrocyclic ring opening, 1030 

anion-accelerated, 1032 
rearrangements, 1030- 103 3 
ring opening reactions, 675-694 

stereochemistry, 678 
substituent effects, 678483 

via retro Diels-Alder reactions, 560 
Cyclobutenone, methylene- 

synthesis 

Cyclobutenones 
via retro Diels-Alder reactions, 560 

electrocyclic ring opening, 1025 
ring opening, 688-691 
synthesis, 676,689, 1089 

Cyclobutenones, 4alkynyI- 
photolysis, 733 
thermolysis 

benzoquinone synthesis, 690 
Cyclobutenones, amino- 

thermolysis, 732 
Cyclobutenones, aryl- 

photolysis, 733 
thermal ring opening, 732 

rearrangement 
Cyclobut-2-enones, 4-aryl-4-hydroxy- 

hydroquinone synthesis, 690 
Cyclobutenones, vinyl- 

cleavage 

photolysis, 733 
1,3-Cyclodecadiene 

synthesis 

dienylketene synthesis, 689 

via cyclobutene ring opening, 686 
1,5-Cyclodecadiene 

Cope rearrangement, 794 
equilibrium, 809 

1,6-CycIodecadiene 
synthesis 

via Cope-Claisen rearrangement, 884 
Cyclodecadienes 

Cope rearrangement 
palladium catalysts, 799 

Cyclodecanes 
functionalized 

synthesis via Cope rearrangement, 796 
Cyclodecapentaene 

synthesis 
via photolysis, 716 

1,3,5-Cyclodecatriene 
irradiation, 7 17 
ring closure, 7 15 
synthesis 

Cyclodecene 
via photoisomerization, 706 

stereoselective synthesis 
via [6 + 41 cycloaddition, 624 

P-Cyclodextrin 
stoichiometric complexes 

with benzonorbomadiene, 210 
Cyclododecatetraene 

synthesis 
via Cope rearrangement, 812 

1 ,4-Cycloheptadiene 
photoisomerization, 196,2 1 1 
synthesis 

via Cope rearrangement, 79 1, 803,97 1 
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cis- 1 ,4-Cycloheptadiene, 6,7-dimethyl- 

via Cope rearrangement, 973 

synthesis via Cope rearrangement, 803 

synthesis 

Cycloheptadienes 
bridged 

2,4-Cycloheptadienol 
potassium salt 

1,s-rearrangement, 1003 
C ycloheptadienones 

Cycloheptane, 1,3,5-trirnethylene- 
Nazarov cyclization, 760 

synthesis 

Cycloheptanes 
via metal-catalyzed cooligomerization, 1 195 

functionalized 

synthesis 
synthesis via Cope rearrangement, 976-978 

via intramolecular ene reactions, 24 
via photocycloaddition, 657 

Cycloheptanes, 1 ,Zdivinyl- 
Cope rearrangement, 810 

Cycloheptanoids 
synthesis 
via photocycloaddition, 670 

Cycloheptanone 
synthesis 
via ring expansion, 907 

Cycloheptatriene 
cycloaddition reactions 

dienes, 632 
photocycloaddition reactions 

9-cyanoanthracene, 636 
tautomerism, 7 13 

2,4,6-Cycloheptatrien- 1 -one 
cycloaddition reactions, 61 8-626 

Cycloheptene 
Pauson-Khand reaction, 1049 

Cycloheptenes, methylene- 
synthesis 
via [4 + 31 cycloaddition reactions, 598 

4-Cyclohepten- 1 -ones 
substituted 

synthesis 
synthesis via Cope rearrangement, 976 

via [4 + 31 cycloaddition, 603 
1,9-Cyclohexadecadiene 

synthesis 
via alkene metathesis, 11 19 

1,2-Cyclohexadiene 
synthesis 
via electrocyclization, 735 

1,4-Cyclohexadiene 

1,3-Cyclohexadiene, cis-5,6-dimethyl- 
photoisomerization, 196 

synthesis 
via 2,4,6-octatriene electrocyclization, 702 

1,3-Cyclohexadiene, trans-5.6-dimethyl- 
synthesis 
via 2,4,6-octatriene electrocyclization, 702 

1,3-Cyclohexadiene, cis-5,ddimethyl- 1,4-diphenyI- 

1,3-Cyclohex,adiene, 2,3-divinyl- 

via Cope rearrangement, 797 

photochemical ring opening, 739 

synthesis 

1.3-Cyclohexadiene, 1 -methoxy- 

Diels-Alder reactions, 376 

synthesis 
1 ,4-Cyclohexadiene, 1,2,4,54etraphenyl- 

via metal-catalyzed cycloaddition, 1 197 
1,3-Cyclohexadiene, 2-trimethylsiloxy- 

Diels-Alder reactions 

Cyclohexadiene amino acids 
imines, 403 

synthesis 
Diels-Alder reactions, 320 

1,3-Cyclohexadienecarboxylic acids 

via Diels-Alder reactions, 322 
synthesis 

Cyclohexadienes 
Pauson-Khand reaction, 1049 
photochemical ring opening, 710 
photocycloaddition reactions 

synthesis 
anthracene, 636 

via [2 + 2 + 21 cycloaddition, 1142-1 144 
via retro Diels-Alder reaction, 569 

1,3-Cyclohexadienes 
[4 + 31 cycloaddition reactions, 603 
Diels-Alder reactions 

imines, 404,408 
photoaddition reactions 

with propionaldehyde, 165 
synthesis 
via electrocyclization, 699-745 
via retro Diels-Alder reaction, 568 

Cyclohexadienimines, N-alkyl- 
synthesis 
via photolysis, 731 

2,4-Cyclohexadienone, 5-allyl- 
Cope rearrangement, 790 

Cyclohexadienones 
annulation, 1093, 1099 
synthesis 
via Diels-Alder reactions, 329 

2,4-Cyclohexadienones 

2,5-Cyclohexadienones 

2,5-Cyclohexadienones, 4,4-disubstituted 

Cyclohexane, alkylidene- 

photo rearrangements, 223 

photo rearrangement, 730 

Nazarov cyclization, 760 

ene reactions 
Lewis acid catalysis, 6 

Cyclohexane, a-chloronitroso- 
Diels-Alder reactions, 418 

Cyclohexane, cyclopropylidene- 
cycloaddition reactions 

carbon dioxide, metal catalyzed, 11% 
Cyclohexane, 1 ,Zdimethylene- 

[4 + 31 cycloaddition reactions, 603 
Diels-Alder reactions, 338 

ene reactions 
Cyclohexane, methylene- 

Lewis acid catalysis, 4 
Cyclohexane, 5-methylene-3-vinylallylidene- 

synthesis 
via metal-catalyzed cyclodimerization, 1190 

Cyclohexanecarbaldehyde 
[3 + 21 cycloaddition reactions 

with 1,3-dimethyl(t-butyldirnethylsilyl)allene, 279 
Cyclohexanes 
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synthesis 
via [2 + 2 + 21 cycloaddition, 1141 
via ene reactions, 9 

Cyclohexanes, 1 ,Zdivinyl- 

Cyclohexanes, 1 -vinyl-2-alkyl- 
Cope rearrangement, 794,809,821 

synthesis 
via intramolecular ene reactions, 17 

Cyclohexanes, 1 -vinyl-2-alkylidine- 
synthesis 
via intramolecular ene reaction, 18 

Cyclohexanols, 1,2-divinyl- 
Cope rearrangement, 796 

Cyclohexanone, 2,6-dibromo- 
[4 + 31 cycloaddition reactions, 608 

Cyclohexanone, isopropylidene- 
[3 + 21 cycloaddition reactions 

with 1 -methyl-1 -(trimethylsilyl)allene, 278 
Cyclohexanone, 2-methyl- 

silyl enol ether 
[3 + 21 cycloaddition reactions, 282 

Cyclohexanone, 4-phenylthio- 
synthesis 
via oxyanion-accelerated rearrangement, 1023 

Cyclohexanones 
t-butyldimethylsilyl enol ether 

ene reactions, 1075 
2,2-disubstituted, chiral 

synthesis via Claisen rearrangement, 832 
1.2,4-Cyclohexatriene 

synthesis 
via electrocyclization, 735 

Cyclohexene, 1,6-dimethyl- 

Cyclohexene, methoxy- 
epoxidation, 130 

cycloaddition reactions 
with benzonitrile, 161 

Cyclohexenes 
[2 + 2 + 21 cycloaddition reactions, 1130 
Pauson-Khand reaction, 1049 
retrograde Diels-Alder reaction, 552 
synthesis 
via [2 + 2 + 23 cycloaddition, 1141 
via vinylcyclobutane rearrangement, 1016 

Cyclohexenes, 3,s-dimethylene- 
synthesis 
via [2 + 2 + 21 cycloaddition, 1141 

Cyclohexenes, 3,6-dimethylene- 
synthesis 
via [2 + 2 + 21 cycloaddition, 1141 

Cyclohexenes, 1,2-divinyl- 
thermal cyclization, 7 13 

3-Cyclohexenols 
synthesis 
via [3 + 31 annulation, 1020 

2-Cyclohexenone, 2-acetyl- 

Cyclohexenone, 2-benzyl-3-methyl- 

Cope rearrangement, 789 

Diels-Alder reactions, 461 

alkylation 

Cyclohexenone, 4-r-butyl- 

Cyclohexenone, 3,4-dimethyl- 
photocycloaddition reactions, 130 

addition to allene 

photocycloaddition reactions, 13 1 
photochemical cycloaddition, 130 

Cyclohexenone, 4-isopropyl- 

Cyclohexenone, 2-methyl- 

Cyclohexenone, 3-methyl- 

Cyclohexenone, 3-nitro- 

C yclohexenones 

photocycloaddition reactions, 130 

[3 + 21 cycloaddition reactions, 301 

photocycloaddition reactions, 125 

Diels-Alder reactions, 320 

[3 + 21 cycloaddition reactions, 301 

photocycloaddition reactions, 125 
synthesis 
via Diels-Alder reactions, 329 

photocycloaddition reactions, 144 

photocycloaddition reactions, 142 

synthesis 

with qi-butynyliron complexes, 277 

Cyclohexenones, 4-alkenyl- 

Cyclohexenones, 4alkyl- 

Cyclohexenones, a-epoxy- 

via retro Diels-Alder reactions, 563 
Cyclohexenones, 5-substituted 

synthesis 
via Diels-Alder reactions, 324 

3-Cyclohexenylamines 
synthesis 

C yclohex yne 
via azaanion-accelerated rearrangement, 1023 

anthracene adduct 
retro Diels-Alder reaction, 589 

Cyclomethylenomycin A 
synthesis 
via Pauson-Khand reaction, 1051 

1,5-Cyclononadiene 
Cope rearrangement, 794 

equilibrium, 806 
Cyclononatetraene 

1,3,S-Cyclononatriene 
thermal rearrangement, 716 

electrocyclization, 702 
photoisomerization, 709 
photolysis, 737 

synthesis 
1,3,6-Cyclononatriene 

via photoisomerization, 709 
Cyclononatrienols 

Cyclononenones 
Cope rearrangement, 806 

synthesis 
via Cope rearrangement, 796 

1,3-Cyclooctadiene 
dimerization, 66 
photoaddition reactions 

with acetone, 166 
cis&- 1,3-Cyclooctadiene 

synthesis 
via Cope rearrangement, 805 

C yclooctadienes 
bridged 

synthesis 
synthesis via Cope rearrangement, 806 

via [4 + 41 cycloaddition, 639,640 
1,5-Cyclooctadienes 

bridged 
Cope rearrangement, 816 

cycloreversion reactions, 64 
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dimerization, 66 
synthesis 

via Cope rearrangement, 791 
cis,cis- 1,5-Cyclooctadienes 

synthesis 
via divinylcyclobutane rearrangements, 1025 

2,4-Cyclooctadienone 
dimerization, 66 

C yclooctadienones 
synthesis 

via cyclobutenone ring opening, 690 
4H,5H,9H, 1 OH-Cycloocta[ 1,2-b:6,5-&’]difuran 

synthesis 

Cyclooctanes 
via [4 + 41 cycloaddition, 639 

fused 

synthesis 
synthesis via Cope rearrangement, 806 

via [4 + 41 cycloaddition, 639 
via divinylcyclobutane rearrangements, 1024 
via intramolecular ene reactions, 24 

Cyclooctanes, 1,2-divinyl- 

Cyclooctatetraene 
Cope rearrangement, 810-812 

cycloaddition reactions 

synthesis 

tautomerism, 7 15 
1,3,5-Cyclooctatriene 

tautomerism, 714 
Cyclooctene 

Pauson-Khand reaction, 1049 
photoaddition reactions 

with acetone, 166 
photocycloaddition reactions 

with toluene, 655 
ring opening metathesis polymerization, 1 120 

Cope rearrangement, 794 

synthesis 

Cyclooctenones 

dienes, 634 

via photoisomerization, 205 

Cyclooctene, methylene- 

Cyclooct-5-ene, 3-methyleneallylidene- 

via metal-catalyzed cyclodimerization, 1190 

synthesis 
via Cope rearrangement, 1028 

Cyclopentadiene, 5-(methoxymethy1)- 

C yclopentadienes 
Diels-Alder reactions, 353 

[4 + 31 cycloaddition reactions, 603605 
cycloaddition reactions 
isopropenyl chromium complexes, 1070 

propynyl chromium complexes, 1072 
tropones, 618,621 

Diels-Alder reactions, 38&383,45 1 
comparison of promoters, 345 
imines, 403 
Lewis acid promoted, 340 
water promoted, 344 

Pauson-Khand reaction, 1046 
retrograde Diels-Alder reactions, 552 
synthesis 

via [3 + 21 cycloaddition reactions, 278, 1090 
via retro Diels-Alder reaction, 568 

1,3-Cyclopentadienes, l-amino- 
synthesis 

via [2 + 2 + 21 cycloaddition, 1131 
1,3-Cyclopentadienes, C-5 substituted 

Cyclopen tadienone, 2,5-di-t-butyl-3,4-dimethyl- 
Diels-Alder reactions, 347 

synthesis 
via [2 + 2 + 21 cycloaddition, 1135 

Cyclopentadienone, 2,5dimethoxycarbonyl- 
3,4-diphenyl- 
cycloaddition reactions 

cyclooctatetraene, 634 
N-ethoxycarbonylazepine, 634 

Cyclopentadienone, 2,5-dimethyl-3,4-diphenyl- 
cycloaddition reactions 

cycloheptatriene, 632 
fulvenes, 626 
tropones, 620,622 

Cyclopentadienone, tetra-r-butoxy- 
synthesis 

via [2 + 2 + 21 cycloaddition, 1133 
Cyclopentadienone, tetrakis(dimethy1amino)- 

iron complex 
synthesis, 1133 

C yclopentadienone , tetrakis(trifluoromethy1)- 

via [2 + 2 + 21 cycloaddition, 1134 
synthesis 

Cyclopentadienone, tetraphenyl- 

Cyclopentadienone epoxides 
[4 + 31 cycloaddition reactions, 604 

synthesis 
via retro Diels-Alder reactions, 561 

Cyclopentadienones 
14 + 31 cycloaddition reactions, 603 
substituted 

synthesis 
synthesis via retro Diels-Alder reaction, 568 

via [2 + 2 + 21 cycloaddition, 1 133-1 135 
Cyclopentadienones, bis(trimethylsily1)- 

via [2 + 2 + 21 cycloaddition, 1134 
Cyclopentadienylmethyl metal complexes 

synthesis 

synthesis 
via 12 + 2 + 21 cycloaddition, 1147 

Cyclopentane, dimethylene- 

Cyclopentane, 1.3-dimethylene- 
synthesis, 1107 

synthesis 

3,3,4,4,5,5-hexamethyl- 
[4 + 31 cycloaddition reactions, 600 

Cyclopentane, 2,2-dimethylmethylene- 
synthesis 

via metal-catalyzed cooligomerization, 1 195 
Cyclopentane, 1 ,Zdimethylene- 

via metal-catalyzed cycloaddition, 1 190 

via palladium-ene reaction, 48 

via [3 + 21 cycloaddition reactions, 290 
Cyclopentane, 3-methoxycarbonylmethylene- 

via metal-catalyzed cycloaddition, 1190 

Cyclopentane, divinyl- 
synthesis 

Cyclopentane, ethylidene- 
synthesis 

synthesis 

Cyclopentane, 2-methylvinyl- 
synthesis 

via magnesium-ene reaction, 38 
via nickel-ene reaction, 56 
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Cyclopentane, sulfonyl(methy1ene)- 
synthesis 
via [3 + 23 cycloaddition reactions, 305 

Cyclopentane, vinyl- 
synthesis 
via [3 + 23 cycloaddition reactions, 281 

Cyclopentane, 2-vinyl- 1 -methylene- 
synthesis 
via intramolecular ene reaction, 15 

Cyclopentaneacetic acid, vinyl- 
synthesis 
via palladiumene reactions, 55 

Cyclopentanecarboxylic acid 
esters 

synthesis via [3 + 21 cycloaddition reactions, 282 
Cyclopentanecarboxylic acid, 3-methylene- 

esters 
synthesis via metal-catalyzed codimerization, 1 19 1 

1,2-Cyclopentanediol, cis-4-methylene- 
synthesis, 246 

Cyclopentanes 
annulation 

synthesis 
via free radical reaction, 926 

via ene reactions, 9 
via intramolecular ene reactions, 21 
via metal-catalyzed cycloaddition, 1200 
via photocycloaddition, 657 

Cyclopentanes, alkylidene- 
synthesis 
via [3 + 21 cycloaddition reactions, 290 
via metal-catalyzed codimerizations, 1 189 

Cyclopentanes, (diphenylmethylene)- 
synthesis 
via metal-catalyzed cycloadditions, 1189 

Cyclopentanes, 1,2-divinyl- 

Cyclopentanes, methylene- 
Cope rearrangement, 794,796,806,821 

synthesis 
via [3 + 21 cycloaddition reactions, 287 
via metal-catalyzed cycloadditions, 1 188 

Cyclopentanes, 2-methylmethylene- 
synthesis 
via metal-catalyzed cycloaddition, 1 190 

Cyclopentanes, silylmethylene- 
synthesis 
via metal-catalyzed cycloaddition, 1190, 1 192 

Cyclopentanes, 1 -vinyl-2-alkyl- 
synthesis 
via intramolecular ene reactions, 10-15 

Cyclopentanes, 1 -vinyl-2-alkylidine- 
synthesis 
via intramolecular ene reactions, 15-17 

Cyclopentanoids 
polycondensed 

synthesis 
synthesis via photoisomerizations, 229 

via [3 + 21 cycloaddition reactions, 287,561 
via retro Diels-Alder reactions, 561 

Cyclopentanone, 2.5-dibromo- 

Cyclopentanone, 2-phenyl- 
[4 + 31 cycloaddition reactions, 603 

annulation 
via [3 + 21 cycloaddition reactions, 304 

Cyclopentanone, 3-phenyl- 
synthesis 

via [4 + 31 cycloaddition, 601 
C yclopentanones 

enolate 

synthesis 
Michael additions, 1082 

via [2 + 2 + 21 cycloaddition, 1130 
via [3 + 21 cycloaddition reactions, 283-286 

1H-Cyclopenta[c]pyrles 
synthesis 
via metal-catalyzed cycloaddition, 1 194 

1H-Cyclopenta[clpyrrolo- 1,3-diones, 
5-alkylidenehexahydro- 
synthesis 
via metal-catalyzed cycloaddition, 1 194 

Cyclopentene, 1 -acetoxy- 

Cyclopentene, 1 ,Zdimethoxy- 

Cyclopentene, methoxy- 

Pauson-Khand reaction, 1048 

synthesis, 1083 

cycloaddition reactions 
with benzonitrile, 161 

cyclopropanation, 1085 
Pauson-Khand reaction, 1046 

Cyclopentene, 3-methylene- 
annulation, 774 

2-Cyclopentene, 1 -methylimino-3-methy1-5,5-diphenyl- 
synthesis 

Cyclopentene, 1 -methyl- 

via metal-catalyzed cycloaddition, 1 195 
Cyclopentene, vinyl- 

synthesis 
nickel-catalyzed rearrangement, 91 7 

Cyclopentene- 1,2-diones 
synthesis 
via metal-catalyzed cycloaddition, 1200 

4-Cyclopentene- 1,3-diones, 2-alkylidene- 

via cyclobutenone ring opening, 690 
synthesis 

Cyclopentenes 
annulation, 951 

opening of cyclopropyl ketones, 925 
use of vinylcyclopropane, 919 

[2 + 2 + 21 cycloaddition reactions, 1130 
irradiation 

Pauson-Khand reaction, 1046 
rearrangement 

vinylcyclopropane, 907 
synthesis 

selectivity, 907 
via [4 + 11 annulation, 1008 
via [3 + 21 cycloaddition reactions, 277 
via vinylcyclopropane rearrangement, 101 2 

with m-xylene, 65 1 

Cyclopentenes, 3-(3-butynyl)- 

Cyclopentenes, 4-methylene- 
Pauson-Khand reaction, 1057, 1058 

synthesis 
via metal-catalyzed cycloaddition, 1 194 
via retro Diels-Alder reactions, 563 

Cyclopentenes, l-(Cpentynyl)- 
Pauson-Khand reaction, 1057,1062 

Cyclopentenes, 3-substituted 1 -vinyl- 
Diels-Alder reactions, 349 

Cyclopentenols 
synthesis 
via retro Diels-Alder reactions, 562 
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2-Cyclopentenone, 3-alkylidene- 

via Nazarov cyclization, 777 
synthesis 

Cyclopentenone, 3-n-butyl- 

2-Cyclopentenone, 5-chloro- 
photocycloaddition reactions, 125,127 

synthesis 
via Nazarov cyclization, 777 

2-Cyclopentenone, 2S-dimethyl- 
synthesis 
via vinylallene epoxidation, 772 

[3 + 21 cycloaddition reactions, 273 

synthesis 

Cyclopentenone, 2-ethoxycarbonyl- 

2-Cyclopentenone, 3-phenylthio- 

via Nazarov cyclization, 778 
2-Cyclopentenone, 5-phenylthio- 

via Nazarov cyclization, 778 

[3 + 21 cycloaddition reactions 
palladium catalyzed, 281 

functionalized 
synthesis via retro Diels-Alder reactions, 560 

isomerization, 762 
photocycloaddition reactions 

synthesis, 1105 

synthesis 

Cyclopentenones 

stereochemical scrambling, 128 

via [2 + 2 + 21 cycloaddition, 1 13 1-1 133 
via [3 + 21 cycloaddition reactions, 283-286 
via Nazarov cyclization, 757 
via Pauson-Khand reaction, 1037 
via vinylallene epoxidation, 772 

[3 + 21 cycloaddition reactions, 301 
synthesis 

2-Cyclopentenones 

via hydration of dienyneslring closure, 752 
Cyclopentenones, 3-alkyl4-(hydroxyalkyl)- 

via Pauson-Khand reaction, 1057 
synthesis 

Cyclopentenones, 5-aryl- 
synthesis 
via Pauson-Khand reaction, 1045 

Cyclopentenones, a,a’-dialkyl- 
synthesis 
via [3 + 21 cycloaddition reactions, 285 

Cyclopentenones, 4,4-disubstituted 3-methyl- 
synthesis 
via Nazarov cyclization, 767 

2-Cyclopentenones, 4-hydroxy- 
synthesis 
via Nazarov cyclization, 77 1 

2-Cyclopentenones, Cmethyl- 
synthesis 
via Nazarov cyclization, 767 

Cyclopentenones, 4-methylene- 
synthesis 
via [2 + 2 + 21 cycloaddition, 1131 

Cyclopentenones, 5-methylene- 
synthesis 
via Nazarov cyclization, 780 
via retro Diels-Alder reactions, 560 

Cy clopropanation 
alkenes, 1084 

Cyclopropane 
bonding, 900 

diradical opening, 900 
energetics, 900 
energy content 

formation 

reactivity, 901 
strain energy, 900 

Cyclopropane, alkylidene- 
reactions with alkenes 

metal catalyzed, 1 191 
Cyclopropane, butylidene- 

cycloaddition reactions 

Cyclopropane, dibromovinyl- 
rearrangement, 950 

Cyclopropane, dienyl- 
rearrangement 

effect on synthesis, 904 

arene-alkene photocycloadditions, 649 

carbon dioxide, metal catalyzed, 1196 

palladium catalysis, 917 
Cyclopropane, 1 -dimethylamino-2-vinyl- 

rearrangement 
activation energy, 1007 

Cyclopropane, 2,2-dimethyl- 1 -methylene- 
codimerization 

cycloaddition reactions, 1190 
[3 + 21 cycloaddition reactions 

metal catalyzed, 1191 

nickel catalyzed, 294 
Cyclopropane, diphenylidene- 

cycloaddition reactions, 1189, 1190 
with unsaturated ketones, 1192 

[3 + 21 cycloaddition reactions 
nickel catalyzed, 294 

cycloaddition reactions 

Cyclopropane, hexylidene- 

Cyclopropane, isopropylidene- 

Cyclopropane, 1 -ethoxy- 1 -trimethylsiloxy- 

aldehydes, metal catalyzed, 1200 

[3 + 21 cycloaddition reactions, 290 

cycloaddition reactions, 1189, 1 190 

[3 + 21 cycloaddition reactions, 290 

free radical 1 ,6-addition reactions 

rearrangement, 909 

rearrangement 

carbon dioxide, metal catalyzed, 1196 

Cyclopropane, keto vinyl- 

alkyl boranes, 926 

Cyclopropane, 1 -methoxy-2-vinyl- 

activation energy, 1007 
Cyclopropane, 1 -methylene-Zvinyl- 

codimerization 
with norbomene, 1 190 

Cope rearrangement, 794 
cyclodimerization, 1190 
rearrangement, 947 

Cyclopropane, 2-methylmethylene- 
cycloaddition reactions, 1190 

Cyclopropane, cis-methylvinyl- 
flash vacuum pyrolysis, 906 

Cyclopropane, oxyvinyl- 
ring expansion, 9 19 

Cyclopropane, propenylidene- 
[2 + 23 cycloaddition reactions 

tetracyanoethylene, 76 
Cyclopropane, silavinyl- 

rearrangement, 950 
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Cyclopropane, 2-(trimethylsilyl)methylene- 

with unsaturated ketones, 1192 
Cyclopropanecarboxylic acid, 2-siloxy- 

methyl ester cycloaddition reactions 

Cyclopropanecarboxylic acids, 2-allyl- 

synthesis via cycloaddition of 
bicyclo[l.l.O]butanes, 1186 

via magnesium-ene reaction, 30 

cycloaddition reactions, 1190 

carbonyl compounds, metal catalyzed, 1200 

methyl ester 

synthesis 

Cyclopropanes 
charge-accelerated rearrangements, 1006-101 6 
[2 + 11 cycloadditions, 1084 
polarized 

1,3-dipolar synthetic equivalents, 266 
Cyclopropanes, allyl- 

synthesis. 
via boron-ene reaction, 33 
via cycloaddition of bicyclo[l. l.O]butanes, 1185 

Cyclopropanes, 1 -p-anisyl-2-vinyl- 
rearrangement 

cyclopentene synthesis, 1014 
Cyclopropanes, 2,3-bis(alkoxycarbonyl)- 1 -(2-methyl- 

1-propenyl)- 
synthesis 

via metal-catalyzed cycloaddition, 1 197 
Cyclopropanes, bromo- 

synthesis 
via bromocarbene, 1012 

Cyclopropanes, 1,2-divinyl- 
Cope rearrangement, 791,803-805,820 

enantiospecificity, 973-976 
mechanism, 972 
stereospecificity, 973 
substituent effects, 973 

rearrangements, 97 1-996 
ring cleavage 

tricyclic 
selectivity, 912 

Cope rearrangement, 993-996 
Cyclopropanes, methylene- 

codimerization 
metal catalyzed, 1191 

cooligomerization 
allene, metal catalyzed, 1195 

[3 + 21 cycloaddition reactions, 288 
diastereoselectivity, 290 
distal ring-opening, 288 
ketenimines, metal catalyzed, 1195 
metal catalyzed, 1194 
nickel catalyzed, 293 
palladium catalyzed, 289 
proximal ring-opening, 288 

alkynes, metal catalyzed, 1194,1195 
carbon dioxide, metal catalyzed, 1196 
2-cyclopentenones, metal catalyzed, 1 193 
metal catalyzed, 11 88, 1 193 

metal catalyzed, 1 191 

cycloaddition reactions 

reaction with alkenes 

Cyclopropanes, vinyl- 
bonding, 901 
cycloaddition reactions, 926 

metal catalyzed, 1200 

[2 + 21 cycloaddition reactions, 71 
electron deficient 

free-radical polymerization, 926 
one-electron transfer, 77 
Patem+Biichi reaction, 157 
photochemical rearrangement, 91 3 
radical reactions, 926 
reaction with nucleophiles, 921 
rearrangements, 21 1,267,899-965, 1006 

carbanion-accelerated, 101 2-10 14 
carbocation-accelerated, 10 14-10 16 
copper catalysis, 917 
cyclopentene, 907 
oxyanion-accelerated, 1007-1 01 1 
platinum catalysis, 917 
rhodium catalysis, 916,917 
stereoselectivity, 1007 
stereospecificity, 907 
substituent effects, 904 

1,54gmatropic shift 
hydrogen, 906 

strain energy, 901 
a-sulfonyl carbanions 

synthesis, 905 

[3 + 21 cycloaddition reactions, 281 

rearrangements, 1012 

via metal-catalyzed cycloaddition, 1 197-1 199 
via photoisomerization, 194 
via ylide addition to carbonyl, 951 

Cyclopropanols, vinyl- 
lithium salts 

pyrolysis, 920 
salts 

rearrangements, 1007 

synthesis, 1007 
Cyclopropanone, 2,2-dimethyl- 

[4 + 31 cycloaddition reactions. 597 
Cyclopropanone, diphenyl- 

cycloaddition reactions 
metal catalyzed, 1200 

Cy clopropanones 
cycloaddition reactions 

[4 + 31 cycloaddition reactions, 597 

cycloaddition reactions 

dimerization, 65 

synthesis 

metal catalyzed, 1200 

Cyclopropene, 3,3-dicyclopropyl- 

metal catalyzed, 1198 

Cyclopropene, 3,3-difluoro- 

via retro Diels-Alder reactions, 560 
Cyclopropene, 3,3-dimethoxy- 

metal catalyzed, 1199 
cycloaddition reactions 

dimerization, 65 

cyclodimerization 
Cyclopropene, 3,3-dimethyl- 

metal catalyzed, 1197 
Cyclopropene, 1,2-diphenyl- 

Cope rearrangement, 794 
cycloaddition reactions 

metal catalyzed, 1197 
Cyclopropene, 1,2-diphenyl-3-rnethyl-3-o-vinylphenyl- 

intramolecular [2 + 21 cycloadditions, 67 
Cyclopropene, 3-methoxycarbony l- 1 -propyl- 

cycloaddition reactions 
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metal catalyzed, 1198 
Cyclopropcne, 3-methyl-3-cyclopropyl- 

cycloaddition reactions 
metal catalyzed, 1198 

Cyclopropene, methylene- 
cycloadditions, 64 
dimerization, 65 

Cyclopropene, vinyl- 
rearrangement, 947 

C yclopropenes 
cycloaddition reactions 

cycloadditions, 64 
synthesis 

alkanes, metal catalyzed, 1197-1 199 

via [2 + 13 cycloadditions, 1089 
Cyclopropenes, 1 -methyl- 

dimerization, 1 197 
reactions with triallylboranes, 33 

Cyclopropenone, 3-acyl- 
ring enlargement 

cyclobutene synthesis, 677 
Cyclopropenone, diphenyl- 

cycloaddition reactions 
ketenes, metal catalyzed, 1200 

Cyclopropenone, 3-hydroxymethyl- 

cyclobutene synthesis, 677 
ring enlargement 

Cyclopropenone ketals 

Cyclopropenones 
1,3-dipolar synthetic equivalents, 266 

cycloaddition reactions 
metal catalyzed, 1200 

Cyclopropyl aldehydes 
rearrangement, 909 

Cyclopropylcarbinols, dichloro- 
solvolysis 

divinyl ketones from, 770 
Cyclopropylcarbinyl anion 

Cyclopropylcarbinyl cation 

Cyclopropylcarbinyl radical 

Cyclopropyl compounds 

reactivity, 901 

reactivity, 901 

reactivity, 901 

[3 + 21 cycloaddition reactions 
palladium catalyzed, 281 

Cyclopropyl esters 

C yclopropy limines 
rearrangement, 909 

rearrangements, 909,945 

synthesis, 946 
C yclopropy 1 ketones 

rearrangement, 909 
Cyclopropyl-n-methane rearrangements 

photoisomerizations, 198 
Cycloreversion reactions 

cyclobutanes, 64 
Cyclosarkom ycin 

synthesis 

use in alkaloid synthesis, 952 

via Pauson-Khand reaction, 1051 
1,8-Cyclotetradecadiene 

synthesis 
alkene metathesis, 11 19 

Cycloundecadiene 
Cope rearrangement 

equilibrium, 810 
1,3,5-Cycloundecatriene 

irradiation, 717 
Cytochalasin B 

synthesis 

Cytochalasians 
synthesis 

via Diels-Alder reaction, 351 

via iterative rearrangements, 894 

Damsinic acid 
synthesis 

via Cope rearrangement, 982 
Dane salt 

Danishefsky 's diene 
a-amido p-lactams from, 95 

cycloaddition reactions, 1072 
Diels-Alder reactions, 329 

synthesis 
Daphnane diterpenoids 

via Cope rearrangement, 984 
Darzens-Nenitzescu reaction 

Daucon 
alkene acylation, 777 

synthesis 
via [4 + 31 cycloaddition, 609 

Daunomycinone 
synthesis, 1096, 1098,1099 

Daunomycinone, 4-demethoxy- 
via Diels-Alder reaction, 393 

synthesis, 1096 
via Diels-Alder reaction, 375,384 
via oxyanion-accelerated rearrangement, 1023 

Daunomycinone, 1 l-deoxy- 

Daunomycinone, dideoxy- 
synthesis, 1096 

synthesis 
via aromatic Claisen rearrangement, 834 

Daunomycinone, 1 -methoxy- 
synthesis 

via Diels-Alder reactions, 396 
DB 2073 

synthesis 
via cyclobutenone ring opening, 689 
via electrocyclization, 732 

DDATHF 
synthesis 

via Diels-Alder reaction, 492 
trans-Decaladienone 

synthesis, 1100 
cis-Decalins 

synthesis 
via Cope rearrangement, 812 

cis-P-Decalones 
synthesis 

via Cope rearrangement, 814 
5-Decanone, 6-benzylidene- 

synthesis 

Decatetraenes 

1,6,8-Decatriene 

via photocycloaddition, 163 

electrocyclization, 743 

Diels-Alder reactions 
intramolecular, 522 

1,7,9-Decatriene, sulfonyl- 
Diels-Alder reactions 
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intramolecular, 522 

Diels-Alder reactions 
Decatrienes 

diastereoselection, 5 15-527 
twist asynchronicity, 516 

Diels-Alder reactions, 527-532 
heteroatom substituted 

1,7,9-Decatrienes 
Diels-Alder reactions 

intramolecular, 5 19 
geminal substituents 

Diels-Alder reactions, 524 
monosubstituted 

Diels-Alder reactions, 533 
Decatrienones 

Diels-Alder reactions 
boat-like transition states, 539-543 

Decatrien-3-ones 
Diels-Alder reactions 

intramolecular, 5 19 
stereoselectivity, 5 18 

5-Decy ne 
photolysis 

Dendrolasin 
synthesis 

Desilylation 

with benzaldehyde, 163 

via tandem Claisen-Cope rearrangement, 879 

a-allyl complexes 
[3 + 21 cycloaddition reactions, 300 

Diamines, vicinal 
synthesis 

Dianthranol 
synthesis 

Dianthrones 
photolysis, 729 

Diazaazulene 
synthesis 

via Diels-Alder reactions, 426 

via photolysis, 729 

via [6 + 41 cycloaddition, 627 
1,2-Diaza-l,3-butadienes 

Diels-Alder reactions, 486 
hetero 

Diels-Alder reactions, 486 
1,3-Diaza- 1,3-butadienes 

Diels-Alder reactions, 486 
1,4-Diaza-l,3-butadienes 

Diels-Alder reactions, 486 
2.3-Diaza- 1,3-butadienes 

Diels-Alder reactions, 491 
2,3 -Diaza-5 -norbomene 

Pauson-Khand reaction, 1050 
1 ,2-Diazines 

Diels-Alder reactions, 49 1 
synthesis 

1,3-Diazines 

1,4-Diazines 

Diazoalkanes 

via retro Diels-Alder reactions, 583 

Diels-Alder reactions, 491 

Diels-Alder reactions, 491 

[3 + 21 cycloaddition reactions 
alkynyl complexes, 1070 

Diels-Alder reactions, 430 
Diazo compounds, alkyl- 

2,3-Diazo-Dewar benzene 
nitrogen extrusion, 568 

Diazomethane 
cycloaddition reactions 

Diazomethane, trimethylsilyl- 
fulvenes, 630 

[3 + 21 cycloaddition reaction 
alkynyl carbene complexes, 1070 

reaction with methyl tetrolate, 1070 
Diazonium salts 

Diels-Alder reactions, 430 
Dibenzobarrelene 

photoisomerization, 198 
substituted 

photoisomerizations, 210 
6,7,8,9-Dibenzobicyclo[3.2.2]nonan-3-one 

synthesis 
via [4 + 31 cycloaddition, 608 

Dibenzo[a,e]cyclooctadiene, 5,6,11,12-tetrahydro- 
synthesis 

Dibenzofurans 

Dibenzofurans, hydroxy- 

via [4 + 41 cycloaddition, 639 

photochemical ring opening, 712 

synthesis 
via FVP, 732 

Dibenzo systems 
photoisomerization, 197 

1,4-Dicarbonyl compounds 
synthesis, 941 

use of cyclopropanes, 903 
1,3-Dicarbonyl compounds, alkylidene- 

Diels-Alder reactions, 467 
1,3-Dicarbonyl compounds, arylidene- 

Diels-Alder reactions, 467 
Dichlorides 

geminal 
solvolysis, divinyl ketones from, 770 

Dictyopterene C’ 
synthesis 

Dictyopterene 
synthesis 

via Cope rearrangement, 973 

via Cope rearrangement, 803 
Dicyclopenta[a,dJcyclooctanes 

synthesis 
via divinylcyclobutane rearrangement, 1029 

Dic yclopentadiene 
reaction injection molding, 1120 
ring opening metathesis polymerization, 1120 

Dicyclopropylimine 
rearrangement, 945 

Dideuteriomethy lenation 
modified Tebbe reagent, 1125 

Diels-Alder reactions 
activation enthalpy, 317 
activation entropy, 3 17 
benzannulation 

tandem, 1099 
benzynes 

regiochemistry, 390-393 
stereochemistry, 390-393 

cationic heterodienes, 492-507 
chiral catalysts, 376-379 
clays as promoters, 345 
diastereoface selective, 347-352 
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diastereoselectivity 
conformational effects, 526 
relative, 514,532-543 
simple, 514,515-532 

endocyclic dienophiles, 37 1 
n-facial control, 319 
heterodienes, 45 1-507 
heterodienophiles, 320-328,402-444 
high pressure promoted, 341-343 
imines 

intramolecular, 41 3416  
intermolecular, 3 15-396 

reactivity, 316 
intramolecular, 5 13-546 

asymmetric, 543-546 
carbonyl compounds, 435 
diastereoselectivity ,522-526 
Lewis acid catalyzed, 519-522 

inverse electron demand, 452 
Lewis acid promoted, 339-346 
mechanism, 451 
medium promoted, 339-346 
neutral, 452 
normal, 452 
regiochemistry, 3 17 
retrograde, 55 1-589 

intramolecular, 584-587 
silica gel as promoter, 345 
stereochemistry, 318 
stereoface selective, 352-379 
tandem ene reactions 

transannular cycloadditions, 532 
ultrasound promoted, 341-343 
volume of activation, 458 
water promoted, 344 
zeolites as promoters, 345 

Dienamides 
Diels-Alder reactions, 33 1 

Dienamines 
acrylic 

alkynes, 7 

Diels-Alder reactions, 33 1 
Dienes 

bicyclization, 1172 
boron-substi tuted 

chiral 

conjugated 

Diels-Alder reactions, 335-337 

Diels-Alder reactions, 348-350,375376 

[3 + 21 cycloaddition reactions, 297 
reaction with chlorosulfonyl isocyanate, 105 

conjugated acyclic 
Pauson-Khand reaction, 1044 

cyclic 
photoisomerizations, 196 

cycloaddition reactions 
fulvenes, 626-630 
tropones, 618-625 

[3 + 21 cycloaddition reactions, 307 
[4 + 31 cycloaddition reactions, 601 
heteroatom-substituted 

Diels-Alder reactions, 328-339 
heterodienophile additions, 4 0 1 4  
nitrogen-substituted 

Diels-Alder reactions, 33 1-333 
oxygen-substituted 

Diels-Alder reactions, 329-33 1,434 

photoisomerization, 196 

Diels-Alder reactions, 335-337 

Diels-Alder reactions, 333 

Diels-Alder reactions, 335-337 

photocycloaddition reactions, 145 
1,3-Dienes 

coupling with carbene complexes, 1084 
cyclic 

[4 + 31 cycloaddition reactions, 603-605 
cycloaddition reactions with alkynyl carbene 

complexes, 1072 
insertion reactions 

allylpalladium compounds, 35 
open-chain 

[4 + 31 cycloaddition reactions, 603 
photocycloaddition reactions, 635-638 
reactions with iron carbene complexes, 1088 
synthesis 

polycyclic 

silicon-substituted 

sulfur-substituted 

tin-substituted 

unactivated 

via cyclobutenes, 683-686, 1030 
via Pauson-Khand reaction, 1039, 1043 

1 ,4-Dienes 
acyclic 

photoisomerizations, 195 
photoisomerization, 194-213 

cis-trans, 207 
retro-ene reaction, 907 
synthesis 
via boron-ene reaction, 34 
via palladium-ene reactions, 56 

1,5-Dienes 
synthesis 

thermal rearrangement, 786 

ene reactions, 1G15 

ene reactions 

via palladium-ene reaction, 48 

1,6-Dienes 

l,7-Dienes 

intramolecular, 17 
a,o-Dienes 

cycloaddition with nickel(0) complexes, 1 13 I 
synthesis 

alkene metathesis, 11 17 
Dienes, acetoxy- 

palladium-ene reactions, 46 
lS-Dienes, l-acyl- 

Cope rearrangement 
catalysis, 799 

1,5-Dienes, 2-acyl- 
Cope rearrangement 

catalysis, 798 
1 $Dienes, 3-acyl- 

Cope rearrangement 
catalysis, 799 

Dienes, N-acylamino- 

Dienes, 2-alkoxy- 

1,3-Dienes, l-amino- 

1,3-Dienes, 2-dialkylamino- 

Diels-Alder reactions, 33 1 

Diels-Alder reactions, 348 

Diels-Alder reactions, 33 1 
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Diels-Alder reactions, 33 1 

synthesis 
1,4-Dienes, 2-ethoxy- 

via boron-ene reaction, 34 
Dienes, 1 -(O-methylmande1oxy)- 

Diels-Alder reactions, 373 
1,3-Dienes, 2-(phenylsulfony1)- 

Diels-Alder reactions, 333 
Dienes, siloxy- 

Diels-Alder reactions, 329,407 
1,3-Dienes, 2-(silylmethyl)- 

Diels-Alder reactions, 337-339 
1,3-Dienes, 2-(stannylmethyl)- 

Diels-Alder reactions, 337-339 
1,3-Dienes, 2-(thiomethyl)- 

Diels-Alder reactions, 337-339 
Dienoates 

synthesis 

o-Dienones 
synthesis 

Dienophiles 
chiral 

Diels-Alder reactions, 350-352,35&373 
Diels-Alder reactions 

intramolecular, 53 1 

via nickel-ene reaction, 36 

via Claisen rearrangement, 834 

Dienyl systems 

Dienynes 
Patemo-Biichi reaction, 165-168 

divinyl ketones from 
cyclization, 767 

hydration, 752 
1,11 -Dien-6-ynes 

intramolecular [2 + 2 + 21 cycloaddition, 1141 
1,13-Dien-7-ynes 

intramolecular [2 + 2 + 21 cycloaddition, I141 
Diimides, alkoxycarbonylaroyl- 

Diels-Alder reactions, 486 
Diimides, arylaroyl- 

Diels-Alder reactions, 486 
Diimides, diaroyl- 

Diels-Alder reactions, 486 
&-Diketones 

P, y-unsaturated 
photoisomerizations, 227 

Di-wmethane rearrangements 
chemoselectivity, 206 
hetero-substituted, 199-202 
lamps and filters, 2 12 
mechanism, 202-206 

benzo-vinyl bridging, 203 
divinyl bridging, 203 

nomenclature, 194 
photochemical apparatus, 212 
photochemical hazards, 213 
photochemical reaction conditions, 212 
photoisomerizations, 193-21 3 
practical aspects, 212 
regioselectivity, 209 

selectivity, 206-21 1 
stereoselectivity, 2 10 
synthetic utility, 21 1 

Diels-Alder reactions 

SCOW, 195-202 

Dimethyl fumarate 

Lewis acid promoted, 339 
Dimethyl itaconate 

ene reactions 

Dimethyl maleate 
Lewis acid catalysis, 5 

[3 + 21 cycloaddition reactions, 300 
Diels-Alder reactions, 392 

Dimethyl muconate 
[3 + 21 cycloaddition reactions, 297,307 

Diosphenol 
synthesis 
via Claisen rearrangement, 848 

photocycloaddition reactions, 170 
synthesis 
via photocycloaddition, 168 

2,7-Dioxabicyclo[3.2.0]hept-3-ene 

2,7-Dioxabicyclo[3.2.0]hept-3-ene-6-carboxylic acid 
menthyl ester 

synthesis via photocycloaddition, 169 
3,7-Dioxabicyclo[3.3.O]oct-l(5)-ene 

synthesis 
via retro Diels-Alder reactions, 579 

Dioxaspiro[ 3,3]heptanes 
synthesis 

1,2-Dioxetanes 
excited states 

via photocycloaddition, 167 

thermal generation, 198 
1,3-Dioxole, 2,2-diisopropyl- 

cycloaddition reactions 
ethyl pyruvate, 160 

1,3-Dioxole, 2.2-dimethyl- 
photocycloaddition reaction 

methyl phenyl glyoxylate, 160 
Dioxolenium ions 

Diels-Alder reactions 
intramolecular, 5 19 

Dioxolenones 
photocycloaddition reactions, 134, 137 

1,3-Dioxoles 
photolysis, 154 

Dioxygen trapping 
Paterno-Buchi reaction, 155 

Dipeptides 
hydroxyethylene isosteres 

N-methylation 
synthesis via Carroll rearrangement, 836 

retrograde Diels-Alder reaction, 552 
1,3-Dipolar cycloaddition reactions, 247 

absolute stereoselection, 260 
regioselectivity, 247 
relative stereoselection, 254 
stereoselectivity, 254 
synthetic equivalents, 266 

cycloaddition reactions 
1,3-Dipoles 

fulvenes, 630 
tropones, 625 

Dipropargylamines 
intramolecular cycloaddition reactions, 1 154 

Dipyridones 
photodimerization, 638 

Diquinane enone 
photocycloaddition reactions, 144 

Diquinanes 
synthesis 
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via intramolecular ene reaction, 11 
via photoisomerizations, 226 
via rhodium-catalyzed rearrangement, 916 

o-Diquinomethanes 

7,8-Disilabicyclo[2.2.2]octa-2,5-dienes 

via retro Diels-Alder reaction, 587 

Diels-Alder reactions, 524 

thermolysis 

Disilenes 
generation 

via retro Diels-Alder reaction, 587 
Diterpene alkaloids 

synthesis 

4H-1,3-Dithiins 
synthesis 

Dithioesters 

Dithioformic acid, cyano- 

via benzocyclobutene ring opening, 693 

via dimerization of thioketones, 556 

Diels-Alder reactions, 438 

methyl ester 
Diels-Alder reactions, 439 

1,3-Diyl trapping reaction 
intermolecular 

intramolecular 

himethylenemethane, 239 

bicyclization, 1 17 1 
zirconium-promoted, 1 164 

intramolecular cycloaddition reactions 
bicyclic 2-pyrone synthesis, 1157 

trimethylenemethane, 240 

trimethylenemethane, 241 

Diynes 

1.5-Diynes 

a,o-Diynes 
Cope rearrangement, 797 

cycloaddition reactions 
isocyanates, 1156 

intramolecular cycloaddition reactions 
nitriles, 11 54 

9,l l  -Dodecadien- 1-01 
acetate 

synthesis via retro Diels-Alder reaction, 567 
Dodecahedranes 

synthesis 
via Diels-Alder reaction, 347 
via Nazarov cyclization, 768 
via Pauson-Khand reaction, 1062 

Drimanes 
synthesis 

via Diels-Alder reaction, 33 1 
Drimatriene sulfoxide 

synthesis 

Dynemicin A 
synthesis 

via electrocyclization, 735 

via electrocyclization, 736 

Ebelactone A 
synthesis 

via Ireland rearrangement, 842 
Eight-membered carbocycles 

synthesis 

Elaeokanine A 
synthesis 

via [4 + 41 cycloaddition, 635 

via retro Diels-Alder reaction, 567 
Electrocyclic processes 

higher order, 743 
Electrocyclization 

1,3,5-hexatrienes, 706-730 
orbital correlation diagram, 703 
six-electron 

1,3,5-hexatriene, 699 
stereochemistry, 703-706 

synthesis 
Ellipticine 

via Diels-Alder reaction, 384 
via electrocyclization, 72 1 

Diels-Alder reactions, 322-324 

[2 + 21 cycloaddition reactions, 71 
[3 + 21 cycloaddition reactions 

Diels-Alder reactions, 322-324 
reactions with isocyanates, 103 
synthesis 

Enamides 

Enamines 

iron catalyzed, 285 

via amide methylenation using Tebbe reagent, 1124 
via retro Diels-Alder reactions, 558 

Enamines, achloro- 
cyclic 

[4 + 31 cycloaddition reactions, 608 
synthesis, 109 

p-lactams from, 112 

synthesis 

generation of 2-aminoallyl cations, 597 

Enamines, tetramethyl-a-chloro- 

Endiandric acids 

via electrocyclization, 743 
Enediols 

synthesis 
via retro Diels-Alder reactions, 557 

1 -Ene-6,12-diynes 
intramolecular cycloadditions, 1 144 

7-Ene-l.13-diynes 
intramolecular cycloadditions, 1 144 

Ene reactions 
alkenes 

enophiles, 1-25 
Lewis acid catalysis, 4-6 

Lewis acid catalysis, 7-9 
alkynes 

carbene complexes, 1075 
enantioselective, 13 
intermolecular, 2-9 
intramolecular 

alkenes, 9-20 
enols, 20-23 

Lewis acid catalysis, 1 
tandem Claisen rearrangement, 1 1 
tandem Diels-Alder reaction 

thermal 
alkynes, 7 

alkenes, 2 4  
alkynes, 6 
cisltrans selectivity, 3 
endolexo selectivity, 3 
regioselectivity, 3 

transannular, 20 

Diels-Alder reactions, 354-359 
Enoates 
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Enolates 
2-acetidinone synthesis, 100-102 

Enol ethers 
2-acetidinone synthesis, 100-102 
cyclic 

cycloaddition reactions 

ene reactions, 1075 
synthesis 

photoreactions with benzonitrile, 161 

akynic carbene complexes, 1067 

via esters using Tebbe methylenation reagent, 1123 
Enol ethers, akyl- 

ene reactions, 1075 
Enol ethers, silyl- 

ene reactions, 1075 
Enol lactones 

synthesis 
via retro 3iels-Alder reactions, 561 

Enols 
ene reactions 

synthesis 

P,y-Enones 
bridged 

bridged bicyclic 

photoisomerizations, 21 5 

divinyl ketones from 
cyclization, 766 

divinyl ketones from 
cyclization, 766 

Enones, a’-hydroxy- 
divinyl ketones from 

cyclization, 766 
Enones, p’-substituted 

divinyl ketones from 
cyclization, 766 

intramolecular, 20-23 

via retro Diels-Alder reactions, 557 

photoisomerizations, 224228 

photoisomerizations, 228 

Enones, P’-amino- 

Enones, P’-chloro- 

Enones, ~-(2-vinylcyclopropy1)- 

Enynes 
synthesis, 979 

acyclic 

acyclic heteroatom-containing 

bicyclization, 1165-1 170 

bicyclization-carbonylation, 1 165 
cyclic 

intramolecular cycloaddition with isocyanides, 1 132 
reaction with Fischer carbene complexes, 1104 
synthesis 

1166 
1 ,4-Enynes 

synthesis 

1,5-Enynes 

1,dEnynes 

Pauson-Khand reaction, 1053-1055 

Pauson-Khand reaction, 1055 

zirconium-promoted, 1 163-1 183 

Pauson-Khand reaction, 1057- 1060 

via Sakurai-Hosomi allylsilane conjugate addition, 

via boron-ene reaction, 34 

Cope rearrangement, 797 

cyclization via intramolecular ene reaction 
palladium catalysis, 16 

ene reactions 
intramolecular, 15-1 7 

1,7-Enynes 
ene reactions 

intramolecular, 18 
a,o-Enynes 

Eny nols 
intramolecular cycloaddition reactions, 1 143 . 

divinyl ketones from 
cyclization, 768 

Diels-Alder reactions 
intramolecular, 545 

Ephedrine 

Epicampherenone 
synthesis 
via [3 + 21 cycloaddition reactions, 286 

14-Epicorynoline 
synthesis 

Epiepoformine 
synthesis 

Epiepoxydon 
synthesis 

Epimodhephene 
synthesis 

via Diels-Alder reaction, 500 

via retro Diels-Alder reactions, 564 

via retro Diels-Alder reactions, 564 

via intramolecular ene reactions, 22 
Epipentenomycin 

synthesis 
via retro Diels-Alder reactions, 561 

Epiprecapnelladiene 
synthesis 
via photocycloaddition, 139 

4-Epishikimic acid 
synthesis 

Epoformine 
synthesis 

via Diels-Alder reaction, 373 

via retro Diels-Alder reactions, 564 
Epoxydon 

synthesis 
via retro Diels-Alder reactions, 564 

Equisetin 
synthesis 
via Ireland rearrangement, 843 

Erigerol 

Erythrina alkaloids 

synthesis 
via Diels-Alder reaction, 329 

synthesis 
via Diels-Alder reactions, 323 

Eschenmoser amide acetal rearrangement 
variant of Claisen rearrangement, 836-838 

Esperamicin 
synthesis 
via electrocyclization, 736 

Esters 
acyclic 

alkenic 

alkylidenation 

methylenation 

synthesis via retro Diels-Alder reactions, 573 

divinyl ketones from, 776 

dihaloalkane reagents, 1125 

Tebbe reagent, 1123 
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a$-unsaturated 
synthesis via retro Diels-Alder reaction, 553 

Esters, ~-keto-2-[2-(trimethylsilyl)methyll- 
cycloaddition reactions, 247 

Esters, a-keto-P,y-unsaturated 
Diels-Alder reactions, 461 

Esters, a$-unsaturated 
chelated 

Diels-Alder reactions, 461 

cycloaddition reactions, 255 

synthesis 

Diels-Alder reactions, 365-367 

Esters, vinyl 

Estradiol 

via benzocyclobutene ring opening, 693 
Estrone 

synthesis 
via benzocyclobutene ring opening, 693 
via Cope rearrangement, 790 

Estrone, C, 18-bisnor-l3a, 17a-dehydro- 
synthesis 
via photoisomerization, 232 

9,1O-Ethanoanthracene, 9, IO-dihydro- 
retro Diels-Alder reaction, 589 

Ether, n-butyl vinyl 
reaction with tetracyanoethylene 

thermochemistry, 76 
Ether, ethyl propenyl 

Ether, methyl tropyl 
[2 + 21 cycloaddition reactions, 1067 

synthesis 
via 1,3-sigmatropic shift, 1003 

reaction with tetracyanoethylene, 78 

[2 + 21 cycloaddition reactions, 75 

reaction with tetracyanoethylene 

Ether, trans-propenyl ethyl 

Ether, propenyl methyl 

Ethers, alkyl vinyl 

solvent effects, 76 
Ethers, allyl 

cycloaddition reactions, 260 
inside alkoxy effect 

cycloaddition reactions, 260 
Pauson-Khand reaction 

regiocontrol, 1044 
Ethers, allyl propargyl 

Ethers, allyl vinyl 
Pauson-Khand reaction, 1055 

Claisen rearrangement, 832-834,1001 
discovery, 827 

synthesis 
via Claisen rearrangement, 830-832 
via Wittig-type alkenation, 830 

Ethers, bisallyl vinyl 
Claisen rearrangement 

catalysis, 850 
Ethers, crotyl propargyl 

intramolecular, 16 
Ethers, crotyl propenyl 

Claisen rearrangement 

Ethers, dipropargyl 

ene reactions 

transition state structures, 857 

intramolecular cycloaddition reactions 
pyridoxine synthesis, 1154 

Ethers, divinyl 

photoisomerization, 200 

cycloaddition reactions 

Ethers, ql-iron allyl vinyl 

Ethers, methyl cyclohexenyl 

Ethers, neopentyl 

Ethers, vinyl 

Ethers, ethyl vinyl 

propynyl tungsten complexes, 1073 

Claisen rearrangement, 1075 

ene reactions, 1075 

Diels-Alder reactions, 356 

cycloaddition reactions, 255 
[2 + 21 cycloaddition reactions, 73 
Diels-Alder reactions, 372 
Pauson-Khand reaction, 1045 
reaction with ketene acetals, 684 

Ethylenamine 
synthesis 
via retro Diels-Alder reactions, 558 

Ethylene 

Ethylene, alkoxy- 

Ethylene, 1,2-bis(trifluoromethyl)- 1,2-dicyano- 

Pauson-Khand reaction, 1043 

reaction with tetracyanoethylene, 71 

[2 + 21 cycloaddition reactions, 75 
reaction with tetramethoxyethylene, 75 

Ethylene, 1 -cyano-1 -alkoxycarbonyl- 
[2 + 21 cycloaddition reactions, 73 

Ethylene, cyclopropyl- 
photoaddition reactions 

aromatic carbonyl compounds, 165 
Ethylene, 1 ,l-dichloro-2,2-difluoro- 

Ethylene, 1,l -dicyano- 
addition reactions with conjugated dienes, 69 

[2 + 21 cycloaddition reactions 
hydroxyethylene, 72 

reaction with butadiene, 70 

intramolecular [2 + 23 cycloadditions, 69 
reaction with butadiene, 71 

Ethylene, hydroxy- 
[2 + 21 cycloaddition reactions, 72 

Ethylene, nitro- 
Diels-Alder reactions, 320 
ene reactions 

thermal, 3 

Ethylene, 1,l -difluoro- 

Ethylene, 1,l -difluoro-2,2-dichloro- 

Ethylene, 1 -nitro-2-( 3,4-methylenedioxyphenyl)- 

Ethylene, P-sulfinylnitro- 

Ethylene, tetracyano- 

reaction with azomethine ylides, 265 

Diels-Alder reactions, 320 

adduct with 7-methylenenorbornadiene, 65 
cycloaddition reactions, 273 

[2 + 21 cycloaddition reactions 
alkenes, 7 1 

hydroxyethylene, 72 
propenylidenecyclopropane, 76 

9,lO-dimethylanthracene, 76 

intermolecular, 3 

Diels-Alder reaction 

ene reactions 

polymerization initiation, 74 
reaction with anthracene 

thermochemistry, 76 
reaction with p-methoxystyrene 
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solvent effects, 75 
Ethylene, tetrafluoro- 

cycloaddition reactions, 70 
intramolecular [2 + 21 cycloadditions, 69 

reaction with 1,2-bis(trifluoromethyl)- 
Ethylene, tetramethoxy- 

1,2-dicyanoethylene, 75 
Ethylene, tetramethyl- 

photolysis 
with 3-pentyn-2-one, 164 

Ethylene, tetravinyl- 
synthesis 

via photolysis, 738 
Ethylene, trifluoro- 

Ethylenediamine, N,” -benzylidene- 

Ethylene-l,2-diols 

reaction with butadiene, 70 

[4 + 31 cycloaddition reactions, 598 

synthesis 
via retro Diels-Alder reactions, 557 

Ethylenetricarboxylates, 1-allylic 2,2-dimethyl 
cyclization 

Diels-Alder reactions, 461 

[4 + 31 cycloaddition with l-phenyl-2-oxyallyl, 601 

metathesis 

Ethyl propiolate 

Eucannabinolide 

intramolecular ene reaction, 12 

Ethyl 3-furoate 

Ethyl oleate 

tungsten catalysts, 11 18 

Diels-Alder reactions, 320 

synthesis 
via Cope rearrangement, 809 

Fabianine 
synthesis 

Fastigilin-C 
synthesis 

via Diels-Alder reaction, 492 

via Claisen rearrangement, 85 1 
Fatty acid alcohols 

synthesis 

Fenestranes 
synthesis 

alkene metathesis, 11 17 

via photocycloaddition reactions, 136 
Femer-type rearrangements 

Claisen rearrangements 
competition, 850 

Fischer carbene complexes 
reactions with alkynes 

alkyne concentration, 1099 
mechanisms, 1094 
solvents, 1099 

FK-506 
synthesis 

via Ireland rearrangement, 843 
Flash vapor pyrolysis 

Flavenes 
retrograde Diels-Alder reactions, 552 

synthesis 
via aromatic Claisen rearrangement. 834 

Fluorene, 9-(difluoromethy1ene)- 
cycloaddition reactions, 70 

Formaldehyde 

Diels-Alder reactions, 433 

dialkyl acetals 

Formate, cyano- 
Diels-Alder reactions, 416 

Formonitrile, (ethoxycarbonyl)- 
oxide 

Forskolin 

Formamide, Nfl-dimethyl- 

reaction with carbene complexes, 1079 

reaction with isopropylidene-3-butene- 1 ,2-diol, 262 

synthesis 
via Cope rearrangement, 814 

Forsythide 
aglucone dimethyl ester 

synthesis via photoisomerization, 23 1 
Frenolicin, deoxy- 

synthesis, 10% 
via cyclobutenone ring opening, 690 
regioselective, 1094 

Fulgides 

Fulvene, 6-amino- 
photochemical ring closure, 722 

cycloaddition reactions 
a-pyrones, 626 

Fulvene, 6,6-dialkyl- 

Fulvene, 9,lO-dihydro- 

Fulvene, 6,6-dimethyl- 

[4 + 31 cycloaddition reactions, 604 

Diels-Alder reactions, 347 

cycloaddition reactions 
benzocyclobutenes, 627 
dienes, 626 
nitropyridyl betaines, 630 
tropones, 63 1 

retro Diels-Alder reaction, 563 
Fulvene, 6-(dimethylamino)- 

cycloaddition reactions 
dienes, 627 
thiophenes, 629 

[4 + 31 cycloaddition reactions, 604 

cycloaddition reactions 
Fulvene, 6,6-diphenyl- 

dienes, 627 
Fulvene, 6-methyl- 

cycloaddition reactions 
dienes, 629 

Fulvenes 
anthracene adduct 

retro Diels-Alder reaction, 589 
cycloaddition reactions, 626 
[4 + 31 cycloaddition reactions, 604 
Pauson-Khand reaction, 1046 
retrograde Diels-Alder reactions, 552 
synthesis 

via benzene irradiation, 646 
Fumarates, dimenthyl- 

Diels-Alder reactions, 355 
Fumaric acid, cyano- 

dimethyl ester 
[2 + 21 cycloaddition reactions, 73 

Furan, alkylidenetetrahydro- 
synthesis 

via [3 + 21 cycloaddition reactions, 283 
Furan, 2,5-dihydro-3,4-dimethyl- 

synthesis 
via retro Diels-Alder reactions, 579 
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Furan, 2,3-dihydro-2,3-dimethylene- 
synthesis 
via retm Diels-Alder reactions, 579 

Furan, 2,3-dimethylene- 
dimerization, 638 
via [4 + 41 cycloaddition, 639 

Furan, 2-methoxycarbonyl- 

Furan, 2-methyl- 

Furan, 3-methyl- 

Furan, 3-methylenetetrahydro- 

Diels-Alder reactions, 382 

[4 + 31 cycloaddition reactions, 606 

[4 + 31 cycloaddition with 1-phenyl-2-oxyallyl, 601 

synthesis 
via [3 + 21 cycloaddition reactions, 307 
via metal-catalyzed cycloaddition, 11% 

Furan, tetramethylenetetrahydro- 
synthesis 

Furandiones 
synthesis 

Furanether B 
synthesis 

via retro Diels-Alder reactions, 579 

via [2 + 2 + 21 cycloaddition, 1138 

via Pauson-Khand reaction, 1052 
3-Furmethanol 

synthesis 
via photocycloaddition, 169 

Furanones 
synthesis 
via [2 + 2 + 21 cycloaddition, 1136-1 138 
via [3 + 23 cycloaddition reactions, 286 

Furanones, tetrahydro- 
synthesis, 943 

Furanoterpenes 
synthesis 

Furans 
via retro Diels-Alder reactions, 579 

[4 + 31 cycloaddition reactions, 605-607 
Diels-Alder reactions, 342,'38&383 

comparison of promoters, 345 
photocycloaddition reactions 

benzene, 637 
carbonyl compounds, 168-178 

retrograde Diels-Alder reactions, 552 
synthesis 
via [2 + 2 + 21 cycloaddition, 1092, 1136 
via Diels-Alder reactions, 491 

Furans, dihydro- 
[2 + 31 annulation, 930 
Pauson-Wand reaction, 1046 
synthesis 

selectivity, 907 
via [3 + 21 cycloaddition reactions, 279 
via metal-catalyzed cycloaddition, 1200 
via [2 + 31 reaction, 951 
via rearrangements, 952 
via retro Diels-Alder reactions, 579 
via vinyloxiranes, 929 

Furans, tetrahydro- 
synthesis 
via metal-catalyzed cycloaddition, 1200 
via palladium-ene reactions, 5 1 
via vinyloxiranes, 927 

2-Furfuryl alcohol 
Claisen-Cope rearrangement, 879 

Furfurylidene carbinols 

Furo[3,4c]pyridine 
electrocyclization, 77 1 

synthesis 
via retro Diels-Alder reactions, 584 

2-Fury lcarbinols 
solvolysis 

divinyl ketones from, 771 
3-Furylmethyl benzoate, 2-methyl- 

[4 + 41 cycloaddition, 639 

Galactopyranose, cyclohexylidene- 

flash vacuum pyrolysis 

Patemo-Buchi photocycloaddition reaction 
with furan, 187 

Geneserine 
synthesis 
via benzocyclobutene ring opening, 68 1 

Geodiamolide A 
synthesis 
via Johnson rearrangement, 839 

Gephyrotoxin 223AB 
synthesis 

Germacrane 
synthesis 

via Diels-Alder reaction, 421 

via Cope rearrangement, 7% 
Germacranolides 

synthesis 

Germacrone 

Germane, allyltrimethyl- 

Gibberellin, 1 l-hydroxy- 

via Cope rearrangement, 809 

Cope rearrangement, 809 

ene reactions, 2 

synthesis 

Gibberellins 
via intramolecular photocycloaddition, 180 

methylenation 
modified Tebbe reagent, 1124 

Ginkgolide B-kadsurenone hybrid 
synthesis 

Ginkolides 
synthesis 

via photocycloaddition, 176 

via [3 + 21 cycloaddition reactions, 31 1 
Glucals 

Glucofuranose 
Patemo-Biichi reaction, 158 

Patemo-Bilchi photocycloaddition reaction 
with furan, 187 

O-isopropylidene- 
a-Glucofuranose, 5-0,6-0-disilyl-3-0-acryloyl- 1,2- 

Diels-Alder reaction, 366 
P-Glucopyranosides, 1,3-dienyltetraacetyl- 

Diels-Alder reactions, 374-376 
Glucopyranosyl bromide, tetraacetyl- 

alkylation, 374 
Glucopyranosyl radical 

synthesis 
via Patemo-Buchi reaction, 159 

Glycals 
pyranoid 

synthesis 
Ireland-Claisen rearrangement, 859 

via isocyanate cycloaddition, 108 
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Glyceraldehyde acetonide 
imines 

condensation to p-lactams, 96 
Glycinamide, N-phthaloyl- 

iminium salts from, 112 
Glycinates, aroyl phenyl 

tandem rearrangements, 877 
C-Glycosides 

synthesis 
via Ireland silyl ester enolate rearrangement, 841 

C-Glycosyl compounds 
synthesis 

via Patem-Buchi reaction, 158 
Glycoxylic acid, p-bromophenyl- 

menthyl ester 
crystal structure, 186 

Glyoxalase inhibitor I 
synthesis 

Glyoxy lates 
via Diels-Alder reaction, 370 

N-acylimines 
Diels-Alder reactions, 405 

Glyoxylic acid 
methyl ester 

methyl phenyl ester 

Glyoxylic acid, phenyl- 

Diels-Alder reactions, 43 1 

photocycloaddition reactions, 160 

esters 

2-( 1 methyl- 1 -phenylethyl)-5-methylcyclohexyl ester 
photocycloaddition reactions, 185 

crystal structure, 185 
Gnididione 

synthesis 

Grayanotoxins 
synthesis 

via retro Diels-Alder reactions, 579 

via photocycloaddition, 670 
Griffin fragmentation 

Grifolin 
photocycloreversion, 199 

synthesis 
via cyclobutenone ring opening, 689 
via electrocyclization, 732 

Guaiane 
synthesis 

Guaianolides 
synthesis 

via photocycloaddition, 669 

via Pauson-Khand reaction, 1052 
Guaianolide sesquiterpenes 

synthesis 

Guaipyridine 
synthesis 

via cycloaddition reactions, 275 

via Diels-Alder reaction, 492 

Hafnabicycles 

Hafnacycles 

Hafnium catalysts 
bicyclization 

enynes, 1169 

synthesis, 1170 

three-membered 
synthesis, 1175 

Hasubanan alkaloids 

Subject Index 

synthesis 

Hedycaryol 
Cope rearrangement, 809 

Helianthrone 
photolysis, 729 

Heliotridane, trihydroxy- 
synthesis, 940 

Heliotridine 
synthesis 

2J-Heptadiene 
synthesis 

via Diels-Alder reactions, 323 

via Diels-Alder reaction, 421 

via retro Diels-Alder reaction, 567 

intramolecular [2 + 23 cycloadditions, 67 

synthesis 

Heptadiene, diphenyl- 

2,6-Heptadienoic acid 

via nickel-ene reaction, 36 
4,6-Heptadienoic acid 

sodium salt 

1,6-Heptadiyne 
thermal isomerization, 736 

Heptafulvene, 8,8-dimethyl- 
cycloaddition reactions 

Diels-Alder reactions, 344 

dienes, 634 
Heptahendecafulvadiene 

pericyclic reactions, 744 
4-Heptanone, 3,5-dibromo-2,6-dimethyl- 

[4 + 31 cycloaddition reactions, 603 
1,3,5-Heptatrienes 

thermal reactions, 707 
Heptatrienones, amino- 

electrocyclization, 710 
1 -Heptene, 1 -acetoxy- 

photocycloaddition reactions, 127 
4-Heptenone, 2-hydroxy- 

synthesis 
via [4 + 31 cycloaddition, 603 

1 -Heptend-yne, 7-(trimethylsily1)- 
bicyclization 

reaction with cyclopentadienylzirconium complexes, 
mechanism, 1178 

1165 
1 -Heptend- ynes 

Heratomin 

Hetero-Cope rearrangement 

Heterocyclic compounds 

Pauson-Khand reaction, 1053 

synthesis, 1096 

carbanion-accelerated, 1004 

four-membered 

unsaturated 
synthesis, 85-1 18 

synthesis via retro Diels-Alder reactions, 577-584 
Heterodienes 

cationic 

Diels-Alder reactions, 45 1-507 
Diels-Alder reactions, 492-507 

intramolecular, 53 1 
Heteroelectrocyclization 

applications, 740-743 
He terotropanone 

synthesis 
via retro Diels-Alder reaction, 569 
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Heteroyohimboid indole alkaloids 
synthesis 

2,4-Hexadiene 
via Diels-Alder reactions, 467 

cycloaddition products, 69 
Diels-Alder reactions 

imines, 408 
isomerization, 74 

Claisen rearrangement 

Cope rearrangement, 820 
2,3-Hexadiene, 2,s-dimethyl- 

photocycloaddition reactions 

1 ,5-Hexadiene, 3,4dimethyl- 

transition state structures, 857 

anthracene, 636 
2,4-Hexadiene, 2,5-dimethyl- 

cycloaddition reactions, 71 
[2 + 21 cycloaddition reactions 

tetracyanoethylene, 76 
photocycloaddition reactions 

9-cyanoanthracene, 636 
1 ,5-Hexadiene, 3,rldiphenyl- 

Cope rearrangement, 799 
1,5-Hexadiene, 2-methyl-3-phenyl- 

Cope rearrangement 
palladium catalysts, 799 

1 ,5-Hexadienes 
photocycloaddition reactions, 136 
reaction with chlorosulfonyl isocyanate, 105 
synthesis 
via Claisen-Cope rearrangement, 883 

l,S-Hexadienes, 3-hydroxy- 

2,4-Hexadienoic acid 
thermal rearrangements, lo00 

ethyl ester 
cycloaddition reactions, tropones, 620 

3,5-Hexadienoic acid 
sodium salt 

Diels-Alder reactions, 344 
3,s-Hexadienoic acid, 6-methoxy- 

sodium salt 
Diels-Alder reactions, 344 

1,5-Hexadien-3-01 
synthesis 

1,s-Hexadiynes 
via 2,3-Wittig rearrangement, 888 

cooligomerization with alkynes 
benzocyclobutene synthesis, 692 

Hexafuranos-5-ulose 

Hexalins 
photocycloaddition reactions, 185 

photochemical ring opening, 739 
ring opening, 708 

tran~-A',~-Hexalins 
photoisomerization, 706 

Hexaquinacene 
synthesis 

Hexatrienes 
annulated 

cyclic 

via Nazarov cyclization, 768 

electrocyclization, 71 1-730 

electrocyclization, 71 1-730 
1,3,5-Hexatrienes 

electrocyclizations, 699,706-730 
monoannulated 

electrocyclization, 71 1-721 
Hexatrienes, amino- 

benzannulation, 720 
cyclization, 71 8 

electrocyclization, 7 10 

ene reactions 

1,3,5-Hexatrienes, 1 -dialkylamino- 

1 -Hexene 

Lewis acid catalysis, 4 
2-Hexene, 2,5dimethyl-4,5-epoxy- 

synthesis 
via photoisomerization, 201 

intramolecular cycloaddition, 649 
photocycloaddition reactions, 654,658 

3-Hexene-l,5-diyne, 1 ,ddideuterio- 
thermal isomerization, 736 

5-Hexenoic acid, 2-amino-4-methyl- 
synthesis 

2-Hexene, 6-phenyl- 

via ene reaction of acrylate esters, 4 
1 -HexenJ-ynes 

Hexofuranose 
Pauson-Khand reaction, 1053 

photocycloaddi tion 
with furan, 170 

1 -Hexyne 
photolysis 

with benzaldehyde, 163 
3-Hexyne 

cocycloaddi tion 
phenylacetylene, 1 146 

Hibiscone C 
synthesis 

P-Himachalene 
synthesis 

via photocycloaddition, 145 

via Cope rearrangement, 803,983 
Hinokinin 

synthesis 
via retro Diels-Alder reactions, 578 

Hinokitiol 
synthesis 
via [4 + 31 cycloaddition, 609 

Hirsutene 
synthesis 
via [3 + 21 cycloaddition reactions, 310 
via Nazarov cyclization, 763,779 
via photocycloaddition, 665,666 

Hirsutic acid 
synthesis 
via Pauson-Khand reaction, 1060 

3-Homoadamantene 
dimerization, 65 

Homoallylic alcohols 
1,3-sigmatropic rearrangements 

anion-accelerated, 1003 
Homoallylic alcohols, dichloro- 

geminal 
solvolysis, divinyl ketones from, 77 1 

Homobarrelene 
photoisomerization, 196 

Homoestrone 
synthesis 
via benzocyclobutene ring opening, 693 

4,5-Homotropones 
synthesis 
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[4 + 31 cycloaddition reactions, 609 
Hiichel molecular orbital calculations 

Hydantoin, dehydro- 
Claisen rearrangement, 856 

Diels-Alder reactions, 406 
synthesis 

via N-chlorination, 406 
Hydantoin, methoxy- 

Diels-Alder reactions, 406 
Hydantoins, 5-ethoxy- 

synthesis, 1109 
Hydrazones, a$-unsaturated N,ZV-dimethyl- 

Diels-Alder reactions, 473 
Hydrindane 

synthesis 

H ydrindanone 
synthesis 

Hydrocarbons 

via retro Diels-Alder reaction, 572 

via cycloaddition reactions, 273 

polyunsaturated substituted 
synthesis via retro Diels-Alder reaction, 565-573 

Hydroxamic acids 
nitroso derivatives 

Diels-Alder reactions, 420 

Ibogamine 
synthesis 

Ikarugamy cin 
synthesis 

via Diels-Alder reaction, 373 

via Cope reanangement, 817 
via electrocyclization, 725 

Imidazole, 2-( 5-norbomen-2-y1)- 
synthesis 

Imidazoles 
via retro Diels-Alder reaction, 557 

[2 + 2 + 21 cycloaddition reactions, 1143 
Diels-Alder reactions, 491 

synthesis 
Imidazoles, 2-vinyl- 

via retro Diels-Alder reactions, 557 
Imines 

2-acetidinone synthesis, 100-102 
aryl-substituted 

2-azetidiniminium salts from, 108-1 13 
cyclic 

Diels-Alder reactions, 406408 
cycloaddition reactions 

vinylidene complexes, 1068 
[3 + 21 cycloaddition reactions, 307 
Diels-Alder reactions, 402416 
reactions with Fischer carbene complexes, 1107 
synthesis 

Imines, C-acyl- 

Imines, N-acyl- 

photoisomerization, 202 

via aziridine thermolysis, 938 

Diels-Alder reactions, 408 

acyclic 

Diels-Alder reactions, 404408,485 

Diels-Alder reactions, 40p411 

Diels-Alder reactions, 40941 1 

Diels-Alder reactions, 404 

Imines, alkyl- 

Imines, aryl- 

Imines, cyclopropyl- 
rearrangements, 941 

Imines, epoxy- 
synthesis 

via Sharpless epoxidation, 98 

Diels-Alder reactions, 402404 

Diels-Alder reactions, 441 

Diels-Alder reactions, 473 

Diels-Alder reactions, 473,474 

synthesis, 108 

[3 + 21 cycloaddition reactions 

Imines, N-sulfonyl- 

Imines, thione 

Imines, a$-unsaturated 

Imines, a$-unsaturated N-phenylsulfonyl- 

Iminium chloride, a-chloro- 

Iminium ions, N-acyl- 

with 1,3-dimethyl(r-butyldimethylsiIyl)allene, 279 
Immonium ions 

Diels-Alder reactions, 40941 1,492,500 
Immonium ions, N-alkylaryl- 

Diels-Alder reactions, 500 
Indacnnone 

synthesis 
via Nazarov cyclization, 780 

intermolecular meta cycloaddition 
Indane 

to vinyl acetate, 667 
trans-Indane, 2-benzylidene- 1 -diphenylmethylene- 

Indane, I-phenyl- 
photochemical reactions, 721 

synthesis 

1 -1ndanone 
synthesis 

via photoisomerization, 208 

via [2 + 2 + 21 cycloaddition, 1133 
2-Indanone, perhydro- 

Indanones 
synthesis, 1173 

angularly substituted 

cis-Indene, 8,g-dihydro- 
synthesis via Nazarov cyclization, 760 

synthesis 
via thermal rearrangement, 716 

trans-Indene, 8,g-dihydro- 
synthesis 

via photoisomerization, 7 16 
Indene, hexahydro- 

cis-annulated 

Indene, 2-vinyl- 
synthesis 

synthesis via palladium-ene reaction, 50 

via photoisomerization, 21 2 
via retro Diels-Alder reactions, 584 

Indenes 
Pauson-Khand reaction, 1047 
synthesis 

via [3 + 21 cycloaddition reactions, 1090 
via photoisomerization, 197 

Indenes, hydro- 
synthesis 

via Cope rearrangement, 8 12 
Indenones 

synthesis 
via [2 + 2 + 21 cycloaddition, 1135 

Indoles 
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[2 + 2 + 21 cycloaddition reactions, 1143 

synthesis 
Indoles, dihydro- 

Indoles, hydroxy- 

via FVP, 732 
Indoles, 2-substituted 

via electrocyclic ring closure, 71 3 

synthesis 

synthesis 

Indoles, vinyl- 
thermolysis, 725 

Indoline 
Cope rearrangement, 790 

Indolones 
Diels-Alder reactions, 408 

Ingenane diterpenoids 
synthesis 

synthesis 

via hetero-Cope rearrangement, 1004 

via Cope rearrangement, 984 
Ingenol 

via [6 + 41 cycloaddition, 624 
via Ireland rearrangement, 843 
via photocycloaddition reactions, 137 

Inosamines 
synthesis 
via Diels-Alder reaction, 418 

Insect pheromones 
synthesis 
via ene reaction, 8 
via photocycloaddition, 165 

Invictolide 
synthesis 

1166 

irradiation, 741 
synthesis 

Ionophores 
noncyclic 

synthesis 

using zirconium-promoted bicyclization of enynes, 

&Ionone 

via Carroll rearrangement, 835 

synthesis via [4 + 31 cycloaddition, 612 
Ipalbidine 

via Diels-Alder reaction, 41 1 
Ipsenol 

Iptycenes 

synthesis 
via retro Diels-Alder reaction, 555 

synthesis 
via Diels-Alder reaction, 383 

Ireland silyl ester enolate reanslngement 
kinetics, 856 
variant of Claisen rearrangement, 840-847 

synthesis 

Iridom yrmecin 
synthesis 

Iridoids 

via Ireland silyl ester enolate rearrangement, 841 

via magnesium-ene reaction, 41 
via photoisomerizations, 23 1 

[3 + 21 cycloaddition reactions 
with a,a'-dibromo ketone, 282 

a$-unsaturated acyl 

Iron, nonacarbonyldi- 

Iron complexes 

Diels-Alder reaction, 367-369 
Iron complexes, acryloyl- 

[3 + 21 cycloaddition reactions 
with allyltributyltin, 277 

Iron complexes, allenyl- 

Iron complexes, ql-dlyl- 

Iron complexes, qI-2-butenyl- 

Iron complexes, q'-butynyl- 

[3 + 21 cycloaddition reactions, 279 

[3 + 21 cycloaddition reactions, 272 
with toluenesulfonyl isocyanate, 275 

[3 + 21 cycloaddition reactions, 273 

[3 + 21 cycloaddition reactions 
with cyclohexenone, 277 

reactions with alkenes, 1088 
reactions with 1.3-dienes. 1088 

cyclopropanation, 1086 

[3 + 21 cycloaddition reactions, 272 

[3 + 21 cycloaddition reactions, 273 

[3 + 21 cycloaddition reactions, 274 

[3 + 21 cycloaddition reactions 
with cyclohexenone, 280 

Iron complexes, carbene 

Iron complexes, cyclopentadienyl carbene 

Iron complexes, dicarbonyl-q5-cyclopentadienyl- 

Iron complexes, qI-2-methdlyI- 

Iron complexes, 4-methyltroponetricarbonyl- 

Iron complexes, q'-l-propynyl- 

Iron complexes, 2-propynyl- 
[3 + 21 cycloaddition reactions, 277 

Iron complexes, a-thioalkyl- 
alkylation, 1086 

Iron complexes, tricarbonyltropylium- 
[3 + 21 cycloaddition reactions, 274 
substituted 

[3 + 21 cycloaddition reactions, 274 
Iron complexes, a,&unsaturated acyl- 

[3 + 23 cycloaddition reactions 
with allylstannanes, 277 

cis-y -1rone 
precursor 

Isobenzofuran 
Diels-Alder reactions, 41 3 
synthesis 

synthesis via intramolecular ene reaction, 18 

via Diels-Alder reactions, 382 
via retro Diels-Alder reactions, 580 

Isobenzofuran, 1 ,3-dipheny l- 
Diels-Alder reactions 

Isobomeol, lo-mercapto- 
Michael addition, 370 

Isobomeol- 1Odiisopropylsulfonamide 
esters 

Isobutene 

selenoaldehydes, 442 

reaction with imines, 102 

ene reactions 

photolysis 
Lewis acid catalysis, 4 

with 3-butyn-2-one, 164 
Isobutyrophenone 

enolate 
Michael additions, 1082 

Isocarbac y clin 
synthesis 
via Claisen rearrangement, 833 
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Isochroman-3-one 
synthesis 

via benzocyclobutene ring opening, 68 1 
Isochromanones 

synthesis 
via hetero electrocyclization, 741 

Isocomene 
synthesis 

via Carroll rearrangement, 835 
via intramolecular ene reaction, 11 
via Pauson-Khand reaction, 1062 
via photocycloaddition, 143,660,662 

Isocyanates 
2-azetidinones from, 102-108 
cycloaddition reactions 

heterocycle synthesis, 1158 
with alkynes, 1155 

Isocyanates, trichloroactelyl 
reaction with dihydropyrams 

glycal synthesis, 108 
Isocyanides 

Isodicyclopentadiene 
reactions with Fischer carbene complexes, 1109 

cycloaddition reactions 
tropones, 618 

Isoellipticine 
synthesis 

Isognididione 
synthesis 

via Diels-Alder reaction, 385 

via retro Diels-Alder reactions, 579 
Isoheterotropanone 

synthesis 
via retro Diels-Alder reaction, 569 

Isoindoles 
substituted 

synthesis 
synthesis via retro Diels-Alder reactions, 582 

via retro Diels-Alder reactions, 582 
Isoingenol 

synthesis 
via [6 + 41 cycloaddition, 624 

Isoiridomy rmecin 
synthesis 

via photocycloaddition, 667 
via photoisomerizations, 23 1 

Isolinderalactone 

Isolobophytolide 
Cope rearrangement, 809 

synthesis 
via photocycloaddition, 173 

Isonitrin B 
synthesis 

Isopiperitenone 
synthesis 

via photocycloaddition, 167 

via Cope rearrangement, 8 17 

[4 + 31 cycloaddition reactions, 603 
Diels-Alder reactions 

reaction with vinyl chromium carbene complexes, 

Isoprene 

Lewis acid promoted, 339 

1070 
Isoprene, stannyl- 

Isopropenyl acetoacetate 
Diels-Alder reactions, 337 

synthesis 
via retro Diels-Alder reactions, 558 

Isopyrocalci ferol 
synthesis 

via electrocyclization, 700 
Isoquinolines, 5,ddihydro- 

synthesis 
via FVP, 718 

Isoquinolines, tetrahydro- 
synthesis 

via Diels-Alder reactions, 322 
Isoquinolinium cations 

Isoquinolinium cations, 2,4-dinitrophenyl- 

Isoquinolinodioxopyrroline 

Isoquinolinoid alkaloids 

Diels-Alder reactions, 499,500 

Diels-Alder reactions, 500 

Diels-Alder reactions, 323 

tetracyclic 
synthesis via [2 + 2 + 21 cycloaddition, 1150 

Isoxazoles 

Isoxazoles, 3-aryl- 
Diels-Alder reactions, 491 

synthesis 
via retro Diels-Alder reactions, 584 

Iterative rearrangements, 891-896 

Japanese hop ether 
synthesis 

via Pauson-Khand reaction, 105 1 
Jasmone 

synthesis 
via Nazarov cyclization, 780 
via retro Diels-Alder reactions, 561 

cisJasmone 
synthesis 

via [3 + 21 cycloaddition reactions, 308 
Jasmone, dihydro- 

synthesis 

Jasmonic acid 
biosynthesis 

via [3 + 21 cycloaddition reactions, 308 

via Nazarov cyclization, 780 
Jatropholones 

synthesis 
via Diels-Alder reaction, 342 

Jatrophone, 2P-hydroxy- 
synthesis 

via [3 + 21 cycloaddition reactions, 31 1 
Johnson-Faulkner rearrangement 

Johnson ortho ester rearrangement 

remote stereocontrol, 864 

aldols, 839 

ally1 alcohols 

variant of Claisen rearrangement, 839 
Joubertiamine, 3-0  ‘-methoxy-4 ’-0-methyl- 

synthesis 
stereocontrolled, via Eschenmoser rearrangement, 

838 
Juglone 

Juncusol 
Diels-Alder reactions, 373,376 

synthesis 
via retro Diels-Alder reaction, 572 

Juvabione 
synthesis 
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via Cope rearmngement, 821 
Juvenile hormone 

synthesis 
via iterative rearrangements, 891 

Kainic acid 
synthesis 

a-Kainic acid 
synthesis 

via Diels-Alder reaction, 468 

via intramolecular ene reaction, 14 
via Ireland rearrangement, 843 

Karahanaenone 
synthesis 
via Cope rearrangement, 803,976 
via [4 + 31 cycloaddition, 603 

[4 + 31 cycloaddition reactions, 599 

Ketals, cyclopropenone 
vinylcarbene generation 

Ketene, dichloro- 
generation, 86 

Ketene, diphenyl- 
reaction with benzcquinone, 86 
reaction with ethoxyacetylene, 732 

Ketene, vinyl- 
synthesis 

Ketene acetals 
via cyclobutenone, 675 

[2 + 21 cycloaddition reactions, 71 
Diels-Alder reactions, 461 
reactions with isocyanates, 103 
reaction with vinyl ethers, 684 

Ketene acetals, bis(trimethylsily1)- 
reaction with imines, 102 

Ketene aminals 
reactions with isocyanates, 103 

Ketene-N-methylimine, diphenyl- 
cycloaddition reactions 

Ketenes 
metal catalyzed, 1 195 

electrocyclization, 730-734 
intramolecular [2 + 21 cycloaddition, 1021 
reaction with carbonyl compounds 

chemoselectivity, 86 
regioselectivity, 86 
stereoselectivity, 87-89 

chemoselectivity, 92-99 
regioselectivity, 92-99 
stereoselectivity, 95-99 

via retro Diels-Alder reactions, 558 

reaction with imines 

synthesis 

Ketenes, cyano- 
generation, 90 

Ketenes, dimethyl- 
synthesis 
via retro Diels-Alder reactions, 558 

Ketenes, diphenyl- 
[3 + 21 cycloaddition reactions 

with q’-butynyliron complexes, 277 
Ketenes, divinyl- 

Ketenes, vinyl- 
Diels-Alder reactions, 395 

[2 + 21 cycloaddition 
1,3-dienes, 1020 

intramolecular cycloadditions, 1029 

synthesis 

Ketenimines 
via cyclobutenone ring opening, 688,689 

cycloaddition reactions, 113 
[3 + 21 cycloaddition reactions, 297 
reactions with Fischer carbene complexes, 1109 

Keteniminium salts 
2-azetidiniminium salts from, 108-1 13 

Keteniminium tetrafluoroborate, tetramethyl- 
p-lactams from, 112 

Ketone, a-chlorodibenzyl 
reaction with furan 

Ketone, methyl vinyl 
[4 + 31 cycloaddition, 594 

[3 + 21 cycloaddition reactions 
palladium catalyzed, 28 1 
with 1 -methyl-1-(trimethylsilyl)allene, 277 

comparison of promoters, 345 
water promoted, 344 

intermolecular, 3 

Diels-Alder reactions 

ene reactions 

Ketone enolates 

Ketones 
Michael additions, 1082 

acyclic 
synthesis via retro Diels-Alder reactions, 573 

alkenic 
synthesis via Claisen rearrangement, 827 

alkylidenation 
dihaloalkane reagents, 1125 

alkynic 
cyclization, catalysts, 22 

bicyclic P,y-unsaturated 
photoisomerizations, 222 

electron deficient 
Diels-Alder reactions, 432 

enolizable 
methylenation using Tebbe reagent, 1123 

1 -methoxy-substituted cyclic @,y-unsaturated 
photoisomerizations, 226 

methylenation 
Tebbe reagent, 1123 

monocyclic p,y-unsaturated 
photoisomerizations, 222 

spirocyclic p,y-unsaturated 
photoisomerizations, 222 

a,&unsaturated 
ene reactions, 5 
synthesis via retro Diels-Alder reactions, 553,573 

e,P;p’,y’;~.e-unsaturated 
photoisomerizations, 229 

P,y-unsaturated 
rearrangement, 2 16 

p ,y ; p I ,  y -unsaturated 
photoisomerizations, 229 

y&unsaturated 
synthesis via Claisen rearrangement, 1004 

Ketones, a-allyloxy 
Claisen rearrangement, 847 
enolates 

Claisen rearrangements, 1001 
Ketones, ally1 vinyl 

cyclization, 755-761 
Rupe rearrangement, 768 
synthesis 
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via hydration of dienynes, 752 

[4 + 31 cycloaddition reactions, 595 

[4 + 31 cycloaddition reactions, 595 

ring opening 
cyclopentene annulation, 925 

[4 + 31 cycloaddition reactions, 603 

[4 + 31 cycloaddition reactions, 605 

[4 + 31 cycloaddition reactions, 594,603 

cyclization, 755-761 

photocyclization, 760 
ring closure 

2-cyclopentenone synthesis, 752 
silicon-directed cyclization, 76 1-766 
solvolysis 

Ketones, a-halo 
[4 + 31 cycloaddition reactions, 595 

Ketones, hydroxy 
a,&unsaturated 

Ketones, a-hydroxy 

Ketones, a-bromoalkyl 

Ketones, a-bromobenzyl 

Ketones, cyclopropyl 

Ketones, a,a'-dibromo 

Ketones, a,a'-dibromomethyl alkyl 

Ketones, a,a'-dihalo 

Ketones, a,a'-divinyl 

in situ generation, 766-770,775-778 

cyclization, 77&775 

Diels-Alder reactions, 359 

Diels-Alder reactions 
intramolecular asymmetric, 543 

Ketones, methyl vinyl 
ene reactions 

Lewis acid catalysis, 5 
Ketones, p-silyl divinyl 

cyclization, 762 
Ketones, tetrabromo 
[4 + 31 cycloaddition reactions, 603 

Ketones, tetramethyldibromo 
[3 + 21 cycloaddition reactions 

with a-methylstyrene, 283 
Ketones, tetrasubstituted dibromo 

Ketones, tribromo 

Ketones, ~-(2-vinylcyclopropy1) 

14 + 31 cycloaddition reactions, 603 

[4 + 31 cycloaddition reactions, 603 

a$-unsaturated 

Keyhole limpet hemocy anin 
monoclonal antibodies 

Cope rearrangement, 979-984 

Claisen rearrangement, 855 
Khellin 

synthesis, 1096,1098 
Khellinone 

synthesis 

Khusimone 
synthesis 

via cyclobutenone ring opening, 689 

via magnesium-ene reaction, 45 

P-Lactams 
enantiopure 

synthesis, 1107 
synthesis via chiral ketenes or imines, 96 

via intramolecular photocycloaddition, 18 1 
via ketenes and carbonyls, 90 

y-Lactams, N,O-acetal- 
bic yclic 
' Diels-Alder reactions, 372 

synthesis 

synthesis 

$-Lactams, 3-alkylidene- 

via cycloaddition with CSI, 107 
p-Lactams, a-mido- 

via Dane salts, 95 
P-ktams, 3-amino- 

synthesis 
via homochiral ketenes, 98 

Lactic acid, ethyl ester, acrylate 
Diels-Alder reactions, 365 

Lactic acid, ethyl ester, fumarate 
Diels-Alder reactions, 365 

Lactones 
y-amino- 

methylenation 

synthesis 

$,y-unsaturated 

synthesis via [2 + 2 + 21 cycloaddition, 1138 

Tebbe reagent, 1123 

via [3 + 21 cycloaddition reactions, 297 

synthesis via [2 + 2 + 21 cycloaddition, 1138 
$-Lactones 

synthesis 

y-Lactones 
synthesis 

Lactones, y-hydroxy- 

via ketenes and carbonyls, 86 

via metal-catalyzed cycloaddition, 1 196, 1200 

synthesis 
via [2 + 2 + 21 cycloaddition, 1138 

Lactones, a-methylene- 
synthesis, 942 

Lasiodiplodin 
synthesis 

Laureacetal-C 
synthesis 

via Diels-Alder reactions, 330 

via intramolecular photocycloaddition, 180 
Laurenene 

synthesis 

Lavendamycin 
synthesis 

Leukotriene D, 5-deoxy- 
precursor synthesis 

via photocycloaddition, 144,662,663 

via Diels-Alder reaction, 492 

via sulfoxide-sulfenate rearrangement, 890 
Levoglucosenone 

Lewis acids 
Diels-Alder reaction, 350 

promoters 
Diels-Alder reactions, 339-341 

Ligularone 
synthesis 

Lilac alcohol 
synthesis 

via retro Diels-Alder reactions, 579 

via [4 + 31 cycloaddition, 61 1 
Linalool 

synthesis 
via retro Diels-Alder reaction, 555 

Linalool, dehydro- 
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ene reaction, 15 
Linderalactone 

Cope rearrangement, 809 
Lithium dialkylamide 

ester enolization 

Lithium-ene reactions 

Lithium enolates 

Lithium phenylethynolate 

Claisen rearrangement, 828 

intramolecular, 3746  

Claisen rearrangement, 847 

cycloaddition with carbonyls 
2-oxetanone synthesis, 116 

Living polymers 

Loganin. deoxy- 
ring opening metathesis polymerization, 1120 

synthesis 

synthesis 

via Diels-Alder reaction, 468 
Loganin, 1-0-methyl- 

Loganins 
via Diels-Alder reactions, 363 

aglucone 6-acetate 

biosynthesis, 468 
synthesis 

synthesis via photoisomerization, 232 

via [3 + 21 cycloaddition reactions, 310 
via photochemical cycloaddition, 129 

Luciduline 
synthesis 

via Cope rearrangement, 814 
via Diels-Alder reaction, 35 1 

Lumisantonin 
photochemistry, 730 

Lumisterol 
synthesis 

Lysergic acid 
synthesis 

via photochemical ring closure, 700 

via Diels-Alder reaction, 414 

Macrocyclic compounds 
synthesis 

allylation, 32 

precUrSOrS 

alkene metathesis, 1 11 8-1 120 
Magnesium, 1 -alkenyl- 

Magnesium, 2-alkenyl- 

synthesis for magnesium-ene reaction, 37 
Magnesium bromide, 2,7-octadienyl- 

magnesium-ene reaction, 38 
Magnesium chloride, (2-alkeny1)allyl- 

ene reactions, 43 
Magnesium-ene reactions, 30 

intramolecular, 3746,59 
ring size, 60 

Magnesium enolates 
Claisen rearrangement, 847 

Maleic anhydride 
benzene irradiation 

fulvene trap, 646 
[3 + 21 cycloaddition reactions 

with qbllylpalladium complexes, 275 
Diels-Alder reactions 

Lewis acid promoted, 339 

cy clization 

ene reactions 
intermolecular, 2 

Malonic acid, benzylidene- 
dimethyl ester 

[3 + 21 cycloaddition reactions, 302 
Malonic acid, methylene- 

diesters 

dimenthyl ester 

dimethyl ester 

diethyl ester 

synthesis via retro Diels-Alder reaction, 553 

Diels-Alder reactions, 356 

cycloaddition reactions, 272 
Malonic acid, thioxo- 

Diels-Alder reactions, 436 
Malononitrile, benzylidene- 

Matsutake alcohol 
cycloaddition reactions, 273 

synthesis 

Meldrum’s acid 

Menthone 

via retro Diels-Alder reaction, 554 

flash vapour pyrolysis, 732 

photocycloaddition 
with furan, 170 

Mercury salts 
catalysts 

Cope rearrangement, 802 
Mercury-sensitized photoreactions 

Mesitonitrile oxide 

tropones, 626 
Mesonaphthodianthrone 

via photolysis, 729 

di-wmethane rearrangement, 195 

cycloaddition reactions 

synthesis 

Mesoxylates 
N-acy limines 

Diels-Alder reactions, 432 

synthesis 

Metallacycles 
alkene metathesis, 1 1 15 

Metallac yclobutane, 2-methylene- 
[3 + 21 cycloaddition reactions, 293 

Metallac yclopentadienes 
reactions with alkynes 

Diels-Alder reactions, 405 

[2,2IMetacyclophane-4,9diene, 15,16-dimethyl- 

via electrocyclization, 705 

benzene synthesis, 1144 

reactions with alkenes, 1142 

intermolecular, 30-37 
intramolecular, 37-59 
regioselectivity, 30.60 
ring size, 59 
stereoselectivity, 30,60 

Methallyl cation 
14 + 31 cycloaddition reactions, 597 

P-Methallyl iodide 
generation of methallyl cation 

Metallac yclopentenes 

Metallo-ene reactions, 2 9 6 0  

[4 + 31 cycloaddition reactions, 597 

[3 + 21 cycloaddition reactions, 272-282 
Methane, dimethylene- 

Methane, trimethylene- 
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complexes 

[4 + 31 cycloaddition reactions, 598 
1,3-diyl trapping reaction, 239 

stereoselectivity, 242 
reactions, 240 

regioselectivity, 240 
synthetic equivalents, 244 
synthons 

Me thanimine 
synthesis 

synthesis, 1107 

[3 + 21 cycloaddition reactions, 287-312 

via retro Diels-Alder reactions, 576 
1.6-Methano[ lO]annulen-1 1-one 

synthesis 
via [6 + 41 cycloaddition, 623 

2P-Methanoproline 
synthesis 

ene reactions 

Methyl acrylate 

via intramolecular photocycloaddition, 179 
Methyl a-acetamidoacrylate 

Lewis acid catalysis, 5 

[3 + 21 cycloaddition reactions 

Diels-Alder reactions, 461 
with electron deficient vinylcyclopropanes, 28 1 

Lewis acid promoted, 339 
a-silapyran, 1074 

intermolecular, 3 
ene reactions 

reaction with iron carbonyl, 113 1 
reaction with vinyl chromium carbene complexes, 

1070 
Methyl a-bromomethacrylate 

ene reactions 

Methyl crotonate 
Lewis acid catalysis, 5 

Diels-Alder reactions 

reaction with Danishefsky’s diene, 1072 

ene reactions 

Lewis acid promoted, 340 

Methyl a-cyanoacrylate 

Lewis acid catalysis, 5 
Methylenium cations, thioamido- 

Diels-Alder reactions, 504 
Methylenomycin A, deepoxy-2,3-didehydro- 

synthesis 
via Nazarov cyclization, 780 

Methylenomycin B 
synthesis 

via Nazarov cyclization, 780 
via nickel-ene reaction, 36 
via Pauson-Khand reaction, 105 1 

Methyl methacrylate 
Diels-Alder reactions 

Lewis acid promoted, 340 
ene reactions 

Lewis acid catalysis, 5 
thermal, 3 

reaction with cyclopentadiene, 107 1 
Methyl propiolate 

ene reactions, 6 
Lewis acid catalysis, 7 

Methynolide 
synthesis 

via iterative rearrangements, 894 

Michael additions 

Modhephene 
a$-unsaturated carbene complexes, 1081 

synthesis, 924 
via [3 + 23 cycloaddition reactions, 310 
via intramolecular ene reactions, 1 1,2 
via Nazarov cyclization, 779 
via photocycloaddition, 666 
via photoisomerization, 233 

Molybdenum catalysts 
alkene metathesis, 11 18 

Molybdenum complexes, alkylidene- 
carbonyl alkylidenation, 1126 

Molybdenum complexes, carbene 
chemistry, 1091 

Monensin 
synthesis 

via Claisen rearrangement, 853 
Monoclonal antibodies 

synthetic protein catalysts 
Claisen rearrangement, 855 

Morphinans 
synthesis 

Multifidene 
synthesis 

via benzocyclobutene ring opening, 693 

via Cope rearrangement, 806 
via retro Diels-Alder reactions, 563 

Muscarine 
synthesis 

via [3 + 21 cycloaddition reactions, 286 
via [4 + 31 cycloaddition reactions, 605 

Muscone 
synthesis 

Muscopyridine 
synthesis 

via Raphael-Nazarov cyclization, 779 

via Raphael-Nazarov cyclization, 779 
Muxone 

synthesis 
via cyclobutene ring expansion, 687 

Mycophenolic acid 
synthesis 

via cyclobutenone ring opening, 689 
via electrocyclization, 732 

Nanaomycin 
synthesis, 1096 

regioselective, 1094 
Nanaomycin A 

synthesis 
via cyclobutenone ring opening, 690 
via metal-catalyzed cycloaddition, 1203 

Naphthalene, 1 ,Cdihydro- 
photoisomerization, 197 

cis-Naphthalene, 9,lO-dihydro- 
synthesis 

via thermal isomerization, 716 
trans-Naphthalene, 9,l O-dihydro- 

Naphthalene, 1,8-divinyl- 

Naphthalene, octahydro- 

photolysis, 716 

isomerization, 68 

cis-fused 

Naphthalenes 
synthesis via palladium-ene reaction, 50 
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[4 + 31 cycloaddition reactions, 608 
synthesis 
via benzyne Diels-Alder reactions, 38 1 
via electrocyclization, 720 

Pauson-Khand reaction, 1049 
synthesis 

synthesis 

synthesis 

synthesis 

Naphtho[b]c yclopropene 
cycloaddition reactions 

Naphthalenes, dihydro- 

via thermolysis, 713 
Naphthalenes, 1 ,2-dihydro- 

via FVP, 718 
Naphthalenes, hexahydro- 

via Diels-Alder reaction, 33 1 
Naphthalen- 1 ,4-imines, 1,4-dihydro- 

via Diels-Alder reactions, 382 

metal catalyzed, 1199 
Naphthols 

synthesis 

synthesis 

via FVP, 732 
Naphthoquinones 

via metal-catalyzed cycloaddition, 1202 
Naphthoquinones, tetrahydro- 

Diels-Alder reactions, 394 
Nazarov cyclizations, 75 1-78 1 

abnormal, 760 
mechanism, 754 
stereochemistry, 754 
tin-directed, 765 

f3-Necrodol 
synthesis 

synthesis 

Neohexene 
synthesis 

via magnesium-ene reaction, 45 
Neocarzinostatin 

via electrocyclization, 736 

via Phillips Triolefin Process, 11 17 
Neosporol 

synthesis 
via Claisen rearrangement, 832 

Nepetalactone, dihydro- 
synthesis 

synthesis 

synthesis 

catalyst 

via Cope rearrangement, 8 12 
Nerolidol 

via retro Diels-Alder reaction, 555 
Nezukone 

via [4 + 31 cycloaddition, 609 
Nickel, bis(acrylonitri1e)- 

bicyclo[l. 1 .O]butane cycloaddition reactions, 11 86 
[3 + 21 cycloaddition reactions, 293 

Nickel, phosphinecarbonyls 
catalysts 

alkyne trimerization, 1145 
Nickelac yclopentenediones 

synthesis 
via phenylacetylenes, 1130 

5-Nickelafuranones 
2-pyrones from 

via [2 + 2 + 21 cycloaddition, 1157 

via [2 + 2 + 21 cycloaddition, 1138 
synthesis 

Nickel catalysts 

methylenecyclopropanes, 1 188 
Nickel-ene reactions, 35-37,5659 
Niobium catalysts 
alk y lidenation 

cycloaddition reactions 

carbonyl compounds, 1125 
Nitrile oxides 

cycloaddition reactions 
tropones, 626 

Nitriles 
cocycloaddition reactions 

Diels-Alder reactions, 416 
oxides 

alkynes, 1152 

cycloaddition reactions, 257 
cycloaddition reactions, diastereoselective, 260 
cycloaddition reactions with acrylates, 263 
reaction with alkenes, 260 

Nitriles, y-bromo-p-oxo- 
dehydrohalogenation 

generation of oxyallyl cations, 595 
Nitrile ylides 

cycloaddition reactions 
fulvenes, 630 

Nitrilimine, diphenyl- 

tropones, 625 
cycloaddition reactions 

Nitrogen 
extrusion 

diene synthesis via retro Diels-Alder reaction, 567 
Nitrone, CJV-diphenyl- 

[4 + 31 cycloaddition reactions, 600 
Nitrones 

cyclic 
ex0 transition state, 255 

cycloaddition reactions, 254 
diasteroselective, 260 

EIZ-isomerization, 255 
optically active 

reversible cycloaddition reactions, 256 
Nitroso compounds 

Diels-Alder reactions, 417-422 
Nitroso compounds, acyl- 

Diels-Alder reactions, 419421,485 
Nitroso compounds, aryl- 

Diels-Alder reactions, 417 
Nitroso compounds, a-chloro- 

Diels-Alder reactions, 418 
Nitroso compounds, cyano- 

Diels-Alder reactions, 421 
Nitroso compoudds, sulfonyl- 

Diels-Alder reactions, 42 1 
Nitroso compounds, vinyl- 

Diels-Alder reactions, 422,485 
Nitrosonium cations, vinyl- 

Diels-Alder reactions, 501 
intramolecular, 539 

Diels-Alder reactions, 501 

Diels-Alder reactions, 421 

cycloaddition reactions, 264 

Nitrosonium cations, N-vinyl-N-cyclohexyl- 

Nitrosyl cyanide 
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Nonactic acid 
synthesis 
via [4 + 31 cycloaddition, 61 1 

1,6&Nonatriene, sulfonyl- 
Diels-Alder reactions 

intramolecular, 522 

Diels-Alder reactions 
Nonatrienes 

diastereoselection, 5 15-527 
twist asynchronicity, 516 

Diels-Alder reactions, 527-532 
heteroatom substituted 

1,6,8-Nonatrienes 
cis-fused 

Diels-Alder reactions, 524 
Nonatrienes, amido- 

Diels-Alder reactions 
intramolecular, 529 

trans-Nond-enal 
synthesis 
via photocycloaddition, 165 

trans-Nond-en- 1-01 
synthesis 

Nookatone 
synthesis 

via photocycloadditiodreduction, 165 

via Raphael-Nazarov cyclization, 779 
Norbomadiene, 2,3-dimethoxycarbonyl- 

[3 + 21 cycloaddition reactions 
with methylenecyclopropane, 289 

Norbomadiene, 7-methylene- 

Norbomadienes 
adduct with tetracyanoethylene, 65 

[2 + 2 + 21 cycloaddition reactions, 1130 
homo-Diels-Alder cycloaddition, 1 141 
Pauson-Khand reaction, 1049 
photoc yclization 

synthesis 
chemoselectivity, 206 

via photoisomerization, 205 
7-Norbomadienol 

sodium salt 

1 -Norbornene 
dimerization, 65 

Norbomene, endo,endoJ,6-bis(methoxycarbonyl) 
living polymer synthesis, 1121 

5-Norbomene-2-carboxylic acid 
synthesis 

Norbomenes 

1,3-sigmatropic shift, 1003 

via Diels-Alder reaction, 365,366 

[2 + 2 + 21 cycloaddition reactions, 1130 
metallo-all y latiodmethox ycarbonylation 

Pauson-Khand reaction, 1049 
ring opening metathesis polymerization, 1120 
synthesis 
via vinylcyclopropane rearrangement, 101 3 

synthesis 

Pauson-Khand cycloaddition 

nickel-ene reaction, 36 

Norbomenes, exo-methylene- 

via Diels-Alder reactions, 324,358 
Norbomen-2-01s 

regioselectivity, 1042 
Norbomen-Zones 

Pauson-Khand cycloaddition 

regioselectivity, 1042 
Norcaradiene 

tautomerism, 713 
Norsterepolide 

synthesis 

Norsteroids 
synthesis 

C-Nucleosides 
synthesis 

via Raphael-Nazarov cyclization, 779 

via benzocyclobutene ring opening, 693 

via 14 + 31 cycloaddition, 605.61 1 

Occidental01 
synthesis 
via retro Diels-Alder reaction, 569 

9-Octadecen- 18-olide 
synthesis 

alkene metathesis, 11 18 
1,7-Octadiene, 3-acetoxy- 

cyclization 
palladium-ene reaction, 50 

Octadiene, 4,5-dimethyl- 

2,7-Octadienyl acetates, 4-alkyl-4-hydroxy- 
Cope rearrangement, 821 

cyclization 

bicyclization, 1171 

addition to allene 

Nazarov cyclization, 757 
3,4-Octanedione, 2-acetoxy- 

cycloaddition reactions, 247 
1,3,5-0ctatriene 

intermediate 

2,4,6-0ctatriene 

1,4,7-Octatriene, 2,7-dimethyl- 

palladium-ene reaction, 47 
1,7-0ctadiyne, 1 ,&diethoxy- 

Octalones 

photochemical cycloaddition, 130 

2,4,6-octatriene electrocyclization, 702 

electrocyclization, 702 

synthesis 

1186 

ene reactions 

via cycloaddition of 1-methylbicyclo[ 1.1 .O]butane, 

1 -0ctene 

Lewis acid catalysis, 4 
1-Octen-3-01 

synthesis 

6-Octen- 1-yne 
cyclization 

via retro Diels-Alder reaction, 554 

intramolecular ene reaction, 15 
1 -Octen-7-yne, 8-(trimethylsily1)- 

reaction with cyclopentadienylzirconium complexes, 
1165 

3-Octyn-2-one 
photocycloaddition reactions, 164 

Ophiobolane 
synthesis 

Ophiobolin C 
synthesis 

Ophiobolins 
synthesis 

via divinylcyclobutane rearrangement, 1029 

via Brook-Claisen rearrangement, 843 
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via Cope rearrangement, 806 
via Nazarov cyclization, 759 

Organoaluminum reagents 
Claisen rearrangement 

Organometallic complexes 
UYnYl 

catalysis, 850 

[3 + 21 cycloaddition reactions, 277 

[3 + 21 cycloaddition reactions, 277-281 

cycloaddition reactions, 272-277 

allenyl 

+ally1 

Organotin compounds 

Orthoesters, vinyl 
Diels-Alder reactions, 341 

1 -Oxa-2-aza-di+methane rearrangements 
photoisomerizations, 202 

7-Oxabicyclo[2.2.1 Iheptane, tetramethylene- 
Diels-Alder reactions, 384 

8-0xabicyclo[3.2.l]oct-6-ene 
Pauson-Khand reaction, 1050, 1051 

8-0xabicyclo[3.2.l]octd-en-3-ones 
[4 + 31 cycloaddition reactions 

synthesis 

3-iodo-2-[(trimethylsilyl)methyl]propene 
trimethylenemethane synthetic equivalent, 246 

tropone synthesis, 609 

via [4 + 31 cycloaddition, 594,597,605 
l-Oxa-l,3-butadienes 

cationic 
Diels-Alder reactions, 501 

Diels-Alder reactions, 453458 
intramolecular, 464468 

electron-deficient 
Diels-Alder reactions, 458-464 

electrondonating substituted 
Diels-Alder reactions, 464 

hetero 
Diels-Alder reactions, 468 

Oxacepham 
synthesis, 1107 

Oxacines, dihydro- 
synthesis 

via cyclobutene ring expansion, 687 
2-Oxac yclopenty lidene 

transition metal complexes 

Diels-Alder reactions, 491 

applications, 229-235 
mechanism, 216-219 
photoisomerizations, 200,215-235 

limitations, 228 
substrates, 219-228 

7-Oxanorbomadiene 
Pauson-Khand reaction, 1050 

Oxapenam 
synthesis, 1107 

1 -Oxa-2-silacyclohexa-3J-diene, 2,2-dimethyl- 
Diels-Alder reaction, 587 

Oxaspiroc yclopentane 
use in synthesis, 919 

7-0xatricyclo[4.2.0.O]octane 
synthesis 

synthesis, 1076 
1,3,4-0xadiazoles 

Oxa-di-.rr-methane rearrangements 

via Patema-Btichi reaction, 157 

1,3.2-0xazaphosphonnane 

Oxazine. dihydro- 
Claisen rearrangement, 847 

synthesis 

synthesis 

via Diels-Alder reaction, 418 
W-l,3-Oxazine, 5,ddihydro- 

via photocycloaddition, 161 
1,2-0xazines, 3,6dihydro- 

synthesis 
via Diels-Alder reactions, 417 

6H-1,3-Oxazin-6-one 
synthesis 

via retro Diels-Alder reactions, 584 
Oxazole, 3-acetyl-2,3-dihydro-2,2-dimethyl- 

photochemistry, 160 
1,3-Oxazole-2,4diones 

synthesis 
via [2 + 2 + 21 cycloaddition, 1141 

Oxazoles 

Oxazolidinone, N-acryloyl- 
Diels-Alder reactions, 382,491 

[2 + 21 cycloaddition reaction 

Diels-Alder reactions, 376 
Oxazolidinone, N-crotonoyl- 

Diels-Alder reactions, 376 
Oxazolidinone, 2,7,9-decatrienoyl- 

Diels-Alder reactions, 362 
Oxazolidinone, 2.8,lO-undecatrienoyl- 

Diels-Alder reactions, 362 
Oxazolidinones, N-acyl- 

c h i d  

Diels-Alder reactions 

1.1 -bis(methylthio)ethylene, 24 

Diels-Alder reactions, 361 

intramolecular asymmetric, 543 
Oxazolidylacetyl chloride, phenyl- 

synthesis 
via phenylglycine, 98 

4-Oxazolin-2-one 

Oxepins 
photocycloaddition reaction, 160 

synthesis 
via oxirane rearrangement, 929 
via photocycloaddition, 165 

Oxetane, 2-methylene- 
synthesis 

via retro Diels-Alder reactions, 577 
Oxetane, 3-methylene- 

synthesis 
via retro Diels-Alder reactions, 577 

Oxetane, 3-siloxy- 
synthesis 

via PatemeBtichi reaction, 158 
Oxetanes 

strained tricyclic 

synthesis 

unsaturated 

176 
Oxetanes. alkoxy- 

Oxetanes, 2-alkoxy- 

decomposition, 178 

via Patemo-Biichi reaction, 151 

stereoselective synthesis via photocycloaddition, 

synthesis 
via photocycloaddition, 161 
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synthesis 
via thermal cycloaddition, 151 

Oxetanes, 3-alkoxy- 
synthesis 
via Patemo-Biichi reaction, 151, 159 

Oxetanes, 2-alkylidene- 
synthesis 
via photocycloaddition, 167 

Oxetanes, alkynyl- 
synthesis 
via photocycloaddition, 176 

Oxetanes, trans-4-alkyl-3-methylthio- 
synthesis 
via Patemo-Biichi reaction, 160 

Oxetanes, 2-imino- 
synthesis 
via ketenimines, 114 
via lithium (N-pheny1)phenylethynamide 

cycloaddition, 117 
via photocycloaddition, 167 

Oxetanes, 2-thioxo- 
synthesis 

Oxetanocin 
synthesis 

2-Oxetanones 
synthesis 

via lithium thioalkynolate cycloaddition, 1 17 

via Patemo-Biichi reaction, 151 

via ketenes and carbonyls, 86-89 
via lithium phenylethynolate cycloaddition, 1 16 

Oxetenes 
synthesis 
via photocycloaddition, 162 
via ynamines and carbonyls, 1 16 

Oxetin 
synthesis 
via Patemc-Biichi reaction, 15 1 

2-Oxidoallyl, 1 -hydroxy- 
[4 + 31 cycloaddition reactions, 597 

Oxime acetates 
photoisomerization, 202 

Oximes 
Diels-Alder reactions, 412 

Oxiranes 
alkynic 

dienyl 
isomerization, 929 

isomerization, 929 

flash vacuum pyrolysis 
product control, 930 

synthesis 
via [2 + 31 annulation, 930 

Oxiranes, divinyl- 

Oxiranes, trans-divinyl- 
rearrangement, 929 

Oxiranes, vinyl- 
cyclic 

nucleophilic opening, 93 1 
optically pure 

radical addition reactions 

radical polymerization, 93 1 
reaction with sodium phenoxide 

ring opening reaction, 936 

nucleophilic opening, 931 

racemization, 929 

alkenes, 93 1 

rearrangements, 909,928 
synthesis 

themal isomerization, 929 

rearrangement 

via photoisomerization, 200 

Oxiranes, vinylalkynyl- 

to vinylcyclopropyl aldehydes, 93 1 
2-Oxyallyl, 1 -phenyl- 

Oxyallyl cations 

2-Oxyallyl synthons 

[4 + 31 cycloaddition with 3-methylfuran, 601 

[4 + 31 cycloaddition reactions, 594 

[3 + 21 cycloaddition reactions, 282-287 
[4 + 31 cycloaddition reactions, 603 

Ox y anion-accelerated rearrangements 
small rings, 1 ~ 1 0 0 4  

Oxy-Cope rearrangements, 785-822 
anionic, 785-822 
3-hydroxy- 1,5-hexadienes, loo0 
irreversibility, 795 
oxyanion-accelerated, 1 OOO 
product aromatization, 791 
trienes, 889 

Palladium, q3-allyl- 
[3 + 21 cycloaddition reactions, 300 

Palladium, q3-allylcyclopentadienyl- 
[3 + 21 cycloaddition reactions 

methylenecyclopropane, 289 
Palladium, bis( dibenzy1ideneacetone)- 

[3 + 21 cycloaddition reactions 
methylenecyclopropane, 289 

Palladium, tetrakis(tripheny1phosphine)- 

[3 + 21 cycloaddition reactions, 299 
Palladium, q3-trimethylenemethane-, 244 

[3 + 21 cycloaddition reactions, 300 
Palladium acetate 

catalyst 

catalyst 

[3 + 21 cycloaddition reactions, 299 
Palladium catalysts 

Cope rearrangement, 799 
cycloaddition reactions 

methylenecyclopropanes, 1 188 
Palladium chloride 

catalysts 

intramolecular, 46-56 
stereoselectivity, 60 

Palustric ester 
photochemical ring opening, 712 

Paniculide A 
synthesis 

P-Panisene 
synthesis 

Pantolactone 

[ lO]Paracyclophanes 

alkyne trimerization, 1147 
Palladium-ene reactions, 35-37 

via retro Diels-Alder reactions, 579 

via copper-catalyzed photocycloaddition, 147 

Diels-Alder reactions, 365 

synthesis 
via ene reaction with methyl propiolate, 8 

Patemo-Biichi photocycloaddition reaction, 15 1-1 88 
dienyl systems, 165-168 
excited-state asymmetric synthesis, 183 
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intramolecular, 178-183 

mechanism, 152-157 
spectroscopy, 153 
msannular, 179 

alkene regioselectivity 
electronic effects, 1042 

bicyclization-carbonylation of enynes, 1165 
intermolecular, 1043-1053 
intramolecular, 1053-1 062 
mechanism, 1039-1043 
scope, 1038 

synthesis 

imides with alkenes, 181 

Pauson-Khand reaction, 1037-1062 

Pederin 

via [4 + 31 cycloaddition, 612 
Penems 

synthesis 
via cycloaddition with CSI, 105 

Penicillin 
synthesis 

Pentane, 3-chloro-2,2-dimethoxy-3-methyl- 
iterative rearrangements, 891 

Pentane, 3-hydroxy-2,2dimethoxy-3-methyl- 
iterative rearrangements, 891 

3-Pentanone, dibenzylidene- 
thermal cyclization, 754 

3-Pentanone, 2,4-dibromo- 
[3 + 21 cycloaddition reactions 

with styrene, 283 
[4 + 31 cycloaddition reactions, 603 
oxyallyl cation generation 

[4 + 31 cycloaddition reactions, 603 
Pentatetraene 

synthesis 
via retro Diels-Alder reaction. 589 

3-Pentene, l-bromo- 
synthesis 
via vinylcyclopropane, 903 

1 -Pentene, 3,4,4-trimethyl- 

Pentenom ycin 
reaction with p-nitrobenzonitrile oxide, 262 

via cvcloadditions of acid chlorides and imines. 92 synthesis 
1,3-~enta;liene 

di-wmethane rearrangement, 195 
photoaddition reactions 

with acetaldehyde, 165 

Lewis acid promoted, 339 

photocycloaddition reactions 

2P-Pentadiene 
Diels-Alder reactions 

1,3-Pentadiene, 2,4dimethyl- 

benzene, 636 
1,4-Pentadiene, 3.3-dimethyl- 

photoisomerization, 195 
1,3-Pentadiene, 1 -ethoxy-4-methyl- 

Diels-Alder reactions, 329 
1,3-Pentadiene, 4-methyl- 

cycloaddition reactions, 7 1 
Pentadienoic acid 

lactones 
synthesis via [2 + 2 + 21 cycloaddition, 1138 

2,4-Pentadienoic acid 
methyl ester 

[3 + 23 cycloaddition reactions, 297 
Diels-Alder reactions with imines, 409 

1,4-Pentadien-3-01,1,1,3.5,5-pentaphenyl- 
phenyldimethylsilyl ethers 

photoisomerization, 195 
photoisomerization, 195 

Pentalene, hexahydro- 
synthesis 

Pentalenene 
synthesis 

via palladium-ene reaction, 50 

via Pauson-Khand reaction, 1061,1062 
Pentalenes 

Pauson-Khand reaction, 1047 
Pentalenolactone E methyl ester 

synthesis 
via Pauson-Khand reaction, 1061 

Pentalenolactone G 
synthesis 
via photoisomerization, 234 

Pentanal, 4-methyl- 

with furan, 169 
photocycloaddition reactions 

via retro Diels-Alder reactions, 561 
3-Penten-2-one 

ene reactions 
Lewis acid catalysis, 6 

3-Penten-2-one, 3-methyl- 

2-Penty ne 
[3 + 21 cycloaddition reactions, 278 

reaction with carbene complexes 
regiochemistry, 1093 

with tetramethylethylene, 164 

3-Pentyn-2-one 
photolysis 

Peptides 
conformationally constrained mimics 

synthesis via Claisen remgement,  832 
Pericyclic reactions 

[4 + 41 and [6 + 41 cycloadditions, 617 
Claisen rearrangement, 856 

Perillaketone 
synthesis 
via photocycloaddition, 168 

Perillene 
synthesis 

Periplanone B 
synthesis 

Periselectivity 
cycloaddition reactions 

via tandem Claisen-Cope rearrangement, 879 

via Cope rearrangement, 809 

control, 6 1 7 
tropones, 620 

c yclopentadiene 
reaction with fulvenes, 626 

[4]Peristylane 
synthesis 

Petasalbine 
synthesis 

a-Phellandrene 

Phenacyl sulfides 

via Diels-Alder reactions, 324 

via retro Diels-Alder reactions, 579 

photochemical isomerization, 738 

photolysis 
thioaldehyde generation, 436 
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Phenanthraquinone 
photolysis 

with benzophenone, 156 
Phenanthrene, 4-styryl- 

photochemical irradiation, 729 
Phenanthrene, 4-vinyl- 

photochemistry, 726 
Phenanthrenes 

synthesis 
via benzyne Diels-Alder reactions, 381 
via electrocyclization, 720 

Phenanthrenes, dihydro- 
synthesis 

via electrocyclization, 718 
via retro Diels-Alder reaction, 572 

Phenanthrenes, 9,1 O-dihydro- 

via photolysis, 723 

cycloaddition reactions 
cycloheptatriene, 632 

synthesis 

Phenc yclone 

Phenol, o-allyl- 
synthesis 

via Claisen rearrangement, 834 
Phenols 

synthesis 
via Diels-Alder reactions, 329 

Phenyl isocyanate 
[3 + 21 cycloaddition reactions 

palladium-catalyzed, 28 1 
Phenylseleno etherification 

intramolecular 
lactones, 833 

Pheromones 
synthesis 

via alkene metathesis, 11 17 
via ene reaction, 8 
via photocycloaddition, 165 

Phillips Triolefin Process 

Phoracantholide 
alkene metathesis, 11 17 

synthesis 

Phosphaalkenes 
synthesis 

via Cope rearrangement, 808 

via retro Diels-Alder reactions, 577 
Phosphine, isopropenyl- 

synthesis 
via retro Diels-Alder reactions, 560 

Phosphine, prop-1 -enyl- 
synthesis 

via retro Diels-Alder reactions, 560 
Phosphine oxide, tri-n-butyl- 

catalyst 
Pauson-Khand reaction, 1048 

Phosphines, vinyl- 
synthesis 

via retro Diels-Alder reactions, 560 
Phosphites, tris(o-phenylphenyl) 

co-cataly st 
alkyne co-dimerization, 296 

Phosphonium bromide, vinyltriphenyl- 
Diels-Alder reactions, 328 

Phosphonium salts, cyclopropyl- 
cycloaddition reactions, 268 

Phosphonium salts, vinyl- 

Diels-Alder reactions, 328 

cyclopropyl- 
cycloaddition reactions, 268 

Phosphonium ylides, allyloxytrimethylphenyl- 
Claisen rearrangement, 830 

Phosphorus compounds 
Diels-Alder reactions, 444 

Photocycloaddition reactions 
1,3-dienes, 635-638 
enantioselectivity, 132 
intermolecular, 125-132 

intramolecular, 133-145 

Phosphonium tetrafluoroborate, ethoxycarbonyl- 

regiochemistry, 125-127 

regioselectivity ,133-1 37 
stereoselectivity, 137-145 

[2 + 21 Photocycloaddition reactions 

[3 + 21 Photocycloaddition reactions 

[5 + 21 Photocycloaddition reactions 

Photoisomerizations 

stereochemistry, 128-132 

copper catalysis, 147 

arene-alkene, 645-671 

arene-alkene, 645671 

di-wmethane, 193-2 13 
fragmentations, 209 
radical-type rearrangement, 208 
1.3-sigmatropic shift, 207 

dimethyl ester 
Phthalic acid 

synthesis via retro Diels-Alder reaction, 571 
Phthalide, 1,24hydro- 

photolysis, 739 
Phyllanthocin 

synthesis 

Phyllocladane 
synthesis 

Phyllostine 
synthesis 

via [3 + 23 cycloaddition reactions, 31 1 

via [3 + 21 cycloaddition reactions, 31 1 

via retro Diels-Alder reactions, 564 
P-Pinene 

ene reactions, 2 
Pipecolic acid 

synthesis 

Piperidines 
synthesis 

via Ireland rearrangement, 843 

via palladium-ene reactions, 5 1 
aPipitzo1 

synthesis 
via photocycloaddition, 660 

Platelet activating factor 
antagonist ligands 

Platinum complexes, q'-dlyl- 
synthesis via Patemo-BUchi reaction, 152 

[3 + 21 cycloaddition reactions 
tetracyanoethylene, 275 

Platinum-ene cyclizations, 56-59 
Plumbagin 

synthesis 
via retro Diels-Alder reaction, 564 

Podophyllotoxin 
synthesis 

via benzyne cyclization, 692 
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Poitediol 
synthesis 
via alkynylvinylcyclobutanol rearrangement, 1026 
via Cope rearrangement, 806 

Pol yc yclopentanoids 
synthesis 
via magnesium-ene reaction, 40 

Polyether antibiotics 
synthesis 

photolysis 

monodispersed 

synthesis 

Pol ynorbomene 
synthesis 

via Ireland silyl ester enolate rearrangement, 840 
cis- 1,4-P0lyisoprene 

with benzophenone, 16 1 
Polymers 

synthesis, 1121 

via alkene metathesis, 1120-1 122 

via ring opening metathesis polymerization, 1121 
Polypentenamer 

synthesis 

Pol yquinanes 
synthesis 

via ring opening metathesis polymerization, 1120 

via Nazarov cyclization, 779 
via photoisomerizations, 226 

Poly(viny1benzophenone) 
photocycloaddition reactions 

alkenes, 161 
Porphyrin, octamethyl- 

synthesis 

Precalciferol 
synthesis 

via Diels-Alder reaction, 492 

via photochemical ring opening, 700 
Precapnelladiene 

synthesis 

Preclavulone A 
biosynthesis 

via Claisen rearrangement, 83 1 

via Nazarov cyclization, 780 
Precocene, 7-ethoxy- 

Prefulvene 
synthesis, 1096, 1098 

formation 
via benzene irradiation, 649 

&log-Djerassi lactone 
synthesis 

Prephenic acid 
synthesis 

Revitamin D 
synthesis 

Prezizaene 
synthesis 

synthesis 

Prodigiosin 
synthesis 

via [4 + 31 cycloaddition, 61 1 

via Diels-Alder reactions, 324 

via photolysis, 737 

via Cope. rearrangement, 989 
Prezizanol 

via Cope rearrangement, 989 

via Diels-Alder reaction, 492 

Progesterone, 1 1 -keto- 
synthesis 

benzyl ester 

Diels-Alder reactions, 366 

synthesis 

via Cope rearrangement, 790 
Proline, N-acryloyl- 

Diels-Alder reaction, 365 

Propadienethione 

via retro Diels-Alder reactions, 575 
Propanal, 2-phenyl- 

reaction with methyl pyrrolidine complex anions, 
1080 

Propane, 1,3-diiodo- 
[3 + 21 cycloaddition reactions 

copper-catalyzed, 282 
Propane, 1,3-disubstituted 2-methylene- 

bifunctional conjunctive reagent, 298 
2-Propanone, 1.3-dibromo- 1 -phenyl- 

[4 + 31 cycloaddition reactions, 605 
hpa rgy l  alcohol 

trimerization, 1145 
Propargyl aldehyde 

cycloaddition reactions 
carbene complexes, 1073 

Propargy lamine 
divinyl ketone from, 753 

Propargyl cation 
[4 + 31 cycloaddition reactions, 598 

Propargylic acetals 
cyclization, 769 

[ 1.3.4lPropellane 
synthesis 
via Diels-Alder reaction, 372 

[3.3.3]Propellanes 
synthesis 
via intramolecular ene reactions, 11,21 
via photoisomerization, 233 

Propellanes 
synthesis 
via Cope rearrangement, 814 
via [3 + 21 cycloaddition reactions, 310 
via cyclopropane ring opening, 924 
via photocycloaddition, 666 

[4.2.2]Propella-2,4,7,9-tetraene 
isomerization 
via retro Diels-Alder reactions, 585 

Propene 
disproportionation, 11 16 

h p e n e ,  2-chloromethyl-3thloro- 
bifunctional conjunctive reagent, 299 

Propene, 2-chloromethy l-3 -trimethy lsily 1- 
bifunctional conjunctive reagent, 299 

Propene, 3-diazo- 
[3 + 23 cycloaddition reactions 

alkynyl carbene complexes, 1070 
Propene, 1,3-diphenyl- 

photoisomerization, 208 
Propene, l-ethoxy- 

Diels-Alder reactions, 461,473 
Propene, 3-iodo-2-(trimethylsilyl)methyl- 

[4 + 31 cycloaddition reactions, 599 
trimethylenemethane synthetic equivalent, 246 

Eschenmoser rearrangement, 891 
Propene, 2-methoxy- 

Propene, methylaryl- 
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photoisomerization, 197 

photoisomerization, 197 

Pauson-Khand reaction, 1045 

methyl ester 

Propene, 3-phenyl- 

Propenes, 3-aryl- 

2-Propenoic acid, 3-(3-methylenecyclopentyl)- 

synthesis via metal-catalyzed cycloaddition, 1 192 
2-Propen- l-ol,2-(trimethylsilyl)methyl- 

bifunctional conjunctive reagent, 299 
2-Propen-l-yl,2-(trimethylsilyl)methyl- 

acetate 
[3 + 21 cycloaddition reactions, 298 

Propionamide, NJV-dimethyl- 
dimethyl acetal 

rearrangement, stereochemistry, 837 
Propionic acid, 3-(cyclopent-2-enyl)- 

methyl ester 
synthesis via cycloaddition of 

bicyclo[2.1.O]pentane, 1186 
Propyne 

trimerization 
potassium chromate catalysis, 1148 

Propyne, 1 -t-butylthio- 
photolysis 

with benzil, 163 
Propyne, 1 methylthio- 

with acetone, 163 
photolysis 

Prostacyclins 
synthesis 
via Pauson-Khand reaction, 105 1 

Prostaglandin A2 
synthesis 
via Johnson rearrangement, 839 

Prostaglandin E-I 
synthesis 
via Diels-Alder reaction, 492 

Prostaglandin E-I1 
synthesis 
via Diels-Alder reaction, 492 

Prostaglandin endoperoxide 
synthesis 

Prostaglandins 
synthesis 

via palladium-ene reaction, 35 

via Diels-Alder reaction, 353 
via intramolecular ene reactions, 16 
via Nazarov cyclization, 780 
via Patemo-Biichi reaction, 157 

Prostanoids 
synthesis 
via cyclopropane ring opening, 924 
via electrocyclization, 771 
via Pauson-Khand reaction, 1051 

6-Protoilludene 
synthesis 
via magnesium-ene reaction, 40 

reaction with tetracyanoethylene, 71 

photochemical ring opening, 700 
photolysis, 737 

Pseudocytidine 
synthesis 

Protoporphorins 

Provitamin D 

via [4 + 3 J cycloaddition, 61 1 

Pseudoguaiane 
synthesis 
via photocycloaddition, 669 

Pseudoguaianolides 
synthesis 
via Pauson-Khand reaction, 1052 

Pseudoisocytidine 
synthesis 
via [4 + 31 cycloaddition, 61 1 

Pseudomonic acid 
synthesis 
via Claisen-Claisen rearrangement, 888 

Pseudomonic acid A 
synthesis 
via Diels-Alder reaction, 435 

Pseudopencyclic reactions 
hetero electrocyclization, 741 

Pseudouridine 
synthesis 
via [4 + 31 cycloaddition, 61 1 

Pseudouridine, 2-thio- 
synthesis 

Pulo’upone 
synthesis 

via [4 + 31 cycloaddition, 61 1 

via Diels-Alder reactions, 364 
via intramolecular Diels-Alder reaction, 545 

Pumiliotoxin C 
synthesis 

Punaglandins 
synthesis 

via Diels-Alder reactions, 333,360 

via retro Diels-Alder reactions, 562 
W-Pyran-Zone, 3,4-dihydro-4,4-dimethyl- 

photolysis 

cyclization, 766 

synthesis 

with benzoquinone, 156 
4-Pyranones, tetrahydro- 

a-Pyrans 

via photolysis, 741 
Pyrans, dihydro- 

[2 + 21 cycloaddition reactions 

Pauson-Khand reaction, 45, 1048 
synthesis 
via Diels-Alder reaction, 435 

methyl tetrolate, 1067 

Pyrans, 3,4-dihydro- 
reaction with dimethyl acetylenedicarboxylate 

dihydrooxacine synthesis, 687 
reaction with isocyanates 

glycal synthesis, 108 
synthesis 
via Diels-Alder reaction, 453 

Pyrans, 5,ddihydro- 

Pyrazines 

Pyrazole 

1 ,2-Pyrazole, 4-(3-butyenyl)- 

Pyrazole, 4-(2 ’- .tyryl)- 

synthesis 
via Diels-Alder reactions, 430 

Diels-Alder reactions, 491 

synthesis, 1070 
via retro Diels-Alder reactions, 582 

synthesis 
via retro Diels-Alder reactions, 582 
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synthesis 

5-F3mzolones, 4-arylidene- 
Diels-Alder reactions, 454 

Pyrcne, 15,l bdimethyldihydro- 
electrocyclization, 705 

Pyrene, tetrahydro- 
synthesis 

via retro Diels-Alder reactions, 584 

via photolysis, 728 
Pyrenes 

synthesis 
via electrocyclization, 720 

Pyrenochaetic acid A 

Pyrethrin-I 

synthesis 
via retro Diels-Alder reaction, 571 

pyrolysis, 717 

Diels-Alder reactions, 491 

synthesis 

Pyridazines 

Pyridine, 2-alkylthio- 

via [2 + 2 + 21 cycloaddition, 1154 
Pyridine, 2-amino- 

synthesis 
via [2 + 2 + 21 cycloaddition, 1154 

Pyridine, bis(5-hexyny1)methyl- 

via cycloaddition, 1 154 
synthesis 

Pyridine, cyanodihydro- 

Pyridines 
dimerization, 64 

synthesis 
via [2 + 2 + 21 cycloaddition, 1152-1 155 
via Diels-Alder reactions, 412,416,491 
via metal catalysts, 1153 
via retro Diels-Alder reactions, 583 

Pyridines, 2-alkyl- 
synthesis 

via [2 + 2 + 21 cycloaddition, 1152 
Pyridines, 2-aryl- 

synthesis 
via 12 + 2 + 21 cycloaddition, 1152 

Pyridines, 2-(w-cyanoalkyl)- 
synthesis 

via cocycloaddition, 1155 
Pyridines, 1,2-dihydro- 

Diels-Alder reactions 
acyl nitroso compounds, 420 
nitrosobenzene, 418 

via hetero electrocyclization, 741 
synthesis 

Pyridines, 1 ,4-dihydro- 
synthesis 

via retro Diels-Alder reactions, 583 
Pyridines, 5,ddihydro- 

synthesis 
via retro Diels-Alder reactions, 583 

Pyridines, 2-imino- 
synthesis 

via [2 + 2 + 23 cycloaddition, 1156 
Pyridines, tetrahydro- 

carbene complexes 

synthesis 
reactions with diphenylacetylene, 1105 

via Diels-Alder reactions, 404,406 
Pyridine-2-thiones 

synthesis 
via [2 + 2 + 21 cycloaddition, 1158 

2-Pyridone, N-methyl- 
photodimerization, 637 

2-Pyridones 
photodimerization, 637,638 
synthesis 

Pyridoxine 
synthesis 

via [2 + 2 + 21 cycloaddition, 1155-1 157 

via [2 + 2 + 21 cycloaddition, 1154 
Pyridyl betaine, nitro- 

fulvenes, 630 
cycloaddition reactions 

Pyridy lnitriles 

3,4-Pyridyne 

Pyrimidinediones 

cycloaddition reactions, 1152 

Diels-Alder reactions, 384 

synthesis 

Pyrimidines 
Diels-Alder reactions, 491 

Pyrimidinone 
synthesis 

via [2 + 2 + 21 cycloaddition, 1158 

via retro Diels-Alder reactions, 583 
Pyrimidoblamic acid 

synthesis 

Pyrocalci ferol 
synthesis 

via Diels-Alder reaction, 492 

via electrocyclization, 700 
Py rogermacrone 

synthesis 
via Cope rearrangement, 809 

[3 + 21 cycloaddition reactions, 307 
Diels-Alder reactions, 330 
synthesis 

Pyrones 

via [2 + 2 + 1 + 13 cycloadditions, 1102 
via [2 + 2 + 21 cycloaddition, 11 57 

2-Pyrones 
[4 + 31 cycloaddition reactions, 604 
photodimerization, 638 

carbene complexes 
Pyrrole, dihydro- 

reaction with alkynes, 1105 
Pyrrole, N-methyl- 

photocycloaddition reactions 
with carbonyl compounds, 176 

Pyrrole, N-trimethylsilyl- 

Pyrroles 
Diels-Alder reactions, 382 

[2 + 2 + 21 cycloaddition reactions, 1143 
[4 + 31 cycloaddition reactions, 608 
Diels-Alder reactions, 382,491 
synthesis 

via [2 + 2 + 21 cycloaddition, 1140 
via [3 + 21 cycloaddition reactions, 297 
via Diels-Alder reaction, 428 
via metal-catalyzed cycloadditions, 1195 
via retro Diels-Alder reactions, 581 

retrograde Diels-Alder reactions, 57 1 

electrwyclic ring closure, 71 3 

Pyrroles, N-amino- 

Pymles, 1.2-dienyl- 
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Pyrroles, N-phenyl- 
synthesis 
via [2 + 2 + 21 cycloaddition, 1140 

Pyrrolidine, divinyl- 
synthesis 
via palladium-ene reactions, 53 

Pymlidine, (methoxymethy1)- 

Pyrrolidine, methyl- 
iminium salts from, 11 1 

carbene complexes 
reaction with 2-phenylpropanal, 1080 

Pyrrolidines 
Diels-Alder reactions, 366 
synthesis 
via [3 + 21 cycloaddition reactions, 307 
via ene reactions, 10 
via palladium-ene reactions, 5 1 

Pyrrolidinium tetrafluoroborate, N-vinyl-2-ethoxy- 

3-Pyrrolidone, N-aryl- 
Diels-Alder reactions, 500 

synthesis 
via Diels-Alder reactions, 417 

Pyrrolidone, N-methyl- 

effect on, 787 
oxyCope rearrangement 

1 -Pyrroline 
synthesis 

2-Pyrroline 
synthesis 

3-Pyrroline 
synthesis 

via vinylaziridine ring opening, 937 

via vinylaziridine ring opening, 937 

via vinylaziridine ring opening, 937 
3-Pyrroline, 1 -methyl- 

synthesis 
via retro Diels-Alder reactions, 581 

Pyrroline alkaloids 
synthesis 
via cyclopropane ring opening, 921 

1-Pyrroline 1 -oxide 

Pymlines 
reaction with methyl crotonate, 256 

annulation 

synthesis 
via cyclopropane ring opening, 921 

via [3 + 21 cycloaddition reactions, 297 
via rearrangements, 952 
via vinylaziridine ring opening, 937 

Pyrrolines, dioxo- 

3-@rrolines, 2-methylene- 
Diels-Alder reactions, 323 

synthesis 
via metal-catalyzed cycloadditions, 1 195 

Pyrrolin-2-one-5-spiro-5’-thiolen-4’-one 
synthesis 
via metal-catalyzed cycloaddition, 1200 

Pyrrolizidine alkaloids 
synthesis 
via 14 + 31 cycloaddition, 605 
via cyclopropane ring opening, 921 

Pymlizidines 
functionalized 

synthesis 
synthesis, 951 

via aziridine thermolysis, 940 

Pyrrolizidone 
synthesis, 945 

Pyrylium salts 
synthesis 
via Diels-Alder reactions, 502 

Qinghaosu 
synthesis 

Quadricyclane 
cycloaddition reactions, 1 187 
synthesis 
via photocyclization, 206 

via Patemo-Biichi reaction, 155 

Quadrone 
synthesis 
via Cope rearrangement, 804,994 
via Pauson-Khand reaction, 1060 
via photocycloaddition, 669 

Quadrone, decarboxy- 
synthesis 
via photocycloaddition, 667 

Quadrone, dedimethyl- 

Quassin 

synthesis 
via photocycloaddition, 667 

synthesis 

Quassinoids 
synthesis 

via Diels-Alder reaction, 351 

via Diels-Alder reactions, 344 
Quaternary centers 

contiguous 

synthesis 

synthesis via Ireland rearrangement, 841 - Quinanes 

via retro Diels-Alder reactions, 560 
o-Quinodimethane, 7-butyl- 

Diels-Alder reactions, 391 
o-Quinodimethane, diacetoxy- 

Diels-Alder reactions, 395 
o-Quinodimethane, 7,8-dibromo- 

Diels-Alder reactions, 394 
o-Quinodimethanes 

Diels-Alder reactions, 385-396 

synthesis, 386-390 
imines, 410 

via benzocyclobutenes, 675,691 
via benzocyclobutene thermolysin, 103 1 
via electrocyclic ring opening, 1 15 1 
via thermolysis, 741 

Quinoline, N-methyltetrahydro- 
synthesis 
via Diels-Alder reaction, 500 

Quinolines, dihydro- 
synthesis 
via benzocyclobutenes, 691 
via FVP, 718 

Quinolines, octahydro- 
cis-fused 

synthesis via palladium-ene reactions, 51 
Quinolones, 4-phenyl-3-vinyl- 

o-Quinomethide imines 

Quinone, 1,2-dicyan0-4,5-dichloro- 

photolysis, 728 

Diels-Alder reactions, 473 

cycloaddition reactions, 273 
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Quinone epoxides 
synthesis 

Diels-Alder reactions, 468 

synthesis 

via retro Diels-Alder reactions, 563 
0-Quinone methides 

Qu’ mones 

via electrocyclization, 733 
via metal-catalyzed cycloaddition, 1202-1204 

0-Quinones 

p-Quinones 
Diels-Alder reactions, 468 

Diels-Alder reactions, 330,341 

Radio frequency plasma reactions 

Rearrangements 
di-T-methane rearrangements, 195 

charge-accelerated 

vinylcyclopropanes, 899-%5 

synthesis 

small rings, 999-1033 

Reserpine 

via Cope rearrangement, 814 
via Diels-Alder reaction, 341 

Retigeranic acid 
synthesis 

via photocycloaddition, 664 
13-cis-Retinal, 13-t-butyl- 

Schiff base 
heterocyclization, 742 

Retroaddition reactions 
cyclobutanes, 64 

Retroelectroc yclization 
triene synthesis, 737-740 

Retronecine 
synthesis 

via Diels-Alder reaction, 421 
Rhenium catalysts 

alkene metathesis, 1 1 18 
Rhodac yclopentadienes 

synthesis 

Rhodium catalysts 
Cope rearrangement, 802 

DRibose, 2-deoxy- 
synthesis, 263 

Ring expansion 
via Claisen rearrangement, 831 
iterative sigmatropic processes, 894-896 

alkene metathesis, 1 120 

cyclobutenes, 675454 

cycloburenones, 688491 
Rocaglamide 

synthesis 

via [2 + 2 + 2 I cycloaddition, 1 135 

Ring opening metathesis polymerization 

Ring opening reactions 

two-carbon ring expansion, 686-688 

via [3 + 21 cycloaddition reactions, 3 11 
Rosettane 

synthesis 

Roy leanone 
synthesis 

Rudmollin 
synthesis 

via photocycloaddition, 662,663 

via metal-catalyzed cycloaddition, 1203 

via photocycloaddition, 669 
Rule of five 

Rupe rearrangement 

Ruthenium catalysts 

p-Santalene 
synthesis 

Sarkomycin 
synthesis 

intramolecular photocycloaddition reactions, 133 

alkynic alcohols, 768 

alkene metathesis, 1 1 18 

via Diels-Alder reactions, 358 

via [3 + 21 cycloaddition reactions, 308 
via cycloppanes, 907 
via Pauson-Khand reaction. 1051 
via retro Diels-Alder reaction, 560,568 

Sanacenin 
synthesis 

vi.r photocycloaddition, 129, 166 

via [4 + 31 cycloaddition, 609 

Scopine 
synthesis 

Selenoaldehydes 
Diels-Alder reactions, 442 
synthesis, 442 

Selenocarbonyl compounds 
Diels-Alder reactions, 442 

Selenoketones 
synthesis, 442 

Selenophenes 
synthesis 

p-Selinene 
synthesis 

Semibullvalene 
synthesis 

via [2 + 2 + 21 cycloaddition. 1139 

via oxyanion-accelerated rearrangement, 1020 

via photoisomerization, 194,204 
Semibullvalenes, dihydro- 

synthesis 

Senepoxyde 
synthesis 

Senoxydene 
precursor 

Sequential rearrangements, 876-891 
Sesamin 

via retro electrocyclization, 737 

via retro Diels-Alder reactions, 563 

synthesis via intramolecular ene reactions, 22 

synthesis 
via Diels-Alder reaction, 468 

Sesamolin 
synthesis 

Sesquinorbomene 
reaction with methanol, 74 

Sesquiterpenes 
synthesis 

via Diels-Alder reaction, 468 

via photoisomerizations, 230 

via [4 + 31 cycloadditions, 593 

Seven-membered carbocycles 
synthesis 

Seychellene 
synthesis 

via Diels-Alder reactions, 329 

1325 
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Shell Higher Olefin Process 
alkene metathesis, 1 1 17 

Shikimic acid 
synthesis 
via Diels-Alder reactions, 335,360,363 

Shikimic acid pathway 
Claisen rearrangement, 855 

Showdomycin 
synthesis 

Sigmatropic rearrangements 
carbene complexes, 1075 

1,3-Sigmatropic rearrangements 
allylic alcohols, 1001 
aza-anion accelerated, 1003 
oxyanion-accelerated 

stereochemistry, 1002 
1,s-Sigmatropic rearrangements 

carbanion-accelerated, 1005 
oxyanion-accelerated, 1003 

Silabarrelene 
photorearrangement, 199 

7-Silabicyclo[2.2.2]octadiene 
thermolysis 

via [4 + 31 cycloaddition, 61 1 

retro Diels-Alder reaction, 587 
Silane, 2-acetoxymethyl-3-allyltrimethyl- 

trimethylenemethane synthetic equivalent, 244 
Silane, allyltrimethyl- 

ene reactions, 2 
Silane, (iodomethy1)trimethyl- 

reaction with sulfonyl carbanions, 1014 
Silane, (a-oxyally1)- 

reaction with benzonitrile oxide, 262 
Silane, 1 -phenylthiovinyl- 

Nazarov cyclization, 778 
Silane, 2-phenylthiovinyl- 

Nazarov cyclization, 778 
Silane, vinyltrichloro- 

ene reactions 
thermal, 3 

Silane, vinyltrimethyl- 
ethylene equivalent 

synthesis 

Silanes, acyl- 
reaction with sulfonyl carbanions, 1014 
synthesis 

Silanes, allyl- 

alkene acylation, 777 
Silanes 

via Ireland silyl ester enolate rearrangement, 841 

via Claisen rearrangement, 850 

[4 + 31 cycloaddition reactions, 598 
reaction with vinyloxiranes 

synthesis 

Silanes, dienyl- 
synthesis 

Silanes, vinyl- 

Silanones 

regioselectivity, 936 

via [3 + 21 cycloaddition reactions, 304 

via zinc-ene reactions, 32 

divinyl ketones from, 777 

generation 
via retro Diels-Alder reaction, 587 

2-Silapropene, 2-methyl- 
synthesis 

via retro Diels-Alder reaction, 587 
2-Silapyrans 

Diels-Alder reaction, 587 
methyl acrylate, 1074 

via photoisomerization, 199 

Silasemibullvalene 
synthesis 

Silenes 
generation 
via retro Diels-Alder reaction, 587 

Silica gel 
catalyst 

Silphinene 
Pauson-Khand reaction, 1056 

synthesis 
via Nazarov cyclization, 779 
via photocycloaddition, 662 

Silphiperfol-5-ene 
synthesis 

Silphiperfol-6-en-5-one 
synthesis 

Silver salts 
catalysts 

C-Silylation 

via photocycloaddition, 664 

via photoisomerization, 232 

Cope rearrangement, 802 

Claisen rearrangements 
competition, 850 

Silyl carbonates 
synthons 

reaction with silylketene acetals, 102 

synthesis 

[3 + 21 cycloaddition reactions, 304 
Silylimines, N-trimethyl- 

Silyketene acetals 

via Ireland silyl ester enolate remngement, 841 
p-Sinesal 

synthesis 
via tandem Claisen-Cope rearrangement, 878 

Sinularene 
synthesis 
via Cope rearrangement, 989 
via magnesium-ene reaction, 41 

Sinularene, 12-acetoxy- 
synthesis 

a-Skytanthine 
synthesis 

&Skytanthine 
synthesis 

Slaframine 
synthesis 

via magnesium-ene reaction, 41 

via magnesium-cne reaction, 41 

via magnesium-ene reaction, 41 

via Diels-Alder reaction, 414 
Small ring compounds 

cycloaddition reactions 
metal-catalyzed, 1185-1204 

Sodium enolates 

threo-Sphingosine 
Claisen rearrangement, 847 

synthesis 

synthesis, 1096,1099 

via intramolecular Diels-Alder reaction, 425 
Sphondin 
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regioselective, 1094 
Spiro[nP]alkenones 

synthesis 
via [3 + 21 cycloaddition reactions, 285 

Spiroazepinedione 
synthesis 
via intramolecular photocycloaddition, 18 1 

Spiroc yclobutanone 
annulation 

synthesis 
via ring expansion, 919 

via rearrangement of vinylcyclopropane, 919 
Spiro[2.4]hepta-4,6-diene 

cycloaddition reactions 
tropones, 62 1 

via metal-catalyzed cooligomerization, 1 195 

Spiro[2.4]heptane, 2-methylene- 
synthesis 

Spir0[4.11 Ihexadecenone 
synthesis 
via [3 + 21 cycloaddition reactions, 285 

Spiro[3S]nonanone, S-methylene- 
divinylcyclobutanols from, 1028 

Squalene 
photocrosslinking reactions 

synthesis 

Squaric acid 

poly(vinylbenzophenone), 161 

via iterative rearrangements, 892 

dialkyl esters 
cyclobutenones from, 689 

Stannanes 
synthesis 
via Ireland silyl ester enolate rearrangement, 841 

Stannanes, allyl- 
[3 + 21 cycloaddition reactions 

with acyliron complexes, 277 
reaction with vinyloxiranes 

regioselectivity, 936 
Stannanes, cyclohexenyl- 

synthesis 
via Diels-Alder reaction, 335 

Steganone 
synthesis 
via cyclobutene ring expansion, 687 

Steroids 
A-ring aromatic 

B-ring aromatic 

synthesis 

synthesis via [2 + 2 + 21 cycloaddition, 1151 

synthesis via [2 + 2 + 21 cycloaddition, 1151 

via Ireland silyl ester enolate rearrangement, 841 
Stilbene, o-bromo- 

Stilbenes 
photocyclization, 724 

photocyclization, 723 

Stilbestrol, diethyl- 
photolysis, 723 

Streptonigrin 
synthesis 

bomyl fumarate, 132 

via Diels-Alder reaction, 406,492 
Strigol 

synthesis 
via Raphael-Nazarov cyclization, 779 

Styrene, a-cyclopropyl- 

[3 + 23 cycloaddition reactions 
with 2,4-dibromopentan-3-oncone, 283 

Styrene, cis-p-deuterio- 

iron catalyzed, 285 
[3 + 21 cycloaddition reactions 

Styrene, p-methoxy- 
[2 + 21 cycloaddition reactions. 73 
reaction with tetracyanoethylene, 7 1 

solvent effects, 75 
Styrene, a-methyl- 

[3 + 21 cycloaddition reactions 

Styrene, trans-P-methyl-p-methoxy- 
reaction with tetracyanoethylene 

with tetramethyldibromo ketones, 283 

solvent effects, 76 
thermochemistry, 76 

Styrene, trifluoro- 
dimerization, 64 

Styrenes 
cyclobutanones from, 1087 
dimerization, 63 
Pauson-Khand reaction, 1045 

Succinimide, N-methyl-2-hydroxy- 
Diels-Alder reactions, 365 

Succinimides, exo-methylene- 
synthesis 
via [2 + 2 + 21 cycloaddition, 1141 

Succinonitrile, diimino- 

Sugars, branched-chain 
Diels-Alder reactions, 486 

synthesis 
via Patem-Buchi reaction, 158 

Sulfenes 

Sulfide, bis(a-bromobenzyl) 
Diels-Alder reactions, 440-442 

dehydrogenation 
ylide generation for [4 + 31 cycloaddition, 600 

Sulfides, vinyl 
Diels-Alder reactions, 326 
Patemo-Blichi reaction 

with benzophenone, 160 

Diels-Alder reactions, 441 

Diels-Alder reactions, -2 

Diels-Alder reactions, 441 

retro-ene reactions, 424 

Diels-Alder reactions, 422 

Sulfine, a-chloro- 

Sulfiies 

Sulfines, a-0x0- 

Sulfinic acids, allylic 

N-Sulfinyl dienophiles 

intramolecular, 425 
Sulfonamides, homoallylic 

synthesis 
via retro-ene reactions, 425 

Sulfonamides, N-sulfinyl- 
Diels-Alder reactions 

Sulfone, ethynyl p-tolyl 
dienes, 403 

ene reactions 
Lewis acid catalysis, 8 

Sulfone, methyl a-bromovinyl 
Diels-Alder reactions, 324 

Sulfones, acetoxyphenyl- 
o-quinodimethane precursor 

Diels-Alder reactions, 392 
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Sulfones, allenyl 

Sulfones, a-hydroxy- 
hetero-Cope rearrangement, 1004 

o-quinodimethane precursors 
Diels-Alder reactions, 389 

Sulfones, vinyl 

Sulfoxide, chiral vinyl 
Diels-Alder reactions, 324 

[3 + 21 cycloaddition reactions 
asymmetric induction, 301 

Sulfoxides, vinyl 
Diels-Alder reactions, 324,369-371 
Michael-type addition 

tertiary allylic alcohols, 830 
Sulfur-based rearrangements, 889-89 1 
Sulfur dioxide 

extrusion 

Sulfur ylides 

Sultams, N-acyl- 

diene synthesis via retro Diels-Alder reaction, 567 

sigmatropic rearrangement, 894 

Diels-Alder reactions 
intramolecular asymmetric, 543 

Sultams, N-crotonyl- 

Sultams, N-enoyl- 
Diels-Alder reactions, 365 

Diels-Alder reactions, 365 

Tandem rearrangements, 876-891 
Tantalum catalysts 

alkene metathesis, 11 18 
alky lidenation 

carbonyl compounds, 1 122,1125 
Tartaric acid, monoacyl- 

catalyst 
Diels-Alder reactions, 377 

Taxanes 
synthesis 
via Cope rearrangement, 796 
via [4 + 41 cycloaddition, 640 

Tebbe reagent 
ally1 vinyl ethers, 830 
methylenation, 1122 
reaction with norbornene, 1121 
synthesis, 1124 

synthesis 
Teloidine 

via [4 + 31 cycloaddition, 609 
Terephthalic acid 

dimethyl ester 
synthesis via retro Diels-Alder reaction, 57 1 

Terpenes 
synthesis 
via Ireland silyl ester enolate rearrangement, 841 
via photoisomerizations, 230 

Terrein 
synthesis 

Tetracyclines 
synthesis 

Tetracyclone 
benzyne assay 

Diels-Alder reaction, 380 
Tetracycl0[4.3.0.02-~.0~*~]non-8-ene 

cycloaddition reactions, 1 187 

via retro Diels-Alder reactions, 561 

via oxyanion-accelerated rearrangement, 1022 

Tetrac yclo[ 3.3 .0.@~8.@.6]octane 
synthesis 
via metal-catalyzed cycloaddition, 1 187 

Tetrac ycloundecanone 
cis,syn,cis 

Tetralin, 5-nitro- 
synthesis via photoisomerization, 233 

synthesis 
via electrocyclization, 719 

Tetralone 
synthesis 

a-Tetralones 
synthesis 

via electrocyclization, 719 

via oxyanion-accelerated rearrangement, 1022 
via thermal ring opening, 7 1 1 

1 ,CTetramethylene diradical 
akene dimerizations, 72 

Tetrazine 
Diels-Alder reactions, 41 1 

Tetrazine, 3,6-diphenyl- 
cycloaddition reactions 

fulvenes, 627 
Tetrazines 

1,2,4,5-Tetrazines 

Tetrolic acid, methyl ester 

Diels-Alder reactions, 413 

Diels-Alder reactions, 49 1 

[2 + 21 cycloaddition reactions, 1067 
cycloaddition reactions with chromium propynyl 

reaction with trimethylsilyldiazomethane, 1070 

synthesis 

complexes, 1072 

Tetronates 

via Ireland silyl ester enolate rearrangement, 841 
P-Tetronic acids 

a-ally lation 

Thiabutadienes 
via Claisen rearrangement, 832 

cationic 

Diels-Alder reactions, 469 

sigmatropic rearrangement, 896 

synthesis 

Diels-Alder reactions, 504-507 

Thiacyclooctene 

Thiadiazolidines 

via Diels-Alder reactions, 426 
Thiazine 1-imine, 3,6-dihydro- 

synthesis 
via Diels-Alder reactions, 422 

Thiazine imines, dihydro- 
Diels-Alder reactions, 426 

Thiazine 1 -oxide, 3,6-dihydro- 
synthesis 
via Diels-Alder reactions, 422,424 

Thiazine oxides, dihydro- 

Thiazines 
Diels-Alder reactions, 424 

cycloaddition reactions 
acid chlorides, 92 

4H-1,3-Thiazinium salts, 5,6-dihydro- 
synthesis 
via Diels-Alder reactions, 504 

Thiazoles 

Thiazolines 
Diels-Alder reactions, 491 
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cycloaddition reactions 
acid chlorides, 92 

2-Thieniumbutadienes 
Diels-Alder reactions, 504 

Thienium salts 
Diels-Alder reactions, 439 

Thienium salts, aryl- 
Diels-Alder reactions, 504 

Thieno[3,4-b]furan 
synthesis 
via retro Diels-Alder reactions, 584 

Thietanes, 2-imino- 
synthesis 

2-Thietanones 
synthesis 

Thiirane, vinyl- 
rearrangement, 909,93 1 

Thioacrolein 
synthesis 

via ketenimines, 114 

via ketenes and carbonyls, 89 

via retro Diels-Alder reaction, 575 
Thioacrylamide, Nfl-dimethyl- 

synthesis 
via retro Diels-Alder reaction, 556 

Thioacry lamides 
synthesis 

Thioaldehydes 
Diels-Alder reactions, 436 
S-oxides 

Thioamides 

via retro Diels-Alder reaction, 556 

synthesis via retro Diels-Alder reactions, 575 

a$-unsaturated 
reactivity 

Thiobenzophenone 

Thiocarbonyl compounds 

Thio-Claisen rearrangement, 889 
Thio compounds 

reactions with ketenimines, 114 

Diels-Alder reactions, 435-442 

a$-unsaturated 
synthesis via retro Diels-Alder reaction, 556 

Thioesters 

Thioformaldehyde 
Diels-Alder reactions, 438 

synthesis 

Thioketenes 
cycloaddition reactions, 115 
synthesis 

Thioketones 

via retro Diels-Alder reactions, 575 

via retro Diels-Alder reactions, 575 

Diels-Alder reactions, 436 
a,&unsaturated acyclic 

synthesis via retro Diels-Alder reaction, 556 
f3-Thiolactones 

synthesis 

synthesis 

via ketenes and carbonyls, 89 
Thiolen-2-one-5-spiro-5’-thiolen-4’-one 

via metal-catalyzed cycloaddition, 1200 
Thionitroso compounds 

Diels-Alder reactions, 422 
Thiophene, 2,3-dimethylene- 

dimerization 

via [4 + 41 cycloaddition, 639 
Thiophene dioxide, 2-ethyl-5-methyl- 

cycloaddition reactions 
fulvenes, 628 

thermolysis, 567 

photocycloaddition reactions 
with benzaldehyde, 176 

synthesis 
via [2 + 2 + 21 cycloaddition, 1139 

Thiophosgene 

2H-Thiopyran, 3,4-dihydro- 

Thiophene dioxide, 2-substituted 2,5-dihydro- 

Thiophenes 

Diels-Alder reactions, 439 

synthesis 
via Diels-Alder reaction, 469 

Thiopyran-2-thiones 
synthesis 

Thiosphondin 
synthesis, 1096 

Thromboxane A2 
analog 

via [2 + 2 + 21 cycloaddition, 1158 

synthesis via intramolecular photocycloaddition, 
180 

synthesis 
via [4 + 31 cycloaddition, 605 
via Patemo-Biichi reaction, 151 

Thromboxane B2 
synthesis 

stereocontrolled, via Eschenmoser rearrangement, 
837 

Thromboxanes 
synthesis 

a-Thujaplicin 
synthesis 

P-Thujaplicin 
synthesis 

via [4 + 31 cycloaddition, 612 

via [4 + 31 cycloaddition, 609 

via [4 + 31 cycloaddition, 609 
Tigliane diterpenoids 

synthesis 
via Cope rearrangement, 984 

Tin, allyltributyl- 
[3 + 21 cycloaddition reactions 

with acyliron complexes, 277 
Titanabicycles 

generation, 1171 
Titanacyclic compounds 

bicyclization, 1169 
Titanium, dialkoxy- 

chiral catalysts 
Diels-Alder reactions, 376 

Titanium alkynides 
reactions with epoxides, 936 

Titanium aluminum methylene 
Tebbe reagent 

alkylidenation, 1122 
Titanium catalysts 

alkene metathesis, 1 1 18 
alk ylidenation 

bicyclization 
carbonyl compounds, 1122 

enynes, 1 169 
Titanium complexes, alkenyl- 
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hydroalumination, 1124 
Titanium oxametallacycles 

carbonyl methylenation, 1122 
Titanium propionate, 3,3,3-trichloro- 

synthesis, 1200 
Titanocene 

benzyne complex 
synthesis, 1174 

diphenylacetylene complex 
synthesis, 1174 

a-Tocopherol 
synthesis 
via iterative Claisen rearrangement, 892 

Toluene 
photocycloaddition reactions 

with cyclooctene, 655 
p-Toluenesulfonamide, N-sulfinyl- 

Diels-Alder reactions, 424 
Toluenesulfonyl isocyanates 

[3 + 21 cycloaddition reactions 

reaction with dihydropyrans 
with ql-allyliron complexes, 275 

glycal synthesis, 108 
Torreyal 

synthesis 
via tandem Claisen-Cope rearrangement, 879 

Transition metal complexes 
carbenes 

Claisen rearrangement 
cycloaddition reactions, 1065-1 113 

catalysis, 850 

alkylation, 1076 

catalysts 

Transition metal complexes, methyl pyrrolidine 

Transition metals 

cycloaddition reactions, 271-3 12 
Transition metals, alkylidene- 

alkene metathesis, 11 18 
Transition states, boat-like 

Diels-Alder reactions 
decatrienones, 539-543 

Triazines 
synthesis 

1,2,3-Triazines 
Diels-Alder reactions, 491 

1,2,4-Triazines 
Diels-Alder reactions, 491 

1,3,5-Triazines 
Diels-Alder reactions, 491 

Triazinetriones 
synthesis 

Triazolinedione 
cycloaddition reactions, 206 

1,2,4-Triazoline3,5-dione, 4-phenyl- 
Diels-Alder reactions, 428 

1,2,4-Triazoline-3,5-diones 
Diels-Alder reactions, 429 

Trichodiene 
synthesis 

via Diels-Alder reactions, 412 

via [2 + 2 + 21 cycloaddition, 1158 

via Diels-Alder reaction, 338 
via Nazarov cyclization, 758 

Trichoviridine 
metabolite 

synthesis via photocycloaddition, 167 

Tricosene 
synthesis 
via alkene metathesis, 1 1 18 

Tricyclic compounds 

Tricyclo[5.2.1 .@*'O]decane 
Cope rearrangements, 8 18 

synthesis 
via Pauson-Khand reaction, 1058 

Tricycl0[5.2.1 .@p6]decane, 4-allylidene- 
synthesis 
via metal-catalyzed codimerization, 1190 

Tricyclo[S .2.1 .@v6]decane, 4-methylene-3-vinyl- 
synthesis 
via metal-catalyzed codimerization, 1 190 

Tricyclo[5.2.1 .@~~~]decane-2,5,8-trione 

via Pauson-Khand reaction, 1062 
synthesis 

Tricyclodecenols, exo-methylene- 
synthesis 
via retro Diels-Alder reactions, 562 

Tricycl0[5.3.0.@~~]dec-4-en-3-ones 
synthesis 
via Pauson-Khand reaction, 1046 

Tricyclo[3.1 .0.@v4]hexane, 3,3,6,6-tetramethyl- 
synthesis 
via metal catalyzed cyclodimerization, 1197 

Tricyclo[4.3 .0.@v5]non-3-ene 

via photolysis, 737 
synthesis 

Tricyc10[3.2.2.@*~]non-6-ene-8,9-dione 

Tricyclo[4.2.1 .@s5]non-7-enes 

syn-Tricyc10[4.2.0.0~~]octa-3,7-dienes 

Tricycl0[3.3.0.@~~]octane-4,7-diones 
photoisomerizations, 227 

Tricyclo[3.3.0.@~8]octan-3-one 
synthesis 
via photoisomerization, 200 

exo-Tricyclo[3.2.1 .@*4]oct-6-ene 
cycloaddition reactions, 11 87 

Tric y clopentanoids 
angularly-fused 

synthesis via photocycloaddition, 662 
Tricycl0[6.4.2.0.2~~~]tetradeca- 1 (8),4,13-triene 

via retro Diels-Alder reactions, 585 

irradiation, 7 13 

synthesis 
via cycloaddition of quadricyclane, 11 87 

synthesis 
via isomerization of cubenes, 1188 

isomerization 

Tricyclo[S .2.2.@f']undecadiones 

via photoisomerization, 233 
Tric y clo[ 6.3 .0.0'-5]undecane 

Tricycl0[6.3.O.@*~]undecanes 

via photocycloaddition, 664 
trans-Tricycl0[5.4.0.@~~]undec-2-ene 

Trienes 

synthesis 

synthesis 
via Pauson-Khand reaction, 1057 

synthesis 

synthesis 
via thermal rearrangement, 716 

bis-annulated 

cyclic 
electrocyclic reactions, 721-728 
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synthesis via retro Diels-Alder reactions, 573 
cycloaddition reactions 

dienes, 632-635 
Diels-Alder reactions 

boat-like transition states, 539-543 
intramolecular asymmetric, 543 

Diels-Alder reactions, 533-539 
saturated connecting chains 

1,2,7-Trienes 
cyclization 
via nickel-ene reaction, 57 

Triflate, trimethylsilyl 
promoter 

Triflates, alkyl 
alky nation 

Diels-Alder reactions, 34 1 

carbonyl phosphine carbene complexes, 1077 
Triflic acid 

promoter 
Diels-Alder reactions, 341 

Trimethyl a-phosphonoacrylate 

Lewis acid catalysis, 5 
ene reactions 

Trioxane 
synthesis 

1,2,4-Trioxane 
synthesis 

via PatemeBiichi reaction, 154 

via Patemc+Buchi reaction, 157 
Triphenylene, dihydro- 

ring opening, 729 
Triphenylenes 

synthesis 
via electrocyclization, 720 
via photolysis, 729 

Triptycenes 
photofragmentation, 209 
synthesis 

Triquinacenes 
synthesis 

Triquinanes 

via Diels-Alder reaction, 383 

via Pauson-Khand reaction, 1058, 1062 

angularly fused 

1057,1061 

cyclization, 759 
linearly fused 

synthesis via Pauson-Khand reaction, 1047, 1052, 

synthesis via photocycloaddition, 662 

synthesis via photocycloaddition reactions, 145 
synthesis via Pauson-Khand reaction, 1052, 1060 

ring opening, 926 
synthesis, 95 1 
via Nazarov cyclization, 763 
via photochemical rearrangement, 916 

Triterpenes 
synthesis 
via benzocyclobutene ring opening, 693 

Tropane alkaloids 
synthesis 

Tropanediol 
synthesis 

via [4 + 31 cycloaddition, 609 

via [4 + 31 cycloaddition, 609 
Tropidine 

photochemistry 

retru Diels-Alder reaction, 586 
Tropine 

synthesis 

y -Tropolones 
synthesis 

via [4 + 31 cycloaddition, 609 

[4 + 31 cycloaddition reactions, 609 
Tropone, 2-chloro- 

fulvenes, 631 
Tropone, 2,7-dialkyl- 

cycloaddition reactions, 620 

synthesis 
[4 + 31 cycloaddition reactions, 609 

Tropone, 2-methyl- 
iron tricarbonyl complex 

[3 + 21 cycloaddition reactions, 274 
Tropones 

cycloaddition reactions, 618-626 

substituted 

synthesis 

fulvenes, 63 1 

synthesis via retro Diels-Alder reactions, 573 

via [4 + 31 cycloaddition, 604 
Tropones, ethoxycarbonyl- 

cycloaddition reactions 
dienes, 621 

Tropones, methoxy- 

dienes, 62 1 
cycloaddition reactions 

Troponoids 
synthesis 
via [4 + 31 cycloaddition, 605 
[4 + 31 cycloaddition reactions, 609 

[4](2,7)Troponophane 
synthesis 

Tulipalin A 
synthesis 

via [6 + 41 cycloaddition, 623 

via retro Diels-Alder reactions, 577 
Tungsten catalysts 

alkene metathesis, 1 1 18 
alkylidenation 

carbonyl compounds, 1 122 
Tungsten complexes, alkyl carbene 

coupling reactions 
acyclic products, 1103 

Tungsten complexes, alkylidene- 
carbonyl alkylidenation, 1 125 

Tungsten complexes, propenyl- 
reaction with Danishefsky’s diene, 1072 

Tungsten complexes, propynyl- 
[2 + 21 cycloaddition reactions, 1067 
cycloaddition reactions 

ethyl vinyl ether, 1073 
Tungsten complexes, vinyl- 

cycloaddition reactions, 1072 
Tungsten hexachloride 

catalyst 

Turmenone 
synthesis 

alkene metathesis, 11 16 

via retro Diels-Alder reaction, 553 
Twist asynchronicity 

Diels-Alder reactions, 516 

Umbellone 
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photochemistry, 730 
2,7,9-Undecatriene, 2-methyl- 

Diels-Alder reactions 
intramolecular, 522 

Uranium complexes 

Urazole 
carbonyl methylenation, 1126 

synthesis 
via cycloaddition, 206 

Urethanes 
Diels-Alder reactions 

intramolecular. 527 

Vallerenal 
synthesis 
via Nazarov cyclization, 780 

di-wmethane rearrangement, 195 

synthesis 

Vemolepin 
synthesis 

Vapor-phase irradiation 

V e 11 era 1 

via cyclobutene ring expansion, 687 

via cyclopropane ring opening, 924 
via Diels-Alder reactions, 330,345 

Vemomenin 
synthesis 

Verrucarine E 
synthesis 

Veticadinol 
synthesis 

Vincamine 
synthesis 

Vinyl acetate 

via cyclopropane ring opening, 924 

via retro Diels-Alder reactions, 581 

via intramolecular ene reaction, 17 

via Diels-Alder reaction, 409 

intermolecular mefa cycloaddition 

photocycloaddition reactions 

reaction with chlorosulfonyl isocyanate, 105 

synthesis 

Vinyl alcohols 
synthesis 

to indane, 667 

to benzene, 667 

Vinyl acetoacetate 

via retro Diels-Alder reactions, 558 

via retro Diels-Alder reactions, 557 
Vinylene carbonate 

photocycloaddition reactions 
with anisole, 653 

Vinyl esters 
synthesis 

Vinyl ethers 
synthesis 

via retro Diels-Alder reactions, 557 

via retro Diels-Alder reactions, 557 
Vinylidenamine 

synthesis 
via retro Diels-Alder reactions, 576 

Vinylidene complexes 

imines, 1068 
cycloaddition reactions 

Vitamin D 
interconversions, 700 

synthesis 
via Claisen-Claisen rearrangement, 888 
via Claisen rearrangement, 859 
via photolysis, 737 

Vitamin D3 
precursor 

synthesis via Diels-Alder reaction, 349 
Vitamin D3, la,25-dihydroxy- 

precursor synthesis 

Vitamin D2,22,23-epoxy- 
via Johnson rearrangement, 839 

synthesis 
via retro Diels-Alder reaction, 569 

Vitamin E 
synthesis, 1095, 1098 
via iterative Claisen rearrangement, 892 

Vitamin K 
synthesis, 1095 

Volume of activation 
[2 + 21 cycloaddition reactions, 77 

Walsh model 
c y clopropane 

bonding, 900 
2,3-Wittig rearrangements 

3,3-Claisen rearrangement 
competition, 851 

diallyl ethers, 888 
Wittig-type alkenation 

ally1 vinyl ethers, 830 
Woodward-Hoffmann rules 

alkene dimerization, 64 
Claisen rearrangement, 857 
1.3-sigmatropic rearrangements 

stereochemistry, 1009 

Xanthenones 

Xanthone 
photochemical ring opening, 712 

synthesis 
via electrocyclization, 7 19 

m-Xylene 
irradiation 

Xylose, amino- 
synthesis 

o-Xyly lenes 

with cyclopentene, 65 1 

via Diels-Alder reaction, 428 

cycloaddition reactions 
tropones, 622 

Diels-Alder reactions, 385 
dimerization, 638 
synthesis 
via electrocyclic ring opening, 1 15 1 
via retro Diels-Alder reaction, 588 

Ylides 
electrocyclic closures 

in oxirane rearrangement, 929 
Ynamines 

cycloaddition reactions 
ketenimines, 113 

reactions with carbonyl compounds, 116 
reaction with ketenes 

retrograde Diels-Alder reactions, 557 
cyclobutenone synthesis, 689 
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Ynediols 
divinyl ketones from 

cyclization, 768 
Ynones 

photoaddition reactions 
with alkenes, 164 

Zinc, dicrotyl- 

Zinc compounds 
metallo-ene reactions, 31 

3-iodo-2-[(trimethylsilyl)methyl]propene 
trimethylenemethane synthetic equivalent, 246 

Zinc-ene reactions, 3 1-33 
intramolecular, 3746 

Zinc halides, allyl- 
reactions with silylated alkynes, 32 

Zingiberenol 
synthesis 

Zirconabic ycles 
via Diels-Alder reactions, 324 

reactions, 1165-1 170 
synthesis, 1171, 1173 

five-membered 

three-membered 

Zirconac ycles 

synthesis, 1173-1 182 

synthesis, 1173-1 182 

synthesis, 1165, 1178-1 182 

synthesis, 1178-1 182 

Zirconac y clopentadienes 

Zirconacy clopentanes 

Zirconac yclopentenes 
synthesis, 1178-1182 

1 -Zircona-3-cyclopentenes 
synthesis, 1172 

Zirconac yclopropanes 
reactions with alkenes, 1 180 
synthesis, 1173-1 177 

Zirconac yclopropenes 
synthesis, 1173-1 177 

Zirconium catalysts 
alkylidenation 

carbonyl compounds, 1122 
bicyclization, 1165-1 170 

enynes, 1163-1 183 

aluminum complexes 
Zirconium compounds 

Zirconocene 
carbonyl alkylidenation, 1125 

alkyne complex 
synthesis, 1 175 

benzyne complex 
reaction with stilbene, 1178 
synthesis, 1 174 

1-butene complex 
reaction with stilbene, 1180 
synthesis, 1175, 1178 

cycloalkyne complex 
synthesis, 1175 

stilbene complex 
synthesis, 1174, 1177,1180 
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