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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 Chemisrry, 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 wbonds. 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, erc. 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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viii 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 concepts. 

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-inchief 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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1.1.1 OVERVIEW 

1.1.1.1 History 

The addition of stabilized nucleophiles to activated a-systems is one of the oldest and most useful con- 
structive methods in organic synthesis, dating back more than a hundred years. In 1887 Michael, after 
whom the most well-known example of this reaction was named, published the first of a series of papers 
on this reaction describing the addition of the sodium salt of both diethyl malonate (1) and ethyl ace- 
toacetate (2) to ethyl cinnamate (3) to give the products (4) and (5). respectively (equation I ) . '  This Mi- 
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2 Polar Additions to Activated Alkenes and Alkynes 

chael reaction, in which a carbanion stabilized by one or usually two electron-withdrawing groups adds 
to the @-carbon of an a,@-unsaturated carbonyl derivative, represents one of the earliest and most highly 
utilized methods for carbon-carbon bond formation. In that same 1887 paper,Ia Michael also reported the 
synthesis of triethyl cyclopropane- 1.1 ,2-tricarboxylate (9) from (1) and ethyl a-bromoacrylate (6) via the 
intermediates (7) and (8). a synthetic route to cyclopropanes used often today (Scheme 1). In 1894 he 
showed that an alkynic ester could also function as the electrophilic component in these reactions, e.g. 
(1) and (loa) or (lob) giving ( l la )  or (llb), respectively (equation 2).2 This reaction and its variants 
were in wide use around the turn of the century to prepare straight chain polycarboxylates, e.g. the re- 
action of (12) to give (13; equation 3) and cyclohexane-l,3-diones, e.g. (15; equation 4) (via Knoevena- 
gel and Claisen  condensation^).^ The combination of Michael addition followed by intramolecular aldol 
condensation and decarboalkoxylation furnishes cyclohexenones, e.g. isophorone (17; equation 5), from 
enones such as mesityl oxide (16) and the salt of ethyl acetoacetate (2)! This process of annulation was 
made much more general in the 1930s by Robinson and his coworkers? who showed that vinyl ketones 
and their derivatives, e.g. Mannich bases, could be used with simple ketone enolates to produce cyclo- 
hexenones of a wide variety, e.g. (20; equation 6).  a process which has come to be known as the Robin- 
son annulation.6 

EtOH Etow X CO2Et ( 1 )  
NaOEt 

+ ph-C02Et 

0 cox 
(1) X=OEt (3) 
(2) X = M e  

(4) X=OEt 
(5) X =  Me 

Eto2Cn-Br NaOEt 
___c 

CO2Et CO2Et EtOH [ Et02C C02EI] - 

Et02C +, 
CO2Et EtO2C CO2Et EtO2C 

(8) (9) 
Scheme 1 

Rwco2Et NaOEt 
R v  CO2Et - 

(Et02C),CH 
(co2Et CO2Et + 

(1) (loa) R = C02Et 
(lob) R = Ph 

( I la )  R = C02Et 
( l l b )  R = Ph 

EtO2CYCO2Et + (CO2Et NaOEt EtO2C COzEt 
(3) 

C02Et 

--- 
C02Et COEt EtO2C 

(12) (1) (13) 
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0 

3 

( 5 )  

These early results paved the way for a myriad of applications of this process in organic synthesis, as 
described in detail in this chapter. It should be pointed out that only additions of stabilized nucleophiles 
are included here, with the addition of reactive ndeophiles (organolithiums, Grignards, cuprates, ere.), 
Lewis acid promoted additions and asymmetric nucleophilic additions, among others, being covered in 
Chapters 1.3 and 1.5, respectively, in this volume. 

1.1.1.2 Other Reviews 

The literally thousands of examples involving the addition of stabilized nucleophiles to activated al- 
kenes and alkynes have spawned many reviews over the years. The Michael reaction has been discussed 
in detail several times7 and reviews on other related topics, such as annulation8 and Mannich base meth- 
iodides? have also appeared, as have several reviews on nucleophilic additions to activated alkynes. lo  

It is not the goal of this chapter to present a complete or comprehensive view of these nucleophilic ad- 
ditions, but rather a selective and illustrative one. In particular, emphasis will be given to those methods 
with real potential for organic synthesis. 

1.1.2 ALKENIC IT-SYSTEMS 

1.1.2.1 Carbon Nucleophiles 

This section describes the additions of stabilized carbon nucleophiles, such as cyanide, malonate, ke- 
tone enolates, enamines, etc., to alkenic .rr-systems. These reactions are highly useful in organic synthesis 
since they are all carbon-carbon bond-forming reactions, and therefore have been used extensively in or- 
ganic chemistry. 

1 .I .2.1.1 Intermolecular additions 

The original work of Michael' showed that highly stabilized carbanions from diactivated methylenes, 
such as malonate or acetoacetate, could add in a conjugate or 1P-fashion to cr,P-unsaturated esters in 
good yield. Over the years, innumerable variations on this theme have been exploited in organic syn- 
thesis. A typical example involves the condensation of ethyl acetoacetate (2) with methyl acrylate (21) in 
the presence of sodium ethoxide to give the product (22) in 73% yield (Scheme 2)." The mechanism of 
the reaction involves the formation of the stabilized anion (23) (from 2 and ethoxide), which can then 
add in a reversible fashion to the Michael acceptor (21) to give the stabilized anion (24). In hydroxylic 
solvents this anion is converted to the more stable anion (25) which is eventually protonated to give (22). 

Several points arise from consideration of this mechanism: (i) unlike alkylation of stabilized enolates, 
the Michael reaction regenerates a basic species and thus usually catalytic quantities of base can be 
~ t i l i z e d ; ~ ~ . ~ ~ ~ ' ~  (ii) the high acidity of the doubly activated methylene permits the use of weaker bases, 
e.g. simple amines (piperidine, triethylamine etc.) or hydroxides (Triton B, i.e. benzyltrimethylammoni- 
urn hydroxide); (iii) it was recognized early that, when a full equivalent of base was used, the final more 
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C02Et - 

stable anion, e.g. (25). could be utilized synthetically and alkylated to give the product of overall addi- 
tion and alkylation, e.g. the formation of (29; Scheme 3) by alkylation of (a), which is formed from (26) 
and (27);13 (iv) multiple Michael addition is a potential side reaction, e.g. formation of (32) from (1) and 
(30). as is a Michael reaction followed by a subsequent Claisen or aldol condensation of the resultant 
1.5-dicarbonyl compound,14 both of which are shown (formation of 34 and 35) in Scheme 4;14. (v) a re- 
arrangement is often observed, the abnormal Michael reaction, resulting in transfer of an activating 
group from the nucleophilic species to the a-carbon of the Michael acceptor, e.g. formation of (37; equa- 
tion 7);15 and (vi) the key carbon-carbon bond formation step is reversible, so that starting materials and 
unusual products can sometimes result,16 e.g. the products of arylmethylene transfer (40, equation 8)16 
or malononitrile transfer (43; equation 9).l& 
A large part of the usefulness of the Michael reaction in organic synthesis derives from the fact that al- 

most any activated alkene can serve as an acceptor7-a,~-unsaturated ketones, esters, aldehydes, amides, 
acids, lactones, nitriles, sulfoxides, sulfones, nitro compounds, phosphonates, phosphoranes, quinones, 

NaoW 

+To EnOH- 

(28) 

Scheme 3 

A 1  vo + 1- 
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coumarins, vinylpyridines, etc. Since good compilations of these reactions have appeared in various re- 
views, only a few typical examples are given in equations (10) to (14).17 Not only is 1.4-addition 
possible but also 1,6- and 1,l-addition to dienyl and trienyl systems, such as (58a,b; equation 15) giving 
(59a,b).18 Some 1,4-addition is also observed as a minor reaction pathway. The use of enamines leads to 
a final cyclization of the intermediate zwitterion, resulting in a six-membered ring (equation 16).19 The 
use of a simple enamine of a cyclic ketone (64) with (61) followed by distillation causes loss of the 
amine and production of the cross-conjugated dienoate system (65; equation 17).'* A similar process is 
seen with 2-formylcycloalkanones.19~ 

0 
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P N O 2  + f iCO2Et  - (13) 

NO2 
basic 

alumina 
(52) (53) 97% (54) 

(55) (56) (57) 

NaOMe 
-,02Me + ("" (15) 

C02Me 
(5th) n = 1 
(58b) n = 2  

(56) (5%) n =  1 
(59b) n = 2  

Michael additions of unsymmetrical ketones usually give the products of addition at the more-sub 
stituted a-carbon?O e.g. the reaction of 2-methylcyclohexanone (66; equation 18) to give (67) in pref- 
erence to (68) (the ratio is solvent dependent)20a and reaction of 2-butanone (69; equation 19) at the 
substituted carbon to give (71).14f This preference is reversed by using enamines?1 namely the enamine 
(72) of 2-methylcyclohexanone (66) reacts with acrylonitrile (70) to give, after hydrolysis, the 2.6-disub 
stituted product (73) in 55% yield (Scheme 5).21a The combination of a Michael addition followed by a 
Claisen condensation permits the easy construction of cyclic ketone derivatives,22 e.g. dimedone (75; 
Scheme 6) from mesityl oxide (16) and malonate (1) via the diketo ester (74), and 4-pentylcyclohexane- 
1,3-dione (78; Scheme 7) from 2-heptanone (76) and ethyl acrylate (53) via the keto ester (77).- Other 
further cyclizations are also p~ssible?~ e.g. the production of c y ~ l ~ t a n e ~ ~ ~  or c y c l ~ h e p t a n e ~ ~ ~  systems 
(Scheme 8) via an initial Michael reaction, aldol-type ring closure, quatemization of the amine and de- 
acylative elimination. 

A much more generally useful process was developed by Robinson to prepare cyclohexenones from 
ketones and methyl vinyl ketone or its derivatives. Again, because good compilations of the Robinson 
annulation exist? only a few examples are given here. The first step of this process, the Michael addition, 
is camed out by normal base catalysis, while the second step, the aldol condensation, is best accom- 
plished by the use of a secondary amine to fonn the enamine of the acyclic ketone, which then cyclizes 

(67) 93% I (68) 7% 



Stabilized Nucleophiles with Electron Deficient Alkenes and Alkynes 

bo + 

(16) 

+ a C H O  

(79) 

C N  

L + KCN Bu'OH C N  

n 

+ 

Scheme 5 

NaOEt E t 0 2 c f i 0  __c ::-I 6 
i""- C 0 2 E t  EtoH 0 

(1) (74) (75) 

Scheme 6 
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Scheme 7 

(64) 
Scheme 8 

7 

(19) 

H 1 

and dehydrates (Scheme 9)F4 When P-keto esters are used, all of the key steps (Michael, aldol and de- 
carboalkoxylation) can be done in one pot.24c The use of optically active amines in either of these two 
steps affords products of very high enantiomeric excess (equations 20 and 21).= Simple Robinson annu- 
lations can be carried out under acidic as well as basic conditions (equation 22).26 The use of enamines 
of 2-substituted ketones such as (72) permits the production of the isomeric octalone (91; equation 23).21a 
For years most Michael reactions were camed out under protic conditions so that rapid proton transfer 

was possible. However, in the early 1970s several groups performed Michael reactions under aprotic 
conditions and these processes are now quite common. Early attempts at trapping a kinetic enolate in 
aprotic solvents with simple enones such as methyl vinyl ketone or an a,P-unsaturated ester such as ac- 
rylate led to a scrambling of the enolate (using the Michael product as proton source).8a However, the in- 
troduction of an a-trialkylsilyl group in the enone (93; Scheme 10) permitted the trapping of kinetic 
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a. +lo- &lo 

enolates such as (92)F7 Further treatment of (94) with base caused both aldol condensation and removal 
of the a-silyl group to give the desired enone (95).27a 

As in simple Michael additions, dienones and trienones can be used in the Robinson annulation with 
an initial 1,6- or 1 ,%addition!’ Dienoates can also be used?8 e.g. (82; equation 24) and (%) give an 1 1 : 1 
mixture of isomers (97a,b) in 47% yield?8a 

Bicyclic keto esters can easily be prepared by a process called a,a’-annulati~n?~ Thus, treatment of 
the enamine of cyclopentanone (64) with ethyl a-(bromomethy1)acrylate (98) affords, after work-up, the 
bicyclic keto ester (99) in 80% yield (equation 25)?9b The mechanism probably involves an initial Mi- 
chael addition and elimination (or a simple sN2 or sN2’ alkylation) followed by an intramolecular Mi- 
chael addition of the less-substituted enamine on the acrylate unit. The use of the enamine of 
4,4-bis(ethoxycarbonyl)cyclohexanone (100; equation 26) with (98) gives a 45% yield of the adaman- 
tanedione diester (101) (yield based on 100, 70% when based on 98) via a,a’-annulation followed by 
Dieckmann condensation?* Enamines of heterocyclic ketones can also serve as the initial nucleophiles, 
e.g. (102) and (103) give (105) via (104). formed in situ, in 7096 yield (Scheme 11).% 
The use of a-thiophenyl enones (106, Scheme 12) allows the preparation of phenols such as (107) 

from cyclic ketones (18).% The same product can also be obtained by normal Robinson annulation of 
methyl vinyl ketone (30) and the p-keto sulfoxide (10S).30b Acceptors other than a,@-unsaturated carbo- 
nyls have been used in both the Michael reaction and the Robinson annulation process. For example, nu- 
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cleophiles have been added to 2- or 4-vinylpyridines in high a specific example is shown in 
equation (27).31b The use of 6-methyl-2-vinylpyridine (112) with the enamine of cyclohexanone (113) 
gives a product (114) which could be used in a diannulation procedure, as shown in Scheme 13, to give 
the dienone (116).31c 

Scheme 12 

r -3 

In 1973, a series of papers from Schlessinger's group showed that Michael additions could be camed 
out in high yield under aprotic  condition^.^^ In particular, alkyl (dithioalky1)acetate enolates (Scheme 14) 
gave high yields of 1,4-addition products and, after hydrolysis, a-keto esters32b32d (and is thus the 1,4- 
addition of an acyl anion equivalent), while a-(thiomethy1)acrylate as an acceptor resulted in high yields 
of the corresponding Michael adducts?& A second acyl anion equivalent was also developed for use in 
Michael additions, the thioacetal monoxide; thus the anion of (120 Scheme 15) adds to MVK (30) to 
give a 96% yield of (121) which is easily hydrolyzed to (122).32a32e The corresponding unsaturated com- 
pounds, namely ketene thioacetal monoxides (124), were developed as a-formyl cation synthons 
(Scheme 16). Addition of an enolate to (124) gave in high yield the expected adduct (125) which, on hy- 
drolysis, produced the 1 ,Cdicarbonyl system (126).32f*32g This process has found further e.g. in an 
efficient synthesis of a l l e t h r ~ l o n e ~ ~ ~  and also for trapping a kinetically formed enolate in a prostaglandin 
synthesis.33b 

A large number of workers have examined the effects of temperature, solvent and reaction times on 
the ratio of the products of lP-addition versus 1.2-addition of dithiane and other a-thioalkyl carb- 
anionsM Their results show that in general 1 ,Zaddition is kinetically favored and therefore predominates 
at low temperatures and in less polar s o l ~ e n t s ? ~ ~ , ~ ~  whereas 1.4-addition is thermodynamically favored 
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and predominates at 25 'C and in THF containing HMPA,34c-Mg as the examples in equations (28) and 
(29) indicate. If a chiral ligand is used in these additions, fair enantiomeric excess ( 3 2 4 7 % )  can be ob- 
tained."'It is possible to trap the enolates so generated with e l ec t roph i l e~?~ ,~~  as shown in Scheme 17. 
The alkoxycarbonyl anion equivalent (136; Scheme 18) has also been added 1.4- and hydrolyzed to the 
ester (138).36 

NBSJ H2O - EtS CozMe 0 <;O2Me 
EtS i, NaH/ DME 

EtS ii, &C02Me EtS MeCN 
>90% 

> C02Me -,Me - 
(117) 92% (119) (118) 

Scheme 14 

(21) 

Et @COMe Hg2+ 
BuLi (30) EtS Et 

EtS 

Et-S+ 
0 

)--Et __c c *- 0- 
H30' 

80-951 

96% Et- +: THF \ -  

(122) 
0- 

(120) (121) 

Scheme 15 

Me02C i, LDA/.THF Me02C no r  M e o 2 c T c H o  

) -- SMe 

SOMe 
ii, ==( 

(124 
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(125) (126) (123) 

Scheme 16 

0 

+CO,Me i. LDA/ THF - W 0 2 . e  - + &C02Me (28) 
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ii, e o  

Ho Qs s 
U 

0 

+ Qs 
U 

no HMPA 99% 

1 equiv. HMPA 7% 

0% 

93% 

2 equiv. HMPA 3% 97% 
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iii, Me1 
75% 

Scheme 17 

An interesting difference in regiochemistry of addition has been observed with sulfur-substituted allyl 
anions.37 The anion of the sulfide (139; equation 30) adds to cyclopentenone (132) in THF/HMPA (with- 
out HMPA 1 ,Zaddition predominates, as expected from the above arguments) to give mainly the product 
of a-addition (14Oa) rather than that of y-addition (140b).37a37b However, addition of the anion of the 
corresponding sulfoxide (141) affords only the product of y-addition, namely (142b).37c The use of the 
corresponding optically active allyl  sulfoxide^^^“-^^' causes the new carbon-carbon bond to be fomed 
with virtually complete diastereoselectivity, e.g. (143; equation 3 1) gives (144) with 96% de.37f 

i, LDA/ THF/ -78 "C 
1 equiv. HMPA '6; + "-( (30) S'X 

Ph i ii, 0-0 Ph 

(139) X = : (132) X=: (140a) 895 (lab) 
(141) X = 0 X = 0 (142a) 0:73 (142b) 

In addition to dithiane and thioacetal monoxide anions, several other acyl anion e q ~ i v a l e n t s ~ ~ ~ ~ ~ ~ ~  have 
been added in a Michael fashion. For example, Stork has shown that protected cyanohydrins of alde- 
hydes, especially a,&unsaturated aldehydes (145; Scheme 19). give high yields of 1 ,Caddition and, after 
two-step removal of the cyanohydrin ether, the 1,4-diketone (147).38 Stetter has published more than a 
score of papers showing that both cyanide ion and N-alkylthiazolium salts (equation 32) catalyze the 1.4- 
addition of aldehydes to a$-unsaturated carbonyl compounds in good yields.39 Steglich has shown that 
oxazolones (152; Scheme 20) will add in a Michael fashion to acrylonitrile (70) under very mild condi- 
tions to give, after hydrolysis, the g-cyano ketone (153) in good overall yield.40 Finally, McMuny and 
others have added the anions of nitroalkanes to enones (Scheme 21) and then converted the nitro group 
to a carbonyl by reduction and hydroly~is.~' 

nitroalkenes can serve 
as a-carbonyl cation equivalents in Michael reactions.43 For example, addition of the amide enolate (158; 
Scheme 22) to the nitroalkene (157) affords, in 60% yield, the Michael adduct (159). which can be con- 

Since nitro groups are readily converted to carbonyls by various 



Stabilized Nucleophiles with Electron Deficient Alkenes and Alkynes 13 

i. LDN THF A n  A 

Scheme 19 
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Scheme 21 

verted to the ketone (160) in 90% ~ i e l d . 4 ~ ~ 9 ~ ~ ~  The highly stabilized anions of nitroalkanes are useful in 
Michael additions not only as acyl anion or a-carbonyl cation equivalents (via conversion to carbonyls) 
but also, via reductive removal of the nitro group, as alkyl anion equivalents or as alternatives to simple 
alkyl halides to give overall alkylation via a Michael addition process.44 For example, treatment of a 
simple nitroalkane (161; Scheme 23) with DBU or tetramethylguanidine (TMG) in the presence of a Mi- 
chael acceptor, such as MVK (M), affords the Michael adduct (162) which can be readily reduced with 
tributylstannane and AIBN to the ketone (163).44b Likewise, a vinylnitro compound can serve as a surro- 
gate alkylating agent. Thus the nitroalkene (164; equation 33) can be used to trap the enolate (165, gener- 
ated by cuprate addition to the corresponding cyclopentenone) to give the Michael adduct (166). the nitro 
group of which is rer;,wed reductively to give (167). a protected form of prostaglandin El .* 

In a like manner, vinyl sulfoxides and sulfones can serve as the equivalents of vinyl and alkenyl ca- 
tions via a process involving a Michael addition followed by an e l imina t i~n .~~ For example, addition of 
the enolate of the P-keto ester (168; Scheme 24) to phenyl vinyl sulfoxide (169) furnished, in 50% yield, 

CONMe, 

- 4 O  

(:mNo2 *NMe2 OLi, 5 'ONMe, NaNQ, R O N 0  

(158) Ar NO, DMSO 
25 "C 
90% 

THF 
60% 

(157) (159) (160) 

Scheme 22 
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Scheme 23 

LiO o&;;; (33) Lc5Hl+ ,:,,,,,,,,, ii, ivTHF Bu3SnH - 
- H  AIBN ButMeZSiO &Me2Sio 

Bu1Me2Sid BulMe,SiA 
(165) (164) (166) R = NO, 

(167) R = H 

the Michael adduct (170) which lost phenylsulfenic acid on pyrolysis to give the vinyl-substituted P-keto 
ester (171) in 60% yield, the vinyl sulfoxide (169) being a vinyl cation equivalent in this processPSa In a 
similar addition-elimination process, treatment of alkenyl sulfones (172) with cyanide and a crown ether 
in refluxing t-butyl alcohol afforded the a-methylene nitrile (173) in good yield via Michael addition, 
proton transfer and elimination of phenylsulfinic acid (equation 34)."Sb 

NaH/THF c @soph ___) P h r  @ 
SOPh 

(170) 72 h (171) (169) 
50% 60% 

b 
(168) 

Scheme 24 

KCN/l8-crown-6 
c Me02C(CH2)8 yCN (34) 

SO2Ph Bu'OWAD h 
70% 

(173) 

Meo2C(CHz)8 a 
(172) 

Michael additions followed by intramolecular acylation of the enolate so generated have been used 
often in organic synthesis to generate cycloalkanones.46 For example, treatment of the dianion of the 
diester (174; equation 35) with 2d-dichlorophenyl acrylate (175) affords the product of Michael addi- 
tion-Dieckmann condensation (176) in 67% yield.468 Similarly, the anion (178 equation 36) of the car- 
bonate ester produces a high yield of the lactone (179) when added to the unsaturated lactam (180).46b 
This process has been widely used in anthracycline and other polyketidc aromatic ~yntheses.4~ The addi- 
tion of a phthalide anion bearing a good leaving group that is also acidifying (arylsulfonyl or cyano) to a 
cyclohexenone or quinone monoketal affords the polycyclic hydroquinone (182 equation 37) or (185; 
equation 38) in one step via addition, intramolecular acylation, loss of the cyano or arylsulfonyl anion 
and final aromati~ation."~+'"~ When the anion of the o-toluate (186) is added to the P-methoxy enone 
system (187), the o-acylphenol (188; equation 39) is obtained via a Michael addition, elimination and in- 
tramolecular Claisen condensati~n."~~ The simple Michael addition of a naphthylacetonitrile (189; equa- 
tion 40) to a cyclohexenecarboxylate (190) has also been used to produce intermediates, like (191), for 
anthracycline synthesis!* 

Several other procedures for trapping the initially generated enolate of the Michael addition have also 
been used synthetically. Foremost among them is elimination of a good leaving group$9 an overall addi- 
tion-elimination process, illustrated by a specific example in equation (4 1).498 Using the 2-nitropropenyl 
pivalate (195; Scheme 25) S e e b a ~ h ~ ~ ~  was able to carry out a double Michael process, an initial addi- 
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tion-elimination followed by a simple Michael addition, to give (197). If a vinyl phosphonate or phos- 
phonium salt is used as the Michael acceptor, the anionic intermediate can be trapped by an intramolecu- 
lar Wittig reaction with a nearby ketone to give (199, equation 42) or (202; equation 43).50 In certain 
cases, this process can lead to cyclohexenone products which are structurally transposed from those of 
the normal Robinson annulation (Scheme 26).50c An interesting variant on this approach uses the anion 
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of a formylphosphorane (m7; equation 44) as the nucleophile in a 1.6-addition to (208). followed by an 
aldol of the enolate on to the aldehyde and loss of triphenylphosphine oxide to give (209) in fair yield.* 
Other intramolecular aldol-trapping reactions (not leading to Robinson annulation) have also been re- 
ported?' e.g. formation of the hindered enedione (213; Scheme 27).51* It is also possible to trap the initial 
enolate with an allylic leaving group or an isonitrile to produce cyclopentenes (215; Scheme 28)?kb 
pymlines (217; Scheme 29)52c or pyrroles (220 Scheme 30).52d 

0 0 
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With certain exceptions, simple intermolecular Michael additions often proceed in poor yield when the 
acceptor is a P,P-disubstituted enone or ester, presumably due to steric hindrance of nucleophilic attack. 
However, this lack of reactivity can be overcome by two techniques. The first one involves the use of 
high pressures, which can greatly increase the yields of these hindered additi0ns.5~ Thus, addition of di- 
ethyl malonate (1) to 3-methylcyclohexenone (36) in the presence of DBN at 15 kbar (1 bar = 100 kPa) 
affords the desired addition product (221; equation 45) in 7 1 % yield.S3P Alternatively, if the acceptor is 
sufficiently activated (usually with two strongly electron-withdrawing groups), then normal Michael ad- 
dition is possible, even when contiguous quaternary centers are being formed. Holton has used this pro- 
cess to prepare very hindered compounds (224, equation 46) in high yield.s4 

The anion generated by a Michael addition can also be trapped by another Michael addition. Obvious- 
ly, continued repetition of this process produces polymeric esters, nitriles, etc., in a typical anionic poly- 

0 0 
II 15 kbar II 

CH(CO,Et), (45) 
DBN 

CO2Et MeCN 
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merization process. However, in certain cases, other chain-terminating steps can intervene to produce 
quite useful nonpolymeric material from these multi-Michael processes. Since an excellent review of 
these multicomponent one-pot annulations has recently appeared,s5 only a few key examples are noted 
here. Addition of excess lithium dimethylcuprate (225; Scheme 3 1) in THF to methyl crotonate (226) at 
10 'C afforded the single stereoisomer of the keto diester (227) in 49% yield via cuprate addition, two 
Michael additions and final Dieckmann condensation?6 Cyclopentanones and their bicyclic derivatives 
(228 equation 47) and (230; equation 48) are available from acrylates using cyanide as the initial nu- 
cleophile, again via two Michael additions followed by Dieckmann-like condensat i~n.~~ A similar pro- 
cess using the thiomethyl sulfone (231; equation 49) and acrylate gives the p-keto ester (232) in 81% 
yield?* When the activating group of the Michael acceptor is also a good leaving group, as in nitroal- 
kenes or vinylphosphonium salts, an sN2 reaction is the final step. For example, treatment of the anion of 
isophorone (17) with 1-nitropropene (233) gave the tricyclooctanones (236a,b Scheme 32) in 63% yield, 
by way of the intermediates (234) and (235).59 A synthetically useful example of these one-pot annu- 
lations involves the condensation of an enolate ion with an enone bearing an a-bromoacrylate unit.6o 
Treatment of (237a,b; Scheme 33) with (238) gives rise to the tricyclic compounds (239a,b), which are 
converted into the enals (240a,b). Curiously, the major products obtained in the parent and methyl-sub- 
stituted cases have the opposite stereochemistry at one of the new ring Posner has ex- 
plored extensively the synthetic utility of these multi-Michael reactions.6' The reaction of the enolate of 
cyclohexanone (18; Scheme 34) with a-substituted acrylates (241) or (242) gave rise to the cyclohexanol 
products (243) and (244), respectively, in good The dibromo compound (244) could be con- 
verted easily into the aromatic diester (245). When vinyltriphenylphosphonium bromide (247; equation 
50) is used as the acceptor with the enol borate from benzoylcyclopentane (246), the phosphine oxide 
(248) is produced via two Michael additions and a final Wittig reaction.61b Other multiple Michael re- 
actions, especially those involving intramolecular Michaels, are discussed in the section on intramolecu- 
lar additions. 

Finally, a discussion of the relative stereochemistry of such reactions completes this section on inter- 
molecular Michael additions. It should be pointed out that Chapter 1.5, this volume, is devoted wholly to 
asymmetric induction in Michael reactions and thus this topic is not covered here. 

The diastereoselectivity of intermolecular Michael additions was first examined in two areas: the Ro- 
binson annulation using (rn-3-penten-Zone (249 equation 5 and the reaction of enamines of cyclic 
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Scheme 31 
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ketones with &substituteda,p-unsaturated nitro compounds and  sulfone^.^^.^ Several groups have re- 
ported the stereoselective Michael additions of 2-substituted cyclohexanone enolates (250) and (66) with 
(249) to give, after aldol and dehydration, the corresponding cis- or trans-substituted octalones, (251a. 
251b) and (252a, 252b). respectively (equation 5 1). In general, the use of apolar or alcoholic solvents af- 
fords a mixture in which the cis isomer (251a) predominates while the trans isomer (252a) is major in 
DMS0.62ad2c,62f*62h,62i The best example of this solvent dichotomy involves the production of only the 
cis-(252a) or only the trans-(252b) octalones from 2-methylcyclohexanone (64) and (249) in dioxane or 
DMSO, respectively.62g With 2-methylcyclohexane- 1.3-dione (82) or its enamine (253) the trans isomer 

baseholvent - (51) 
0 0 tempenlturelyield 

(249) (250) R = CO2Me KOt-CsH 1 l/t-CsH 1 ,OH/- 15 OC/65% (251a) 3.08:1 (252a) 
NaOMe/DMSOD9 OW296 0.61:1 

(66) R=Me NaWdioxane/2S OC/65% (251b) >95:d (252b) 
NaH/DMS0/25 OCP2% <5:>95 

(249) (82) X = OH KOH/EtOH/pyrrolidine/71% (254a) 6: 1 (254b) 

(253) X = N 3  AcOWNaOAc/59% 1 0 1  
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(254a) is the major product in benzene with ethanol or acetic acid, while in DMF a 1:l mixture results 
(equation 52).62d*62e 

The reaction of the morpholine enamine of cyclohexanone (255 equation 53) with P-nitrostyrene (49) 
or 1 -nitropropene (233) followed by hydrolysis affords the erythro products (256a,b) almost exclusively; 
similar selectivity was also seen for the corresponding sulfones.63 Seebach has extended these results to 
enamines of acyclic ketones and various enolates with little or no loss in selectivity and has proposed a 
‘topological rule’ for such carbon-carbon bond-forming processes, as well as others.64 As applied to the 
Michael addition, the best approach of the two reagents is represented by transition structure (2% equa- 
tion 54) which has three important features: (i) all of the existing bonds are staggered; (ii) the donor 
(enolate, enamine) and acceptor (a$-unsaturated system) units are in a gauche arrangement; and (iii) the 
actual donor and acceptor atoms, e.g. X and Z in (258), are situated close to each other (to minimize 
charge separation or to allow for chelation of metal ions). This approach, using a so-called closed transi- 
tion state, predicts that the erythro product (259) would be formed preferentially, and thus correctly ra- 
tionalizes most of the experimental results. For instance, Mulzefl5 reported that reaction of the lithium 
enolate of various P-lactones (26Oa-26Od) with dimethyl maleate (261; equation 55) gives predorninant- 
ly the Corresponding diastereomer (262a-262d) rather than (263a-263d), which conforms to Seebach’s 
topological rule via (264). However, the stereochemical results with ester and amide enolates are less 
easily rationalized by this   nod el.^-^' For example, Yamaguchi reported that the lithium enolates of 
simple esters (266; equation 56) react with P-substituted acrylates (3) in THF-HMPA at -78 ‘C to afford 
high yields of the erythro-glutarates (267ahSa The threo product was favored even when the HMPA was 
added after the lithium enolate was formed or when no HMPA was used at all! The lithium enolate of t- 
butyl propionate (268; equation 57) in THF without HMPA adds to ethyl crotonate (269) to give mainly 
the threo product (270b).66a It is hard to correlate these results with those of Hea th~ock?~~  who showed 
that reaction of the (E)- and (2)-enolates (272; Scheme 35) of t-butyl propionate (268) with the enone 
(273) gave stereospecifically the threo-glutarate (274a) from the (E)-enolate and the erythro-glutarate 
(274b) from the (2)-enolate (results in accord with the Seebach model). The results with amide enolates 
are even harder to explain. Yamaguchi reports high threo selectivity in the addition of the enolate of the 
amide (275; equation 58) to ethyl crotonate (269),* while Heathcock reports very low selectivity for re- 
action of the same enolate with a series of enones like (273).67a With very hindered amides (277; equa- 
tion 59), Yamaguchi reports high erythro selectivity and good diastereomeric excess.& Heathcock could 
achieve high erythro selectivity by using the cyclic amide (279; equation 60).67a These results and 
othersa are not consistent with the Seebach model. Heathcock suggests an ‘open transition state’ model 
(Scheme 36) in which the interaction between the alkenic methyl and the pyrrolidine ring causes (28lb) 
to be destabilized relative to Furthermore, when a halide is present on the alkyl group of the p- 
alkylacrylate moiety, as in (282; equation 61) a stereospecific alkylation of the kinetically generated 
enolate occurs to give high yields of the trans-substituted products, with only (283a; threo Michael ad- 
duct) being formed in the absence of HMPA and only (283b; erythro Michael adduct) being formed in 
the presence of HMPA.66b 

Whatever the explanation for the stereocontrol, these processes are quite useful synthetically, enabling 
one to prepare nearly pure erythro or threo diastereomers in high yield. A number of groups have shown 
that by using a chiral auxiliary in the enamine, ester or amide unit, products of very high enantiomeric 
excess can be obtained.69 
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With cyclic Michael acceptors, e.g. cycloalkenones and unsaturated lactones, the relative s temhem- 
istry is determined by other substituents on the ring. Generally an allylic substituent causes the addition 
to occur from the opposite face for steric reasons, giving the trans product (equation 62).33d The addition 
to cyclohexenone systems (equation 63) generally occurs in an antiparallel sense to give the axial pro- 

In the reaction of cyanide with octalones such as (90. equation 64) under basic conditions, a mix- 
ture of cis and rrans products (289a,289b) is obtained which can be made to favor the cis isomer 
(289a)?l However, the use of Nagata's reagent (HCNEt3Al) affords the trans isomer (289b) as the 
major product.71a This reagent has been used in several steroid syntheses to give predominately the 
desired trans &ring juncture (291b; equation 65)?Ia 

e both diastereomers (62) 
x3, 

LDA CgH17 0 0 YCozBu' - 
I 
SMe THF 

-70 'C 
(285) 
100% C8H I7 AoX0 
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(90) KCN/”4CI (289a) 43:57 (289b) 
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COMe 
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1 .I .2.1.2 Intmmolecular additions 

(i) Five-membered rings 
Several groups have prepared cyclopentane systems by intramolecular Michael addition?* Reaction of 

the triester (292; Scheme 37) with phenyl vinyl ketone (293) and base produces the cyclopentane (295) 
in good yield via an intermolecular (giving 294) and subsequent intramolecular Michael addition?& 
When the Michael acceptor is a cyclohexenone (Scheme 38), the cis-fused hydrindanone is produced 
(298 or 297).72b72f Spin, systems can also be formed by these reactions (300a,b; equation 66) in which 
the Michael addition gives a spiro ring fusion. 

Stok reported excellent stereochemical control in the intramolecular Michael addition to produce 
methyl-substituted cyclopentane systems.73 For example, base-catalyzed conjugate addition of (301a,b 
equation 67) followed by intramolecular aldol condensation affords the hydrindenones (302a,b) in high 
yields with excellent stereoselecti~ity.~~~ The corresponding p-keto esters ( W b ;  equation 68) are cy- 
clized with sodium hydride in benzene to give again predominantly the rranscyclopentanes (305a,b).73b 
The use of c h i d  esters permits high absolute stereocontrol?3E This work has been extended to systems 
with allylic substituents, e.g. (307; equation 69) gives mainly (308).7M 

The introduction of heteroatoms in the chain connecting the nucleophile and the acceptor does not af- 
fect the reaction. Bicyclic butyrolactones, which are of interest in the forskolin area, have been prepared 
by this approach, e.g. (314; Scheme 39) and (317; Scheme Pymlidines such as (319 equation 70) 
are also easily formed by an internal Michael reaction.75 This chemistry has been used by BUchi in the 
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(292) (294) E = C02Me (295) 

Scheme 37 



Stabilized Nucleophiles with Electron Deficient Alkenes and Alkynes 25 

dy - 4  for HO 

(297s) 
. 

H 
H (2Wa) X = M e  Bu'OK (297a) 

(296b) X=OEt K2C03 (297b) 45% 
Y=H,  Bu'OWO.5 h (298) 75% 

Y = O  EtOH/40 h 
Scheme 38 

%o 25 "C/2 h * M s , > * O H  H 

49% 
- 
(299) (300) a-H38% 

P-H 11% 

0 ax z0ax + o a x  

H H 
(301a) X = H2 NaOMe (302a) 3: 1 (303a) 

(301b) X = 0 LiOH (302b) 4:l (303b) 
zr(oW4 40: 1 

Zr(OW4 25: 1 Mmo NaHPhH w :mo + rmo 
0 25 O C / 1 5  min 

H H 
(304a) X = Me 90% (305a) 1OO:O (ma) 
(304b) X = OMe 90% (305b) 221 (mb) 

i. LiOH 

+ R' &Lo+ pr" do H 

(67) 

synthesis of pentacyclic indole alkaloids such as vindoline and vindorosine, in which an acid-catalyzed 
Michael addition is followed by trapping of the spiroindolenium ion to give the products of an overall 
annulation process (321a,b; equation 7 1).7Sa*75b Finally, an intramolecular version of the thiazolium salt 
catalyzed Michael addition of an aldehyde has been used to generate a cyclopentanone system (323, 
equation 72) in a synthesis of hirsutic acid C.76 
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( i i )  Six-membered rings 

4,4-Disubstituted cyclohexanones (325; equation 73) are easily prepared by a double Michael process, 
in which the intramolecular addition forms the six-membered ring.'' Either the cis or trans compound 
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can be obtained selectively. The enamines of cyclic ketones produce similar p rod~c t s .7~~  By using en- 
ynones 4,4-disubstituted cyclohexenones can be prepared by this route, e.g. griseofulvin (328, equation 
74) (and its analogs) from the benzofuranone (326) and the enynone (327).78 In fused systems, the cis 
ring juncture is again usually favored?9 (329 equation 75) giving (330).79a The trione (332; Scheme 41) 
prepared by acidic hydrolysis of (331), also gives the cis-decalindione (333).79c Ivie showed that an inter- 
mediate similar to (332), namely (336, Scheme 42), could be prepared by intermolecular Michael addi- 
tion to the dienone (334) and could then undergo intramolecular addition to give the cis-fused product 
(337).7".79e The use of p-keto amides or esters as the nucleophilic components does not change the stere- 
ospecificity, the cis ring juncture again being preferred (equation 76).80 However, there is a recent report 
of the opposite stereoselectivity, namely the formation of the trans-decalone (341; equation 77) from the 
keto triester (340).81 Cyclization of the acyclic keto ester (342; equation 78), via its chiral enamine, gives 
exclusively the trans-substituted piperidine (343) in 80433% yield and up to W% ee.82 This process of 
forming cyclohexane systems via an intramolecular Michael addition has been used often to form the A- 
ring in anthracycline syntheses (equations 79 and 80).83 In these cases, the Michael acceptor is formed in 
situ by prototropic rearrangement: the products revert to anthraquinones by either loss of nitrous acid or 
air oxidation. 

Bridged systems can also be prepared in high yield by this process.84 For example, treatment of the 
keto diester (348; Scheme 43) with (61) in basic DMSO gave a 4 1% yield of the diketo diester (352) by 
way of the intermediates (349) to (351), involving two Michael additions and final Dieckmann condensa- 
tion.84n Similar processes have also been used to make other bicyclo[3.3. llnonanes and related com- 
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pounds.84b*84c A synthesis of adrene used an intermolecular Michael to produce, after conversion of nitro 
to carbonyl, the key intermediate (356; Scheme 44) for an intramolecular Michael addition to afford the 
tricyclic dione (357).84d Deslongchamps showed that only cis-fused products were formed in cyclizations 
to give six-, seven- and eight-membered rings (equation 81), with poor acyclic s t e ~ ~ ~ o n t r o l  except for 
the seven-membered Finally, it is perhaps instructive to point out the failure of a simple internal 
Michael addition, namely the reluctance of the amide (360. equation 82) to cyclize to (361).sa 

(352) 
Scheme 43 
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DMSO ' NO2 NO2 44% 
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m =  1,2; n = 1,2,3 m = 1; n = 2  



30 Polar Additions to Activated Alkenes and Alkynes 

C02Me 

_jt_L 

I 
Me NcJ5 0 Me 

co2Me NaOMc 

I 
0 

(361) 

NcdJ 
(360) 

( i i i )  Dienolate double Michael additions 
In the 1960s and early 1970s, a highly useful synthetic technique was developed, for the formation of 

cyclohexanones with an electron-withdrawing substituent in the 4-position, and their bicyclic analogs, by 
a simple double Michael process using a dienolate ion as the initial nucleophile and a normal unsaturated 
system as Michael ac~eptor.~’ For instance, treatment of isophorone (17; Scheme 45) with lithium iso- 
propyl(cyclohexy1)amide (LICA) in THF at -23 ‘C followed by addition of methyl acrylate (21) afforded 
the endo-bicyclo[2.2.2]octanone ester (365) as a single diastereomer in 98% ~ield.*~g The reaction pro- 
ceeds by addition of the dienolate (362) to the acrylate to give the ester enolate (363) which adds back 
via an internal Michael to the enone to generate the enolate (364); protonation gives the product (365). 
The endo stereochemistry i s  determined in the intramolecular Michael addition of (363) to give (364), 
and is presumably due to minimization of charge separation or partial chelation of the lithium cation by 
the oxygen atoms, as proposed earlier in the intermolecular additions. This reaction sequence has since 
been used many times to prepare compounds of use in natural product synthesis,88 a few examples of 
which are given here. A substituent on the dienolate unit causes the initial Michael addition to occur 
trans to that substituent, thus setting an additional stereochemical center, e.g. (366a,b; equation 83) gave 
only (367a,b) when reacted with the acrylates (269) or (223).88g*88h Likewise, a substituent on the ac- 
ceptor can also cause the initial Michael addition to be highly stereoselective (equation 84).88c The use of 
a pentenoate bearing an allylic chiral center as the acceptor affords the expected product with high dia- 
stereoselectivity.88J The initial dienolate can be generated by other reactions, e.g. a Michael reaction, so 
that a triple Michael process is observed, e.g. (371) and (372; Scheme 46) generate the dienolate (373) 
which adds to methyl acrylate (21) to give (374) in good yield.88p Finally, an intramolecular version of 
this process has been used in the synthesis of steroids and steroidal alkaloids.88k-880 For example, treat- 
ment of the enone (375; equation 85). bearing an appropriately positioned acrylate unit, with base in 
ether-hexane at low temperature produced, in 43% yield, the desired polycyclic keto ester (376). which 
was then taken on to atisine.880 It should be pointed out that these reactions could be formally viewed as 
Diels-Alder reactions of the dienolate ion and the Michael acceptor, since cycloadditions of similar 
cross-conjugated dienolate derivatives are known.89 However, they are almost certainly correctly con- 
sidered as double Michael additions since: (i) in certain cases the reaction can be carried out stepwise, by 
isolating the first Michael product and cyclizing it under similar conditions;88q (ii) the TLC of the re- 
action mixture under silylating conditions shows that the cyclization precedes silylation and thus the re- 
action does not involve the silyloxydiene;88m*88n and (iii) the reluctance of similar Diels-Alder reactions 
to proceed we11.88g,88q,90 Finally, it should be pointed out that by using a different set of conditions for 
dienolate formation, one can produce a through-conjugated dienolate, e.g. (377; Scheme 47) from (36), 
and effect a different double Michael process?’ as shown, to give a product isomeric to that expected 
from the above references, namely (380)?1a 

1.1.2.2 Heteronucleophiles 

activated alkenes is covered in this section. 
The addition of heteroatomic nucleophiles, e.g. oxygen, nitrogen, sulfur, halogen, phosphorus, etc., to 

1 .I .2.2.1 Intermolecular additions 

The conjugate addition of heteronucleophiles to activated alkenes has been used very often in organic 
synthesis to prepare compounds with heteroatoms p to various activating functional groups, e.g. ketones, 
esters, nitriles, sulfones, sulfoxides and nitro groups. As in the Michael reaction, a catalytic amount of a 
weak base is usually used in these reactions (with amines as nucleophiles, no additional base is added). 
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Several representative examples of this large class of reactions are given in equations (86) to (89) and 
Scheme 48.92 The reaction works quite well with good acceptors such as acrylonitrile (70; equation 
86)7f392c-92f*92g or nitroethylene (387; Scheme 48)92i-92k and with good nucleophiles such as thiols or 

As with Michael additions, the initially formed adduct can add a second time to give 
dialkylated products (384; equation 88), sometimes in excellent yield.92b Even with a-amidoacrylates as 
acceptors (equation 90), good yields of addition are 0btained.9~ 

This addition of a heteronucleophile to an enone has often been used as evidence for the formation of 
strained alkenes such as anti-Bredt's bridgehead en one^.^^ Treatment of the P-chloro ketone (393; 
Scheme 49) with basic methanol produced the P-methoxy ketone (395a) in 91% yield by way of the 
bridgehead enone (394).94a Trapping with a thiol or amine also proceeded in excellent yield to give 
(395b) or (395c), respectively. The bicyclic enones can also be prepared by an intramolecular Wittig re- 
action and trapped in situ with alcohols.94d An intramolecular version of this process has been used in a 
clever synthesis of lycopodine (400; Scheme 50).94e Treatment of the @-bromo ketone (396) with the 
amine (397) in the presence of DBU afforded the desired tricyclic amino ketone (399) in quantitative 
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yield by way of the amino enone (398). The final conversion of (399) to lycopodine (400) was carried 
out in only two steps by Heathcock's route.94f 
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As in the Michael reaction, various methods for trapping the stabilized anion of the initial adduct have 
been developed. If, for example, there is a leaving group (thioalkyl, halogen), then an addition-elimina- 
tion process occurs readily to regenerate the alkene.95 The sequential addition of two different amines to 
the B,Bdisubstituted nitro compound (401; Scheme 51) gives the disubstituted nitroalkene (403) and fi- 
nally the pyrrole (404)."a The addition of a tertiary amine such as (405; Scheme 52) to a P-chloroacry- 
late! (406) produces the alkenylammonium salt (407) which can undergo cycloaddition to give (408)?5b 

Another common trapping method is an intramolecular aldol reaction of the initially formed anion, as 
shown in equation (91) and Schemes 53 and 54.% In the first case, an aldol-like trapping of the iminium 
salt produced (411; equation 91).% The initial heteronucleophile in the other two cases is ultimately lost 
from the product by oxidation and elimination, so that the overall process is C 4  bond formation at the 
acenter of an enone. Thus, treatment of the formyl enone (412; Scheme 53) with an aluminum thiolate 
afforded in 60% yield the trapped product (413) which could be oxidized and eliminated to give (414).* 
Addition of the corresponding aluminate species to the ketoacrylate (415; Scheme 54) produced only one 
diastereomer of the aldol product (416) which was converted into the alkene (417) in excellent yield.%" 

c1 XMe 
(393) (394) (395a) X = 0.91% 

(395b) X = S, 86% 
(395c) X = NMe, 92% 

Scheme 49 
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(399) (400) 

Scheme 50 

H,NCH,CH(OU), * H+ 

ArHN 
I N 

""A 
ArHN SMe 

I 
H H 

(402) (403) (404) 44% overall 
Scheme 51 

This method of forming the oxahydrindene ring system was later applied to an elegant total synthesis of 
avermectin AI,.* 

This C-C bond-forming process has been used very often in the intermolecular case9' to produce a- 
hydroxyalky1a.P-unsaturated esters, ketones, nitriles, sulfones, etc. by treatment of the activated alkene 

COMe 

/I yield v? 
\ 
H Et042 H 0 

i, NaIO,&IeOH 
MezAISPh ~ HZ011 hf25"C 

THFhexane ii. Si02/9 h - 
O°C/l h SPh 40% 

Scheme 53 
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e$ OMe 

Me3A1SPhLi 

THF/O OC 
8% 

C02Me 
HO ; 

OMe 

i, MCPBA 

ii, 110 'C 

c02me 0 
OMe 

with a catalytic amount of 1,4-diazabicycl0[2.2.2]octane (DABCO) and any aldehyde (or even imine)?7d 
The mechanism involves addition of DABCO to the activated alkene to form the zwitterion (420) which 
reacts with the aldehyde to give the alkoxide (421; Scheme 55). Proton transfer produces the zwitterion 
(422) which then eliminates DABCO to give the observed products (419a419e) in high yields under 
mild  condition^.^^ This process has also been catalyzed by tricyclohe~ylphosphine?~~ Another interesting 
process for trapping the initial anion is an intramolecular proton transfer (Scheme 56), as in the forma- 
tion of the ylides (424a) and (424b) from the addition of triphenylphosphine to maleic anhydride (423a) 
or maleimide (423b).988-98e These stabilized ylides, and the esters derived from them, have been used in 
s y n t h e s i ~ p ~ ~ - ~ ~ J  both in Wittig reactions and alkylations. 

DABC0/25 OC * HojMe 
Z Z 

Z 
MeCHO 

@ Z  

(418a) S02Ph 2 weeks 84% (419a) SOzPh 
(418b) CO~BU' 7 d  89% (419b) CO~BU' 
(53) CO2Et 7 d  94% (419~) c02et 
(30) COMe 24 h 81% (41W) COMe 
(70) CN 4 0 h  76% (419e) CN 

I DABCO -DABCO i 

ox Ph3P - 1  Ph3P +;i] - Ph3P gx 
0 0 0 

(423a) X = 0 
(423b) X = NH 

(424a) X = 0 
(424b) X = NH 

Scheme 56 

Epoxidation of enones on treatment with basic hydrogen peroxide or t-butyl hydroperoxide, or with 
bleach, might be viewed as another form of trapping the initially produced anion.w In this case the enol- 
ate, e.g. (425; Scheme 57), attacks the oxygen of the hydroperoxide to eject hydroxide and yield the 
epoxy ketone (426).* Finally, the initial anion can also be trapped by a sigmatropic rearrangement, as in 
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the production of the azepines (429a,b; Scheme 58) from the vinylaziridine (427), via the zwitterion 
(428).'@3 

Na' 

& Z ? H w  MeOH 7&72% [&,p\ b o  

Z 

70% 
(21) Z = C02Me (429b) Z = C02Me 55% 
(418a) Z = SO2Ph (42%) Z = S02Ph 50% 

Ph 

N 
H 
I 

(427) (70) Z=CN (428) (4%) 2 = CN 

Scheme 58 

A discussion of the relative stereochemistry of these additions completes this section on intermolecular 
heteronucleophile additions. 

In cyclic cases, the normal rules for relative stereocontrol described earlier for carbon nucleophiles 
apply to heteronucleophiles as well. An allylic substituent usually causes the addition to occur from the 
opposite face for steric reasons, resulting in the trans product (equation 92).lo1 Addition of heteronucleo- 
philes to cyclohexenone or dihydropyrone systems generally occurs in an antiparallel s e d o 2  to give the 
axial product (equation 93).lma This kinetic axial product is often easily rearranged to the thermo- 
dynamically more stable equatorial adduct when subjected to the reaction conditions for an extended 
period.10Zb*102c~102e The use of alkoxide as the nucleophile causes the lactone to be opened and, in certain 
cases, allows further base-catalyzed processes to occur (equation 94).Io2g 

In acyclic systems, high diastereoselectivity can often be achieved.Io3 Additions of amines or alkox- 
ides to the (Qenoate (436; equation 95) at low temperature afforded mainly the single diastereomer 
(437a,b) in good yield.103aJ03b Similar results were obtained with the enone corresponding to (436).lok 

(430) 

U 
(431) 

BzO 
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.. 
ROH A 

NaOR <: Lw 
OTs antiparallel 0 

(434) 
' -OR 

(434) (435) R = allyl, 87% 

Chiral a#-unsaturated sulfoxides also produce predominately one diastereomer on addition of heteronu- 
cleophiles (equation %).Io4 Kinetic protonation of the anion (440, Scheme 59), generated by addition of 
thiophenoxide to the nitroalkene (233), followed by trapping with formaldehyde, produced a 87: 13 mix- 
ture of diastereomers favoring (Ul).'" Finally, the use of high pressure can increase the dia- 
stereoselectivity of the addition of amines to chiral crotonates.'OQ 

X 

(95) 
BnNHz/-50 "C/50 h 

or 
O X 0  NaOMeNeOW-78 O C  O x o  

(436) (437a) X = NHBn 
(437b) X = OMe 

I 

(439) 
H 

(438) 

NO2 
AcOH 

s Ph N02 i, 1.5 equiv. PhSLi 

Y O H  
Hm2c -b= No; 

i i ,  CH20/3 h H -78 OC 
I h  SPh 

(233) (440) (441) 

Scheme 59 

I .I 333 Inhamolecular aiiditions 

( i )  Baldwin's rules for ring closure 
Many intramolecular versions of heteronucleophilic additions have been published. However, a major 

contribution in this area is due to Baldwin who, in 1976, published a paper describing the rules for ring 
closure.lma In that paper and the succeeding ones,lo7 he showed that 5-endo-trigonal cyclizations of hy- 
droxy enones and unsaturated esters, such as (442a; equation 97) and (44213; equation 98). do not occur 
under basic conditions to give the expected products, (443a) and (443b), respectively (although the for- 
mer reaction proceeds well under acidic c o n d i t i o n ~ ) . ~ ~ ~ ~ J ~ ~ ~  In order to demonstrate conclusively that the 
reluctance of the anion of (442a) to cyclize was not due to an unfavorable equilibrium, Baldwin treated 
(4438) (prepared via acid-catalyzed cyclization of 442a) with NaOMe in MeOD. The a-protons of 
(443s) were exchanged for deuterium but none of the retro-Michael product (442a) was produced. The 
rule that 5-endo-trigonal cyclizations are disfavored has generally been followed, with few exceptions, 
e.g. the thiol (442c; equation 98) cyclizes in warm basic methanol to give (443c).107b The other favored 
cyclizations-5-exo, 6end0, 6-exo, etc.-have been reported often, as described below. There are ob- 
viously many examples of each class, but due to space limitations only a few recent representative exam- 
ples of each are presented. 
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0 

Ph 

>c"il NaOMc.h4eOHx~ 

OH ph NaHDHF 
(44W (4434 

C02Me CO2Me 

-6 NaOMe/M&H/6S OC 

(443b) X = 0 

e* 
(442b) X = 0 no reaction 
(442c) X = S good yield (443c) x = s 

(97) 

(ii) 5-Exo-trigonal cyclizations 
Baldwin showed that oxidation of the allylic alcohol (444; Scheme 60) gave the five-membered ring 

(446) in quantitative yield by way of the unisolable hydroxy enone (445).107c A useful 5exo-trig cycliza- 
tion has been reported often in the synthesis of carbohydrates from protected aldoses by a Wittig conden- 
sation followed by an intramolecular conjugate addition of the alkoxide.Io8 As an example, reaction of 
the aldose (447; Scheme 61) with the stabilized Wittig reagents (448a,b) afforded a 3:l mixture of p:a 
anomers of (450a,b), in which the key step is an intramolecular addition of the alkoxide of (449) to the 
enoate.Ioga The corresponding fully protected arabinose analog gave predominately the a-anomer.lO" 
Hirama has used a similar cyclization of carbamates to give good 1,2- and 1,3-dia~tereoselectivity.~~~ 
For example, cyclization of either the (E)- or (2)-allylic carbamate esters (451a,b equation 99) gave the 
trans-oxazolidinones (452a,b) as the major products.IWa The corresponding homoallylic carbamate, 
(453; equation 100) gave mainly the cis six-membered ring (454).IWa Finally, an interesting example of a 
5-exo-trig cyclization'Wb followed by a retro-Mannich reaction has been reported in the synthesis of a 
series of isoindole systems.110 Treatment of the bromide (455; Scheme 62) with methylamine gave the 
pyrrolothiophene (4591, the mechanism of which involves a 5-exo-trig cyclization of the amine (456) to 
(457). which undergoes a retro-Mannich reaction to give (458) and finally (459).'1° 

OH r 0 1  0 

(444) (445) 

Scheme 60 

MeCN - ____) %OH + Ph3P=CHZ 
At16 h 

(447) (448a) 2 = C02Me 98% (4498, b) 
(44813) 2 = CN 92% 

Scheme 61 
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9CONH2 

Ph- - ' C02Me 

(E)-(451a) 
(Z)-( 451 b) 

C02Me 
OCONH2 

(453) 

Br 

(455) 

A .H KOBd 
- 0  N A .H + O N  

(452a) 12:l (453a) 
(452b) >loo:] (453b) 

Me", 

EtOH 

\ (459) 
25 O C f I  h 

88% 

( i i i )  6-Exo-trigonal cyclizations 
Baldwin has shown that the 6-exo-trig process is a favorable   ne,^^^^^^^^^ e.g. cyclization of the 

phenolic enone (459; equation 101) in base furnished (460) in good An intramolecular addition 
of an amine to a chiral vinyl sulfoxide, a 6-exo-trig process, was used in the synthesis of canadine.'l* Re- 
action of (461; equation 102) produced a 3-4: 1 mixture of (462a) and (462b), in which the former pre- 
dominated."'c An interesting 6exo-trig cyclization was thought to be responsible for the racemization of 
the chiral hydroxy acid (R)-(463) under base-catalyzed alkylation conditions to give (f)-(464).' I 2  It was 
suggested that the dianion (465; Scheme 63) racemized via a 6exo-trig cyclization to give the bridged 
acid dianion (466) which opened up to a mixture of (465) and (467) and was then alkylated to give 
racemic {464). 

0 0 

(459) 
80% 

(460) 
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y 

(466) 

Scheme 63 

(467) 

(iv) 6-Endo-trigonal cyclizations 
These cyclizations are somewhat less common than those presented above but they are occasionally 

reported. In a recent forskolin synthesis, Ziegler reported the cyclization of (468. Scheme 64) to give 
(470) via a 6-endo-trig addition-elimination process involving the P-methoxy enone (469) as an inter- 
mediate.' l 3  A second 6-endo-trig addition-elimination process involves cyclization of (471; equation 
103) with loss of benzenesulfinic acid to give (472).''4 Finally, a retrod-endo-trig process was used to 
prepare a silyloxy diene for an intramolecular Diels-Alder reaction.' Treatment of N-methylpiperidone 
(473; Scheme 65) with acryloyl chloride and then Hiinig's base produced the enone acrylamide (474), 
via a retro-6-endo-trig reaction. Silylation and thermal cyclization then afforded (475) in 72% yield. 

( v )  5-Endo-trigonal cyclizations 
Finally, it might be of interest to present one example of a formal violation of Baldwin's rules (since 

Baldwin uses the terms 'favored' and 'disfavored', there can be no violations of these rules, but only nor- 
mally 'disfavored' reactions which proceed). We have reported116 the formation of the cyclic keto alk- 
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R Bu'OK 

O C O N H P h  - oCONHPh 

OSiBu'Me2 

&:-Me 

N ii, I50 O C  
I PhMeIA Me 0 43% 

(473) (474) (475) 

Scheme 65 

enylammonium salt (478; Scheme 66) by treatment of the P-keto aldehyde anion (476) with tosyl (or 
mesyl) chloride in acetonitrile, a reaction that we suggest proceeds via the tosylate (477), which under- 
goes a 5-endo-trig cyclization and then elimination of the tosylate. The exact mechanism has not yet 
been proven. 

+ NMe2 - TsCi + NMez 
ONa OTs NMe2 Me OTs- 

(476) (477) (478) 

Scheme 66 

1.13 ALKYNIC wSYSTEMS 

The addition of stabilized nucleophiles-both carbon and heteronucleophiles-to activated alkynes 
has been used far less often in organic synthesis than the corresponding addition to activated alkenes. 
Since several excellent reviews on nucleophilic additions to alkynes appeared in the 1960s and 1970~, '~ 
this section includes only a few representative examples from the early literature and some more recent 
applications. 

1.13.1 Carbon Nucleophiles 

I.1.3.1.1 Intermolecular additions 

As mentioned early in this chapter, the first example of an addjfion of a stabilized carbon nucleophile 
to an activated alkyne was published by Michael in 1894 (see equation 2).2 The addition of a P-keto ester 
(2) or P-diketone (479) to the alkynic ester (lob; equation 104) afforded the pyrone (480a) or (480b), re- 
spectively, by cyclization of the initial adduct.l17 Similarly, the addition of diethyl malonate (1) to an 
alkynic ketone (481; equation 105) afforded the pyrone-3-carboxylate (482) in good yield.118 The yields 
of additions to alkynes are generally lower than with the corresponding alkenes, although in certain cases 
quite high yields of the initial Michael adduct can be obtained,lI9 e.g. the cyanoacrylate (485; equation 
106) is obtained from the addition of diphenylacetonitrile (483) to ethyl propiolate (484) in 92% yield119a 
and the ketoacrylate (487; Scheme 67) is produced from the tetrahydrophenanthrenone (486) and ethyl 
propiolate (484) in 83% On heating in acid, the ketoacrylate (487) cyclizes to the pyrone (488). 
Depending on the reaction conditions, either the cis (kinetic) or truns (thermodynamic) enones can be 
obtained. For example, addition of the anion of the oxazolone (152; Scheme 68) to phenyl ethynyl 
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ketone (489) produces initially the (a-product (2)-(490), which can be isomerized thermally to the (E)- 
isomer (E)-(490).I2O The corresponding trifluommethyl oxazolone (491; equation 107) adds to (489) at 
the aminal carbon rather than at the a-keto carbon to give (2)-(492), which might find use as a method 
for the 1.4-addition of a trifluoroacetyl anion equivalent.Im Dichloroacetylene (49%) (either preformed 
or formed in situ by reaction of trichloroethylene 493b with base) is also sufficiently activated to m c t  
with stabilized nucleophiles, e.g. diethyl ethylmalonate (494). to give the dichlorovinyl product (495; 
Scheme 69).IZ1 Treatment with t-butyllithium affords the alkynic product (4%), thus allowing for a- 
ethynylation of stabilized anions. The ethynyl iodonium salt (498a) reacts similarly with the enolate of 
f3-diketone (497) to give the ethynylated product (499) in good yield (equation 1O8).lZz. However, a 
quite different product, namely (500, Scheme 70) has been obtained in 84% yield by the reaction of the 
corresponding 1 -decynylphenyliodonium salt (498b) with (497) under similar conditions.IZZb In this lat- 
ter reaction the initial addition occurs at the alkyl-substituted carbon to give the anion (Ml), which a- 
eliminates to the alkylidene carbene (502); insertion into the C-H bond then gives the cyclopentene 
(500). The reaction of the phenylsulfonylacetophenone (503; equation 109) with (498b) under the same 
conditions afforded the furan (504) in 67% yield via an analogous mechanism.122b The formation of 
(499) has now been shown to occur via the corresponding alkylidene carbene which undergoes a 1.2- 
phenyl migration.122b 
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+ Ph-COzEt - 
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(2) X=OEt (lob) 
(479) X = Me 
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(e) X=OEt 
(480b) X = M e  
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-p+To NaOEt 

COZEt EtOH 
59% 

COMe + - 

(1) (481) (482) 

+ 
Ph. BnNMe3 Ph. ,CN 

Ph -COzEt 
F C N  + -CO2Et - 

O H  Ph 

AcOH 

83% (487) 

Scheme 67 
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ph025 xCsH17 BdONa 
+ C8H,, = IPh - + 

BF4- BdOH ph 
67% 

1 PhO$ 

Ph 0 

(503) (498b) (504) 

As with Michael additions to activated alkenes, the initial adducts with activated alkynes can be 
trapped by various processes. An aldol reaction can occur if a carbonyl is properly situated in the starting 
material (Scheme 71).Iz3 However, the use of methyl ethynyl ketone (509) and its homologs in the Ro- 
binson annulation process to give cyclohexadienones (510; equation 110) usually proceeds in poor 
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yield," presumably due to the fact that the enedione intermediate may be largely the (E)-isomer.124b 
However, alkoxyethynyl vinyl ketones (511; Scheme 72) give good yields of cyclic p-alkoxy enones 
(513) when reacted with diethyl malonate (1) in base, via internal trapping by proton transfer and an in- 
tramolecular Michael addition of the intermediate (512).'& This process was used in a synthesis of grise- 
ofulvin, as described earlier. A Dieckmann condensation can also serve as an internal trapping step. For 
example, reaction of dimethyl acetylenedicarboxylate (DMAD) (514; equation 11 1) with malononitrile 
(39) or ethyl cyanoacetate (26) in the presence of pyridine and acetic acid affords the salts (515a) or 
(515b), respectively, in good yield via an allcynic multiple Michael process followed by Dieckmann con- 
den~ati0n.l~~ However, the analogous condensation of (514) with dimethyl malonate (56; equation 112) 
under the same conditions afforded the seven-membered rings (516a) and (516b) in 63% and 4% yield, 
respectively.125 These compounds are presumably formed by three consecutive intermolecular Michael 
additions followed by an intramolecular Michael addition to give the seven-membered rings (the last Mi- 
chael addition being a 7endo-trig cyclization). wo m C O z M y  I 9' .Ao- OMe 1 - wc0zMe 

N (506) 
N 

66% Ac' 0 Ac' 0 
Et3N/dioxane 

Et0 
0 ButOK 

BdOH 
73% 

- + 1 EtO2C bo] CO2Et 

L -I 
(511) (512) 

Scheme 72 

( 1  11) 
C02Me 

Z + MeO2C-CO2Me - AcOH PY Nc+ Z 

Me02C COzMe 

(39) Z = CN (514) 60% (S15a) 2 = CN 
(26) Z = CO2Et 68% (SlSb) Z = CO2Et 

MeO2C COzMe 

(514) 
Py/AcOH C0,Me 

E E  E E  
(56) (Sl6a) 63% E = COzMe (516b) 4% 
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The reaction of enamines with alkynic esters has been used often in organic synthesis.126 Enamines of 
aldehydes (517; Scheme 73) react with methyl or ethyl propiolate to give the 1-aminobutadiene-2-car- 
boxylates (519a,b) by way of the cyclobutenes (518a,b).12& A similar reaction pathway is followed in 
the reaction of (517) with DMAD (514).'26b Even enamines of p-diketones (p-amino enones) undergo 
this reaction to give analogous products which can then undergo further reactions.I2& The reaction of en- 
amines of cyclic ketones (64, Scheme 74) with methyl propiolate (506) or DMAD (514) at %110 'C af- 
fords the cyclic dienoates (521a,b), in which the ring has undergone a two-carbon expansion via the 
bicycloheptene intermediates (520a,b).126a,126c1126e By carrying out the addition at lower temperatures, 
the intermediate (520a) can be isolated. 126c*126e Enamines of heterocyclic ketones, e.g. 3-piperidinoindole 
(522a; equation 1 1 3)127a or the 3-pyrrolidinodihydrothiophene (522b; equation 1 14),127b afford the corre- 
sponding seven-membered rings, (523a) and (523b), respectively, in excellent yields when heated with 
DMAD.127 This type of two-carbon ring expansion of cyclic ketones has been used quite often in natural 
product synthesis.12* It has also been applied to a variety of heterocyclic amino compounds to give pro- 
ducts derived from similar reaction pathways.129 Moreover, other nucleophilic alkenes can be used in 
place of enamines.130 For example, the ynamine (524; equation 115) reacts with two equivalents of 
DMAD to give the aromatic product (525).I3Oa The alkenic iminophosphoranes (526; equation 116). also, 
react with methyl propiolate or DMAD to give the ring-enlarged product (527).130cJ30d Finally, the 
iminophosphoranes of certain ring systems, e.g. uracils, can give either simple Michael adducts or struc- 
turally rearranged products.13& 

(506) R = Me, 50% 
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1 .I 3.1 3 Intramolecular additions 

There are only a few examples of intramolecular addition of a stabilized carbon nucleophile to an acti- 
vated alkyne, one of these being in Trost’s synthesis of hirsutic acid C, where basic treatment of the keto- 
propiolate (528, equation 1 17) at 110 ‘C resulted in a 65-70% yield of the bicyclic ketoacrylate (529). 
via a 5-exo-digonal cyclization?6 Even though 5- and 6-endo-digonal cyclizations would be expected to 
be disfavored because of the inhibition of resonance stabilization of the enolate, due to angle strain (an 
allenic system in a five- or six-membered ring), under the right conditions they can be made to occur in 
high yields (via the vinyl anion not stabilized by resonance). For example, Deslongchamps has reported 
the formation of the hydrindenediones and the octalinediones, (531a) and (531b), respectively, from the 
corresponding &keto ester ynones (530a,b) in very high yields (equation 1 The reaction works 
poorly for the formation of the corresponding seven- and eight-membered systems.131 However, this type 
of endo cyclization has not generally been seen in other systems. For instance, treatment of the ester yn- 
amide (532 Scheme 75) with base did not afford the desired Michael adduct (533a) but rather the so- 
called ‘anti-Michael’ product (533b) and its endocyclic double-bonded isomer ( 5 3 3 ~ ) ~ ~ ~  Likewise, 
treatment of bis(phenylethyny1) ketone (534, equation 119) with ethyl acetoacetate (2) under basic condi- 
tions affords the ‘anti-Michael’ product (535) in 68% yield via a normal intermolecular Michael addition 
followed by an intramolecular ‘anti-Michael’ addition.132 

C02Me excess PhMe Et3N *@I 
(529) 

(1 17) 

C02Me 6/12 h 
65-7096 

0 
(528) 
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1.13.2 Heteronucleophiles 

representative examples from the older literature and some more recent applications are presented here. 
Since several excellent reviews summarize the literature in this area up to about 1970,'O only a few 

I S.3f.I Intermolecular additions 

Michael was to first report, in 1896, the 1P-addition of a heteronucleophile, namely the addition of 
ethoxide to diethyl acetylenedicarboxylate (loa) to give (536, equation 120).133 As with the Michael ad- 
dition, many electron-withdrawing groups have been used to activate the alkyne for addition-esters, al- 
dehydes, ketones, nitriles, sulfones and so on. The number of heteronucleophiles used is quite extensive, 
including alcohols, amines (primary, secondary and tertiary), thiols, selenols, tellurols, halides, phos- 
phines, phosphites, hydrazines and so on. The addition can be highly stereoselective or nearly stereoran- 
dom depending on the reaction conditions. The best mechanistic explanation for the large body of 
stereochemical results is as follows. Initial attack of the nucleophile on an activated alkyne (A; Scheme 
76) occurs in an anti fashion to give the (2)-vinyl anion (B) in preference to the (,!?)-vinyl anion (C).134 If 
protonation is faster under the reaction conditions than equilibration, this compound leads to the (2')- 
isomer (D) via overall anti addition.'35 This initially formed (9-vinyl anion (B) can isomerize to the (0- 
vinyl anion (C) by way of the linear sp-hybridized anion (E) and its various resonance contributors (e.g. 
for Z = COzR, COR, erc.). If protonation is slow compared to equilibration, the more stable of the two 
products will be obtained-usually (F) when the nucleophile is alkoxide or a secondary or tertiary 
amine, but (D) when the nucleophile is a primary amine (due to internal hydrogen bonding). The relative 
rates of isomerization versus protonation will be directly dependent on the ability of the activating group 
Z to stabilize by resonance (i.e. to stabilize the linear anion E)134d and on the ability of the solvent to do- 
nate a proton to the anion. Thus, additions carried out in protic solvents tend to give a higher proportion 
of anti addition than those done in aprotic solvents, and alkynes activated by inductively stabilizing 
groups (sulfonyl, cyano) tend to give more anti addition. Finally, there is a second equilibration mechan- 
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ism possible in certain cases, namely the direct isomerization of ( C )  and (F) via the intermediacy of the 
zwitterionic form (G) which can rotate about the central C--C single bond to lead to either product. A 
good discussion of this process for the addition of trialkylamines to various activated alkynes has recent- 
ly been p~b1ished. l~~ This mechanistic picture can readily explain otherwise somewhat contradictory re- 
sults. 

\ 
H*iZ - H 

Nu Z Nu - Nu 4- 

HZ )=(==E Nu + Hz- - 

(E) 1 H: AH Z S  H\ ir 
H 

____c 

Nu H Nu Z 
(D) (G) (F) 

Scheme 76 

Base-catalyzed addition of an alcohol137 to methyl propiolate (506; equation 121) usually gives nearly 
exclusively the (@-isomer (E)-(537),1378 although under very weakly basic conditions a 2:l mixture fa- 
voring the (2)-isomer has been obtained.'37c However, with DMAD (514) under certain conditions the 
(a-isomer (2)-(538) predominates.'37a An interesting rearrangement was initiated by addition of the 
alkoxide of the 3-hydroxy-N-phenylpyridine betaine (539; Scheme 77) with DMAD to give the furan 
(543), via the initial 1.4-adduct (540).137g 

The addition of amines to activated alkynes leads to either the (E)- or (2)-isomer with fairly high stere- 
oselectivity based on the substitution pattern of the amine.138 Primary amines add to alkynic ketones and 
propiolates (equation 122) to give an equilibrium mixture favoring the ( 2 ) - i ~ o m e r , I ~ * ~ ~ ~ ~ ~  although there 
are reports of selective formation of the Secondary amines also afford an equilibrium 
mixture of (E)- and (2)-isomers, but greatly favoring the (@-isomer often to the exclusion of the (2)- 
isomer (equation 123).'39 Addition of the chiral C(2)-symmetric pyrrolidine (550 Scheme 78) to the 
ester (551) gave in essentially quantitative yield the @)-isomer which was cyclized with fluoride to fur- 
nish the lactone (552) in 94% overall yield. Alkylation of the anion of (552) proceeded with very high 
diastereoselectivity to give (553) as the major i~0rner . I~~ '  The use of aziridine"@ in protic solvents fur- 
nishes a higher proportion of the (2)-isomer (2)-(554), due to inhibition of the isomerization of the 
kinetic (2)-isomer into the (E)-isomer via a zwitterionic intermediate (equation 124). With alkynic sul- 
fones the proportion of the (2)-isomer can be very high (equation 125).138d The addition of the 2-vinyl- 
aziridine (427; Scheme 79) to DMAD (514) at -20 'C produced the dihydroazepine (558) in 95% yield, 

Et20 ">=("M: RHH 
R-COzMe + ROH - (121) 

RO COzMe n 
N - H  R'O H 

O- 

(506) R = H R'=Pr' 87% (E)-(537) 1oO:O (Z)-(537) 
(514) R = CO2Me R = M e  92% (E)-(538) 1090 (Z)-(538) 
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L 

- P h N T c 0 2 M e  

C02Me 

(543) 

Scheme 77 

presumably via a [3,3] sigmatropic rearrangement of the initially formed zwitterion (557) from 1,6addi- 
tion.lm The addition of tialkylammonium salts141 to activated alkynes in methanol can give either ex- 
clusive (E)- or (2)-isomers or a mixture, depending on the activating group. With the ketone (509; 
equation 126) only the (E)-isomer (E)-(560) is formed, while with the nitrile (559). only the (2)-isomer 
(2)-(561) is produced. With propiolate (506), a nearly 1:l mixture of (E)- and (2)-(562) is obtained.136 
These results are easily explained by analysis of the ability of the activating group to stabilize the linear 
form of the initially formed ZqQ-vinyl anion.IW Thus the inductively stabilizing nitrile group 
isomerizes slowly and is directly protonated before equilibration to give the (a-isomer, while the reson- 
ance-stabilizing ketone allows rapid and complete equilibration and only the (@-isomer is formed. The 
ester lies between these two extremes. This work136 furnishes the best experimental evidence for the the- 
oretical calculations of vinyl anion stability.IW 

-COR - + R'NH2 - /"OR + m (122) 
R'HN R'HN COR 

(506) R = OMe R = But 64% (E)-(544)  0 100 (Z)-(544) 
(506) R = OMe R' = c-hexyl (E)-(545) 15:85 (Z)-(545) 
(489) R = Ph R' = Bn 98% fEh(546) 0:100 (z)-(546) 

(123) /i\ 
+ RNR C02Et 

- --CO,Et + RRNH - 
RNR' 

(484) R = R = (CH2)4 >95% (E)-(547) 100:o (Z)-(547) 
R = R = P r '  90% (E)-(548) 100:o (Z)-(548) 
R = Me, R' = CHzCOzEt 90% (E)-(549) 100:O (2)-(549) 

c"" + 
B utOH 

80 o c  

'OSiButMe2 
100% 

F- 

94% 
- BdLi 

THF 
-78 O C  

RX 

- 

(553) 
R = Me, 97:3 
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( 124) 
rn 

C02Me + 4  - -C02Me + (=NH - /_IC02Me 
4 

DMF (E)-(554) 97~3 (Z)-(554) 
MeOH 4753 

(555) (E)-(556) 5~95 (Z)-(556) 

+ 

C02Me 

The additions of thiol anions, selenides and tellurides are all highly selective for the (2)-isomers, ex- 
clusively so for the selenides and te1l~rides.l~~ For example, addition to (lob) gives primarily the (2)- 
isomer (equation 127).142a,'42e*142' The addition of dithiolate, dithiocarbamate and dithiocarbonate salts 
also occurs with high (2)-selectivity in acetic acid/a~etonitrile~~~p to give (2)-(5W, equation 128), but di- 
thioic acids give mixtures enriched in the (E)-isomer (E)-(567) in carbon tetra~hloride.~~~g The addition 
of thiols to activated alkynes has been used in a clever stereospecific trisubstituted alkene synthesis.'42b 
Addition of thiophenoxide to the alkynic ester (568, Scheme 80) gives exclusively the (2)-isomer (569), 
which is converted into the (E)-trisubstituted alkene (570) via copper-promoted Grignard addition. The 
kinetic (a-vinyl anion initially produced can be trapped with benzaldehyde to afford mainly the product 
of anti addition (2)-(571; equation 129).142k 

Ph + h  (127) - phwco2Et RX CO2Et 

RXNa 
Ph CO2Et 

RX 
(lob) RX = PhS 85% (E)-(563) 1:5 (Z)-(563) 

TOIS 33% (E)-(564) 0:100 (Z)-(564) 
PhSe 85% (E)-(565) 0: 100 (Z)-(565) 

- - C02Me + RCS2- M+ c yco2Me+ RCS2 /-7C02Me (128) 
RCS2 

(506) R = Ph M = Et3NH AcOHFleCN 88% (E)-(566) 0 100 (Z)-(566) 
R=Me M = H  CCldA (E)-(567) 95:5 (Z)-(567) 
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C02Me 

<OH + 
JoH (129) 

PhS C02Me 

THF - -C02Me + PhSLi - 
PhcHo PhS 

84% Ph 

(506) (E)-(571) 17933 (Z)-(571) 

The addition of hydrogen halides to propiolic acid (572; equation 130) occurs by overall anti addition 
to furnish cleanly the (2)-isomer of (573).143 This product can also be formed in 80% yield by refluxing 
the acid (572) with methylmagnesium iodide in THF and quenching with glacial acetic acid.143c NJV- 
Dialkylhydrazines add to propiolic acid (572) to give the betaine (574),144r but when added to methyl 
propiolate (506) or DMAD (514) afford the cyclic betaines (575; equation 131).lUb Hydrazine and N- 
alkylhydrazines produce the corresponding pyrazolin-5-one. 

HI or - rn - I C02H = C02H 
MeMgImHFJA 

(573) AcOH 
80% 

R 

R-C02R + MezNNH2 - + >--, 
Me2N C02R 

(572) R = R = H MeOH 57% (574) 
(506) R = H, R '=  Me 
(514) R = C02Me, R' = Me 

1 : 1 MeOH:H20 39% (575a) 
40% (575b) 

Trialkylphosphines add via anti addition to give the expected salts (577; Scheme 81) which decom- 
pose upon work-up to products (578) not containing phosphorus.145P Triethyl phosphite (equation 132) 
reacts with propiolic acid (572) or methyl propiolate (506) to give predominately ( S O % )  the P-phos- 
phono ester (579) with the (E)-c~nfiguration.l~~~ 

..-. Ph H-0 Ph 

H uH COZH 

Scheme 81 

(572) R = H 
(506) R = Me 

(579) 
R = H  
R = M e  

Finally, a recent paper reports that under kinetic conditions (25 'C/6 h) phenoxide and thiophenoxide 
add to benzoyl(trifluoromethy1)acetylene (580; equation 133), 1.4 to the trifluoromethyl group rather 
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than 1,4 to the benzoyl group (so-called 'anti-Michael' addition), to give the (2)-addition products (581) 
in high yields. Under thermodynamic conditions (150 'C/24 h) a nearly 1 : 1 mixture of the regioisomeric 
adducts is produced.146 
The initial vinyl anion produced can be trapped in several ways. One particularly useful intramolecular 

trapping involves the condensation of an a-amino, u-hydroxy or a-mercapto ketone with an activated al- 
kynes to produce the heterocyclic aromatic compounds in one or two steps in good yield.147 For 
example, condensation of the anilino ketone (582; equation 134) with methyl propiolate or DMAD pro- 
duces the pyrroles (583a,b) in good yield.147b Similar processes in which the vinyl anion condenses on a 
ketone to form the C(3)-C(4) bond have been described often in the literature.147a*'47c.147d However, the 
condensation of methyl Nethylglycinate (584; equation 135) and DMAD affords the 3-hydroxypyrrole 
(585) via a Dieckmann condensation to form the C(2)-C(3) bond rather than the C(3)-C(4) bond.147c In 
this case and the following, one of the DMAD ester groups serves as the electrophile in the subsequent 
cyclization process. Quinolones (588; Scheme 82) can also be formed in two steps by condensing the an- 
thranilate (586) with DMAD to give the anilinofumarate (587). which on pyrolysis affords the quinolone 
(588).147c Condensation of the enamino ketone (589; Scheme 83) with DMAD gives the amino fumarate 
(590) which on heating in methanol produces the pyrrolone (591).147a Furans can also be prepared by this 
general route. Condensation of benzoin (592; Scheme 84) with DMAD in the presence of potassium car- 
bonate yields the hydroxydihydrofuran (593) which can be dehydrated to the furan (594) in 90% yield on 
heating with acidic methanol.147a The formation of thiophenes by this process shows this dichotomy of 
cyclization modes. Treatment of mercaptoacetone (595; Scheme 85) with methyl propiolate and molar 
quantities of potassium t-butoxide in DMSO furnishes only 2-acetyl-3-hydroxythiophene (597) by way 
of a Dieckmann-like condensation of the (2)-isomer (Z)-(5%). The use of catalytic quantities of base, 
however, gives a very different mixture of products in which the (E)-isomer of the initial adduct (E)- 
(596) and its condensation product (anion a to ester condensing on to the ketone) (598) predominate.147f 
Several other heterocyclic systems have been produced by similar ~hemistry.~~~g 

Phx- PhCO 
c >-\ PhCO CF, 

25 T I 6  h PhX CF, 
>90% 

(580) (581) X = O , S  

+ R-COzMe - ( 134) 
A R 

I 
;'",Ph Ph 

(582) (506) R = H 2 hP9% (583a) R = H 
(514) R = COzMe 16 h/70% (SS3b) R = COZMe 

h COZMe (135) 

COzMe 
Et20 

25 TI2 h 
MeOzCANHEt + 111 
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Et 
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__c 
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EtOzC H 
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Scheme 82 
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0 
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DMSO Ys 
0 
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Scheme 85 

1.13.2.2 Intramolecular additions 

A number of intramolecular additions of heteronucleophiles to activated alkynes have been reported to 
give heterocyclic systems. For example, the addition of water, hydrogen sulfide or primary amines to the 
disubstituted diethynyl ketones (598; equation 136) furnish the pyrones (599) in good yields, via a 6- 
endo-digonal c y c l i z a t i ~ n . ~ ~ ~ ~ ~ ~ ~  In certain cases (especially when R = Ph), the ‘anti-Michael’ products 
(600) can predominate.132a Reaction of the ethynyl amide or ketone, (601a) or (601b), respectively, with 
isothiocyanate or carbon disulfide (quenching with methyl iodide) gives exclusively the ‘anti-Michael’ 
products (602a) and (602b) from the amide (601a) but mainly the Michael products (603), rather than 
(W), from the ketone (601b; Scheme 86).149 Treatment of the dihydroxy alkynic ketone (605; equation 
137) with cesium carbonate in acetonitrile gives exclusively the furanone (606) via a 5-endo-digonal cy- 
clization, rather than the product of the 6endo-digonal cyclization (607).’ l3 An interesting 8endodigo- 
nal cyclization of an alkoxide is a key step in the formation of the oxwenone (610 Scheme 87) from the 
lactone (608), which presumably proceeds via the anion (609).I5O 

1.1.4 ALLENIC IT-SYSTEMS 

Nucleophilic additions to activated allenes have been reported fairly often. Since there are several 
good recent reviews of this area,151 only a brief overview is given here. 



54 Polar Additions to Activated Alkenes and Alkynes 

SMe 

0 Ph 
NaH 

DMF Ph S SMe p j , ~ ~  

PhCH 
S Y  

COXH, ''2; 
Me1 

(602a) Y = NPh PhNCS 74% (601a) X = N (603) 
(602b) Y = S CS2 ; Me1 57% (601b) X = CH 55% 

Scheme 86 

(604) 
13% 

""0 OSiBu'Mez 
c 

MeS 

MeS 

- MeS o f i r ; M e 2  

5 I I  MeS 

(609) 

Scheme 87 

1.1.4.1 Carbon Nucleophiles 

Stabilized carbon nucleophiles add to the central carbon of activated allenes.IS2 For example, addition 
of the enamine (611; Scheme 88) to diethyl allenedicarboxylate (612), followed by heating with acetic 
acid, affords the pyridone (614) in 7096 yield via the intermediate (613).1528 A more substituted fumarate 
was used in this process in the key step of a synthesis of c a m p t o t h e ~ i n . ' ~ ~ ~  A second approach to campto- 
thecin used a pyridone synthesis based on the reaction of an imine of pyruvate (615; equation 138) with 
dimethyl allenedicarboxylate (616) to give (617).1s2c The addition of simple nucleophiles also works 
well, e.g. the formation of (619; equation 139) in 71% yield from (1) and (618).1s3a The additions of 
acylaminomalonates (620 equation 140) to the nitrile (618) or the ester (621) afford the unconjugated 
products (622) in very high yields.1s3b Addition of @-keto esters or P-diketones to the allenic dimethyl- 
sulfonium salt (623; equation 141) (prepared in situ from the corresponding propargylic salt) affords 4- 
methylfurans with electron-withdrawing substituents in the 3-position (624a,b).'" However, malonates 
and substituted malonates (Scheme 89) react with (623) to give the rearranged a-alkenylmalonates 
(628a) and (628b). via a [2,3] sigmatropic shift of the sulfur ylides (627a) and (627b). formed from the 
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initial Michael adducts (6%) and (626b). Finally, it has been reported that phosphonium ylides add to 
activated allenes to give new vinyl ylides and further products.155 

1.1.4.2 Heteronucleophiles 

Many heteronucleophiles have been added to allenic ketones, esters, nitriles, sulfones, ere.'" In 
general, the product is the a,&unsaturated system, as the following examples show (equation 142, 
Schemes 90 to 92). The P,y-unsaturated system is formed first (and can sometimes be i s ~ l a t e d ) ' ~ , ~ ~ ~ g  
and then rearranges to the a,&unsaturated system.156c In general, the thermodynamically more stable al- 
kene isomer is produced in this process, although mixtures are common. With dimethyl allenedicarboxy- 
late (616), addition of alcohols and secondary amines is reported to give only the (E)-isomers (635). 
while addition of cyclohexylamine gives mainly the (3-isomer (Z)-(636) due to internal H-bonding 
(Scheme 93).156" 

Cyclization of the initial acyclic adducts is also possible and several heterocyclic ring systems can be 
formed.15' Addition of hydrazine or hydroxylamine to the nitrile (618 equation 143) produces the ami- 
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EtO2C NaOEt C02Et "COR 
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R = Bu'O (618) Z = CN 89% R=Bu'O, Z = C N  
R = M e  (621) Z = C02Et 94% R = Me, Z = CO2Et 
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cox +SMe2 EtOH 
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MeS 

(6%) 74% (627a) (628b) 32% 

Scheme 89 

nopyrazole or isoxazole, (637a) or (637b) in good yield.153a'578 A synthetically quite useful process in- 
volves the addition of an N-acylarylhydroxylamine (638 Scheme 94) to an activated allene (639) under 
basic conditions to give the anion (640). which undergoes a [3,3] sigmatropic rearrangement to afford in 
high yield the 2-alkylated aniline (642) by way of the intermediate (641).'58 Heating (642) with formic 
acid produces the indole in this oxygen analog of the Fischer indole synthesis.'58 Addition of ethyl N- 
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methylglycinate (643a) or methyl a-mercaptoacetate (64313) to the allenic nitrile (644; equation 144) af- 
fords in good yield the corresponding heterocycle (645a) or (645b).157f Similarly, reaction of the salicy- 
late ( M a ) ,  thiosalicylate (646b) and anthranilate (646c) with diethyl allenedicarboxylate (612) produces 
the corresponding heterocycle (equation 145) in moderate yield.157h The addition of ethylenediamine to 
the nitrile (644; equation 146) produces the imidazole (648) via two Michael additions and loss of ace- 
t0nitri1e.I~~~ Similar reaction of ethylene glycol with cyanoallene gives the ethylene ketal of 
c y a n o a ~ e t o n e . ~ ~ ~ ~  Reaction of o-phenylenediamine (649a) or 2-aminothiazole (649b) with dimethyl all- 
enedicarboxylate (616) produces the corresponding heterocycle (Scheme 95) in moderate 
yield.157b*'57d*157J Several other heterocyclic systems have been prepared by analogous applications of this 
general ~cheme.l5~J Finally, additions of trialkyl phosphites to allenic ketones (629 equation 147) give 
the methyleneoxaphospholenes in high yield (651).157kJ571 
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1.1.5 CONCLUSION 

The addition of stabilized nucleophiles to activated n-systems is one of the most widely used construc- 
tive methods in organic synthesis. This chapter has provided a selective overview of this still burgeoning 
area where further progress continues, especially in the area of stereocontrol. 
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1.2.1 INTRODUCTION 

The 1 ,Cconjugate addition of stabilized carbanions ( 1,3-dicarbonyl class) to a$-unsaturated carbonyl 
compounds was reported by Michael in 1887 and quickly became established as an efficient method for 
carbon-carbon bond formation. I Numerous stabilized nucleophiles (donors) have been found to partici- 
pate efficiently in 1,4-conjugate additions to other activated alkenes (acceptors).2 In general, the re- 
activity of acceptors (a3-synthons) towards various stabilized carbanions follows: a$-unsaturated 
aldehydes >> a,P-unsaturate!d ketones > a,&unsaturated nitriles > a,&unsaturated esters > a,p-unsatu- 
rated  amide^.^ Although the basic synthetic principles and reactivity were investigated in early years, 
limitations to this versatile form of carbon-carbon bond formation were observed. For example, the addi- 
tion of organolithiums or organomagnesium halides to a,&unsaturated aldehydes affords exclusive 1.2- 
addition, while additions to a@-unsaturated ketones afford predominant 1 ,Zaddition. During the last 
four decades intensive research in the use of unstabilized carbon nucleophiles for 1,4conjugate additions 
was stimulated by three events. First, Kharasch and Tawney reported that preferential 1.4-conjugate ad- 
dition of alkylmagnesium halides to isophorone was effected by catalytic amounts of copper(1) chloride: 
and second, House, Respess and Whitesides showed that the actual reactive species in the earlier work 
was an organocopper  specie^.^ Third, Gilman and Kirby reported a comparative study of the addition of 
various aryl metallics to benzalacetophenone ( 1.3-diphenylpropene- 1 -one) in which several Group I1 
(R2Cd and RzZn) and Group 111 (&AI) organometallics afforded exclusive 1,4-c0njugate addition.6 

The ever-expanding application of 1,4-conjugate additions and, more recently, the tandem 1 &con- 
jugate addition-electrophile trapping protocol (triple convergent syntheses), especially with prostaglan- 
din syntheses, and the Michael initiated ring closure protocol (MIRC)7.8 has prompted the development 
and characterization of additional organometallic reagents for accomplishing these transformations 
(equation 1). In contrast to the robust organolithiums and Grignard reagents, more selective organometal- 
lic reagents have been introduced that are permissive of additional functionalities on either the acceptor 
or donor. Alternatively, modified a3-synthons, e.g.  a-silylvinyl carbonyl species and a#-unsaturated 
thioamides, have been introduced in order to minimize undesirable carbanion-catalyzed processes, name- 
ly polymerization. Methods have been developed for the conjugate addition of organometallics to al- 
kenes (a2-synthons) with functionality capable of carbanion stabilization, e.g. N@, R3P+, R2S. For 
example, 2-(N-methylanilino)acrylonitrile, ketene thioacetal monoxide, a-nitroalkenes, vinyl sulfoxides, 
vinyl sulfones and vinyl phosphonates serve as a-carbonyl cation or (and) vinyl cation equivalents. In 
this survey, the 1,4-conjugate addition of various organometallic reagents to activated alkenes and al- 
kynes will be discussed and, where appropriate, the synthesis of these reagents will be discussed. In addi- 
tion, sections will be devoted to (a) enolate and homoenolate additions, (b) acyl anion (and equivalents) 
additions, (c) multiple conjugate additions and (d) heteroconjugate additions, i.e. carbometallation. 
Where appropriate, asymmetric and diastereoselectivity aspects will also be discussed. This survey is not 
intended to be comprehensive, but the transformations cited are illustrative of their synthetic potential. 
Lewis acid promoted additions and stoichiometric organocopper reagents will be reviewed separately 

(Volume 4, Chapters 1.3 and 1.4, respectively). 
A survey of the 1A-conjugate addition of organometallic reagents should include a discussion of the 

interdependence of (a) electronegativity of various metals, (b) hard and soft acid and base (HSAB) the- 
ory, (c) the structure of the acceptor and (d) reaction conditions and solvent effects. The difference in 
electronegativity between a metal and carbon is reflected in the degree of ionic character imparted to the 
carbon-metal a-bond and the direction of polari~ation.~ Thus the highly ionic Group IA and IIA organo- 
metallics (RK, RNa, RLi and RMgX) are extremely reactive in contrast to the less ionic Group IIB orga- 
nometallics (R2Cd and RZn)  with the Group IB (RCu) and Group IIIB organometallics (&A1 and R3B) 
being intermediate. However with the Group IB and IIIB organometallics, carbon-carbon bond forma- 
tion is mediated by either carbanion, free radical or electron-transfer processes. Typically, the nucleo- 
philicity of the Group IIB and Group IIIB organometallics is enhanced by conversion to the 
corresponding stable 'ate' complexes which comprise of a Lewis acid (electron-deficient organometallic) 
and a Lewis base (organolithium) (Volume 4, Chapter 1 .3).1° 

Chemoselectivity can also be partially explained by a hard and soft acid and base (HSAB) theory." 
From HSAB theory, the lithium cation is a harder acid than the magnesium cation and, with a$-unsatu- 
rated ketones, C-1 (carbonyl carbon) is a harder base than C-3; thus reactions of organolithiums are 
preferred at the the hard site, C- 1, affording 1 ,Zaddition products. The structure of the carbanion is also 
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a determinant in additions to a,@-unsaturated carbonyl acceptors; for example, benzylic lithiumsI2 and li- 
thio-2-phenyl- 1 ,3-dithianeI3 undergo preferential, but not exclusive, 1 ,Caddition to a,@-unsaturated 
ketones, while alkyllithiums and lithio- 1 ,3-dithiane13b show preferential 1.2-addition mode. The addi- 
tional phenyl stabilization affords softer carbanions and thus higher preference for C-3; in addition, the 
higher the degree of substitution or bulkiness on the carbanion, the greater the tendency for 1A-addition. 
It is instructive to note that the additions of t-butyllithium (-78 'C, ether)14 and t-butylmagnesium 
chloride (25 "C, ether)I5 to 2-cyclohexen-1-one afford exclusively the 1,2- and 1.4-addition products (1) 
and (2), respectively (Scheme 1). 

Bu'Li, ether, -78 "C Bu'MgCI, ether, 25 O C  

QBut OH - 
(2) 

Scheme 1 

The electronics and structure of the acceptors, especially a,@-unsaturated ketones, is also a determi- 
nant in 1,2- vs. 1 ,Caddition processes. In general, substitution of aryl or large groups at the carbonyl unit 
increases the preference for 1 , C a d d i t i ~ n , ' ~ ~ * ~  while a,@-unsaturated aldehydes afford exclusive 1.2-addi- 
tion and @,p-disubstitution suppresses 1,4-addition,l& presumably due to steric hinderance. House and 
Seyden-Penne have established good correlations between chemoselectivity and either the half-wave 
electrolytic reduction potentials,17a or the energy levels of the LUMO of various a,@-unsaturated 
ketones. 17b 

Finally, the effect of reaction conditions and solvents on chemoselectivity should also be considered.18 
Empirically, polar, more basic solvents, e.g. HMPA, DMF, serve to minimize counterion effects by 
formation of solvent-separated ion pairs and promote electron-transfer processes which are conducive for 
1 ,4-additions,l4,l9 while low polarity solvents afford contact ion pairs.20 Numerous researchers have 
studied the effects of reaction conditions and solvents on the addition of a-thiosubstituted carbanions to 
a,@-enones;21 in general, low polarity solvents afford kinetic 1.2-addition products while at higher 
temperatures the thermodynamic 1,4-addition products predominate. However, by using highly polar 
solvents, e.g. HMPA, and low temperatures, 1,4-adducts are formed predominantly and further warming 
to 25 'C results in exclusive formation of 1,4-adducts; thus the intermediate allylic alkoxide undergoes 
rearrangement to the more stable enolate (Scheme 2). In contrast, the addition of t-butyllithium to 
2-cyclohexen- 1 -one affords a thermally noninterconvertible mixture of 1,2- and 1,4-addition products (1 
and 2), but increasing quantities of 1,4-adduct are obtained with increasing amounts of HMPA in the 
reaction mixture.I4 In the absence of HMPA, low reaction temperatures (<-50 'C) also favor kinetic 
1,4-addition of sulfur-stabilized organolithiums to a,@-enones.20 
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(0 to 35 "C) \ 0 

R 1 ,rl-addition 
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Where applicable in this survey, emphasis will be given to the mode of synthesis of various organome- 
tallic reagents and optimal reaction conditions. Four general methods are employed for the synthesis of 
organometallic reagents: (a) oxidative metallation of organic halides, (b) metal-halogenation exchange, 
(c) metal-hydrogen exchange and (d) transmetallation.22 Of these synthetic methods, the transmetallation 
protocol involving exchange of an organolithium (or Grignard reagent) with anhydrous metal halides, es- 
pecially Group I1 metals, generates byproduct lithium halides (or magnesium halides) which modify the 
chemoselectivity of the newly formed organometallic reagent. The reactivity of the Group IIB organ* 
metallics (RzCd and RzZn) is highly influenced by the presence of magnesium halides (MgI2 > MgBrz > 
MgClz) and lesser so with lithium halides (LiI > LiBr).23 Where appropriate data exist, the differential re- 
activity of 'salt-free' organometallics vs. 'salt-containing' organometallics will be presented. 

1.2.2 ADDITIONS TO ALKENIC T-SYSTEMS 

1.2.2.1 Additions of Alkyl, Aryl, Alkenyl and Alkynyl Groups 

122.1.1 OrganoWiums 

The reaction of organolithiums with a$-unsaturated aldehydes, a$-unsaturated ketones and a,p-un- 
saturated esters generally affords 12-addition products, which is attributed to the high ionicity of the or- 
gan~lithiums?~ However, 1,4-~hemoselectivity is attained when the acceptor carbonyl group is sterically 
hindered or deactivated towards 1.2-addition, as exemplified by the trityl enones (3; equation 2),25 the 
NIN,V-(trimethyl)acrylhydrazides (4; equation 3),26 hindered tertiary acrylamides (5; equation 4),27 
BHA (2,6-di-t-butyl-4-methoxyphenol) acrylates (6)28 or BHT (2,6-di-r-butyl-4-methylphenol) acrylates 
(7; Scheme 3)?9 The tandem 1,4conjugate addition-electrophile trapping protocol (aldehydes, alkyl 
halides, allylic halides, benzylic halides and dialkyl disulfides) has been extended to (5)273 and (6) and 
(7).3i In contrast to the other acceptors, the enones (3) also undergo 1,Caddition with lithium acetylides 
( 4 5  to 25 'C, THF) to afford the t r i tylalkyn~nes.~~~ 

0 RNULi, -78 "C R O  
II 

c 

R U C P h ,  2240% RN" U C P h ,  

(3) R = H, Me, Ph 
RNU = Me, Bun, But, Ph, RC=C 
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0 RNULi, -78 "C 0 
b \d NMeNMe2 2577% RN" NMeNMe2 

RNU = Me, Bun, But (4) 

R O  i, RNULi, -78 "C 

ii, electrophile 
55-978 

L RNU 9 R' 
R 

E 

(5) R' = Me2N, piperidino 
RNU = Bun, But, Ph, 4-MeC6H4, dithiane, enolates 
E = H, alkyl, allyl, R"CH(OH), Et02C, PhS 
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(3) 

(4) 

R O  

R d O &  i ,  RNULi, -78 "C 

But x ii, electrophile 
75-99% 

(6) X = OMe 
(7) X = Me 

RNYLi, -78 "C 
R = Me, Bun.Ph 
RNU = Me, Bun, Ph, 1,3-dithiane, BuQCCH2 

R O  E = alkyl, R"CH(0H) 

But 

Scheme 3 

In general, P,P-disubstituted a$-unsaturated carbonyl systems are poor acceptors for carbanions, due 
to steric hinderance, and the above acceptors are no e ~ c e p t i o n ; ' ~ . ~ ~  in contrast, for intramolecular cycli- 
zations, the substituent limitations are not as stringent.33 For example, Cooke reports that the intramole- 
cular cyclization of t-butyl w-iodo-a$-unsaturated esters (8) to t-butyl cycloalkylacetates (10) via the 
w-lithio-a$-unsaturated esters (9) is highly efficient (equation 5).34 However, the corresponding lower 
alkyl esters, w-iodo-a$-unsaturated tertiary amides or w-iodoa,P-unsaturated ketones afforded low 
yields of cyclized product. The reaction conditions necessary for optimal yields include n-butyllithium as 
the lithiation reagent and reaction temperatures of -100 'C. Similarly, Rodrigo reports that the intramole- 
cular cyclization of ethyl (0-iodophenoxy)crotonates (1 1) affords dihydmbenzofurans (12; equation 6).35 

In contrast, chemoselectivity can be attained by a 'charge directed conjugate addition' strategy in 
which 1 ,Zadditions are suppressed, not by steric constraints, but by the presence of an adjacent negative 

m C02But 
( 5 )  

C02But Bu"Li, ether, -100 O C  

WCH,),, k R 1446% 

(8) X = I; /I = 3-5 
(9) X = Li; n = 3-5 

(10) R = H, Me; n = 3-5 
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CO,Et CO2Et 
BunLi, ether, -100 "C R3v 

(6) 
R2 60-7 1 % R2 
R@:f R1 R' 

charge (on either carbon or nitrogen), which deactivates the carbonyl group to either initial or secondary 
reactions with organometallic reagents.36 Typical acceptors are the secondary amides (13)*' or anilides 
(14)37 and the acryl(alkoxycarbony1)methylenetriphenylphosphoranes (15; Scheme 4);388 the latter are 
obtained by acylation of (alkoxycarbonyl)methylenetriphenylphosphorane~.~~~ The adducts (16) are con- 
veniently transformed in high yields to the corresponding carboxylic esters39b or methyl 
ketones39c under mild conditions. 

I 
R' 

I 
R' 

(13) R' = Me 
(14) R" = Ph 

n 

R = H , M e  
R"' = Bu'. Ph 

(15) 72-98% (16) 

R = H, alkyl, CH2=CH; RNU = alkyl, Ph, CH2=CH, Me3SiC=CCH2, 1.3-dithiane. BuQ2CCH2 
E = H, alkyl, R"CH(0H) 

Scheme 4 

It should be noted with (3), (4), (13) and (14) only hard lithium nucleophiles are tolerated, while for 
(5), (6), (7) and (15) the range of useful lithium nucleophiles, e.g. including lithio-l,3dithianes and li- 
thium enolates, is broader. In addition, none of these Michael acceptors react with organocuprates, Grig- 
nard reagents or stabilized carbanions. 

Two intramolecular variants of the 'charge directed conjugate addition' strategy are reported to afford 
high yields of precursors of cycloalkylacetic esters (20),"Oa truns-2-substituted cycloalkylcarboxylate es- 
ters (21) and 2-cycloalkenylacetic esters (22)."ob3c Both processes involve identical carbon skeletons, but 
different leaving groups at the w-position. Low temperature lithiation (-100 'C, n-butyllithium) or oxida- 
tive metallation (Mg) of w-iodides (17) and (18) affords the intramolecular 1.4-addition esters (20 or 22). 
Alternatively, the MIRC protocol for cyclization of a w-chloride (or w-bromide) (19) requires an initial 
intermolecular 1 ,Caddition of a carbanionic species, e.g. organolithium or lithium enolate, followed by 
ring closure to ester (21; Scheme 5). 

In a variant of the 'charge directed conjugate addition' strategy, the incorporation of an a-trimethylsi- 
lyl unit in an acceptor serves to stabilize the intermediate carbanion and minimize anionic polymeriza- 
tions!' This is exemplified by the highly efficient 1,4-conjugate addition of organolithiums (or Grignard 
reagents) to a-(trimethylsilyl)-ay,P-unsaturated carboxylic acids (23); in contrast, a#-unsaturated carb- 
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(20) 

R = H , M e  

(17) X =I ,  n = 2 4  
(19) X = CI(Br), R = 1 , 3 4  

RNU = Me, Bun, But, Ph, 
CH,=CH, 1,3-dithiane, 
(PhShCH, Bu'02CCH2 E = H , M e  

i, ii &2Et 

(22) 

- 
I \  

(18) n = 1-2 
R = H , M e  
E = H. alkyl, benzyl, Me02CCH, 

i, BunLi (Bu'Li), -100 to-?8 O C ;  ii, electrophile; iii, RNULi, -78 OC 
Scheme 5 

oxylic acids typically afford exclusive 1 ,Zaddition products in low yields. The resultant a-(trimethylsi- 
1yl)carboxylic acids (24) are desilylated with sodium hydroxide; thus, this is the equivalent of the 1,4- 
conjugate addition of an organometallic reagent to an a,@-unsaturated carboxylic Two aspects of 
the reaction conditions should be highlighted: (a) excellent yields of (24) are obtained when acid (23) is 
added to the organometallic donor (-78 'C) and (b) in contrast to the intermediate lithium dianions, the 
intermediate magnesium dianions react with aldehydes to yield a#-unsaturated acids (25; Scheme 6).42b 

~ N u & ~ ~ 2 ~  - NaOH RNU L C O 2 H  
i, RNULi, -78 "C 

5 6 9 5 %  
SiMe, ii, HsO' SiMe, 

R"'MgX, -78 "C 1 
(24) 

RCHO 
__c 

%% CO2H 

(25) 

RNU = But; R' = n-CgH,, 

Scheme 6 

R = H, Bun, Ph 
RNU = alkyl, Ph, RCH=CH, 

1.3-dithiane 

Similarly, organolithiums (or Grignard reagents) add to ester (26) to afford silyl enolates which are in- 
tercepted with aldehydes and ketones to give a$-unsaturated esters (27)P3" while addition of the bifunc- 
tional aryllithium (28) (MIRC protocol) affords the 2-(trimethylsilyl)tetrahydronaphthoate ester ( 2 9  
Scheme 7).43b 

The addition of organolithiums to a$-unsaturated s-thioamides (30) occurs exclusively in a l,rl-mode 
which is a consequence of the high stability of the intermediate thioimidate anion.44*b The thioamide ac- 
ceptors are obtained by the reaction of an alkyl (or aryl) isothiocyanate with a vinylic lithium (or vinylic 
Grignard reagent) or an allylic Grignard reagent followed by a basecatalyzed conjugation. Typically, 
hard organolithiums add to afford the corresponding thioamide dianion which can be a-alkylated effi- 



76 

R" = Me, Ph 
i ,  RNULi (RNUMgX), 

i i ,  H,O 
THF, -78 "C; 

Polar Additions to Activated Alkenes and Alkynes 

3244% 

OMe i. R"'Li (R"'MgX) 

- RNU 4 ~1 
-78 OC 

CO2Me ii. R'COR~ 
Y O z M e  

SiMe3 I (28) 

-100 "C SiMe3 w OMe 4040% 

(29) (26) (27) 

RNU = Ph, MeSCH-SOMe, 

R' = alkyl, R3CH=CH (R3 = Me, Ph) 
R2 = H, alkyl 

CH,=CH-C=CH, 

Scheme 7 

ciently; while with the a$-unsaturated N-(trimethylsily1)thioamides (31), both soft lithium anions, e.g. 
enolates, and hard lithium anions and Grignard reagents add efficiently (Scheme 8). Similarly, the corre- 
sponding a,@-unsaturated t-thioamides (32), including NAN-dimethylthiosorbamide, undergo exclusive 
1 ,4-conjugate additions with organolithiums to afford an intermediate (Q-enethiolate, which is a softer 
anion and thus not subject to further organometallic attack, but can undergo further a-alkylation or a- 
phenylsulfenylation.k 

- R d N R g l  
i, Bu"Li. 0 OC 

ii. Me,SiCI, 0 "C 

R S  

I 
R SiMe3 

RNULi (2 equiv.), -78 "C 

4747% R 
RNU 9 NHRm - 

R' 

RNU = alkyl, allyl, Ph 

i, RNULi (RNUMgX), R S  

w Q R  RNU NHR" 
-78°C 

RNU 
R' ii, electrophile, R E  R 

(32) 
R = H, Me, MeCH=CH 
R' = H, Me 
R" = M q N ,  pyrrolidine 

5697% 

RNU = alkyl, Ph, CH2=CH, RNU = pr', Bun, CH,=CH, 
1,3-dithiane, MeSOCH, Ph, 2-f~v1, 

E = H. allyl, CH2=CBrCH2, PhS Bu'02CCH2 
Scheme 8 

While a$-unsaturated aldehydes react exclusively with organolithiums in the 1,2-mode, the corre- 
sponding imines or imidates, e.g. a,P-unsaturated azomethines, are excellent surrogates for 
' - C H - C H - C H O '  [+CH2CH2CHO synthon] that undergo exclusive 1,4-additions. For example, the 2- 
styryldihydro- 1.3-oxazines (33; equation 7)p5 2-vinylbenzothiazoles (34; equation 8),46 2-alkenyl-2-imi- 
dazolines (35; equation 9 r 7  * and a-(pheny1thio)vinyloxazolines (36; equation afford addition 
products that can be converted to the corresponding aldehydes, ketones or carboxylic acids (or esters). 
Similarly, Meyers has reported that N-cyclohexylnaphthylimines (37) are transformed to the correspond- 
ing 1,2-dihydronaphthalene aldehydes, as shown in Scheme 9!9 

Notable is the general enantioselective addition of organolithiums to c h i d  vinyloxazolines (38) in 
which the intermediate azaenolate (39) can be further alkylated with high diastereoselectivity (Scheme 
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4Jy Ph 

(33) 

rPh 

(35) 

& b R N U  

RNULi, -78 O C  

(7) 

o;/hQ (8) 

i, RNULi, THF, -78 "C 

E RNU 
i i ,  electrophile \ 

78-99% 
E = H, allyl 
RNU = Me, Bun, But, Ph, CH2=CHCH2, 

CHz=CH, HC(NNMezKH2 

rPh 
RNU Li, THF, -78 "C 

5 1-86% c;/-RNu 

R 

R = Et, Pr", Ph; RNU = Bun, Ph 

(9) 

c (10) 

76-9 I % 

RNU Li, ether, -78 O C  

[RNUMgX, THF, 0 "C] +;/q R RNU 

R = Me, Ph; RNU = alkyl, Ph, RC=C 

NCCiH I I 

iv 

-4 NC6H I I CHO 

iv 1, 111 (37) 

RNU = alkyl, benzyl, MeC=CHz 

i ,  RNU Li, -78 "C; ii, MeI; iii, PPOH; iv, H30' 

Scheme 9 

The initial selectivity is attributed to coordination of the organolithium to the methyl ether substi- 
tuent followed by delivery of the ligand to the syn face of the alkene. 

The low temperature (-1 10 to -78 0C)51 addition of organolithiums to P-substituted-a-nitroalkenes 
(40) affords intermediate nitronate anions which can be quenched with either a proton source or tetra- 
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R = H , M e  
91-99% ee 

R = alkyl ( C I - C ~ ) ,  Pr', But, c-C6Hl I .  Ph, 2-MeOCgH4, MeOCH2CHz 
RNU = alkyl (c;!+), Ph, 4-MeC6H4 

Scheme 10 

nitromethane to afford nitroalkanesS2* or geminal dinitroalkanes?2b respectively (Scheme 1 1). This pro- 
cess is the cornerstone to the synthesis of (+)-lycoricidine in which the addition of aryllithium (41) (-100 
'C) to a-nitroalkene (42) affords both the ido- (43) and gluco-configured (44) addends (equation 1 1)?2c 

Seebach has shown that the nitroallylating reagent, 2-nitroallyl pivalate (45, NPP) can be used for tri- 
ply convergent Michael coupling of dissimilar organometallic reagents.53 As shown in Scheme 12, vari- 
ous organometallics add efficiently to reagent (45) to afford new a-nitroalkenes. 

Conjugate additions of organolithiums to cycloalkenyl sulfones have become a pivotal point in various 
synthetic strategie~.~~ Due to the sulfone activation, competing p- (primarily) and y-deprotonation oc- 
curs; however, y-deprotonation is suppressed by a y-heteroatom (N or 0) substituent, while p-deproto- 
nation is retarded by the use of either t-butyl (preferably) or phenyl sulfones. The y-heteroatom 
substituent also influences the addition of the ligand to the @-position so that either of two orientations 
are obtained by the expedient use of protecting groups?4c Typically the sulfonyl activating group is re- 

! i R N u ~ ~  Lj+ E RNu?&(3 
RZ NOz R2 NO;! RZ N-0- 

0 Li+ 

ii I 3040% (40) 
iii L 

R N u R G :  R N " R u :  

R'kRl - 1 
R2 N% R2 NO;! 

R' = Ph; R2 = H; R3 = Me R' = Ph; R1 = R3 = H 
RNU =alkyl RNU = alkyl, allyl, 1,3-dithiane, enolates 

i ,  RNULi, THF, -100 to -78 OC; ii, C(N02)4; iii, H30' 
Scheme 11 
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&Li 

xq Bun JyJ 'n 

R"'Li, THF, -100 "C 
R2 

R1 &02CBut NO2 * Z R N U  
71-78% 21-888 ' R1 

R2 (45) 

RNU = alkyl, c-C6Hl,, 3-thienyl, 

WR3 R3 

R 1  = H, CF3; R2 = H, Me; 
R3 = H, F, Me, M e 0  

(Z)-Bu"CH=CHL' ,,/ 1 51% \ ~ ~ 2 - ) n a p h f h y 1  

n =  1-3 

Scheme 12 

ductively removed in a subsequent step; thus, the additions are the equivalent of adding to an unactivated 
alkene. The elaboration of cycloalkenyl sulfones, by an intermolecular tandem 1 ,I-conjugate addition- 
intramolecular (or intermolecular) electrophile trapping protocol, results in the formation of three (or 
four) contiguous asymmetric centers. Examples are shown in Scheme 13 for the conversion of sulfones 
(46 and 47) to ( - ) -PGEP and (+)-carbacyclin (MIRC protocol).55b (*)-Morphine was synthesized by a 
tandem intramolecular 1 ,Cconjugate addition-intramolecular electrophile trapping protocol on the cy- 
clohexenyl sulfone (48; Scheme 14).56 

Eisch and Isobe have reported that open-chain vinyl sulfones (e.g. 49) undergo exclusive a-deprotona- 
tion with organolithi~ms;~~ however, with a-(trimethylsily1)vinyl phenyl sulfones (50), 1 ,I-conjugate ad- 
dition occurs exclusively (Scheme 15). Desilylation is readily accomplished with anhydrous potassium 
fluoride. In contrast, the diastereoselective (>99% threo) addition of alkyllithiums to y-hydroxy-Q-a- 
(trimethylsily1)vinyl phenyl sulfones (51) occurs with concomitant desilylation, while the corresponding 
(E)-isomer (52) affords exclusive 1,Csilyl migration with no conjugate additi~n.~" Both (E and Z) y- 
MEM ether isomers (53 and 54) afford threo (>99%) addition products (Scheme 16).58b The high dia- 
stereoselectivity is attributed to initial coordination of the organolithium to the y-oxygen substituent (55 
and 56) followed by delivery of the ligand to the syn face of the alkene; however, with (52). the inter- 
mediate alkoxide (57) undergoes 1,Csilyl transfer. As shown in Scheme 17, numerous organolithium re- 
agents add to a-(trimethylsily1)vinyl phenyl sulfones and the sequence of addition and trapping may be 
reversed to afford opposite d ia~tereomers .~~~.~  Similarly, asymmetric induction is attained with organoli- 
thium additions to the chiral hemithioacetal a-(trimethylsi1yl)vinyl phenyl sulfone (58) in the presence of 
lithium bromide (Scheme 18).59c 

In spite of the high reactivity of the organolithiums, other compatible acceptors have also shown syn- 
thetic utility. For example, select organolithium reagents add exclusively to 2-(N-methylanilino)acryloni- 
trile (59), an a-carbonyl cation equivalent, to afford an intermediate a-aminonitrile anion (Section 



80 Polar Additions to Activated Alkenes and Alkynes 

'OzR syn addition onri addition 

6 H  
predominant 

OR' 
n =  1-3 

Me2N SOzR 
Me2N 0 - i, ii q (CH2)3COzMe __c 

67% 
R=Ph n-C5H I I 

Bu'Me2SiO ButMezSiO H "'OSiMe2But 

OR' 
predominant 

E \  
i - q n - C 5 H l l  - % ; ~ I I  

H Bu'MezSiO Bu'MeZSiO "OSiMezBut HO H 
(47) (+)-Carbacylin 

(CHhC02Me Li q , n - C 5 H l l  / 

H 
; ji, I 

Scheme 13 

i,  
OSiMe2But 

Br 4 0 M e  Br 0 

H 

BunLi. -78 O C  
0 

SO,Ph 
N OH 

I 
H Me 

(f) -Morphine 

Scheme 14 

1.2.2.3.1), which is quenched with either a proton source or further alkylated. Hydrolysis of the resultant 
a-aminonitrile (60) affords aldehydes or ketones (Scheme 19).60 

Recently, q6-arenechromium complexes and a,p-unsaturated iron acyls have shown utility as ac- 
ceptors for organolithiums; in both examples. the role of the organometallic ligand is to stabilize the inci- 

PhSOz L Me3Si 

'r. RNULi, -78 OC 

57-97% 
- Phs02 

RNULi, -78 'C 
. R  

PhSO2 
RNU 

(49) R = But, pr', Ph; R = H 
(50) R = But, R', Ph; R = Me,Si 

Scheme 15 
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SiMe3 PhSO2 PhSO2 
i, MeLi, -78 "C 

,,\e+' - ii, KF-MeOH 95% Me3si>oMEM r OMEM(0H) 
CH2Ph 

( 5 S W  

MeLi, -78 O C  

R 

phso2>oH 6595% * 

R 
(51) >97% threo 

R = PhCH,, THPOCH,CX-, HOCH2C=C-, MeOCH20(CH2)3 

PhSO2 PhSO2 

OSiMe3 

MeLi, -78 O C  

>95 % 

CH2Ph 

(52) 

CH2Ph 

v, ii, iv 

I 

'"'OMe 
viii, ii 

>95\ 

vi, ii, vii phso& 

/8.. 
,."' 3? '%OMe 

+\AO PhSO2 b '''"OMe 

i, MeLi, -78 "C; ii, KF-MeOH, 58 'C; iii, Bu"Li, WBr,  -78 "C; iv, Na-Hg; 

v, Bu"Li, -78 "C; vi, CH2=C(Li)-OEt, -78 OC; vii, H30+; viii, 2-furyllithium, -78 "C 

Scheme 17 
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&OH 

i 
-c 

ii, iii 

68-98% 

H /  
S02Ph 

(58) 
R = Me, Et 

OHC 7 

H I  
SO2Ph 

RNU = alkyl (Cl-C4), But, 2-fury1 

v-vii,/ j iv 

RNU = Me 

i, SiR3 ; ii, RNULi, LiBr-Et@, n-C6HI4, -78 OC; 
H SO,Ph 

iii, Bu"4NF; iv, HgC12; v, Bu"Li, -78 "C; vi, prenyl bromide; vii, Na-Hg 

Scheme 18 

0 CN [ +I1- 1 E A N ( M e ) P h  - i ,  i i  7 ; M e ) P h  - i i i  

RN" RNU 
(59) (60) 

RNU = But, Ph 
R = alkyl (C,-C3), benzyl, H,O 

i, R"'Li, THF, -78 OC; ii, RX (or H,O); iii, 3N HC1 

b f i l 9 ^  

pient benzylic carbanion or enolates. Knox and Semmelhack have shown that the regiospecific P-alkyl- 
ation (arylation) of isolated styrene units is readily accomplished with complexes (61; Scheme 20).61 
Davies and Liebeskind have independently reported that the addition of organolithiums (-78 'C, THF) to 
chiral (E)-a$-unsaturated iron acyls (62 and 63) and alkylation of the resultant enolate occurs with high 
diastereoselectivity (Scheme 21).628-f The selectivity is attributed to a preferred anti conformation of the 
carbon monoxide ligand and acyl carbonyl and steric shielding of one face of the alkene by the triphe- 
nylphosphine ligand.62g 

Cr(CO), C'(C93 &RNu @RNu R 

RNULi, THF. -78 O C  ..\ \ 
* - 

/ 7-96 / / 

(61) 

R = H, Me, MeCO, SEt RNU = Me, Ph, Bun, 1,3-dithiane, MezCCN, Me2CC02But 

Scheme 20 
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i-iv v , v i  viii 
____c 

R 
OC -Fe (v, vii) 

Ph3P Ph3b To  
R' 

(62) 
R' 

R = H, Me, Ph; RNU = Me, Bun, Ph; R' = H, Me 

Q i ,  ix, iv I 9 -  i ,  vi Q __f viii lBun 
Ph3b r: Ph3b HO& I, R "-pFb Ph3P R 

OC-Fe ''-'e 0 ( i ,  vii) 

R R 
(63) 

i, BunLi, THF, -78 OC; ii, RCHO, 4 0  OC; iii, NaH. MeI, THF, 50 OC; iv, NaH, T H F  v, RNULi. THF, -78 OC; 

vi, RX; vii, MeOH; viii, Br2, H2O; ix, CICH20R" (R" = Me, menthyl), 4 0  OC 

Scheme 21 

1.2.2.1 3 Organomagnesiums 

The Grignard reagents have shown prevalent usage in carbon-carbon bond formation due to their ease 
of formatio11,6~ but some Grignard reagents are reported to be inaccessible because of synthetic compli- 
cations, namely coupling. However, with newer methods for activation of magnesium, numerous sensi- 
tive Grignard reagents can be prepared quantitatively.64 In addition, the greater tendency of Grignard 
reagents vs. organolithiums to form cyclic complexes with suitably juxtaposed unshared electron pairs on 
either nitrogen or oxygen, on a chiral auxiliary, is advantageous for diastereoselective additions. 

The addition of Grignard reagents to a$-unsaturated ketones generally affords 1 ,Zaddition products, 
but examples of exclusive 1.4-additions to a$-enones, with unique structural characteristics, are pre- 
cedented. For example, the addition of m-methoxybenzylmagnesium chloride to a-methylene ketones 
(64 and 65) and subsequent acetylation affords the enol acetates (66) and (67) exclusively (Scheme 
22);65H the absence of 1,2-addition products is due to severe 1,3-diaxial interactions of the incoming li- 
gand with the axial juncture methyl.65d Similarly, as shown in Scheme 23, the anomalous 1,4-addition of 
Grignard reagents to sterically hindered aromatic ketones (68) affords ortho-alkylated ketones.66 
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- .. 

c 

(68) R = H or Me 

i, PhCHzMgCl, EtzO, 38 "C; ii, MeMgBr, EtzO, 38 O C  

Scheme 23 

The 1,4conjugate addition of Grignard reagents to N&-disubstituted cinnamamides (69) was reported 
by Kohler in 1905;67 subsequently numerous examples of Grignard conjugate additions to NJdialkyl- 
crotonamides (70 Scheme 24),@* Nfldialkylsorbamides (7Uab and higher analogs were reported. Not- 
able is the exclusive 1.4-addition of Grignard reagents to amide (71), while organocuprates add 
exclusively in a 1.6-addition mode.@b The addition of allylic Grignard reagents affords allylic transposi- 
tion adducts (72) exclusively, while both allenic and isomeric propargylic Grignard reagents afford pre- 
dominantly allenic adducts (73; Scheme 25).&vd In contrast, Grignard reagents add to 
truns-@-aroyl-N-alkylpropionamides (75) to afford exclusively B-aroyla-alkyl-N-alkylpropionamides 
(76; equation 12).69 

e N E t z  

R"-CH=CH<H2MgBr 

AR 5 M 5 %  

RNUMgBr 

50-100% 
R R 

R" 
R = MeZN, EtZN, (69) R = Ph (72) R" = H, Me, Et 

piperidino, (c-C~HI 1)zN (''1 = Me (Et) 
(71) R = MeCHSH RNU = Et. PI". Ph 

Scheme 24 

R = alkyl (C&), CHz=C(Me)-CHz, 
MeCH-CHSHz, EtCH-CH=CHZ 

R = alkyl (c3-C.1). MeCH-CHSHZ, 
EtCH-CHSHZ 

RCH=C=CH-MgBr 
(R-CrC-CH2MgBr) 

* 

R 5 0 4 5 %  R NEtz NEt, 

(70) R = Me, Et (73) 8 1 4 0 %  

Scheme 25 

(74) 10-19% 

(76) RNU = Me, Et, Ph 

Variable levels of asymmetric induction or diastereoselectivity have been found with additions of or- 
ganometallics to a,@-unsaturated chiral amides (chiral auxiliary). For example, as shown in Scheme 26, 
Mukaiyama reports that the diastereoselective addition of Grignard reagents to @-substituted a,p-un- 
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saturated N-methyl-(-)-ephedrine amides (77) occurs in moderate yields with >85% ee, while the use of 
either organolithiums or strong coordinating solvents negates the intramolecular ligand effects.70 Similar- 
ly, Soai reports that Grignard reagents add to a$-unsaturated (S)-prolinol amides (78 R' = H) or a$- 
unsaturated (S)-2-( 1-hydroxy-1methylethyl)pyrrolidine amides (78; R' = Me) with 50439% ee in the 
presence of a tertiary amine, e.g. DBN, DBU, (-)-sparteine or TMEDA?' The selectivity is attributed to 
a combination of the intrinsic aggregative properties and chelation of the Grignard reagent with the car- 
binol and carbonyl functionality. Similarly, Oppolzer reports that alkylmagnesium chlorides add to N- 
enoylsultams (79 and 80) with high diastereoselectivity (Scheme 27) which is attributed to initial 
chelation of the alkylmagnesium chloride to both the sultam and carbonyl groups followed by facial se- 
lective delivery of a second chelated alkylmagnesium chloride to the f3-alkenic carbon (81).72 

The addition of Grignard reagents to a,&unsaturated N,N-dialkylthioamides (32) affords an intermedi- 
ate (a-enethiolate which is a soft anion and resistant to further organometallic attack. Thus, in a tandem 
conjugate addition4ectrophile trapping protocol with aldehydes, the enethiolate affords primarily threo 
aldols (82). The 1,4-conjugate addition of Grignard reagents to NJV-dimethyl-a-methacrylothioamide 
(83) affords the intermediate (a-enethiolate which undergoes aldol condensation to afford either the 
corresponding erythro aldols (84) or threo aldols (85) depending on the steric bulk of the aldehyde 
(Scheme 28).73 

The a$-unsaturated N-phenylthioimidates (86) have also shown utility as acceptors for nonallylic 
Grignard reagents (-5 to -10 'C) and alkyllithiums (-78 'C) while allylic Grignard reagents add exclu- 
sively in a 1.2-mode (equation 13). These adducts (87) can be converted quantitatively to the comspond- 
ing dithioesters with hydrogen sulfide. In contrast, a$-unsaturated dithioesters (88) react with allylic 
Grignards in a 1 ,4mode exclusively with allylic transposition (equation 14).74 

Koga reports that a$-unsaturated aldimines (89), derived from L-f-leucine t-butyl esters, undergo 
asymmetric additions with Grignard reagents which is due to formation of a highly ordered magnesium 
chelate (Scheme 29).75 

The addition of Grignard reagents to a-nitroalkenes occurs in moderate to excellent yields with bypro- 
ducts, from overreaction, being hydroxylamines and oximes.76 In contrast to the optimal reaction tem- 
peratures of <-78 'C for organolithium additions, the optimal reaction temperature for Grignard reagent 
additions is e 15 0C.'7a-c The addition of phenylethynylmagnesium bromide to a-nitroalkenes (40) af- 
fords the intermediate magnesium nitronates (90) which can be hydrolyzed or halogenated to afford y-al- 
kynic nitroalkanes (91) or y-alkynic a-bromonitroalkanes (92), respectively (Scheme 30).77d 
Vinylmagnesium bromide adds to the a-nitroalkenes (93) to afford exclusively the L-ido-furanosides (94; 
equation 15) (cf. 42 + 43 and 44).77e 

In contrast to the a-nitroalkenes, Grignard reagents add to mononitroarenes in a bimodal manner?& 
with alkyl Grignard reagents adding efficiently in 1,4- (predominant) and 16-addition modes to afford 

Me 

(77) 

R-fq- 0 HO R' R' 

(78) 

R = Me, Ph 
R=H,Me 

Me 

RNUMgBr, -55 "C 

Ph 

,Mi?¶ I ,  Ar 
Br 

R = alkyl (Cl-C4), Ph 
RNU =alkyl (C+4), Ph, CH&H 

RN"MgBr, toluene 

L* 
c 

>85% ee 

>SO% ee 
L* = DBN, DBU, TMEDA, (-)-sparteine 

RNU = alkyl (Cl-C6), Ph 

Scheme 26 
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i 

7240% 
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R = alkyl (Cfl,), pr’ 
RNU = alkyl (C1-C2), -CH=CHMe 

ii, iii 

>86% ee 
i, RNUMgCI; ii, Bu”MgC1; iii, Me1 (EtI) 

Scheme 27 

the intermediate nitronate salts,’8b*c while aryl Grignard reagents add in a 1,Zaddition mode to afford 
NAN-diarylamines and NAdiarylhydroxylamines?8d” The intermediate nitronate salts are subsequently 
oxidized with dichlorodicyano- 1 ,Cbenzoquinone (DDQ) or potassium permanganate,’9* or treated with 
boron hifluoride to afford the ortho-alkylated nitroarenes or ortho-alkylated nitrosoarenes, respectively 
(Scheme 3 l).79b 

Examples of Grignard reagent or other organometallic additions to a,@-unsaturated sulfoxides are rare, 
typically kinetic a-deprotonation occurs;”b however, the addition of methylmagnesium bromide to 
methylenecephem sulfoxide (95) affords the epimeric C-2 ethylcephems (96) in moderate yields (equa- 
tion 16).8O In contrast, Posner reports that Grignard reagents add to enantiomerically pure 2-(arylsulfi- 
nyl)-2-cycloalkenones with chirality transfer from the sulfoxide sulfur atom to the @-carbon; coupled 
with reductive removal of the sulfinyl group, this is equivalent to the enantioselective conjugate addition 
of Grignard reagents to a,@-enones.8’ The simple expedient of reacting (S)-(+)-(W) with an alkylmagne- 
sium chloride or dialkylmagnesium, followed by reductive cleavage of the sulfinyl group affords the 3- 
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Scheme 29 

substituted cycloalkenones, (R)-(+)-(99) and (S)-(-)-(lW), respectively. Similarly, 6-methoxy-2-naph- 
thylmagnesium bromide reacts with (9-(+)-(97) to afford the steroidal intermediate (101, >98% ee; 
Scheme 32). 

The stereoselectivity of addition is a consequence of the intrinsic differences in chelation tendencies 
between various alkylmagnesium halides and dialkylmagnesium reagents and the preferred anri-confor- 
mation of the sulfoxide and carbonyl groups. Organometallic reagents with low Lewis acidity or low 
chelation tendency, i.e. less electrophilic (RMgI or RzMg), add to the more accessible face of the enone 
double bond (97). In contrast, higher Lewis acidity organometallics (RMgCl or RMgX-ZnBrz) form an 
initial chelate (98) with both the sulfoxide and carbonyl groups, followed by addition to the double bond 
anti to the aryl group.*2 
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Scheme 32 

Eisch has reported that alkyl Grignard reagents add to y-hydroxy-a$-unsaturated phenyl sulfones 
(102a) to afford y-hydroxysulfones (103) (6 49) while nonalkyl Grignard reagents add to y-bromoa,P- 
unsaturated phenyl sulfones (102b) to afford trans-(phenylsu1fonyl)cyclopropanes (104, Scheme 33).83 

ys02Ph - RMgX, yph i, TsCI. Et3N * pso2ph -RMgX y s o 2 p h  

HO HO ii, LDA R Br 

(102a) (103) (104) (102b) 

R = alkyl 
R = allyl, benzyl, Ph, CH2=CHCMe2, propargyl 

Scheme 33 

The addition of Grignard reagents to 1.1-doubly activated alkenes, e.g. alkylidenemalonates 
( 105),68p*848-d alkylidenecyanoacetates ( 106),84e.f alkylideneisocyanatoacetates ( 107),84g alkylidenephos- 
phonoacetates ( isopropylidenemethylenemalonates ( 109)84ij and their arylidene analogs, occurs 
in a 1,4-addition mode exclusively (Schemes 34 and 35). Similarly, as shown in Scheme 36, Mukaiyama 
reports that the addition of Grignard reagents to chiral oxazepines (110) and (111) affords an enantiose- 
lective synthesis of P-substituted carboxylic acids.85 

Few comparative studies of the 1,4-addition capabilities of organomagnesium halides vs. diorgano- 
magnesiums are available, although substrate and ligand variability is observed. Ethylmagnesium bro- 
mide shows a tendency to afford 1.4-addition products with 2-cyclohexen- 1-one and trans-3-pentenone 
while diethylmagnesium affords exclusive 1 ,Zaddition products.86. The addition of the homoenolate 
equivalent Grignard reagent (112) to alicyclic a,&enones shows a temperature dependency in the ratios 
of 1,6addition: 1 ,Zaddition, which varies from 1 : 1, at 0 'C, to 20: 1. at -78 'C. The reversal of selectivity 
is attributed to low temperature alterations in the Schlenk equilibrium in which magnesium halides pre- 
cipitate (or crystallize) from the reaction mixture, thus enriching the concentration of diorganomagnes- 
ium (113) in solution (Scheme 37).86b 

13.2.13 Copper-catalyzed organomagnesium additions 

The first example of a copper(1)-catalyzed Grignard conjugate addition was that described by Kha- 
rasch and T a ~ n e y ; ~  subsequently this protocol was the cornerstone for various natural products syn- 
theses, but it lacked predictability and depen~lability.~~ Experimental aspects that affect the efficiency 
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of copper(1)-catalyzed Grignard additions are the type of catalyst used and the order of addition; these 
factors should be determined experimentally. Numerous sources of copper(1) have been employed, 
among them are the copper(1) halides, copper(1) acetate, copper(1) t-butoxide, copper(1) cyanide, cop  
per(1) thiophenolate and copper(1) bromide-dialkyl sulfide ~omplexes.8~~ Some of the conflicting ex- 
perimental results from earlier studies were due to contamination with copper(I1) species which oxidize 

R 1 H c 0 2 U ( * )  

R' C02Et(R') 

R2 F C O 2 E t ( R ' )  - RNU C02Et(P+) 

// RNU = alkyl, aryl, CH2=CH(CH2)3 
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RIMCO2Et( R') 

(Me)H C02Et(Pri) 

\ 

i i i  (lo5) kW0% / R1 = alkyl (CI -C~) ,  hi, 2-MeC6H4 

z 
R3 

R2 = H, alkyl; R3 = H, alkyl 

i, R%H=CHCHZMgBr, ii, RNUMgX; iii, HCeMgBr; iv, R3CH=C(R2)MgBr 

Scheme 34 
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R R )  R)=(x ___) 
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(108) X = PO(0Eth 

R"' /-(m(oEt)2 CO2Et 

R = H, alkyl, aryl; R = alkyl, Ph, 3,4-(MeO)&H3; R"' = alkyl, Ph 

RNuMgX, Et,O 'eK 0 89-99% - 0 
(109) 

R = Ph, 2-thienyl, 1-naphthyl, (0-PhCHrCH; RNU = alkyl, Ph 

Scheme 35 
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Scheme 37 

the reactive intermediates, and the low solubility of the copper(1) salts which lead to heterogeneous re- 
actions. Because of the advent of the stoichiometric organocopper reagents (Volume 4, Chapter 1.4), this 
method of C - C  bond formation is rarely employed; however, under certain conditions the copper(1)- 
catalyzed Grignard additions offer advantages over the stoichiometric organocuprates. The stereoselec- 
tivity of copper-catalyzed Grignard additions is similar to that found with stoichiometric organocopper 
reagents. The examples highlighted have been arbitrarily chosen where the catalyst comprises 4 5  mol 
9%. 

Copper-catalyzed Grignard additions to a$-enones, cx,P-unsaturated esters and 1.1 -doubly activated 
alkenes have been extensively studied. For example, catalyzed additions of alkyl, aryl and vinylic Grig- 
nard reagents to alkylidenecycloalkanones and cycloalkenones proceed in excellent yields (Scheme 
38).888-e As exemplified in Scheme 39, the conjugate addition of the homoenolate equivalent Grignard 
reagent (112) and bishomoenolate equivalent Grignard reagent (114) to cycloalkenones is the basis of 
general cyclopentenocycloalkanone and cyclohexenocycloalkanone syntheses.88f Similarly, the synthesis 
of a prototypical prostaglandin (115) was accomplished by a copper(1)-catalyzed conjugate addition of a 
Grignard reagent to an appropriate cyclopentenone.88g The presence of a proximal nitrogenous function- 
ality on an a,P-enone acceptor is not detrimental to catalyzed Grignard additions, as shown in Scheme 
40, by the use of basic alkaloid intermediates and p-enamin~nes.~~ 

The catalyzed conjugate addition of Grignard reagents to a$-enones affords, in principle, regiospe- 
cific enolates which can be intercepted with electrophiles under non-equilibrating, kinetically controlled 
conditions; however, few examples have been reported.g0 The conjugate addition of Grignard reagents to 
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2cyclohexen- 1 -one and 3-methyl-2cyclohexen- 1 -one affords the intermediate cyclohex- 1 -enolates 
which can undergo C-acylation,m alkylation*Vd or aldol condensation (Scheme 41). 

Ethyl acrylate reacts efficiently under the coppercatalyzed Grignard addition protocol, in which the 
combination of low temperatures (-20 -) -50 'C) and catalytic copper(1) chloride (2.6%) was necessary 
to afford moderate to excellent yields of 1.4-addition products, while elaboration of complex a,&unsatu- 
rated esters is not predictable?IP In contrast, addition to the a,&unsaturated ester (116) affords the 

c- 
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iii, iv, v 

70% 
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manno adduct (117) exclusively (Scheme 42).9'b Asami and Mukaiyama have reported that enantioselec- 
tive catalyzed Grignard additions to the chiral p-aminala,p-unsaturated ester (118) affords 3-alkylsucci- 
naldehydic methyl esters in >85% ee and moderate yields (Scheme 43)?2 

The catalyzed addition of Grignard reagents to 1,l-doubly activated alkenes (105-108) is a highly effi- 
cient notable are additions to N-acyldehydroamino acid ester (119), which cannot be accom- 
plished with lithium dialkylcuprates (Scheme 44)?3d 

Itoh reports that copper-catalyzed Grignard additions to N-tosyl-N-alkyl-a@-unsaturated amides and 
N-tosyl-a,P-unsaturated lactams proceed efficiently while deprotonation occurs exclusively with the 
corresponding N-alkyl-a$-unsaturated lactams (Scheme 45).w 

12.2.1.4 Organozincs 

The organozincs were one of the first organometallic reagents synthesized, but interest in these re- 
agents waned with the discovery of the more reactive and easier to handle Grignard reagents.95 Within 
this class of organometallics there are four groups: (a) diorganozincs (120), (b) organozinc halides (121), 
(c) lithium triorganozincates ('ate' complex) (122) and (d) a-(alkoxycarbony1)alkylzinc halides (123), 
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i.e. Reformatsky reagents. In general, the organozincs and organocoppers have similar reactivity profiles, 
but the organozincs are tolerant of higher reaction temperatures. 

The diorganozincs are classified into two subgroups based on contrasting reactivity profiles: (a) the 
dialkylzincs and the diarylzincs and (b) the allylic, benzylic and propargylic zincs. The dialkylzincs (dia- 
rylzincs) are characterized by their low reactivity towards carbonyl groups% and other unsaturated 
species, while the allylic (benzylic or propargylic) zincs are highly reactive. Traditionally, they are pre- 
pared by several routes: (a) thermal recombination of organozinc halides or (b) transmetallation of orga- 
nolithiums (or Grignard reagents) with an anhydrous zinc halide. The transmetallation process affords 
byproduct magnesium halides (or lithium halides) which modify the reactivity of the diorganozincs 
(MgX2 >> LiX).23,97 Recent developments in ultrasonic reaction methodology9* have permitted rapid, 
quantitative one-pot syntheses of diverse diorganozinc reagents from alkyl bromides (iodides), allylic or 
benzylic bromides (iodides), or vinyl bromides (iodides) with minimal competing W u r ~  coupling. The 
dialkylzincs (diarylzincs) react easily with a,p-enones (0-25 'C) and a,P-unsaturated aldehydes (-40 'C) 
in the presence of nickel acetylacetonate [Ni(acac)z] (1 %), as shown in Scheme further alkylation 
of the intermediate zinc enolates is readily accomplished. In contrast to the stoichiometric organocu- 
prates or the copper(1)-catalyzed Grignard reagents, these reagents add efficiently to p,B-disubstituted 
enones, as shown for two syntheses of (It)-p-cuparenone (124).* 

RNU2Zn q0 -::;::) eo Ni(acac)Z 78-798 (1%) - qo 
RNU RNU 

R"' = Bu', 2-BrCsH4 

0 0 0 

The organozinc halides a~ prepared by either of two processes: (a) selective transmetallation between 
an organolithium (or Grignard reagent) (1 equiv.) and an anhydrous zinc halide or (b) oxidative metalla- 
tion of an organic halide. Typically these reagents are generated in situ because of thermal instability, 
which affords the less reactive diorganozincs and zinc halides. Few examples of syntheses with alkylzinc 
halides are known, but they retain their inertness towards various functionalities and are characterized by 
their exclusive 1,Caddition chemistry. A prime example, as shown in Scheme 47, is an alkylzinc halide 
promoted tandem 1,4conjugate addition to a-halo-a$-unsaturated esters to afford exclusively 1 -alkyl- 
2-halo-ciscyclopropanedicarboxylate esters (125). loo Another variation is exemplified by the zinc-pre 
moted three component coupling of alkyl halides, activated alkenes and ketones to afford 
P-hydroxyesters (nitriles) ( 1 2 6 ) . ' O '  This process, in essence, is the equivalent of coupling a nitrile (or 
ester) with a carbonyl species (Scheme 47). 

The addition of allylic (or benzylic) zinc halides to alkylidenemalonates (105),102" alkylidene- 
cyanoacetates (106),102d+e alkylidenephosphonoacetates alkylidene barbiturateslo2' and their ary- 
lidene analogs occurs exclusively in a 1,4-addition mode. However, the addition of allylic zinc halides to 
alkylidenemalonates (105) is temperature dependent; at low temperatures (-1 5 T), the homoallylic ma- 
lonate (128) is obtained, while at higher temperatures (68 'C) the isomeric 2-cyclopentenedicarboxylate 
esters (129) are obtained by a zinc halide promoted electrocyclic closure of the intermediate ester (127; 
Scheme 48).Img 
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In contrast to the parent diorganozincs, the lithium triorganozincates (122) are more reactive, but few 
examples of their use in synthesis are available. The first lithium triorganozincates, lithium tiphenylzin- 
cate and lithium diethyl( 1.1-diphenyl-n-hexy1)zincate. were prepared by the reaction (1 : 1) of an orga- 
nolithium with a symmetrical diorganozinc (Method A) and characterized by either reaction with 
benzalacetophenone or spectroscopically.1038,b Subsequently, two expedient syntheses of lithium and 
magnesium triorganozincates were reported in which either anhydrous zinc chloride-N,”,”-tetra- 
methylethylenediamine complex (ZnChTMEDA) (Method B)lW or anhydrous zinc chloride (Method C) 
is treated with an alkyllithium or Grignard reagent (3 equiv.). The symmetrical triorganozincates effect 
1 ,Cadditions to a@-enones with indiscriminate transfer of ligands, but with unsymmetrical triorgano- 
zincates, alkynyl and aryl ligands transfer slowly due to stabilized covalent carbon-zinc bonds. Method 
A is the method of choice for the synthesis of ‘salt-free’ unsymmetrical o r g a n o z i n c a t e ~ ~ ~ ~ ~  while method 
B affords zincates complexed with TMEDA. In general, organozincates made by method B afford higher 
yields of conjugate addition products. 

By analogy to the mixed cuprates, unsymmetrical organozincates (130) have been introduced to over- 
come the ligand wastage in which methyl groups do not transfer as readily as other alkyl ligands.Io5 The 
unsymmetrical organozincates exhibit selectivity for ligand transfer with the lithium (or magnesium) al- 
kyldimethylzincates, RMeiZnLi, being optimal with the order of ligand transfer preferences being: 
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PhMezSi >> C H d H ,  Et, Bun, P+ > Bu', Ph > Me, But >> BuTH2. This is exemplified in Scheme 49 
by an expedient prostaglandin synthesis in which the preferential transfer of vinyl ligands vs. methyl 
groups occurs with zincate (132).IoSb In contrast to the diorganozincs, the triorganozincates are sensitive 
to @-substitution on the a,@enones and transition metal catalysis has negligible effect on either the che- 
moselectivity or the rate of reaction of these reagents. 
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i. RLi (2 equiv.); 
RLi  ii .  R'Li ( 1  equiv.) 

R2Zn - LiR2RZn * ZnCI2-TMEDA 
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Feringa reports that alkyl heterozincates (131), made from zinc chloride-TMEDA complex, potassium 
r-butoxide and alkyl Grignard reagents in ether (or tetrahydrofuran), are highly effective in 1,4-additions 
to a,@-enones (>85%) while the aryl heterozincates are less efficient (<50%).'" 

Reformatsky first introduced electron-withdrawing substituents on the a-carbon of an organozinc 
halide, leading to the more reactive and thermally stable a-(alkoxycarbony1)alkylzinc halides (123). 
Typically these reagents react with aldehydes or ketones to afford @hydroxy esters while nitriles afford 
@keto esters (Blaise reac t i~n) , '~ '~ ,~  but 1,4-conjugate additions to select a,&unsaturated ketones are 
precedented (Section 1.2.2.2.2). 
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122.15 Organoeadmiums 

The reactivity of the organocadmiums has been the subject of numerous conflicting reports.1m Many 
of these organocadmium reagents are typically prepared by transmetallation of a Grignard reagent with 
anhydrous cadmium chloride (or bromide) in ether which generates byproduct magnesium halides which 
enhance ('activate') the nucleophilicity of the organocadmiums via a fourcentered complex.'- 
Removal of the incipient magnesium halides is accomplished in two ways: (a) distillation or sublimation 
of the reagent or (b) precipitation of the salts with dioxane. 

The reactivity of the 'salt-free' diorganocadmiums can be divided into two groups, (a) alkyl- and aryl- 
cadmiums and (b) allylic and benzylic cadmiums, with the latter group being more reactive. The 'salt- 
free' alkyl- or aryl-cadmiums participate in 1,4-conjugate additions to a,P-unsaturated  ketone^,^^^^,^^^ 
a-nitroalkenes (40),1wf alkylidenemalonates (105),'09g alky1ideneacetoacetatesIwb and alkylidene- 
cyanoacetates (106).'09g,h In contrast, the allylic and benzylic cadmiums react exclusively in a 1,2- 
mode. I o  

1.2.2.1.6 Organomanganese 

Organomanganese reagents were first reported to undergo exclusive 1,4-addition to benzalacetophe- 
none, but interest in these reagents was minimaL6 Depending on the stoichiometry, the transmetallation 
of organolithiums (or Grignard reagents) with anhydrous manganese(I1) iodide affords organomanganese 
halides (RMnX), diorganomanganese (R2Mn) or manganate complexes (R3MnLi or R3MnMgX) which 
are poor reactants for the conjugate addition process. However, in the presence of copper(1) iodide 
(<5.0%), conjugate additions of organomanganese halides to a$-enones occur efficiently. Even p,p-di- 
substituted-qfi-enones, e.g. 4-methyl-3-penten-2-one, which react with difficulty with organocopper re- 
agents and copper-catalyzed Grignard reagents, undergo conjugate additions efficiently (Scheme I I 
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RNU = alkyl (CI -C~) ,  But, 

Scheme 50 

1.2.2.1.7 Organosilanes 

The cleavage of organosilanes to form anionic species was first reported by Brook;I'* subsequently, 
Sakurai and coworkers reported that the fluoride ion mediated desilylation of allyltrimethylsilane in the 
presence of a,P-enones afforded mixtures of 1 ,Zaddition (predominant) and 1 ,4-addition products.li3 
Less electrophilic Michael acceptors, e.g. a$-unsaturated nitriles, a$-unsaturated esters or a$-unsatu- 
rated N,N-dialkylamides, were found to afford exclusive 1P-addition by the fluoride ion mediated desi- 
lylation of allylmmethylsilanes, benzyltrimethylsilanes or heteroaryltrimethylsilanes.l I4 The use of either 
cesium fluoride or tetra-n-butylammonium fluoride in HMPA affords optimal yields of 1 ,Cadducts 
(Scheme 5 1). This allylation procedure complements the original Lewis acid catalyzed procedure (Vol- 
ume 4, Chapter 1.3) of a,p-enones which fails with the above  substrate^."^^ Typically, fluoride-medi- 
ated conjugate allylation yields are comparable to those obtained by the addition of lithium 
diallylcuprate.' i4b Data point towards the reactive species being an intermediate hypervalent fluorosili- 
con species (133). Similarly, Panek found that the fluoride ion catalyzed addition of 1 -acyloxy-2-prope- 
nyltrimethylsilanes (134) to a,p-enones affords exclusive 1 ,4{c,)-addition of the 1 -acyloxy-2-propenyl 
moiety with moderate diastereoselectivity (Scheme 52).' 

Majetich reports that the fluoride ion catalyzed carbocyclization of allyl anion equivalents to or,@- 
enones is sensitive to the structure of the a,p-enone in which competing 1,2- and 1A-addition processes 
occur. I 6  For example, a,@-enones (135) afford predominantly the syn-bicyclo[4.3.0]nonan-3-ones (136) 
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while vinyl enones (138) afford both bicyclo[6.4.0]dodecen-3-ones (139) and bicyclo[2.2.2]octenes 
(140). In contrast, the vinyl enones (141) afford both bicyclo[6.3.0]undecen-3-ones (142) and vinylbicy- 
clo[4.3.0]nonene-3-ones (143; Scheme 53). 

1.2.2.2 Additions of Enolates, Azaenolates and a-Nitrile Anions 

The conjugate addition of unstabilized enolates to various acceptors was conceptually recognized by 
early researchers; however, complications were encountered depending on the enolates and acceptors 
employed. Reexamination of this strategy was made possible by the development of techniques for 
kinetic enolate formation. This discussion is divided into three enolate classes (a) aldehyde and ketone 
enolates, azaenolates or equivalents, (b) ester and amide enolates, dithioenolates and dienolates and (c) 
a,O-carboxylic dianions and a-nitrile anions, in order to emphasize the differential reactivity of various 
enolates with various acceptors. 11' The a-nitrile anions are included because of their equivalence to the 
hypothetical a-carboxylic acid anion. 

1.2.2.2.1 Aldehyde and ketone enolates, azaenolates and equivalents 

The 1,4-conjugate addition of ketones to cx,P-unsaturated ketones, under protic conditions, was re- 
ported by Stobbe in 1912;118a further developments afforded protocols for the synthesis of fused cyclo- 
hexenones, Le. Robinson annulation. I Robinson also reported that aprotic 1 ,Cconjugate additions of 
select reagents, e.g. sodiocyclohexanone with styryl methyl ketone,I19 was preferable to the protic addi- 
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(141) R = H, Me 

Scheme 53 

tion protocol. However, complications with kinetic enolate additions include (a) enolate scrambling dur- 
ing addition of the acceptor, (b) self-aldolization and (c) polymerization of certain acceptors, e.g. acry- 
lonitrile or methyl vinyl ketone. Enolate equivalents and modified acceptors, primarily a3-synthons, have 
been introduced that obviate these complications. For example, azaenolates, e.g. metallated alkylidene 
amines, NJV-dimethylhydrazones and oximes (oxime ethers), do not suffer from anion scrambling or 
self-aldolization,120 while the modified a3-synthons, e.g. a-silyl vinyl ketones$1,121 a-silylacrylate es- 
t e r ~ ~ ~  and a,@-unsaturated thioamides,122 are characterized by the presence of functionalities that stabi- 
lize an intermediate anion without proton transfer. 

Gonichon and Heathcock have reported that three factors affect the chemoselectivity of kinetic ketone 
enolate additions to a,@-enones. These factors are (a) enolate geometry and substitution pattern, (b) the 
cation and (c) reaction conditions. In general, under kinetic reaction conditions (-78 T ) ,  lithium enolates 
and magnesium dienolates afford preferential 1,4-addition products while halomagnesium enolates af- 
ford substantial amounts of 1 ,Zaddition products, but the intermediate allylic halomagnesium alkoxides 
undergo 1,2 to 1,4 equilibration at higher temperatures. In addition, increasing substitution on the eno- 
lates enhances the formation of l ,4-addition products.123 

H e a t h ~ o c k I ~ ~ ~  and S e e b a ~ h I ~ ~  have shown that the diastereoselectivity of the conjugate additions is 
highly dependent on both the lithium enolate geometry and geometry of the acceptor. For example, with 
(&-acceptors, the (2)-enolates (144) afford high anti-selectivity while the (E)-enolates (145 and 146) af- 
ford high syn-selectivity (Scheme 54). In contrast, Mukaiyama reports that tin(I1) enolates of alicyclic 
ketones, e.g. (147), with (E)-@-nitrostyrene, afford predominant anti-selectivity (Scheme 55).IZ 

Comu and coworkers have reported an alternative procedure for the conjugate addition of ketones to 
a,@-unsaturated acceptors which employs CsF-(R0)4Si (Scheme 56);126 this procedure affords adducts 
with a$-enones, a,@-unsaturated esters and a$-unsaturated amides. Mechanistically, silyl enol ether 
formation occurs initially, followed by fluoride ion catalyzed enolate formation. 

Stork and Boeckmann have reported that enolates react with a-(trialkylsily1)vinyl ketones (148) with- 
out proton scrambling to afford adducts in excellent yields; subsequent alcoholysis affords the desilyl- 
ated ketone (Scheme 57)."1*121 Yoshida reports that various enolates undergo conjugate additions 
efficiently with a,p-unsaturated NJV-dialkylthioamides (32; Scheme 58),122 while preferential 1 ,4-addi- 
tion to NjVdimethylthiosorbamide is observed (cf. Schemes 8 and 28). 

The adducts of ketone enolates to various a2-synthons, e.g. a-nitroalkenes (40). vinyl sulfoxides, 2-(N- 
methylani1ino)acrylonitrile (59) and ketene dithioacetal monoxide (151), are versatile synthetic inter- 
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mediates. Notable are the a-nitroalkenes which serve as a-carbonyl cations (via Nef reaction), p-amino- 
cations (via reduction) or vinyl cation equivalents (via el iminat i~n) . '~~ For example, Pattenden reports 
that the addition of the bicyclo[3.3.0]octenone (149) to 2-nitrobut-2-ene and subsequent oxidation af- 
fords the 1 ,Cdiketone (150).127b Similarly, adducts with either 2-(N-methylanilino)acrylonitrile (59)128+C 
or ketene dithioacetal monoxide ( 151),IZEd a-formyl cation equivalents, afford 1 ,Cdiketones (Scheme 
59). 

In contrast to the paucity of citations concerning additions of organolithiums or Grignard reagents to 
vinyl sulfoxides, ketone enolate additions are highly precedented. Vinyl sulfoxides and vinyl sulfones are 
considered as equivalent abynthons; however, further transformation of the sulfone unit is restricted to 
reductive cleavage. With the sulfoxide moiety, additional transformations are permissive, Le. Pummerer 
rearrangement and eliminations. Jones has reported several prototypical prostaglandin syntheses in 
which ketone enolates and ethyl acetoacetate dianion are added to vinyl sulfoxides (152 and 153; 
Scheme 60).lZ9 Further, additions to chiral P-substituted vinyl sulfoxides result in chirality transfer from 
sulfur. For example, Yamazaki and Ishikawa report that the addition of ketone and ester enolates to 
(R,E)-3,3,3-trifluoroprop- 1 -enyl p-tolyl sulfoxide (154) occurs with high diastereoselectivity (equation 
17). 30 
Takaki reports that ketone enolates add to dimethylstyryl sulfonium perchlorate (155) or methyl styryl 

sulfone (156) in a Robinson-type annulation sequence to afford the corresponding P-hydroxythiadecalin 
(157) or S-dioxide (158), respectively; subsequent reductive desulfonation of (158) affords diene 
(159).l3I However, additions to acceptor (155) suffer from competing cyclopropanation which is depend- 
ent on the electrophilicity of the carbonyl group and the ring size of the ketone (Scheme 61). As an aside, 
DeLucchi reports that 1,l -bis(benzenesulfonyl)ethylene (160) adds to ketones at the more substituted a- 
carbon under neutral conditions in refluxing acetonitrile (equation 1 8).132 

In contrast to a$-unsaturated phosphonium salts, a$-unsaturated phosphonates (161)133a alkylate ali- 
cyclic ketone enolates efficiently, while the homologous diethyl butadiene phosphonate (162)'33b*c 
undergoes 1 ,daddition exclusively at the exclusion of intramolecular cyclization. Heathcock reports that 



Conjugate Additions of Reactive Carbanions to Activated Alkenes and Alkynes 103 q 2 02N* 

(149) ( 150) 

R' = H, Me 
R2 = H, Me, Et 

R = alkyl (CI46)$  EtCH=CH(CH2),, R3 = Me, Et, But 
X = 0, N-C-C,H I 1 Et02CCH2CH(Me) 

I 

R' 
R' = H, n-C5Hl I 

R2 = H, Me 
R3 = Me, n-C3H7 
E = H , M e  

i, LDA, HMPA, -78 OC; ii, N02(Me)C=CHMe; iii, NaN02, Pr"ON0, DMSO; iv, CH,=C(CN)[N(Me)Ph] 
(59); v, electrophile; vi, CuSO4, H20; vii, H2S04 (3N); viii, R3CH=C(SMe)SOMe (151); 

ix, Amberlite IR-120, 18-50 O C  

Scheme 59 

i, LiCH2COCH(Li)C02Et; ii, MeSSMe; iii, CF3CO2H; iv, NaOH; v, acetone, LiTMP, -78 OC; vi, TFAA, 
pyridine; vii, R(CH&MgBr, CuCl ( I  a); viii, CH2=C(SOPh)CO-n-C5Hl I (153); ix, (Me0)3P 

Scheme 60 

0 ' 1  \,+" *' RCOCH2R'. LDA, -78 'C R+ 0 CF3 0 ; :"' ** - 
To1 8699% 

F3CbSwTol 

(154) R >85% de 

R = Et, But, Ph, OEt; R = H, Me, COzEt 

ester and ketone enolates add to ethyl 2-(diethylphosphono)acrylate (163) to afford the intermediate keto 
ester phosphonates which can react with aldehydes or ketones to afford a$-unsaturated esters (Scheme 
62)." 



104 Polar Additions to Activated Alkenes and Alkynes 

R R R 
I I 

(157) n = O  
(158) n = 2  

R = H, Me; R =H,  But; n = 0 - 2  

i, LDA, -78 "C ii, PhCH=CHSM+ ClO4- (155). DMF, 80 "C; iii, PhCH=CHS02Me (156), DMF, 80 "C; 
+ 

iv, Na, EtOH, THF 

Scheme 61 

RCOCHR2, MeCN, 90 "C - R b  S02Ph 
7540% 

SO2Ph SO2Ph 

(160) R = Me, Ph; R = H, Me 

R4 = H, Me R ' =  H, Me; R2 = H, Me; R3 = H, Pr' 

- iii R'& CO2Et Li 6-08 iv - R'&R3 
R2 CO2Et R2 PO(OEt)2 

=4c02Et 
WOEt)2 

(163) R1 = Et, Bu', Bu'O R2 = H, Me R3 = Et, Ph, MeCH(Ph) 

+ + 
i, R4CH=CHPO(OEt)2 (161). PhCH2NMe3 F-; ii, CH,=CH-CH=CHPO(OEt), (l62), PhCH2NMe3 F ; 

iii, R'COCH2R2, LDA, -78 "C; iv, R3CH0 

Scheme 62 

Casey and coworkers have shown that ketone enolates add efficiently to a,@-unsaturated vinyl carbene 
complexes (la), irrespective of f3,Pdisubstitution on the complex or high substitution on the enol- 
ate;135a thus, contiguous p and y quaternary centers are easily assembled. When coupled with the ease of 
release of the carbene ligand from the complexes by either oxidation to the ester f u n c t i ~ n a l i t y ' ~ ~ ~  or 
elimination to the corresponding enol ether,135a the vinyl carbene complexes are synthetic equivalents for 
a,g-unsaturated esters or a,p-unsaturated aldehydes, respectively (Scheme 63). 

The use of aldehyde enolates for conjugate additions is precluded by competing polymerization and al- 
dolization processes; however, introduction of the 'CH2CHO' moiety is accomplished with aldehyde 
enolate equivalents. For example, dianions of nitroethanes, e.g. P-phenylnitroethane (165) or methyl B- 
nitropropionate (le), add exclusively in the 1,4-mode to a , p - e n ~ n e s . ' ~ ~ . ~  Similarly, the dianion of 4- 
nitro-1-butene (167) adds in a 1 ,4-mode exclusively; unlike typical dienolates (Section 1.2.2.2.2) which 
react at the a-position, this dianion is formally equivalent to the crotonaldehyde y-enolate (Scheme 

The introduction of a chiral auxiliary on the nitrogen of an azaenolate offers the capability to perform 
asymmetric conjugate additions of chiral nucleophiles to achiral acceptors. This is in contrast to the typi- 
cal asymmetric conjugate addition of achiral nucleophiles to c h i d  acceptors.137 For example, the con- 

64).'3& 
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jugate addition of lithiated SAMPIRAMP hydrazones (168) of ketones to P-substituted-a,P-unsaturated 
esters occurs with excellent asymmetric induction (Scheme 65). 
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122.22 Amide enohtes, ester enoldes, dithwenolates and dienolcdes 

The 1,konjugate addition of ester enolates to a,@-enones was fmt reported by Kohler in 1910,13k 
as an anomalous Reformatsky reaction, but chemoselectivity was dependent on the structure of the a,@- 
enone and restricted to bromozinc enolates obtained from either a-bmmoisobutyrate or bromomalonate 
esters (Scheme 66).13m*e Further evaluation, with lithio ester enolates and lithio amide enolate additions, 
has resulted in identification of four factors that affect the chemoselectivity and diastereoselectivity of 
additions to a ,P-enone~. '~~ These factors are (a) enolate geometry, (b) acceptor geometry, (c) steric bulk 
of the p-substituent on the acceptor enone and (d) reaction conditions. In general, under kinetic reaction 
conditions (-78 'C), (&-ester enolates afford preferential 1 ,Zaddition products while (Q-ester enolates 
afford substantial amounts of 1,4-addition products; however, 1,2 to 1,4 equilibration occurs at 25 'C in 
the presence of HMPA. The stereostructure of the I,4-adducts is dependent on the initial enolate struc- 
ture; for example, with (E>-enones, (Qester enolates afford anti adducts, while (@-ester enolates afford 
syn adducts (Scheme 54). In contrast, amide enolates show a modest preference for anti diastereomer 
formation. 
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HO MeCO, 
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Scheme 66 

Various groups have reported that additions of a-hetero substituted ester enolates to a,Penones are 
temperature dependent,laW but, in general, the 1.2 to 1A-equilibration of a-seleno and a-thio sub- 
stituted ester adducts occurs at lower temperature than the a-oxo substituted ester adducts. In contrast to 
the simple ester enolates, the a-hetero substituted ester enolates are extremely useful for functionaliza- 
tion of alicyclic a$-enones with the tandem conjugate addition4ectrophile trapping protocol, as shown 
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in Scheme 67.14' However, a-silyl ester enolates undergo conjugate additions to cyclopentenones only. 
Yamamoto reports that conjugate additions of a-thio substituted esters (or nitriles) can be achieved with 
catalytic 18-crown-6- potassium t-butoxide complex (5%) in toluene, while modest enantioselectivity is 
obtained with chiral crown ethers (A1% ee).lm McMurry and coworkers have reported that the con- 
jugate addition of magnesium monoethyl malonate (169) to P-substitutedqp-enones and P-substituted 
nitroalkenes introduces an acetic acid ester moiety which complements the above lithium enolate proce- 
dures which are not reliable for simple ester en01ates.l~~ 
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Scheme 67 

Metzner reports that lithium dithioenolates, which are softer nucleophiles than the corresponding car- 
bonyl enolates, add kinetically in a 1 ,Cmode exclusively to a$-enones and the diastereoselectivity pref- 
erences are similar to that for ester enolate Typically, kinetic deprotonation of 
dithioesters affords predominantly the (a-enethiolate (170) which is opposite to that for esters;139 thus, 
with (Q-enones, anti adducts (172) are obtained. In contrast, the addition of methyl dithioacetate to a$- 
disubstituted enones affords predominantly syn adducts (174 and 175) which is a consequence of intra- 
molecular protonation of the resultant enolate (Scheme 68).143c 

Few examples exist for ?he conjugate addition of ester enolates to a$-unsaturated esters; typically the 
incipient enolate undergoes decomposition and secondary reactions. The first examples, described by 
Schlessinger,144 are the addition of t-butyl lithioacetate and t-butyl a-lithio-a-(methy1thio)propionate to 
butenolide (176; Scheme 69). Similarly, Normant reported that cyclopropanes are obtained from a-ha- 
loesters (177) and ethyl acrylate or acrylonitrile.145 

The addition of ester enolates to a$-unsaturated esters occurs with identical diastereoselectivity as 
shown for a@-enones; this is exemplified by the diastereoselective synthesis of erythro- and threo-2.3- 
disubstituted glutarate esters (178 and 179).146H Similarly, Yamaguchi reports a general synthesis of 
trans-2-alkoxycarbonyl- 1 -cycloalkanepropionates (181-184) from w-haloa,P-unsaturated esters (180). 
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R = R = E =  H, 96%; R = R = H, E = I ,  97%; R = Me, R = SMe, E = I, 100%; R = Me, R =SMe, E =  H, 97% 

- wR c1 i. Pr'MgCI, THF, -30 OC; 

)--co,w' 
ii, CH2=CHR, -80 OC *O2C 

(177) R = CN, COzEt, 5 5 6 1 %  

Scheme 69 

in a MIRC protocol, in which three contiguous asymmetric centers are formed (Scheme 70) (cf 
17+21).'46d-h 

Posner has shown that ester enolates add to enantiomerically pure 2-(arylsulfinyl)u,P-~nsaturatd lac- 
tones (185) and 2-(arylsulfinyl)cycloalkenones (97) to afford P-(carboxymethy1)lactones or P-(carboxy- 
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i, (Z)-RCH=CHCO,Et, THF, -78 "C; ii, (E)-R'CH=CHCO,Et, THF, HMPA, -78 "C; iii, P k 0 2 B u ' ,  
LDA, Bu'OK, THF, -78 "C; iv, MeC02Bu', LDA, Bu'OK, THF, -78 "C; v, EtC02Bu', LDA, Bu'OK, THF, 

-78 OC; vi, EtC02Bu', LDA, Bu'OK, HMPA, THF, -78 "C 

Scheme 70 

methyl)cycloalkanones, respectively, after reductive cleavage of the sulfinyl unit. The best enantiomeric 
selectivity was obtained with a-thio substituted ester enolates (Scheme 7 1).14' 

0 
i, ii, iii  TO^ 4 je7n iv, v - h 29-1m 

2'. 
0 

RO2C -2' 
(97) X=CH2 

(185) X = O  >88% ee 

Me02C -- ...2' 6 ) n  4 

>70% ee 
n = 1 , 2  

i, Me3SiCH2C02Me, LDA, -78 "C; ii, AI-Hg; iii, KF; iv, YCH2C02R (Y = H, PhS, 4-MeC6H4S); v, Raney Ni 

Scheme 71 

Schlessinger has shown that the addition of ester enolates to sulfur stabilized acceptors, e.g. ketene di- 
thioacetal monoxide (151) and methyl a-(methy1thio)acrylate (187), is highly efficient for the synthesis 
of y-ketoesters.14* Similarly, Ahlbrecht and Seebach have reported that amide and ester enolate additions 
to nitrogen stabilized acceptors, e.g. nitroalkenes (40) and 2-(N-methylanilino)acrylonitrile ( 5 9  Scheme 
72), are highly efficient.'49 

Masked chiral a-hetero substituted carboxylic acid enolates have also shown utility in dia- 
stereoselective additions to nitroalkenes. For example, derivatives of a-hydroxycarboxylic acids, e.g. 
1,3-dioxoIan-4-ones (187); a-amino acids, e.g. 1,3-imidazoIidin-4-ones (188); and a-amino-p-hydroxy- 
carboxylic acids, e.g. methyl 1,3-oxazolidin-4-carboxylates (189) and methyl 1,3-0xazolin-4-carboxy- 
lates (190). have been employed.'s0a Further, diastereoselective additions of chiral P-hydroxyesters 
(191), via the enediolates, to nitroalkenes (40) afford predominant anti+-hydroxyesters (192; Scheme 
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MeSSMe. -78 OC; vi, amide or ester enolate, THF, -78 OC; vii, MeI; viii, lactam enolate, THF, -78 OC 

Scheme 72 

73).150b Hanessian reports a carbapenem synthesis in which intramolecular cyclization of the p-lactam 
nitroalkene (193) affords p-lactams (194 and 195; Scheme 74).ls' 

But ta$o~n<: To 
(187) X = Y = 0 
(188) X = NMe; Y = NBz 

i,ii 3 8 4 1 %  I i. ii 27% I i,ii 7 5 4 0 %  I 

>85% de >90% de >95% de 

(192) 

R = H, Me, Ph; R = H, Me, BrCH,, Ph, 3.4-(OCH2)C,H, 

i, LDA, -78 OC; ii, (E)-RCH=CHN02; iii, (E)-RCH=C(R)N02 

Scheme 73 
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7096 
0 0 57% 
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COZPNB COZPNB COZPNB 

(194) (193) (195) 

i, LiHMDS, THF, -100 O C ;  ii, PhSeC1; iii, H2O2 
Scheme 74 

Alternatively, enantioselective additions of chiral Schiff base glycine anion equivalents can also be 
used, as illustrated in Scheme 75. (+)-Phosphinothricin (199) and (+)-2-amino4-phosphonobutyric acid 
(200) are obtained by the conjugate addition of the chiral N-alkylideneglycinate (1%) to the phosphorus 
acceptors (197) and (198),'52a4 while addition of the dihydropyrazine glycine equivalent (201)152d to 
a,P-unsaturated esters affords an asymmetric synthesis of glutamic acids and pyroglutamate esters.152e 

0 i, ii, iii 
.e+ 

HO, R.  pTco2~  - (i, iv, iii) g N , , C O & t  ___) i , v  M*2CTCo2H 
"2 4248% 5547% "2 

(199) R = OH 
(200) R = Me 

viii OMe vi, vii 

42-92% M a  R 
M e 0  

Me 
>98% de 

C02Me 

i, Bu'OK, THF, -78 O C ;  ii, (Et0)2P(0)CH=CH2 (197); iii, 6N HCI, 4 iv, Me(MeO)P(O)CH=CH2 (198); 
v, CH2=CHC02Me; vi, Bu"Li, THF, -78 O C ;  vii, RCH=CHC02Me, -78 to 0 "C; viii, 0.25 N HCl, 25 OC 

Scheme 75 

The addition of lithium alkoxydienolates to a$-enones occurs exclusively in the 1,4(a)-mode. For 
example, alkoxydienolate (202), obtained from ethyl senecioate, adds efficiently, in a tandem conjugate 
addition-allylation protocol, to cyclopentenone to afford the a,P-functionalized cyclopentanone (203).Is3 
In contrast, the lithium dienolate (204), from 5-methylbutenolide, affords exclusive y-alkylation,lS4a,b 
while the analogous phthalide enolates (206) can be exploited to accomplish regiospecific polynuclear 
aromatic syntheses (Scheme 76).lSk-g 

1.2.2.23 a,O-Carboxylic dianions and a-nihile anions 

In contrast to the ester enolates, the a,O-carboxylic dianions are intrinsically more reactive and their 
use in conjugate reactions is thus limited. Typically, a-substituted-a,Ocarboxylic dianions add exclu- 
sively to a$-unsaturated and nitroalkenes,l55b while additions to a,B-enones are sensitive to 
the substitution pattern of the e n ~ n e s . I ~ ~ * ~  Notable is the conjugate addition of dihydrobenzoic acid dia- 
nions (207), from Birch reduction of benzoic acids, to a,P-unsaturated esters (Scheme 77).15* 

The addition of unstabilized a-nitrile carbanions to a$-unsaturated carbonyl acceptors affords pre- 
dominantly 1,2-addition products,1s6 while lithiated acetonitrile derivatives having a-alkoxy, a-aromatic, 
a-dialkylamino, a-phenylselenyl, a-phenylthio or a-trimethylsilyl substituents afford 1,4-adducts. How- 
ever, some of these are acyl anion equivalents (Section 1.2.2.3.2) so this discussion is limited to a-stabi- 
lized nitriles in which the nitrile function is retained after removal of the activating group. Notable 
examples are trimethylsilylacetonitrile (208),157 phenylthioacetonitriles (209),158a7b phenylselenylacetoni- 
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trile (210)158c and phenylsulfonylacetonitrile (2ll).IsM Seyden-Penne has reported that a-arylacetoni- 
triles (212) add to a,@-cycloalkenones in a tandem conjugate addition-alkylation protocol to afford rram 
2,3-disubstituted cycloalkanones (Scheme 78). 159 In contrast, Ahlbrecht has reported a versatile y-ketoni- 
trile synthesis in which unstabilized a-nitrile carbanions add to acceptor (59; equation 19).I6O 
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i, R'R*CHCN, BunLi, 

HMPA, -78 O C ;  

==(NMeph CN ii, R31; iii, H@ NC "IaR3 

(59) 40-94% 

R' = alkyl ( c I a 4 ) ;  R2 = H, Me; R3 = alkyl ( C I - C ~ ) ,  allyl, benzyl 

1.2.23 Additions of Acyl Anion Equivalents 

1313.1 Masked acyl anion equivalents 

The realization of the principle of 'umpolung', in which reactivity at a normally electrophilic site is in- 
verted to that of a nucleophilic species,161 has resulted in the development of numerous masked acyl 
anion equivalents for carbon-carbon bond formation.I6* The use of masked acyl anion equivalents for 
conjugate additions was made possible by several observations. First, Stork reported that protected 
cyanohydrins afforded preferential kinetic 1 ,Caddition with a,P-enones16b and second, Brown reported 
that preferential kinetic 1 ,Caddition of 1,3-dithianes was effected by the use of HMPA.163 

The masked acyl anion equivalents discussed in this section are divided into two classes, based on 
their unmasked functional groups, i.e. acyl and carboxylate. Representative acyl group synthons include 
the 1,3-dithianes (214),I@ bis(ary1thio)acetals (215), 165 bis(ary1seleno)acetals (216),165 di(ethy1thio)ace- 
tal monoxides (217),IM a-silyl sulfides (218),167 a-(dialky1amino)nitles (219),168 protected cyanohy- 
drins (220 and 221)16b.159b,'68d",169 and t-butylhydrazone aldimines (222).I7O The carboxylate group 
synthons include the trithioorthoformates (223),17' a-(trialkylmetal1o)dithioacetals (224 and 225),'72 a- 
cyanodithioacetals (226), 173 methoxy(phenylthio)(trimethylsilyl)methane (227)174 and the benzothiazoles 
(228; Scheme 79).46*'14*175 Numerous groups have reported additions of (21r1228) to a$-enones, a,@- 
unsaturated esters and a,@-unsaturated nitriles. The addition of the protected cyanohydrin (229),16% car- 
boxylate synthon (223)I7le-' or 1,3-dithiane (230)176 to butenolides in a tandem conjugate 
addition-electrophile trapping protocol is representative of their synthetic versatility (Scheme 80). 
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1.2332 Fonnal acyl anion equivalents 

The use of masked acyl anion equivalents in a synthetic protocol requires additional steps to unmask 
the carbonyl unit. Sometimes the deprotection procedures are incompatible with sensitive compounds; 
thus, a direct nucleophilic acylation protocol is desirable. While C-nucleophilic carbonyl groups do not 
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Scheme 80 

exist per se,177 the organotetracarbonylferrates (231) or acylnickel complexes (232) afford formal 1.4-ad- 
dition of p-acyl units to a$-unsaturated esters, a$-enones or a,p-unsaturated nitriles. The two reagents 
differ mechanistically and in synthetic versatility; for example, the organofenate system is sensitive to 
steric effects on the acceptor and tandem trapping at the a-position is not effective.178 In contrast, the 
acyl nickel complexes are insensitive to steric effects on the acceptor and amenable to tandem electro- 
philic trapping p r o t o ~ o l s , ~ ~ ~ ~  as reported by Semmelhack, in an efficient synthesis of pyranonaphthoqui- 
none antibiotic intermediates from quinone monoketals (233 Scheme 8 

Variations to the above processes have been introduced to obviate handling of the volatile and toxic 
metal carbonyls. For example, the tricarbonyl(a,P-enone)iron complexes (234),1808-E on treatment with 
organolithiums (or Grignard reagents), afford the corresponding 1,4-diketone~'~~*'  or y-ketoamides.18M 
The highly stable cobalt complex, C O ( N O ) ( C O ) ~ ( P ~ ~ P ) . ' ~ ~ ~  on reaction with alkyllithiums, affords an in- 
termediate carbonylate complex which adds exclusively to a$-enones; however, data is lacking as to the 
applicability of this complex in a tandem conjugate addition-electrophile trapping protocol.181b 

Alternatively, the expedient cyanide (or fluoride) ion desilylation of acylsilanes (235), in the presence 
of a,@-enones or a$-unsaturated esters, affords y-dicarbonyl adducts;182 even bis(trimethylsily1)ketone 
(236), a formyl anion equivalent, adds to 2-cyclohexen- 1 -one to afford 3-formylcyclohexanone in 
moderate yields.182e 

1.2.2.4 Additions of a-Heteroatom-stabilized Carbanions (Non-acyl Anion Equivalents) 

133.4.1 Phosphorus- and sulfur-stabilized carbanions 

The synthetic utility of a-phosphorus- and a-thio-stabilized carbanions is the subject of numerous re- 
views?' Notable are additions of phosphonium ylides (237),Is3 sulfonium ylides (238),184"c oxosulfo- 
nium ylides (239)IMH and sulfoximine ylides (24O)Iw to electron-deficient alkenes which afford 
nucleophilic cyclopropanation products. In contrast, with a-(phenylthio)-stabilized carbanions, which are 
not acyl anion equivalents, either nucleophilic cyclopropanation or retention of the hetero substituent oc- 
curs, depending on the acceptor and reaction conditions used. For example, carbanion (241) adds to 1,l- 
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doubly stabilized a2-synthons, e.g. N-(methylani1ino)acrylonitrile (59),'85a a-TMS vinyl phenyl sulfide 
(242),'85b 1.1 -bis(phenylthio)ethylene (243),lESc with concomitant sN2 displacement, while normal addi- 
tion occurs with a,P-enones (Scheme 82).IgSd The initial products can be further desulfurized as shown 
for adduct (244) . lg6 

In contrast, few examples of conjugate additions of nonallylic a-sulfinyl (or a-sulfonyl) carbanions 
have been reported (for allylic a-sulfinyl carbanion additions, see Section 1.2.2.5.1). Notable is the dia- 
stereoselective addition of alkyl t-butyl sulfoxides (245) to a,p-unsaturated esters (equation 20)IE7 which 
is complementary to the diastereoselective addition of enolates to 9-substituteda,P-unsaturated sulfox- 
ides (equation 20). 

I .2.2.4.2 Oxygen- and silicon-stabilized carbanions 

While there are few examples of conjugate additions of either a-oxygen- or a-silyl-stabilized carba- 
nions, Tamao and Posner have reported two hydroxymethyl synthons [-CHzOH] (246 and 247) which 
show synthetic promise. Additions with the silicon-based synthon (246) is restricted to 2-cyclohexen-l- 
ones and work-up requires a successive acid and base procedure that is incompatible with sensitive mol- 
ecules,1E8a.b while the tin-based synthon (247) is more versatile and the hydroxyl group is obtained under 
neutral conditions (Scheme 83).188c 

I .2.2.43 Nitrogen-stabilized carbanions 

Aside from the nitronates, cyanide anion and acyl anion equivalents, e.g. (219), examples of conjugate 
additions of a-am-stabilized carbanions are rare. The aminomethyl synthon [ZHRNH;?] is typically in- 
troduced with either nitronates or cyanide; however, a-metallomethyl isocyanides (248) also show syn- 
thetic promise in conjugate additions. In addition, depending on hydrolytic conditions employed, they 
also serve as equivalents for the N-formamidomethyl anion [-CHRNHCHO] or the isocyanatomethyl 
anion [-CHRN=C:] (Scheme 84).IE9 
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(245) 

1.2.2.5 Additions of Homoenolates or Homoenolate Equivalents 

1.2.25.1 Homoenolate equivalents 

The concept of homoenolization was recognized by Nickon in the 1960s but attempts at direct forma- 
tion of homoenolates were frustrated by cyclopropanolate formation. This lack of success has prompted 
the development of homoenolate equivalentslw of which the first example, the P-propionaldehyde anion 
equivalent (112). was previously discussed (Sections 1.2.2.1.2 and 1.2.2.1 -3). Ghosez has shown that a- 
cyanoenamines (249 and 250) add preferentially in the 1,4(,)-mode to cycloalkenones. The versatility of 
(250) which serves as either a P-carboxyvinyl anion equivalent [-CH=CHCOIR] or P-propionate anion 
equivalent [-CHzCH2C02R] (Scheme 85) is n0tab1e.l~' 
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Alternatively, the ambident a-hetero substituted allyl anions have been utilized as homoenolate equiv- 
alents. For example, in the presence of HMPA, allyl phenyl sulfides (251),Im allyl phenyl sulfones 
(252)lEbpc and allyl phenyl selenides (253)192d.c add to a,&enones in a 1,4(,,)-made, while allyl phenyl 
sulfoxides (254) and allyl phosphine oxides (255) afford 1,4[,)-addition exclusively, irrespective of sol- 
vent used.193 Hua has shown that additions of either chiral sulfoxide (254; R1 = R2 = R3 = R4 = H, R5 = p- 
tolyl) or allyl oxazaphospholidine oxide (256) occur with excellent enantioselectivity (>9596 ee).lw 
Similarly, Ahlbrecht reports that the a-azaallyl (257) adds exclusively in a 1,4(,)-mode to acceptor (59) 
to afford 1J-diketones (Scheme 86).195 
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13353 Formal homanohtes 

Marino has reported that the fluoride-induced ring cleavage of I-silyloxy-2carboalkoxycycl~ 
affords y-oxoacster enolates, modified homoenolates, which add to Michael acceptors to afford cy- 
clopentanes and cyclopentenes, e.g. (258+259);’% alternatively, a carboamulation procedure affords 
octalin-l-ones (260+261; Scheme 87) (note the intramolecular enolate addition to the a,@unsaNrated 
sulfone). 

i ex - ii q ( 0 C O z E t  - .crc/cozMe 
42% 

OSiEt3 

U H ,..‘ 80-9 1 % +‘’ 

(258) COZEt 5OzEt 
X = MeS, PhS 

iii, iv I 
V 

__c 

70% 

COzEt 

Me3SiO +“zEt SOzPh 
/ U H  // vi - 

r 

I & Y O z P h  

+ 
i, CH2=CHCO2Me, CsF ii, CHzSX-PPh3 BF,-; iii, TFA; iv, LDA-THF, -78 “C, Et3SiC1; 

v, N2=CHC02Et, CuSO,; vi, CsF, DMF, 60 “C 

Scheme 87 

1.2.2.6 Heteroconjugate Additions (Carbometallation) 

During the last three decades, the addition of organolithiums or Grignard reagents to vinyl derivatives 
of either second row (P, S or Si) or third row (Se) elements in their normal oxidation state has been rec- 
ognized as an important procedure for the in situ generation of a-heteroatom stabilized carbanions. Car- 
bometallation was initially recognized with vinylsilanes (262)lg7 and subsequently for vinyl 
diarylphosphines (263),198 aryl vinyl sulfides (264),’- aryl vinyl selenides (265)200 and 2-methylene-l,3- 
dithianes (266).”l The driving force for these carbometallation reactions arises from the adjacent hete- 
roatom stabilization of the incipient carbanion which is attributed to either charge dispersion or d-orbital 
interactions?02 but it is not the role of this survey to discuss the issue. 

Intermolecular carbometallations are typically accomplished with organolithiums; however, dia- 
stereocontrolled intramolecular carbometallation can be attained with appropriate Grignard reagents, as 
exemplified in Scheme 88, the suprafacial and 5-exo-trig closure of (E)-6-bromo-3-methyl-l -trimethylsb 
lyl- 1 -hexene (267) to trans- 1 -methyl-2-(trimethylsilyl)methylcyclopentane (268)?03 
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(262) MR = SiMe3 
(263) MR = PPh2 
(264) MR = SPh 
(265) MR = SePh 

SiMe3 
Me3Si H i, Mg, THF, 68 "C; 

- R% 

ii, electrophile 

81-93% H 
22 

(267) 

(CH2)+3r 

(268) R = H, D, allyl 

Scheme 88 

1.23 ANNULATIONS AND MULTIPLE CONJUGATE ADDITIONS (TANDEM MICHAEL 
REACTIONS) 

Examples of the intermolecular tandem conjugate addition4ectrophile trapping protocol with simple 
electrophiles have been cited earlier in this review, but the initial nucleophile can also possess a suitably 
juxtaposed electrophilic site, e.g. either a carbonyl group or Michael acceptor.204 For example, the re- 
action of p-oxo-stabilized vinyllithiums, derived from p-heteroatom functionalized a,p-unsaturated es- 
ters or @heteroatom vinyl ketones, e.g. (269), respectively, with a,@-unsaturated esters affords 
cyclopentenones (Scheme 89).205a* Alternatively, Beak reports that (2-carbamoylally1)lithiums [p'-li- 
thiomethacrylate synthon] (270) react with Michael acceptors to afford cyclopentenecarboxamides 
(271);205d-f formally this would be a [3 + 21 anionic cycloaddition, but data show that this occurs in dis- 
crete stages: (a) initial conjugate addition, (b) 5-endo-trig cyclization and (c) sulfinate elimination. The 
a'-dienolates, derived from a,p-enones, are also excellent tandem Michael donor-acceptors and have 
been used extensively for the synthesis of complex bicyclor2.2. llheptanones (272),,06 bicy- 
clo[2.2.2]octan-2-ones (273),07 and tricyclo[3.2.1 .@*7]octan-6-ones (274; Scheme 90).,08 

Examples of intramolecular transformations2w include dienone+,P-unsaturated ester cyclizations, 
e.g. (27J+276),2wa*b and ester+,p-unsaturated ester annulations, e.g. (2774278; Scheme 91).,& Perti- 
nent to the success of these multibond formation protocols is the selective use of the initiating carbanion 
(or enolates), the counter cation and the initial acceptor. 

i, 5% HCI, THF i, LiTMP, -78 "C; & MeO2C 

& 0 / spri ii, Me$" "C, 5 h; 
c 

5&75% iii. H3O+, A 
H H H 
(269) 

CONR CONR CH2=CR3(EWG), THF, 
PhSO, y$ LiTMP, THF, -78 O C  PhSO, \h Li+ -78 to 25 OC, 96 h 

c c 

R1 R2 R' R2 22-89% 
R3 

NR = NPr'2, NMe2, N(Li)Ph 
R' = H, Me; R2 = H, Me 

(270) EWG = CO2alkyl (Cl-C& CO2Ph (271) 

CON(Me)Ph, S02Ph 
R3 = H, Me, CN, SiMe3 

Scheme 89 
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R = Me, MeO, Ph 
MeO2C i-??-J0 - &  R = H , M e , M e O  2548% 

Nu: 
RR'CHC02Me, 
LDA, -78 'C 

Ph 
Me02C Ph 

(272) 

i, LDA, THF, -78 "C; P 0 
I I  

C02Me 

ii, CH2=C(R)C02Me Me3Si 

63-7 1 % 

R 
Me3Si 

(273) 

i, LDA, THF, -78 "C i, LDA, THF, -78 "C; 
ii, (E)-RSCH=CHX R'& i3 ii ,  

3&35% 
R3 

R4 1048% 
R' R4 

R I =  H, Me; R2 = H, Me; R3 = H, Me; R4 = H, Me; R5 = alkyl 

(274a) X = NO2, PhSO2, Ph3P'Br- 

Scheme 90 

C02Me 
I 

LiHMDS, hexane+ther, 
-78 to 25 "C 

17% 

(274b) 

KH, DMF, -20 "C, 2 h 

>95% 
0 
\ 

Scheme 91 

1.2.4 ADDITIONS TO 'PUSH-PULL' ALKENES 

The addition of organometallic reagents to 'push-pull' alkenes is a synthetically important process in 
which retention of an alkenic unit in the product occurs; this process complements the direct conjugate 
addition of organometallic reagents to activated alkynes (Section 1.2.5) which is complicated primarily 
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by multiple additions. 'Push-pull' alkenes, which are formally vinyl cation equivalents, are characterized 
by the presence of an electron-withdrawing functionality on one terminus of an alkene and an electron- 
donating functionality at the other terminus. Examples of 'push-pull' alkenes include enaminones (279), 
p-aminoa$-unsaturated esters (280), p-nitroenamines (281), B-halovinyl ketones (282), P-halo-cY,P-un- 
saturated esters and amides (283), P-a1koxya.P-unsaturated ketones (284), p-alkoxysl,P-unsaturated 
esters (a), P-(alky1thio)enones (286). P-(alkylthio)a,P-unsaturated esters (287) and P-halovinyl sul- 
fones and sulfoxides (288). In contrast to additions to activated alkynes additions of organometallics to 
enaminones and nitroenamines are free of overaddition because the initial adducts do not eliminate the 
secondary amine functionality until work-up. Even select a,a-difluoroalkenes (289) react with organo- 
metallic reagents to afford fluoroalkenes. 

F X  
R@NR2 R Cl( Br) R RSon +CI(Br) 

(279) R = COR" 
(280) R = C02R" 
(281) R = NO2 

(282) R = alkyl, aryl (284) R = alkyl, aryl; X = 0 (23th) n = 2 
(288b) n = 1 

(289) 
(283) R = alkoxy (285) R = alkoxy; X = 0 

(286) R = alkyl, aryl; X = S 
(287) R = alkoxy; X = S 

1.2.4.1 Enaminones 

The addition of Grignard reagents2loa and organolithium2'0b to enaminones (279) is an efficient pro- 
cess for the synthesis of cY,P-unsaturated esters and a,p-enones. Typically, the enaminones are obtained 
by the treatment of activated methylene or methyl groups with dialkylformamide dialkyl acetals?" A 
variety of organolithiums have been added to enaminones, while Grignard reagents have been utilized 

R' = H, Me, Ph, 4-C1C6H4, 2-thienyl, 

R2 = H, Me, F, Ph, 3-CF3C6H4; R1 + R2 = (CH2)34 
R3,N = Me2N, morpholino, piperidino, pyrrolidino 

2,6-(MeO)2C6H3, 3,4,5-(MeO&Hz 

i i  7-0 

RNU = Me, Et, Bu", 
Bu', benzyl 

(290) R = Me, Et; X = CN, C02Et (291) RNU = Me, Et, Pr', Ph 

i, RNULi, ether (THF), -30 to 0 "C; ii, (a-RCH=CHMgX, THF, 25 "C; iii, RNUMgX, THF, 25 "C 

Scheme 92 
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for additions to doubly activated enaminones (290 and 291; Scheme 92). W e  numcrOus examples of 
direct additions of organometallics to enaminones have been discussed, few examples of enolate addi- 
tions to enaminones are reported. Recently, Kiyooka reported a synthesis of symmetrical 1,5-diketones 
permits a ketone (2 equiv.), N-methyl-N-phenylformamide (1 equiv.) and potassium metal (3 equiv.) re- 
act at 25 'C o. The enolate adds to enaminone (27%) to afford intermediate (292) and subsequent 
reduction affords the symmetrical 1Jdiketone (293); however, with p r e f o d  N-methyl-N-phenyl- 
enaminones (27!h), crosscoupling with ketones permits the synthesis of unsymmetrical l$diketones 
(Scheme 92).212 

13.43 Nitroenamiws 
The addition of Grignard reagents or organolithiums (alkenyl, alkyl, alkynyl, allyl or aryl) to ni- 

troenamines (281)213 was reported by Severin to afford B-substituteda-nitkenes?l~b Similarly, ke- 
tone enolates (sodium or potassium), ester enolates (lithium) and lactone enolates (lithium) react to 
afford aci-nitroethylidene salts (294) which, on hydrolysis with either silica gel or dilute acid, afford y- 
ketoa,i3-unsaturated esters or ketones (295)*lkvd or acylidene lactones (2%)?'& Alternatively, the salts 
(294, X = CHz) can be converted to y-ketoketones (297) with ascorbic acid and copper catalyst. 

i R2 

OzN @ NMez 
R' 
(281) 

R' = H. Me, Et, Ph 
R2 = H, Me, Ph 

OzN 7 NMe2 
Me(R1) 

(298) 

R2= Me, Et; n = 1,2 

i i i  - 

RNU = Me, Et, c-C&HI1, Ph, I-naphthyl, 
(E)-PhCH=CH, BUT<, P h C e  

0 

(294) X = CH2.0 

0 

0 x-.r. R' 

(295) X = CH2 
(296)X=O 

X = MeN, 0, Me$, CH2 

i, RNUMgX (Li), ether (THF), 0 OC; ii, H30+; iii, lactone enolate or ketone enolate; iv, SO2; 
v, ascorbic acid, Cu" 

Scheme 93 

In contrast, a-nitroalkenation adducts (298) m obtained with thermodynamic enolates of a-sub 
stituted ketones or esters; in addition, Fuji repom that enantioselective addition of a-substituted lactone 
enolates to chiral nitroenamines is cation dependent with zinc affording maximum enantioselecti~ity?~~ 
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1.2.43 p-Haloenones and B-Halo-a,,B-uasaturated Esters (Amides)216 

Rupe and Iselin reported in 1916 the first example of an additiokelimination reaction in which Grig- 
nard reagents added to chloromethylenecamphor (299) to afford ketones (300).216r Subsequently, addi- 
tions of dialkylcadmiums?lObJ1@' sodium dimsyl,216c,d allylidenetriphenylphosphorane (303),2'& acyl 
anion equivalents, e.g. (304)?l6' and enolates, e.g. (305),21@J' to P-chloroenones and &halos,B-unsatu- 
rated esters, e.g. (301 and 302), have been reported. The allylidenetriphenylphosphorane adducts afford a 
new Winig reagent for polyene syntheses (Scheme 94). 

(301) R = H, Me 

vi - 49% clh R C02Me - 8046 [;e 
(302) R = H, Me 

iii, iv 5944% I 
R &CO2Me 

R = P r ' , P h  

vii - (Br)CI 

R = C02Me, C02SiMe3, CONH2, CN 

i, RNUMgBr, ether, 25 OC; ii, NaCH2SOMe, THF; iii, CH2=CH-CH=PPh3 (303); iv, PhCHO (R'CHO); 
v, lithium 2-methylcyclohexen-l-olate, THF, -78 "C; vi, glyoxylate anion equivalent (W), THF, -78 OC; 

vii, PhCH=NCH(Li)C02Me (305), THF, -78 "C 

Scheme 94 

1.2.4.4 P-Alkoxy-a#-unsaturated Esters 

Kraus has shown that organolithiums add to diethyl alkoxymethylenemalonate in excellent yields to 
afford diethyl alkylidenemalonates; similarly, ortho-lithiated phenol ethers and ketone enolates afford al- 
koxy-carbonyl coumarins (306 and 307).217a*b In contrast, the treatment of diethyl alkoxymethylenemalo- 
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nates with alkynyllithiums affords the adduct diesters (308) in which loss of the alkoxy group does not 
occur, but alkaline hydrolysis affords ylidenemalonic acids (m, Scheme 95)?17d 

M e 0  

cozm - i mwcQEt - 41% ii &J" 0 CQEt 42% O r b  0 (306b) 

(-) 4 iv 17546% 

R 

m c o z m  bZBt - V ~ z H  - 
0 0  Et0 COzEt COzH 

(307) (W) (309) 

; ii, bLi ; iii, cyclohexanone, LDA, -78 OC; iv, R-Li; v, KOH 
OCH(Me)OEt 

Scheme 95 

1.2.4.5 p-(Alkylthio)enones, p - ( A l k y l t h i o ) a , B - u n r a ~  Esters and g-(ALylthio)niboalkenes 

The copper(1)catalyzed addition of Grignard Reagents to B-(alkylthio)-a,B-unsaturated esters is the 
preferred protocol for substitution of the alkylthio substituent, e.g. (310 + 311),218. while potassium 
enolates add to a-ketoketene dithioacetals, e.g. (312 + 313). without dialkylation (Scheme %).z18b.c Fur- 
ther, Hanessian reports an expedient synthesis of penam (315) via intramolecular cyclization of the B- 
lactam nimalkene (314). but loss of the methylthio moiety does not occur spontaneously (Scheme 

MeMgBr, CUI (5%), 
THF. -65 'C 

71% 

97).219 

011) (310) 

0 - K +  
0 
II 

(312) 

Scheme 96 
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Bu'MezSiO 
H H  

i 

56409% 

i, ii, iii. iv, v 
%"NO2 ___) 50% 0 

0 
SMe 

COzPNB COzPNB 

ButMe2Si0 5 2  0 CHO 

ButMe2Si0 5 2  0 CHO 

i, LiHMDS, THF, -78 "C; ii, MeI; iii, 03; iv, MCPBA; v, NaHC03 (4.) 

Scheme 97 

1.2.4.6 P-Halovinyl Sulfones 
Enolate additions to P-halovinyl sulfones (289a) show synthetic promise; notable is the procedure, by 

Metcalf, for vinylation of a-amino acid derivatives, e.g. (289a + 317 + 318)F20. Recently, Ban re- 
ported that alicyclic ketone enolates add to the acetyl cation equivalent (319) to afford 13diketones 
(Scheme 98).220b In general, P-halovinyl sulfones are synthetically superior to the @-halovinyl sulfox- 
ides. 

H 
1 

H 
cl+S02Ph - i P h K N p S 0 2 P h  I - i i  P h y N p  

(28W (317) (318) 

CO2Me 80% COZMC 57% 

iv 

R3 

r 1 

L J 

(289a) 

i, PhCONHCH(Me)COzMe, LDA, THF, -78 "C; ii, AI-Hg; iii, (319), HMPA, THF, -78 "C; iv, Raney Ni 

Scheme 98 

1.2.4.7 a,a-Difluoroalkenes 

The reaction of organolithiums with vinyl halides generally results in metal-halogen exchange; how- 
ever, with fluoroalkenes, SNV (nucleophilic vinylic substitution) processes occur. For example, organoli- 
thiums (or Grignard reagents) add to l,l-dichloro-2,2-difluoroethylene (2%) and difluoroketene 
dithioacetals (290b) to afford a,a-dichloro-P-fluoroalkenes (320a) and fluoroketene thioacetals (320b), 
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respectively; however, further treatment of (32Oa) with n-butyllithium affords lithium acetylides (321). 
In an iterative process, (321) also reacts with (Boa) to afford dienynes. Similarly, 1.1.1-trifluoroethyl 
ethers (or sulfides) (324) react with organolithiums in a three-step process (324 + 29Oc-d + 32Oc-d + 
325) to afford akynic ethers (or sulfides) (Scheme 99).221 

i 
F+(x - 
F X 19-859b 

R=aryl 
(2%) x = c 1  
(29Ob) X=SEt 

i 
CF3CH2XR --c 

x = o , s  
R = Et, p-tolyl 

(324) 

ii 
R+(x ____.) 

F x 2247% 
x = Cl 

(320% b) 

(29oc) x = s  
(29od) x = o  

I iv 
t 

R 

(325a) X = S  
(325b) X = O  

(320~) X = S  
(3206) x=o 

i, RLi, ether, -78 to 38 "C; ; ii, BunLi (2 equiv.), -78 to 40 "C; iii, HJO'; iv, (29Oa). 20 to 38 OC 

Scheme 99 

1.25 ADDITIONS TO ALKYNIC 9-SYSTEMS 
In contrast to the well documented conjugate addition of carbon nucleophiles to activated alkenes, 

similar intermolecular attempts with activated alkynes with noncuprate reactants are typically non-pro- 
ductive due to competing multiple addition proces~es.8~~.~ However, protic intramolecular conjugate ad- 
ditions of ketones as shown for the syntheses of griseofulvin and hirsutic acid?22 are successful. 
Recently, several aprotic intramolecular conjugate additions to activated alkynes have been reported, as 

ROC 
iii 

80% COR '#,COR 91% 

(326) R = MeO, (+)-menthoxy 
(327) 

(328) R=Me,  Et 
X = NPh, S 

i, LDA, THF, -78 "C, ii, BuY=aCC@Ph, iii, KHMDS. THF, -45 "C; iv, LiH (NaH) 

Scheme 100 
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(3314 R = C I  
(3-1 R = C I  (331b) R = P h S  
(3%) R = P h S  (331~) R = P h  

C I  

67-7046 

R 
(3320) (332b) (33W 

i, LiHMDS, ether, -78 to 25 "C; ii, NaOH, C12; iii, ester or ketone enolate. -78 to 25 OC 

Scheme 101 

shown for (326 In contrast, Kende reports that a-disub 
stitutcd enolates add efficiently to chloroacetylenes (331) to afford a-ethynylated ketones (and esters) 
(332; Scheme 101).224 

327)223a and (328 + 329; Scheme 

13.6 ELECTROCHEMICAL MEDIATED ADDITIONS 

Electrochemical techniques in organic synthesis have become a burgeoning research areaz5 Several 
of the synthetically promising electrochemical intramolecular and intermolecular conjugate addition pro- 
cesses, catalyzed by either vitamin B 12a or CoHDP, are mediated by either [Co-R] complexes or [acyl- 

EW 
R X 

(333) X = CH2,O (334) R = H, Me; EW = MeCO, Me02C, CN 

R' = alkyl (ClX4) (335) 
R2 = H, Me; R3 = H, Me 
EW = HCO, MeCO, Me02C, CN 

i ,  fEI-RCH=CH(EW), e-; ii, R2CH=CR3(EW), e- 

Scheme 102 
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Co(III)] complexes. For example, the coupling of 3-halocholestanes (333) and Michael acceptors affords 
epimeric mixtures of the 3-homologated steroids (334). The electrochemical nucleophilic acylation of 
a$-unsaturated aldehydes, a,p-unsaturated ketones and a,f3-unsaturated nitriles with acyl anhydrides af- 
fords adducts (335) in moderate yields.22Q.b Similarly, the reduction of N-methyloxazolinium salts (3345) 
affords the N,O-acetal intermediates (337) which are readily hydrolyzed (Scheme 102).226c 
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13.1 INTRODUCTION 

The conjugate addition of stabilized carbanions, nonstabilized carbanions and heteroanions to acti- 
vated alkenes and alkynes has been discussed extensively in previous chapters in this volume (Chapters 
1.1 and 1.2). In summary, the regioselectivity of carbanion additions is sensitive to: (i) the electronega- 
tivity of the metal center;' (ii) the Hard and Soft Acid-Base (HSAB) characteristics of the metal center 
and the transferring ligand;2 (iii) the structure of the a~ceptor ;~ and (iv) reaction conditions and solvent 
effects! The difference in electronegativity between a metal and carbon is reflected in the degree of 
ionic character imparted to the carbon-metal o-bond and the direction of polarizati~n.~ Thus the highly 
ionic Groups IA and IIA organometallics (RK, RNa, RLi and RMgX; Volume 4, Chapter 1.2) are ex- 
tremely reactive, in contrast to the less ionic Group IIB organometallics (RzCd and RzZn; Volume 4, 
Chapter 1.2). 

In contrast to the robust organolithiums and Grignard reagents, more selective and less basic organo- 
metallic reagents effective in transferring carbon ligands in a IA-mode have been introduced that are 
compatible with additional functionalities on either the acceptors or donors. These reagents are charac- 
terized by metal centers either with electron deficient p-orbitals which enhance their Lewis acidity, e.g. 
R3Al or R3B (Group IIIB), or that are electropositive vis-d-vis carbon, e.g. &Si or R4Sn (Group IVB). 
Typically, carbon ligand transferrals with the latter class of organometallics are facilitated with a Lewis 
acid catalyst. However, with the Group IB organometallics, e.g. RCu (Volume 4, Chapter 1.4), and 
Group IIIB organometallics, carbon-carbon bond formation is mediated by either carbanion, free radical 

139 
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or electron transfer processes. For example, trialkylborane additions to a,@-enones are free radical medi- 
ated, while similar alkenylborane additions are not. The nucleophilicity of the Group IIB and Group IIIB 
organometallics is also enhanced with the corresponding stable ‘ate’ complexes which consist of a Lewis 
acid (electron deficient organometallic) and a Lewis base (organolithium).6 In this chapter, the conjugate 
addition of carbon ligands to activated alkenes and alkynes mediated by Lewis acidic reagents will be 
discussed. 

1.3.2 ADDITIONS TO ALKENIC IT-SYSTEMS 

13.2.1 Additions of Alkyl, Aryl, Akenyl and Alkynyl Groups 

1.3.2.1.1 OrganoaCuminums 

The reactivity of the organoaluminums was described by Gilman” and Wittig7b during the 1940s and 
subsequently they have become a widely used class of reagents in organic synthesis. In spite of the Lewis 
acid characteristics of the organoaluminums, their carbon-carbon bond formation reactions with electro- 
philes is similar to that of the organolithiums or organomagnesium halides. Fundamental to the chemistry 
of the organoaluminums is their heterophilic character in which the formation of coordination complexes 
with Lewis bases, e.g. carbonyl or ether groups, enhances the nucleophilicity of the attached ligands or 
moderates the reaction rates.* For example, trimethylaluminurn, in either aromatic or hydrocarbon sol- 
vents, adds in a 13-mode to a,penones. In diethyl ether, both 13-additions and 1,Cadditions are s u p  
pressed, but with catalytic nickel(I1) acetylacetonate [Ni(acac)n (3%)] 1 ,Caddition products predominate. 
The trimethylaluminum reduces the nickel(I1) to nickel(0). which undergoes oxidative addition to tri- 
methylaluminum to afford the aluminum-nickel reagent MeNiAlMez (1). The aluminum-nickel reagent 
undergoes initial addition to the carbonyl to afford an allylic methylnickel complex (2), which dispropor- 
tionates to the corresponding 1,2- and lA-addition products (Scheme l)? Alternatively, Kabalka reports 
that tri-n-propylaluminum reacts with a,p-enones ( 3  Scheme 1) at -78 ‘C in 1P-mode by radical initia- 
tion, e.g. photochemically or with oxygen: in the absence of radical initiation, addition products are not 
observed.1° 4\ MeNiAIMe, (1) 5 I --MeNiAIMe2 5 -NiO - I ---NiMe .- 1.4- and 1.2-adducts 

(2) 

Alp?,, 
hv, -18 “C 

-c 

bR Me,Al-Nio R,b 8 ether (heptane) 

5 1-889s 10-159b 
R’ 

(3) (A\ R‘ R = H , M e  R1 R 
, - I  

R’ = H, Me 

Scheme 1 

While a$-unsaturated aldehydes react exclusively with triorganoaluminums in the 1,2-mode, the 
identical reaction of the corresponding chiral a$-unsaturated acetals (5). obtained from (I?&(+)- 
NjVjV’jV’-tetramethyltartaric acid amides, is solvent dependent.” For example, in 1,2-dichloroethane, 
preferential y-addition (SN2’) occurs (5 giving 7; Scheme 2). while in dichloromethane, preferential a- 
addition occurs (5 giving 8; Scheme 2). Subsequent hydrolysis of (7) affords the P-substituted aldehydes 
in high enantiomeric purity (Scheme 2); thus the acetals (5) serve as effective surrogates for 
‘ - C H = C H - C H O ’  (+CH2CH2CHO). 

Recently, Kunz reported that dialkylaluminum chlorides add in a 1P-mode to N-(a,@-unsaturated 
acy1)oxazolidones (9: Scheme 3),12 while high enantioselectivity is obtained with the chiral N-(a,p-un- 
saturated acy1)oxazolinone (11). Typically, higher dialkylaluminum halides (R* = ethyl, isobutyl) do not 



Conjugate Additions of Carbon Ligands to Activated Alkenes and Alkynes 141 

CONMe2 

iii 

>88% ee 
-5 R* AcO 

i.  i i  
R ~ ~ ’ ” ’ ’ C O N M ~ ~  - R 

0 q C O N M e 2  r (7) R* = alkyl (C,-C3) 

(6) 

i ,  R*,AI, CICH2CH2CI; ii, (MeC0)20, pyridine; iii, H30+; iv, R’,AI, CHCI3 

Scheme 2 

add, but in combination with dimethylaluminum chloride, ligand transfer occurs exclusively with the 
higher alkyl ligand. These additions are specific for the described substrates, while NJV-disubstituted 
acrylamides do not react (Scheme 3). 

R 1 =  H; R2 = Me, Bui, Ph, 2-MeOCbH4 
R 1  + R2 = (CH2)4 

(11) (12) 
(3S):(3R) = 87:13 

i ,  Me2AICI-R*2AICI (1: l ) :  i i .  Et2AICI (2 equiv.) 

Scheme 3 

The conjugate addition of vinyl groups to a,P-enones is the cornerstone of various synthetic challen- 
ges, especially with prostaglandin syntheses. These transformations are typically effected with organocu- 
prates which necessitate initial formation of stereochemically defined precursor vinyllithiums; l 3  
alternatively, the alkenylalanes effect alkenyl transfer to s-cis a$-enones exclusively with retention of 
alkene stere~chemistry.~~ The alkenylalanes are prepared by the regioselective and stereoselective hydro- 
alumination of alkynes with dialkylaluminum hydrides, generally diisobutylaluminum hydride. Remote 
substituents on the alkynes may impact the hydroalumination process; for example, the hydroalumination 
of 1-octyn-3-01 ethers (13) to (15) affords the cis-octenylalanes (17) to (19), while the sterically encum- 
bered trityl ether (16) affords trans-octenylalane (20) in moderate yields (Scheme 4). The unfavorable 
yield of alane (20) is attributed to competing Lewis acid catalyzed reactions, i.e. reductive propargylic 
ether cleavage (cf. alane 24).15 The specificity for lP-additions of alkenylalanes to s-cis a,&enones (22) 
infers a highly ordered cyclic transition state.14b In contrast, the addition of either (E)- 1 -hexenyldiise 
butylalane (21; Scheme 5) or (E)-6-triphenylmethoxy-l -heptenyldiisobutylalane (24) to hydroxyenone 
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(25) occurs exclusively anti to the hydroxy group, but isomeric at the acetyl position.16 Thus, the initially 
fonned alane alkoxide shields the syn face of the alkene. 

Pf n-CSH1' 
Bu'2AIH 

OR 
Bui2A1 ,/y n-CsHl I BU$AIH 

___.) 

OTr - 9 / A - C s H , ,  Bui2A1 OR 

(20) (13) R = But (14) R = M e  
(15) R = I-IIIethylcyclOhexyl 
(16) R Ph3C (19) R = 1 methylcyclohexyl 

(17) R = But 
(18) R = Me 

Scheme 4 

i 
s-cis ___) 

35% Bun 

i (or ii), iii * HO a5LR %,,/ 

(25) (26) R = Me 
(27) R = CH(0Tr)Me 

HO 

i, ~E) -BU'~A~CH=CH(CH~)~M~ (21); ii, (E)-Bu'~AICH=CH(CH,)~CH(OT~)M~ (24); iii, NaOMe 

Scheme 5 

Irrespective of the stereochemistry of the a,p-enones, lithium alkenyltrialkylalanates, e.g. (28) and 
(29). obtainable by treatment of alkenylalanes with methyllithium (or n-butyllithium), are also excellent 
1 ,bconjugate alkenyl transfer reagents. The cornerstone of a general prostaglandin synthesis, as exem- 
plified in Scheme 6, employs the alanate conjugate addition process exc l~s ive ly .~~ 

0 0 0 
,,,e (CH2),C02Et i 

53-76% 73% 

W@-MeOC&)Ph2 R R T H P ~  

i, Li+ (E)-Me(CH2)sCHsCHAlMeBui2- (28); ii, Li+ (E)-Me(CH2)4(MTrO)CHCH<HAIMeBui2- (29) 

Scheme 6 

Pecunioso reports that trialkylaluminums, alkenyldialkylalanes and alkynyldialkylalanes add efficient- 
ly to a-nitroalkenes (33) to (35) to afford nitro alkane^,^^^ y-nitroalkene~l~~ and y-nitroalkyne~,'~~ respec- 
tively (Scheme 7). This method complements the organolithium and Grignard reagent mediated 
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processes in which terminal a-nitroalkenes do not undergo efficient addition (cf. Volume 4, Chapter 1.2, 
Sections 1.2.2.1.1 and 1.2.2.1.2). Depending on the work-up conditions employed, either the nitroalkanes 
or the corresponding ketones (Nef reaction) are obtained. The latter work-up procedure affords an effi- 
cient synthesis of cyclopenten-3-ones (36), as shown in Scheme 7.17b 

I1 

NO2 R2 

7 5 4 7 %  

i 

92-98% 

(33) R* = Bun, Ph 
n =  1-2 

eR3 - 
R2 = alkyl; R3 = H, alkyl 

Rq R' 
NO2 R2 

iii - 
R1 94-100% 

i 
R+R3 - 

89-96% 
Rl (34) R' 

R2 = alkyl; R3 = H, alkyl R = Me, n-C,H,, 
R1 = H, Ph 

R* = Et. Bu' 

(36) 

R' = Bu', Ph, (E)-Bu"CH=CH 

i, Bui2AIC(R2)=CHR3; ii, R'C=CAlEt2; iii, R*,Al; iv, HOCH2CH20H, p-TsOH; v, 3 M HCl 

Scheme 7 

The direct conjugate addition of alkynyl groups to a$-unsaturated systems is a synthetic challenge 
since virtually all alkynylmetallic reagents are ineffective at introducing alkynic moieties. The more 
popular stoichiometric organocuprates or copper-catalyzed Grignards do not transfer alkynyl ligands be- 
cause of the strong alkynyl-copper bond. Typically, introduction of an alkynyl moiety is accomplished 
with a precursor functionality, e.g. (tri-n-butylstannyl)vinylcuprate.18 The alkynyldialkylalanes transfer 
alkynyl ligands effectively to all a$-enones in the presence of a nickel(0) catalyst, like 
Ni(acac)a.DIBAL-H (1:l) (Scheme 8);19 in the absence of the catalyst, only s-cis a,P-enones (22) are al- 
kynylated, while fixed s-trans a,@-enones undergo 1,2-addition. Thus, a cyclic transition state is inferred 
for the noncatalyzed conjugate addition reactions. In contrast, the noncatalyzed conjugate addition of the 
trialkynylaluminum (39) to the 4-hydroxycyclopentenone (fixed s-trans configuration) (40) necessitates 
prior coordination to the 4-hydroxy group in order to direct the alkynyl ligand syn to the @-position.*O 
Protection of the 4-hydroxy group, e.g.  with THP, retards this conjugate addition process (equation 1). 

While conjugate additions with organoaluminums typically occur via intramolecular ligand transferral 
from the aluminum coordination complexes, intermolecular ligand transferral from the more basic, nu- 
cleophilic reagents, e.g. RLi or RMgX, can be accomplished with unusual chemoselectivity and stereose- 
lectivity in the presence of oxophilic organoaluminum reagents possessing bulky nontransferable 
ligands. For example, the bis(2,6-di-t-butyl4-alkylphenoxy)methylaluminums (MAD 42 and MAT 43; 
Scheme 9 )  facilitate conjugate additions of organolithiums to select cycloalkenones, quinone monoketals 
(44) and quinol ethers (45)>' 
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R"' (A 55-854b- i 
R .Q O 

R1 
R1 

(37) R = H, PhCMezO; n = 1-2 (3) R = H, Me; R1 = Bun, But, SiMe3 

i, Me2A1CECR1, Nio catalyst 

Scheme 8 

(41) R=H.OTHP 

R 

R 
5947% 

R3' 

(42) MAD: R = Me 
(43)MAT R = Bu' 

R1 = H, Me; R2 = H, Me 
R3 = H, Me, OSiPh3 

n = G 1  

h R i = R & R l  i 4 i b R  

R I  OMe R I  OMe 

(45) R1 = Ph, CHz=CH, 4-Bu'Me#iOC6H4 

M e 0  OMe MeO OMe 

(44) R' = H, Me, C1 

i, MAD (42) 2 equiv., RLi 2 equiv., PhMe, -78 OC 
[R = alkyl (Cl-C4), Ph, 1,3-dithiane, M e 3 S i M .  ester enolate] 

Scheme 9 

133.1 3 Organoboranes 
The Lewis acidic organoboranes, on the other hand, are electrophilic in their chemical behavior.22 This 

is attributed to the high degree of covalent character in the boron-carbon bond, which results in the low 
reactivity of organoboranes versus organolithiums towards electrophiles. In spite of the low reactivity of 
the triorganoboranes with simple aldehydes and ketones, fonnal conjugate addition of alkyl (or aryl) 
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groups occurs with a,&unsaturated aldehydes and a$-unsaturated ketones to afford the alkenyloxydial- 
kylboranes (vinyloxyboranes, 46, Scheme 10) regio~pecifically.~~ The ease of addition is dependent on 
the substituents on the a,p-unsaturated aldehyde or ketone; in the absence of P-substituents spontaneous 
addition occurs, while with @-substituted systems a radical initiator is required. Initiators include diacyl 
peroxides, light or oxygen.24 Similar additions to a-nitr~alkenes?~ a,@-unsaturated imines,26 a$-unsatu- 
rated nitriles2' (secondary alkyls only) and 1 ,Cbenzoquinones (naphthoquinones)28 also occur efficiently 
(equation 2). The free radical nature of these additions is shown by the inhibition of these reactions with 
galvinoxyl, a highly efficient free radical scavenger,29a and secondary product formation arising from 
solvents capable of radical formation, e.g. tetrahydrofuran and 2-propan01.~~ 

viii / \ 

R' OBR', 
iii vii 

R 

i, R'3B; ii, NBS (NCS); iii, PhSeCI; iv, Me2NCH2CH20Li; v, R2X; 

vi, R3CHO; vii, CH2=NMe2+ viii, H3O+ 

Scheme 10 

0 OH 
R3B ,............. 5" - 

..... ..,. .... 8699% '.. ......... 

0 OH 

Further transformations of the intermediate alkenyloxydialkylboranes (a), as shown in Scheme 10, in- 
clude: aqueous hydrolysis to the homologated aldehydes or ketones;30 electrophilic additions to afford 
the corresponding a-dialkylaminomethyl aldehydes and ketones (47),31 and a-halogenated (48)32 or a- 
arylselenylated aldehydes or ketones (49);33 transmetallation-alkylation to afford a-substituted alde- 
hydes or ketones (50);" and aldol condensations with aldehydes (51).35 These reagents offer the 
equivalent of the tandem 1 ,Cconjugate addition4ectrophile-trapping protocol. A prototypical prosta- 
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glandin synthesis by an organoborane-mediated double Michael addition protocol is shown in Scheme 
11.36 

i, B { (CH2)&02Et 13, K2CO3; ii, Br2, base; iii, B( (CH2)7Me 1 3 

Scheme 11 

However, conjugate additions with trialkylboranes are inefficient in that only one of the three organic 
groups is transferred. The inefficiencies of group transfer are surmounted by the use of either the 
B-alkylboracyclanes (55)37a*37b or B-alkyldiphenylboranes (56),37c in which the B-alkyl groups are pref- 
erentially transferred under radical conditions. The B-alkylboracyclanes are obtained by sequential 

(55) n = 1-2 

R R1 

= (c2z7)* Ph, (57) X = H (58) X = Br 
CI(CH&, OEt (59) X = I. R = OEt 

R1 = H, Me, Et 

iii 
35-932 

R3 0 

R2 
R \  R d  Et02C 

R1 
(61) (63) (64) R2 = Me. n-C6HI3, Ph 

R3 = H, Ph 

(59) 

i, 9-BBN (B-Br-9-BBN) (B-I-9-BBN); ii. CH2=CHCOMe; iii, MeOCH=CHCOMe (62); 
iv, R3CH=CHCOR2; v, EtOH 

Scheme 12 
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hydroboration of either 2,4-dimethyl-1 ,Cpentadiene or 23-dimethyl- 1 ,5-hexadiene followed by addition 
to appropriate alkenes. Hydroborations with the boracyclanes occur with high regioselectivity which is 
crucial for the subsequent conjugate additions in which the minor hydroboration isomers (Markownikov) 
will transfer preferentially with respect to the major hydroboration isomers (anti-Markownikov isomer). 

In contrast, the B-l-alkenyl-9-borabicyclo[3.3.l]nonanes, (57) to (59) and (as), and B-l-alkynyl-9- 
borabicyclo[3.3. llnonanes (72) effect alkenyl and alkynyl transfer, respectively, to s-cis + e n o n e s  
exclusively via a cyclic transition state (60), with the 9-BBN moiety serving as a nontransferable ligand. 
Thus, the alkenylation of a,@-enones and @-methoxy-cY,P-unsaturated ketones (62) affords y,b-enones 
(61) and a,@,a,y-dienones (63). respectively (Scheme 12). The &(E)- 1 -alkenyl-9-borabicyclo[3.3. llnon- 
anes (57) to (59) are prepared by the regioselective and stereoselective hydroboration (9-BBN)38a or ha- 
loboration (B-X-9-BBN; X = Br, I)38b of alkynes, while the B - ( 3 -  1 -alkenyl-9-borabicyclo[ 3.3.1 Inonanes 
(65) and B- 1 -alkynyl-9-borabicyclo[3.3. llnonanes (72) are prepared from B-methoxy-9-BBN and (2)-li- 
thio- 1 -alkenes (Scheme 1 3)39 and lithium alkynides (Scheme 15),4O respectively. Suzuki reports that B- 1 - 
(2-ethoxy-2-iodovinyI)-9-borabicyclo[3.3. llnonane (59), an acetate ester enolate equivalent, adds to 
+enones to afford 8-keto esters (64):' In contrast, +enone alkenylations with the more stable B-( 1- 
alkeny1)dialkoxyboranes (68) and (71) are facilitated by the presence of boron trifluoride etherate which 
generates in siru the reactive B-( 1 -alkenyl)alkoxyfluoroboranes (69). This procedure allows for the intro- 
duction of alkenyl groups which are not accessible by direct hydroboration, e.g. 1.2- or 2,2-disubstituted- 
1 -alkenyl substituents, irrespective of alkene stereochemistry (Scheme 14).42 

iii Bun L A  Bu" m -  Li BulI-Ba 67% \ 

i, ii - 
(65) (66) 

i. B-MeO-9-BBN; ii, BFyEt20; iii, CHz=CHCOMe 

Scheme 13 

R = H, alkyl, Ph 
R1 = H, Me, Br 

- i ,  i i  B r M B ( o P r i ) z  iii 

R' R 1  R' kl 
(67) R2 = alkyl, Ph (68) 

I iv 

6044% R' 'Rl I 
R1 
(61) (69) 

R3 = H, Me, Ph ; R4 = n-C6H13. Ph 
Bun 0 

vi iv, vii - 
Br 65% Bu" B(Ohi)z 70% 

/- 
Bun 

B(OPri)2 

(70) (71) 

i, BBr3; ii, P&O; iii, R'ZnCl, Pdo catalyst; iv, BFyEt,O; v, R3CH=CHCOR4; vi, MeLi; 
vii, CHz=CHCO-n-C6H I 

Scheme 14 
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B - = 9-BBN 
Li+ R Y L i  i R - 4 3  

R = alkyl (C4-c~). But 
c-C6H11, ph 

OMe 

(73) R1 = H, Me; 
R2 = H, Me 

(74) R3 = H, Me; 
R4 = alkyl (CI-C~),  But, Ph 

i, B-OMe-9-BBN; ii, BFyEt20, -78 "C; iii, R1R2C=CHCOMe; iv. MeOCH=C(R3)COR4 

Scheme 15 

The reactivity profiles of the boronate complexes are also di~erse.4~ For example, the lithium methyl- 
trialkylboronates (75) are inert, but the more reactive copper(1) methyltrialkylboronates (76) afford con- 
jugate adducts with acrylonitrile and ethyl acrylate (Scheme 16).44 In contrast, the lithium 
alkynylboronates (77) are alkylated by powerful acceptors, such as alkylideneacetoacetates, alkylidene- 
malonates and a-nitroethylene, to afford the intermediate vinylboranes (78) to (W), which on oxidation 
(peracids) or protonolysis yield the corresponding ketones or alkenes, respectively (Scheme 17).45a Simi- 
larly, titanium tetrachloride-catalyzed alkynylboronate (77) additions to methyl vinyl ketone afford 1 3- 
diketones Mechanistically, the alkynylboronate additions proceed by initial @-attack of the 
electrophile and simultaneous alkyl migration from boron to the a-carbon. 

MeLi CU'X 

(75) 

- [R3BMe]Li * [R3BMe]Cu R3B 
(76) X = Br or CI 

65-9546 44% 
R = alkvl (C2-H-r). Bui 

Scheme 16 

1.32.13 Lewis acid modified organocoppers and organocupmtes 

Enhancement of the chemoselectivity in the reaction of Grignard reagents with a,&enones, in the 
presence of copper(1) salts, was first described by Kharasch and Tawney.& Subsequently, this conjugate 
addition protocol became the cornerstone for various natural products syntheses, but it lacked predict- 
ability and dependability. House and coworkers demonstrated that an organocopper (RCu, 82) was the 
reactive independently, Gilman had reported on the synthesis and reactivity of lithium di- 
methyl~uprate."~~ With the development of general procedures for the synthesis of stoichiometric orga- 
nocoppers and homocuprates (R~CUM, 83), their synthetic utility was soon established, but limitations on 
their thermal stability, ligand transfer efficiencies and acceptor reactivity profiles were soon recog- 
nized.48 Additional copper-based reagents, e.g. mixed homocuprates (RR'CuM, 84). heterocuprates 
(RCuMX, 85) and higher order cuprates (RSuLi, 86),49 were developed in order to address the above 
deficiencies. Some interesting variants are the Lewis acid modified organocoppers (RCu.MXn, 87). 
Lewis acid modified organocuprates (RzCuLiMX,,, 88) and Lewis acid modified cyanocuprates 
(R2Cu( CN)Li2.MXn, 89). 

Y a m a m ~ t o ~ ~  and Ibukasl have reported that ligand transfemals from organocoppers to a broad range of 
acceptors are facilitated in the presence of aluminum trichloride or boron trifluoride, at -78 'C, with high 
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COzEt 

R 2 d E W G  

EWG = C02Et, MeCO 

R = alkyl (C4-C8), c-C5H9; 
R' = Bu"; R2 = H, Me, Ph 

I R' R 4  

R' C02Et 

I I 
R?B R2 R' CO2Et 1 iii 
(79) EWG = CO2Et 
(80) EWG = MeCO R R2 67-9 1 % 

R' 0 0 
I V 

R = alkyl ( c 3 4 6 )  R '  = n-C5HII, Ph 

i, RC=CBRI3- Li' (77); ii, EtCO2H; iii,  MCPBA; iv, (77), TiCI4, CH2C12, -78 "C; v, H202  

Scheme 17 

RCu R ~ C U M  RR'CUM RCuMX R3CuLi 
(82) (83) (84) (85) (86) 

RCu*MX, R2CuLi*MX, R2Cu(CN)Li2*MX, 

(87) a-c (88) (89) 

chemoselectivity and stereoselectivity. The acceptors include a,@-disubstituteda,@-unsaturated esters, 
@,@-disubstitutedaJ3-unsaturated esters, a,@-disubstituted-a,@-enones, @,@-disubstituteda,P-enones, 
a,@$-trisubstitutedaJ3-enones and a,@-unsaturated carboxylic acids, which typically do not react with 
organocoppers or lower order organocuprates. However, characterization of the organocopper-Lewis 
acid complexes is lacking. It is instructive to compare the reactivity of the organocopper-Lewis acid 
complexes (87) vis-&vis the homocuprates (83); for example, organocopper-aluminum trichloride (87b; 
Scheme 18) is highly effective in conjugate additions to y-t-butyldimethylsilyloxya,@-enones, (94) and 
(96) (exclusive anti addition to the silyl ether), and y-cyclopropyla,P-enones, (98) and (lOO).sl In con- 
trast, with the homocuprates (83) competing sN2' reaction processes, reduction processes or cyclopro- 
pane cleavage typically occurs. The lack of cyclopropane cleavage with (87b) implies that 
carbon-carbon bond formation does not involve an electron transfer process. Chemoselectivity differen- 
ces are also observed with methyl sorbate (102), where (87b, R = Bun) affords predominantly 1A-adduct 
(103)?Ob while (83, R = Bun) affords 1,6-adduct (104. Scheme 18).52 Other subtle differences include the 
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diastereoselective addition of (87a) to y-benzyloxya,f3-unsaturate!d esters (105) and (106). For example, 
the (&-ester (105) affords predominantly the anti adduct (109). while the (?)-ester (106) affords the syn 
adduct (110 Scheme 19). In contrast, the corresponding homocuprate additions proceed exclusively in 
an &2' m0de.5~ 

R 
ii COBu' 

___) 

i i  

57-95% 0 7049% 0 

i ... 
111 

v C O z M e  - -CO2Me - T C O z M e  
Bun 
100% 1,6-addition 93% 1 ,baddition 

B u" 82% 44% 

(104) (102) (103) 

i, RCu*BF3 (87a), EtzO, -78 to -25 "C; ii, RCu*AlC13 (87b), EtzO, -78 to -25 "C; iii, Bu"2CuLi (83) 

Scheme 18 

OBn OBn C02Et m C O z E t  OBn C02Et Ph F C O Z E t  
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(105) (106) (107) (108) 

i I  
R 

i l  
R 3 A C O z E t  A C O Z E t  Ph , p C O z E t  

Y C O Z E t  OBn 
OBn OBn COzEt 

anti predominant syn predominant syn predominant anti predominant 

(109) (110) (111) (112) 

i, RCu*BF3 (879) 

Scheme 19 
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Oppolzer reports that similar additions of the ether soluble organacopper-boron aifluorick-tri-n-bu- 
tylphosphine complexes (We) to chiral a,p-unsaturated esters (Scheme 20) proceed with high dia- 
stereoselectivity. Subsequent hydrolysis or reduction of the chiral adducts, e.g. (115) and (116), affords 

0 

(+)-camphor 

(->camphor 

R' = c-C6HI I 

R* 
i, iii - HYR 

R = alkyl (CI-C,) 
R* = alkyl (C1<4), CH2=CH, 

MeCH=CH 

1 ")%,, - 
81% 

(115) 98 .58de  iii I- HO2Q 

>70% ee 

R' = Me, Bun, Ph R' 
R = H, Me R' =alkyl (C&) 

(118) (119) 

i ,  MeLi (R*Li), CUI, Bun3P, BF3, -78 OC; ii, Me2C=CHCH2CH2Li, CUI, Bun3P, BF3, -78 "C; 
iii, NaOH (MeONa), MeOH 

Scheme 20 

0 0 OSiMe3 
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R 
R' = 2-MeC6I-4, alkyl (C144) 

A Rb 
R = H . M e  

q k  %+ Q,OLt 

C02Bu' 
CH2<H 

(120) (121) 

4 0  i \i"-.SiMe3 fro i_ 6 
H OSiMe3 

91% (E)  97% (2) 
(122) (123) (124) (125) 

i, RMgBr, CuBr*SMe2 (3%), HMPA, -78 "C, TMSCI; ii, H3O+ 

Scheme 21 
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chiral f3-substituted carboxylic acids or @-substituted alcohols, respectively.s4 As exemplified in Scheme 
20, for the synthesis of (5')citronellic acid (117), several combinations of enoate acceptor unit and chiral 
auxiliary will result in identical c h i d  products. 

The combinations of chlorohimethylsilane-hexamethylphosphoramide (HMPA) or chlmtrimethylsi- 
lane4-(dimethylamino)pyridine (DMAP) are also powerful accelerants for copper(1)catalyzed Grignard 
conjugate  addition^?^ and stoichiometric organocopper and homocuprate additions (Scheme 2 l)? How- 
ever, these reactions must be performed in tetrahydrofuran instead of ether.57 These procedures are noted 
for their high yields with stoichiometric quantities of Grignard reagents, excellent chemoselectivity and 
efficiency with a,B-unsaturated amides and esters and e n a l ~ . ~ ~  Typically, additions to enals proceed via 
the S-trans conformers to afford stereo-defined silyl enol ethers; for example, enals (122) and (124) give 
the (E)-silyl enol ether (123) and (2)-silyl enol ether (125), respectively. 

Alternatively, as exemplified in Scheme 22, Normant reports that the chiral a,@-unsaturated acetals 
(126) and (127), obtained from (RR)-2,3-butanediol, undergo exclusive y-addition (SN~')  by complex 
(87c) with high diastereoselectivity. For example, @)-acetals (126) and (2)-acetals (127) afford (S)-@- 
substituted aldehydes and (R)-@-substituted aldehydes, respectively (cf. Scheme 2).59 

Dramatic reactivity enhancements have also been reported for the Lewis acid modified cyanocuprates 
(89);60 for example, additions of the a-hydroxyalkyl synthon (-CH(R)OH) reagents, (89a) and (89b), to 

( E )  (126) >85%de (128) 

R = Me, Ph, CH2=CH(CH2)2 R' = Ph, Me2C=CH, CH2=C(n-C5HI I) ,  (Z)-n-C6H13CH=CH 

i, ii, iii 
___) 

(127) 

i, R1Cu*R*3P*BF3 (87c); ii, (MeC0)20, C~HSN, DMAP iii, H30+ 

Scheme 22 

n=0-1 

H 

MOM0 

(129b) 

R = Me, n-C5Hl I 

H 

(130) (131) 

i, [RCH(OMOM)]2Cu(CN)LipMe3SiC1 (89a), -78 OC; ii, [RMeC(OMOM)]2Cu(CN)Li2*Me3SiC1 (89b), 
-78 OC; iii, Me$2u(CN)Li2*BF3 (8%). -78 "C 

Scheme 23 
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a,pcycloenones proceed efficiently to afford homoaldol products ( 129).61'+j1d Similarly, additions to 
sterically congested B,p-disubstituteda,f3-enones (130) proceed in the 1 ,4-m& exclusively, at low 
temperatures (Scheme 23).6Ie 

13.2.1.4 Otganm'rconiums 

The use of organozirconium reagents in synthesis was prompted by Wailes' discovery that alkynes and 
alkenes undergo hydrozirconation efficiently with bis(qS-cyclopentadienyl)chlorohydridozirconiu, 
[(qs-CsHshZr(H)C1].6~~6zb Terminal alkynes undergo regiospecific cis addition, while unsymmetrically 
substituted alkynes show good regioselectivity.62c The alkenylzirconiums (132) are notable for their 
compatibility with various functionalities without masking; for example, the alkenylzirconium (134) is 
prepared in the presence of an ester functionality. In the presence of catalytic amounts of nickel acetyla- 
cetonate [Ni(acac)z], excellent yields of 1 ,Caddition products with a$-enones are obtained (Scheme 
24).63' By-product dienes arising from alkene dimerization are minimized when a prereduced catalyst 
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(136b) 3 1 % 

i, R*Cd3R2; ii, cycloalkenone, Ni" catalyst; iii, (E)-(Zr)CH=CHCH(OR*)-n-C5HI I ,  Ni" catalyst; iv, CH20 (g); 

v, MeSO2CI, Et3N; vi, (E)-(Zr)CH=CH(CHz)3COzBut (134), Nil1 catalyst; 
vii, (E)-(Zr)CH=CH(CHz)40SiMezBut, Nil' catalyst; viii, PhSeCl 

Scheme 24 
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complex of nickel acetylacetonate and diisobutylaluminum hydride (DIBALH) is utilized. In contrast to 
the nickel acetylacetonate catalyzed dialkylalkenylalane conjugate additions (cf. Section 1.3.2.1. l), the 
alkenylzirconium transfers are highly efficient with terminal alkenylzirconiums and moderate yielding 
with internal alkenylzirconiums. The latter may be due to steric hindrance of the intermediate complex to 
conjugate addition and subsequent destruction of the nickel catalyst. Quenching of the intermediate zir- 
conium enolates with either anhydrous formaldehyde or phenylselenyl chloride affords a-hydroxymethyl 
ketones (133)@* or a-phenylselenyl ketones (136),@b respectively; dehydration of keto1 (133) and further 
alkenylzirconium conjugate addition affords the comsponding prostaglandin analogs (135). Similar con- 
jugate additions have been successfully accomplished with a,B-unsaturated esters and a,@-enynones. 

Felkin-Ahn Model predominant (syn)  (anti) 

r A -  1 

......... BnO 
BnO 

H 

BnO JyL 

L SiMed (147) (148) 

predominant (syn)  (onti) Felkin-Ahn Model 

Chelation control 

1 1 
___) BnOy and v- \ 

I ii iii -I\ 
predominant (152) (anti, threo) predominant (153) (syn,  eryrhro) 

Scheme 25 



Conjugate Additions of Carbon Ligands to Activated Alkenes and Alkynes 155 

R = Me, Ph major (157) (anti) minor (158) (syn) 

R' = Me, Ph 
X = NO2, COR' 

(156) 

MEMO MEMO 
major (159) (anti) minor (160) (syn) 

i, CH2 =CHCH2SiMe3 (140), TiCI,, CH2CI2, -78 "C; ii, (Z)-MeCH=CHCH2SiMeR'R2 (141), TiCl,, 
CH2C12, -78 to 4 0  "C; iii, (E)-MeCH=CHCH2SiMeR'R2 (142), TiCI,, CH2C12, -78 "C; 

iv, (E)-MeCH=CHCH2SnBun3 (153), (Et2AI)2S04, c6&9 80 "C; v, (Z)-MOMOCH=CHCH2SnBun3 (155), 
(Et2A1)2S04, C6H6.80 "c 

Scheme 25 (continued) 

Mechanistically, the addition of a nickel(1) species to an a@-enone generates a nickel(II1) enolate (137) 
which undergoes transmetallation with an alkenylzirconium (132) and reductive elimination of nickel(1) 
to afford a zirconium enolate (139).63b 

IA2.15 Organosilanes and organostannanes 

The reactivity of the organ~silanes~~ and organostannanesM towards electrophiles is dependent on the 
characteristics of the organic ligands. Typically, the alkylsilanes and alkylstannanes are unreactive, 
which is a consequence of the weakly polarized carbon-silicon and carbon-tin a-bonds (C&-M*+). 
However, a l lyl~i lanes~~ and allylstannanes are highly reactive to electrophiles because of extensive U-IT 
( C 4 i  or C 4 n )  conjugation in the allyl metals and the f3carbonium ion stabilization effect of the 
metal center. Consequently, electrophiles add exclusively with allylic transposition. 

The Lewis acid catalyzed conjugate addition of allylsilanes (140) to (142) and allylstannanes (154) and 
(155) to a$-enones, described by Sakurai,68P*68b is highly efficient and experimentally simple in contrast 
to the allylcuprate additions. Various substituents can be incorporated into the allylsilanes (allylstan- 
nanes), e.g. alkoxy, alkoxycarbonyl and halogen, some of which are incompatible with cuprate re- 
a g e n t ~ ? ~  In addition, Heathcock and Yamarnoto report that diastereoselectivity is correlated to the alkene 
geometry of both the allylmetals and the acceptor units; for example, allylation of (@-enones (143) and 
(146) affords predominantly the syn adducts (144) and (147), while (2)-enone (149) gives predominantly 
the anti adduct (150; Scheme 25).* On the other hand, with cyclohexen-2-one the (a-silane (141) af- 
fords predominantly the threo adduct (152), while (142) affords erythro adduct (153).6Bd The more reac- 
tive allylstannanes (154) and (155) also afford similar diastereoselectivity.&Pf 

Typically, a,P-unsaturated esters, a$-unsaturated aldehydes and a,&unsaturated nitriles are poor ac- 
ceptors for the Lewis acid catalyzed silylallylation procedure, but they are excellent acceptors for the 
complementary fluoride ion mediated allylation procedure (c$ Volume 4, Chapter 1.2, Section 1.2.2.1.7). 
Other suitable acceptors include 1,4quin0nes?~ a,p-unsaturated acyl cyanides (162),"P silyl a@- 
enoates ( 163)71b and nitroalkenes (Scheme 26);72 reduction (titanium(II1) trichloride) of the intermediate 
nitronates arising from nitroalkene allylation affords y.6-enones (166). 

Majetich reports a general intramolecular Lewis acid allylation protocol for the synthesis of bicy- 
clo[5.4.0]undecen-3-ones (168) and bicyclo[4.4.0]decen-3-ones (170). which are 1.6-addition products 
(Scheme 27). The same precursors, (167) and (169). when submitted to the fluoride ion cyclization 
protocol, also afford 1.2- and 1,4-addition products.73 Typically, ethylaluminum dichloride, a 'proton 
sponge' Lewis acid, is used in order to minimize adventitious protonic desilylation. Other P,y-unsatu- 
rated silanes also undergo similar intramolecular Lewis acid catalyzed additions; for example, the si- 
lylpropargylic enones (171) undergo intramolecular cyclization to the allenylspiro system (172).74 

Subtle reactivity differences are reported for the reaction of allenylsilanes vis-d-vis the allenylstan- 
nanes with a$-cycloalkenones. The stannane (175) affords the alkynic ketone ( 176)75 exclusively, while 
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OSiMqBd 

i. ii * @-I-&. 
Me0  OH 0 0 

&Et 0 

Me0 0 0 

(162) X = CN (la) 
(163) X = OSiMe3 

R = Me, Et; R' = n-Cl&21, Ph, 4-CICaH4, 4-MeOCa4, PhCH2CH2 

i, CH,=CHCH[SiMezPh]COzMe (161), SnC14, CH2C12, -78 to -30 "C; ii, Bu'M~SiCl, imidazole, DMF; 
iii, R4,C=C(R3)CH2SiMe3, TiC14, CH2C12, -78 "C; iv, RZ2C=CHCH2SiMe3, TiC14, CH2Cl2, -78 'C; 

v, CH2=CHCH2SiMe3 (la), AlC13, -20 "C; vi, TiC13 

Scheme 26 

* @  SiMe3 EtAlCI2 

49-50% 0 
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(167) R = H, Me; R' = H, Me; RZ = H, Me (la) 
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0 

(172) R = H , M e  (171) 
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the silane (173) affords the bicyclo[4.3.0]nonenylsilane (174; Scheme 28). The initial step, i.e. Lewis 
acid activated enme addition of the allenylmetallic, is identical for both reactions, but the subsequent 

0 

RCH=C=CHSiMe3 (173) & R' RCH=C=CHSnPh3 (ITS)_ & '> 
4 

'h ( @Si-. TiCI,, CH2Cl2, -78 OC RZ TiC14, CH2CI2,-78 "C ~2 'I,, 

R 
R 6046% 

(174) n=0-1 (176) 

R = H, Me; R2 = H ,  Me; R' = H, Me 

Scheme 28 

Scheme 29 

(182a) R = H, R' = Me (186) major 
(182b) R = R' = Me 

major (187) (syn) ( l a )  R = H 
(184) R = Me 

major (188) (anti) 

(189) (190) 

i, (E)-MeCH=CHCOMe (181), TICI,, CH2C12, -78 "C; 
ii, H2C=CH-C(OCH2CH20)Me ( l a ) ,  TiCI,-Ti(OH),, CH2C12, -80 to -95 "C 

Scheme 30 
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step differs. The intermediate vinylstannanc cation collapses to the alkyne, while the trimethylsilylvinyl 
cation undergoes a 1 ,Zshift to form an isomeric vinyl cation followed by titanium enolate capture?6 

In contrast to the numerOus examples of conjugate allyl transfers, the analogous alkyl transfers medi- 
ated by either alkylsilanes or alkylstannanes are scarce. However, in the presence of a @-electrophilic 
center cleavage of stemproximate carbon-tin o-bonds is facilitated, for example, the Lewis acid cata- 
lyzed chyc l i za t ion  of select 2-cyclohexenones with alkylstannane appendages, e.g. (177) or (179), 
affords bicyclic systems (Scheme 29).77 

1333 Additions of Enol Silyl Ethers and Silyl Ketene Acetals 
The titanium(1V) chloride-catalyzed conjugate addition of enol silyl ethers (182) to (184) and (189; 

Scheme 30), and silyl ketene acetals, (191) to (194), to + e n o n e s  is the key feature in various synthetic 
strategies (Mukaiyama-Michael) (Scheme 3 1)?8*79 In contrast to the earlier described enolate addition 
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65% 0 
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0 OSiMezBu' 0 OSiMezBu' 

and ( Qco2Me 

___) vii. viii ( 
63-928 ,,,+' CO 2Me ,,# 
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Et3Si0 p+3H,, 
__c .............. c 

C02Et COZEt k Bu'MezSiO Bu'MezSiO 

ix 

(203) 

i, CH2=C(OSiMe2Bu')OBu' (191a), TiC14, CH2CIz; ii, Bun4N+F, iii. 2-methylcyclohexanone 

trimethylsilyl enol ether (186). TiC14, CH2C12; iv, MeCH=C(OSiMe2But)OMe (192). Ph3c+c1o4-(5 mol%), 

CH2CI2, -78 "C; v, (E)-MeCHSHCHO vi, MeC02H, THF; vii, Me+C(OSiM~Bu')OMe (193), 

Ph3C+C104-(5 mol%), CH2CI2, -78 "C; viii, RCHO ix, CH&(OSiEt3)0Et (194), HgI2 

Scheme 31 
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procedures (cf. Volume 4, Chapter 1.2, Section 1.2.2.2), this protocol is synthetically advantageous; for 
example, base sensitive acceptors may be used, pquaternary centers are assembled in high yields (1%; 
Scheme 3 1)80 and by-products due to 1 ,Zaddition or proton transferrals, i.e. enolate scrambling, are non- 
existent. Thus enol silyl ethers arising from either kinetic or thermodynamic enolates do not undergo 
scrambling. However, the highly Lewis acidic nature of these reactions precludes the use of methyl vinyl 
ketone (MVK) as an acceptor, while the corresponding ethylene ketal (185) is an excellent acceptor with 
bis(isopropoxy)titanium dichloride catalysis, e.g. the conversion of (189) to (190) in Scheme 30.81 

The choice of catalyst determines the range of suitable acceptors and work-up procedures employed. 
For example, trityl cation promoted additions of acetals (192) and (193) to a,Penones typically afford 
regiochemically pure enol silyl ethers that can be utilized in situ for aldol condensations (Tandem Mi- 
chael-aldol) (Scheme 3 1).82 With similar reaction conditions, additions of silyl thioketene acetals (204) 
to a,p-cycloenones and a-substituteda,P-cycloenones afford anti (205) and syn adducts (ZM), respec- 
tively. The diastereoselectivity differences are attributed to a highly ordered transition state (Scheme 
32).83 Danishefsky reports that mercury(I1) iodide catalyzes the exclusive syn addition of silyl ketene 
acetals (194) to enone (202) (cf. the formation of 203; Scheme 31),84 while the corresponding carbanion 
additions give exclusive anti addition.85 

OSiMezBu1(SiMe3) 

(&R 7343% iii  ~ l(& COSBu' 73-8396 i i *  (& COR 
H :  H 

n = & 1  S O %  anti (205) n=&1 >W%syn (206) 

R = Ph, EtS, Bu'S R = Me, PhS, MeOzC 

i, MeCH=C(OSiMe3)R [MeCH=C(OSiMezBu')Rl, Ph3CCl-SnCl2 (5-10 mol %), CH2Cl2, -78 "C; 

ii, MeCH=C(OSiMezBu')SBu' [MeCH=C(OSiMe3)SBu'] (a), 2-(C5H4N)CH20H, Ph,C+SbCl6-, -78 OC 

Scheme 32 

OSiMezBu' (SiMe3) 

- C02R2 o* I ButMe2SiO*R 

C02Me 
R R R 

MeOzC R' 
n=&1 

R = H, Me; R' = H, Me; RZ = Me, Et (207) R = CHzKMe- (208) 

___) 0 

(209) (210) 

i, R'CH=C(OSiMezBut)ORZ [R'CH=C(OSiMe3)ORZ] (191) and (192), MeCN, 55 OC; 
ii, CHz=C(OSiMqBut)OMe, (191b), 15kbw iii, CH2=C(OSiMqBu')OBu' (191a), 15 kbar 

Scheme 33 
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Remarkable solvent effects have been reported for select silyl ketene acetaknone additions; far 
example, acetonitrile suffices to promote additions in the absence of a Lewis acid.= Alternatively, addi- 

i, Me3SiI; ii, H30+ 

Scheme 34 
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R = H, Me, Ph; 
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vi R* = Et, But; R = H, Me, Ph; 
R1 = EtS, MeO, Buts, Ph 

(219) (220) >80% onti 

i, R2R3C=C(R4)C02R*, Al(S03CF3)3 or Al-rnontmorillonite; ii, R2R3C=C(N02)R4, TiC14-Ti(OPr')4; 
iii, H 2 0  iv. CH2N2; v, R1CH=C(N02)CH2R2, TiCI4 (SnC14), CH2CI2; vi, MeCH=C(OSiMe3)R1 

[MeCH=C(OSiM%But)R1], SbClgSn(OTf)2 (5 mol %), -78 OC 

Scheme 35 
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tions of silyl ketene acetals to sterically encumbered doubly activated a,P-enones, (207) or (209). which 
are not amenable to Lewis acid catalysis, proceed under high pressure (15 kbar, 1 bar = 100 kPa) 
(Scheme 33).86b7c 

Few examples of intramolecular enol silyl ether or silyl ketene acetal cyclizations to a,p-enones have 
been reported. Notable, as exemplified in Scheme 34, is the iodotrimethylsilane-mediated intramolecular 
cyclization of &(iodoacetoxy)-a,p-enones (211) to &lactones (214). These cyclizations proceed with in 
situ generated silyl ketene acetals (212) arising from iodotrimethylsilane reduction of the iodoacetoxy 
moiety?' 

In contrast to titanium(1V) tetrachloride, which causes polymerization of a$-unsaturated esters, 
aluminum triflateEE or aluminum-impregnated montm~rillonite~~~ are excellent promoters of silyl ketene 
acetal additions to a,&unsaturated esters (Scheme 35). Similarly, the addition of silyl ketene acetals and 
enol silyl ethers to nitroalkenes, followed by Nef-type work-up, affords y-keto esters (216) and y-di- 
ketones (218). respectively (Scheme 35).898*89b Mechanistically, the y-diketones (218) arise from Nef- 
type hydrolysis of an initial nitronate ester (217).89E.89d Mukaiyama reports that SbCldh~(OTfh 
catalyzes diastereoselective anri additions of silyl ketene acetals, silyl thioketene acetals and enol silyl 
ethers to a$-unsaturated thioesters (219).90 

Vinyl sulfoxides (221), which are aldehyde acation equivalents, and vinylthiolium ions (230), which 
are a$-unsaturated carbonyl p-cation equivalents, are also suitable acceptors for silyl ketene acetals and 
enol silyl ethers (Scheme 36). Kita reports that the bulky f-butyldimethylsilyl ketene acetals and tri- 
methylsilyl ketene acetals form 1:l adducts (224) and 1:2 adducts (225) with (221), respe~tively;~' 
mechanistically, these additions proceed via an initial Pummerer rearrangement. The vinylthiolium ion 
additions are notable for their synthetic flexibility; for example, additions to the ketene dithioacetal(229) 
proceed with higher diastereoselectivity than the corresponding enolate additions to a$-unsaturated es- 
tefs.9 lC91d 
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iv, (E)-Me(R)C=CHSOPh (222), Me3SiOTf, Pri2NEt; v,  Ph3C+BF4-; vi, MeCH=C(OSiMe2Bu')R 

Scheme 36 
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0 

(232) 

i, Bu"Li, THF, -78 OC; ii, CuBr-DMS; iii, Me3SiCI (Bu'Me$3iCl); iv, cycloalkenone; v, H30+; 

vi, cycloalkenone, ZnC12 

scheme 37 

13.23 Additions of Acyl Anion Equivalents 
Except for the welldocumented conjugate additions of diethylaluminum cyanidep2 triethylaluminum- 

hydrogen cyanide and Lewis acid-tcrtiary alkyl isonitrilesp3 examples of Lewis acid catalyzed conjugate 
additions of acyl anion equivalents arc scant. Notable examples arc additions of copper aldimines 
(233).wr9Wb prepared from (232). and silyl ketene acetals (a)* to a,p-enones which afford 1,4-ketoal- 
dehydes (235) and 2,5-diketo esters (236). respectively (Scheme 37). The acetal (234) is considered a 
glyoxylate ester anion equivalent. 

(237) 

- 
73-75% R2 7692% R' R 2  
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R' = H, Me; R2 = H, Et; R3 = H, Me R' = H, Me; R2 = H, Me R = H , M e  

i, (238), CuBr-SMe2 (0.5 mol %). HMPA, 0 "C 

M e m e  38 
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13.2.4 Additions of Homoendates 

The concept of homoenolization was recognized during the 1960s. However, attempts at direct forma- 
tion of homoenolates were complicated by their spontaneous cyclopropanolate formation. In lieu of di- 
rect methods, various groups have focussed on the development of homoenolate  equivalent^.^^ 
Kuwajima reports that the treatment of cyclopropanone silyl hemiketals (237) with zinc chloride, in the 
presence of HMPA, affords a convenient source for homoenolates (238). In situ transmetallation with a 
copper bromide4imethyl sulfide complex affords the low reactivity copper homoenolate (239) which on 
activation with chlorotrimethylsilane-HMPA undergoes conjugate additions with a,B-enones and enals 
(Scheme 38).% Recently, Yoshida reported a versatile procedure for in situ generation of zinc homoenol- 
ates and homologous carbanions via a zinc-copper couple in the presence of HMPA (Scheme 39)?7 As 
an aside, the trimethylsilyl triflate catalyzed addition of y-triphenylphosphorylidene t-butyldimethylsilyl 
enol ether (248), an a,@-enone @-anion equivalent, to activated alkenes affords f3-substituted cycloalk- 
enones (249).98 Conceptually, this protocol is equivalent to the addition-elimination of a homoenolate or 
equivalent to a @-halo-a,@-enone (cf. Volume 4, Chapter 1.2, Section 1.2.4.3). 

x 70% RZ 62-78% X 
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71% 
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iv, I(CHz)3C0zEt, Zn-Cu; v, ICH2CHzHet, Zn-Cu 

Scheme 39 

OSiMezBu' OSiMezBu' 

i i  iii, iv 

+ + 
PPh30Tf PPh3 

n=&1 (247) (248) (249) 

EWG = COEt, COPh, COzEt, SO2Ph, CN 

i, TMSOTf, Ph3P; ii, Bu"Li. THF, -78 "C; iii, CHz=CH-EWG, TMSOTf, -78 "C; iv, TBAF 
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R' = c-C6H I I ,  norbomyl. (E)-2-methylcyclopentenyl, Me2CHCHMe 
i, R3B, catalytic 0,; ii. R'(thexy1)BH; iii, R'ONa; iv, NaOH, H202; v, Brz; vi, H,OZ, MeCOzNa; 
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Scheme 41 

133 ADDITIONS TO ALKYNIC IT-SYSTEMS 

The intermolecular conjugate addition of carbon ligands to activated alkynes is typically accomplished 
with organocopper reagents,".% while similar additions with Lewis acids are rare. Notable examples are 
the organoborane* and silyl ketene acetal additions'@' to propynoate esters. The addition of trialkyl- 
boranes, catalyzed by oxygen, to butyn-3-one proceeds directly to afford (E)enones (252). On the other 
hand, alkynes are functionalized via alkenylboronates or alkenylborates (254) which have a propensity to 
undergo alkyl migration from boron to acarbon. For example, the hydroboration of ethyl propynoate 
with alkyl(thexy1)boranes (Scheme 41) affords the intermediate (E)-boraenoates (253), which can be 
transformed to either P-hydroxy esters (255),% Q-enoates (257) or (a-enoates (2!5Qm.* 

Further versatility of this approach has been realized with contrasting Lewis acid promoted additions 
of silyl ketene acetals, (191) to (194), to ethyl propynoate (Scheme 42). In fact, the tandem 1.4conjugate 
addition4ectrophile trapping protocol is feasible when titanium(1V) tetrachloride is employed. In situ 
functionalization of the intermediate titanate enoate (259), with select electrophiles, affords a-substituted 
enoates (260) to (262). On the other hand, the zinc iodide and zirconium(1V) tetrachloride protocols af- 
ford directly y-alkoxycarbonyl-a-tmethylsilylenoates (263) and [2 + 21 adducts (264), respectively.'@' 
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Scheme 42 
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1.4.1 INTRODUCTION 

One of the distinguishing features of the reaction of organocuprates with a,&unsaturated carbonyl 
compounds is the overwhelming preference for the 1,4 wersus the 1,2 mode of addition.' Dramatic 
changes in chemoselectivity are often observed when a copper(1) salt is added to a solution of an organo- 
magnesium or organolithium reagent and an enone. For example, when rrans-3-penten-2-one is treated 
with MeLi, a selective 1,2-addition takes place (99% 1.2). Use of methylmagnesium bromide leads to a 
mixture of 1,4- and 1,2-addition products (30:70). However, if the same enone is treated with MezCuLi, 
prepared from 2MeLi and CUI, only the conjugate addition product is formed (9% 1,4).2 

RLi + CuX - RCu + LiX (1) 

169 
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Typically organocuprates are formed by the addition of either an organolithium or organomagnesium 
reagent to a copper(1) salt under an inert atmosphere, where the relative stoichiometry is important in 
determining the type of reagent f ~ r m e d . l ~ * ~  Monoorganmopper species, RCu (equation 1). are ether-in- 
soluble compounds which tend to be thermally unstable. They can be solubilized with additives such as 
tributylphosphinel and are used successfully with Lewis acids such as boron trifluoride etherate 
(BF3*Et20)? 

2RLi + CuX - RzCuLi + LiX (2) 

Diorganocuprates are ether-soluble reagents which react with a wide range of These 
reagents can be prepared directly from a copper(1) salt (equation 2). or from a monoorganocopper 
species by addition of 1 mol equiv. of an RLi species. 

Triorganocuprates are ether-soluble reagents which are often referred to as 'higher order cuprates'. 
Generally prepared from copper(1) cyanide, these reagents undergo the same reactions as diorganocu- 
prates but offer a different reactivity profile (equation 3 ) . 3 9 4  

2RLi + CuCN - R2Cu(CN)Li2 (3) 

conjugate addition reaction which has received the most attention' and is the subject of this discussion. 
The many uses of organocuprates have been the subject of numerous r e v i e w ~ , ' 3 * ~ * ~ ' ~  especially the 

1.4.2 MECHANISTIC CONSIDERATIONS 

Diorganocuprates such as dimethylcopperlithium are routinely written as RzCuLi (R = Me), but this is 
simply a stoichiometric representation of the reagent and is not indicative of its actual structure or aggre- 
gation state. Common structural probes'l such as X-ray crystallography have been hampered by difficul- 
ties in growing and maintaining a crystal of the cuprate. Although several X-ray structures of cuprate 
clusters have been reported which indicate a dimeric f ~ r m , ' ~ * ' ~  characterization of the monomeric com- 
plexes [Cu(DPPE)2] [C~(C6HzMe3h]'~ and [Li(THF)4] [Cu(C(SiMes)sh] have also been noted. Dis- 
crepancies concerning the nature of bonding between copper, lithium and the alkyl group further 
complicate the i s s ~ e . ' ~ * ' ~ , ' ~  An unequivocal picture of the structure and aggregation state of organocu- 
prates does not exist. 

Two general mechanisms are considered for the conjugate addition of organocuprates: (i) an electron- 
transfer process9 or (ii) direct nucleophilic addition.'* Both mechanisms are seen as proceeding through 
an oxidative addition to give a Cu"' species,lg followed by reductive elimination. There is, however, no 
direct evidence for the Cu"' intermediate, and the direct transfer of the alkyl group cannot be ruled out. 
Attempts to discover free radicals in the conjugate addition have and the two mechanistic 
schemes differ only in the sequence or mode by which the oxidative addition occurs (Scheme 1). 

MezCuLi + 

MezCuLz + 

K 0 

-0 

- 1,4-addition product 

Scheme 1 

Support for the electron-transfer pathway has been r e p ~ r t e d ~ . ~ ~  where a strong correlation was found 
between the reactivity of enones toward conjugate addition of cuprates and their oneelectron polaro- 
graphic reduction potential. However, the one-electron electrochemical oxidation of cuprates has not 
been observed polarographi~ally.2~ Critics of the electron-transfer mechanism have argued that the re- 
duction potential of an enone is simply a measure of electron affinity, which would correlate with both a 
oneelectron (electron-transfer) and/or twoelectron (nucleophilic addition) process.18 In countering this 
argument House has pointed out that there is no obvious correlation between the reduction potentials of 
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enones and reactivity in the Michael addition, and that P-substituents play a major role in carbanion con- 
jugate addi t i~n .~  

Further support for the electron-transfer argument was Seen in the reaction of the y-acetoxy enone (1) 
and M e g ~ L i . ~ ~  This compound underwent elimination of acetoxy while reaction of the tetrahydropy- 
m y 1  analog (2). with MezCuLi, resulted in the conjugate addition product (Scheme 2).25 These results 
have been interpreted as arising from an electron-transfer step, which produces a radical anion intermedi- 
ate that can undergo either a 1,2-elimination if the leaving group is good (i.e. acetoxy), or continue down 
the conjugate addition pathway if the leaving group is poor. 

MezCuLi - 
I / 

R = THP 0 0- 

D - A -  

'* 
OR 

0 0 

(1) R = Ac 
(2) R = THP 80:20 

Scheme 2 

Two spectroscopic investigations support an enonexuprate complex as an early intermediate in the 
conjugate addition mechanism. When cinnamate esters were treated with MezCuLi at temperatures 
where conjugate addition is slow (-70 'C), shifts in both the I3C and 'H signals of the n-system were ob- 
~ e r v e d . ~ ~ . ~ ~  An alkene-copper n-complex was proposed as an explanation. In a separate account, stopped 
flow spectroscopy was utilized to identify an intermediate complex in reactions of enones with 
Me~cuLi.~* The data were consistent with equilibrium formation of an intermediate alkene-copper com- 
plex which unimolecularly rearranges to a CulI1 intermediate (Scheme 3). Reductive elimination gives 
the P-alkylated ketone. Further evidence of an intermediate alkene-copper complex arose from the study 
of the reaction of the bicyclic enone (3) with Me2CuLi. (Scheme 4).29 It was reported that an ether solu- 
tion of the two reagents gave a yellow precipitate, which was collected by centrifugation. The precipitate 
was then shown to be transformed into the @substituted product by the addition of THF and TMS-CI. 
This is the first example of an isolated complex, presumed to be a cuprateenone complex, which was 
later converted to the conjugate addition product. An equilibrium between the cis and trans complexes, 
(4) and (5), was proposed to explain the observed isomeric mixture. In a THF solution, the trans complex 
(copper and oxygen of furan) was assumed to be favored, and was offered as an explanation for the for- 
mation of a single isomer. 

Scheme 3 
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(5)  anti trans R = M e  

R2/"' Li 

Scheme 4 

The idea of a reversible alkene4opper complex had been used to explain the enantioselective alkyla- 
tion of 2-cyclohexenone using a chiral auxilliary ligand.M Interaction of the cuprate with the re face of 
C-3 in 2-cyclohexenone was presumed to be favored over complexation with the si face of C-3 for steric 
reasons (equation 4). 

QCUR 
I 

OLi 
VR 0 

(4) 

X = r or THF; S = THF R = Et, Bu" or Bu'OCH2 

1.43 STOICHIOMETRIC VERSUS CATALYTIC REAGENTS 

An impressive feature of the copper-catalyzed reaction of organomagnesium and organolithium com- 
pounds is the wide range of conjugate additions achieved. Several reviews have documented these re- 
sult~, ' .~' and the reaction is considered to be catalytic when less than 10 mol % of a copper(1) salt is used. 
The solubility of the copper(1) salt influences the yield of conjugate addition, with more soluble cop- 
per(1) salts giving higher yields. For example, the yield in conjugate addition of isopropylmagnesium 
bromide to enoate (6; equation 5 )  was found to vary with the copper catalyst: CuCl (2W8%, least sol- 
uble); CuBr (46%); CUI (56%). Attempts to solubilize the copper(1) salt led to the use of copper(1) 
halides complexed with phosphines or sulfides (MezS), and good success has been achieved with this 
method. '3  

Etw: R'MgBr/CuX -v  (5) 
Pf CN 

(6) 
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The order of addition of reagents has a significant impact on the yield of conjugate addition.' Com- 
monly the substrate is added to a mixture of the copper(1) salt and the organo-magnesium or -lithium re- 
agent, but inverse addition can often be beneficial (inverse refers to adding the organo-lithium or 
-magnesium reagent to a mixture of the substrate and copper catalyst). Enoate (7). for example,' reacts 
with Bu"MgBr and CuCl to give (8) in 42% yield by the normal route and 89% yield by the inverse 
mode (equation 6). 

- 4 4 "  BunMgBr/CuCI 

H1:2Et Bu" COZEt 

In spite of the good success achieved in catalytic organocopper reactions, recent developments have 
emphasized the stoichiometric reagents. Presumably this is due to a greater reproducibility in results, 
with higher yields and greater stereoselectivity reported.'q3' 

1.4.4 VARIATIONS IN THE REAGENT 

There is a wide tolerance for variations in the transferable R-group of organocuprates. Many of the 
early examples involved commercially available or easily synthesized (i.e., methyl, phenyl, butyl) or- 
ganolithium reagents. Organocuprates are usually formed by the addition of 2 mol equiv. of an RLi to a 
copper(1) salt, and a commercially available RLi simplifies the process. In spite of the limited variation 
of R for much of the early work, the methodology became accepted and established in the synthetic com- 
munity. The deliveries of phenyl, methyl, or benzyl to enone (9; equation 7) were all shown to proceed in 
good yield.' Further scope of the methodology was demonstrated with cy~lopropyl~~ and a l k e n ~ l ~ ~  li- 
gands (the alkenyl stereochemistry is retained)." These were also observed to be transferred in high 
yield as demonstrated by the reaction of 2-cyclohexenone with RzCuLi (equation 8). 

(9) 

R' 

R = Ph, 84%; Me, 68%; CH2Ph, 45% 

+ RzCuLi 6 
Interesting and useful variations in R involve more complex alkyllithium reagents. For example, the 

treatment of P-iodoenone (10) with lithium phenylthio(2-vinylcyclopropy1)cuprate gave the conjugate 
addition product (11) as an intermediate en route to the bicyclic dienone (12; 82%; equation 9)?5 The 
ability of a cuprate to deliver a functionalized group to the enone was a definite advantage in this syn- 
thetic scheme. 

Heteroatoms were also tolerated in the cuprate, as demonstrated by the reaction of methyl vinyl ketone 
with (13; equation A good yield of the conjugate addition product was reported (85%), without 
evidence of competing side reactions. 
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(10) 

THF, PrziS 
-78 to 20 "C, 14 h 

c 

85% 

In a special example of the tolerance of R, Seyferth and Hui described a procedure for the direct nu- 
cleophilic 8-acylation of a,&unsaturated carbonyl compounds by the combination of CO with higher 
order organocuprates (formed from 2FUi and CUCN) .~~  This methodology was successful with primary, 
secondary, and tertiary alkyllithium reagents, producing high yields of the corresponding p-acylated 
ketones (equation 11). Surprisingly, the methodology was not successful when primary alkyls and the 
traditional lower order reagents were examined.38 Conjugate addition without acylation was found to 
occur. These cases necessitated use of the higher order cuprates to obtain the desired acylated product 
(equation 12). 

6 

fJ+ 

R = Bun, 86%; R = Bus, 75%; R = But, 78% 

Bu"Cu(CN)Li/CO (12) 

Although a similar methodology was reported earlier,39 in which an excess of the 1: 1 F&i/Ni(CO)4 re- 
agent was used, the organocuprate method is advantageous in that it avoids use of the highly toxic 
Ni(CO)4. 

Triorganotin groups can also be transferred from the cuprate. @-lodoenones are transformed into p-tri- 
methylstannylenones by reaction of a cuprate prepared from Me3SnLi and PhSCu (equation 1 3).40 

(13) 

SnMe3 

+ Me3SnLi + PhSCu - 
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The direct formation of functionalized organocuprates by oxidative addition of activated zerovalent 
copper, prepared from the lithium naphthalide reduction of CuIPR3 complexes, into CarborAalogen 
bonds was found to be a mild method for the generation of cuprates.4' Since formation of the cuprate by 
this method does not involve prior formation of an organolithium s p i e s ,  the range of R can be ex- 
panded to include functional groups which are sensitive to these highly basic reagents (equation 14). To 
date, organocuprates containing ester, nitrile, and chloride functionalities have bem prepared directly 
from the corresponding alkyl bromide:l 

+ activatedCuO + Br-C02Et - (14) 6 CO2Et 

Similarly compatible are organozinc compounds, RCu(CN)ZnI, which are formed under mild condi- 
tions."2 The organozinc compounds were prepared from the corresponding primary and secondary 
iodides by treatment with zinc (activated by treatment with 4 mol 96 of 1.2-dibromoethane and 3 mol 96 
TMS-Cl). Formation of the cuprate follows by addition of the soluble copper salt CuCN-2LiX (X = C1, 
Br) to the zinc organometallic (equation 15). Functional groups such as ester and nitrile are stable to this 
reagent and the presence of TMS-Cl is necessary for the conjugate addition reaction to occur (equation 
16). 

activated Zn CuCN-2LiX 

THF, 25-40 "C 0 C, 10 min 
RI c RZnI c RCu(CN)ZnI (15) 

4-12 h 

-78 'C, 3 h. MeJSiCl 

r.t., overnight 
+ Et02C d C u ( C N ) Z n I  

A novel mode of formation of higher order cuprates has been reported via transmetallation between 
the cuprate and a ~inylstannane.4~ Since vinyltin reagents are prepared directly from alkynes, a vinyl- 
lithium intermediate is bypassed. The mixed higher order cuprate is formed from the admixture of 
MezCu(CN)Liz and a vinylstannane (equation 17). The exchange is quantitative, and is suggested to be 
driven by the preferential release of a vinyl group from tin?3*44 The transfer of vinyl over methyl from 
the cuprate was highly selective, and the generality of the method was demonstrated with several sub- 
strates (equation 18). 

THF, r.t. 
MezCu(CN)Li2 + SnR, - R*p(CN)Li, + MeSnR3 (17) 

Me 

0 0 
II 

1.45 NONTRANSFERABLE LIGANDS 

The preparation of traditional organocuprates such as RzCuLi necessitates use of 2 mol equiv. of an 
RLi and 1 mol equiv. of a copper(1) salt. In the normal course of reaction only 1 equiv. of R is consumed 
in transfer, thereby leaving 1 equiv. unused in the form of RCu. Generally the second equivalent is lost in 
work-up as the product of reduction, RH. With respect to the R-group, the maximum efficiency for this 
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process can only be 50%. If the RLi is commercially available (e.g. butyl, methyl, phenyl, vinyl), then 
this issue is usually not of concern. However, when one considers an organolithium which is not readily 
available, such as the c h i d  vinyllithium intermediate used by Corey en route to aplasmomy~in$~ the 
concept of ligand conservation becomes significant (equation 19). Rarely has an effort been made to re- 
cover the reduced ligand RH, but considerable attention has been given to the pursuit of a convenient 
nontransferable ligand RR for the cuprate. 

% OSiPf, 
w OSiPr', 

Li2(CN)Cu,/ \ 

Various R-groups differ in their ease of transfer from copper. For example, reaction of the mixed cu- 
prate Bu"(Ph)CuLi with methyl vinyl ketone gave a 89: 1 1 ratio of Bun to Ph transfer.& An improvement 
in the ratio of the transferable ligand, RT, to the residual ligand, RR. was realized by use of l-pentynyl- 
lithium as RR which led to a >97:3 ratio of n-butyl to 1-pentynyl transfer (equation 20)?6 An improved 
version of the alkyne scheme, which avoids the solubility problems associated with pentynylcopper, was 
rep0rted4~ using 3-methyl-3-methoxy- 1 -butynyllithium as RR. In spite of the many practical applications 
of alkynes as RR ligands in organocuprates, they have been hampered by the lower reactivity which they 
impart to the reagent. As Whitesides has pointed out, 'The reactivity of organometallic groups in mixed 
cuprates is qualitatively intermediate between the reactivity of the constituent components'."6 

Bun(Pr" - C E C)CuLi 

0 0 
0 

>97:3 

The commercial availability of copper(1) cyanide has also provided an attractive alternative to the in 
situ preparation of copper alkynides, as cyanide functions very well as a nontransferable ligand (equation 
21)?8 Unfortunately, the cyanocuprates (14) suffer from a diminished reactivity, similar to alkynylcu- 
prates, and have not been widely used., Other useful residual ligands are SPh,49 and B ~ ' 0 . 4 ~  

The low reactivity associated with cyanocuprates was solved by introduction of the higher order re- 
agents R ~ C U ( C N ) L ~ ~ . ~ - ~  A dramatic increase in reactivity over the lower order organocuprates, 
RCu(CN)Li, was observed in applications of these reagents, but the higher order reagents are also subject 
to the same problem of selective ligand transfer. A satisfactory solution is the use of 2-lithiothiophene as 
the nontransferable ligand (equation 22).50*51 A stoichiometric amount of reagent is generally required 
and good reactivity is observed with most substrates. For example, the transfer of phenyl, which is nor- 
mally slow, is completely selective from the mixed thienylcuprate (15; equation 23). The high selectivity 
of ligand transfeS2 was attributed to stabilizing d+r*  and d d  backbonding between copper and the thio- 
phene ligand. That stabilizing interaction is also possible in Me(Ph)Cu(CN)Liz, but phenyl transfer was 
0bserved.5~ The 2-fury1 ligand couples smoothly with various substrates" which suggests that sulfur 
plays a key role in the selective retention of thiophene, This reagent combination has met with such suc- 
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cess that (2-thienyl)Cu(CN)Li (16) is now commercially a~ailable.5~ To form the active reagent, all that 
is required is the addition of 1 mol equiv. of RT to (16). 

EtzO, -78 to0 0.75 "C h ~ ~ ph 
(23) 

I \  & + o C u ( C N ) L i z  Ph I 63% 

(15) 

An unusual result was noted with this reagent. If steric demands are pushed to a severe level, then 1.2- 
addition of the thienyl group is observed.50 The reasons are not clear, but a solution to the problem is the 
addition of BF3.Et20 to the reagent.56 

Another class of sulfur-containing residual ligands utilized the dimethyl sulfoxide anion as the RRLi 
(Table l).57 While the procedure is simple and general, 2 mol equiv. of the reagent and/or the addition of 
BFyEt20 is necessary to obtain a good yield of P-alkylated product. Increased yields were obtained 
when the dimethyl sulfoxide anion was used in conjunction with the higher order ~yanocuprate.~~ For 
example, the @alkylation of enone (17) occurred in 95% yield with the higher order reagent and in 78% 
yield with the lower order cuprate. If only a single mole equivalent of reagent was used, then the dis- 
parity in yield was even greater; 22% for the lower order, and 67% for the higher order reagent (Table 1). 

Table 1 Reaction of Isophorone (17) with Various Organometallic Reagents 

Reagent Product yield (%) 

0 

Li(MeSOCHz)Cu(Bu") 

Li(MeSoCH2)Cu(CN)(Bun) 

Bu"(Ph2P)CuLi 
Bu"(Cy2N)CuLi 

Bu"Cu/Lil/5 equiv. Bu"3P 

0 

22 ( 1  equiv.) 
78 (2.3 equiv.) 
67 ( 1  equiv.) 
95 (2 uiv.) 
7d8 

29 
8CL100 

Cuprates based upon diphenyl hosphidocopr(1) and dicyclohexylamidocopr(1) as RRCU have also 
been introduced in the literatureJ8 Addition of a mole equivalent of RTLi is necessary to form the active 
reagents RT(PhP)CuLi and R.r(CyzN)CuLi respectively. These cuprates are reported to show enhanced 
thermal stability, and display a moderate reactivity with enones, but have not yet seen widespread use 
(Table 1). The handling and preparation of -PPh;! may detract from their appeal, and there is no clear ad- 
vantage in reactivity over the reagents discussed above. 

Phosphine-complex& cuprates, formed from copper(1) iodide, 1 mol equiv. of RTLi, and 2-5 mol 
equiv. of tri-n-butylphosphine, show good reactivity in conjugate addition reactions with enones (Table 
l p 9  The hazards surrounding the use of excess Bun3P, and the availability of other methodologies lower 
the popularity of this method, but efficiency can be realized with this methodology. 
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1.4.6 SOLVENTEFFECTS 
Good general success is observed with diethyl ether as solvent' for the reaction of MeiCuLi, and other 

cuprates, with a,&unsaturated carbonyl compounds. Many other solvents have been examined with vari- 
able success~3~60 including tetrahydrofuran (THF), pyridine, acetonitrile, Nfl-dimethylformamide 
(DMF), and dimethyl sulfoxide (DMSO). Additives such as hexamethylphosphoramide (HMPA) and di- 
methyl sulfide are also common.23 Generally these solvents are analyzed with regard to their ability as 
donor ligands (e.g. HMPA is a good donor) and it is recognized that while good donor solvents enhance 
reaction rates of cuprates with alkyl halides, they generally retard or inhibit the reaction of cuprates with 
enones.23p4g*61 The effect can be dramatic as demonstrated by the reaction of isophorone with the higher 
order vinylcuprate (equation 24), and of the higher order phenyl reagent with enone (18; equation 25).62 

0 0 

-50 OC, 2.5 h 

EtzO, 98% 
THF 34% 

-78 OC, 1 h "a + PhzCu(CN)Li2 (25) 
EtzO, 98% 
THE 1% 

The inhibiting effects of THF (or other donor solvents) can often be used to advantage? When a highly 
reactive enone such as 2-cyclopentenone is treated with (vinyl)zCu(CN)Lia in Et20, the yield is ca. 80% 
while in THF the reaction is slower and more selective, giving the product in 90% yield. The chemose- 
lectivity of organocuprates can be controlled by the choice of reaction medium (Scheme 5).63 When bro- 
mOenone (19) was treated with Me2CuLi in a EtzO-MezS solution, the conjugate addition product (20) 
formed. Indeed this was not surprising as conjugate addition reactions of cuprates often proceed at a rate 
much faster than the displacement reaction of alkyl halides. However, when HMPA was included in the 
solvent mixture, the selectivity reversed and the methylated enone (21) was formed without a trace of the 
conjugate addition product. 

E120, Me2S I O  
0-3 "C, 1.5 h 

j* Br/VXVIBut 

(19) 

/ \  72-97% 

Scheme 5 

Donor solvents might participate in at least two ways: complexation with Li+, from LiI or LiBr, or 
complexation to the cuprate itself. Equal amounts of conjugate addition products were formed from the 
reaction of an enone with an Et20 solution of Me2CuLi + LiBr, or from an Et20 solution of MQCuLi 
from which 95% of the LiBr had been removed. It was concluded that a good donor ligand would com- 
pete with the enone for coordination sites on the cuprate, and thus reduce the concentration of an enone- 
cuprate complex (a prerequisite for reaction in House's mechanism). A similar conclusion was reached 
in a separate study where fast conjugate addition reactions in hydrocarbon solvents (dichloromethane and 
Et2O) were observed, while the rates were retarded in better coordinating solvents (THF, pyridine, ace- 
tonitrile).@' 
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1.4.7 LEWIS ACID EFFECTS 

Although organocuprates have seen great success as reagents for conjugate addition reactions, there 
are substrates encountered for which reagent reactivity is not sufficient. Poor results are often obtained in 
the reaction of cuprates with P,P-disubstituted acrylic esters, a$-unsaturated nitriles, highly hindered 
enones, and a$-unsaturated carboxylic acids. The reactivity can be increased by redesigning the reagent 
(e.g. higher order versus lower order cuprates), or by an additive such as a Lewis acid.5 The additive 
must be chosen carefully to avoid direct reaction with the cuprate. 

Good success has been reported with BFyEt20. The combination of an organocopper species and 
BFyEt20 gave a new complex,64 RCu.BF3, which was far superior to RCu in its reactivity profile, and in 
many instances was also superior to RzCuLi (equation 26).5 There are many other examples of Lewis 
acid activation in the literature, with the details discussed in Volume 1, Chapter 1.12 and Volume 4, 
Chapter 1.3. 

PhCu*BFS 

70% 

1.4.8 THE a,pUNSATURATED CARBONYL COMPOUND AS A SUBSTRATE 

1.4.8.1 y-Alkoxy-a,f3-unsaturated Ketones 

The reaction of organocuprates with enones is often described as being generally applicable and easily 
carried out. With reactive enones such as cyclopentenone, cyclohexenone, or similar acyclic enones, this 
is the case; it is difficult to find an organocuprate which will not add effectively to these substrates. How- 
ever, there are many enone substrates for which little or no organocuprate conjugate addition occurs. For 
example, the reaction of y-acetoxy-a$-unsaturated ketones with cuprates results in reduction of acetoxy 
(vide supra) and not conjugate addition. Although this example provided some interesting mechanistic 
data, the class of substrates has potential synthetic application and a methodology to allow P-alkylation 
without reduction would be of value. Such a methodology was realized with the alkylcoppe~AlC13 sys- 
tem (Scheme 6).65 Use of 5-7 mol equiv. of an equimolar mixture of methylcopper and aluminum tri- 
chloride, in ether, was found to produce good yields of the conjugate addition product with no indication 
of reduction. The methodology was also found to be general, and was demonstrated with several sub- 
strates. 

0 0 

0 

OAc 

I8:82 

MeCu*AIC13 
Ph Lf 81% OAc 

Scheme 6 
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1.4.83 p-Cyclopropyl-u,&unturated Ketones 
@Cyclopropyl-a#-unsaturated ketones are another class of compounds for which simple conjugate 

addition is not the major pathway in reaction with conventional cuprates such as RzCuLi. Generally a 
mixture of conjugate addition and cyclopropane ring-opened products are formed. When either geometri- 
cal or steric constraints cause the cyclopropyl grou to be approximately perpendicular to the plane of 
the enone, the ring-opening reaction may dominate& Again, use of an RCu.AlCb combination disfavors 
the process characteristic of electron transfer (ring opening) and the conjugate addition product appears 
in high yield (equation 27).6' A marked increase in reactivity of MeCUAlCb over MezCuLi was also 
noted. MezCuLi was found to be unreactive with the bicyclic enone (22) at -70 to -25 'C while the 
MeCUAlCb complex readily underwent conjugate addition to give @-alkylated product in high yield 
(Scheme 7). 

0 

MeZCuLi 

-70 to -25 "C 4 5 equiv. -70 M e C u * ~ ~ l ~ ~  to -25 OC J3dF 

0 
89% 

Scheme 7 

1.4.83 p-Substituted-a,p-unturated Ketones 

The simple substrates which are often chosen to demonstrate new methodologies often give an incom- 
plete picture of the reactivity profile of the reagents. It is the more difficult cases which highlight the 
similarities and differences among cuprates. Enones which are either @,@-disubstituted or sterically con- 
gested may be troublesome in conjugate addition reactions. Treatment of isophorone (Scheme 8) with 
(vinyl)?CuLi.Bu"S (0 'C, 1 h) led to the conjugate addition product in 60% yield.68 The higher order re- 
agent (vinyl)zCu(CN)Liz gave the same product (-50 'C, 2.5 h) in 98% yield without the need for BuSP, 
and at a reaction temperature which was 50 'C lower.62 Vinyldicyclohexylamido- and vinyldiphe- 
nylphosphido-cuprates were found to be similar to or less reactive than RzCuLi, and both gave lower 
yields of the 1,caddition product with isophorone compared to the higher order reagent (Scheme 8).5" 

R2CuLi*Bun3P, 0 "C, 1 h 

60% 

R2Cu(CN)Li2, -50 "C. 2.5 h 

98% 

Rz(Ph2P)CuLI -50 to 25 'C, 3 h 

64% R = vinyl 

R2(CyzN)CuLi. -50 to 25 

-b 
18% 

Scheme 8 
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1.4.8.4 Polycyclic a$-Unsaturated Carbonyl Compounds 

Bicyclic or polycyclic enones may give slow 6r inefficient reaction with organocuprates. In particular, 
it is those enones which contain substituents arranged so as to create a steric hindrance on the carbon f3 
to the carbonyl that see the greatest effect. The yields are often low to moderate, unless additional activa- 
tion is provided. For example, when the bicyclic enone (23) was treated with RzCuLi (R = 3-pentynyl), 
the p-substituted product was fonned in only 46% yield,@ while exposure of the same enone to RCu.BF3 
(R = 3-pentynyl) gave the same P-alkylated product in 76% yield (Scheme 9)?O 

OSiMe2But OSiMezBul 

R2CuLi; 46% or 

RCU.BF3; 7646 
H 

(23) 

Scheme 9 

In many cases a Lewis acid has been added to a cuprate to enhance its reactivity with an enone, but 
there are also examples for which the Lewis acid-organocopper reagents do not work well, (Scheme 10). 
Reaction of the bicyclic enonate (24) with MezCuLi led to smooth conjugate addition,” but the use of 
either MezCuLi.BF3 or MeCUBR resulted in formation of a dark resinous material. It is often difficult to 
predict when the reaction will go astray, but it should be recognized that a Lewis acid-cuprate complex 
is not always an effective solution to a reactivity problem. 

Me C u L i 

70% 

MeCuLi*BF3 or M i u * B F 3  

(24) - 
Scheme 10 

1.4.8.5 Pdyalkenic a@-Unsaturated Carbonyl Compounds 

The conjugate addition of organocopper reagents to polyalkenic carbonyl compounds presents an op- 
portunity in which either 1,4-, 1,6- and sometimes 1,8-addition can occur. Much of the early work in this 
area was conducted in the study of the reaction of a dienoate or dienone with an alkylcuprate or a cata- 
lytic copper/organomagnesium combination. The predominant mode of addition for the reaction of a di- 
enoate and a copper-based organomagnesium reagent was found to be 1.6 not 1 ,4.72 If the opportunity of 
1,8-addition was present, then this made prevailed.73 However, a truly systematic study has not been car- 
ried out with the various reagents. 

The reaction of a conjugated dienone and a catalytic copper/organomagnesium reagen; produced a 
mixture of 1,2-, 1,4-, and 16-addition  product^.^,^^ In contrast, the stoichiometric cuprates showed a 
marked preference for 1.6- over 1,4-addition (equation 28).’s75 However, both reagents are sensitive to 
steric demands, and the selectivity is often affected (Scheme 1 l).l 

Me2CuLi 

34%; 1oo:o 
MeMgl / CU(OAC)~ 

0 
64%: 84:16 
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0 Lb + McM@/CU(OAC)~ - 
HO 

4555 

scheme 11 

An interesting competition experiment was conducted on the steroid trienone (25), where the possi- 
bility for conjugate addition existed in three separate sites in the same molecule, C-1, C-5, and C-7 
(equation 29). The catalytic reagent, MeMgUCuI, gave only addition at C- 1 .76 

4 6  

With Lewis acibrganocopper complexes, the question of chemoselectivity in polyalkenic carbonyl 
systems was further investigated. The reaction of BuCu.BF3 with dienoate (26) led to selective 1.4-addi- 
tioneMa This result was in contrast with the diorganocuprate, where 1 ,Baddition was reported (equation 
30).* 

The comsponding methyl ketone showed a similar trend77 but the selectivity was not as high. Use of 
Bu"Cu.BF3 gave 1,4- and 1 ,&addition products in a ratio of 60:40, while the diorganocuprate selectivity 
remained high at 100% 1,baddition. It was intriguing to see a change in selectivity with Bu"CusBF3 
when the free acid was chosen as substrate (equation 31).Wc The 14:86 ratio of 1,4 to 1,6 was a signifi- 
cant reversal from the 93:7 ratio seen with the ester. 

(31) 
Bu"CU*BF~ 

0 Bun 0 Bun 0 

14536 
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The conjugate addition of organomagnesium reagents to Nfldiethylsorbamide led to only 1.4-addi- 
tion (equation 32).78 Yields for the addition were good (3540%) with allcylmagnesium compounds, and 
higher with allylic magnesium reagents (60-8096). With organocuprates, only the 16-addition was ob- 
served, in yields similar to those of the organomagnesium reagents. 

NEt2 

NEt2 

1.4.8.6 a$-Unsaturated Aldehydes 

The first observations of reaction of lithimuprates with a,&unsaturated aldehydes indicated 1 ,2-addi- 
tion was competing with lP-addition to a significant degree.79 For example, lithium dimethylcuprate 
adds to enals to give a mixture of 1,2- and 1 ,Caddition products.80 More recently, the addition of TMS- 
C1 to the reaction mixture was found to give the 1P-addition product in reproducibly high yield (equa- 
tion 33).81 Good results were reported with acrolein and P-monosubstituted acroleins; however, lower 
ratios of 1.4- to 1,Zselectivity were observed with a#$-trisubstituted enals. For the more highly sub- 
stituted enal, MesCu3Li2 was used in place of MezCuLi to improve the conjugate addition selectivity to 
an acceptable 78:22 ratio (equation 34). Good results with other less-substituted substrates arc also re- 
ported for this reagent.80 

i, A"0, -loooc 
ii, Me3SiC1 

Bun2CuLi c Bun,&siMe3 (33) 
91% 

1,4:1,2 = 98:2 

1,4:1,2 
MesCu3Liz 

, c 78:22 
86% -( Me2CuLi 

(34) 

\ * 
86% 

3654 

Significant solvent effects have also been reported for the reaction of organocuprates with enalsa81 
Less polar solvents are preferable, and a dramatic difference in the 1,4- to 1.2-selectivity was reported 
(equation 35). 

1,4: 1.2 
ethedpentane - 955  

MeZCuLi 75% 

\ 
CHO THF 

55% 
- 4O:w 

(35) 

Cuprates formed from organomagnesium reagents are acceptable reagents for the conjugate addition 
reaction with a,p-unsaturated aldehydes.81 However, these cuprates are highly dependent upon the 
choice of copper(1) salt. With CuBPMezS, a dramatic increase in 1,4-:1,2-selectivity was reportcd over 
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CuBr (equation 36). This result must be taken with caution as the effects of using CuBr-MezS are not 
easily gcncdized.82 

1,4:1,2 
CuBr, Me3SiCI 

73:27 
E t q  Bu"2MgCI <-: 

C U B P M ~ ~ S ,  Me3SiCl 

83% 
%:4 CHO 

The direct nucleophilic acylation of enals by organocuprates is also suc~essful .~~3~ With either the 
lower order RCuCNLVCO or higher order R2CuCNLidCO reagents, high yields of the @-acylated pro- 
duct were observed (equation 37). A wide variation in R was also reported to be tolerated. Unfortunately, 
only @-monosubstituted enals were examined, so the extent to which substitution in the end can be tol- 
erated has yet to be determined. 

R = Bun; 63% 

R2Cu(CN)LiflO + EtqH (37) 
0 or 

R = But: 72% 

1.4.8.7 a,@-Unsaturated Esters 

Relative to the reaction of cuprates with enones, the reaction of organocuprates with enoates has not 
been extensively ~ t u d i e d . ~ ~ . ~ . ~ ~ ~ ~  The lack of attention may be related to the unavailability of a reagent 
which could consistently produce high yields of the 1P-addition product due to slow reactions and com- 
petition from 1,Zaddition. Esters of hindered alcohols were prepared and bulky magnesiocuprates were 
employed, but without general success. An effective solution to this problem was realized with the intro- 
duction of Bu"Cu.BF3 as a reagent.@*Vb Enoates with p-mono-, a,P-di-, and p,p-di-substituted structures 
underwent conjugate addition with this reagent while the corresponding diorganocuprates produced the 
dialkylation product (1,2- then 1,4-addition to the enone; equation 38). The success of RCu.BF3 in the 
conjugate addition reaction of enoates is well documented? and for enoates such as (27) these appear to 
be the reagents of choice (equation 39). 

+ starting material (38) 
3040% 

Bu"CU*BF~ 

51% 

n 94%, 99% ce 

Higher order cuprates were also found to be effective in the conjugate addition reaction of a$-unsatu- 
rated estemW Pfimary alkyl, allyl, phenyl, vinyl, and trialkylsilyl reagents have all been used success- 
fully with p-monosubstituted enoates. An increase in yield of the higher order reagent over the 
diorganocuprates order was demonstrated by the reaction of ethyl crotonate (equation 40). Under identi- 
cal conditions, the 1,Cadduct was obtained in 75% yield with the higher order cuprate while the other 
diorganwuprate could only muster 38%. 
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Ph2CuLi; 38% 
or 

PhzCu(CN)Li2; 75% 
- y C 0 2 E t  (40) 

Ph 
* C0,Et 

It was found that with increasing substitution about the enoate, the efficiency of higher order reagents 
is lower due to competing side reactions. For example, treatment of ethyl tiglate with Bu"zCuCNLi2 led 
to formation of a dialkylated ketone from 1,2- then 1 ,4-addition of the cuprate. Fortunately, we have al- 
ready seen that good results can be obtained with enoates of this type if RCueBR is employed (Scheme 
12). 

Bu" 
Bun2Cu(CN)Li2 

96% 
Bun 0 

Scheme 12 

Good chemoselectivity was demonstrated with the higher order reagent in the reaction of epoxy enoate 
(28) with Bu"2CuCNLi2. Conjugate addition was reporteda4 to occur in high yield without disturbing the 
epoxide (equation 41). 

Cuprates derived from copper thiophenoxide and 3 mol equiv. of organomagnesium reagent were also 
shown to undergo conjugate addition with P-monosubstituted enoates.86 The large molar excess of 
RMgX is necessary and ether is the preferred solvent for the reaction (equation 42). The results with di- 
substituted enoates have not been reported, and should provide a further test of the utility of this reagent. 

R R = Me; 84% 
ArSWRMgXh + Ph& CO Me - &CO,Me (42) 

Ph or 
R = Bu'; 87% 

Ar = Ph,o-MeOPh 

1.4.8.8 a,P-Alkynie Carbonyl Compounds 

The conjugate addition of organocopper reagents to a,@-alkynic esters, ketones, aldehydes and acids is 
a useful method for the preparation of various tri- and tetra-substituted alkenes,87 although addition to al- 
dehydes is less common.88 Use of a vinylcuprate results in the formation of a conjugated dienone, which 
further highlights the importance of this methodology (equation 43)F7 

CO,Me 
THF, -78 "C, 3 h 

( q c u L i  + ,/ OSiMe, W% 
n-C5Hl 

Early work in this area89990 established that the conjugate addition of cuprates to alkynic esters, in 
THF, occurred stereoselectively at -78 'C via cis addition. If the reaction is carried out at 0 'C, a mixture 
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of (E)- and (2)-isomers results. The change in stereoselectivity at higher temperatures was attributed to 
configurational equilibration of the copper enolates (29) and (30; equation 44). Quenching experi- 
m e n t ~ ~ . ~ ~  confirmed that the equilibration was temperature sensitive (Scheme 13) and also demonstrated 
that prolonged stimng at mom temperature, followed by protonolysis, led to a predominance of the trans 
isomer (31). The trans configuration is defined according to the relative orientation of the carbonyl and 
the phenyl group in (31). in diethyl ether as solvent?l the addition was again cis, but the enolates were 
reported to equilibrate more rapidly (even at -78 'C). 

Ph C02Me 

- - C02Me 

- - R)==(co2Et 
R 

+ 

+ 

Me2CuLi 

Ph2CuLi 

R '  M 

I 25OC 
I 4 

cu H+ Ph 
___) 

-8OOC Ph 

/-\C02Me 
___c 

(31) 

/C02Me 

Scheme 13 

Higher order cuprates have also been used in the addition to alkynic esters with good success. For 
example, ethyl tetrolate was found to react with (Me3Si)zCuCNLi2 selectively to give the (E)-alcohol in 
90% yield after reduction (equation 45).92.93 Other organocopper reagents such as Me3SiCuaMezSLiI 
and the cyanocuprate, Me3SiCuCNLi, gave mixtures of (E)- and (Z)-isomers?2 

- Me3siY 
i ,  (MejSi)2CuCNLiz, THF/€IMPA, -78 OC 

i i ,  DIBAL-H - - C02Me 

OH 

Table 2 Reaction of (32) with Organocopper Reagents 

(45) 

Substrate Reagent Products Yield (%) 

Me02C C02Me 

(32) 

Bu"Cu.BEt3 
Bu"CuBF3 
Bu"2CuLi 

B u"CU*~-BBN 

MeO2C 

>=\ 
Bun C02Me 

Meo2cYc02Me Bun 

>99 <1 93 - _. 
87 
60 

13 
40 

85 
98 

-io0 0 92 

Highly stereoselective cis additions of organocuprates to alkynic esters have also been reported with 
alkylcopper-Lewis acid complexe~.~ The choice of the proper Lewis acid was found to be important in 
determining the stereoselection as was demonstrated with enyne (32; Table 2)?@ While both the diorga- 
nocuprate and the alkylcopper.BF3 complex gave mixtures of stereoisomers, the Bu"CUBEt3 provided 
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much higher stereoselectivity and a good chemical yield as well. The use of Bu"Cu.9-BBN gave selectiv- 
ity results similar to Bu"CUBEt3 (100% cis).s 

1.4.9 STEREOSELECTIVITY 

The 1.4-addition of a cuprate or organomagnesium reagent to an a$-unsaturated ketone differs from 
the traditional Michael addition in that it is an irreversible process.94 As a consequence, the products 
should be governed by kinetic control,% which has stereochemical implications. For example, the re- 
action of methylmagnesium iodide/catalytic copper(1) chloride with 5-methyl-2cyclohexenone produces 
a mixture of truns:cis 3,5-dimethylcyclohexenone in the ratio 9 5 5  (equation 46),9s consistent with attack 
of the nucleophile from the less-hindered face of the enone.% Alternatively, reactions of this type can be 
analyzed in terms of the relative energies of the transition states.95 As Allinger has pointed out, each of 
the two conformations of the 5-methyl-2-cyclohexenone has two possible reaction paths available to it, 
which leads to four transition states and two products.95 Since the methyl group offers an obvious hind- 
rance in only one of four pathways, the least-hindered face argument is an incomplete explanation. Of 
the two modes of attack available to each cyclohexenone, one leads to a chair and the other to a boat con- 
formation, with the chair expected to be favored by 2-3 kcal mol-' (1 cal = 4.18 J). Since pathway D is 
disfavored due to a 1.3-interaction of the methyl groups, the preferred route is pathway A, which leads to 
the trans product in agreement with the experimental result (Scheme 14). 

0 0 0 

+ MeMgl/CuCl 

9 5 5  

H trans, chair (favored) 

> cis, boat (disfavored) 

trans, boat (disfavored) Y 
> cis, chair (disfavored) 

D' 

Scheme 14 

In a similar experiment, enone (33) reacted with the diorganocuprate formed from copper(1) chloride 
and vinylmagnesium bromide to produce (34) and (35) as a 80:20 mixture.97 The preference is consistent 
with a 1.2-interaction (gauche) of vinyl with ethoxycarbonyl, being of lower energy than a 1,3-inter- 
action (diaxial) of vinyl with methyl (Scheme 15). 

When a cuprate undergoes conjugate addition to an enone containing an a-substituent, a preference for 
the 2,3-truns product is generally If the a-substituent is 'large', as in (36), the preference is 
strong (>95:5; equation 47). If another electrophile is substituted for the proton,99 the same stereoselec- 
tivity is observed. This important phenomenon has often been used to advantage in the synthesis of pros- 
taglandins.'@-' 

In substrates where the carbonyl is exocyclic to the ring, a cis preference is reported for the 1,Zstereo- 
~electivity.~ The protonolysis has been reasoned to be the determining feature of the stereoselectivity. 
For example, when enone (37) was treated with dimethylcopperlithium, a cu. 7030 cis:truns preference 
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R- 1 
Scheme 15 

was observed (equation 48). The proton was believed to arrive from axial direction on the preferred con- 
former (40, Scheme 16). Addition of MeCu.BF3 led to an 86: 14 cis:rrans ratio, not greatly different from 
the above example. 

0 MezCuLi 

(48) 

I attack 

Scheme 16 

A stereoselectivity dependence on the cuprate was also reported in the f3-alkylation of y-substituted 
acyclic enoates (Scheme 17).Io1 The trans isomer (41) gave preferential formation of the anti isomer 
(42), regardless of the organocopper reagent employed. When the cis isomer (43) was treated with 
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Bu"CuBF3, compound (42) was formed with similar selectivity. However, if the cis compound (43) was 
mated with a BF.jcomplexed diorganocuprate, then the syn isomer (44) was formed. The dia- 
stereoselectivities were explained in terms of a modified Felkin-Anh model, and electron transfer from 
the cuprate was used to account for the different stereochemical preferences of RCu and RzCuLi with 
(43). IO1 

R 

- phrco2Et R2CuLi or RCu 

phPco2Er 
(42) anti 

Ph R,CuLi ~ Ph& CO2Et 

Reagent Substrate Yield (%) Anti:syn 

BunCuLi*BF3 (41) 

BunCuLi*BF3 (43) 

Bu"CU*BF~ (41) 

90 70:30 

89 30:70 

82 88:12 

Bu"CueBF3 (43) 84 7426 

Scheme 17 

With acyclic substrates such as (49,  simple steric arguments are a suitable rationale for the observed 
stereo~electivity.8~~ For example, in the reaction of PhCu.BF3 with enoate (45). acid (46) was obtained, 
after hydrolysis, in 99.5% ee. This preference is consistent with an attack of the reagent from the least 
sterically encumbered side of the carbon-carbon double bond (shown by the arrow; equation 49). 

(45) (46) 99.5% ee 

A stereoselectivity question also arose during additiordelimination of enones and enoates containing a 
good leaving group at the A wide range of cuprates and leaving groups (L = halide,Io3 ace- 
tate,lW alkoxy,lo5 alkylthiolM etc.) have been used successfully, and this transformation constitutes a 
versatile synthesis of B-substituted enones and enoates with some obvious stereochemical implications 
(equation 50). 

0 0 

+ RzCuLi * 
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In many of the early reports, ester derivatives w m  extensively s N d i e d 1 ~ l m ~ l O 7  and a preference for 
retention versus inversion was observed, where retention refers to introduction of the nucleophile to the 
same side of the carbon-carbon double bond as the leaving group it replaced (Scheme 18). 

1 :99 RO 

Scheme 18 

The stereoselectivity in reactions of f3-alkylthio-a.p-enones with organocupratcs is dependent upon 
both the solvent and bulk of the ligand in the cuprate. Ether solutions favor inversion, while THF solu- 
tions favor retention (Scheme 19). It was proposed that in coordinating solvents such as THF, a more re- 
active enolate is formed, which eliminates before rotation occurs, thereby giving retention of 
configuration. lo* 

EtzO, -78 ‘C 

84%; 12:88 

THF, -60 OC 

90%; 88: 12 

Scheme 19 

Bulky ligands (e.g. t-butyl) end up preferentially anti to the carbonyl, which is independent of the con- 
figuration of the f3-alkylthio enone reactant (Scheme 20). 

Et20 
I- 
2080 

SMe + Bun2Cu(SCN)Li2 

THF 

Et20 

95:5 
SMe + But2Cu(SCN)Li2 - 

@But + @ 
c 

P S M e  + Me2Cu(SCN)Li 95:s 

Scheme 20 
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Use of a-oxoketene dithioacetals and organocuprates provided a stereoselective synthesis of tri- and 
tetra-substituted aIkenes.Iw In fact, it was reported that either the (E)- or (2)-alkene could be prepared by 
the proper choice of cuprate and of the sequence of addition (Scheme 21). 

PhSCuR' Li RZzCuLi MRZ / JwwwvIp M S M e  ether Jvwwwv. 

0 SMe 

\ PhSCuRZLi # SMe RIzCuLi c ~ R l  

ether 

Scheme 21 

1.4.10 APPLICATIONS 

Conjugate addition of organocuprates has Seen many applications in complex synthesis. For example, 
in the preparation of an opiate alkaloid it was necessary to introduce a methyl group at a late stage of the 
synthesis."O The transformation of (47) to (48) was successfully carried out with MezCuLi in a stereose- 
lective manner (equation 51). 

c (51) 

M e 0  

MeZCuLi 

+,,, Me 
0 

The synthesis of pipitzol'" also called for conjugate addition of a methyl group to a highly substituted 
enone. Good stereoselectivity (>95:5) was observed in the conversion of (49) to (50) with MezCuLi 
where attack was reasoned to occur from the less-hindered a-face (equation 52). 

(49) (50) 

Ligands other than methyl are also routinely delivered as organocuprates. For example, the tmnsfer of 
vinylsilanes provided a methodology for conjugate addition of an enolate anion equivalent (equation 
53).11' Vinylsilanes arc transformed to carbonyl groups by epoxidation followed by acid treatment.' IZ 
There arc no examples of simple enolates which undergo conjugate addition via cuprate formation, and 
simple enolates are generally poor nucleophiles for Michael reactions.114 
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Ligands functioning as acyl anion equivalents also proceed efficiently in the conjugate addition to 
enones, producing the P-substituted product in high yield (equation 54).'13 Removal of the protecting 
group results in the free keto unit, and provides an alternative to the direct acylation (vide 

0 2 0 

A synthesis of a-pyrones has been reported where a key step involved the chemoselective addition of 
an organocuprate to an a-oxoketene dithioacetal.'15 The methodology requires four steps and is quite 
general since the cuprate can deliver a range of ligands in a selective manner (Scheme 22). 

Scheme 22 

The presence of a leaving group at the p-position of an enone provides the opportunity for double ad- 
dition and creation of a quarternary carbon. If 2 mol equiv. of cuprate are employed, then the Q,P- 
dialkylated product is expected. However, if a bisorganocuprate is used as the nucleophile, then a 
spiroannulation results.'16 Scheme 23 shows an example of a spiroannulation procedure with a biscu- 
prate which formed spiro[4,4], [4,5] and [5 ,5]  ring systems.116 The bisorganocuprate was prepared from 
an organodilithium and copper thiophenoxide, with the obvious restriction being the limited range of 
dilithium species which can be prepared. Several such species were reported to undergo the spiroannula- 
tion, which provided for the rapid assembly of some interesting products in high yield (equation 55). 

A nontransferable ligand is used to advantage in the above spiroannulation, and is generally important 
when a highly valued ligand must be transferred. In the synthesis of a steroid nucleus, the nucleophilic 
addition of a cuprate to enone (51) was one of two key steps (equation 56).l17 A good yield of the P-al- 
kylated product was obtained, and a high stereochemical preference was reported as well. 

From a study of the addition of organometallic reagents to @-substituted cyclopentyl sulfones, the re- 
activity of cuprates and organolithium species was compared (Scheme 24).' l 8  Organolithium reagents 
add to amine (52) to produce the trans adduct (53) in high stemselectivity, while the cuprate adds to 
(52) (amine directed) to produce only the cis adduct (55). The amine was subsequently removed by 
quatemization and elimination, leaving the cis- or the trans-vinyl sulfones. Substrate (52) is apparently a 
special case since in earlier work vinyl sulfones were reported to be poor substrates for the reaction with 
organocuprates.119,120 The ammonium ion is critical to the success of the addition; a related substrate 
with no amine present failed to give smooth addition. l g b  
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In a formal total synthesis of coriolin,lzl an unactivated cuprate, MezCuLi, failed in a conjugate addi- 
tion (Scheme 25). It was reasoned that enone (56) was especially hindered at the pcarbon due to the 
@,@-substitution, and the methine hydrogen at C-1 1 of the c-ring. The low reactivity was overCome by 
use of the higher order reagent-BF3 complex, MezCu(CN)Liz,BF3, which produced the @-alkylated pro- 
duct in an isolated yield of 80%. The advantage in reactivity realized by addition of a Lewis acid can be 
substantial. 

MezCu(CN)Liz 
> 

BFpOEtz 
THF,-SO O C .  3h 

& 
0 

H i  
OCOPh 

OH 

(56) Coriolin 

Scheme 25 

In the total synthesis of mevinolin,122 a stereoselective conversion of (57) into (58) was called for. 
Several organocopper reagents were examined, but it was MeCuBF3 which exhibited the highest selec- 
tivity (Scheme 26). The reason for the selectivity is not obvious, but the results do indicate that there can 
be significant differences between the reactivity profile of the various organocopper reagents available. 

(57) + MeCu*BF3 * ( 5 W  79% 

98:2 

Scheme 26 

In a good test of the regioselectivity of organocuprates, addition to trifluommethyl alkynyl ketones 
was examined.l” The methodology was used to provide a simple route to a,@-unsaturated uifluoro- 
methyl ketones, and due to the electrophilic character of the fluoro ketone, 1 ,Zaddition was expected to 
be a competing reaction. Surprisingly good 1,4-/1,2-selectivity was reported with the organocuprates, 
with cyanocuprates (higher and lower order) demonstrating the highest ratios (Scheme 27). In ail cases 
the (E)-isomer prevailed, which indicated that isomerization of the products had occurred under the re- 
action conditions. 

Ph 

CF3 hCOCF3 + phYcOCF3 

(59) I ,4:1,2 (E): (Z)  

Me2CuLi 88:12 76:24 

Me2Cu(CN)Li2 1OO:O 71:29 (93%) 

Scheme 27 

MeCu(CN)Liz 1OO:O 5347 (75%) 

Two highly unusual reactions were noted in this study which merit attention. First, the treatment of 
(59) with cuprate (60) gave rise to 1,Zaddition of the alkyne as the only product (67%; equation 57). 
Second, when trifluoromethyl ketone (59) was treated with either the higher or lower order methylcu- 
prates, the cyanohydrin (61) was isolated in addition to the normal 1,Caddition product (equation 58). 
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This may be a rare example of CN transfer from the cuprate to a substrate, but more likely is a result of 
HCN addition formed from the acidic work-up.1z4 

OH 
+ Bun Cu(Bu")Li 86% - Ph-CF, (57) 

Ph" 

(59) 
Ill 
'I' 
Bun 

(59) 

A Michael-initiated ring closure, begun by the conjugate addition of a cuprate to an alkyne, has also 
been rep01-ted.l~~ Use of the higher order reagent was crucial to the success of this transformation as the 
lower order reagent led only to conjugate addition. It is likely that addition to the alkyne was followed by 
isomerization (facile at 0 'C) to attain a conformation suitable for ring opening of the epoxide (Scheme 
28). The intermediacy of a vinylcuprate (62) is consistent with the reactivity difference between the 
lower and higher order reagents, where different species would undoubtedly be present. 

0 "C. 1 min 
+ Bun2Cu(CN)Li2 c 

C02Me 

L 

66% 
Scheme 28 

1.4.11 CONCLUDING REMARKS 
Organocuprates are easily prepared and undergo conjugate addition with a wide spectrum of sub- 

strates. A large variation in the R-group of RzCuLi is tolerated and alternative modes of formation are 
available for ligands which contain sensitive functional groups. The emergence of technology which per- 
mits the selective transfer of a single equivalent of an R-group from the cuprate has increased the effi- 
ciency of the conjugate addition. Lewis acid additions have dramatically increased the reactivity of many 
cuprates, and transformations are now possible which were previously unattainable. Some mechanistic 
aspects are still unresolved but a more unified picture has emerged. The structure and aggregation state 
of the reagent is a topic which is also unsettled, and future work will undoubtedly be carried out here. 
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1.5.1 INTRODUCTION 

Additions of nucleophiles to electron-deficient double bonds, e.g. the classical Michael addition or the 
Cut-mediated 1 ,Caddition of Grignard reagents to a$-unsaturated carbonyl compounds (see previous 

199 
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chapters of this volume), constitute some of the very valuable items in the toolbox of the synthetic 
organic chemist. No wonder that they have found widespread application in organic synthesis. While 
early interest in these reactions was based particularly on their reliable chemo- and regio-selectivity, in 
recent years much progress has been made in the development of highly diastereo- and even enantio-se- 
lective methods, allowing the control of absolute stereochemistry. I4 

It is the aim of this chapter to survey these latter methods, independent of the special type of reagent 
(nucleophile) or substrate (electron-deficient alkene). The treatise will mainly focus on C-C bond-for- 
ming reactions, and will be restricted to such methods which: (i) allow the preparation of optically ac- 
tive, and, if possible, of enantiomerically pure (homochiral) compounds (EPC-synthe~is);~ (ii) involve 
the formation of at least one new stereogenic center during the addition step with a significant degree of 
asymmetric induction; and (iii) in general, give products containing only those stereogenic centers which 
are generated during the nucleophilic addition and, eventually, during subsequent alkylation steps (occa- 
sionally after removal of a c h i d  auxiliary group). Synthetic applications will be emphasized. 

Most of the reactions which will be discussed lead to carbonyl compounds with a stereogenic center in 
the @-position. This is illustrated in Scheme 1: a substrate molecule (1; X = heteroatom or heteroatom- 
based functional group), having an electron-deficient double bond, is attacked by a nucleophilic reagent 
(possibly in the presence of a coordinating ligand or a catalyst) to form an anionic intermediate (2), 
which is then converted to the product (3) on hydrolytic work-up. 

Scheme 1 

To achieve the desired asymmetric induction, chirality must be introduced. There are essentially three 
ways to do this. One can employ: (i) chirally modified substrates; (ii) chirally modified nucleophiles; or 
(iii) a chiral reaction medium (chiral coordinating cosolvents, ligands or catalysts). This chapter is or- 
ganized according to these three approaches. 

1.53 DIASTEREOSELECTIVE ADDITIONS OF ACHIRAL CARBON NUCLEOPHILES TO 
CHIRAL SUBSTRATES 

153.1 Additions to Chiral Derivatives of a,@-Unsaturated Carboxylic Acids 

1.5.2.1.1 Additions to chiral esters 

The conjugate addition of (achiral) nucleophiles to a,@-unsaturated esters of chiral alcohols (4) gener- 
ally produces optically active P-branched acids, (7):(ent-7) f 1, after saponification of the diastereomeric 
ester intermediates (5) and (6; Scheme 2).6 

0 0 '*'kR,, R*o>,~iR R" + R * o L , , , R "  R OHI H o L , , , R  R" + H o 5 , > $ R "  R 

(4) (5) (6) (7) (enr-7) 

Scheme 2 

Following this concept, the 1.4-addition of phenylmagnesium bromide to (-)-menthyl crotonate was 
investigated, however with quite disappointing results? By using sugar-derived chiral auxiliaries, some- 
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what better selectivities were obtained,8 but the results could not be reprod~ced.~ Attempts to alkylate 
enamines with menthyl crotonate led also to unsatisfying yields and selectivities.10 

The introduction of RCu/BF3-type reagents" prompted investigation of the conjugate addition of these 
reagents to c h i d  enoates prepared from (-)-8-phenylmenthol (8). l 2  While additions to the (E)-crotonate 
(9) were highly selective (Scheme 3) and proceeded in reasonable yields, (a-configured or hi- and tetra- 
substituted enoates gave only moderate results. These difficulties could be overcome by employing the 
Bu3P-stabilized RCuBF3 reagents, which lead to increased reaction rates, improved yields and, most im- 
portant, generally high selectivities.'*16 Addition of these reagents to the enoates (ll), accessible from 
the camphorderived alcohol (lo), gave carboxylic acids (13) of high enantiomeric purity, after hydro- 
lysis of the initially formed esters (12 Scheme 4). The even more practical auxiliary (14). available in 
only two steps from camphor- 10-sulfonyl chloride, also gave rise to high diastereoselectivities during 
1.4-addition to its enoates (15). The results, summarized in Table 1, demonstrate the broad scope of this 
highly useful methodology. The chiral auxiliary alcohols are available in both enantiomeric forms and 
can efficiently be recycled. 

R = Ph, Bu" >99% ee 

Scheme 3 

(10) (11) (12) (13) 

i, acid chloride, AgCN, benzene, reflux, 4 h; ii, add excess of an equimolar mixture of RLi, 
CUI, Bu3P and BFyOEt,, -78 to -35 "C; iii, NaOH, aq. EtOH, reflux 

Scheme 4 

(C-C&i 1)2N02S (C-CbH I I )2N02S 

(14) (15) (16) 



202 Polar Additions to Activated Alkenes and Alkynes 

Table 1 Preparation of Chiral Carboxylic Acids (13) or (ent-13) via Ester Intermediates by Addition of 
BusP-Stabilized RCu/BF3 Reagents to Chiral Enoates Followed by Hydrolysis (Scheme 4) 

Enwte R' R Ester Carboxylic ee Configuration Rd. 
yield(%) acid (%) 

Bun Me 
Et Me 
Me 4-Methy$3-yentenyl 
Me 
Me. 2-Propnyl 

1,5-Hexadien-Zyl 2-Pro nyl 
n-CsH1.r h K  

4-Methyl-3-pentenyl Me 
Me R 
Me Bun 
Me Vinyl 
Me 
Pr 

Bun Me 

2-Pro nyl 
he 

82 ~~ 

85 
81 
85 .. 

86 
89 
90 
90 
98 
89 
80 
84 
89 
93 

94 
92 
98 
94 
99 
98 
98 
92 
97 
97 
98 
94 
94 
97 

A related approach involves the diastereomeric chiral enoates (16) and (17). which are both prepared 
from (+)-camphor, but behave like pseudo-enantiomers, leading to products of opposite absolute con- 
figuration at the newly formed stereogenic center. l7 Conjugate addition of RCu/BF3 reagents to these 
substrates at low temperatures generally proceeds with almost complete diastereoselectivity (>W: 1). The 
right choice of the solvent, depending on the metal species involved, is crucial: while THF works well 
for the copper compounds prepared from Grignard reagents, the alkyllithium-derived species show best 
results in ether. 

In all cases where secondary alcohols are used as chiral auxiliaries, one can understand (and predict) 
the stereochemical outcome of these reactions, if one takes into account: (i) that esters of secondary alco- 
hols always try to adopt a conformation with a coplanar (horseshoe-type) arrangement of the carbonyl 
group, the ether oxygen and the alkoxy C-H bond;18*19 and (ii) that in the presence of Lewis acids, (E)- 
enoates appear to prefer the s-trans conformation (antiplanar position of the carbonyl group and the 
C 4  double bond).20 Depending on the structure of the chiral auxiliary, one of the two (diastereotopic) 
faces of the double bond will now be more or less shielded, forcing the nucleophile to attack on the op 
posite face. 

The homochiral @-branched carboxylic acids (13 or ent-13; Table 1 )  have been used for the synthesis 
of a variety of natural products2' such as California red scale pher~mone, '~  a-skytanthine?2 the southern 
corn rootworm pherom~ne, '~ and norpectinatone. Pure (S)-3-trichloromethylbutyric acid (a structural 
subunit of some sponge metabolites) was prepared via conjugate addition of ClsCMgCl to the chiral cro- 
tonate (16) followed by hydrolysis (Scheme 5).23 

i, C13CMgC1, THF 
ii, recryst. 

90% 
c * 

KOW MeOH 

95% HO R'O (16) 

(R' = Me) 100% ee 
Scheme 5 

In an isolated case, a tertiary alcohol was used as chiral auxiliary: the crotonate (19). prepared from the 
(+)-camphor-derived alcohol (18), undergoes highly diastereoselective 1 ,Caddition of a cuprate reagent 
(Scheme 6).24 

1.5.2.1.2 Additions to chiral amides and imides 

Analogous to the use of chiral enoates (see previous section), a,p-unsaturated carboxylic amides, pre- 
pared from chiral amines, may be utilized in asymmetric l,.l-additions. When Grignard reagents are 
added to unsaturated amides (21), derived from (-)-ephedrine (20)?5 highly optically active f3-sub- 
stituted alkanoic acids (22; R and R' = alkyl or phenyl) are obtained in a variety of cases, after hydrolysis 
of the initially formed adducts (Scheme 7). This method was used for the synthesis of the antibiotic (-)- 
malyngolide and its stereoisomers.26 Recrystallization of the intermediate (saturated) amide was necess- 
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++OH 
40% - 

R*OJ 

0 

Bu"2CuLi 
- 

Et20, -18 "C 
74% 0 OH 

(18) (19) 95% ee 

Scheme 6 

ary in this case to raise the enantiomeric excess (ee) of the hydrolysis product from 87 to 97%. A closely 
related approach involves addition of organometallic reagents to chiral (proline-derived) unsaturated 
amides in the presence of certain tertiary amine~.~'-~O Best results are obtained with Grignard reagents in 
toluene in the presence of DBU, and when amino alcohol (23) is used as the chiral auxiliary (Scheme 8). 
The method was applied to the preparation of (9-(-)-citronellol, however with only 63% ee.m With the 
lactam (24) as chiral auxiliary, conjugate addition of dialkylcuprates to the comsponding unsaturated 
imide (25) gives, after hydrolysis, carboxylic acids (26) with predictable absolute configuration and with 
reasonably high ee (Scheme 9).31 In contrast to the reactions of chiral esters, these methods (based on 
chiral carboxylic amides or imides) seem to rely on rigid substrate conformations, which are due to che- 
lation with a metal ion. 

ii, iii i - 
4 4 4 3 %  HO 

Me 

(21) 

i, proton sponge; ii, 6 equiv. of R'MgBr, ether, -40 "C, 48 h, then add buffer pH 7; iii, AcOH, 3 M H2S04, 
reflux. 3 h 

Scheme 7 

i ii, iii 

73-8 I % 2 1 4 1 %  Ho 

(23) R = Ph, Me R 5 0 4 8 %  ee 

i, 1 M aq. NaOH, ether, 1.5 h, r,t.; ii, R'MgBr, DBU, toluene, 4 0  "C to r.t.; iii, 3 M HCI, dioxane, reflux, 40 h 

Scheme 8 

0 
ii, iii 

LR -eN< 8699% - 5 1-888 HO 
'- OTr '-0Tr 

(24) R = Me, Bu (25) (26) 77-97% ee 

i, BunLi. THF, then add acid chloride; ii, R;CuLi, THF, -23 "C; iii, HCI, MeOH, then aq. KOH 

Scheme 9 
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152.1 3 Additions to c h i d  N-enoylsultams 

Another type of chiral auxiliary is the bomane-10,2-sultams (27) and (ent-27), which are quite easily 
accessible from the (+)-and (-)-camphor- 10-sulfonyl  chloride^.^'*^^ They are readily converted into the 
corresponding N-enoylsultams (28) by successive treatment with sodium hydride and acyl chlorides. 
These substrates smoothly undergo 1.4-addition when treated with 2 mol equiv. of alkylmagnesium 
chl0rides.3~ The @-substituted derivatives (28; R" = H) lead predominantly to isomers (29) with reason- 
ably high diastereoselectivity (Scheme 10). The diastereomeric purity of the products can be dramati- 
cally enhanced in most cases by simple recrystallization. Mild hydrolysis affords the free carboxylic 
acids (30) under recovery of the chiral auxiliary (27). The method also allows the diastereo- and enantio- 
selective preparation of a,@-disubstituted alkanoic acids in two different ways: (A) conjugate addition to 
@-substituted derivatives (28; R" = H) followed by in situ alkylation of the intermediate enolate leads 
preferentially into the same diastereomeric series (31) as does (B) the 1,4-addition to a,@-disubstituted 
derivatives (28, R" # H) with subsequent (kinetically controlled) protonation (Scheme 11). The steric 
course of the conjugate addition of Grignard reagents to N-enoylsultams (28) can be explained by the as- 
sumption of a reactive conformation as shown in (32a). A similar topological picture applies when p- 
silyl-substituted-Nenoylsultams are treated with PBu3-stabilized RCu reagents in the presence of 
ethylaluminum dichloride (Scheme 12).M Methanolysis of the adducts (33) followed by successive fluo- 
rodephenylation and oxidation of the C C i  bond leads to homochiral f3-hydroxy esters (34). Gilman re- 
agents also smoothly add to (%)," leading preferentially to isomers (35; Scheme 13). The steric course 
of the addition step can be attributed in this case to a reactive conformation as shown in (32b). Addition 
of Me2CuLi to the 1-cyclohexenoylsultam (36) and subsequent protonation gave the cis compound (37) 
as the sole product, which was then hydrolyzed to the hornochiral acid (38 Scheme 14). An application 
of this methodology for the synthesis of P-necrodol (39)36 is outlined in Scheme 15. 

i , recryst. 0 
i. 2 equiv. RMgCl 

ii, aq. NH&l 

U R '  
R, ii, LiOH, aq. THF 

(28) S'N M R '  + S'N HO 

R = alkyl 
R' = Me, Et 
R" = H 

(29) 8 6 9 5 %  5- 14% 

Scheme 10 

i, 2 equiv. BuMgCl 
ii, Mel, HMPA 

80% 
A 

(28) - s*Nv + diastereomers 

R' = Me (31) 
R" = H 

A: 86.7% 13.3% 
B: 98.2% I 3% 

Scheme 11 

i, 2 equiv. BuMgCl 
ii, aq. NH&l 

73% 
B 
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(3%) 

i. RCu, PBu3, Et20 
ii, EtAIC12, -78 "C 

iii. recryst. 

O R  

S*N SiMe2Ph (28) 

R' = SiMeZPh 
R" = H 

i, RZCuLi, PBu3 
ii ,  aq. NH&I 

9 

67-94% 
(28) 

R = Me, vinyl 

R' = Me, Et, Bu, Ph 
R" = Me 

i, MezCuLi. PBu3 
ii, aq. NH,CI 
iii, recrystallization 

72% 
- 

(33) 

Scheme 12 

GR, 
S'N I 

86-9 1 % 

>98% 

Scheme 13 

0 

S'N 

(37) 

Scheme 14 

+ diastereomers 

9-14% 
recryst. 

<2% J 

i, MeCd BFS/ BusP 
ii ,  BuLi 

i i i ,  HZC=NMe2 
+ 

- S*N& =A$ (28) 
69% 

0 :  
R' = C(Me)&H=CHz; R" = H (39) 

Scheme 15 

153.1.4 Additions to c h l  oxazolines 

The fmt general method allowing the preparation of optically active p,p-diaU<ylpropionic acids via 
asymmetric synthesis is based on chiral o ~ a z o l i n e s . ~ ~ ~ '  The a$-unsaturated derivatives (41). accessible 
as pure (E)-isomers from (40) and the respective aldehydes (RCHO), undergo highly selective 1.4-addi- 
tions in a variety of cases (Scheme 16) when treated with alkyl- or aryl-lithium reagents. The products 
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(42) are hydrolyzed to B-substituted alkanoic acids (43) of generally high enantiomeric purity (>909b ee). 
The method has been applied to the synthesis of (+)sr-tunnerone!2 Substituted dihydropy~idines~~*~ 
and chiral 1 ,2dihyd~maphthal ins~~ are also accessible by this methodology. The lignane, (+)-phyl- 
tetralin (44), was thus synthesized as outlined in Scheme 17.49 

o Ph iii Ph iv +'TPh N %,,/OMe i.ii R d N T , , , 0 M e  

i, LDA, (Prb)2POCI, THF, -78 OC; ii, Bu'OK, RCHO iii, R'Li, THF, 
-78 OC, 3 h; iv. 1.5 M H2S04. reflux, 24-36 h 

Scheme 16 

OMe 

"1 I 

(43) 
91-99% ee 

+ 

Me0 

OMe 

The stereochemical 

nl 

OMe OMe 

(44) 

Scheme 17 

outcome of all these reactions was rationalized in terms of a chelate complex 
formed between the reactants, from which the R'-group is then transferred to the alkene as drawn in (45). 
Nevertheless, in the case of substrates containing additional stereogenic centers and other coordinating 
functional groups, a reliable prediction of the product configuration is not always possible.s0 

Ph 

1 S.2.1 S Additions to other c h i d  derivatives 

Another type of chiral Michael acceptor, the oxazepine derivatives (47). is prepared by condensation 
of the (-)ephedrine-derived malonic acid derivative (46) with aldehydes (Scheme 1 Treatment of 
(47) with a variety of Grignard reagents in the presence of NiC12 affords, after hydrolysis and decarboxy- 
lation, the 3-substituted carboxylic acids (a), in most cases with more than 90% ee. Diastereoselective 
Michael additions to (47) were also used for the preparation of optically active cyclopropane derivatives 
(49)53 and B-substituted?-butymlactones ( 5 0  Scheme 18)." A total synthesis of indolmycin is based on 
this methodology?5 
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Me 

0 X O h P h  

(46) i i i  

R = Me, Et, PI", Bun, Ph 

Me 0 \L N 

0 

R 
.h 

R' CO2H 

(4) 
82-99% ee 

\6cozMe ,C02Me 

(49) 
>90% ee (47) \ 

(50) 
>90% ee 

i, RCHO, TiCI4, pyridine, THF, -78 OC to rat., 12 h; ii, recryst.; iii, R'MgBr, NiCI2, THF, 

-78 "C, 3 h; iv, 3 M H2SO4, AcOH, reflux, 6 h; v, CHz=SOMez; vi, PhSCHzLi, 

NiCI,, THF/ toluene, -78 OC, 2 h; vii, Me30'BF4-, CH2Cl2, 0 "C to r.t,, 12 h 

Scheme 18 

A method for the preparation of 3-substituted succinaldehydic esters (53) involves conversion of the 
methyl ester of fumaraldehydic acid into the corresponding imidazoline (52) by reaction with the 
proline-derived chiral diamine (51; Scheme 19).56 CUI-catalyzed conjugate addition of alkyl Grignard re- 
agents and subsequent acidic hydrolysis yields the products (53). generally with high ee. A very closely 
related method uses a norephedrine-derived chiral auxiliary (Scheme 20)?738 Another related approach 
employs the chiral imidazoline (54), which on treatment with RzCuLi reagents (R = Me, Bu, Ph, l-bute- 
nyl) followed by hydrolysis gives chiral aldehydic esters (55; Scheme 21).59 

C02Me 

i ii, iii  0 
N-Ph - 

6543% 
R 

+ HLCOzMe - w- 
H C02Me NHPh 

(52) 
i, cat. H'; ii, RMgBr, CUI, THF; iii, H30' 

Scheme 19 

89-938 ee 

(53) 

Conjugate addition of dialkylcuprates to the homochiral dioxinone (57), prepared from (R)3-hydroxy- 
butyric acid (56), produces single diastereomers (58), which can be hydrolyzed to the homochiral pro- 
ducts (59).@'q6l The overall process (Scheme 22) constitutes an example for 'self-regeneration of a 
stereogenic center'. Interestingly, the high stereoselectivity can not be attributed to simple steric effects. 
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(R = Me, Et, Bu, Vinyl) 78-93% cc 

i, BFyEt20, benzene; ii, RzCuLi, EtzO, -25 "C; iii, HSCHzCHzSH, BF3*Et2O, CH2Cl2; iv, MeI, CaCO3, H20 

Scheme 20 

8040% E c 4 E t  

i, ii 

R 

i, R2CuLi, ether, 0 OC; ii, H,O+ (54) 
Scheme 21 

(95) %%% ec 

The pyramidalization of the trigonal centers (a common feature found in the X-ray structures of several 
related dioxinones) is probably responsible for the high selectivity.61 The nucleophile preferentially at- 
tacks the electrophilic center from that (convex) face into which it is pyramidalized, in accordance with 
the principle of minimization of torsional strain. A related example for asymmetric 1 A-addition to chiral 
dioxinones was 

v HO R o  - U O H  

HO 0 i-iii Io iv 1 
-OH - Lo - Uo 

R 
(56) (57) (W (S9) ~99% cc 

i, Bu'CHO, CH2C12, Dowex SO W, azeotropic removal of water, ii, LDA. THF. PhSeC1, -75 "C 
iii, H202, pyridine, CH2CI2, 0 OC; iv, R2CuLi, ether, -75 "C, 2 h; v, 1 M HCl, THF, r.t., 45 min 

Scheme 22 

1.53.2 Additions to Chiral Derivatives of a$-Unsaturated Aldehydes and Ketones 

1523.1 Additions to c h i d  acetals and ketals 

The conversion of an a,p-unsaturated aldehyde or ketone into an allylic acetal or ketal, followed by 
sN2'-tYpe attack of a nucleophile, leads, after hydrolysis of an initially formed enol ether, to a p-sub- 
stituted carbonyl compound. The overall sequence (Scheme 23) is equivalent to a direct conjugate addi- 
tion, but has the advantage that it allows the temporary introduction of a chiral auxiliary group: if a chiral 
(Cz-symmetric) diol is used in the acetalization step, the subsequent nucleophilic addition leads to a mix- 

R R" OH 
Scheme 23 
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ture of two diastereomeric enol ethers (generally in unequal amounts) which may be hydrolyzed to give 
the product in optically active form. 

As a first (isolated) example of such a transformation, some asymmetric induction (26% ee)  was ob- 
served during the addition of MezCuLiBF3 to the chiral ketal, derived from cyclohexenone and (It$)- 
butane-2,3-di01,6~ The addition of hialkylaluminum compounds to a$-unsaturated ketals and acetals 
derived from (R$)-NSJSJ'~'-tetr~ethyltartaric acid diamide (60) or its enantiomer (ent-), leads to 
much better results.- The initially formed enol ethers are first isolated as their corresponding acetates 
and then hydrolyzed to the actual f3-substituted carbonyl compounds. While the ketals, e.g. (6l), react 
cleanly and with reasonable diastereoselectivities to (62; Scheme 24), the acetals (63) generally lead to 
mixtures of regioisomers (64) and (65). however with an excellent degree of asymmetric induction 
(Scheme 25). The choice of the solvent is crucial: the desired isomer (64) is formed predominantly in 
less polar solvents like toluene or 1,2-dichloroethane, while more polar solvents (e.g. chloroform) strong- 
ly favor the direct sN2 attack at the acetal center, leading to the (undesired) allylic ether derivative (65). 
The usefulness of this methodology is demonstrated by the synthesis of the alcohol (a), a structural sub- 
unit of vitamins K and E (Scheme 26).65 

OMe 
CONMe, 

A d 4  
CONMe, ii, iii 11111 CONMe, iv  

""'CONMe, 91% - 85% Oo 
3 

78 % ee 

(61) (62) 

Scheme 24 

+ 

HoYoNMez HO "'CONMe, 

(60) 

i ,  cat. TsOH; ii, 5 equiv. Me3A1, toluene, 3.5 h, r.t.; i i i ,  Ac20, pyridine, DMAP, 1 h, r.t.; iv, 6 M HCI, dioxane 

(63) 
R = n-alkyl, aryl 

i-iii AcoYcoNMez 
70-%% O'""CONMe2 

(64) 70-85% 

iv - 
R 

>93% ee 

(65) 1530% 

i ,  5 equiv. Me3AI, 1,2-dichloroethane or toluene, 0 "C to r.t., 12 h; ii, Ac20, pyridine, 
UMAP, 1 h, r.t.; iii, separation of isomers by chromatography; iv, 6 M HCI, dioxane 

Scheme 25 

The stereochemical outcome of all these reactions may be explained in terms of a stereoelectronically 
assisted syn sN2' process, assuming a substrate conformation as shown in (67a), and a preferred coordi- 
nation of the Lewis acid to the less hindered acetal oxygen.67 

In contrast, the corresponding reactions of RCuBF3 reagents (R = phenyl or alkenyl) with allylic ace- 
tals obviously proceed in an anti sN2' fashion, as shown in (67b). The unsaturated acetals (68). prepared 
from (R,R)-butane-l,2-diol, are opened by the PBu3-stabilized reagents to give, after hydrolysis, the p- 
substituted aldehydes (69) with high ee (Scheme 27).6**@ The method has bem applied to the preparation 
of a key intermediate (85% ee) for the synthesis of the California red scale pheromone.@ 
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(66) %% ee 

i, AlMe3, toluene; ii, Ac20, pyridine; iii, chromatography: iv, 6M HCl, dioxane; v, NaBH4 

Scheme 26 

R&o-J/ \ CONMez 

CONMez Me 
H H 

H3O+ 
R'CU, BF3, PBu3 T o > ,  ___) Y C H O  

H O  EtzO, 0 "C - i "  Ho J 68-758 R' 
overall 

(69) 
85-95% ee 

(68) R = Me, Pr R' = Ph, alkenyl 

Scheme 27 

1 S3.2.2 Additions to chiral N,O-acetds 

Analogous to the use of chiral acetals one can employ chiral N,O-acetals, accessible from a@-unsatu- 
rated aldehydes and certain chiral amino alcohols, to prepare optically active P-substituted aldehydes via 
subsequent sN2' addition and hydrolysis. However, the situation is more complicated in this case, since 
the N,O-acetal center constitutes a new stereogenic center which has to be selectively established. The 
addition of organocopper compounds to a,P-ethylenic oxazolidine derivatives prepared from unsaturated 
aldehydes and ephedrine was studied.7G78 The (diastereo) selectivities were rather low (do% ee after 
hydrolysis) in most cases, the highest value being 80% ee in a single case.75 There is a strong solvent ef- 
fect in these reactions, e.g. in the addition of lithium dimethylcuprate to the (E)tinnamaldehyde-derived 
oxazolidine (70; Scheme 28):73 the @)-aldehyde (71) is formed preferentially in polar solvents, while the 
(S)-enantiomer (ent-71) is the major product in nonpolar solvents like hexane. This approach was utilized 
in the preparation of citronellal (80% ee) from crotonaldehyde (40% overall yield).78 

153.23 Additions to c h i d  imines 

The 1.4-addition of carbon nucleophiles to chiral a,B-unsaturated aldimines gives optically active p- 
substituted aldehyde~.~-6 Best results are obtained with imines prepared from t-leucine t-butyl ester 
(72). Addition of Grignard reagents to the acyclic imines (73) followed by acidic hydrolysis and reduc- 
tion gives the alcohols (74) with high ee (Scheme 29).80.83 The potassium salt of diethyl malonate also 
adds smoothly to (73). however providing a product of opposite configuration (48% yield, up to 86% 
ee).81.84 Addition of Grignard reagents to cyclic compounds of type (75) leads initially to the intermedi- 
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(70) 93% 
Me 

7 % 

(enr-71) 80% ee 

i, (+)-ephedrine, 4 A mol. sieve, r.t.; ii, Me2CuLi, Et,O-HMPA (1: l ) ,  -42 "C, H,O+; 
iii, MqCuLi, hexane, -42 "C, H30+ 

Scheme 28 

ate (3-enamides (76), which can either be (kinetically) protonated or alkylated (possibly after isomeriza- 
tion to the thermodynamically more stable (E)-isomer), allowing a selective entry into each class of com- 
pounds (77), (78) or (79 Scheme 30).82,85 The products are obtained reliably with high ee (82-93%). The 
method was applied in a synthesis of (+)-ivalin (80; Scheme 3 1).87 

H I 

H2NYBU' 198% 

U 8 %  
OAOBu' 

C02Bu' 

(72) (73) R' = Me, Ph 

R 

(74) 91-984 ee 

i, 4 A mol. sieve, hexane, 0 "C to r.t.; ii, 2 equiv. RMgBr (R = Ph, c-C,H, ,, Bun, Et, 
Me2C=CH(CH2)2), Et2GTHF (5: l ) ,  -55 "C, 1.5 h; iii, 2 M HCI; iv, NaBH, 

Scheme 29 

153.2.4 Addilions to other chiral derivatives 

Although desirable, the recovery of a chiral auxiliary is not always crucial. Some techniques employ 
a$-unsaturated carbonyl compounds containing a 'disposable' stereogenic center, which is removed 
after the (asymmetric) conjugate addition step has been performed. This concept appears to be useful 
only if the chiral substrate is easily accessible in high enantiomeric punty. 

Conjugate additions to 4-oxo-2-cyclopentenyl acetate (81), a compound readily available in both en- 
antiomeric forms,go lead (after elimination of the acetoxy group) to substituted cyclopentenones (82) 
(Scheme 32).88*89 For instance, this methodology was used, though employing (rac-81). in a synthesis of 
brefeldin A.91 The chiral aldehyde (83). which is accessible from arabinose, was used in syntheses of 
botryodiplodin (84) and of lignans like (-)-bursem (85; Scheme 33)?2-93 In both syntheses, the con- 
jugate addition constitutes a key step and proceeds with high diastereoselectivity. The preparation of ho- 
mochiral 5-substituted cyclohexenones is possible via copper-catalyzed addition of Grignard reagents to 
5-trimethylsilyl-2-cyclohexenone (86; or ent.-86) followed by oxidative elimination of the TMS 
group.- Multigram amounts of both enantiomers of (86) may be prepared in essentially pure form 
quite easily from anisole. According to Scheme 34, the method was used for the synthesis of (+)-a-cur- 
cumene (87) and of (-)-p-vetivone (88). Additions of Gilman reagents to 5-methoxy-2-cyclopentenone 
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i I 

(75) 

CHO 

'/ (77) 

\ 4449% I \ iii 

n =  1 o r 2  R = Ph, vinyl R' = Me, Et, benzyl, allyl, MOM 

i, RMgBr, THF, -23 OC; ii, H30+; iii, RX,  HMPA, THF, -23 O C  to r.t., 15 h, then H30+; iv, KH. 

R'X, THF, -23 "C; v, reflux for 3 to 6 h, then R'X, HMPA, THF, -23 OC to r.t., 15 h, then H,O+ 
Scheme 30 

i, ii r - 
51% 

L 

61% (SO) 95% ee 

i ,  2-propenylMgBr, THF, then MeI, HMPA, then H3O'; ii. N a B b ,  McOH 

Scheme 31 

(89) also proceed with high diastereoselectivity to give l,Cadducts, from which the methoxy group can 
be removed by treatment with samarium iodide to afford 3-substituted cyclopentanones of high enantio- 
meric purity (Scheme 35)?7998 Another method, which does not seem to be of high preparative value 
though, involves diastereoselective complexation of the (enantiomerically pure) enone (90) by treatment 
with tricarbonyl(q4-benzylideneacetone)iron to give a single complex (91). Reaction with a-lithioiso- 
butyronit.de leads (after TFA quench) to compound (92), which is subsequently subjected to periodate 
cleavage to afford the pure carboxylic acid (93; Scheme 36).99 
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90% ii, iii 

t 

0 4  OBzl 

Nuc 
AcO 

Scheme 32 

OSiMezBu' 

SPh r O, 

iv 
60% 

v v.v i  
OBzl 

52% 

,k OMe OMe 
'I 
OMe b J "  OMe 

(85) >98%ee 

i, LiMeCNCu, ButMe2SiCI, THF, -78 "C to r.t.; ii, ArMgBr. THF, 0 "C; iii, CrOdpyridine, CH2C12. r.t., 

15 min.; iv, Bu"Li, THF, -78 "C to r.t.; v, Raney Ni, DME, 0 "C; vi, H2, Pd/C, AcOH/H20, 6.5 h 

Scheme 33 

1.533 Additions to Chiral Vinylic Sulfur Compounds 

Since early investigations about the asymmetric addition of diethyl sodiomalonate to optically active 
vinylic sulfoxides,lm.lO1 Posner and his coworkers102-117 have developed a highly useful methodology 
based on the conjugate addition of carbon nucleophiles to homochiral a-arylsu1finyla.P-unsaturated 
carbonyl compounds. While acyclic derivatives still lead only to moderate results,105 the strength of this 
method is for cyclic systems. For example, the 2-sulfinyl-2-cycloalkenones (94) and (99, the 2-sulfinyl- 
2-alkenolides (W) and (97), as well as their respective enantiomers are excellent substrates. All these 
compounds are quite readily accessible in enantiomeric purities of >98% and are configurationally 
stable, at least for several months at 0 'C. 

Reaction of a variety of organometallic reagents (RM) with (94) or (95) leads diastereoselectively to 
addition products of type (98), which are then desulfurized yielding 3-substituted cycloalkanones (99) of 
reasonable to high enantiomeric purities (Scheme 37 and Table 2).1M.'077110 The steric course of these ad- 
dition reactions can be understood in terms of an intermediate chelate, which is attacked by the nucleo- 
phile from the less hindered face, as shown in (100a). In contrast, dialkylrnagnesiumIm and 
dialkylcupratelOg reagents afford products with an absolute configuration opposite to that obtained with 
other reagents. This in turn can be rationalized as the result of an attack on the nonchelated substrate 
molecule, which should prefer the conformation shown in (100b). The role of the metal in controlling the 
stereochemistry of these reactions (chelate versus nonchelate mode) was the subject of a recent theoreti- 
cal s t ~ d y . ' ~ ~ J ~  Ester enolates may also be added as donors to these substrates (attack in the nonchelate 
addition especially with a-substituted derivatives leading to extraordinary high levels of asym- 
metric induction in some cases (e.g. Scheme 39). 
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HO 
ii, iii 

/ 

i 

Me3Si h 

(88) 
i, p-TolMgBr, CuBrMe2S, MejSiCl, HMPA; ii, MCPBA iii, NaOMe, MeOH; iv. MeMgI, 

CuBr-Me2S, Me3SiC1, HMPA; v, 1,4-dibrorno-2-isopropylidenebutane, ZnBr,; vi, NaOMe, THF, 
r.t. to 50 OC, 2.5 h 

Scheme 34 

-78OCDOrnin M c ~ C U L ~ F  Meo& + Mea* 
M e 0 4  77% - 69% 

'., 
'*, %, %, 

98% 2% 
Scheme 35 

(90) (91) (92) (93) >99% ee 

i, tricarbonyl(benzylideneacetone)iron, THF, 60-65 'C, 20 h; ii, a-lithioisobutyronitrile, 
THF, HMPA, -78 "C, then TFA; iii. H5106. MeOH, H20 

Scheme 36 
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Table 2 Preparation of Cyclic p-Substituted Carbonyl Compounds (99) via Addition of Organometallic Reagents 
to Unsaturated Sulfoxides (94) or (95) Followed by Desulfurization of the Intermediates (98; Scheme 37) 

Starting material RM R Overall yield (96) ee of (99) (5%) 

ZnBrfleMgBr 
M e T i ( M ) s  

MeMgCl 
ZnBrfleM Br 

MeTi(Pr'O73 
ZnBdEtM C1 

EtTi( W073 
ZnBflinylM Br 

Z n B m  81 2-Naphth y lbfgBr 

Me 
Me 
Me 
Me 
Me 

89 
90 
91 
95 
85 

87 
90 

95-100 
62 
86 

Et 
Et 

Vinyl 
Ph 

2-Naphthyl 

90 
67 
75 
70 
90 

80 
>98 
92 
>98 
>98 

C. 

R-M , 

Several applications in total syntheses exemplify the value of this methodology; 1 l-oxoequilenin 
methyl ether (101; Scheme 38),'05J07 (+)-a-cuparenone,lW (-)-podorhizon,ll2 (-)-methyl jasmonate 
(102; Scheme 39),Il4 (+)-estrone methyl ether,Il6 and the so called (+)-A-factor (103 Scheme 40)ll7 
were all prepared in high enantiomeric purity. Other applications constitute preparations of 2-alkylchro- 
man-4-ones,' and of 3-vinylcyclopentanones, highly valuable intermediates for steroid total syn- 
thesis.l"J07 

In the course of a total synthesis of aphidicolin (107). the conjugate addition of the dienolate (104) to 
the chiral butenolide derivative (105) serves as a key step. A 7.4: 1 mixture of diastereomeric products is 
obtained, from which the major isomer (106) can be isolated in pure form after recrystallization (Scheme 
41).12' The selectivity of this remarkable reaction, in which two quaternary stereogenic centers are simul- 
taneously generated in a highly selective manner, can be explained by the assumption that the reactants 
approach each other in the chelate-mode indicated in (10%). 

Another application of additions to c h i d  vinylic sulfoxides constitutes the Hantzsch-type reaction of 
methyl 3-aminocrotonate with compound (109), yielding the dihydropyridine derivative (110) as a single 

(94) >98% ee (101) 
i, THF, -78 OC, then MeI, HMPA; ii, 3 equiv. MezCuLi, Et20, THF, 0 OC, 2 h, then BrCHzC02Me, 25 OC 

Scheme 38 
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le3Si' 'SiMe3 54% \I\ 
I 

C02Me CO2Me 

(ent-94) (102) >98% ee 

i, THF, -78 "C, 5 min; ii, P2h; iii, KF, iv, NaH, (Z)-2-pentenyl bromide; v, Raney Ni 

Scheme 39 

87% ee 
OH 

(103) 

i, PhCH20CH20CH2Li, 2J-dimethyl-THF, -78 O C ,  10 min; ii, Raney Ni, acetone 

Scheme 40 

(detectable) diastereomer, which was then oxidized to give the sulfone (111) with high ee (Scheme 
42).122 

Optically active organic compounds, bearing a trifluoromethyl substituent at a stereogenic center, are 
accessible via addition of enolates to the chiral sulfoxides (112) or (113).123 Ephedrine-derived sulfox- 
imines of type (114) also undergo diasteroselective addition of organometallic reagents, allowing the 
preparation of 3-alkylalkanoic acids with high ee.124,125 The chirally modified vinylic sulfone (115) was 
utilized in the asymmetric preparation of a-substituted aldehyde derivatives (Scheme 43). 126 

_.c 0 -  
Bu'Me$iO 75% 76% 

(104) (105) (106) 

94% 

0 

HOi 
>98% ee (107) 

i, THF, -95 OC, 2 h; ii, vinylli, toluene, r.t., 20 min; iii, HF in MeOH, 
r.t., 20 min; iv, NaOMe, MeOH, 0 OC, 2.5 h; v, Zn, aq. NH4Cl 

Scheme 41 
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- Me02C 

"2 

I 0 v - 
18% 

Me0 
H I 

H 

(110) (111) 94.5% ee 

i ,  MeOH, reflux; ii, But02H, 18-crown-6, KOH, EtOH 

Scheme 42 

CF3 

iii, iv i, ii - 
94-98% 

R 

R 

OHC A 

9698% ee 

i, RLi, LiBr-Et20, hexane, -78 OC; ii, Bun& iii, Na-Hg; iv, HgCl, 

Scheme 43 

153.4 Additions to a,p-Unsaturated Acyl Ligands Bound to a Chiral Metal Center 

Addition of organolithium compounds to chiral (@-configured a,&unsaturated iron acyl complexes 
(116) proceeds with an exceptionally high degree of asymmetric i n d u c t i ~ n . ~ * ~ - ~ ~ ~  The initially fonned 
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anionic intermediates (117) were either protonated or trapped with methyl iodide yielding dia- 
stereomerically pure products (118 Scheme 44). Since the starting complexes are configurationally 
stable under ambient conditions and accessible in enantiomerically pure form, this method allows (after 
cleavage of the metal-carbon bond) the preparation of a variety of homochiral organic compounds. The 
selectivity observed for these reactions can be explained in terms of a quite rigid substrate conformation 
as indicated in Scheme 44, where the acyl C=O group is anti with respect to the carbonyl ligand. It was 
proposed that more than simple steric effects are responsible for this conformational preference of the 
acyl group, since the diastereoselectivity of the conjugate addition reaction does not change much with 
the steric bulk of the phosphine ligand.'33 

(116) R' = alkyl, Ph (117) R = Me, Bu (118) E = H, Me 

Scheme 44 

15.3 DIASTEREOSELECTIVE ADDITIONS OF CHIRAL CARBON NUCLEOPHILES TO 
ACHIRAL SUBSTRATES 

153.1 Reactions of Chiral Enolates 

The chiral, nonracemic oxazepine derivative (46; Scheme 18) was studied as donor in the Michael ad- 
dition to prochiral a$-unsaturated carbonyl c o m p o ~ n d s . ~ ~ ~ J ~ ~  The products were obtained with 44-5596 
ee after removal of the chiral auxiliary group. With l-nitrocyclohexene as acceptor, somewhat better se- 
lectivities (62% ee) were 0b~erved . I~~  

A double .rr-face selective aprotic Michael addition of the lithium dienolate, derived from the chiral 
senecioate (119), to cyclopentenone served for the total synthesis of (-)-kushimone (120 Scheme 
45).L37*'38 The selectivity of the key reaction was rationalized by the assumption of a transition state as 
shown in (121a). A related approach involves the Michael addition of enolates, derived from chiral pro- 
pionates, to methyl (E)-crotonate (Scheme 46).139 The formation of the 'threo' isomer (122) as the major 
product indicates a transition state structure as shown in (121b). This method was utilized in the syn- 
thesis of the marine natural product 7,20-diisocyanoadociane (123; Scheme 47).140 

The intramolecular Michael reaction of chiral acetoacetate derivatives (124) proceeds with excellent 
selectivity when the alcohol (125) is used as the chiral auxiliary (Scheme 48),14' leading to valuable in- 
termediates for the synthesis of homochiral 1 l-keto ~ te r0 ids . l~~  The stereochemical outcome suggests a 
reactive conformation as shown in (126). 

Diastereoselective Michael additions of enolates, prepared from the chiral amides (127) and (la), to 
prochiral a$-unsaturated esters were utilized in the synthesis of (+)-dehydroiridodiol (129) and its 
isomer (130; Scheme 49).'43 

When Michael additions of chiral enolates to nitroalkenes were studied, it was found that lithium eno- 
lates (132) of 1,3-dioxolan-4-ones (131), derived from the corresponding a-hydroxy acids, afford the ad- 
ducts (133) with high diastereoselectivity (Scheme 50).14 Recrystallization leads, in general, to 
diastereomerically pure products, which in turn can efficiently be converted to homochiral compounds 
like (134), (135) or (136). A number of other chiral enolates (137x140) were also shown to undergo 
highly selective additions to nitroalkenes; however, product configurations were not determined in these 
cases. 

Mukaiyama-Michael addition of a chiral ketene acetal to nonprochiral vinyl ketones gives products of 
72-75% ee.145 A chirally modified glycine derivative (Schiff-base) adds to vinylic phosphorus com- 
pounds to yield, after hydrolysis, products with 5 4 4 5 %  ee.146 Another chiral glycine equivalent was 
used for the preparation of homochiral proline derivatives via diastereoselective addition to a,p-unsatu- 
rated aldehydes and k e t o n e ~ . ' ~ ~ J ~ ~  
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CO R’ 

55% 

O \  

68% 7% 25% 
I I i i  

(119) 

97% 

.c1 
1 

(1200) 
i, LDA, THF, -78 O C ,  then cyclopentenone, 5 min, then allyl bromide; ii, ethylene glycol, cat. TsOH, 

C6H6, reflux 

Scheme 45 

(1218) 

H 

(121b) 

0 0 

LCOzMe + ‘erythro’ 
R’O? - 75-79% R . o v c o $ f e  + R’O diastereomers 

(122) 

R’OH = (-)-8-Ph-menthol 86% 
R’OH = (-)-menthol 69% 

4% 
19% 

10% 
12% 

i, LDA, THF, -78 “C, 30 min, then (E )-methyl crotonate, -100 O C ,  3 h, then AcOH quench 

Scheme 46 
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R*OH t (-)-menthol + diastereomers 60% ee (123) 

i, LDA, THF, -78 "C, 30 min, then (E)-methyl crotonate, -78 O C .  1 h, then AcOH quench 

Scheme 41 

(12.4) R = M e  
R = But 

94% 6% 
>98% <2% 

Scheme 48 

i, LDA, THF, Bu'OK, -78 OC; ii, NaBH4, EtOH, 0 "C, 30 min; iii, 2 M HCI, reflux. 2 h; iv, CHzNz, EtzO, 
0 "C, 30 min 

Scheme 49 
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R = Me, Ph, CH2COzLi 

Me 
I 

But-(.xoLi N 

I 
Bzl 

(132) (133) 85 to >98% ee 

R' = Me, Et, Ph 

Scheme 50 

HO,,, R HO,,, R 
HOzC /k 'OZH H02C NH3+C1' 

R R 

OLi OHC ?Li OLi 
I 

153.2 Reactions of Chiral Azaenolates and Enamines 

Early investigations have demonstrated that aldehydes and ketones can be enantioselectively a-alkyl- 
ated via Michael reactions of the corresponding enamines, prepared from prolinederived secondary 
amines.14e1s6 However, optical purities of the products were generally low and never exceeded 59% 
ee.Is7 This kind of asymmetric a-alkylation could later be improved, allowing for example the prepara- 
tion of compound (141) with high ee (Scheme 51).'5&160 

, SnBuz i &COzM: :% G O S i M e 3  - 
(141) >95% ee 

i, H2C=CHCO2Me, pentane, 20 OC, 2.5 h; ii, H2C=CHC02Me. MgC12, THF, 0 'C, 24 h, rJ., 24 h 

Scheme 51 

A method, based on a Michael-type (demcemizing) alkylation reaction, allows the enantioselective 
generation of quaternary carbon centers (Scheme 52).161 The chiral imine (143). prepared in good yield 
from racemic (142) and (S)-(-)- 1 -phenylethylamine, smoothly reacts with (nonprochiral) methyl vinyl 
ketone to give, with quantitative recovery of the chiral auxiliary, the valuable diketone (144) in high 
yield and high enantiomeric purity. This technique was applied to the synthesis of steroid intermedi- 
a t e ~ ~ ~ ~ * ~ ~ ~  and to the preparation of optically active oxa-spiro compounds.164 Whereas 'normal' @-sub 
stituted Michael acceptors do not react with (143), (E)crotyl cyanide (145) was shown to be a 
sufficiently strong acceptor.16s Reaction of (ent-143) with (145) in cyclohexane leads dia- 
stereoselectively to a mixture of the bicyclic compounds (147) and (148). both secondary products of the 
initially formed Michael adduct (146; Scheme 53). The selectivity can be rationalized in terns of a tran- 
sition state as drawn in (149a). An intramolecular application of this method involves the cyclization of 
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(142) (143) (144) 91%ee 

i, (S)-(-)-1-phenylethylarnine, TsOH, toluene, -H20, ii, MVK, THF, r.t., 3 d; iii, 10% aq. AcOH, r.t., 1 h 

Scheme 52 

24 h, 5 "C 

4a-50% 

(145) 
____I + 

NC 

Ph 
(ent-143) 

NC w 
N & 0 Lo 

(147) 

Scheme 53 

compound (150) in a highly enantioselective manner (Scheme 54).IM The product (151) can be trans- 
formed into the piperidine derivative (152), which in turn serves for the preparation of valuable inter- 
mediates for alkaloid total synthesis. The observed selectivity is in accordance with a transition state 
structure as drawn in (149b). 

A highly selective method for the preparation of optically active p-substituted or p,ydisubstituted-& 
keto esters and related compounds is based on asymmetric Michael additions of chiral hydrazones (156), 
derived from (S)- 1 -amino-2-methoxymethylpyrrolidine (SAMP) or its enantiomer (RAMP), to unsatu- 
rated esters (154).167-172 Overall, a carbonyl compound (153) is converted to the Michael adduct (155) as 
outlined in Scheme 55. The actual asymmetric 1 ,Caddition of the lithiated hydrazone affords the adduct 
(157) with virtually complete diastereoselection in a variety of cases (Table 3). Some of the products 
were used for the synthesis of pheromones,169 others were converted to 6-lact0nes.~'~ The Michael ac- 
ceptor (158) also reacts selectively with SAMP hydra zone^.^^^ Tetrahydroquinolindiones of type (159) 
are prepared from cyclic 1.3-diketones via SAMP derivatives like (160). as indicated in Scheme 56.172 

Michael reactions of chiral lithioenamines of p-oxo esters with dimethyl alkylidenemalonates were 
s t~d ied . '~* l~~  Especially the a-alkyl-substituted compounds (161) and (163), derived from L-valine t- 
butyl ester, afford, after hydrolysis, the adducts (162) and (la), respectively, diastereoselectively and 
with high ee (Scheme 57).175 In the presence of TMS-Cl, even weaker acceptors like acrylates or MVK 
were shown to react.176 A somewhat related diastereoselective 1,4-addition, followed by a Pictet-Spen- 
gler-type cyclization, allows the preparation of compound (165; Scheme 58),In a central intermediate for 
the synthesis of several  alkaloid^.^^**^^ 

The anion of the bislactim ether (166) successfully acts as a chiral donor in Michael additions to pro- 
chiral  substrate^.^^"^^ With methyl enoates, the reaction proceeds generally with high dia- 
stereoselectivity producing the isomer (167) as the major, and (168) as the minor product (Scheme 
59).'79 This allows the preparation of virtually enantiomerically pure (R)-glutamic acid derivatives, since 
complete stereocontrol is usually obtained at the newly formed ring-stereogenic center. Conjugated di- 
enoates are attacked under the same conditions in a 1.6-fashion with even higher selectivities to produce, 
after hydrolysis of the bislactim ether moiety, the adducts (169) as single isomers, however with un- 
known relative configuration (Scheme 6O).I8O Enones, especially cyclic ones, are also suitable substrates 
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(149a) 

H '  

(149b) 

Me02C 

702Me CO2Me 

i, 1 equiv. (R)-(+)-I-phenylethylamine. 5 A molecular sieve, THF, 5-10 "C; ii, CIC02Me, benzene, 60 "C; 
iii, NaBH,, MeOH, -10 "C; iv, 5 steps 

Scheme 54 

03, CH2C12, -78 OC I I SAMP 

i. LDA, THF, -78 "C W o M e  

& C02Me 

(OMe 

ii, (146) . N  RTN * N R" 

R' R i  
R 

(156) (157) 
Scheme 55 
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Tabk 3 pnparation of Optically Active Substituted 5-0xoallranoates (155 Scheme 55) 

R K R" Overall yield (96) ee (%) Ref. 

H Me 50 >% 167 
1 67 

Me w H Me 46 >% 
n-C6Hn H Me 53 m 167 

Ph H Me 55 >% 1 67 
Me H Ph 62 m 1 67 

n-CsH I 1 H Ph 59 >99 167 
H Me Me 58 >% 168 
Et Me Me 45 92 168 
Ph Me Ph 43 >99 168 
Bun w Ph 40 >% 168 
H H Me 43 >% 170 
H H Et 37 90 170 
H H Ph 51 >% 170 
H H p-MeOPh 30 93 170 

0 

(W (158) (159) >98%ee 

Scheme 56 

if the lithiated bislactim ether is first converted to the corresponding dialkylcuprate reagent (170).181 The 
reaction with cyclopentenone, for instance, allows the preparation of compound (171) in pure form 
(Scheme 61). 
The alkylation of the chiral enamine (172) by B-nitrostyrenes gives diastereomerically pure Michael 

adducts (173) with high ee (Scheme 62).18* Comparable selectivities were observed with a-(methoxycar- 
bony1)cinnamates as substrates.183 The same method was used for the enantioselective alkylation of p- 
tetralones in the 3-position by 8-nitrostyrenes.'" 

ii 

94% 
- 

o e t  

Y O E t  - i 

(161) (162) 99% ee 

(164) 99% ee (163) 
i, L-valine t-butyl ester, ii. LDA, then dimethyl ethylidenemalonate, toluene, 2 equiv. HMPA, -78 "C 

Scheme 57 
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H 

i, ii 

H 

+ 

& o f l -  0 0  

H 

+ 

MeO2C -CHO - 

i, CH2C12, -78 "C; ii, TFA. CH2C12, -78 "C, 24 h, -20 "C. 14 d 

Scheme 58 

M e 0  

(166) 

+ 

R OMe 

0 
M e 0  

(167) 

7 6 9 3 %  

+ 
M e 0  

(168) 
7-26% 

R = H, Me, Ph; R' = H, Ph 

i, BunLi, THF, -78 "C, 10 min; ii, -70 "C, 2-3 h, then 1 equiv. AcOH, -70 "C to r.t. 

Scheme 59 

I ?  /""f N OMe 
1 

M e 0  AN) 
+ 

-C02Me 
R 

R = Me, Ph, 4-pyridyl (169) >98% ee 

i, THF, -70 "C, 2-3 h, then 1 equiv. AcOH, -70 "C to r.t.; ii, 0.25 M aq. HCI, r.t., 4 d 

Scheme 60 

i,THF.-7OoC 
ii, 0.25 M HCI 

iii, BwzO Me02C 
M e 0  

BocHN 

(170) (171) >99% ee 
Scheme 61 
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n 

(172) (173) >90% ee 

i, Et@, -80 OC, 30 min, r.t.. 5-6 h ii, aq. HCI, EtOH, 60 OC, 30 min 

Scheme 62 

1533 Reactions of Chiral Sulfinyl and Phospbonyl Anions 

In the first attempts to use a chiral a-sulfinyl ester enolate as donor in Michael additions to a,@-un- 
saturated esters, only low selectivities were ~ b s e r v e d . ~ ~ ~ * ' ~ ~  Better results are obtained when the a-lithio 
sulfoxide (174), a chiral acyl anion equivalent, is employed. Conjugate addition of (174) to cyclopent- 
enone derivatives occurs with reasonably high degrees of asymmetric induction, as exemplified by the 
preparation of the 1 1-deoxy prostanoid (175; Scheme 63).'*'JE8 Chiral oxosulfonium ylides and c h i d  li- 
thiosulfoximines can be used for the preparation of optically active cyclopropane derivatives (up to 49% 
ee) from a,@-unsaturated carbonyl compounds.189 

0 
To1 ,,, II 

II ,,,"' f + 
45% STol 

Li 
STol STol STol 

(174) 98 2 (175) >99%ee 

i, THF, HMPA, 30 min, -78 OC; ii, separation of diastereomers; iii, 12, (MezNkP, MeCN, 45 OC, 5 h 

Scheme 63 

The diastereoselective addition of c h i d  allylsulfinyl anions to cyclic enones was investigated in terms 
of diastereoselectivity and mechanism (working with racemic material),190-'95 and allows the preparation 
of homwhiral products if homochiral anions arc employed.1%-201 For example, the lithiated allylic sul- 
foxide (176) reacts with 2cyclopentenone in a highly diastereoselective manner yielding the adduct 
(177)' which can be converted to the optically active keto acid (178 Scheme 64). Application of this 
methodology allows the synthesis of cyclopentanoid natural products like (+)-hirsutene (179), which was 
prepared from (ent-176) according to Scheme 65.'%J* The synthesis of (+)-pentalene (182; Scheme 66) 
utilizes two kinetic resolution steps:Iw at first, compound (rac-180) is (partially) resolved by treatment 
with 0.5 equiv. of lithiated (176); subsequent reaction of (180) with 2 equiv. of a racemic lithiated allyl 
sulfoxide affords the intermediate (181) diastereoselectively and in high yield. All these reactions are be- 
lieved to proceed via a 10-membered 'trans-decaly1'-like or 'trans-fused chair-chair'-like transition state 
as shown in (183). 

i, LDA, THF, HMPA, -78 OC, 1 h, then 1 equiv. of 2-cyclopentenone, -78 OC, 5 min 

Scheme 64 
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(enf-176) 94% ee (179) 

i, LDA, THF, HMPA, -78 "C, 1 h, then 2-methyl-2-cyclopentenone, -78 O C ,  5 min; ii, Ac,O; 
iii, Zn, AcOH, r.t., 24 h: iv, 1 equiv. TiCl,, AcOH, H20, r.t. 

Scheme 65 

(180) 82% ee (181) (182) 

i, 2 equiv. rac-(Z)-2-butenyl phenyl sulfoxide anion, THF, -78 "C, 45 min; i i ,  Zn, AcOH, r.t., 24 h 

Scheme 66 

Since allyl sulfoxides may quite easily undergo racemization at the sulfur atom via a reversible [2,3] 
sigmatropic process, the configurationally more stable chiral allylic phosphine oxides were also investi- 
gated.201 Compounds (184) and (185), prepared as a 1:l mixture from allylphosphonyl dichloride and 
(-)-ephedrine, were shown to add to cycloalkenones with reasonably high diastereoselectivities. Ozono- 
lysis of the initially formed 1,6adducts affords the respective optically active ketoaldehydes (Scheme 
67). With a N-isopropyl-substituted derivative even higher selectivities (88-98% ee) could be obtained. 

1.53.4 Reactions of Organocopper Compounds Prepared from Chiral Carbanions 

The c h i d  organocopper compound (186) adds diastereoselectively to 2-methyl-2-cyclopentenone, 
allowing the preparation of optically active steroid cD-ring building blocks (Scheme 68).202-204 A related 
method was applied to a synthesis of the steroid skeleton via an intramolecular (transannular) Diels- 
Alder reaction of a macrocyclic precursor.2o5 Chiral acetone anion equivalents based on copper azaeno- 
lates derived from acetone imines were shown to add to cyclic enones with good selectivity (60-80% ee, 
after hydrolysis).206-208 Even better ee values are obtained with the mixed zincate prepared from (187) 
and dimethylzinc (Scheme 69). Other highly diastereoselective but synthetically less important 1 ,Caddi- 
tions of chiral cuprates to prochiral enones were reported.2w.210 
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iii. iv - e  n = l , 2  

Me I "  
i, ii CHO 

(CH2),, n = 1,2  
iii, iv 

Me 
CHO 

70-7496 ee 

i, allyl-POC12. 2 equiv. Et,N, toluene, 4 0  OC to r.t., 12 h; ii, column chromatography; iii, Bu"Li, 
THF, -78 "C, then cycloalkenone, THF, -78 O C ,  30 min; iv, O,, CH2C12, -78 "C 

Scheme 67 

1 'OMe 
(186) 93% 7% 

i, Bu~P ,  Et,O, -78 "C to -20 "C, 2 h, then add H2C=C(SiMe3)COMe, Et20, -20 "C, 2 h; ii, NaOMe, MeOH, 
reflux, 3 h; iii, 3 M HCI, 0 O C ,  5 min; iv ,  chomatography 

Scheme 68 

ii-iv 

73% 
___.) - )-KLi,OMe 

phHph i phHph 
/A H 

OMe 

(187) 92% ec 

i, Bu"Li, THF, 4 0  OC, 30 min; ii, add ZnMe2, -78 "C; iii, add Zcyclopentenone, THF, -78 "C, 5 h, iv, H30+ 

Scheme 69 

1.5.4 ENANTIOSELECTNE ADDITIONS OF ACHIRAL CARBON NUCLEOPHILES TO 
ACHIRAL SUBSTRATES 

1.5.4.1 Reactions Employing Stoichiometric Amounts of Chiral Ligands or Coordinating 
Cosolvents 

1.5.4.1.1 Reactions of organocopper compounds 

Asymmetric induction in the conjugate addition of achiral residues to or,P-unsaturated carbonyl com- 
pounds can be achieved with chiral ligand-modified organocuprate reagents. Early experiments, em- 
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ploying a variety of chiral homo- and hetero-cuprates, gave very low enantioselectivities ( ~ 6 %  ee)?11-219 
only in some cases were somewhat better ee values (1 534%) ~ b t a i n e d . ~ ~ ( ' - ~ ~ ~  A reasonably high asym- 
metric induction (68% ee) was observed with (S)-N-methylprolinol as the chiral (nontransferable) ligand 
in the copper-mediated addition of methyl Grignard reagents to 1,3-dipheny1-2-pmpene- 1 -one (chal- 
cone)?24 Rolinederived ligands were also employed in other studies on the addition of magnesium- and 
lithiumcuprates to (mainly) the same substrate, leading to up to 94% ee.22s229 It was found that the se- 
lectivity (up to 50% ee) during the addition of chiral organo(heter0)cuprates to 2-cyclohexenone 
depended upon virtually all experimental variables like the ligand, the solvent, the temperature, the 
counterion in the Cu' precursor, and the cation (Li+ or Mg2+).230 Stoichiometric amounts of the tridentate 
chelate (188) effect high asymmetric induction in conjugate additions of alkylcuprate reagents to cyclo- 
hexenone, allowing, for instance, the preparation of 3-butylcyclohexanone with 92% ee (Scheme 70).231 
Optical yields of 41-83% were obtained in the addition of alkyl(hetero)cuprates to cyclic and acyclic al- 
kenones, the extent of asymmetric induction being a complex function of all experimental ~arameters .2~~ 
Only a single example exists for the enantioselective transfer of an alkenyl residue from a chirally madi- 
fied cuprate reagent: (189). a chiral building block for the synthesis of the pseudoguaianolide (+)-confer- 
tin (190),235*236 was prepared from 2-methyl-2-cyclopentenone according to Scheme 7 1 .233*234 

P-+ 0 

85-92% ee 

Scheme 70 

1 

(188) 

N 
I (h CuLi -e&- H 76% & 0 

0 0 

(189) 76% ee (190) 

Scheme 71 

15.4.1 3 Reactions of organolithium and organozinc compounds 

Asymmetric induction in the 1 ,4-addition of organometallic compounds to prochiral electron-deficient 
alkenes can be achieved in the presence of chiral coordinating c o ~ o l v e n t s . ~ ~ ~  With the tartaric acid- 
derived amino ether (191), addition of achiral Li-, Cu-, and Zn-organic compounds to a$-unsaturated al- 
dehydes, ketones, nitro compounds and ketene thioacetals led to adducts with 10 to 26% ee, and, in a 
single case, with 43% ee. The related chiral amino ether (192) effected the addition of BuLi to nitro- 
propene with even higher enantioselectivity (58% ee),238 Comparable selectivities (32 to 67% ee) were 
obtained in the conjugate addition of lithiated dithioacetals to prochiral unsaturated esters mediated by 
the c h i d  ligands (193) and (194; Scheme 72).239 The conjugate addition of Grignard reagents to enones 
mediated by chiral diamine zinc(I1) monoalkoxides gave the adducts with low ee ( ~ 1 5 % ) . ~ ~ O  

M e 2 N q N M e z  Me2N -og 0-NMe2 

OMe Me2N R 

(191) (193) R = M e  
(194) R = (CH2)2NMe2 
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67% ee 

Scheme 72 

1.5.42 Reactions Mediated by Chiral Catalysts 

I S.4.2.1 Reactions of CH-acidic compounds 

Chinchona alkaloids catalyze asymmetric alkylations of highly CH-acidic compounds with (nonpro- 
chiral) Michael a ~ c e p t o r s . ~ ~ ~ - ~ ~ ~  For instance, the quinine-mediated reaction of methyl 1-oxo-Zindancar- 
boxylate (195) with MVK affords the adduct (196) with high ee (Scheme 73) .  A polymer-bound catalyst 
may also be used without loss of selectivity.24 The same reaction is catalyzed by a c h i d  Co" diamine 
complex (66% ee).245 Chiral crown ether complexed potassium bases catalyze the Michael addition of 
phenyl acetic esters and P-keto esters (e.g. 195) to MVK and to methyl acrylate, yielding products with 
up to 99% ee.246 Other chiral cation complexants were also Chiral phase-transfer catalysts in 
the Michael reaction were used to achieve high asymmetric inductions (up to 92% ee) in related alkyla- 
tions of (less acidic) 2-alkyl- 1 -indanone  derivative^.^^^^^' The enantioselectivity of such reactions ap- 
pears to be generally lower at higher pressures.252 

I mol % quinine 

99% 

(195) (196) 76% ee 

Scheme 73 

15.4.2.2 Reactions of organometallic compounds 

There are three techniques for true catalytic enantioselective 1,4-addition of organometallic reagents to 
prochiral a,&unsaturated carbonyl compounds available so far: (i) the reaction of Grignard reagents 
with 2-cyclohexenone, mediated by catalytic amounts of the chiral binuclear CUI complex derived from 
the tropocoronand ligand H[CHIRAMT] (197) leads to rather low ee (614%); however, the authors 
mention in a footnote that substantially higher selectivities (up to 80% ee) can be obtained with use of an 
improved catalyst system;253 (ii) the asymmetric conjugate addition of dialkylzinc compounds to certain 
enones is catalyzed by a chiral Ni complex prepared in situ from a nickel(I1) salt and NAdibutylnor- 
ephedrine (198) and leads to moderate selectivities (40% ee; Scheme 74);254*255 (iii) the addition of 
tin(I1) enethiolates, generated in situ from trimethylsilyl enethiolates (199) with catalytic amounts of 
Sn(OTf);! and the bidentate ligand (200), to enones yields chiral dithioesters (201) with up to 70% ee 
(Scheme 75).2563257 
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1248% ee 
L*= Hoxph 

B u ~ N  

(198) 

Scheme 74 

Me (201) 40-70%ee 

(200) 

Scheme 75 

15.5 ADDITIONS OF NONCARBON NUCLEOPHILES 

The (diastereoselective) conjugate addition of silylcuprate reagents to a variety of chiral derivatives of 
a,P-unsaturated carboxylic acids can be used to prepare optically active P-silyl e ~ t e r s . ~ ~ ~ , ~ ~  Best results 
are obtained with substrates of type (25). The (related) @-silyl ketones, which also constitute valuable 
building blocks for (acyclic) stereoselective synthesis, are now accessible in high ee via palladium-cata- 
lyzed enantioselective 1,4-disilylation of a,P-unsaturated ketones (Scheme 76).260 

r 7 

R-R, -1 R-f-."J __c i i i  

0 PhCI2Si OSiMe3 PhMe2Si OLi PhMezSi 0 

7 6 9 2 %  ee 

i, PhC12SiSiMe3, benzene, 0.005 mol % PdCI*-(+)-BiNAP; ii, MeLi, Et2O: iii, MeI, THF 

Scheme 76 

Thiols may be enantioselectively added in a conjugate fashion to a$-unsaturated carbonyl compounds 
in the presence of chiral hydroxyamine catalysts (e.,q. chinchona alkaloids).242,244,249,252.261-269 In some 
cases ee of up to S O %  were achieved (e.g. Scheme 77).242-2619262 This methodology was utilized for the 
kinetic resolution of compound (ruc-86; Scheme 34) in a multigram scale." Related enantioselective 
1 ,4-additions of t h ioa~e ta t e s~~~ ,~"  and s e l e n ~ p h e n o l s ~ ~ ~  to enones are also known. Epoxidations, based 
on the asymmetric nucleophilic addition of peroxide anions to enones, are discussed separately.273 

While sluggish under thermal ~ o n d i t i o n s ? ~ ~ - ~ ~ ~  the asymmetric conjugate addition of amines to alkyl 
crotonates is achieved at room temperature under high pressure (I5 kbar).276 Thus, benzylamine can be 
added to the crotonate derived from 8-@-naphthyl menthol, with virtually complete diastereoselectivity. 
A related intramolecular I ,4-addition of an amine to a chiral enoate was used in a total synthesis of the 
alkaloid (-)-tyl~phorine.*~~ Additions of amines to chiral iron complexes of type (116) proceed with ex- 
cellent selectivity and allow the preparation of homochiral p-la~tams."~.~?~~'"". ' . '?  In contrast, the addi- 
tion of amine nucleophiles to chiral vinylic s u l f o ~ i d e s ~ ~ ~ - - ' ~ ~ '  and to chiral vinylsulfoximines2x1 proceeds 
with comparably low selectivities. 

Asymmetric conjugate addition of hydride to N-enoylbornane- I0,2-sultams (28) was used to prepare 
homochiral P-branched alkanoic acids.2x?.2x3 Another method involves the preparation of such com- 
pounds via a catalytic enantioselective 1 .4- red~ct ion:~~~ in the presence of only I mol % of a chiral 
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cobalt semicorrin ligand (readily available from pyroglutamic acid), ~-methyl-Zalkenoic acids were re- 
duced by NaBH4 in high yields and with up to %% ee. 

HO &”, ’u “Q, R n  + 4 *mol% Et 
toluene, -5 ‘C ’ SH 7444% 

R = H, Me, MeO, But 
Scheme 77 

73-88% ee 

1.5.6 CONCLUSIONS 

A number of techniques are now available allowing the preparation of enantiomerically pure (or at 
least enriched) compounds via asymmetric nucleophilic addition to electron-deficient alkenes. Some of 
these transformations have already been successfully applied in total synthesis. In most cases, the meth- 
ods are based on diastereoselective reactions, employing chirally modified substrates or nucleophiles. 
There are only very few useful enantioselective procedures accessible so far. The search for efficient en- 
antioselective methods, especially for those which are catalytic and do not require the use of stoichio- 
metric amounts of chiral auxiliaries, remains a challenging task for the future. 
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1.6.1 INTRODUCTION 

Vicinal difunctionalization reactions have been extensively exploited in synthetic organic chemistry 
providing rapid, convergent access to complex structures in a stereocontrolled fashion. Examples of 
these reactions are numerous;’ classical reactions such as Diels-Alder, [2 + 21 and 1,3-dipolar cycloaddi- 
tions (Volume 5). epoxidation-functionalization of alkenes? carbenoid additions to alkenes3 and the ad- 
ditions of acyl4 and alkyl5 halides to alkenes, using Friedel-Crafts catalysts, have been joined by many 
new reactions of considerable synthetic potential, including, for instance, inverse electron demand Diels- 
Alder reactions6 and radical cyclization-trapping (Volume 4, Part 4). 

1.6.1.1 Tandem Vicinal Difunctionalization 

Over the past 25 years, a specific vicinal difunctionalization sequence referred to as tandem vicinal di- 
functionalization has been de~eloped .~- ’~  The process consists of two reactions, one enabling the other to 
proceed. An initial Michael-type addition (also referred to as a conjugate or 1.4-addition) of a nucleo- 
phile, NuM, to a substrate (l), the ‘Michael acceptor’, which usually is an a$-unsaturated carbonyl-con- 
taining compound, transforms both the a- and P-carbons. The P-carbon, changing from an s$- to an 
sp3-hybridization state, becomes further substituted, and the a-carbon takes on nucleophilic character, 
usually as the carbanionic center of an ambident enolate ion (2). the ‘conjugate enolate’ (Scheme 1). The 
conjugate enolate ion subsequently can be trapped in situ using an appropriate electrophile, EX, thus fur- 
ther substituting the a-carbon. Conceptually, the process can be envisaged as a vinylogous substitution 
reaction; by means of a ‘third party’ two-carbon extension, nucleophile and electrophile react, forming 
two vicinal o-bonds. 

i. deprotect 
c (3) 

R1f R* N u  (2) “ f R  Nu  ii. EX 

EX R -  

R’ 

(3) (4) 

Scheme I 

The enolate ion generated by the conjugate addition process need not be a-functionalized in situ. It is 
an ambident anion and can be isolated as a neutral, uncharged species (4), an ‘enolate equivalent’, by 
straightforward 0-functionalization using an appropriate protecting reagent, ZX. or by simple protona- 
tion. Isolation of enolate equivalent (4) allows two courses of action. The most frequently followed is re- 
generation of the enolate, with subsequent functionalization at the a-carbon to give the vicinally 
disubstituted product, (3). Alternatively, extensive chemical manipulation of the intervening species (4) 
is possible; a series of chemical transformations can be performed between initial P-functionalization 
and the ultimate a-functionalization. 

The general reaction sequence has been named more specifically as tandem vicinal dialkylation. nu- 
cleophilic-electrophilic carbacondensation.il dicarbacondensationi2.i3 or conjugate additionenolate 
trapping,I4 usually in reference to the fact that most of the reaction examples available create two new 
vicinal carbon-carbon bonds. Many noncarbon nucleophiles and electrophiles also are known, resulting 
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in vicinal carbon-heteroatom bonds in the products of the reaction sequence. For this reason, the broader 
term used here is more descriptive. 

Tandem vicinal difunctionalizations by nucleophilic addition-enolate trapping sequences have de- 
veloped into tools of considerable utility in the total synthesis of natural products, including various ter- 
penoid~, '~  steroid^,'^-^^ prostaglandins? anthraquinones18 and lactones.1g-21 The method can be used as a 
cyclization strategy to form cyclopropanes, cyclobutanes22 and complex polycyclic products,23 as well as 
to append new rings onto a substrate molecule.24 Other applications of the reaction include the prepara- 
tion of useful intermediates such as 1,3- and 1 ,5-diones, stereoisomerically pure a@-unsaturated esters, 
y,&unsaturated ketones and a variety of heterocyclic  system^.^^-^^ The methodology continues to widen 
in scope: an umpolung version, for instance, is available, allowing addition of the nucleophile to occur at 
the a-carbon and that of the electrophile to occur at the p-carbon.28 

1.6.1.2 Historical Background 

Early research optimizing reaction conditions for the 1,2-addition of Grignard reagents to a,p-unsatu- 
rated ketones noted the formation of undesired secondary products unless a large excess of the Grignard 
reagent was used.29 Recognition that an alternate 1 ,Caddition pathway was possible, generating a con- 
jugate enolate30 capable of reacting with the starting ketone when present in significant concentrations, 
led to the identification of the observed secondary products as dimers formed by a tandem conjugate ad- 
dition-aldol condensation proce~s.~ I 

The synthetic implications of this discovery were slow to be exploited. Base-initiated dimerizations of 
2-cycloalkenones, known to give crystalline s ~ l i d s , ~ ~ + ~ ~  remained puzzling for some time before con- 
jugate additions were suggested to account for some of the possible products;34 indeed, the product of 
base-catalyzed dimerization of 4,4-dimethyl-2-cyclopentenone, which proceeds via a double Michael ad- 
dition sequence, was not identified until 1969 (Scheme 2).35 An unanticipated cyclopropanation reaction 
of a ~ r y l a l d e h y d e ~ ~ , ~ ~  using ethyl bromomalonate and proceeding by means of a similar Michael addi- 
tionSNi enolate alkylation represents an early synthetic use of tandem vicinal difunctionalization. 

\ 

Scheme 2 
40% 

As the synthetic value38 of regiospecifically generated enolates became apparent in the 196Os, new 
methods were discovered and developed to prepare them. Dissolving metal conjugate reduction of a$- 

CHz=CHCH?Br 
+ rn-MeOCsH4MgBr - 

cut' 1 m-MeOC6H4& L 

/ %,, 

b- 
Scheme 3 
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unsaturated ketones to produce enolates, which could be C-alkylated using appropriate electrophile~,'~ 
comprises the first exploitation of a one-pot, threecomponent tandem vicinal difunctionalization re- 
action. The method was extended to conjugate additions of nucleophiles in aprotic media and applied to 
natural product synthetic strategy, the initial example being a key step in the total synthesis of lyco- 
podine (Scheme 3).40 

1.63 MECHANISM AND STEREOCHEMISTRY 
The two distinct bond-forming steps in tandem vicinal difunctionalization have been studied exten- 

sively. The first step consists of a nucleophilic addition to a wsystem; the nucleophile is almost invari- 
ably an organometal. 1 ,rl-Addition to an a,&unsaturated carbonyl substrate concomitantly generates a 
new a-bond at the Pcarbon and an enolate ion. The second step constitutes C-functionalization of the 
enolate intermediate, forming a new a-bond between the nucleophilic a-carbon of the enolate and an 
electrophilic reagent. 

The mechanism of the inital conjugate addition step undoubtedly varies according to the identity of the 
n~cleophi le?~*~~ The most common nucleophiles used are organocopper reagents. The fundamental as- 
pect of organocopper conjugate additions to a,p-unsaturated carbonyl submates is agreed43 to be oxida- 
tive addition of a dl0 cuprate, producing a transient copper(II1) (d) intermediate. Reductive elimination 
follows to generate a new chemical bond at the pcarbon of the substrate, a conjugate enolate and a cop 
per(1) species (Scheme 4). Copper(I>.rr-bond coordination clearly precedes bond formation;44 an altema- 
tive pathway involving ~arbocupration~~ instead of a copper(II1) intermediate has been proposed and the 
specific nature of the reaction continues to be investigated. 

- ~ 

R-Li-R - ___) 

Cu I Cu I + F R  
I I 

R-Li-R 

1- R c R + RCu 

l-R 

I 

I 
cu"' 

R 

Scheme 4 

The mechanistic details of conjugate additions of less common noncopper(1)-containing nucleophiles 
have not received as much attention.-8 Grignard reagents which undergo conjugate additions with spe- 
cific a,&unsaturated substrates appear to do so by means of a single-electron transfer mechanism, 
whereas Michael additions of enolate anions may proceed by either single-electron mursfer or a tradi- 
tional nucleophilic addition to the carbon-carbon multiple bond of the ~ubstrate.4~ 

The second step of the tandem vicinal difunctionalization sequence, a substitution reaction of an enol- 
ate with an electrophile, is mechanistically identical to the C-alkylation of regiospecifically generated 
enolates?8 For electrophiles of relatively low reduction potentials?O such as alkyl iodides, the substitu- 
tion reaction appears to proceed via a single-electron transfer mechanism. Electrophiles with higher re- 
duction potentials such as alkyl bromides, on the other hand, appear to undergo bond formation 
according to an S N ~  mechanism (Scheme 5h5I5* Often it is found that the identity of the counterion pro- 
foundly influences the reactivity of the enolate towards the ele~trophile.~~* The counterion typically is 
predetermined by the first step of the tandem vicinal difunctionalization and can be a limiting factor in 
reactivity of the enolate towards reaction with an electrophilic reagent. 

As with mechanism, the stereochemical outcome of tandem vicinal difunctionalization is dependent 
upon the individual bond-forming steps in the sequence. The conjugate addition reaction is quite sensi- 
tive to the steric environment of the a,@-unsaturated substrate, so that the bond-forming process at the p- 
carbon adheres to steric approach control factors: the 5-methoxycarbonyl substituent of (5) directs axial 
attack of a bis(dimethylphenylsily1)copperlithium reagent so that only the 3,5-trans adduct is fonned 
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OM 0 
I 

+ R ' - X  

R R 

11 SET 

Scheme 5 

(equation l);55 smaller substituents have essentially the same effect (equation 2).56 Subsequent a-func- 
tionalization of the conjugate enolate does not always proceed with such high stereoselectivity, as these 
two examples indicate. Thermodynamically more stable trans products usually predominate, as predicted 
both by steric approach and product development control fa~tors ,~ ' ,~* but a complex combination of 
other factors (the enolate counterion, the nature of the enolate itself, the reaction conditions, the nature of 
the electrophile) make predictions difficult and occasionally unreliable. When (5) undergoes conjugate 
addition with diphenylcopperlithium and the resulting adduct is a-methylated, the cis and not the trans 
product predominates (equation 3).59 A relatively stereochemically remote substituent on an electrophile 
clearly influences the stereoselectivity of a-functionalization during tandem vicinal difunctionalization 
of cyclopentenone (6; equation 4).60 

If the product of a-functionalization has a tertiary a-carbon, equilibration can occur under the condi- 
tions of tandem vicinal difunctionalization, as in equation (2). The equilibration process can proceed at 

0 0 

c 
i ,  THF, -23 "C 

i i ,  Mel, HMPA 
+ (PhMe2Si)2CuLi 

88% CO2Me 
(5) 

i ,  -78 "C 

i i .  Me3SiCI 
(CH2=CMeCH2)2CuLi * 

L 

i ,  LiNH2, THF 

i i ,  Bu"1 

78% overall 

0 0 
i ,  H,O+ 

i i ,  LDA 
+ Ph2CuLi 4 i i i .  CuCN, MeI, HMPA 

(3) 

transxis = 35:65 68% 
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0 0 

R = Et, transxis = 88: 12 
R = But, >99% trans 

rates sufficiently fast to obscure the original stereopreference of the a-bond-forming step: methylenecy- 
clohexane annulation of cycloalkenones provides the expected kinetic cis-fused adducts after intramole- 
cular a-alkylation of the conjugate addition products, but if there is no 2-substituent on the starting 
cycloalkenone, the kinetic product equilibrates to give substantial quantities of the thermodynamically 
more stable trans adducts (equation 5).6' 

KH 

THF, r.t. 

86%. R = H -w '  7 8 8 ,  R = Me - 81%. R = H 
55%, R = Me 

i, THF, -78 "C 

CuMgBr i i ,  "&I, HzO 
2 

R = H  33% 
R = M e  100% 

66% 
0% 

1.63 THE a#-UNSATURATED SUBSTRATE 

The variety of conjugated unsaturated substrate types that can be used in tandem vicinal 
difunctionalization sequences allows considerable latitude in substrate choice. Generally, the only strict 
requirements that a potential substrate must meet are that the a-carbon of the a,p-unsaturated carbon- 
carbon bond moiety be substituted with an electron-withdrawing group, usually a carbonyl-containing 
group or some other unsaturated group capable of making the p-carbon electrophilic, and that there be no 
functional groups present in the substrate that would be incompatible with the nucleophile to be added. 
The latter requirement usually precludes the use of unprotected, relatively acidic functional groups in the 
substrate, such as carboxylic acid, hydroxy, thiol or p-keto ester groups. Exceptions to the former re- 
quirement are possible; especially noteworthy is the ability to use alkynes as substrates. A synthesis of 
spirovetevanes exploits tandem vicinal difunctionalization of a fulvene (equation 6).62 

1.63.1 Aldehydes and Ketones 

Ketones, specifically 2-alkenones and 2-cycloalkenones, have been used extensively as substrates for 
tandem vicinal difunctionalization, allowing delineation of various reactivity patterns based upon the 
structural elements present in the enone. Aldehyde substrates have been used less widely; comparison 
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with analogous enone substrates indicates that they may be less effective Michael acceptors, resulting in 
lower isolated yields of reaction sequence prod~cts.6~ 

1.6.3.1.1 Acyclic aldehydes and ketones 

Aldehyde substrates behave in a manner similar to the analogous ketone substrates in organocopper- 
initiated 1,4-addition<onjugate enolate alkylation reactions (equation 7);64 yields are comparable and 
the diastereoselectivity of the reaction sequence resulting from overall trans difunctionalization is good. 
In some cases, such as in the synthesis of a degradation product of chl~rothricin,~~ complete regio- and 
stereo-control is possible. Cyclopropanations are possible using bromomalonates as Michael donors to 
a,@-unsaturated  aldehyde^?^ as noted earlier; aldimine derivatives of a,@-unsaturated aldehydes serve as 
aldehyde functional group equivalents and permit naphthaldehydes to undergo organometal 1 ,4-addi- 
tion-a-alkylation sequences.66 

- YR i, (PhMe2Si)2CuLi 

ii, Me1 Ph SiMezPh 

74%, R = H threo:erythro = 12: 1 
57%, R = Me threo:erythro = 49: 1 
70%. R = Ph rhreo:erythro = 1OO:O 

Ph +COR (7) 

Acyclic enone substrates have been studied in detail: as with most reactions involving 1,4-addition, 
substrate substitution has a large influence on reaction outcome. Substituents on the a’-position of the 
enone act as steric directors, shielding the carbonyl carbon from the nucleophile and thereby promoting 
the 1,4-addition mode. Understandably, the degree of influence exhibited by an a’-substituent will vary, 
depending upon the identity of the nucleophile. For organocopper nucleophiles, phenyl and benzyl vinyl 
ketones are superior Michael acceptors compared to methyl vinyl ketones67 (equation 7).64 Methyl vinyl 
ketones are also the poorest substrates for enolate and acyl anion nucleophiles; interestingly, the homolo- 
gous ethyl vinyl ketones are best, as illustrated by equation ( 8 ) . 6 8 9 6 9  

71%, R = Me 
79%, R = Et 
54%. R = Pr” 

Large steric requirements and charge at the a’-position of the enone substrate are combined in highly 
effective charge-directed conjugate addition-enolate functionalization reactions.70 Michael acceptor 
acylphosphoranes such as (7; equation 9) react with a wide range of nucleophiles, including many al- 
kyllithium reagents that normally add to enone substrates by l ,2- and not 1.4-additi0n;~’ the intermediate 
conjugate enolates are a-functionalized easily to give acylphosphorane adducts such as (8).72 Conversion 
of compounds such as (8) to ketones can be accomplished by decarboxylation and hydrolysis; the 
method can be used to initiate intramolecular cyclizations leading to three-, five- and six-membered 
rings. In a related vein is the use of a,@-unsaturated acyliron complexes as Michael acceptors in tandem 
vicinal difunctionalization reactions (equation 10).73*74 The [(q5-CsH5)Fe(CO)PPh3] moiety of (E)-croto- 
nyl complex (9) activates the substrate towards 1,4-addition and provides excellent diastereoselectivity 
during the reaction sequence,75 resulting in completely diastereospecific and usually rare cis dialkyla- 
t i ~ n . ~ ~  The substrate has been used in the synthesis of @-lactams and a single enantiomer of the pseudo- 
octahedral complex can be used in the difunctionalization sequence: (R)-(9)  yields (2R,3S)-acids, 
-amides and -esters after decomplexation. 
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0 

(9) 
i, THF. -78 OC 

ii, Me1 
71% 

PPh, 

Ph Ph Ph Ph 

Enhancements of the chemical yields of tandem vicinal difunctionalizations are realized when the sub  
strate enone bears an a-substituent. Replacement of the a-hydrogen of an a,P-unsaturated enone with a 
methyl group almost always provides such enhancement (equation 1 1)77 by stabilizing the conjugate 
enolate, thereby reducing the amount of equilibration before a-functionalization occurs. Larger substi- 
tuents, especially those that are able to stabilize the conjugate enolate by inductive or resonance effects, 
should provide similar results, although cycloalkenone difunctionalization examples indicate that this 
may not always be the case. 

vCoMe i, Me,CuLi, 0 OC R &COMe 

ii. MeI, DME A 
46%, R = H 
64%. R = Me 

I' 

The sensitivity of the conjugate addition reaction to steric factors would indicate that @-substitution of 
the a,&unsaturated substrate leads to lower overall reactivity of a prospective Michael acceptor towards 
tandem vicinal condensation. In the absence of Lewis acids78*79 this prediction is borne out: f3,Pdisub 
stituted enones usually are poor substrates for difunctionalizations using bulky, stabilized Michael do- 
nors. Intermediate combinations of steric bulk in the initial nucleophile and the substrate are not as 
discriminating, especially when the nucleophile is an organocopper reagent or a simple enolate, as illus- 
trated in equations ( 12p7 and (13).8O The combination of steric and electronic factors that deactivate the 
Michael acceptor towards conjugate addition can substantially reduce chemical yields of the difunction- 
alized product (equation 14).69 

i, MezCuLi, -78 OC 

ii, PhCHO. ZnCI2, 0 OC 
- 

758,  R =Me, R' = H 
72%, R = R' = Me 

R 6COMe R' 

Bu'MezSiO i, cat. Ph3CC104 

A i i ,  PhCHO R ? +  Ph 
L 

91%. R = R' = Me 
93%. R = Ph, R' = H 

phv;-. R' 

0 A 
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R j C O M e  Li' 'C0,Et ii,CHzO 

7 1 % , R = H  
47%. R = OMe 

For the most part, alkynic and allenic ketones have found limited use in conjugate addition-enolate 
trapping  sequence^;^^^^^^^ their analogous esters have been used with far greater frequency (vide infr.). 
Alkynic ketones, in particular, have found use in development of a new anionic polycyclization method 
consisting of intramolecular Michael addition followed by intramolecular alkylation (equation 1 5).84 

i, 3 equiv. CSZCOJ 

ii, DMF, 65 "C 
Br 80% 

I .63.1.2 Cyclic ketones 

The prevalence of a$-disubstituted cycloalkanones and substituted cycloalkanone substructures in na- 
ture has resulted in the use of a large number of moderate (5-8) ring size 2-cycloalkenones in total syn- 
theses exploiting a tandem vicinal difunctionalization strategy. Equation ( 16) provides a representative 
example for a total synthesis of glycinoeclepin A,' in which (R)-carvone undergoes diastereospecific 
tram dialkylation to yield the 2,2,3,5-tetrasubstituted cyclohexanone (10); the method also has found ex- 
tensive use in three-component coupling syntheses of  prostaglandin^.^,^^ General trends, especially for 
cyclopentenones and cyclohexenones, are discernable. On the whole, cyclopentenones are more reactive 
substrates than higher homologous cycloalkenones. Isolated yields usually are better, as illustrated by 
equation (17).@j The rate of equilibration of the conjugate enolate intermediate varies with ring size, cy- 
clopentanone enolates equilibrating more rapidly than cyclohexenone en~lates.~' Often, a-substituents 
must be employed to prevent equilibration: thus, 2-methyl-2-cyclopentenone is superior to 2-cyclopente- 
none as a substrate for difunctionalization. Arylhetero a-substituents which both stabilize the conjugate 
enolate toward equilibration and enhance subsequent a-functionalization can be used as substrate auxil- 
iaries, resulting in 2cyclopentenone synthetic equivalents which exhibit superior stereo- and regio- 
chemical results in the difunctionalization sequence. Common examples include 2-phenylthi0-~~ and 
2-phenylselenyl-2-cyclopentenone.89 Enantiomerically pure 2-arylsulfinyl-2-cycloalkenones offer addi- 
tional, directable diastereofacial bias during difunctionalization to produce cycloalkanones of high en- 
antiomeric purities (equation 18; NMP, N-methyl-2-pyrr0lidone).~ Substituents at the a-position of the 
substrate which activate it toward conjugate addition can promote regiospecific attack of the Michael 
donor when other competing modes of conjugate addition are possible (equation 19)?l 

Cycloalkenones are intrinsically less reactive than non-P-substituted acyclic enones. Cycloalkenones 
with P-substituents often undergo reaction with Michael donors quite slowly; a lower degree of stereo- 
and regio-control as well as lower chemical yield result?* These observations can be synthetically useful, 
allowing discrimination between two possible Michael acceptor sites in a m o l e c ~ l e . ~ ~ . ~  Lewis acid catal- 
ysis78.79 of the conjugate addition process usually can greatly enhance the rate at which P-substituted cy- 
cloalkenones rea~t .9~ Substituents at positions other than the a- and P-positions typically neither promote 
nor interfere with difunctionalization. In the case of particularly bulky a'-substitution, it is reasonable to 
assume that 1 ,Caddition might be enhanced when using nucleophiles that otherwise would show some 

0 
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"%,, 

i, HMPA-THF, -78 "C 4 Me0 (CHZ)~ (17) 
ii, Mel. 4 0  "C 

Li 
0 

+ M e 0 4  SiMq 
SPh 

98%, n =  1 PhS SiMe3 
65%. n = 2  

b H 2 ,  

i, M e 0  mMgBr 
ii. MeI. NMP 

cixtrans = 2: 1 78% 

i. BunMgBr, 
C02CH2CH=CH2 2.5% CuBr*SMe2 A C O 2 C H 2 C H - C H 2  i, NaH * 

ii, H20 
64% 

ii. CH,=CHCH2Br 
69% 

preference for 1,2-addition; similarly, a'-disubstitution would eliminate any problems arising from 
equilibration of the conjugate enolate. 

It is possible to use a,p-disubstituted cycloalkenone substrates for the construction of vicinal, quarter- 
nary carbon centers. Equation (20)" illustrates such a successful application; typically, however, enolate 
equilibration and steric congestion prevent straightforward application of the method. 

(20) 
THF 

reflux 
___.) 

7@%0 

0 4 + Me02CYC02Me 

Me02C Na 

MeOzC A C02Me 

1.63.2 Esters and Amides 

Conjugated, carbonyl-containing unsaturated compounds bearing a carbonyl carbon of oxidation state 
I11 are very good substrates for tandem vicinal difunctionalization and have been used widely. Anionic 
polymerization of acrylates, providing high molecular weight addition polymers, such as poly(methy1 ac- 
rylate) and poly(methy1 methacrylate), is an iterative tandem vicinal difunctionalization sequence con- 
sisting of sequential Michael additions and is indicative of the broad utility of the technique in applied 
chemistry. 
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1.6.32.1 Acyclic esters and amides 

Alkenoates and alkenamides most commonly are prepared from the respective carboxylic acids or car- 
boxylic acid halides, so it is interesting to inquire as to the suitability of these later compounds as sub- 
strates in difunctionalization reaction sequences. Under most reaction conditions, unsaturated acids and 
acid halides will react with the initial Michael donor to give either a salt or will result in acylation instead 
of the desired 1 ,Cadduct. A few rare examples demonstrate successful difunctionalization using such 
substrates, however. In equation (2 l), acrylic acid equivalent (11) undergoes 1,4-addition with tert-bu- 
tylmagnesium chloride; the intermediate dianion undergoes regiospecific a-alkylation in excellent 
yield.'O In equation (22), transient acylsilane (12) undergoes a 1,4-addition-initiated dimerization to give 
lactone (13).97 

i, C,Hl,CHO -L ~~t 7 " z H  

ii, H+ I B d G O - ]  96% CSH17 

(21) 
SiMe3 2.2 equiv. Bu'MgC1 

SiMe3 
+ 

COZH THF, -78 OC 

(11) 

In most cases9* conjugate addition-enolate alkylation reaction sequences do not exhibit particular sen- 
sitivity with respect to the identity of the alkyl group present in the alkyl alkenoate substrate. When a Mi- 
chael donor has been chosen that reacts in both the 1,4- and 1.2-addition modes, it may be possible to 
choose an alkyl group for the ester substrate that forces the Michael donor to undergo exclusive 1.4-addi- 
tion by sterically shielding the carbonyl carbon from attack by the nucleophile (equation 23).w 

OMe OMe 
I I 

i, PhLi w But Q 
ii, 88% Me1 O& Ph 

But 

"P 0 Ph 0 Ph 

Simple substitution at the a-carbon of the enoate substrate also does not appear to have much effect on 
the course of the reaction: methyl acrylate and methyl methacrylate both function well as substrates in 
the reaction sequence and isolated yields of the products are similar.100 In certain sterically demanding 
reaction sequences, a-substitution does reduce the chemical yields of the products but the presence of an 
a-substituent appears to be of greater importance than the particular identity of the substituent.lo1 As 
with ketones, enoate substrates are activated towards tandem vicinal difunctionalization when electron- 
withdrawing a-substituents are present.102-104 

Enoate P-substitution and P-disubstitution cause a decrease in the rate of the initial conjugate addition 
step of the reaction sequence that is directly related to the steric bulk of the s u b s t i t ~ e n t . ~ ~ ~ ~ ' ~ ~  Equation 
(24) provides a representative case in the a-alkylation of enoates by means of conjugate amination-enol- 
ate alkylation followed by dehydroamination.IM When P-substitution results in stereoisomeric (0- and 
(Z)-alkenoate substrates, tandem difunctionalization typically proceeds with greater facility for (0- 
i ~ o m e r s . ~ ~ ~ ~ ~  Obviously, when the double bond of the ester is part of a medium-sized ring, an (0-alke- 
noate geometry is mandated; in such cases, tandem vicinal difunctionalization proceeds with uniformly 
excellent results (equation 25).25 

When alkynic esters are used as substrates in the reaction sequence, activated alkenes of good isomeric 
purity can be prepared. Initiation of the difunctionalization usually is by means of organocopper-medi- 
ated l,Caddition, which proceeds via carbometallation of the alkynyl moiety of the ester to give a vi- 
nylcopper intermediate, (14). Trapping by an electrophile affords cis-difunctionalized alkenoates 
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0 

69%, R = n-C7H15 (E):(Z)  = 88:12 
33%. R =pi (E):(Z) = 955 

(Scheme 6). Alternatively, (14) may equilibrate via an allenolate species, (15),Io7 in which case the stere- 
ochemistry of the resulting alkenoate can be (2) or (E), depending upon the steric interactions experi- 
enced between the electrophile and (15) during a-functionalization.lM Loss of the stereointegrity of 
intermediate (14) is common82~108-110 and clearly temperature- and reagent-dependent;lll.llz ester sub- 
strates appear to be somewhat less prone to equilibration than their corresponding ketones. Reactive elec- 
trophiles, such as acid chlorides, compete with equilibration effectively'" to result in net cis 
difunctionalization, whereas less reactive or bulky electrophiles result in net trans difunctionalization. 
Equations (26)Il3 and (27)111 are indicative of the degree of control that can be obtained over the stereoc- 
hemical outcome of the reaction. 

R OMe R', OMe 1 _ R "  C02Me - - 
R' R)=(co2Me= E @ R' W u L -  Li+ - R Po=( W u L -  Li+ R E  

p.=( 
(15) (15) 

Scheme 6 

i. ether, -78 O C  - ( y y  COzEt (26) 

ii, 
HC CCOZEt + (MeCu -Bun)Li 

, -78 OC 
92% 

65% 
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Allenic esters react as enoates in tandem difunctionalization reactions using organocopper reagents as 
Michael donors; B,y-unsaturated esters result (equation 28).81 These substrates have found application in 
the synthesis of a variety of heterocyclic systems.114 

(28) 
JCozEt i, MezCuLi, Et20 

75-95% 

=.- 
ii, CHz=CHCHzCl, DME 

Secondary and tertiary enamides and tertiary thioenamides undergo conjugate addition+-functionaliz- 
ation reactions initiated by alkyllithium and Grignard reagent Secondary amides 
must be protected before the reaction by trimethylsilylation1’8 or by amination;’ l9 alternatively, 2 equiv. 
of the organometal Michael donor can be employed, the first to deprotonate the amide before conjugate 
addition proceeds with the second equivalent of donor reagent.l15 Enantiomerically pure enoylsultams, 
such as (16) in equation (29), serve as very effective substrates for chelation-controlled, dia- 
stereodiscriminating l ,4-addition-enolate alkylation; 120,121 isolated yields and percent asymmetric induc- 
tion usually are excellent. Conjugated, alkynic amides also have been noted to serve as substrates in a 
conjugate stannylation-a-alkylation sequence. 122*123 

1.6.3.2.2 Cyclic esters and amides 

While a$-unsaturated lactams have not been exploited as substrates in tandem vicinal difunctionaliza- 
tion, the corresponding lactones serve as key substrates in the convergent preparation of l i g n a n ~ , ~ ~ ~ ~ ~ ~  
analogs of  prostaglandin^,'^^.'^^ anthraquinone-derived antibiotics’* and macrolides. I N  y-Butenolides 
and 4-substituted y-butenolides have found the most frequent use and react with a variety of combina- 
tions of Michael donor and electrophilic reagents to give uniformly high yields of trans a#-disubstituted 
lactone adducts. Equation (30) is illustrative of the use of y-butenolide in the synthesis of lignans related 
to the podophyllot~xins.~~~ 

OH 0 

i, THF, -78 “C 

ii, piperonal M e 0  
c 0 (30) 

M e 0  98% SPh 

1.633 Alkynes 
’ Alkynes are unusual in that they are able to undergo vicinal, nucleophilic addition-electrophilic coup- 
ling reactions without prerequisite activation of the triple bond by substitution with an electron-with- 
drawing group on one or both of the sp-hybridized carbons. Such tandem difunctionalization reactions 
proceed by carbometallati~n,~~J~~-~~~ producing a vinylic organometal intermediate by syn Markovnikov 
addition of a nucleophilic organometal reagent across the triple bond. Highly stereoselective syn difunc- 
tionalization occurs after subsequent reaction with an electrophile (cf. Scheme 6 and Volume 4, Chapter 
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4.4). In particular, when the nucleophilic reagent is carbanionic in nature, the method Sewes as an emi- 
nently satisfactory way to prepare stemisomerically pure di-, tri- and tetra-substituted alkenes. Most 
commonly, the nucleophilic organometal of choice is an organwopper reagentlo or an organozinc re- 
agent;'33 usually, terminal alkynes are used in the reaction, but some internal alkynes are reactive as 
well. There is considerable tolerance to a variety of functional groups in the substrate; again, the only 
cautions to be observed are that highly acidic or otherwise electrophilically reactive groups are not pres- 
ent. Equation (31) provides a typical example resulting in (E)-enyne (17);lM iterative use of the method 
(Scheme 7) results in the rapid synthesis of a variety of insect pheromones, such as the codling moth 
constituent (18).'35 While heteroatom-containing substituents that are distant to the triple bond have no 
effect on the course of the reaction sequence, proximal heteroatoms can alter its regiochemistry, presum- 
ably through chelation-controlled attack of the nucleophile (equation 32).136 . 

Bu'CPCfPh OTs- ph 
+ EtCu(Me2S)MgBr2 - 

Ph -78 "C -78 O C  to r.t. * Et?"' 

79% But 
(17) ( E )  >98% 

ether 

-60 "C 
Et2CuLi + 2 HC-CH - 

Etl=/-$2uLi 
SEt 

L J 

i-iv + v-ix 
__c ___) 

42% 
+ PSCu(Me2S)MgBr2 - - 

89% 

C02H 
'OH 

(18) 

i, -23 "C, 2 h; ii, PPCSLi ,  HMPA, -78 OC, 1 h; iii, ethylene oxide, -78 to 20 "C; iv, aq. "&I; v. TsCl; 
vi, NaI; vii, Mg; viii, CuBr*Me2S; ix, WCECH; x, LiAIH, 

Scheme 7 

A similar but conceptually distinct approach to difunctionalization of terminal alkynes consists of se- 
quential carboboration-palladium-catalyzed cross-~oupling;'~~ equation (33) illustrates that this method 
also provides alkenes of high stereochemical purity by net syn Markovnikov addition. Benzyne-contain- 
ing molecules can act as highly activated substrates for vicinal difunctionalizations initiated by nucleo- 
philes; 138-140 thus, nucleophilic addition-electrophilic trapping can serve as an alternative to sequential 
directed metallation for the production of 1 .Zdisubstituted and 1,2,3-trisubstituted aromatic systems 
(equation 34).14' 
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i, BBQ, CHzCl2 
ii, Pdc l~(PPh3)~  Bun 

I 

-h N 

iIc, 
( E )  98% iv, MeOLi, CHZ=CHCHzBr 

56% 

- I 

ii, Me1 
68% &Iun \ 

(34) 

1.63.4 Other Substrates 

Most substrates that do not contain a carbonyl moiety conjugated with an alkene or alkyne fall into 
two reactant types: those bearing a masked carbonyl equivalent, in conjugation with the alkene through a 
carbon atom of oxidation state I1 or 111, and those bearing other activating substituents conjugated or co- 
ordinated with the alkene through a heteroatom. 

1.6.3.4.1 Nitriles 

As carboxylic acid synthetic equivalents, a#-unsaturated nitriles provide an alternative to esters for 
use in carboxylic acid synthesis by tandem difunctionalization. Use of these substrates has been limited, 
however: when alkylzinc halides are used as Michael donors, difunctionalization proceeds well and pro- 
ducts can be isolated in high yields;14* sodium enolates also serve as Michael d0n0rs.l~~ Alkylidenemalo- 
nonitriles react with alkoxidesZ6 and thiolatesIM to initiate cyclizations, leading to tetrahydrothiofurans, 
pyrones and pyridines. In a related difunctionalization sequence, allenic and alkynic nitriles undergo con- 
jugate addition reactions with o-aminobenzyl alcohol; subsequent dehydration of the conjugate adducts 
produce o-xylylene intermediates which undergo cyclization to give  quinoline^.'^^ 

1.63.43 Sulfoxides and surfones 

Vinylic sulfoxides are utilized in asymmetric synthesis; their role as Michael acceptors has been the 
topic of considerable Only a limited number of Michael donor reagents can be used to initiate 
the conjugate addition-conjugate anion trapping sequence, and usually special reaction conditions are 
employed. The addition of dialkylcopperlithium reagents to p-chlorophenyl vinyl sulfoxide is successful 
at 4 0  'C in a mixed solvent system of ether and dimethyl sulfide; electrophilic trapping provides the 
vicinally dialkylated adducts in fair to good yield.147 The reaction conditions appear to be specific for the 
particular substrate. A related vicinal difunctionalization of a vinylic sulfoxide has been used in the total 
synthesis of (R)-(+)-canadine,14* consisting of an intramolecular 1 ,Caddition of an amine nucleophile; 
the conjugate adduct subsequently is subjected to cyclization via intramolecular Pummerer rearrange- 
ment, thereby alkylating the sulfoxide at the a-carbon. 

Vinylic sulfones are much more reactive as Michael acceptors in tandem difunctionalization reactions 
and consequently have less stringent requirements as to initiating Michael donor and reaction conditions, 
as shown in equation (35).'49 They have been used to prepare polycyclic hydrocarbon~l~~ and hetero- 
cyc le~ , '~ '  as well as a considerable number of prostaglandin analogs. 152~153 Uncommon stereochemically 
constrained syn conjugate addition-conjugate anion alkylation of a phenyl cyclohexenyl sulfone pro- 
vides an important ring-forming step in a synthesis of morphiene (equation 36).'% 



252 Polar Additions to Activated Alkenes and Alkynes 

i, BunLi 

ii, -78 to 4 OC 
63% 

PhO$ ' 

I .63.43 Phosphorus-containing substrates 

Vinylphosphonium salts and dialkyl vinylphosphonates generate Wittig-type conjugate anions upon 
1 ,Caddition of a nucleophile; they, therefore, serve as substrates for tandem vicinal nucleophilic addi- 
tion-Wittig alkenation when reacted with a Michael donor and a carbonyl-containing electrophile, result- 
ing in net allylation of the donor reagent upon completion of the reaction sequence (equation 
37).1m.155-157 The substrates can be used to prepare a variety of heterocycles158 and c a r b ~ c y c l e s ~ ~ ~  when 
Wittig alkenation proceeds intramolecularly; 1,2-~inylenebisphosphonium salts function similarly.160*161 
The conjugate anions are reactive towards other electrophilic reagents as well, enabling, for instance, the 
production of relatively complex phosphonates,162 cyclopropanes and cy~lohexanes.2~ 

i, 2 equiv. Bu"Li 
MeCN + 0 OC, THF 

PPh3 B i  - 
ii, PhCHO 

73% 

BnNHz + [CH2=CHPPh3]+Br- - reflux BnNH - 
95% 

(37) 

BnNH e Ph 

(E):(Z)  = 7 1 :29 

1.63.4.4 Imine-containing substrates 

a#-Unsaturated aldehydes protected as imines by reaction with primary amines undergo tandem vici- 
nal dialkylat i~n; '~~ when enantiomerically pure amino acid esters are used to generate these imines, the 
reaction sequence can proceed with good levels of asymmetric induction from the dia- 
stereodifferentiating effects of the imino moiety upon the constituent carbon-carbon bond-forming re- 
actions.lU Similarly, conjugated carboxylic acids protected as benzothiazoles act as substrates for 
conjugate addition-conjugate anion trapping r ea~ t i0ns . l~~  Perhaps the most synthetically useful imine- 
containing substrates are oxazolines prepared from 1- and 2-naphthoic a ~ i d s . ' ~ , ~ ~ ~  These compounds 
allow direct introduction of vicinal substituents into the naphthalene .rr-system by addition of organoli- 
thium reagents followed by electrophilic trapping (equation 38). Imines of the corresponding I-naphthal- 
dehyde behave similarly.66 

i .  Bu*Li. THF 
4 5  o c  * 

ii, Me1 
94% 

slc 
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1 d3.45 Miscellaneous subsimtes 

As previously illustrated in equation (a), fulvenes can undergo Michael donor-initiated tandem difunc- 
tionalization.62 Nitroalkenes, superior heterodienes in [4 + 2) cycloaddition reactions,Ia would appear to 
be very good candidates for nucleophilic addition-conjugate anion trapping reactions. These substrates 
do undergo Michael additions" but so far have found scant use,17o likely because the Nef-type3Is con- 
jugate anion intermediates that form are not inherently nucleophilic at the a-carbon. (q-Arene) tricarbo- 
nylchromium complexes'71 offer a synthetic alternative to oxamline-mediated vicinal &alkylation of 
arenes, undergoing nucleophilic addition to give an alkylchromium intermediate; carbonyl insertion into 
the chromium-carbon bond and subsequent alkylation affords ketones (equation 39). 172 Allenes undergo 
effective silylcupration-alkylation rea~ti0ns.l~~ Lastly, polyunsaturated ketones and esters, capable of 
undergoing 'extended' 1 .(4 + 2n)-addition reactions, have received limited attention as substrates for 
conjugate addition-enolate trapping sequences.65~10s~174~175 1,4-Addition-initiated vicinal difunctionaliza- 
tions generally predominate, as exemplified in equation (40).174 Related substrates (19) and (20), wherein 
one of the two double bonds in a conjugated alkadienoate is replaced by a cyclopropyl moiety, undergo 
net 2,6-dialkylation and 2,3-dialkylation, respectively (equations 41 and 42).176 

@Cr(C0h 

i, Bu'Li, THF 
-78 to 0 "C 

ii, Mel, HMPA 
iii, PPh3 

67% 

(39) 

0 Ph 

MeOH 
T 

THF, -78OC 
75% 

(40) 

LDA - CYNo2 NaoMe - 

'% ph Ph 

T = r.t. 7% 
T = reflux 20% 

93% 
80% 

88% 

i, Bu"2CuLi 

ii, CHz=CHCHzBr 
98% 

1.6.4 THE NUCLEOPHILE 
A wide range of nucleophilic reagents has been used to initiate tandem vicinal difunctionalizations of 

a$-unsaturated carbonyl-containing substrates. Dominant among these reagents are organocopper (Gil- 
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man) reagents&'O~~~ and, to a lesser extent, e n ~ l a t e s ; ~ $ ~  their use reflects the normally high regio- 
selectivity of these reagents for 1,4- versus 1 ,2-addition as well as their reliably high relative nucleophil- 
icities compared to their basicities. 

1.6.4.1 Hydrides 

As previously mentioned, the first exploitation of a one-pot, three-component tandem vicinal difunc- 
tionalization reaction employed a dissolving metal conjugate reduction of a,@unsaturated ketones to 
produce enolates, which were C-alkylated using various electr~philes.~~ Such dissolving metal conjugate 
reduction-enolate trapping remains the most popular route to prepare a-alkylated ketones from enones. 
Other reagents have been developed to act as regioselective, 1 ,4-hydride donor reagents,177 including p 
tassium triphenylb~rane,'~~ complex copper hydrides and stoichiometric and catalytic copper(I)-metal 
hydride mixtures,lw DIBAL-H-HMPA with methylcopper180 and 1,3-dimethy1-2-phenylbenzimida- 
zoline;181 applications to difunctionalizations are rare, however.18* Reductive alkylation of enones and 
enoates is possible using lithium and potassium tri-s-butylbororanes (equation 43)183 and the copper hy- 
dride cluster (Ph3PCuH)6; copper hydride185 and copper-containing sodium hydridelE6 cause hydro- 
dimerizations of enoates and alkynes, respectively. In general, such hydrodimerizations should be 
considered as possible products, especially when highly reactive intermediate enolates are generated. Re- 
lated regioselective hydrosilylation of a$-unsaturated carbonyl compounds results in silyl enol ethers, 
from which an enolate may be regenerated.187 

i, LiBuS3BH, THF, -7OOC 

ii, MeI, -70 "C to r.t. 
95% 

(43) 

1.6.4.2 Unstabilized Anions 

Relatively simple carbon sp3- and sp*-hybridized organometals are frequently used to initiate con- 
jugate alkylation+nolate trapping sequences by carbon-carbon a-bond formation at the &carbon of the 
substrate. While organocopper reagents have proven to be the most versatile of these reagents, many 
other organometals also can be used, depending upon the nature of the substrate. 

1.6.4.2.1 Organocopper reagents 

The first example of a three-component tandem vicinal dialkylation reaction employed copper(1) 
chloride-catalyzed 1,4-addition of a Grignard reagent to a cyclohexenone (Scheme 3).40 Catalytic orga- 
nocopper protocols are used occasionally (e.g. equations 4@' and 1991), but usually an improvement in 
the yield of the conjugate adduct produced can be realized when stoichiometric organocopper reagents 
are employed. Copper(1)-catalyzed conjugate addition can be very convenient; typically, a Grignard re- 
agent is used as nucleophile and copper(1) halides such as copper(1) iodide, copper(1) bromide or their di- 
methyl sulfide or trialkylphosphine complexes are present in amounts ranging from 2-10 mol 9%. In one 
instance, copper(1) catalysis was imperative for the success of a difunctionalization, the concentration of 
copper(1) present being able to effect both the reactivity and selectivity of the ambident conjugate enolate 
towards the electrophilic reagent.18* In a complementary manner, activation of the substrate with an a- 
electron-withdrawing substituent can make copper(1) catalysis superfluous. 189 

In spite of the fact that one type of stoichiometric organocopper reagent may display chemical beha- 
vior very different from that of another, a variety of the reagents find common use in initiation of vicinal 
difunctionalizations. The more common of these reagents are: alkylcopper(1) reagents, with and without 
ligating agents that can be essential to their reactivity; dialkylcopper(1)metal reagents, with both alkyl 
groups identical; mixed dialkylcopper(1)metal reagents, wherein both alkyl groups are not identical; 
alkyl(alkylhetero)copper(I)metal reagents containing one copper-heteroatom bond; and the higher order 
organocopper reagents, exemplified by the cyanodialkylcopper(1)dilithium reagents. The choice of the 
appropriate reagent for the substrate is compounded by the fact that the reactivity and selectivity of the 
organocopper reagent is affected by the identity of the metal of the oganometal used to form it. The in- 
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itial counterion of the copper(1) salt chosen to generate the organocopper species also can influence the 
outcome of the reaction.'90*'91 

Simple alkylcopper(1) reagents are less reactive than their corresponding dialkylcopper(1)metaIs; this 
comparitive lack of reactivity in 1 ,Caddition reactions results in relatively rare use in vicinal difunction- 
alizations of a#-unsaturated carbonyl substrates. Equation (44) illustrates that vinylcopper initiates dial- 
kylation of a cyc l~pentenone ,~~~ but most organocoppers in fact are inert. In part, this inertness may be 
explained to the lack of solubility of the copper reagents in common solvents for conjugate addition- 
enolate trapping reactions, such as THF or diethyl ether. Indeed, when putatively solubilized via ligation 
with organophosphorus or organosulfur ligands, alkylcopper(1) reagents are activated towards 1 ,4-addi- 
tion (e.g. equation 16)." Solubilizing ligands include trialkyl boron t r i f l ~ o r i d e , ~ ~ ~  dimethyl 
sulfide'" and trialkylphosphines. 195~1% The latter reagent finds efficient use in three-component coupling 
syntheses of prostaglandins (equation 45).197 

ii, i ,  CH2=CHCu, BrCH2C02Et THF - EtO2C p+ EtO,C .p (4) 

HMPA 
69% 

22% 78% 

i, [Bu",P]*Cu A C 5 H l I - n  

OSiMe2Bu' 
p v 1 "  

C02Me 

(45) i i i ,  , C02Me - Bu'Me2SiO .s LF ii, HMPA, Ph,SnCI 

78% OSiMe2Bu' 

ButMe2Si0 

When terminal alkynes are used as substrates, alkylcoppermagnesium dihalides prepared from a cop- 
per(1) bromide-dimethyl sulfide complex typically are used (e.g. equation 3 1 134 and Scheme 7).135 The 
choice of a Grignard reagent, from which the alkylcopper(1) species is prepared, is important; in this in- 
stance, alkyllithium-derived alkylcopper reagents usually are less satisfactory. I o  

Dialkylcopper(1)metal reagents, also referred to as homo cup rate^$^ are the most popular Michael do- 
nors for tandem vicinal difunctionalization reactions of a$-unsaturated carbonyl substrates. The alkyl 
groups are derived from 2 equiv. of an alkyllithium or Grignard reagent (e.g. equations 2,56 3,'9 5,6l 1 177 
and 41'76); the alkyl group can be methyl, primary or secondary alkyl, alkenyl, allyl, benzyl or aryl. In- 
stances of tertiary dialkylcopper(1)metal conjugate addition-enolate trapping are rare. The reagents can 
possess additional, even complex functionality: in addition to the example of equation (5):' homocu- 
prates have been generated with ether moieties present, including acetal groups;lg% trialkylsilyl groups199 
and iminesZw can be accomodated. Trialkylsilylmetal-derived homocuprate reagents are excellent Mi- 
chael donors (e.g. equations 155 and 764). As is the case with alkylcopper(1) reagents, solubilizing ligands 
can be used to facilitate difunctionalization. Often, these additional ligands do not appear essential for 
the success of the reaction sequence; occasionally, however, they are mandatory (equation 46).201 

0 OH 

/ (46) 
i ,  (CH2=CMe)zCuLi, 15 equiv. Me2S 

ii, PhSeCH2CHO 
65 % 

Enhanced yields result when a Lewis acid catalyst is used during addition of a dialkylcopper(1)metal 
reagent to a ~ u b s t r a t e . ~ ~ . ~ ~  In particular, boron trifluoride etherate has been used as an activating catalyst 
for conjugate addition in 1,4-addition-enoIate trapping Halotrimethylsilane-modified 
organocopper reagents can cause remarkable enhancements in the rates of conjugate additions to nor- 
mally unreactive substrates:204 trimethylsilyl enol ethers are the primary products, which can be em- 
ployed in a subsequent a-functionalizing step. 
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Mixed or unsymmetrical dialkylcopper(I)metal reagents possess two chemically distinct alkyl groups, 
only one of which exhibits nucleophilicity and acts as a Michael donor. The two groups almost always 
differ in the formal hybridizations of the carbon atoms bonded to the copper nucleus and that 
whose carbon-copper bond contains the lesser s-character is the group that acts as the nucleophile, al- 
though a few exceptions to this rule have been noted.?06*207 Generally, the reagents are generated from an 
alkynylcopper(1) species and an alkylmetal (e.g. equation 26),113 with pentynyl- and hexynyl-copper(1) 
being the reagents of choice; the net 1 : 1 nucleophile to electrophile stoichiometry of the Michael donor 
and substrate is preferable to that of a homocuprate reagent when the parent alkylmeral is difficult to ob- 
tain. For this reason, the reagents compete with the previously discussed trialkylphosphinbalkylcop 
per(1) complexes as preferred reagents with which to introduce the @chain in conjugate addition4nolate 
trapping syntheses of prostanoids.m Normally alkylalkynylcopper(1)metal reagents are less reactive than 
their corresponding dialkylcopper(1)metal reagents. Rarely, the opposite can prove to be the case, as in 
equation (47):209 the corresponding diarylcopper(1)magnesium halide of (21) fails to undergo 1 ,rl-addi- 
tion with the substrate. Mixed dialkylcopper(1)metal reagents also can serve as interesting and novel syn- 
thons: organocopper (22 equation 48) functions as a methyl acrylate synthetic equivalent which 
effectively undergoes vicinal dialkylation in a reverse order, a-bond formation preceding p o n d  forma- 
tion. I 13 

PP 

4 + Q,/Jcu(CrCw)M i,THF,r.t. 

ii, BrCH,CO,R. HMPA 
Me0 iii, saponify Me0 

(2la) M = Li 
(21b) M = MgBr 

57% 
0% 

COzMe ococl + Meo2c 7/CuMeLi ___) -78°C Et20 (Jy 
(48) 

60% (22) 

Alkyl(heteroalkyl)copper(I)metal reagents are much like mixed dialkylcopper(1)metal reagents in that 
they contain only one alkyl group that is active as a nucleophile. The other group, bonded to the copper 
nucleus through a heteroatom, is retained by the copper complex almost without Most com- 
mon among this class of reagents are those derived from addition of an alkylmetal reagent to phenylthb 
copper at low temperature. The resulting reagents are thermally labile2" but usually are as reactive as 
their corresponding dialkylcopper(1)metal reagents. A comparison between alkyl(pheny1thio)- and al- 
kylpentynyl-copper(1)metal reagents indicate that neither may offer particular advantage over the 

The increasingly popular higher order organocopper reagents213 have been considered unsuitable for 
use in direct tandem vicinal difunctionalization r e a ~ t i o n s . ~ ~ ~ , ~ ~ ~  These reagents can be exploited by utili- 
zation of an indirect conjugate addition-enolate trapping sequence,?16 as illustrated by the synthesis of 
spiroketone (23) for a total synthesis of ginkolide B (equation 49);21 examples of direct difunctionaliza- 
tion recently have been reported using trialkylsilylmetal- (e.g. equation 22)w and trialkylstannylmetal- 
derived (equation 27)"' higher order organocoppers as well. Occasionally, these reagents offer unique 
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reactivities unavailable using other Michael donor species, as evidenced by silylcupration-functionaliza- 
tion of akynes2I7 and a l l e n e ~ ' ~ ~  using cyanobis(dimethylphenylsily1)copperdilithium. 

1.6.4.2.2 Other organometal reagents 

Organometallic reagents can be used directly or with a transition metal catalyst in tandem vicinal di- 
functionalization reactions. Relatively basic reagents find greater use with substrate molecules that are 
not enolizable so that competitive a-deprotonation is avoided and with substrates that have been acti- 
vated towards conjugate addition by an electron-withdrawing a-substituent. 

A wide variety of Grignard reagents can be used as Michael donors without complication, including 
primary, secondary, tertiary, vinyl- and aryl-magnesium halides. These nucleophiles have been used 
most often with activated enoates and enones possessing a-alk~xylcarbonyl'~~ or a-arylsulfinyl (e.g. 
equation 18)90 substituents. Salts of unsaturated carboxylic acids with a-trimethylsilyl substituents also 
undergo Grignard reagent-initiated difunctionalization (equation 21).70 NJV-dialkylthioenamides"8 and 
Nfldiakylenamides' l5 are quite reactive towards Grignard reagents, as illustrated in equation (50);' I5 
such amides have no acidic a-hydrogens and cannot be deprotonated by the organomagnesium reagent. 
Presumably, substituents on the amide nitrogen also hinder attack of the nucleophile at the carbonyl 
carbon. 

Alkyllithium reagents are used more frequently than their organomagnesium analogs; they exhibit the 
same reactivity trends. They also initiate tandem difunctionalizations of a,&unsaturated amides' 1 5 9 1 1 9  

(e.g. equation 29)12' and thioamides.' l7  Alkyllithium reagents are preferred for use in charge-directed di- 
functionalizati~ns~~*~~-~~ (e.g. equations 972 and additions to vinyl sulfones (equations 35'49 and 
36'") and vicinal dialkylations of aryloxazolines (equation 38).'67 The latter application illustrates that 
the method by which the alkyllithium reagent is prepared can be important: 1-naphthyloxazolines under- 
go well-behaved dialkylation reactions initiated by commercially available butyllithium reagents, but 
allylic, benzylic and vinylic organolithiums are suitable only if generated by transmetallation218 of te- 
traalkylstannanes with methyllithium. The explanation of this effect may lie in a change of the state of 
the aggregation of organolithium reagents, making them much more Only rarely do simple 
organolithium reagents undergo 1,4-additionenolate trapping reactions with substrates that otherwise 
would be anticipated to undergo nearly exclusive 1,2-addition, as illustrated in the synthesis of a tetra- 
lone by a benzyllithium-initiated conjugate addition-Dieckmann cyclization of methyl crotonate (equa- 
tion 5 1).IE 

OH 

A C O z M e  + MeoG: - -78OC Meow (51) 

C02Me THF 
52% 

OMe OMe 0 

Less common carbanionic Michael donors include organoaluminum and organozirconium reagents, 
which react with enones using nickel(I1) catalysisz2~z23 and acylate-nickel complexes.224 Noncarban- 
ionic organometal reagents that have been used in difunctionalization sequences include alkox- 
ides,26*B*' 14,2z sulfides,'OOJ 14.144*225-227 trimethyl~ilyllithium~~ trialkylstannyllithium reagents'30*228 and 
alkyLzZ7 and aryl-selenides.229*230 Perhaps the most commonly used heteroatom nucleophiles are metal 
amide reagents such as LDA (e.g. equation 24).27J05J06J'5 
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1.6.43 Stabilized Anions 

Many carbanionic nucleophiles that would be considered too 'hard' to react as Michael donors can be 
made into effective reagents for conjugate addition reactions by appending resonance or inductively 
stabilizing groups to 'soften' their intrinsic Lewis basicity. Such stabilized anionic Michael donors in- 
clude enolates, alkylthio-substituted carbanions, ylides and nitro-substituted carbanions. 

1.6.4.3.1 Enolates 

Michael addition frequently is used as a generic descriptor of 1,4- or conjugate addition, but in fact re- 
fers to specific 1P-addition of an enolate anion to an a,@-unsaturated carbonyl substrate, resulting in a 
1 ,5-dione adduct.231 Classical Michael additions are conducted in protic media; for tandem vicinal di- 
functionalization reaction sequences, this dictates that the u-functionalizing reagent be intramolecular in 
order to compete with proton capture by the conjugate enolate from the solvent?32 or that the Michael 
adduct be isolated and a-functionalized under a different set of reaction c o n d i t i ~ n s . ~ ~ ~ J ~  Generally, 
these reaction sequences suffer from side reactions. Amongst the undesired reactions are those with the 
base catalysts used, self-condensation of the substrate and the possiblility of 'retro-Michael' reaction; for 
these reasons, enolate-initiated difunctionalization sequences invariably are run in aprotic solvents. 

Enolates are excellent Michael donor reagents, the initial step in difunctionalization proceeding with 
ease at low temperatures. The enolate can be generated directly from reaction with a hindered base such 
as LDA (e.g. equation 40)175 or some other base (equation 15).84 Alternatively, it can be generated from 
a neutral enolate synthetic equivalent, such as a silyl enol ether species, by ether cleavage using methylli- 
t h i ~ m , ~ ~ ~  trityl perchlorate (equation 13),8°,237,238 titanium(1V) tetra~hloride?~~ alkylalumin- 
um(II1) dichlorides240 and other Lewis acids.241 Enol triflates may also serve this purpose.242 The enolate 
can be derived from esters, especially P-keto esters and malonates (e.g. equation 20),% ketones or amides 
(e.g. equation 25).25 An interesting extension of enolate addition-Dieckmann cyclization (equation 52) 
uses the o-xylylenolate (24) in a synthesis of tetralones, thereby mimicking a [2 + 41 cycloaddition re- 
action.24 

M e 0  OLi M e 0  0 

* @ (52) 
i ,OoC,5 h 

ii, HCI, MeOH 
&CO2Me + eoMe 

41% 

1.6.4.3.2 Sulfur-containing anions 

The synthesis of 4-alkyl thioketones is possible by exploiting the stabilizing effect of a sulfur atom 
upon an adjacent carbanionic center. Ambident allylic anions react so that conjugate addition proceeds 
exclusively with the a-carbon of the n ~ c l e o p h i l e , ~ ~ ~ , ~ ~ ~ , ~ ~  as illustrated in equation (53);245 arylsulfinyl 
and arylsulfonyl groups normally246 behave ~ i m i l a r l y . ~ ~ ~ - ~ ~ ~  Sulfur-stabilized vinylic carbanions can be 
prepared and function as Michael donors in difunctionalization sequences.250 

0 0 

(53) 

SiMe3 

i ,  THF, HMPA, -78 "C 

Li i i ,  ICH2CaiCSiMej 
75% 

SMe 

Organosulfur substituents can play dual roles when sulfur ylides are used as nucleophiles in conjugate 
addition-enolate trapping reactions; the conjugate enolate undergoes intramolecular displacement of the 
trialkylsulfonium moiety, resulting in net cycl~propanation.~~~~~~~ Metallated dithianes, containing two 
geminal sulfur atoms to stabilize the adjacent negative charge, act as acyl anion equivalents to provide a 
route to 1 ,4-d ike tone~.~~~ As previously shown in equation (30),127 these Michael donors have been used 
to prepare a number of lignan antibiotics.20*12"126,254,255 The dithiane precursor can be further acidified 
by substitution with an electron-withdrawing group, such as the alkoxycarbonyl group present in equa- 
tions (8) and (14).69 Vinylogous dithianylidene anions can react by either an a-1,4- or a y-1P-addition 
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mode, selectable by appropriate choice of counterion or by use of HMPA as a solvent adjuvant.256 Metal- 
lated dithianes with one or both of the sulfur atoms oxidized to the sulfoxide or sulfone level also are ef- 
ficient Michael d o n ~ r s . ~ ~ . ~ ~  

Or tho th io fo rma te~~~~2~~  and their analogs86.260 function as masked carboxylic acid Michael donors: 
methoxy(phenylthio)(trimethylsilyl)methyllithium, as illustrated in equation (17), can be used in a simple 
1 ,Caddition-enolate trapping synthesis of sarkomycin.86 A particularly interesting examplez58 of difunc- 
tionalization using tri(pheny1thio)methyllithium demonstrates umpolung of its carbanionic center, that 
carbon acting both as nucleophile and electrophile in the cyclopropanation of cyclohexenone (equation 
54). 

i, THF 
ii, BusLi 

iii, MeOH 

+ (PhS)3CLi (54) 

iv, Mel, HMPA H 
32% 

1.6.433 Other anions 

A limited number of other anionic species have been employed as Michael donors in tandem vicinal 
difunctionalizations. In a manner similar to sulfur ylides described above, phosphonium ylides can be 
used as cyclopropanating reagents by means of a conjugate addition+-intramolecular alkylation se- 
quence. Phosphonium ylides have been used with greater f r e q u e n ~ y ~ ~ ~ - ~ ~ ~  than sulfur ylides and display 
little steric sensitivity.264'Phosphorus-stabilized allylic anions can display regiospecific y- 1,4-addition 
when used as Michael donors.265 

The relative acidity of the a-hydrogens of nitroalkanes allows their conjugate bases to be formed eas- 
ily and to be used as nucleophiles to initiate difunctionalizations of activated a$-unsaturated esters104*z66 
and amides226 as well as 2-cyclopentenone.267 Cyanide has been used as a Michael donor;226v268*269 

and trimethyl~ilyl-stabilized~~~ benzylic anions are very good Michael donors and allow the 
opportunity for further elaboration of the 1,5-difunctionalized adduct molecule.274~275 p-Toluenesulfonyl- 
acetonitrile acts as a double Michael donor in equation (55)276 to afford a cyclohexanone intermediate; 
subsequent y-elimination of the sulfonyl group results in the product ketonitrile. Some very good Mi- 
chael donors are incompatible with the difunctionalization strategy: enolates of thioesters yield conjugate 
enolates upon addition to a$-unsaturated ketones, but the conjugate enolates readily equilibrate so that 
when an electrophile is added exclusive sulfur-electrophile bond formation is observed.277 

i, cat. NaOEt 

+ p-MeC,j&S02CHzCN ii, reflux 20 "C, EtOH * &  (55)  

53% 
CN 

1.6.5 THE ELECTROPHILE 

Many different types of electrophilic a-functionalizing reagents are used in tandem vicinal difunction- 
alization reactions. The most common classes are alkyl iodides, allyl and propargyl bromides, aldehydes, 
ketones and to a lesser extent, nitroalkenes. Generally, in the case of difunctionalizations of a,P-unsatu- 
rated carbonyl substrates, softer, more polarizable electrophiles278 show the best reactivity and highest C- 
regioselectivity when adding to conjugate enolate  intermediate^;^^ difunctionalizations of alkynes use the 
standard electrophiles of organocopper chemistry.279 When organocopper reagents are used to initiate the 
reaction sequence for unsaturated carbonyl substrates, a-functionalization can be (and often is) 
s l ~ g g i s h ~ , ' ~ ~  and an astute selection of electrophile, solvent or solvent adjuvant and counterion may be 
required for satisfactory adduct formation. 
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1.65.1 Reactive Alkyl Halides 

The most common alkyl halide used is methyl iodide, illustrated by equations (7),64 (9)," (lO),75 
(23)p9 (24),'O6 (38),lM (43)Ig3 and (5O).ll5 Other alkyl halides that are reliable a-alkylating electrophiles 
include n-alkyl iodides (e.g. equation 25),25 allyl bromide (equation 35),'49 propargylic bromides and 
iodides (equation 53),"5 benzylic halides and a-halo esters (equation 4);60 other alkyl halides, especially 
secondary and tertiary alkyl halides, are far less reactive. When simple, more reactive alkyl halides are 
compared directly (equation 56), methyl and propargylic halides are better electrophiles than allylic and 
primary alkyl halides.86 In many cases of organocopper-initiated dialkylation, the intermediate conjugate 
enolates do not a-alkylate at sufficient rates to compete with enolate equilibration or other side re- 
actions;280 often, the rate and amount of a-alkylation can be enhanced by addition of a polar aprotic ad- 
juvant such as HMPA. The adjuvant can be present at the onset of the reaction sequence, as in equation 
(56), but more frequently it is added subsequent to the conjugate addition step (e.g. equations 16," 27"' 
and Organocopper 1,4-additions preferentially occur in relatively nonpolar aprotic solvents; a 
complete change of after the initial step of a difunctionalization sequence also can be ef- 
fective (e.g. equations 1 177 and 18).% In difficult cases, the conjugate enolate can be trapped as a neutral 
intermediate, usually by simple protonation or by addition of chlorotrimethylsilane to generate a tri- 
methylsilyl enol ether. Regeneration of the conjugate enolate to provide a copper(1)-free lithium, sodium 
or (rarely) potassium enolate that is much more reactive and is a-alkylated smoothly to give the dialkyl- 
ated adduct in greater yield than direct tandem difunctionalization would provide (e.g. equations 2,56 3,59 
561 and 53)?45 This effective transmetallation of the conjugate enolate also can be accomplished directly 
by addition of the appropriate metal salt to the reaction before adding the electrophile: excellent results 
have been achieved using hiphenyltin(1V) chloride, for instance (e.g. equation 45).197 Alkenyl and alky- 
nyl halides normally do not function as electrophiles in tandem vicinal difunctionalizations; an exception 
is the alkynylphenyliodonium t o ~ y l a t e ' ~ ~  reagent class (equation 3 1). 

'L 

c M e 0  R$ (56) 

i, HMPA/"F 
-78 o c  

i i ,  RX. 4 0  "C 

Li 

M e 0 4  SiMq 
SPh 

PhS' 'SiMe3 

9896, RX = Me1 
488, RX = Et1 
95%, RX = CHd3CH2Br 
82%, RX = CHz=CHCHzBr 

The alkyl halide electrophile can be intramolecular in nature, causing ring formation upon a-alkylation 
of the conjugate enolate. Such Michael ring closure (MIRC) reactionszg2 have become a valuable addi- 
tion to the repertoire of annulation reactions available in organic synthesis. The alkyl halidecontaining 
moiety may originate either as part of the substrate (e.g. equations 1584 and 20)% or, more commonly, 
may be present as part of the Michael donor (equation 5).61 When both the Michael donor and the alkyl 
halide are present as substituents of the substrate molecule, double annulation occurs (equation 36).'" 
The chemical yields of adducts from MIRC reactions usually are quite good, due to rate acceleration and 
decreased by-product formation inherent in the intramolecular nature of the process. 

1.6.5.2 Carbonyl-containing Electrophiles 

Aldehydes and ketones typically are superior electrophiles in conjugate addition-enolate trapping se- 
quences when compared to alkyl halides. Aldehydes are the more reactive reagent class: formaldehyde 
(e.g. equation 14), n-alkyl aldehydes (equations 21 and 46) and aromatic aldehydes (equation 13 and 30) 
all are equally reactive. Branching a to the carbonyl moiety has a detrimental effect: as equation (57) il- 
lustrates, chemical yields of adducts can be significantly lowered.67 This a-branching effect is clearly 
substrate and reaction condition dependent.'()() Ketones are less reactive electrophilic reagents and have 
been used less often. Nonetheless, they are quite efficient as a-alkylating reagents for conjugate enolate 
intermediates. Acetone and cyclohexanone are representative of the class.100~108~'42 As with the alkyl 
halide reagents, MIRC reactions are observed when a carbonyl moiety is present in the conjugate enolate 
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(e.g. equation 6):62 if the carbonyl moiety is masked as an acetal, the conjugate adduct can be isolated as 
a trimethylsilyl enol ether and ring closure accomplished283 by a Mukaiyama reaction (equation 49).21 

I 
OH 

* R / t C o M e  
i, MeZCuLi COMe 

I 

ii, RCHO. ZnC12 But 
(57) 

77% R = M e  
50% R = E t  

Esters are far less reactive as electrophiles when compared to aldehydes and ketones. Successful tan- 
dem vicinal dialkylations are possible using alkyl formates,67 but most esters lack the needed reactivity. 
More reactive thioesters can serve as electrophiles in these sequences.2o8 Presence of a potentially elec- 
trophilic ester group as a substituent in the conjugate enolate permits very efficient Dieckmann cycliza- 
tion to take place as the second step of a MIRC sequence ( e g .  equations 5 1 and 52).24 Ortho esters are 
far more reactive, giving P-keto esters as adducts when used in sequences that employ enones as sub- 
~trates.23~ 

Acyl halides have been investigated extensively as a-functionalizing reagents in conjugate addition- 
enolate trapping sequences.8 Equation (26)l l 3  indicates that they can be highly effective trapping agents. 
It is not unusual for 0-acylation to compete with C-acylation; the ratio of products depends upon the acyl 
halide itself,113*w the substrate ~ h o s e n ~ ~ ~ , ~ ~ ~  and the reaction  condition^.'^^,^^^,^^^ Sometimes 0,C- 
diacylated products are an observation which has been used to synthetic a d ~ a n t a g e . ~ ~ ~ , ~ ~  
Acyl cyanides have been used as a-acylating reagents in a tandem difunctionalization sequence leading 
to heterocycles.291 

In addition to the simple one-carbon electrophile formaldehyde, carbon d i o ~ i d e ~ ~ , ~ ~ ~  and carbonyl sul- 
fide273 also are excellent one-carbon electrophiles for use in conjugate enolate trapping. 

1.653 Michael Acceptors 

The addition of conjugate enolate anions derived from initial reaction between a nucleophile and an 
unsaturated substrate to a new Michael acceptor molecule should follow trends similar to those already 
discussed for the initial reaction in Sections 1.6.3 and 1.6.4.3.1. Indeed this is the case for these double 
Michael or sequential Michael reactions. An appropriate combination of Michael acceptor and conjugate 
anion is required for sequential Michael addition to take place; otherwise, Michael addition-aldol-type 
condensation is observed. Thus, with conjugate enolates derived from initial 1 ,Caddition of an organo- 
copper nucleophile or a simple enolate to an a$-unsaturated ketone or ester substrate, cy-functionaliza- 
tion occurs by means of 1,4-addition to ambident electrophiles such as enoates293-295 and en one^.-^^^ 
Only 1.2-addition is observed when enals are used as electrophiles,13~227,248*287,295 as can be seen when 
equations (58) and (59) are compared.295 Sequential Michael addition reactions can be used in MIRC- 
type processes (equation 59). Typically, the initial nucleophile is a conjugated enolate which transfers its 
nucleo hilicity upon 1 ,Caddition to the substrate, either i n t e r m o l e c ~ l a r l y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  or intramolecular- 
ly.'737k3Ol The newly generated conjugate enolate then reaches back to the nascent enone, cyclization 

ii, i, ether acrylaldehyde * G5~l,-n (58)  

OSiMe2But 
OSiMe2But 

0 Me02C *C02Me 
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I 3 1  
COMe 

ensues and the second, cyclized conjugate enolate can be quenched with a proton source. An example is 
given in equation (60).240 

In a similar manner, alkynes can undergo sequential carbometallation reactions, previously illustrated 
in equation (32).136 It is possible to combine carbocupration of alkynes with the use of a Michael ac- 
ceptor as electrophile; when that electrophile is a vinylphosphonium salt, carbocupration can be coupled 
to Wittig alkenation to result in a stereospecific synthesis of dienes via a one-pot, four-component, four 
carborrcarbon bond-forming reaction sequencem 

1.6.5.4 Other Reagents 

A limited number of other electrophile types have been used in difunctionalization reaction sequences. 
Disulfides,10s.212 sulfenyl chlorides268212 and sulfinyl chloridesw3 permit a-thiolation of the conjugate 
anion; selenyl halides behave similarly.105*222.w Molecular brominG9aS and iodine82J10*306*307 trap con- 
jugate enolates to give a-halo ketones, which may be used as electrophiles in other reactions or can be 
used to regenerate the conjugate enolate regiospecifically. Nitroalkenes appear to be quite reactive Mi- 
chael-type also, unusual uses of lead tetraacetatem and an iminium triflate310 have been re- 
ported. Lastly, when tandem vicinal difunctionalizations of acrylates or crotonates are mediated by their 
corresponding tetracarbonyliron complexes, their intermediate conjugate iron enolates undergo carbonyl 
insertion into the a-carbon-iron enolate bond; subsequent alkylation affords @-keto esters.’ I 

1.6.6 SEQUENTIAL MICHAEL RING CLOSURE REACTIONS 

A powerful modification of the Michael addition-nolate functionalization sequence involves use of a 
second Michael acceptor as the electrophilic a-functionalizing reagent. By way of example, ketone (25) 
in Scheme 8 undergoes l,4-addition of the lithium enolate of methyl 2-methylpropanoate; the conjugate 
enolate that results then is C-methylated to generate adduct If methyl acrylate is substituted as the 
electrophilic reagent, a-functionalization generates a new conjugate ester enolate, (27), which undergoes 
yet a third conjugate addition reaction with the 2-phenyl-2-cyclopentenone moiety remaining from the 
original substrate (25). Norbornanone (28) is generated in overall yield, the equivalent of 74% 
chemical yield per carbon-carbon bond-forming step in the ~equence.9~ An analogous process deter- 
mines the formation of the product diester of equation (59).29s One-pot, multibond-forming, multiple tan- 
dem vicinal difunctionalization sequences with ultimate ring closure compose a reaction class referred to 
as sequential Michael ring closure (SMIRC)  reaction^?^ Controlled anionic codi-, cotri- and cotetra- 
polymerization reactions like these can proceed in notably high yields and with excellent control of stere- 
ochemistry to generate complex polycyclic structures. 

Both inter- and intra-molecular cyclopropanations are possible using SMIRC m e t h o d ~ l o g y ? * * ~ ~ ~ * ~ ~  
but cyclohexane-forming sequences by sequential reaction of three- or four-components with ultimate 
1.6-bond closure are more c ~ m m ~ n . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Usually, the initial conjugate anion reacts in such a way 
that it is a-functionalized exclusively; in this way it acts as a two-carbon fragment in the annulation pro- 
cess. Equation (6 1) illustrates a four-component, tri-n-stannyllithium-initiated SMIRC sequence that 
yields a y-hydroxystannane in 53% overall chemical yield, equivalent to a yield of 85% per chemical 
bond formed. Oxidative dehydrostannylation results in a rna~rolide.’’~ By varying the identity of the 
various components in this sequential Michael-aldol ring closure reaction, various naphthalenes, benzo- 
thiophenes, benzofurans and quinolines can be generated. 
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0 
THF 

*ph + L i y C 0 2 M e  - -78 "C 

0 

Me1 1 Meo2c& Ph 

r.t. 

L 

Li-OMe I Ph MeOzC Ph 

(27) 

Scheme 8 

m-MeOC6H4 m-MeOCbH4 6 i,Bun3SnLi COEt 
Pb(OAc)i 

___L 

78% 

ii, CH,=CHCOEt 

iii, m-MeOC,H4CH0 
53% 
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1.7.1 INTRODUCTION 

The direct electrophilic addition of the elements H-X to alkenes, dienes and alkynes, where X = ha- 
logen, nitrogen, oxygen, sulfur and selenium, is among the oldest known and most important synthetic 
methods used to prepare the corresponding addition compounds. Unfortunately, much of the early lit- 

269 
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erature from the late 1800s and early 1900s tends to be more confusing than helpful. Rather surprisingly 
though, relatively little in the way of major new synthetic advances have occurred since that time. How- 
ever, a number of alternative, indirect procedures, such as solvomercuration-demercuration, have more 
recently been developed that offer important advantages in chemo-, regio- or stereo-selectivity. These 
processes are the focus of this chapter. 

1.7.2 HYDROGEN HALIDE ADDITION 

1.73.1 Introduction 

The addition of H-X, where X = F, C1, Br and I, to alkenes, dienes and alkynes has been extensively 
studied from both rnechani~tid-~ and synthetic standpoints. While it is one of the earliest methods em- 
ployed for the synthesis of organic halides, it can often lead to mixtures of products, and the direct con- 
version of the corresponding alcohols is more commonly used nowadays. The early literature abounds 
with examples of this reaction in which either mixtures of products are formed, or the products are not 
well characterized. Few major advances have been reported in more recent times which overcome the 
synthetic disadvantages of this direct process. It can nevertheless be the method of choice for the syn- 
thesis of certain substrates. 

In general, the ease of addition of H-X to simple alkenes follows their relative acidity, HI > HBr > 
HCl, but HF addition is often surprisingly easy. A diversity of mechanisms appear to be involved in 
these processes, ranging from relatively pure carha t ion  processes to those more reminiscent of four- 
center addition. Markovnikov addition is commonly observed when precautions are taken to exclude per- 
oxide or other possible free radical initiators. Though strong acids are involved and rearrangements are 
not uncommon, the reaction conditions are otherwise quite mild and yields can be high. 

1.7.2.2 H-F Addition 

The addition of HF to alkenes to form alkyl fluorides is difficult to effect in the laboratory, because of 
the low reactivity of aqueous HF, the difficulties in handling anhydrous HF, the need for pressure equip- 
ment, the ease of polymerization of alkenes by HF, and the instability of the resulting alkyl fluorides, es- 
pecially where secondary, or particularly tertiary, fluorides are concerned.e 

While aqueous HF is unreactive towards alkene addition, anhydrous HF is surprisingly reactive. The 
addition of HF to simple alkenes, such as ethylene, propene and cyclohexene, has been effected by mix- 
ing the reagents in an appropriate metal container at temperatures of -78 to 4 5  'C, and gradually heat- 
ing the mixture from room temperature to 90 0C?-9 Representative yields are 6040%. Catalysts are 
unnecessary. Markovnikov addition is observed, but the stereochemistry of addition to norbornene is not 
clear.l0 With bornylene" and camphene,'* HF addition gives excellent yields of a mixture of products. 

With the great commercial interest in chlorofluorocarbons, the addition of HF to unsaturated organic 
chlorides, particularly vinylic chlorides has received considerable industrial a t t en t i~n . " ,~ , '~ '~  While these 
reactions are more difficult to effect than those of simple alkenes and increasing halogen substitution 
about the C-C double bond decreases the alkene reactivity, the reactions of simple monochloroalkenes 
proceed at temperatures from -23 to +120 'C and can give good yields. Trichloroethylene or 1,1,2-tri- 
chloropropene, on the other hand, require temperatures in excess of 200 'C, and tetrahaloethylenes fail to 
react in the absence of a catalystVs However, substitution of fluorine for chlorine tends to facilitate HF 
addi t i~n .~  

While HF addition can on occasion efficiently produce addition products as in equation ( l p 3  mixtures 
of halogen exchange products are often observed (equation 2).18 

Cl 
I HF 

65% 35% 
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Indeed, the exchange product can sometimes be obtained directly in high yield (equation 3),15 or be fa- 
vored by the addition of excess HF and sbc15, or SbF3 plus Cla (equation 4).5916 With the more highly 
halogenated starting materials, the higher reaction temperatures required lead to increasing halogen ex- 
change. 

(3) 
64% 

50% 50% 

Unsaturated fatty acids and steroids also react with HF, but the structure of the products has not always 
been clearly established.66 

While procedures other than those described above, including the use of a variety of catalysts, have ap- 
parently been explored industrially, few experimental details are readily a~ai lable .~ It is known that BF3 
facilitates HF addition, but it also promotes alkene decomposition and halogen exchange and is, there- 
fore, limited to the less reactive polyhal~alkenes.'~~'~ 

A significant, recent advance in this area involves the use of HF-pyridine or HF-trialkylamine re- 
agentsFO These stable poly(hydrogen fluoride) reagents react with simple alkenes at atmospheric press- 
ure and room temperature in polyethylene containers using THF as the solvent to give secondary and 
tertiary alkyl fluorides in yields of 3540% (equation 5) .  

There appear to be only two reports in the literature of the reaction of HF with dienes (equation 6).2'*22 
The yields are quite low probably due to polymerization. 

87% 13% 

There are, however, several publications which describe the addition of HF to alkynes to form either 
vinylic fluorides or difluor~alkanes.~***~~ Only the addition of HF to a ~ e t y l e n e ? ~ . ~ ~  ~inylacetylene~~ and 
3,3,3-trifl~oropropyn$~ have been reported to form vinylic fluorides (equations 7-9). 

HF F 
HC E CH - =J + +F (7) 

15% conversion F 
35% 65% 

HF 

70-80% 
F 2 0 4 5 %  conversion 

HF 

92% 

___c F3C (9) 

While the direct reaction of HF and acetylene requires high pressure, proceeds in only low conversion 
and gives mixtures, a number of catalyst systems have been reported to give improved results.23 Addition 
of boron trifluoride, however, favors the formation of 1,l-difluoroethane. Similar results are reported for 
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vinylaatylene. On the other hand, 3,3,3-trifluompropyne reacts readily to afford the anti-Markovnikov 
vinylic fluoride in 92% yield.a 

The reaction of alkynes and HF more commonly gives geminal difluomdkanes, usually in high yield. 
Terminal alkynes afford 2,2-difluoroalkanes (equation 10) and internal alkynes yield geminal difluorides 
(equation 1 1 ).42324926 

R- - 

These reactions are generally carried out at temperatures of -70 to +15 'C using either liquid HF," or 
HF in ether or acetone.26 The latter process affords regioisomeric mixtures of geminal difluorides when 
unsymmetrical internal alkynes, such as 2-pentyne, are employed. 

Yields of geminal difluorides of 7&75% are also obtained from the reaction of terminal or internal al- 
kynes with the (HF)&H5N reagent.21 

On the other hand, the use of tetra-n-butylammonium or polymer-supported dihydrogentrifluoride at 
temperatures of 60-120 'C affords 5740% yields of vinylic fluorides when alkynes activated by the 
presence of one or two strong electron-withdrawing groups (Ph, CHO, COR, C a R ,  CN) are employed 
(equation l2)."3* The (3-isomer tends to predominate. These reagents are substantially more reactive 
towards addition to these electron-deficient alkynes than (Bun4N)HF2, pyridine-HF, or Et3Na3HF. It has 
been suggested that these reactions actually proceed by nucleophilic attack of fluoride anion. 

1.733 H-CI Addition 

There an numerous examples of the direct addition of HCl to alkenes, even though HCl is less reac- 
tive than HBr or H I . 2 9 9 3 0  Several different experimental procedures have been employed. Most useful of 
these involves the passage of dry HCl gas into the alkene either neat or in an inert solvent such as pen- 
tane, dichloromethane or diethyl ether. Most successful of these reactions are those which generate ter- 
tiary and/or benzylic alkyl chlorides (equations 13-17).31-35 

HCI 

(ref.31) (13) 

(ref. 32) (14) 

(ref. 33) (15) 

Since these addition reactions appear to proceed through carbation intermediates, carbon skeleton 
rearrangements can be expected (equations 18 and 19).3G39 
The stereochemistry of HCl or DCl addition to a wide variety of alkenes has been examined. Addition 

of HCl to cis-2,3-dideutero-2-butene affords a mixture of eryrhro and rhreo 2-chlorobutanes.40 l-Methyl- 
cyclopentenG7 and 1,2-dimethyl~yclopentene~~ give almost exclusively tertiary chlorides formed by anti 
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HCI - 

HCI 

98% 

HCI 8 

273 

(ref.34) (16) 

(ref. 35) (17) 

c1 
40% 60% 

17% 83% 

addition. With cyclohexene4* and the tetrasubstituted alkenes (1H3)P" products of both syn and anti 
addition are observed and the ratio can be dramatically reversed simply by changing the solvent and tem- 
perature of the reaction (equation 20).44 

HCI ac:;:~:; ~ a a- H H 

CHzClz (-98 "C) 88% 12% 
Et20 (OOC) 5% 95% 

With a~enaphthene~~ and 4-r-butyl- l-phenylcyclohexene,46 HCl or DC1 addition in nonpolar solvents 
affords predominantly the products of syn addition. 
Numerous bicyclic alkenes have been allowed to react with HCI to generate the corresponding ex0 

 chloride^?^-^^ Skeletal rearrangements, either during addition or soon thereafter, are observed in a num- 
ber of these additions (equation 2 1).47 
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Electron-rich alkenes, such as vinylic esters and ethers, undergo HC1 addition in high yields (equations 
22 and 23).29 

The addition of HCI to alkenes bearing electron-withdrawing groups also provides a useful approach 
to functionalized organic chlorides (equations 2 6 3  1 ).29 Predominant anri addition has been observed in 
all of these examples where stereochemistry can be o b ~ e r v e d . ~ ~  

vo HCI To 
OH CI OH 

HCI 
F C N  - -CN 

HCI 

' A -  CN 79% JCN 

(ref. 54) (24) 

(ref.55) (25) 

(ref. 56) (26) 

(ref. 57) (27) 

(ref. 58) (28) 

(ref. 59) (29) 

(ref. 57) (30) 

68% 

(ref.60) (31) 
,,tl/,.U HCl (DCl) ~ EtO OEt 

0 AcOH 0 
cis or trans 

With less reactive alkenes, particularly those bearing one or more halogens, it is often advisable to add 
a Lewis acid catalyst to the reaction (equations 32-41).61-66 The metal halides AlC13, FeCb, SnCb and 
BiC13 have been most commonly employed as catalysts.29 
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HCI 
e C F ,  - c1 -CF3 

AlCh 
23%- 

C I T F  HCI Cl”r=Zl 
F 91% F 

HCI 2 FeC13 - 
77-94% 

HCI 
CI - eC1 

FcCI~ I 
90-100% CI 

HCI 
c1 ~ 1 ~ 1 ~  - C l y  

72% c1 

HCI 

AIQ 64% (Rf.66) 
Cl ycl 

CI F&13 49% (Rf.61) CI 
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(ref. 61) (32) 

(ref. 62) (33) 

(ref.63) (34) 

(ref.63) (35) 

(ref. 63) (36) 

(ref.64) (37) 

(ref. 61) (38) 

(ref.65) (39) 

(ref.66) (40) 

Occasionally aqueous solutions of HCl have been employed in the hydrachlorination of alkenes (equa- 
tions 42 and 43).67968 The latter procedure appears quite general and avoids the difficulties of working 
with gaseous HCl. 

conc. HCI ‘ H20 - (ref. 67) (42) 

80% 
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HCI, HzO 
C L (ref..) (43) 

n46H134 + nC6H13 

68% cat. n-C16H33PBun3 Br- 

115 'C 

Very little work on the addition of HCl to nonconjugated dienes has been reported. The reaction of di- 
vinyl sulfide with HCl can be controlled to give either the mono- or dichloride (equation 44) .@l7O 

Norbornadiene affords chiefly the alkenyl chloride, but significant amounts of nortricyclyl product are 
observed (equation 43.7' 

+ 
72% 

(45) 

A few examples of HCl addition to conjugated dienes have been rep~rted.~  1 . 3 - B ~ t a d i e n e ~ ~ ~ ~ ~  and i w  
prene29.73 produce allylic chloride mixtures of 1.2- and 1 ,4-addition, while 1.3cy~lopentadiene~~ affords 
3chlorocyclopentene in excellent yield (equation 46)?4 

Considerably more work has been reported on the addition of HCI to a l l e n e ~ ? ~ , ~ ~  Bismuth trichloride 
has frequently been added to catalyze these reactions. 1.2-Pmpadiene affords mixtures of 2-chloro-l- 
propene, 2,2-dichloropropane, propyne, and 1.3-dichloro- l,3-dimethylcyclobutane?5-77 

Monosubstituted allenes affoxd predominantly 2-chloro-2-alkenes (equation 47)?3,75*76*78 although 1- 
phenyl- 1 ,Zpropadiene forms exclusively cinnamyl chloride (equation 48)?9 

/-.= -% R T  
CI R 

HCI 

>98% 
c Ph -a re= 

Ph 

(47) 

(48) 

1,3-Disubstituted allenes generally produce mixtures of vinylic and allylic chlorides (equation 
49)?5*76,80*81 although 1,2cyclononadiene forms the allylic chloride exclusively (equation 50).80 

HCI 



Addition of H-X Reagents to Alkenes and Alkynes 277 

l , l-Di~ubsti tuted~*~~ and t r isub~ti tuted~~*~ allenes give rise to mixtures of regioisomeric allylic 
chlorides (equations 51 and 52). 

R *.= ___IC 

R ">f" + ,TC1 
R c1 R 

R 
R CI 

HCI RpR + 
R 

R CI 
*.=I - 

A few functionally substituted allenes have been reported to undergo HCl addition. Tetrafluoroallene 
and tetrachloroallene produce allylic chlorides (equation 53), while 
Me--C--CC12 and (p-ClC&)2C-C12 yields Bu'CMeClCH-eCC12 

hydmchlorination of BUT- 
and (pClC6H4)K'cCHCC13 

respectively.83 

X=F,C1 

Allenic nitriles and esters provide nonconjugated products (equations 54 and 55).76 

HC] r.- -1 - X y C 0 2 E t  
X 
X = Br, I 

CI 

(54) 

(55) 

The addition of HCl to alkynes has received considerable attention?9 Numerous procedures, usually 
involving a metal chloride catalyst, have been developed for the industrially important conversion of ace- 
tylene to vinyl chloride.29 The addition of HCl or M31 to terminal alkylalkynes generally produces 2- 
chloro- 1 -alkenes plus 2.2-dichloroalkanes (equation 56). 

The reaction has been carried out using HCl either neat or in acetic acid," or in the presence of 
H ~ C ~ Z , ~ ~  BiClP or Me4NC1." In acetic acid, mixtures of syn and anti adducts are produced," but re- 
actions catalyzed by HgC12 proceed by stereospecific anti additi0n.8~*~~ The reaction of t-butylacetylene 
affords the expected vinylic chloride, plus a mixture of isomeric dichloride adducts.84*88 The hydmhlori- 
nation of phenylacetylene produces mixtures of syn and anti adducts in which the ratio is significantly 
affected by the solvent and catalyst used.84.89.w 

Symmetrical dialkylalkynes react with HCl in acetic acid to produce anti addition products plus ketone 
(equation S7).30.91*92 The anti adducts are favored by higher HCl concentrations, or the addition of water 
or Me4NCl. 

R HCI 

AcOH C1 R 
)-7 R-R - (57) 

Unsymmetrical dialkylalkynes react with HCl in acetic acid plus Me4NCl to give regioisomeric anti 
adducts," while 1 -phenyl-1-alkynes afford predominantly syn adducts (equation 58)."~*~~ 



278 Polar Additions to Activated Alkenes and Alkynes 

Vinylacetylene reacts with HCl, CuCl and "4C1 to give 2chloro- 1.3-b~tadiene.~*~ 
Halogenated alkynes also undergo HCl addition (equations 59 and 60).25 

HCI - F 3 C y c F 3  
AlCl3 Cl 

F3C CF3 

78% 

A wide variety of functionally substituted alkynes react with HCl to produce vinylic chlorides (equa- 
tions 61-65).B*g5,96 Both syd9 and untz97*M adducts have been reported to predominate in the reaction of 
alkynoic acids. 

HCl 

HOC12 
- H O T  

c1 

HCI 
__c 

RO RO 

(ref.29) (61) 

(ref. 29) (62) 

(ref.95) (63) 

A wide variety of alkynes have also been reported to react with (Et3NH)HCh either neat or in chloro- 
form (equation 66).% Anti adducts predominate (Rl. R2 = CaMe,  C02Me; CHzCl, H; Ph, H; Ph, Me), 
except when R1 = Ph and RZ = But. 

The addition of HCl across the triple bond of P h C d X  (X = C1, Br) can even be effected using 
Et4NCl in aqueous DMSO (equation 67).lo0 

EhNCI 

H20, 
DMSO 

Ph-X 

X = C1, Br 
c1 x 
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1.7.2.4 €I-Br Addition 

The electrophilic addition of HBr to alkenes has been extensively studied?OJO1 The reaction is quite 
facile, but care must be taken to avoid competing anti-Markovnikov free radical chain processes by omit- 
ting light and free radical initiators such as The addition of HBr to alkenes is exother- 
mic and considerably more rapid than HC1 addition. Hydrobromination has usually been carried out neat, 
in inert solvents, or in water or acetic acid. Recently, good results have also been reported using excess 
aqueous HBr at 115 'C in the presence of a catalytic amount of n-C16H33PBu"sBr.~ Catalysts are gener- 
ally unnecessary except with the less reactive alkenes, where Lewis acids might be added. 

The literature prior to the observation of competitive free radical processes initiated by peroxides 
and/or light is often contradictory. When the reaction is properly carried out, however, high yields of 
Markovnikov addition products can be achieved from a wide variety of simple alkenes (equations 68- 
7 l)?l*lol*loslll Unsymmetrical alkenes such as 2-pentene give mixtures of regioisomers.112-1 l4 

R Yield (%) Ref. R Yield (%) 

Me 89-98 61 Ph(CH2)2 80-85 
Et 100 105 PhCHz 92 
pr" - >84 106 Ph 65-85 

Me3CCH2 100 107 

n Yield(%) Ref. 
3 61,72 67,110 
4 53 110 
5 65 110 
6 63 110 

Br 

Ref. 
108 
108 
109 

(ref.31) (70) 

(ref. 111) (71) 

X Y Yield(%) 
H H 100 
Me H 89 
Me Me 79 
Ph H 91 

On occasions rearrangements have been observed during hydrobromination (equations 72 and 
73).3148,115 

h e  stereochemistry of HBr addition to alkenes has been thoroughly studied. The reaction of cis- or 
rrans-2-butene with DBr in DOAc gives a mixture consisting of 60% threo and 40% eryrhro products.116 
While c y ~ l o h e x e n e ~ ~ ~  and alkene (1)118 undergo predominant anti addition, the alkenes (4H6) give 
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Br 

(ref. 31) (72) 

52% 48% 

DBr /& qo- &&XBr + .o-"'+ &yBr (73) 

D (nfs. 48, 115) >80% 
D 

46% 3% 51% 

stemisomeric mixtures. A~enaphthalene:~ indene,119 and cis- or trans- 1 -phenyl- 1 -propene1" undergo 
7690% syn addition of DBr, while 1-phenyl-4-r-butylcyclohexene gives a mixture of stemisomers.46 

(1) (4) (ref. 118) (5) (ref. 118) (6) (ref. 41) 

The hydrobromination of a number of halogenated alkenes has been examined. Allyl bromide reacts 
with HBr in the absence of peroxides, or upon addition of antioxidantsI2' or FeCb?' or in acetic acid,122 
to produce primarily 1 ,Zdibromopropane (equation 74). Allyl chloride behaves similarly.1u 

X = C1, Br 

On the other hand, 3,3,3-trifluoro-i -propene,62+101 3,3,3-trifl~oro-2-uifluoromethyl-l-propene~~ and 
3,3,4,4,5,5,5-heptafl~oro-l-pentene~~~ react with HBr to afford exclusively the terminal bromides (equa- 
tions 75-77). 

HBr 

AIBn 
e C F 3  - Br*CF3 

35%- 

85% 

(75) 

Vinylic halides less reactive than simple alkenes, but generally afford clean addition products. The 
addition of HBr to vinyl chloride125 or vinyl bromide61*122.126*127 in the presence of iron(II1) chloride or 
bromide affords primarily the geminal dihalides (equation 78). 

With other vinylic halides, the substitution pattern determines the direction of HBr addition (equations 

Polyhalogenated alkenes also undergo HBr addition (equations 84-87).61*63*131 Even tetrahdoethylenes 
7p.83).61,6S.128-130 

undergo HBr addition in a continuous flow reactor in the presence of a catalyst.132 
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HBr x, 
X = C1, Br 

HBr 
X 

X = CI, Br 

(7) 

X Additive Yield (%) 
c1 - 60-100 
C1 FeC13 90 
Br - 70 
Br FeC13 61-95 

X Br x 

28 1 

(78) 

(refs. 61.65) (79) 

+ qx (refs. 61,65) (80) 
Br 

(8) 

(7):(8) 
298:cJ 
- >90:<10 
- >92:<8 
-66:-34 

HBr. Feci3 & - c 1  &Br 
* Bu' + But (ref. 128) (81) 

85-90% 10-15% 
BUl 

6 
P h y  Ph 

Br 

=(' F 

-fF F 

HBr, Feci3 

X Yield (%) 

Br 75-80 
C1 69-90 

* P h q P h  
HBr, AcOH 

Br 

- HBr GBr 
F 

HBr, AIBr3 

53% Br 

(ref. 129) (82) 

(ref. 130) (83) 

(ref. 131) (84) 

(ref. 63) (85) 

- (ref. 63) (86) 
HBr, AIBr3 

45% Br 
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e 

HBr, AlBr3 

y c 1  73-818 
CI 

(ref.61) (87) 

A number of functional groups including sulfones, ethers and even alcohols (occasionally) can be ac- 
commodated during hydrobromination. Functional groups in close proximity to the C-C double bond 
can have an important directing effect (equations 88 and 89).133J34 

D h s 0 2 d  (ref. 133) (88) 
HBr, AcOH 

&SO2 

HBr,HzO 4 
0” ‘0 

0 32% 
0” ‘0 

(ref. 134) (89) 

a$-Unsaturated aldehydes,lol ketoneslol and esters109*135v13a afford 8-bromo carbonyl products, often 
in excellent yield (equation 90). Even tribenzoylethylene reacts in fair yield (equation 91).13’ 

ph 
HBr, 64% AcOH - mqxL 0 COPh 

Br 

A wide variety of unsaturated carboxylic acids have been allowed to react with HBr.’O’ Carboxylic 
acids with remote C-C double bonds react as simple  alkene^.^^*,^^^ 4-Pentenoic acid reacts with HBr 
neat or in a polar solvent to give exclusively 4-bromopentanoic acid, but the reaction in nonpolar sol- 
vents affords only 5-bromopentanoic acid.136 On the other hand, 5-methyl-4-hexenoic acid produces only 
the 5-bromo acid. A similar pattern is followed by 3-butenoic, 3-pentenoic and 4-methyl-3-pentenoic 
acids. No matter what the substitution pattern, 2-alkenoic acids always favor the 3-bromo 
acid.113J36J40*141 Addition of HBr to cyclic a$-unsaturated acids initially forms predominantly the p 
duct of trans diaxial addition which upon longer reaction time or higher temperature isomerizes to the 
tram product (equation 92).57J41 9142 Similar observations have been made on bicyclic a$-unsaturated 
acids.141 

n =  1,2 

The stereochemistry of addition to unsaturated dicarboxylic acids has also been examined (equations 
93 and 94).1309143 

BrFc02H HBr. AcOH c meso B r ~ c o 2 H  (ref. 130) (93) 
HO2C 85% H02C Br 

Addition of HBr to unsaturated nitriles can also proceed in good yield (equation 95).s9 
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H02C H ~ “ 2 ~  
C02H % HBr,AcOH 100% * 

(ref.143) (94) 

- - 

BrdCN 

HBr 
(95) 

Nonconjugated dienes react as expected to give mono- or di-addition products (equations 96- 
98).’OJ4J45 Norbomadiene also produces nomicyclyl product (equation 99).71 

ASK (ref.70) (96) 
HBr Br - e s 4  - 

P 
Br 

Br 

(ref. 144) (97) 

(ref. 145) (98) 

270% 130% 

Conjugated dienes generally produce mixtures of 1,2- and 1,4-addition compounds.’** 1,3-Butadiene 
reacts rapidly with HBr even at low temperatures and gives mixtures in which either 1-bromo-2-butene 
or 3-bromo- 1 -butene predominate, depending on the reaction conditions (equation 100.)72,146,’47 Further 
HBr addition gives mixtures of 1,3-dibromobutane and 2,3-dibrornob~tane.~~~ 

Isoprene initially forms 3-bromo-3-methyl- 1 -butene, which rapidly rearranges to 1 -bromo-3-methyl-2- 
butene (equation 101).148J49 

2,3-Dimethyl-l,3-butadiene cleanly affords 1 -brom0-2,3-dimethyl-2-butene,~~~ but further HBr addi- 
tion produces a mixture of dibromides (equation lO2).l5I 

The addition of HBr to 2-methyl- 1,3-pentadiene, 1-bromo- 1,3-butadiene, 1 -phenyl- 1,3-butadiene and 
2,4-hexadiene produces 2,4-dibromo-2-methylpentane, 1,3-dibromo- 1 -butene, 3-bromo- 1 -phenyl- 1 - 
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butene and 2-bromo-3-kxene plus 4-brom0-2-hexene. respectively.101 The addition of DBr to 1,3cyclo- 
hexadiene provides allylic bromide in 85% yield; both 1,4-syn and 1.2snti addition are suggested to 
occur, followed by stereospecific rearrangement.152 

Numerous studies of the addition of HBr to allenes have been ~eported.~~.’~ The low temperanut ddi- 
tion of HBr to allene produces a mixture of products (equation 103).” However, gas phase photocata- 
lyzed addition generates only the vinylic bromide, in near quantitative yield.153 

Terminal monosubstituted allenes afford primarily (E)- and Q-2-bmmo-2-alkenes using either a p  
proach (equation 104).153-155 However, terminal disubstituted allenes give quite different products (equa- 
tion 105).82.153,155 

Br 

I )=.= - HBrgas R+ (105) R ,p, Br HBr, solvent R 

Br R R R 

Symmetrical 1,3-disubstituted allenes give predominantly vinylic bromide or allylic bromide depend- 
ing upon reaction conditions (equation 106).82*153p154 Analogous unsymmetrical allenes give mixtures of 
all four possible bromides.81,82 

RTR or R LR (W 
HBr /=.A - 

R Br 

Totally different products a~ observed from aqueousE2 and gas phase153 HBr addition to tetrasub 
stituted allenes (equation 107). 

RnR R 7 F*+R - HBr gas R&R R R  (107) 
R HBr, H20 

Br R R R 

The products of addition of HBr to cyclic allenes is highly dependent on the size of the ring and the 
solvent used (equation 108). 1547156 1.2-Cyclononadiene affords rather selectively either product. 

HBr. HOAc (=:== HBr. HOAC 
(108) 

1,2-Cyclodecadiene and 1,2.6-cyclononaaiene have been converted to the corresponding allylic bro- 
mide and vinylic bromide respectively, while 1,2cyclotridecadiene, reacts with HBr in HOAc to give a 
mixture of bromides. 
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The hydrobromination of functionally substituted allenes has received little attention. Vinylic allenes 
and allenic acids generate mixtures of bromides,'6 while tetrafluoroallene affords the allylic 

produce 3-bromo-3-alkenoic acids (equation 109).157J58 

There are numerous examples of the addition of HBr to alkynes.Io1 Addition to acetylene is difficult, 
tends to produce mixtures of bromide products, and requires a catalyst.94*101.122 Simple terminal alkynes 
react with HBr in the absence of peroxides to produce mixtures of 2-bromo-1-alkenes and geminal dibro- 
mides (equation 1 10).85J59 The latter can be produced in high yield when excess HBr is used.160 

HBr A + Br< 
R R- - 

R 

Mercury(I1) bromideE5 and iron(II1) bromide159 have been employed as catalysts in these reactions. 

In the presence of peroxides, 1-bromo- 1-alkenes or 1 ,Zdibromoalkanes are produced depending on the 
The former catalyst affords stereospecific trans adducts.85 

amount of HBr employed (equation 11 1).85J59J@' 

- ,?,, Br (111) 
R R&B' + 

The hydrobromination of arylalkynes in acetic acid produces good yields of vinylic bromides in which 
syn addition is favored over anti addition by -3 to 1 (equation 1 12).w*'613162 

- Ar 
Ar 

(112) 

3,3,3-Trifluoro-l -propyne readily adds HBr in an anti-Markovnikov fashion (equation 1 13).25*163 

HBr 
c F3C e F3C Br 

83-1002 

The stereochemistry of HBr addition to 1-alkyn-3-ones can be controlled by proper choice of reagents 
(equation 1 14).IW 

%cis % trans 
LiBr, CF3C02H (30 min) 1 89 
LiBr, CH3C02H (overnight) 68 12 

Alkynoic acids in which the C P  triple bond is far removed from the acid moiety behave like simple 
alkynes. 165.166 Propiolic acid, on the other hand, adds HBr to form almost exclusively (2)-3-bromoprope- 
noic acid (equation 1 15)?8 
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Surprisingly, no work has apparently been carried out on the addition of HBr to simple dialkylalkyncs. 
Hexafluoro-Zbutyne readily adds HBr in the presence of AlBr3 (equation 1 16).25 

F3C-CF3 - HBr F3C cF3 
Br 

Diarylalkynes add HBr in an anti fashion (equation 1 17).130 

HBr, AcOH 

9 0 4 5 %  
Ar-Ar 

1-Halo-1-alkynes react with HB~-HOAC'~~ or H B r 4 ! ~ 2 B r 2 ~ ~ . ' ~  to afford primarily anti adducts 
(equation 1 18). 

Even aqueous Et4NBr will hydrobrominate PhChCX, where X = C1 or Br, although the yield is low 
(equation 119).'00 

Ph-x L 

DMSO 
X = Cl, Br 

Anti addition products have also been reported for a wide variety of functionally substituted alkynes 
(equations 120 and 121).95p97J70J71 

(ref. 95) (120) 

HBr, H2O 
R CO2H L Br)=/Co2H (refs. 97, 170, 171) (121) 

R 
R = H, Me, Ar, CO2H 

However, HBr addition to tetrolic acid and phenylpropiolic acid in benzene is reported to afford the 
opposite regioisomers (equation 122),170 and the stereochemistry of HBr addition to PhChCC02Et171 
and NCCZ=CCN'~~ is unclear. 

HBr, PhH R 
R- CO2H L yBr 

R=Me,Ph COzH 

Recently, two very useful procedures for the conversion of terminal alkynes to 2 - b e l - a l k e n e s  
have been reported (equations 123 and 124).173J74 Both procedures accommadate alcohol groups as well. 
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(ref. 174) (124) 
i, BrBR2 

ii, AcOH R 
R- 

The addition of HBr to alkynes via hydrometallation-halogenation is another important approach to 
vinylic halides which will be discussed elsewhere in this series (see Volume 8, Chapters 3.9-3.12). 

1.735 H-I Addition 

Although HI addition to alkenes and alkynes is faster than that of the other hydrohalides and free radi- 
cal anti-Markovnikov additions are not a problem, this reaction has received less attention than the 
0 t h e ~ s . I ~ ~  The hydroiodination of alkenes is most commonly run using concentrated HI in water or acetic 
acid at or below room temperature. While the early literature suggests that simple terminal alkenes afford 
small amounts of anti-Markovnikov products, only Markovnikov products have been reported in the 
more recent literature (equations 125-129).67J7"'79 

R Yield(%) Ref. 
Me 79, >90 176. 177 
Et 73 176 
Bun 94 178 

Me3CCH2 92 176 

HI, AcOH 

>=( K1"3P04- 91% I f (  

(ref. 67) (126) 

(ref. 178) (127) 

(ref. 178) (128) 

(ref. 179) (129) 
HI, AcOH 

85% 

While cyclopropylethylene is reported not to rearrange,'79 this appears questionable since other al- 
kenes prone to rearrangements have been reported to do so (equation 130)?'.38*39J80 

I I 

%100% 
ex 
X = C1. Br 
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Allyl chloride and bromide afford high yields of HI addition products (equation 131).176J77 
Even vinylic halides add HI readily, though 1-bromo-1-propene gives a mixture of products (equations 

132-135).125J31Jn However, perfluoroakenes have proven unreactive towards HI addition. 

(ref. 125) (132) 

(ref. 177) (133) 
Br ,-(, Br 

I 

(ref. 131) (134) 

(ref. 131) (135) 

Certain functional groups can be accommodated during HI addition. While alcohols are converted to 
alkyl iodides under the usual reaction conditions,l8’ sulfones present no  problem^.^^^,^^ Remote carbox- 
ylic acid functionality has no effect on the addition of HI,182 and a,p-unsaturated carboxylic acids pro- 
duce good yields of exclusively the 3-iodocarboxylic acids, no matter what the substitution pattern about 
the C--C double bond (equation 136).114,140.183-186 

I 

The addition of ammonium and phosphonium salts as catalysts for HI addition to alkenes has been rec- 
ommended as a useful alternative procedure.68 

While the reaction of alkenes with I2 at temperatures of 125-130 “C reportedly produces regioisomeric 
mixtures of iodoalkanes,Ig7 in the presence of dehydrated alumina in refluxing petroleum ether, this re- 
action gives low to reasonable yields of Markovnikov a d d u ~ t s . ~ * ~ * ’ ~ ~  This approach does not appear very 
general, however, and rearrangement has been observed. 

There are very few examples of the addition of HI to dienes (equations 137-139).72,77,144 

(ref. 144) (137) 

HI 

52% 
w-0 -1 (ref. 72) (138) 

=.= - (ref. 77) (139) 
71% 

6% 94% 

Relatively little work has also been reported on the addition of HI to alkynes. 1-Propyne affords a mix- 

The reaction of 3,3,3-trifluoro-l-propyne requires a temperature of 100 ‘C or the addition of A113 to 
ture of iodides (equation 140)?7,85 

produce the terminal vinylic iodide (equation 141).25 
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-- - HI A+fxr  
86% 

35% 65% 

HI 

65% 
F3C - F 3 C 4 - 9  

289 

(nf.77) (140) 

A variety of haloenynes react with HI and Cu212 to afford products of anti addition (equation 
142).168*'69 

c=c-czc-x HI c=c, H 

CUz4 I' X 
c = c,' (142) 

X = C1, Br, I 

A variety of functionally substituted alkynes also undergo facile HI addition (equations 143- 
145).95,164.190 

Bu"2P 4 HI 
Bu"2P-R - 

R 
(ref. 95) (143) 

RCO I RCO 
RCO- - \=/ + (ref.164) (144) 

I 

Nd, CF3C02H 0% 
Nd, CH3C02H 70% 

95 % 
17% 

- =CO,Me - 14C02Me (ref. 190) (145) 

While 4-pentynoic acid reportedly yields the geminal diiodide (equation 146),IM 2-alkynoic acids 
generally produce almost exclusively the 3-iodo-2-alkenoic acids of anti addition (equation 147).97998*'9' 

R=H,Me 
R 

3-Bromo- and 3-iodo-propiolic acids are also reported to give the corresponding 3.3-dihal0-2-prope- 

Alkynes bearing two strong electron-withdrawing groups are still capable of undergoing HI addition at 
noic acids of unknown ~tereochemistry.'~' 

or below room temperature (equation 148).'72J92J93 

I 
X = CO2Me, COzH, CN 
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Terminal alkynes also undergo HI addition in good yields upon reaction with I2 and dehydrated alumi- 
na (equation 149),lg9 or by iodoboron addition followed by protonolysis (equation 150).174 These meth- 
ods appear quite useful. 

L 

i, IBRz 
R- 

ii. AcOH R 
8&100% 

1.73 H-N ADDITION 

1.73.1 Introduction 

There are several methods available for the electrophilic addition of hydrogen and nitrogen to alkenes, 
dienes and alkynes. While the direct electrophilic addition of amines to these substrates is not feasible, 
aminomercuration4emercuration affords a very useful indirect approach to such amines. The addition of 
amides to C P  multiple bonds can be effected directly through the Ritter reaction or by the less direct, 
but equally useful, amidomercuration-demercuration process using either nitriles or amides. Similarly, 
H-N3 addition to alkenes can be carried out directly or via mercuration to produce organic azides. 

1.73.2 Aminomercuration-Demercuration 

There do not appear to be any direct approaches for electrophilic addition of amines across C P  
double or triple bonds. However, aminomercuration-demercuration affords a very useful process to ef- 
fect this transformation (equation 15 1). This reaction has been thoroughly reviewed recently.'" 

R2NH NaBH4 
(151) __c 

r H g x  NaOH R 
R- - 

H$XZ R 

Although the relative reactivity of mercuric salts is Hg(C104)~ = Hg(N03)2 >> Hg(0Ac)z > HgC12,'95 
the latter two salts have been used in almost all examples of this reaction reported to date. The reaction 
can be reversible or irreversible depending on the mercury salt employed.'% 

Most work on aminomercuration has employed secondary aliphatic amines, or primary or secondary 
anilines. Primary amines have been successfully employed using mercuric perchlorate or mercuric ni- 
trate.19' No reactions utilizing ammonia have been reported. While excess amine or various ether sol- 
vents can be used, it is sometimes desireable to add ~ a t e r . ' ~ ~ . ' ~  

A wide variety of alkenes have been shown to undergo aminomercuration-demercuration, including 
alkenes bearing alcohol, ester, acid, amide, imide, urea, urethane, ether, sulfide and aryl groups.'" 

Although Markovnikov addition is generally observed, little work on the regio- or stereo-selectivity of 
this reaction has been reported. Both cis- and trans-Zpentene afford mixtures of the 2- and 3-substituted 
amines.lW a,P-Unsaturated esters yield p-amino esters?Oo The aminomercuration of cis- and truns-2- 
butenes gives 2 97% of the anti adducts.201 

While reductive demercuration of the intermediate p-aminomercurials can usually be canied out in 
situ using alkaline sodium b o r ~ h y d r i d e , ~ * ~ ~  regeneration of the starting alkene or nitrogen migration 
can be a problem. Alkene formation can often be circumvented by adding 10% NaOH prior to reduc- 
tion19' and using a phase transfer catalyst.m This reducing system also cuts down on the problem of ni- 
trogen migration. 

The intramolecular solvomercuration of unsaturated amines provides a very useful route to a variety of 
nitrogen heterocycles. 194p205 This reaction is particularly useful for the preparation of pyrrolidines and 
piperidines and their heteroatom-substituted analogs (equation 152). 

Bicyclic206 and s p i r ~ c y c l i c ~ ~ ~  amines are also readily prepared by intramolecular aminomercuration- 
demercuration (equations 153 and 154). 



Adi t ion  of H A  Reagents to Alkenes and Alkynes 

"R -- /Q 1" 
I 
R n =  1.2 q-- q 

TNHZ - - o?" 

29 1 

(152) 

Analogous cyclic amines can also be prepared by aminomercuration-demercuration of unsaturated or- 
ganic halides (equation 155).m 

r i, PhNH2, Hg(0Ach P N M P h  

Mezsid ii, NaBH4, NaOH 

High stereoselectivity is frequently observed in these types of cyclization. 
These cyclic aminomercurials are particularly prone to alkene formation and rearrangement during re- 

duction. However, alkaline sodium borohydride under phase transfer conditions usually works 
we11.2@'.2'0 

Nonconjugated dienes also undergo aminomercuration-demercuration to generate pyrrolidines, piper- 
idines and their heterocyclic analogs (equations 156-1 58).21 

(refs. 211-214) (156) 

R 
X = CHz,O, S, NR, SiMez 

Ar 

(ref. 218) (158) 

Ar 

Conjugated dienes afford either allylic amines or saturated diamines (equation 159).2@'.219 When mer- 
cury(I1) oxide plus tetrafluoroboric acid is employed, dihydropymles are formed instead (equation 
160).220 
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Allylic amines are usually obtained from the aminomercuration of allenes (equation 161),2w*221 while 
allenes with amino groups in a side chain produce the corresponding heterocycles (equation 162).2= 

H NHR \ ' I  

/c=c-c- /c=c=c \ I 
__1 

\ / 

R )= . v n ~ ~ ~  ___) u n - 2  
R R N 

I 

n = 3 , 4  R 

The aminomercuration-demercuration of alkynes affords a variety of nitrogen-containing products. 
Most commonly imines are formed,'" though there are a few examples of enamines being produced 
(equation 163).223-228 

1.733 Amide Addition 

1.73.3.1 Ritter reaction 

The preparation of amides by the addition of hydrogen cyanide or alkyl nitriles to alkenes in the 
presence of acids, known as the Ritter reaction, has been The reaction may be con- 
sidered simplistically as nucleophilic attack of a nitrile on a carhation formed by the protonation of an 
alkene. Subsequent hydrolysis of the nitrilium intermediate gives the amide product (equation 164). The 
overall result is addition of a molecule of H-"COR to a C - C  double bond. 

Although terminal alkenes provide the best yields, the Ritter reaction is also successful when using tri- 
substituted alkenes and haloalkenes. Markovnikov addition is generally observed. Rearranged products 
arise occasionally, especially with alkenes that are prone to cationic rearrangements (equation 165).u3 

NHCHO 
(165) 

H2SO4, MeCOzH 6 + HCN 

The Ritter reaction of internal alkenes may yield mixtures of regioisomers, and on occasion, small 
amounts of rearranged products (equation 166).234 

The acid used in the Ritter reaction is usually sulfuric acid, although other acids such as perchloric, 
phosphoric, polyphosphoric, formic and sulfonic acids have been used. Lewis acids such as aluminum 
trichloride and boron trifluoride are also occasionally used. However, high yields am generally best ob- 
tained with sulfuric acid. The choice of solvents varies among sulfuric acid, glacial acetic acid, acetic an- 
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hydride, di-n-butyl ether, some chlorinated solvents, hexanes and nitrobenzene. Reaction times and tem- 
peratures are variable, but generally the reaction conditions are very mild. 

?he synthetic utility of the Ritter reaction is evident from surveying the literature. An early example of 
the Ritter reaction is found in the synthesis of in vivo metabolites of the drug mephentemine (equation 
1 67)?35 

M e 0  

The synthesis of heterocycles is another common application of the Ritter reaction. Equations (168)- 
(170) illustrate the preparation of a l a ~ t a m ? ~ ~  ~ x a z o l i n e ~ ~ ~  and dihydroi~oquinoline?~~ respectively. 

H 

EtCN, HzSO4 

PhCHzO Meom' * 

r 1 

PhCH20 1 - PhCH2O MeoT (170) 

Recently, nonconjugated dienes have been successfully used in the Ritter reaction for the preparation 
of bridgehead amides238 and azatricycloundecane amides (equations 17 1 and 172).239 

Extension of the Ritter reaction to conjugated dienes, however, has been less successful. The reaction 
is often met with competing Diels-Alder reactions or extensive polymerization. The polymerization that 
occurs during the reaction of 1,3-dienes and nitriles has been used in the synthesis of linear 
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However, satisfactory Ritter reactions with conjugated dienes can provide pyrroline 
derivatives (equation 173).241 

1.733.2 Amidomercuration-demercurotion 

The reaction of alkenes or dienes, mercuric salts, and either nitriles or amides generates p-amidomer- 
curials, which can be easily reduced to the corresponding amides (equation 174). This reaction effects 
H-NHCOR addition to alkenes and dienes, and has been thoroughly reviewed re~ently."~ 

\ /  HgXz I I  NaBH, I I  
c XHg-C-C-NHCOR - H-C-C-NHCOR (174) P = '\ RCN or RCONHz I I  NaOH I I  

Amidomercuration using nitriles has received the most attention. This reaction commonly employs 
mercury(I1) nitrate with the nitrile as solvent. Acetonitrile is the most widely used nitrile, but RSCN and 
RzNCN can also be employed.243 

A variety of alkenes undergo successful amidomercuration, but alkenes of the type R 2 W H 2  and 
RzCLCHR fail to react in the anticipated f a s h i ~ n . " ~ ~ ~ ~  While rearrangements have been observed with 
a- and P - ~ i n e n e ? ~ ~  3.3-dimethyl- 1 -butene reacts normally?44 

Most useful of the demercuration procedures reported is the use of alkaline sodium borohydride" or 
sodium-mercury amalgam.243.246 Reduction with LiAlH4 affords the corresponding amines.243 

There appears to be only one example of intramolecular amidomercuration using an unsaturated nitrile 
(equation 175),247 and no examples of the amidomercuration of dienes or alkynes using nitriles. 
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Amides can also be utilized for amidomerc~ration."~.~~J~~ The reaction is usually run using equiv- 
alent amounts of the alkene and Hg(N03)2, plus 10 quiv.  of amide in refluxing dichloromethane (equa- 
tion 176). 

He(N03): NaBH4.NaOH I I 
* + HzNCOR H-C-C-"COR ( 176) 

\ I  
/c = c\ CHZClZ B U W Z  I t  

The reaction may be subject to limitations in the alkene shucture similar to those of the nitrile process. 
Besides simple amides, one can also utilize urea and urethanes in this reaction. Demercuration is best ef- 
fected by using alkaline sodium borohydride in the presence of a primary amine such as Bu"NH2. 

Intramolecular amidomercuration of unsaturated amides and subsequent reduction is a very useful ap- 
proach to cyclic amides (equations 177 and 178).242 Mercuric acetate has been employed in all such re- 
actions to date. The reaction is often highly regio- and s t e r e o - ~ e l e c t i v e . ~ ~ ~  

- At,,,,,,, HgOAc (refs. 25&252) (177) 
N 
COR 
I I 

R 
H 

q : H  -- 
0 

(ref. 253) (178) 

Sulfonamides can also be employed in amidomercuration when mercury(I1) nitrate is utilized as the 
mercury salt (equation 179).254 

While no intramolecular examples of this reaction exist, dienes undergo reaction to generate cis-pym- 
lidines (equation 180). 

SO2C,H4Me 

1.73.4 Azide Addition 

1.73.4.1 Direct H a 3  &ition 

The chemistry of alkyl and alkenyl azides has been well summarized in several recent r e v i e ~ s . ~ ~ ~ - * ~ '  
The azides can be prepared via numerous methods, of which the addition of hydrazoic acid to C-C 
multiple bonds is one. With the exception of cy~lopropenes?~~ most alkenes are unreactive towards hy- 
drazoic acid itself. However, the addition can be catalyzed by acids (phosphoric acid,2s9 sulfuric acid260 
or trifluoroacetic acid261) or Lewis acids (aluminum trichloride, boron trifluoride or titanium tetra- 
chloride).262 

The acidcatalyzed reactions proceed through a carbocation intermediate formed by protonation of the 
double bond, followed by nucleophilic attack of HN3 and subsequent loss of a proton (equation 18 1). 
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This reaction works well for simple alkenes and cycloalkenes. Attempts to add hydrazoic acid to di- 
arylalkenes in the presence of sulfuric acid, however, leads to considerable decomposition due to 
Schmidt rearrangement.260 

The addition of HN3 to alkenes in the presence of Lewis acids also involves carbocationic intermedi- 
ates. This is nicely illustrated by the boron trifluoride-catalyzed addition of "3 to a- or P-pinene in 
which carbocation rearrangements are observed (equation 182).263 

The combination of hydrazoic acid and boron trifluoride has also been used to convert SP-hydroxy- 
pregnane into the corresponding azido compound (equation 183).264 This reaction is presumed to involve 
elimination of water to form a A5-pregnene which then adds "3. 

@- "3, BF3*OEt2 @- 

- (183) 

OH N 3  

The addition of hydrazoic acid to numerous acyclic and cyclic alkenes also proceeds well in the 
presence of titanium tetrachloride or aluminum trichloride?62 Dichloromethane or chloroform are ideal 
solvents for these catalysts. The addition is regiospecific and tolerates the presence of primary and sec- 
ondary alcohols, as well as esters (equation 184). 

These Lewis acids may also be used to catalyze additions of hydrazoic acid to enol ethers and silyl 
enol ethers (equation 185). In an earlier report, the addition of HN3 to enol ethers was accomplished with 
trifluoroacetic acid.261 Curiously, the same additions are observed in comparable yields even in the ab- 
sence of a catalyst.262 

The reaction of hydrazoic acid with alkynes generally provides triazoles instead of azides (equation 
1 86)?65 
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Alkoxyalkynes are an exception, but unfortunately they undergo further additions to yield geminal dia- 
zides as the only product (equation l 87)?66 

1.73.42 Azidomercumtion-demercuration 

The formal addition of H-N3 across C - C  double bonds can also be brought about via azidomercura- 
tion-demercuration, a process recently reviewed.267 In the presence of NaN3, Hg(OAc)z, Hg(OzCCF3h 
or Hg(N03)2, in aqueous THF, methanol or DMF, alkenes undergo azidomercuration (equation 188).26s 
274 

NaN3. HgXz I I  NaBH,-NaOH I 1  
* H-C-C-N3 (188) * XHg-C-C-Nj 

\ I  

/"=c\ I I  or Na(HgbH20 I 1  

While highly substituted alkenes react poorly, strained alkenes like cyclopropene268 and n ~ r b o r n e n e ~ ~ ~  
undergo a facile reaction. 3.3-Dimethyl- 1-butene does not rearrange during addition.270 The reaction 
conditions are mild enough that unsaturated carbohydrates can be u t i l i ~ e d . ~ ~ ' - ~ ~ ~  

Alkaline sodium borohydride is the preferred demercuration reagent, but sodium-mercury amalgam in 
D B  is best for stereospecific reduction with retention.268 

Only two dienes, and no alkynes, have been subjected to azidomercuration (equations 189 and 
1~).275-277 

xHg% (refs. 275.276) (189) q -  C0,Me C02Me C02Me C0,Me 

(ref. 277) (190) 

H 

1.7.4 H-O ADDITION 

1.7.4.1 H-OH Addition 

1.7.4.1.1 Direct hydmtion 

The addition of H-OH to alkenes is a well studied reaction for the synthesis of alcohols with import- 
ant industrial  application^.^^^.^^^ It is seldom used as a laboratory procedure. The hydration is commonly 
achieved under acid or metal catalysis, but may also be accomplished photochemically under acidic or 
neutral conditions. The acid-catalyzed addition of water to the C-C double bond occurs in a Markovni- 
kov fashion, and is typically carried out using sulfuric acid, phosphoric acid or perchloric acid. Yields 
are highly variable and depend on exact reaction conditions. The large number of mechanistic studies re- 
ported concerning this reaction has convincingly provided evidence for an A s ~ 2  mechanism involving a 
cationic species (Scheme 1). As anticipated, rearrangements of the cationic species are observed. 
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scbeme 1 

The rate of hydration is dependent on the substitution and hence the nucleophilicity of the C-C 
double bond.280 In general, trisubstituted alkenes are hydrated faster than terminal alkenes. Thus, the re- 
action is most commonly applied to the preparation of tertiary alcohols (equation 191).28' 

OH 

Furthermore, cis isomers are more easily hydrated than their trans counterparts, although exceptions 
are known. Thus, the hydration of cis-l,2dicyclopropylethylene is 2.5 times faster than its truns 
isomer?82 Strain introduced into a ring by the incorporation of a trans double bond reverses the trend, 
thereby making the hydration of frunscyclooctene more rapid than the cis compound.283 Smaller ring al- 
kenes are also rather sluggish towards hydration?" 

Recently, there have been many new catalysts developed for the hydration of alkenes, although most 
are more suited for industrial purposes. These catalysts include zeolites such as mordenite2s6 
and f e m e ~ i t e , ' ~ ~  as well as those containing heavy metals?87 heteropolyacids288 and sulfonic acid ex- 
change resinsFS9 It is reported that some of these new catalysts perform as high as 99.6% conversions 
and 99.4% selectivity, as illustrated in the hydration of propene into 2-propanol (equation 192).290 

Hydration by synthetic zeolites is also applicable to structurally more complicated alkenes (equation 
193)F9' 

The metal ion promoted hydration of alkenes that mimic biochemical reactions has also received atten- 

The rate of acid-catalyzed hydration of styrenes can be enhanced photochemically (Scheme 2).293*294 
tion ,292 

Except for nitro-substituted styrenes, such photohydrations undergo exclusive Markovnikov addition. 

Scheme 2 

The products obtained via the acidcatalyzed hydration of conjugated dienes are dependent on the 
structure of the diene. Thus, through the use of deuterated reagents, the sulfuric acid-catalyzed hydration 
of 1.3-cyclohexadiene was shown to proceed exclusively by a 1,2 addition (equation 194).295 
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On the other hand, the hydration of acyclic dienes such as 1- or 2-substituted 1,3-butadienes affords an 
equilibrium mixture of allylic alcohols resulting from both 1.2- and 1 ,4-addition (equation 195)?% 

OH R' 

R R 
R, R' = H, Me; Me, H 

Interestingly, stereochemistry also plays a role in the mode of addition.297 Thus, hydration of cis-l- 
ethoxy-l,3-butadiene shows deuterium incorporation at both the 2 and 4 positions (equation 196), while 
the trans isomer incorporates deuterium only at the 4 position (equation 197). 

The addition of water to allenes has been reviewed recently.298.299 The product obtained from the acid- 
catalyzed hydration of allene, alkylallenes and 1,3-dialkylallenes is usually the ketone. The intermediate 
is a vinyl cation formed by protonation on the terminal carbon of the allene moiety (equation 198). 

L J 
0 6 7 8 %  

However, the site of protonation changes to the central carbon when electron-donating substituents 
such as acetates, alkoxides, arenes and fluoride are attached to the allene moiety. Thus, the hydration of 
allenyl ethers provides unsaturated aldehydes showing deuterium incorporation at the central carbon 
(equation 199).300 

D 

Carboxylic acids are obtained when water is added to the carbon+arbon double bond of ketenes 
(equation 2oO).301 The addition is acid catalyzed, and involves protonation at the P-carbon. 

0 (200) 
R'  H30' R '  

R2 R2 R* 
)=.=o - t ; = o  - 

The direct hydration of a (2-42 triple bond has been recently r e v i e ~ e d . ~ ~ ~ . ~ ~ ~  Hydration is possible 
under acid or metal catalysis, as well as by photohydration. Hydration under acid catalysis is generally 
done with sulfuric acid, although other acid systems such as phosphoric acidbron trifluoride have been 
reported.304 It is established that acid catalysis occurs by a vinyl cationic intermediate which reacts with 
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water to form an enol, followed by tautomerism into a ketone. The addition of water to tenninal alkynes 
is governed by Markovnikov's rule (equation 201). 

Except for very reactive alkynes, acidcatalyzed hydrations are usually sluggish This slow hydration 
can be overcome by the addition of catalytic amounts of mercury(I1) salts. Such hydrations are generally 
mild and will tolerate the presence of other functional p u p s .  Specific examples of mercury-catalyzed 
hydrations are discussed in the next section. 
The hydration of alkynes is also accomplished by use of catalytic amounts of palladium and gold 

salts.305 The mildness of this reaction is demonstrated by the preparation of 5-oxo-prostaglandin deriva- 
tives (equation 202). In this connection, it should be noted that attempted use of other metal salts to cata- 
lyze C - C  triple bond hydrations has met with little success.M6 e PdClZ(MeCN)z 9 

(202) 
MeCN-HzO 

OH HO 
OR ButMe2Si0 

Analogous to the photohydration of styrenes, the acidcatalyzed hydration of phenylalkynes is also 
possible photochemi~ally.~~~.~~~~~ Except for nitro-substituted arylalkynes, the reaction follows Mar- 
kovnikov's rule. This reaction has thus far received limited synthetic attention. 

The hydration of heteroatom-substituted alkynes proceeds well under general acid catalysis. This re- 
action provides a convenient synthesis of amides?08 esters309 and thiOesters.3O8 Equation (203) illustrates 
the utility of this reaction for the regiospecific synthesis of 3-alkenamides. 

9 Hz0, 80% 4 N E t 2  (203) -rNEt2 0 

The hydration of conjugated diynes readily affords 1,3-diketones. The hydration may be acid- or mer- 
curic sulfate-catalyzed. The Rupe rearrangement is observed under general acid catalysis (equation 
204).3'0 

(204) 
i,HCOzH 

ii. H ~ O +  
74% 

I .7.4.13 Hydroxymercumiion-demercuraft'on 

In view of the many limitations inherent in the direct acid-catalyzed hydration of alkenes, indirect hy- 
dration via hydroxymercuration-demercuration has become a very valuable method for the preparation 
of alcohols. This process has recently been thoroughly re~iewed.~'  

While many different procedures have been reported for the hydroxymercuration-demercuration of al- 
kenes, the most useful procedure uses mercury(I1) acetate in aqueous THF, followed by in situ alkaline 
sodium borohydride reduction (equation 205).3'293'3 Virtually all substitution patterns about the C - C  
double bond are accommodated. 
The following relative rates have been observed: R z C 4 H 2  > R C H d H 2  > (2)-RCH-CHR > (E)- 

RCH-CHR. Only certain aryl-substituted alkenes, tetrasubstituted alkenes or sterically hindered alkenes 
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fail to react. The reaction rate is increased by electron donation and decreased by electron withdrawal, as 
expected for an electrophilic process. 

The overall process is generally highly regiospecific. Mono- or di-substituted terminal alkenes and tri- 
substituted alkenes afford >99% of the Markovnikov adduct (equation 206)?t2-314 

The direction of hydration is disubstituted internal alkenes is controlled by steric factors (equation 
207).3t2 

R W  - + x /  R (207) 

OH 

R % % 

Et 64 36 
Pr' 91 9 
But 98 2 

Functional groups in the vicinity of the C 4  double bond can also have a substantial effect on the re- 
giochemistry of hydration (equations 208 and 209).3t5-3t7 

-OH - 93% LOH + T O H  (Ef.315) (208) 
OH 

94% 6% 

OH 
Rl yCo2R - R t  +CozR (refs. 316,317) (209) 

R2 R2 

R = H , M e  

The regio- and stereo-selectivity of various substituted cycloalkenes have been examined (equations 

Unfortunately, these reactions tend to afford mixtures. Similar mixtures are observed when using 2-cy- 

The regio- and stereo-selectivity of the hydration of bicyclic alkenes has also been carefully examined 

2 10-2 1 2).3t8-324 

clohexen-1 -01?15 3-cyclohexen- 1 - 0 1 , 3 1 5 9 3 2 5  or the corresponding ethers or esters.326,327 

(equation 213).328-330 

2% 18% 11% 69% 
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12% 4% 6% 78% 

0 - hOH+ b%,,oH+ (I OH + b 2 1 2 )  OH 

1% 47% 51% 1% 

48% 48% 4% 

The stereoselectivity of this hydration process has been studied on a number of alkenes. Acyclic al- 
kenes and most cyclic alkenes give exclusively trans addition (equations 214 and 215).331*332 However, 
some strained cyclic alkenes, such as trans-cyclooctene and rrans-cyclononene, give cis 

HO H 
D" ___) D l,o)--y D (ref. 331) (214) 
H D  H HgX 

Various substituted cyclic alkenes have been reported to give mixtures of stereoisomers (equations 216 
and 2 17).3 19,320,322.323.333-336 

(refs. 323,333-335) (216) R- 

6 - Hq (refs. 319,320,322,336) (217) 

R R 

As noted earlier, many bicyclic and polycyclic alkenes undergo hydroxymercuration-demercuration. 
Norbornene and derivatives328 give cis adducts, but less strained alkenes afford the expected trans ad- 
ducts. 

Attempts at asymmetric induction using mercury salts of optically active carboxylic acids have met 
with limited success.337*338 
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Relatively few functional groups have been reported to interfere in the reaction, and m g e m e n t s  
during hydroxymercuration or reduction are rare. 

While reduction is usually best carried out using alkaline sodium borohydride, this reaction proceeds 
by free radicals and is not stereospecific. By employing Na(Hg) in D20, reduction with retention is ob- 
served. However, the stereospecific reduction of fbhydroxymercurials in which the mercury moiety is a 
to a carbonyl group has been reported using alkaline Na13H4-EtOH?16 alkaline H2S3I7 and HS(CH2kSH 
(equation 218).3'6 

____) Rlq CO,R~ 

R2 

NaBh-EtOH threo 
HS(CH&SH erythro 

Numerous dienes and polyenes have been subjected to hydroxymercurati~n-demercuration.~~ With 
nonconjugated dienes, the products can usually be predicted by applying what one has leamed from the 
corresponding simple alkenes. Isolated double bonds are more reactive than conjugated double bonds 
and frequently one of the double bonds is sufficiently more reactive than the others that monohydroxy- 
lated products can be obtained. Improvements in selectivity have been reported by using mercury(I1) tri- 
fluoroacetate339 or by adding sodium lauryl sulfate.34o 

When five- or six-membered ring ethers can readily be formed by intramolecular alkoxymercuration 
of the initially formed alkenol, cyclic ethers are often the observed product (equation 219).241 This pro- 
cess has recently proven useful in the synthesis of spirocyclic acetals (equation 220).%* 

Carbon-carbon bond formation is another side reaction occasionally observed (equation 22 l p 3  

H 

Carbon skeleton rearrangements during either hydroxymercuration or demercuration are also more 
common with dienes. 

The hydroxymercuration-demercuration of conjugated dienes generally does not afford monohydra- 
tion products selectivity, but diols can sometimes be obtained in reasonable yield. The direction of addi- 
tion of H - O H  is that expected by extrapolation from simple alkenes and allylic alcohols. 

Allenes undergo mercury-catalyzed hydration to give a variety of products depending upon the substi- 
tuents and the substitution pattern (equations 222 and 223).wM7 

Alkynes undergo mercury-catalyzed hydration to afford ketones (equation 224).31 1348-350 
A wide variety of mercury(I1) salts have been employed as catalysts, though mercury(II) sulfate is the 

most widely used.351 Phenylmercury(I1) hydroxide is useful for the selective conversion of terminal al- 

c R / I (  (refs. 344,345) (222) H20, cat. HgS04 
R 
L.= 

0 
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(refs. 346,347) (223) 

- H20. cat. HgXz 
R-R 

R 

kynes to methyl ketones (equation 225).352 Internal alkynes or conjugated alkynes fail to react in this 
process. 

c (225) 
A 

R- + PhHgOH - R-HgPh 
R 

5s-67% 

Mercury-impregnated polymeric resins have also proven valuable for the hydration of alkynes. 
These mercury-catalyzed pmcesses m commonly effected in water, aqueous sulfuric acid, acetic acid 

or alcohol solutions. 
The hydration of terminal alkynes produces methyl ketones. Simple unsymmetrical internal alkynes 

generally afford mixtures of regioisomeric ketones, but alkynes bearing certain functional groups exhibit 
high regioselectivity (equations 226 and 227).353-355 

(ref. 353) (226) __c F3C = 
0 

n = 2 , 3  

While many functional groups are accommodated by this process, acid-promoted rearrangements and 
eliminations are not uncommon (equations 228-23 1).356-360 In fact, the hydration of certain unsaturated 
alkynes produces oxygen heterocycles (equations 232 and 233).361*362 

@$y ii, i J % O * H , S O ~  CF3C02H q$#- (ref. 356) (228) 

M e 0  AcO 0 M e 0  0 OH 

(ref. 357) (229) 
HzO, HglNalfl0n-H 

83% 0 

R = \  - or Rp (230) 
0 (refs. 358,359) OH 

0 

(ref. 360) (231) 
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(ref. 361) (232) 

0 

(ref. 362) (233) 

1.7.4.2 H 4 2 H  and H-OzR Additions 

1.7.42.1 Acid-catalyzed addition 

There are very few examples in the literature of electrophilic additions of hydrogen peroxide or alkyl 
hydroperoxides to C-C multiple bonds. The products of these additions, alkyl hydroperoxides or dialkyl 
peroxides respectively, can be explosively unstable363 and are more commonly obtained by peroxymer- 
curatiowdemercuration methods (vide infra). 

Early work on the electrophilic addition of hydrogen peroxide to alkenes was performed in the 
presence of an acid catalyst, usually sulfuric acid3@ or p-toluenesulfonic The reaction proceeds 
via Markovnikov-directed protonation of the double bond (Scheme 3). Subsequent nucleophilic attack of 
hydrogen peroxide on the carbocation, followed by loss of a proton, furnishes the alkyl 

Scheme 3 

Since the reaction involves a carbocation, it is subject to the normal substituent effects. Hence, the ad- 
dition of hydrogen peroxide to a mixture of 3-methyl-2-hexene and 3-methyl-3-hexene yields the tertiary 
alkyl hydroperoxide as the only product (equation 234).367 On the other hand, cyclohexene does not react 
under similar conditions. 

Hydrogen peroxide also adds well to alkenes with heteroatom substituents on the double bond, as 
exemplified by the reactions of vinyl ethers (equation 235)368*369 and enamines (equation 236).370 
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H z q .  cat. HzSO4 

R R OOH 

Recently, it has been proposed that alkyl hydroperoxides are formed from the Co%atalyzed Markov- 
nikov addition of hydrogen peroxide to alkenes.371 The alkyl hydroperoxides thus formed are immedi- 
ately decomposed into ketones and alcohols under the reaction conditions (equation 237). 

Hz&, Co complex Co complex * 

0 OH 

In a manner analogous to the acid-catalyzed addition of hydrogen peroxide, dialkyl peroxides are 
formed by the addition of alkyl hydroperoxides to alkenes (equation 238).366 

c F cat. HzSO4 
+ Bu'OOH 

- 1  

I 65% OOBu' 

Surprisingly, there is no literature precedent for the addition of either hydrogen peroxide or alkyl hy- 
droperoxides to dienes, polyenes or alkynes. 

1.7.4.2.2 Peroxymercuretion-demercuration 

sponding hydroperoxides or dialkyl peroxides than direct acid-catalyzed addition (equation 239).372-374 
The peroxymercuration-deinercuration of alkenes provides a more versatile approach to the com- 

\ I  HOOH or ROOH I I  I 1  
* XHg-C-C-OOH(R) - H-C-C-OOH(R) (239) F=C\ HgX2 I I  I 1  

The most widely used mercury salts for this transformation are Hg(0Ac)z in the presence of catalytic 
amounts of H c 1 0 . 1 ~ ~ ~  or Hg(02CCF3)2.376 While hydrogen peroxide itself can be used, mono- and di- 
mercuration products have been observed.377 Alkyl hydroperoxides generally give cleaner reactions. Di- 
chloromethane is commonly employed as the solvent. 

A wide variety of alkenes undergo Markovnikov peroxymercuration. Even a,p-unsaturated carbonyl 
compounds afford peroxymercurials whose regiochemistry is dependent on the substitution pattern about 
the C - C  double Selective anti addition to the double bond of simple alkenes is the general 

While successful demercuration using alkaline sodium borohydride has been reported, this process can 
mle.375382 

also give rise to epoxides (equation 240).383 Tri-n-butyltin hydride often gives improved results.3w 

Hgx 

Several alkenyl hydroperoxides have been successfully cyclized to five-, six- and seven-membered 
ring peroxides (equation 241).385-388 Alkaline sodium borohydride reduction of these mercurials is fre- 
quently accompanied by epoxide or cyclic ether formation. 
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Dienes can afford either mono- or di-mercurated products (equations 242 and 243).385389-391 Mer- 
cury(I1) trifluoroacetate or mercury(I1) nitrate are the reagents of choice for this latter reaction. Alkaline 
sodium borohydride reduction is often accompanied here by formation of unsaturated alcohols. 

(ref. 389) (242) 

& H ~ O A ~  
Bu'OO 

b XHg HgX (243) 
HZ02l HOXZ 

0-0 (refs. 385, 390,391) 

1.7.43 H-OR Addition 

I 7.4.3.1 Direct H 4 R  addition 

Alcohols add directly to alkenes under acid or metal catalysis, or under photoinitiated conditions to 
give dialkyl ethers. Although these additions provide certain ethers under rather mild conditions, alkoxy- 
mercurationdemercuration is generally a superior method. 

As in the hydration of alkenes, sulfuric acid is the preferred catalyst. The reaction occurs in accordance 
with Markovnikov's rule (equation 244). 

(244) 

As might be anticipated, isomeric products resulting from cationic rearrangements have been ob- 
served. The yield of ether is dependent on the amount of the catalyst used, the strength of the acid, and 
the reaction temperature.392 Optimum conditions generally involve trace amounts of acid catalyst and 
room temperature reaction. Acids with weakly nucleophilic conjugate bases are recommended so as not 
to compete with the alcohols for the cationic intermediate.393 

The addition of alcohols to alkenes is also catalyzed by boron trifluoride-hydrogen fluoride, but the re- 
action proceeds only under vigorous conditions and the yields are generally Recently, the etheri- 
fication of alkenes has also been achieved industrially by using acidic montm~ri l loni te~~~ and 
macroporous sulfuric acid resins (ion-exchange resins).396 

Alcohol addition to alkenes can also be achieved photochemically under neutral conditions (equation 
245).397 This reaction appears to be a photochemically induced ionic addition to the double bond. An 
arene photosensitizer is required. Unfortunately, this reaction is limited to cyclic alkenes and double 
bond isomerization is significant. 

+ MeOD hv, xylene - + bD (245) 

44% 33% 

The presence of electron-donating groups on an alkene enhances the nucleophilicity of the double 
bond. Thus, the addition of alcohols to vinylic ethers proceeds rapidly by either acid398 or mercury(I1) 
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acetate catalysis?w Equation (246) illustrates the addition of an allylic alcohol to 2-methoxypmpenc, fol- 
lowed by a Claisen rearrangement which affords good yields of y,bunsahuated ketones. 

OMe 

'hfK R' 0 

Under acidic conditions, dihydropyran will undergo additions with alcohols at room tempemture to 
form 2-tetrahydropyranyl ethers (equation 247).398 This reaction constitutes an important method for the 
protection of primary and secondary alcohols.400 

0 + ROH 

Alcohols will add to allenes in the presence of trace amounts of acids to give vinyl ethers (or acetals) 
or allylic ethers.401 Analogous to the hydration of allenes, protonation occurs on the terminal carbon of 
the allenic functionality in 1 ,Zpropadiene, 3-alkyl- 1 ,Zpropadienes and 1,3-dialkyl- 1 ,Zpropadienes 
(equation 248).$02 Addition of an alcohol to the resulting vinylic cation produces a vinylic ether, which 
may on further reaction form an acetal of the corresponding ketone. 

ROH. H+ 
R Y  - R T  (248) 

ROH. H+ 

RO OR /=*= - 
OR R 

On the other hand, allylic ethers are obtained from 3,3-dialkyl-1,2-propadienes and tetraalkyl allenes 
(equation 249).403 

When treated with catalytic amounts of a ~ i d , ~ . ~ ~  silver or mercury salt~Pog9~~~ allenic al- 
cohols will cyclize to ethers (equations 250-253). By proper choice of reaction conditions, the yields of 
products obtained in these cyclizations are generally high. Interestingly, the stereoselectivity observed in 
equation (253) is proposed to arise from a chair conformation of the intermediate." 

PPA 
OH - 
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The addition of alcohols to alkynes is catalyzed by basesP11.412 or salts of silvdI4 or 
mercu#13 (equations 254-256). The mercury-catalyzed processes are summarized in the following sec- 
tion. 

Bu'OK, DMSO - 
%-OH 60% 

\ Y O H  

0 

0 (ref.412) (254) 

03- 

1.7.433 Alkoqmercumtiondcmercumhn 

The alkoxymercuration-demercuration of alkenes, dienes and alkynes in the presence of alcohols pro- 
vides an even more versatile approach to the corresponding ethers than the acidcatalyzed process. This 
reaction has been extensively studied and thoroughly reviewed recently?'5 The reaction of alkenes is 
best carried out using mercury(I1) acetate or, for more highly substituted alcohols or alkenes, mercury(I1) 
trifluoroacetate (equation 257).4l6y4l7 

(257) 
\ / ROH,HgXz I I  I I  - XHg-C-C-OR - H-C-C-OR /c=c\ I I  I I  

The reaction is commonly run at room temperature using the alcohol as the solvent. For hindered alco- 
hols, better results can sometimes be obtained at 0 T . 4 I 7  There are few examples in which other solvents 
or only stoichiometric amounts of alcohols have been employed (equation 258).418 

- A c O T  OR (258) 
i, ROH, Hg(C104)~ 

ii, N a B h  A& 
OAc OAc 

A wide variety of alcohols and alkenes can be utilized in this process. Numerous functional p u p s  in 
either the alcohol or the alkene can be accommodated during alkoxymercuration. For example, alkenes 
differing in their nucleophilicity as much as vinylic ethers419 and a,S-unsaturated aldehydes or 
 ketone^^^*^^' react smoothly (equations 259 and 260). 

\ OR i,ROH,Hg(OAc)z I ?R 

F=C\ ii, NaBH4, NsOH I I  
c H-C-C-OR 
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The reaction is extremely versatile with regard to the substitution pattern of the alkene. All but the 
most hindered of alkenes tend to react and very few functional groups interfere. The regio- and stereo-se- 
lectivity is very similar to that reported for hydroxymercuration (see Section 1.7.4.1.2). The reaction is 
generally highly regioselective in the Markovnikov sense. Carbonyl groups (acids, esters, aldehydes and 
ketones) can, however, reverse the direction of addition depending on the substitution pattern about the 
C - C  double bond (equation 261). The more remote the functional group, the less its i n f l ~ e n c e . 4 ~ ~ ~ ~ ~  

0 
I1 ROH.HgX, I I f  I I II 

(26 1 ) - RO-C-C-C- or XHg-C-C-C- \ 
I 

IC =c - - ' Agx I OR 

The stereochemistry of addition to acyclic, cyclic and polycyclic alkenes is essentially identical to that 
of hydroxymercuration wherever the two processes have been compared. Fewer data have been accumu- 
lated for alkoxymercuration however. 

One major advantage of the alkoxymercuration-demercuration approach to ethers over the acidcata- 
lyzed process is the fact that carbon skeleton rearrangements are seldom observed. Only unsaturated cy- 
c l o p r o p a n e ~ $ ~ ~ * ~ ~ ~  or aryl-substituted alkenes427v428 in the presence of highly electrophilic mercury salts 
afford rearranged products. 

The kinetics of alkoxymercuration have received considerable attenti0n.4~~ The relative reactivity of 
various alkenes parallels that reported for hydroxymercuration. 

The demercuration of P-alkoxymercurials is usually best effected using alkaline sodium borohydride. 
Few rearrangements during this free radical reduction process have been 0bserved.4~~ When the mercury 
moiety is positioned a to a carbonyl group, alkaline H2S430*431 or 1,3-propanedithi01~'~ provide alterna- 
tives that afford complementary stereochemical results (equation 262). The use of sodium-mercury 
amalgam is also useful for stereospecific r edu~ t ion !~~ .~~~  

i ,  NaBH4 threo 
ii, HS(CH2)$H eryrhro 

The intramolecular alkoxy- or phenoxy-mercuration of unsaturated alcohols or phenols, respectively, 
provides an exceptionally useful process for the formation of cyclic ethers, particularly those bearing a 
five- or six-membered ring (equation 263).415 

0 HgX, NaBH, I I \  
C=C-C,-OH - - H-C-C-C, 

I 

The choice of mercury salt for this reaction appears to be less critical than intermolecular variants and 
many salts (X = C1, OAc, NO3, Sod, c104, CF3C02) have been successfully utilized. The electrophilicity 
of the salt can effect the regio- and stereo-chemistry of a d d i t i 0 n . 4 ~ ~ ~  The regioselectivity is also deter- 
mined by the substitution pattern of the unsaturated alcohol. For cycloalkenes, steric factors, ring strain, 
and other reaction variables become important (equation 264). High regio- and stereo-selectivity are 
often encountered in these intramolecular processes. 

The demercuration of these cyclic mercurials is fraught with more problems than analogous mercurials 
formed by intermolecular processes. Alkaline sodium borohydride is once again the most common re- 
ducing agent, but elimination to the starting unsaturated alcohol is not unusual. The extent of elimination 
varies with the mercury ligand, the pH and the solvent Phase transfer approaches offer advant- 
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ages here.43w41 Sodium trithiocarbonate reduction of cyclic alkoxymercurials bearing a neighboring car- 
boxylic acid moiety provides stereoselectivity complementary to NaBH4.U2 

The alkoxymercuration of dienes and polyenes has been extensively studied. Mono-, di- or poly-mer- 
curated adducts are formed as expected based on results from the alkoxymercuration of analogous al- 
kenes, but the product distribution varies depending on the nature of the diene or polyene. 

Nonconjugated dienes or polyenes can be monomercurated if the diene or polyene is employed in ex- 
cess, but more frequently these compounds are allowed to react with an excess of the mercury salt and 
di- or poly-mercurated products are obtained. The relative reactivity of isolated double bonds is basically 
that expected from studies on simple alkenes. 

The alkoxymercuration of conjugated dienes is more complex since these compounds are less reactive 
than simple alkenes and the products often react further to afford dimercurated products whose regio- or 
stereo-chemistry is strongly affected by the initial product. For example, 1,3-butadiene, 1,3-pentadiene, 
2.3dimethyl-l.3-butadiene and 1,3-~yclohexadiene react with mercury(I1) acetate in methanol to pro- 
duce 1 ,Zadducts (equation 265).443-446 These adducts sometimes rearrange with time.446 1,3-Butadiene 
reacts further to afford primarily the meso adduct of double 1,2-addition~.~' Surprisingly, little addi- 
tional work has been reported on reactions of conjugated dienes. 

OMe 

Considerable work on the alkoxymercuration of allenes has been ~ported.4'~ Mono- or di-mercuration 
products are observed depending on the substitution pattern of the allene. While allene and 1.2-butadiene 
afford dimercurated acetals, more highly substituted allenes produce vinylmercurials (equations 266 and 
267).448 Cyclic allenes also afford vinyl mercurial^.^^*^^^ Alkaline sodium borohydride reduction of these 
vinylmercurials produces the expected allylic ethers. 

HgOAc 
R = H , M e  

Nonconjugated dienols undergo intramolecular cyclization in the same manner as simple dienols 
(equation 268).45' 

The alkoxymercuration of conjugated dienols does not appear to have been examined, while allenic al- 
cohols provide unsaturated ethers (equation 269).452 

The alkoxymercuration of alkynes generally provides vinylic ethers453 or acetals4" depending on the 
reaction conditions (equations 270 and 271). Only catalytic amounts of mercury salts are generally 
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necessary in these reactions. Internal alkynes usually afford acetals exclusively. However, the intramole- 
cular alkoxymercuration of alkynols can be stopped at the vinyl ether stage (equation 272).455 

4 MeOH 
c 

cpt. HgC12, Et3N R 
52-849s 

HOCH2CH20H n 
R- 

cat. HgSO4, HzSO4 

1.7.4.4 H 4 2 C R  Addition 

1.7.4.4.1 Direct addition of H 4 2 C R  

Although a seldom used laboratory method, the addition of carboxylic acids to alkenes provides car- 
boxylic esters. The addition is catalyzed by protic acids or Lewis acids and obeys Markovnikov's rule 
(equation 273).45u58 

0 

The best yields of ester are generally obtained with alkenes which provide highly stabilized carboca- 
tions. This reaction is particularly effective for the preparation of hindered esters (equation 274).459 

& + E 70% (274) 

COZH CO~BU' 

To obtain high yields from the esterification of terminal alkenes, boron trifluoride-hydrogen fluoride 
is reported to be more effective than sulfuric acid as a catalyst (equation 275).456 
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In the presence of a strong acid as catalyst, alkenoic acids will add internally to furnish a valuable 
route to lactones (Scheme 4).- Regardless of the position of the double bond in the chain, the product 
obtained is always the y- and/or &lactone due to acid-catalyzed double bond migration to a position fa- 
vorable for ring closure.461 The choice of catalyst and the reaction temperature are important in minimiz- 
ing the amount of cycloalkenone side product that usually accompanies lactone formation.462 

I 0 

Scheme 4 

In an earlier study, interesting stereochemical aspects of this lactonization reaction were demonstrated, 
as illustrated in the synthesis of (f)-ambreinolide (equation 276).463 

(276) ___) 

The intermolecular addition of carboxylic acids to dienes is not very efficient. Conjugated dienes 
generally form polymeric products$56 whereas nonconjugated dienes tend to give polycyclic products 
(equation 277).464 The addition to allenes, on the other hand, is marred by regie or stereo-isomerism 
(equation 278).465 

& + HC02H - 
63% 

More recently, interest in the addition of carboxylic acids to alkenes has focused on the development 
of new catalytic systems such as clay,- sheet silicate (montmorillonites),~7 wofatit468 and zeolites.469 

The addition of carboxylic acids to alkynes affords enol esters which are useful as intermediates in or- 
ganic synthesis?70 As in the addition to alkenes, a catalyst is usually required for high conversions of al- 
kynes to enol esters. Simple acid catalysis has been employed (equation 279)$71 but the more common 
catalysts are Lewis acids, such as boron trifluoride etherate$72 silver nitrate$73 zinc acetate474 and zinc 
oxide (equations 280 and 281).475*476 

0 
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Mercury(I1) salts and transition metals are also important catalysts for this reaction. Mercury catalysis 
will be discussed in the next section, while transition metal catalysis is discussed elsewhere in this series. 

1 J.4.4.2 Acyloxymercumtion-demercumtion 

The acyloxymercuration-demercuration of alkenes provides an alternative route to esters which is 
probably less prone to carbon skeleton rearrangements than the direct addition of carboxylic acids to al- 
kenes (equation 282). This reaction has recently been The reaction is most commonly run 
using mercury(I1) acetate in acetic acid, though other mercury salts may be used and aprotic solvents can 
also be employed. Equilibria have been measured for the reaction of mercury(I1) trifluoroacetate and al- 
kenes in tetrahydrofuran, and were found to be solvent de~endent.4~~ 

Acyloxymercuration follows Markovnikov's rule and involves anti addition with most cyclic al- 
k e n e ~ ! ' ~ ~ ~  However, certain strained bicyclic alkenes, such as nohmene, afford cis em adducts.a3 
With substituted cyclic alkenes, the regio- and stereo-selectivity of acetoxymercuration is very similar to 
hydroxy- and methoxy-merc~ration.~~~~~~ While simple alkenes, and vinylic ethers486*487 and es- 
t e r ~ ~ ~ ~ ~ ~  undergo acetoxymercuration, there does not appear to be any example of alkenes bearing elec- 
tron-withdrawing groups undergoing this reaction (equation 283). 

OAc 
Hg(oAc)t AcOHg 3 P X  

X = OR, O2CR 

The reaction accommodates halides, esters, ethers, nitriles, cyclopropanes, epoxides, alcohols and nitro 
groups. Even carbohydrates can be used.'924w However, vinylic halides afford aldehydes and ketones 
(equation 284).49w98 

R G R  - R q R  
R R 

Mercury(I1) salts also catalyze the transesterification of vinylic esters (equation 285)!" 

cat. HgX:, 0 

* @OAR 
P O A c  + 

HO 
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While the demercuration of B-acyloxymercurials has not received much attention, sodium borohydride 
or alkaline sodium borohydride have been most widely employed for this task. Hydrolysis to the com- 
sponding alcohol or reversion to alkene are significant side reactions, however, and they are sensitive to 
the solvent used?” Sodium amalgam and tri-n-butyltin hydride’ have also been utilized as reducing 
agents. 

A number of alkenoic acids undergo intramolecular acyloxymercuration when treated with mercury(I1) 
acetate or mercury(I1) chloride (equations 286 and 287).477 

HgX2 47 CO2H - xH* 0 

(287) 

It appears that all but onem2 (eleven-membered ring) of the examples of this reaction in the literature 
involve the synthesis of monocyclic or tricyclic five-membered ring  lactone^.^^^-^^ Sodium borohy- 
dride,SW3Og sodium trimetho~yborohydride~~~ and sodium amalgam483 have been employed for demer- 
curation of these substrates. 

Dienes and polyenes undergo acyloxymercuration. Nonconjugated dienes afford either mono- or di- 
mercurated species, depending on the stoichiometry of the reaction (equation 288).5’ Products invol- 
ving carbon+xrbon bond formation are occasionally observed during this Allenes afford 
vinylmercurials (equation 289).514.515 

OAc 
I 

The acyloxymercuration of alkynes has been reported to produce a wide variety of products. Terminal 
alkynes afford either dialkynylmercurial~~~~*~~~ or polymercurated products whose structures have not 
been well established (equation 290). Internal alkynes usually afford vinylic mercurials in which the 
mercury(I1) salt has added in an anti fashion (equation 291).518-520 Only sodium borohydride has been 
used to demercurate a few of these  mercurial^.^^^ 

(Ar)R-R + Hg(OAc)z - R”goAc (29 1 ) AcO R 

Mercury salts, such as mercury(I1) a ~ e t a t e ? ~ ’ ” ~ ~  mercury(I1) oxide,524*52”528 mercury(I1) trifluoroace- 
tate?29*530 mercury(I1) ~ u l f a t e ~ ~ ~ . ~ ~ ’  and mercury(I1) phosphate531 catalyze the addition of carboxylic 
acids to alkynes. Acetic anhydride in the presence of boron trifluoride etherate can also be effectively 
used in this reaction (equation 292).521.522 Alkynoic acids undergo mercury-catalyzed cyclization to lac- 
tones (equation 293).523*532.533 

Applications of the lactonization reaction are illustrated in the syntheses of ob tus i lac t~nes ,~~~ benza- 
midopyran~ne?~~ oxaspirola~tone,~~~ diaxospirodione?28 and morphoh inone~~~~  (equations 294-298). 
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A, cat. HgO or 

R f l C O Z H  cat. Hg(0Ac)z - 

I cat. Hg(02CCF3)* 

(293) 

A lo (294) 
46% HO‘ 

O2H 

NHCOPh 

c 

PhCONH ,,,, P h y C o 2 H  cat. Hg(02CCF3)2 

Ph 74% 

- cat. HgO 

73% 

cat. HgO 

91% 

1.75 H-SR ADDITION 

The addition of thiols to C - 4  multiple bonds may proceed via an electrophilic pathway involving 
ionic processes or a free radical chain pathway. The main emphasis in the literature has been on the free 
radical pathway, and little work exists on electrophilic p r o c e s s e ~ . ~ ~ ~ ~ ~  The normal mode of addition of 
the relatively weakly acidic thiols is by the electrophilic pathway in accordance with Markovnikov’s rule 
(equation 299). However, it is established that even the smallest traces of peroxide impurities, oxygen or 
the presence of light will initiate the free radical mode of addition leading to anti-Markovnikov products. 
Fortunately, the electrophilic addition of thiols is catalyzed by protic acids, such as sulfuric and p- 
toluenesulfonic acid?39 and Lewis acids, such as aluminum chloride,540 boron t r i f l~o r ide?~~  titanium 
tetrachloride,540 tin(1V) zinc chloride?36 and sulfur dioxide.541 

A + PhSH __c H+ P h S L  
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More acidic H - S R  reagents, such as dialkyldithiophosphoric acids, may add to alkenes without the 
aid of a catalyst to yield exclusively the product of Markovnikov addition (Scheme 5).M2 The anti-Mar- 
kovnikov product is obtained if the alkene used contains even slight amounts of peroxide imp~rities.”~ 

I S  

I 
no catalyst c As,:,-.. 

n-C6H 13 OEt 

n-C,H,,- + 
EtO‘ ‘SH OEt 

peroxide S 
Scheme 5 

The reaction of H-SR compounds with vinylic ethers and vinylic sulfides occurs more readily than 
with unactivated alkenes (equations 300 and 301).5w547 An application of this reaction is found in the 
synthesis of organophosphorus insecticides.M8 

0 

O S R  
0 + RSH - 

The intramolecular addition of thiols to alkenes provides a novel entry into heterocycles. One example 
of this is the reaction of hydrogen sulfide with various nonconjugated dienes to form six-membered rings 
(equation 302).w9-550 

ex- + H2S (302) 

X = 0, NH, S, SO2 

An unusual example of intramolecular thiol addition to double bonds is illustrated in the synthesis of 
spirothia~ines?~’ The key step is described as an acid-catalyzed Markovnikov addition of a thiol to a 
double bond (Scheme 6). 

The thiylation of conjugated dienes and allenes proceeds as expected. Thus, the acid-catalyzed re- 
action of thiols with 1.3-dienes affords the 1,4-addition product,552 whereas the nucleophilic addition to 
allene provides the product arising from sulfur attack at the central carbon (equations 303 and 304).553 

In contrast to the reaction of alkenes, the addition of H C R  reagents to alkynes generally requires 
higher temperatures and the presence of a base.5M Terminal alkynes generally react to give anti-Markov- 
nikov Droducts. Substituted alkvnes. however. will Drovide terminal alkenes if the reaction is canied out 
in sodhm and liquid ammoniaiequation 305).554 Pblyynes react with H2S to produce thiophenes (equa- 
tion 306).555 

Recenily, it has been reported that sulfenic acids add readily to l-alkynes to give @-unsaturated sulf- 
o x i d e ~ ? ~ ~  themselves useful for the synthesis of various cyclopentenones (equation 307).557 

1.7.6 H d e R  ADDITION 

There are several reviews that enumerate the many methods that effect the addition of H P e R  to 
C-C multiple b o n d ~ ? ~ * J ~ ~  Of these, only a few methods involve true electrophilic additions of selenols 
to C-C multiple bonds. High yields of the Markovnikov product are reported when the relatively acidic 
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Q 
ONYR SH 

L 

n 
L 

Scheme 6 

=.= 

H+ 

- &A R 

t HSR - 
SR 

+ HSR a /k 

(303 j 

(304) 

SEt 

- - -  - - -  + H2S - 739b / & O H  (306) 
'OH 

selenophenol reacts with vinylic sulfides, vinylic ethers or vinylic selenides (equation 308).560 In the re- 
action with vinylic selenides, BFyOEt2 is required as a catalyst, because of the relatively nonnucleo- 
philic double bond. Recently, it has been reported that the acidcatalyzed intramolecular selenol addition 
to double bonds affords spiroimino selenides (equation 309).56' 

An example of adding selenols to triple bonds in a Markovnikov fashion is the reaction of selenophe- 
no1 and 1-hexyne (equation 310).562 

R 

X = OR, SR, SeR 

I 
R 
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R 1 NH, + 
A, H +  - 
toluene 

H+ 
I - 

CYNySH R 

NaOEt rju"- + PhSeH 
80% PhSi 
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18.1 INTRODUCTION 

Electrophilic addition of the halogens and related X-Y reagents to alkenes and alkynes has been a 
standard procedure since the beginning of modem organic chemistry. ' Anti electrophilic bromination of 
such simple compounds as cyclohexene and (E)- and (Z)-2-butene, and variants of this reaction when 
water or methanol are solvents (formation of halohydrin or their methyl ethers, respectively), are fre- 
quently employed as prototype examples of stereospecific reactions in elementary courses in organic 
chemistry. A simple test for unsaturation involves addition of a dilute solution of bromine in CCL to the 

329 
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compound in question: alkenes and alkynes discharge the color. Prior to the development of modem ana- 
lytical methods, quantitative analysis of alkenes was performed by titration with bromine, thiocyanogen 
or related interhalogens. Spurred by interest in biologically active organofluorine compounds, methods 
have recently been developed for controlled addition of highly reactive elemental fluorine and fluorine- 
containing interhalogens to alkenes and alkynes. Regio- and stereo-specific addition of sulfenyl halides 
and reagents with nitrogen-halogen bonds to alkenes and alkynes have been used for many years for 
controlled introduction of sulfur and nitrogen, respectively, as well as for other more general synthetic 
purposes. More recently, electrophiles containing selenium and tellurium have been added to the list of 
synthetically useful reagents that undergo stereocontrolled addition to --bonds. 

Mechanistic details for these electrophilic addition reactions have been determined by Ingold, Bartlett, 
Tarbell, Roberts, Kimball, Grob and Winstein among others; these studies represent an important chapter 
in the history of organic chemistry.*a*c*d2 All of the above electrophilic reagents contain a polar or pola- 
rizable bond which is cleaved during the addition so that the ratedetermining transition state has a net 
positive charge. The electrophile can add in a one-step process or in a two-step process involving a dis- 
crete cationic intermediate. Bond formation in the adduct can be preceded by formation of complexes of 
various types. Thus, reaction of adamantylideneadamantane (Adz) with bromine has been shown to in- 
volve formation of an initial charge-transfer complex (Ad2-+Br2), followed by formation of two bro- 
monium-polybromide complexes (AdzBIA Brn-; n = 3 or 5).3 Regioselection in attachment of X-Y to an 
alkene can be described as Markovnikov or anti-Markovnikov (with reference to the more electrophilic 
part of X-Y) while stereoselection can be described as syn (X and Y add to the same side of the plane 
of the double bond) or anti. When the r-system has two distinct faces, configurational selectivity is also 
possible. In the case of a bicyclic alkene such as bicyclo[2.2.l]hept-2ene the attack of the elecmphile 
from the less hindered ex0 face is favored; on the other hand bicyclo[2.2.1]hepta-2,5diene shows a pref- 
erence for endo attack (Scheme l)." 

PhSeCl b +seph F'hSeC1 c ecl + &seph 

CHzC12 CHzCI2 
100% c1 92% SePh CL 

61% 
Scheme 1 

31% 

The major focus in this chapter will be on synthesis, with emphasis placed on more recent applica- 
tions, particularly those where regiochemistry and stereochemistry are precisely controlled. The reader is 
referred to the earlier reviews for full mechanistic information and details of historic interest. Electro- 
philic addition of X-Y to an alkene, where X is the electrophile, gives products with functionality Y f3 
to the heteroatom X. Further transformations of X and/or Y provide the basis for diverse synthetic appli- 
cations. These transformations include replacement of Y by hydrogen, elimination to form a w-bond 
(either including the carbon bonded to X or p to that carbon so that X is now in an allylic position), and 
nucleophilic or radical substitution. Representative examples of these synthetic methods will be given 
below. This chapter will include examples of heterocycles formed in one-pot reactions where the the in- 
itial alkene-electrophile adduct contains an electrophilic group that can react further. Examples of het- 
erocycles formed in several steps from alkene-electrophile adducts will also be considered. Cases in 
which activation by an external electrophile directly results in addition of an internal heteroatom nucleo- 
phile are treated in Chapter 1.9 of this volume. 

1.8.2 ELECTROPHILIC SULFUR, SELENIUM AND TELLURIUM 

1.8.2.1 Sulfenyl Halides and Related Compounds 

Early work on electrophilic addition of sulfur halides to alkenes stems from the development of bis(f3- 
chloroethyl) sulfide ('mustard gas') as a chemical warfare agent. The original synthesis of mustard gas 
involved addition of sulfur dichloride (or SzC12) to ethylene according to the equation 2CHz-CHz + 
SCl2 + (C1CHzCHz)zS. Electrophilic addition of sulfenyl compounds to alkenes and alkynes, which has 
been widely studied from a mechanistic ~ tandpoin t , '~*~*~ finds considerable utility in organic synthesis 
due to the regio- and stereo-selectivity of the addition, as well as the numerous options for subsequent re- 



Electrophilic Addition of X-Y Reagents to Alkenes and Alkynes 33 1 

placement of the sulfur or vicinal substituent with other functional groups. The most common type of 
agents for electrophilic addition of sulfur to carbowarbon multiple bonds are sulfenyl halides (RS-X, 
X = halogen). Other possibilities include R M Y  and RS-NR3+, discussed following the halides, 
Y-S-X (Y is also a leaving group), and R2S+-X, discussed under the heading 'sulfonium salts' in 
Section 1.8.2.2. 

Representative examples of addition of sulfenyl halides to alkenes include the anti addition of ethane- 
sulfenyl chloride to cyclopentene and dihydropyran (Scheme 2)6 and the diastereoselective addition of 
benzenesulfenyl chloride to optically active bomyl propenoates as in equation ( l).7 The chlorine can be 
replaced with retention of stereochemistry by other nucleophiles such as nitrogen (see below), hydrogen 
(as hydride), oxygen or carbon. Examples of the latter process, termed carbosulfenylation, are shown in 
Scheme 3,8 where the regioselectivity is 85% and the diastereofacial selectivity is >99%, and Scheme 4.9 
In this latter sequence, acetonylation and allylation are accomplished using a silyl enol ether or allyltri- 
methylsilane as the carbon nucleophiles using catalytic zinc bromide. White and coworkers used the car- 
bosulfenylation procedure in an enantioselective total synthesis of (-)-monic acid C (Scheme 5) .  lo Here 
the triphenylmethanesulfenyl group undergoes spontaneous elimination. Replacement of the chlorine by 
oxygen is used in the synthesis of a 2u-glycoside of N-acetylneuraminic acid (Scheme 6)." In the final 
step the phenylthio group is removed by treatment with tri-n-butyltin hydride. 

SEt 
Scheme 2 

93:7 ratio of diastereomers 

i, PhSCI; ii, Me2Zn, 0.2 equiv. TiCI,, CH2C12 

Scheme 3 

Thiiranes can be formed directly and stereospecifically from 1,2-disubstituted alkenes by addition of 
trimethylsilylsulfenyl bromide, formed at -78 'C from reaction of bromine with bis(trimethylsily1) sul- 
fide (Scheme 7).12 A two-step synthesis of thiiranes can be achieved by addition of succinimide-N-sulfe- 
nyl chloride or phthalimide-N-sulfenyl chloride to alkenes followed by lithium aluminum hydride 
cleavage of the adducts (Scheme 8).13 Thiaheterocycles can also be formed by intramolecular electro- 
philic addition of sulfenyl chlorides to alkenes, e.g. as seen in Schemes 914 and lO.I5 Related examples 
involving sulfur dichloride are shown in Schemes 1 1 l6 and 12. l7 In the former case addition of sulfur di- 
chloride to 1,5-cyclooctadiene affords a bicyclic dichloro sulfide via regio- and stereo-specific intrmole- 
cular addition of an intermediate sulfenyl chloride. Removal of chlorine by lithium aluminum hydride 
reduction affords 9-thiabicyclo[3.3.l]nonane, which can be further transformed into bicyclo[3.3.0]oct- 
1 ,5-ene.16 

Addition of a sulfenyl chloride to an alkene in the presence of silver fluoride affords p-fluoro sulfides, 
as shown in equation (2).18 The same trans adducts can also be prepared from the sulfenyl chloride ad- 
ducts and silver fluoride. An alternative procedure for the formal addition of methanesulfenyl fluoride to 
alkenes involves the use of dimethyl(methy1thio)sulfonium tetrafluoroborate and triethylamine tris(hy- 
drofluoride) as in equation (3).19 



332 Polar Additions to Activated Alkenes and Alkynes 

O F ?  

‘‘“0 

0 0 

PhSCI 
73% overall 

72% overall 

i, ZnBrz (0.05 equiv.), CHzC12.20 “C 

Scheme 4 

=TMe3 - 
0 
> O  ( a  

C1- or Br - ‘’0,ScpIII “. 
c 

I 

AOTMS 

OH OH 
HOZC HOZC 

I 
(1) 

I 

__)A 

0 COZH 
(1) 75% 25% Monk acid C 

i, overall, Ph3CSC1, CHz=C(Me)OSiMe3, cat. ZnBrz, CHZClz, -78 OC, 15 h 

Scheme 5 

The groups of Trost and coworkers and Caserio and coworkers independently developed procedures 
for azasulfenylation. Caserio reported that when alkenes are treated with a sulfenamide such as MeSN- 
Me2 in the presence of the Meerwein reagent trimethyloxonium tetrafluoroborate, azasulfenylation of the 
alkene is observed, presumably via the thioammonium ion MeSNMe3+ (equation 4).*O Boron trifluoride 
etherate can also serve as a catalyst for addition of sulfenamides to alkenes. The adduct stereochemistry 
is strictly anti as established by treatment of the dihydropyran methanesulfenyl chloride adduct (see 
Scheme 2) with AgBF4 followed by trimethylamine. 

Cycloazasulfenylation (or ‘sulfenocycloamination’) can be achieved by addition of benzenesulfenyl 
chloride to an alkene containing a remote nitrogen followed by treatment of the P-chloro sulfide adduct 
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with potassium carbonate/sodium iodide (Scheme 13)?' The phenylthio group can be replaced with hy- 
drogen using Raney nickel, or can be oxidized to a sulfoxide and benzenesulfenic acid eliminated by 
heating. These overall procedures have been used in the synthesis of the pyrrolizidine alkaloids retrone- 
cine and tumeforcidine (Scheme 14)22 as well as p-lactam antibiotics (Scheme 1QZ3 If alkenes contain- 
ing a remote nitrogen are treated with the methylsulfenylium equivalent bis(methy1thio)methylsulfonium 
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(4) 

tetrafluoroborate [(MeS)zSMe+ BF4-1, instead of benzenesulfenyl chloride, nitrogen heterocycles can be 
isolated in one step;24 these types of reactions are treated in Chapter 1.9 of this volume. 

dSPh 
SPh 

PhSCl KzCO3, Nal - " P h  - eNwh 909boVedl- N 
c1 I 

Ph 
Scheme 13 
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Scheme 14 
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Scheme 15 

Intramolecular electrophilic addition of a sulfenate ester (RS-OR') to a carbon-carbon double bond 
(intramolecular oxosulfenylation) is indicated in the work of Block and Wall (Scheme 16).25 Zefirov and 
coworkers find that arenesulfenamides can be activated with sulfur trioxide to give arenesulfenyl sulfa- 
mates, which react with alkenes such as cyclohexene giving good yields of the oxosulfenylated trans 1.2- 
adducts, as shown in Scheme 17.26 Sulfenyl trifluoro- or trichloro-acetates, prepared from reaction of 
thiosulfinates with the corresponding trihaloacetic anhydrides, give truns 1.2diadducts with a variety of 
alkenes (Scheme 18).27 
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Scheme 18 

An example of addition of sulfenyl halides to an alkyne is shown in Scheme lp* where the initial 
trans adduct of 1,4dichlorobut-2-yne is further transformed by treatment with base or aluminum amal- 
gam. Another example involves boron trifluoride-catalyzed addition of an arenesulfenamide to alkynes 
in the presence of acetonitrile, giving P-acetamidinovinyl sulfides (Scheme 20)?9 which can be hydm- 
lyzed to @-keto phenyl sulfides.30 
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Scheme 19 
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Scheme 20 

1.8.2.2 Sulfonium Salts 

As seen above, P-chloroalkyl sulfides are generally prepared by addition of sulfenyl chlorides to al- 
kenes. A new procedure involves reaction of alkenes with dimethyl sulfoxide activated with phenyl di- 
chlorophosphate or phosphorus oxychloride (Scheme 21).3' In this latter reaction the addition proceeds 
in a completely regiospecific manner with the methylthio group being added to the carbon bearing the 
greater number of hydrogen atoms. Exclusive trans addition is observed with simple cycloalkenes. It is 
suggested that the active electrophile is the oxysulfonium salt [Me2SOFQ(R)CIl+ C1- (R = OPh or Cl). 
When the double bond is conjugated with a benzene ring, double addition of the methylthio group occurs 
(Scheme 21); dimethyl sulfide is suggested to be the source of the second methylthio group. In the above 
procedures chlorotrimethylsilane may be used in place of the phosphorus reagents to activate dimethyl 
sulfoxide?* Double addition of the methylthio (or other alkylthio groups) to unactivated alkenes can be 
achieved using the combination of dimethyl disulfide (or other dialkyl disulfides) and boron trifluoride 
etherate (equation 5).33 Chlorosulfonium salts have been found to add to alkenes, giving the P-chloroal- 
kylsulfonium salt adducts in good yield (Scheme 22).34 

SMe 
i ,  83%; ii. 81% i, 83%; ii. 81% 

i, Me$O (IO equiv.), PhOP(O)C12 (5  equiv.), CH2C12, -20 to 20 OC; ii, Me2S0 (6 equiv.), POCl, (3 equiv.), 
CH2C12, -20 to 20 OC 

Scheme 21 

Scheme 22 

An alternative route from alkenes to 2-azasulfides reported by the groups of Caserio and Trost in- 
volves addition of a thiosulfonium salt, e.g. dimethyl(methy1thio)sulfonium tetrafluoroborate (MeSS- 
Me2+ BF4-), followed by treatment of the resultant thiosulfenylated adduct with an amine or other 
nitrogen nucleophiles (Schemes 2320 and 24).35 Trost reports that the addition of the thiosulfonium salt 
can be followed by addition of an oxygen nucleophile, such as acetate, or a carbon nucleophile, such as 
cyanide, effecting oxosulfenylation and cyanosulfenylation, respectively (Scheme 25).36 

The dimethyl sulfide-sulfur trioxide complex also functions as a thiosulfenylating agent, e.g. convert- 
ing 1.5-cyclooctadiene into a single adduct, presumably of trans stereochemistry (Scheme 26),37 giving 
the trans adduct of 2-butyne (equation 6),38 and 1P-adducts with acyclic 1.3-dienes (Scheme 26).37 With 
cyclopentadiene both 1.2- and 1,4-addition occurs (Scheme 26).37 
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1.8.23 Selenenyl Halides, Pseudohalides and Related Compounds. 

The reaction of electrophilic selenium reagents with alkenes and alkynes is the subject of several re- 
cent  review^^^,^ and mechanistic s t~dies .~ '  The majority of electrophilic selenium reactions involve se- 
lenenic (Se") compounds. Reactions of SeIV electrophiles, which have been less studied than their Sell 
counterparts, are considered in Section 1.8.2.4. Aryl, rather than alkyl, selenium derivatives are favored 
for electrophilic reactions because of the less offensive odors, increased stability, lower volatility and, in 
general, greater ease of handling of the former, compared to the latter, compounds. Diphenyl diselenide 
(PhSeSePh), a commercially available crystalline solid, can be readily converted into benzeneselenenyl 
bromide (PhSeBr) or chloride (PhSeC1) by treatment with bromine or chlorine, respectively. These latter 
two reagents can in turn be converted to such useful Se" electrophiles such as PhSeOAc, PhSeSCN, 
PhSeN3, PhSeCN and PhSeSaAr. Addition of selenenyl halides to alkenes forming P-halo selenides 
bears a superficial resemblance to addition of sulfenyl halides to alkenes, although there are significant 
differences in the reactivity, nature of the intermediates and the regioselectivity of product formation. 
The 1,2-additions of ArSeX to alkenes are generally highly anti stereospecific, consistent with the inter- 
mediacy of selenium-bridged intermediates (episelenuranes and seleniranium or episelenonium ions). 
The regiochemistry of addition varies with the temperature and solvent with anti-Markovnikov adducts 
favored at low temperatures (-78 'C) where kinetic control predominates and the Markovnikov adducts 
favored at room temperature under thermodynamic control. When ArSeX reacts with alkenes in the 
presence of other nucleophiles the latter are often incorporated in the P-position, instead of the halide 
ion. In cases where there exist two distinct faces of the wsystem, attack of ArSeX is favored from the 
less sterically congested side of the double bond (configurational selectivity, e.g. ex0 versus endo attack 
in bicyclic systems; Scheme 1). 

Regie and stereo-specific addition of methaneselenenyl bromide in acetic acid to estra- 1,3,5( 10). 16- 
tetraen-3-01 gave 17a-(methylse1eno)estra- 1 . 3 3  lO)-triene-3,16P-diol 16-acetate in 80% yield (equation 
7).42 The latter compound and related seleno analogs of estradiol are of interest for biological studies 
using radioactive '%e. Regiospecific addition of benzeneselenenyl bromide to ethyl vinyl ether followed 
by treatment of the adduct with an allylic alcohol affords mixed acetals (Scheme 27).43 These on oxida- 
tion and heating then give esters of 8,y-unsaturated acids by sequential selenoxide elimination and 
Claisen rearrangement. A related alkoxyselenation process involving regiospecific addition of benzene- 
selenenyl bromide to 3,4-dihydro-W-pyrans in the presence of alcohols followed by oxidative desele- 
nation gives cyclic a,@-unsaturated acetals, which can be further transformed into hexopyranose 
derivatives or the C-glycoside pseudomonic acid C.44 The phenylseleno group in 3A-dihydro-W-pyran 
alkoxyselenation adducts can also be removed by reductive deselenation with triphenyltin hydride. This 
latter procedure has been successfully employed in efficient syntheses of @-2-deo~yglycosides?~ The 
useful homologating reagent phenylselenoacetaldehyde can be prepared by regiospecific addition of 
phenylselenenyl bromide to ethyl vinyl ether in the presence of ethanol, followed by hydrolysis (Scheme 
28).46 
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Scheme 28 

Addition of benzeneselenenyl chloride to conjugated dienes in methanol as solvent followed by treat- 
ment of the resultant methoxyselenation product with LDA affords l-phenyl~eleno-l,3-dienes.4~ Regie 
specific addition of benzeneselenenyl chloride to allylic alcohols is the key step in a 1.3-enone 
transposition sequence (Scheme 29).49 cis-Vicinal dichlorides can be prepared from the corresponding 
alkenes by a process involving trans addition of phenylselenenyl chloride followed by treatment with 
chlorinating agents, ultimately leading to trans displacement of the seleno moiety (Scheme 30).% Chlori- 
nation with SoZClz of the B-chloroalkyl phenyl selenides derived from terminal alkenes, followed by hy- 
drolysis to selenoxide, followed by elimination leads instead to 2-chloro-1-alkenes (Scheme 3 l)?' 
Arylselenenyl chloride, generated in situ from aryl diselenides and NCS, m effective as catalysts for 
chlorination of alkenes with NCS to give principally a rearranged allylic chloride (Scheme 32)?2 Addi- 
tion of phenylselenenyl chloride and silver trifluoroacetate to nitmakenes results in regiospecific forma- 
tion of the phenylseleno-trifluoroacetoxy adducts which can be converted to nitroallylic alcohols 
(Scheme 33).53 In a related example, successive addition of phenylselenenyl chloride and silver crotonate 
to alkenes or cycloalkenes affords @-phenylseleno crotonates which give y-lactones upon reaction with 
triphenyltin hydride (Scheme 34)." 
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Phenyl selenocyanate, PhSeCN, adds regio- and stereo-specifically to nucleophilic alkenes such as en- 
amines and ketene acetals giving P-phenylselenocarbonitriles by a process termed vicinal cyanoselene- 
nylation.ss Phenyl selenocyanate also adds to simple alkenes in the presence of Lewis acids.ss In alcohol 
in the presence of metal salts P-alkoxyalkyl phenyl selenides are formed?6 Benzeneselenenyl thio- 
cyanate, PhSeSCN, undergoes Markovnikov addition to alkenes affording either the P-phenylseleno 
thiocyanate or isothiocyanate, depending on the alkene.s7 Isothiocyanate formation dominates when mer- 
cury(i1) salts are present.58 

Se-Phenyl areneselenosulfonates, PhSeSOzAr, add to alkenes to give P-phenylseleno sulfones (seleno- 
sulfonation). The reaction may be conducted in the presence of a Lewis acid such as BF3.Et2O to give 
regioselectivity or regiospecifically the adduct of Markovnikov orientation arising from stereospecific 
ionic anti addition. Alternatively, the addition may be thermally induced to afford anti-Markovnikov pro- 
ducts generated by a nonstereospecific free radical reactions9 Reaction of alkenes such as cyclooctene 
with phenylselenenyl chloride in the presence of sodium azide leads to the formation of phenylselenenyl 
azide which adds stereospecifically to the double bond (equation 8).60 In a similar manner alkenes can be 
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nimselenated using a mixture of phenylselenenyl chloride and silver nitritG3 or cyanamidoselenated 
using N-phenylselenophthalimide and cyanamide?' 

DMSO,~ .~ .  w,SePh 
95% 

Addition of a selenenyl halide to an alkyne takes a course analogous to that of the sulfenyl halide, as 
seen in the reaction of 1,4-dichlorobut-2-yne with PhSeCl or PhSeBr (Scheme 19).28.62 Selenenyl halides 
also undergo facile addition to allenes with exclusive attack by selenium occurring at the central allenic 
~arbon.6~ 

183.4 Tetravalent Selenium 

Brief reviews of electrophilic addition reactions of tetravalent selenium have appeared?9@ Alkenes re- 
act with selenium tetrabromide (SeBr4) and tetrachloride (Seck) to afford 2:l adducts (Scheme 35 and 
equation 9)65,66 with anti stereospecificity and Markovnikov regioselectivity. Dienes undergo intramole- 
cular double addition with Sex4 (Scheme 36).67 Monoadducts are formed with alkyl- or aryl-selenium 
trichloride (RSeCl3) and R2SeC12 with anti stereospecificity (equation The RSeCb adducts can 
be hydrolyzed with aqueous bicarbonate to selenoxides which spontaneously eliminate, affording vinylic 
or allylic chlorides depending on the regiochemistry of elimination (compare Scheme 3 Methylsele- 
nium trichloride, MeSeCb, adds anti stereoselectively to disubstituted alkynes?' 
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1.8.2.5 Tellurium Compounds 

Electrophilic addition reactions of tetravalent tellurium compounds have been reviewed.64 2-Naph- 
thyltellurium trichloride (ArTeCb) adds to alkenes in an anti stereospecific manner (equation l l ) ,  
whereas tellurium tetrachloride gives mixtures of 2: 1 adducts with both syn and anti addition.72 A one- 
pot alkene inversion procedure has been developed, based upon Tech addition to alkenes followed by 
treatment of the 8-chloroalkyltellurium trichloride adduct with aqueous NazS (Scheme 37)?3 Tellurium 
compounds such as tellurinyl acetates, ArTe(O)OAc, prepared in situ through reaction of tellurinic acid 
anhydrides with acetic acid, can be employed in oxytelluration and aminotelluration procedures 
(Schemes 38 and 39).74 In the oxytelluration reaction intermediate triacetates of the type 
RCHzTe(0Ac)zPh are reduced with hydrazine to the corresponding tellurides. 
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1.83 HALOGENS 

183.1 Fluorine 

Until recently there have been few examples reported of the controlled addition of fluorine to alkenes 
and alkynes.75 Many elementary texts dismiss the utility of F2 in organic chemistry with statements such 
as 'fluorine is so reactive that it not only adds to the double bond but also rapidly replaces all the hydro- 
gens with fluorines, often with considerable violence.'76 Because of the weak F-F bond (37.7 kcal 
mol-', 1 kcal = 4.18 kJ) reactions of fluorine at ambient temperatures tend to be homolytic in nanUe, 
frequently leading to extensive decomposition. However by working at -78 'C with a 1% stream of flu- 
orine in nitrogen in CHCb-CFCh in the presence of a proton source such as ethanol to suppress radical 
processes, ionic addition of F2 in a stereospecific syn manner is observed, as shown in Scheme 40." The 
exclusive syn addition, which is opposite to the stemhemistry observed with other halogen additions, is 
characteristic of all electrophilic fluorination processes (e.g. with FOCF3, FOCF2CF3, FOCOCF3, Fa 
COMe) and is considered as a good criterion for their existence.77 Rapid collapse of the tight ion pair in- 
volving the a-fluomahcation is believed to account for the stereospecificity. Fluorination of enones 
by the above procedure also proceeds without complications (Scheme 41).n Dehydrofluorination of the 
initial syn difluoro adduct affords a-fluoroenones. 
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OAc -78 "C, 55% H &OAc 

H 

+OAC Fz/N~, CFC13, CHCI, Et \ 

- -78 OC, 50% - H &OAc 

Scheme 40 

F 

Scheme 41 

183.2 Chlorine 

Few recent studies have appeared on electrophilic addition reactions of chlorine which significantly 
update the earlier literature.'.* While simple alkenes react readily with elemental chlorine it is possible to 
carry out chlorinations of such groups as sulfur-sulfur bonds in the presence of C-C functions without 
competition from chlorination of the C 4  bond (Scheme 9),14 Alkenes have been chlorinated in good 
yield under mild conditions using chlorine incorporated into an anion-exchange resin.78a Isomerically 
pure vinyl silanes on low temperature chlorination followed by desilicohalogenation give vinyl chlorides 
with inverted geometry in good yield with high stereo~electivity.~~~ A comparative study of the chlorina- 
tion, bromination and iodination of 1,5-cyclooctadiene is described in Section 1.8.3.4 below. 

1.83.3 Bromine 

What is the precise mechanistic process by which bromine (and by extension chlorine) adds to al- 
kenes? Studies designed to probe this question are generally difficult to conduct due to the very fast pro- 
duct-forming steps. By applying stopped-flow spectrokinetics to sterically crowded alkenes such as 
adamantylideneadamantane (Adz), where steric hindrance retards the final addition step by hampering 
rearside nucleophilic attack of the counterion at the bromonium carbons of the intermediate ion pairs, it 



Electrophilic Addition of X-Y Reagents to Alkenes and Alkynes 345 

is possible to obtain useful mechanistic information on the initial steps in the interaction of bromine with 
a T-bond. Bellucci and coworkers3 present a mechanism for the Adz-bromine reaction involving a se- 
quence of multiple equilibria involving 1: 1 and 1:2 Adz-Brz molecular charge-transfer complexes and 
bromonium-bromide, tribromide and -pentabromide salts arising from solvent-assisted, Br2-assisted or 
unassisted ionization of the molecular complexes and from the tribromide-pentabromide equilibrium. 
Charge-transfer complexes have already been indicated in the ionic bromination of cy~lohexene.7~ It is 
concluded from these studies that a large part of the increase in bromination rate resulting from increas- 
ing substitution on the double bond (e.g. for mono-:di-:tri-:tetra-substituted double bonds the relative rate 
constants for bromine addition are 1:60:2O00:20 OOO)80 must be due to an increase in the alkene-Bn 
charge-transfer complex formation constant. 

Another approach in the study of the mechanism and synthetic applications of bromination of alkenes 
and alkynes involves the use of crystalline bromine-amine complexes such as pyridine hydrobromide 
perbromide (PyHBn), pyridine ditromide (PyBrz), and tetrabutylammonium tribromide (Bu4NBr3) 
which show stereochemical differences and improved selectivities for addition to alkenes and alkynes 
compared to Br2 itself.81 The improved selectivity of bromination by PyHBr3 forms the basis for a syn- 
thetically useful procedure for selective monoprotection of the higher alkylated double bond in dienes by 
bromination (Scheme 42).80 The less-alkylated double bonds in dienes can be selectively monoprotected 
by tetrabromination followed by monodeprotection at the higher alkylated double bond by controlled- 
potential electrolysis (the reduction potential of vicinal dibromides is shifted to more anodic values with 
increasing alkylation; Scheme 42).80 The question of which diastereotopic face in chiral allylic alcohols 
reacts with bromine has been probed by Midland and Halterman as part of a stereoselective synthesis of 
bromo epoxides (Scheme 43).82 
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White and coworkers used trans Addition of bromine and (-)-I-borneol to 3.4dihydro-2H-pyran to af- 
ford the stereoisomeric bomyl bromotetrahydropyranyl ethers (3) and (4; Scheme 44) which are em- 
ployed in an enantioselective total synthesis of (-)-monic acid C (Scheme 5 ) . ' O  A simple synthesis of 
4-methylthio- 1,2-dithiolane, the photosynthesis inhibitor of the green alga Chara globularis (Scheme 
45),83 exploits the observation that allylic sulfides undergo rearrangement on addition of bromine.84 
Block and Naganathan employed the trans addition of bromine to 4-thioacetoxycyclopentene as a key 
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step in the synthesis of 2-bn>mo-5-thiabicyclo[2.l.l]hexane (Scheme trans Addition of bromine to 
1,4-dichlorobut-2-yne followed by base- or aluminum amalgam-indud elimination is employed in the 
synthesis of halo-1,3-butadienes (Scheme 19).28 
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1.83.4 Iodine 

Iodine, less reactive than bromine, is best added to alkenes by use of IC1 and IBr (see Section 1 A.3.5). 
Iodine itself adds rapidly but reversibly to alkenes forming diiodides by mechanisms that can be either 
ionic or radical. The position of the equilibrium depends upon the structure of the alkene, the solvent and 
the temperature. Simple vicinal diiodides survive distillation in the dark, but are unstable toward iodine 
or radicals. In the presence of functions containing free OH groups, such as alumina, HI generated from 
12 adds to alkenes irreversibly with the result that the HI adduct, rather than the I2 adduct, is the exclusive 
product.8h A comparison of the reaction of 1.5cyclooctadiene with chlorine, bromine and iodine in 
CH2C12 reveals that chlorine gas at'-50 'C gives a 93:7 mixture of truns- and cis-5,6-dichlorocyclooc- 



Electrophilic Addition of X-Y Reagents to Alkenes ana' Alkynes 347 

tene, bromine gives tran~-5,6dibromocyclooctene in 95%. while iodine gives a 1 : 1 mixture of endo,exo- 
and endo,endo-2,6diiodobicyclo[3.3.O]octanes in 70% yield.87 Significant differences in product compo- 
sition are seen in all cases with changes in solvent. Addition of iodine to terminal (@-vinylsilanes in the 
presence of Lewis acids (iodesilylation) gives different ratios of (E)- and (2)-vinyl iodides depending on 
the amount of Lewis 

Unlike alkenes, which react reversibly with 12. alkynes react in solution irreversibly with 12, forming 
(E)- 1,2diiodoalkene~.8~ The reaction may involve radicals rather than ionic species.% Ordinary alumina 
appears to promote the addition, forming electrophilic species.86b The addition of iodine to 1,4-dichloro- 
but-2-yne is analogous to the addition found with bromine cited above (Scheme 19)F8 

1.835 Interhalogens 

Halofluoridation has been re~iewed.~'  Iodine fluoride, IF, and bromine fluoride, BrF, formed from the 
elements in CFCls at -78 'C, are highly reactive toward wsystems, reacting at -75 'C in the dark in a 
matter of seconds. Additions to alkenes are regiospecific in the Markovnikov sense (X' F) and anti 
stereospecific, affording vicinal fluoro iodides or bromides.92 Other sources of these two interhalogens, 
which have been added to alkenes and alkynes, include I+(collidine)2BF4-, I+(py)2BF4-, IdAgF, N-iodo- 
succinimide/HF-pyridine, and BrF3?3 Addition of IF or BrF to terminal alkynes gives adducts of type 
RCFzCXz (equation 12).94 A variety of mechanistic studies have appeared on the addition of B e l ,  ICl, 
IBr and related reagents to alkenes and alkynes.95 

XF, CHC13 
-CFZCX2 (12) 

x = 1.80% 

1.8.3.6 Reagents with 0-X Bonds 

Electrophilic addition of hypohalites, HOX, formed through reaction of halogens with water, has been 
known for many years?6 Even hypofluorous acid, HOF, will add to alkenes and alkynes.97 A variety of 
other types of reagents with oxygen-halogen bonds are also known to add to alkenes and alkynes. Exam- 
ples of such reagents, capable of undergoing low-temperature addition to alkenes, include acyl hypo- 
halites, XOC(0)R (equations 1348 and 1498 and Scheme 47),* perchlorates XOC103,100 sulfates, 
XOSO2Y (Scheme 48). lol triflates, XOS02CF3102.103 and trifluoromethyl hypofluorite, CF3OF (equation 
15).104J05 A related reagent, cesium fluoroxysulfate FOSOsCs, has also been found to add to alkenes 
under mild conditions, affording vicinal fluoroalkyl sulfates (Scheme 49).lo3 The latter reactions exhibit 
low regio- and stereo-selectivities, with a preference for anti-Markovnikov and syn addition. 

Zefirov and coworkers have developed procedures for chlorosulfamation of alkenes and alkynes using 
reagents of the type RzNS020C1 formed by insertion of sulfur trioxide into the nitrogen-hlorine bond 
in N-chloroamines (RzNC1).lM 
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1.8.4 PSEUDOHALOGENS 

1.8.4.1 Thiocyanogen 

The addition of thiocyanogenlm to unsaturated compounds10g fonns the basis of a classical analytical 
method for determination of the unsaturation in fats and oils.108a The addition has been found to afford 
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both a,@dithiocyanates as well as isomeric a-isothiocyanato-8-tocyanates in ratios dependent on sol- 
vent and catalysts.108b Metals such as ironlab or tinlac favor the a,@-dithiocyanate form by coordinating 
to the harder (HSAB concept) nitrogen terminus of NCS; in related studies use of mercury salts (a softer 
metal) favors isothiocyanate formation?8 Thiocyanogen108* addition has been utilized in the inversion of 
alkene geometry (Scheme 50).lmb More recently thiocyanogen addition to a silylated alkene has been 
used in the synthesis of various silylated thiols, unsaturated thiocyanates and trans-2,3-bis(trimethylsi- 
1yl)thiirane (Scheme 5 1).'09 (E)-1,2-Dithiocyanatoalkenes can be prepared by addition of thiocyanogen, 
formed in situ from Hg(SCN)2/I2, to alkynes (equation 16).llo 
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1.8.4.2 Halogen Azides 

Some of the most useful procedures for the stereospecific introduction of nitrogen functionalities into 
the carbon skeleton are based on reagents with a N-X bond such as halogen azides, nitrates and iso- 
cyanates together with haloamines and haloamides. Hassner has published an excellent overview of a p  
plications of the reagent, XN3.l" Special procedures must be used to prepare the explosive iodine azide, 
IN3, in situ in organic solvents; l 2  BrN3 and ClN3 can be prepared using a two-phase system (water-pen- 
tane) by the interaction of Brz or Cl2 with NaN3 in the presence of acid.'" More recently BrN3 has been 
prepared in situ from NBS and NaN3 in the presence of the alkene in DMW20. The BrN3 adducts can 
be converted to aziridines by treatment with lithium aluminum hydride (Schemes 52113 and 53).'14 

Iodine azide adds stem- and regio-specifically to 2cholestene giving a trans-diaxial adduct with 
azide at the 2-position, a consequence of attack by I+ from the less hindered face of the steroid. With 1- 
hexene the addition proceeds regiospecifically to yield the secondary azide, most likely via a three-mem- 
bered iodonium ion intermediate."' With (Z)-2-octene, BrN3 addition gives a single adduct in 71% yield 
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Scheme 52 

H 
N N, 

Scheme 53 

in a process termed directio~pecific.~~~ A notable exception to the rule that azide is preferentially at- 
tached to the center best stabilizing a positive charge is seen with IN3 addition to 3,3-dimethyl-l-butene, 
Me3CCHdH2. The adduct has the structure Me3CCHICHfl3. It is suggested that the sterically bulky r- 
butyl group forces the azide ion to attack at the primary carbon (compare equation 2). Another example 
in which steric effects dominate over polar effects is seen in the addition of IN3 to 1-arylcyclohexenes; in 
this example addition of IN3 is followed by HI elimination to afford an allylic azide (Scheme 54).’ Ad- 
dition of IN3 to vinyl sulfones affords single regioisomers which eliminate either HI, giving P-azidovinyl 
sulfones, or “3, giving a-iodovinyl sulfones (Scheme 55).l16 The halogen in halogen azide adducts can 
also be displaced intermolecularly by nucleophiles (including azide ion), as in Schemes 56117 and 57,118 
or removed using a tin hydride, as in the elegant synthesis of the alkaloid (f)-0-methylorantine by Was- 
serman and coworkers (Scheme 58).l19 

Addition of halogen azides to allenes affords a variety of useful products by mgioselective processes 
(Scheme 59).I2O In the addition of BrN3 and ClN3 and even IN3 to alkenes, both ionic and free radical ad- 
dition are possible. Thus in polar solvents such as nitromethane, BrN3 adds to 2-cholestene giving a 
single diaxial adduct. Under free radical conditions (pentane, light, peroxides) two stereoisomers are 
formed (Scheme 60).’ Similar results have been reported for IN3 (Scheme 61).121 

Scheme 54 

1.8.43 Halogen Nitrates 
The work of Low and coworkers122 on iodonium nitrates has been reviewedl Addition of these re- 

agents proceeds in a trans stereospecific manner, but with mediocre regiospecificity. The Lown group 
has also studied BrN03 and found it to be a more regiospecific reagent.123 
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Barluenga has introduced a new reagent for the addition of XN03 across double bonds. Thus, 
Hg(NO3)2.X2, where X = Br or I, is a good reagent for the efficient generation of 1,2-halonitrates 
(Scheme 62).124 Unfortunately this mercury reagent, like simple IN03 or BrNO3, is inert toward alkynes. 

1.8.4.4 Halogen Isocyanates 

The chemistry of halogen isocyanates and the mode by which they interact with double bonds has been 
reviewed.' The addition to alkenes has anti stereospecificity, but displays limited regiospecificity. Ha- 
logen isocyanates have received little attention in recent years, but there are two examples worth noting. 
An INCO addition was employed in an important step in the synthesis of methyl a-wtetronitroside 
(Scheme 63).Iu The preparation allowed for a confident structural assignment relating to tetronitrose, 
one of the sugar components of the antibiotics tetrocarcins A and B, and kijanimicin. Barluenga's I(pyh+ 
BF4- reagent, introduced in Section 1.8.3.5,93c has been utilized with the OCN- ion to afford l-iod0-2- 
i~ocyanatoalkanes.9~~ 

1.8.45 Halogen Thiocyanates 
The chemistry of the XSCN reagents has been reviewed briefly.' When X = Br or C1, the reagent is 

polarized X-(SCN)+, while when X = I the polarization is I+(SCN)-.126 Examples using ISCN or its 
equivalents dominate the recent literature on XSCN reagents. Thiocyanate is often introduced as an ionic 
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Scheme 63 

salt. Addition product distribution is usually sensitive to the identity of the counterion of the thiocyanate 
salt. Another problem sometimes incurred is that the vic-halothiocyanates often isomerize to the thenno- 
dynamically more stable vic-haloisothiocyanates (Scheme @).I2' Some of the factors governing this 
isomerism have been evaluated.128 Adducts of BrSCN do not suffer from the problem of isomerism.*26 

KSCN.12 

CHC13, sulfolane 
0-3 OC, 21 h 

96% 

0-0' '"' SCN + olcs 
20% 80% 

Scheme 64 

Grayson and Whitham have found the regiochemistry of addition of ISCN (from LiSCN and 12) to 
vinyl silanes to be consistent with the intermediacy of an iodonium ion which is particularly stabilized at 
one of the carbons due to the p-silicon effect. 129 The products were a thiocyanate in one case and an iso- 
thiocyanate in the other (Scheme 65).129 

M e 0  SiMe, 
s ~ M ~ ,  12. LiSCN, CHCl3 

l l l f l l  I 
L 

NCS 
sulfolane 

70% 

48% 

Scheme 65 

The I(py)2+ BF4- reagent of Barluenga (see Sections 1.8.3.5 and 1.8.4.4) is a useful reagent for intro- 
duction of ISCN as well as other pseudohalides. The reagent was used for the iodothiocyanation of 3- 
h e ~ y n e . 9 ~ ~  Other efficient iodothiocyanations include the use of Hg(SCN)2.12' lo  (see Section 1.8.4.3) and 
the use of inorganic solid supported KSCN, as indicated by equation ( 17).130 
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1.8.4.6 Haloamides 
Currently the most popular of the pseudohalides are N-haloamides. These reagents are used in con- 

junction with the solvent or an added nucleophilic reagent to give overall 1 ,2-addition of a halogen and a 
nucleophile to the alkenic substrate. The amides of choice seem to be N-halosuccinimides. The low nu- 
cleophilicity of the succinimdyl anion allows for a variety of nucleophiles to attack the initially formed 
halonium ion. 

Alcohols have been shown to be suitable nucleophiles. Thus unsymmetrical ketene acetals can be pre- 
pared by treating vinyl ethers with N-iodosuccinimde (NIS) in the presence of functionalized alcohols 
(Scheme 66).131 In an elegant example, McDougal er al. treated the 2-phenylthio-7-oxa[2.2.l]hept-2-ene 
(10) with NCS in MeOH to effect syn, ex0 chloromethoxylation of the double bond (Scheme 67).13* Pre- 
sumably the phenylthio group can bridge to form a thiiranium ion as the initial intermediate. This cation 
is then attacked on the ex0 face by MeOH. The preparation of a key intermediate along the pathway to 
the tricyclo[5.4.0.@~8]undecane ring system employs NBS in the presence of MeOH or NaOAc (equation 
18).133 The authors use molecular models and force-field calculations to help account for the high degree 
of regio- and stereo-selectivity of the addition. 

Et0 64% II 68% 

i, N-iodosuccinimide, HO(CH2)3SPh; ii, Bu'OK, THF 

Scheme 66 

NBS 

MeOH;81% 
or AcOH, NaOAc; 92% 

c (18) 

0 

Jung and Kohn have demonstrated the use of an external nitrogen nucleophile. Haloamination of al- 
kenes with NBS and cyanamide, followed by further manipulation, results in vicinal diamines in high 
yield (Scheme 68).lM 

CN 

i, HClEtOH 

ii, Et3N; 90% 

___) c 

H2NCN 

93% 

OEt 

Scheme 68 
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N-Bromoacetamide (NBA) is also a useful positive bromine equivalent. Thus NBA in the pnsence of 
H2O or LiOAclHOAc has resulted in the functionalization of 11,12dihydrobenzo[e]pyrene (Scheme 
69).'35 NBA has also been employed in conjunction with H20 for the mgio- and stereo-selective hydro- 
bromination of the 10.1 1 double bond of avermectin Bla, a complex antibiotic containingfive double 
bonds.'" 

92% LJ 
NBA, H2O 

95% 

NBA = N-bromoacetamide 

Scheme 69 

Several groups have employed N-halosuccinimdes for the halofluorination of alkenes. Laurent and co- 
workers have found that triethylamine tris(hydrofluoride) is a suitable fluoride source for the halofluori- 
nation of a number of alkenes (Scheme 70).13' Other examples of halofluorinations include NBS and 
tetrabutylammonium fluoride as the halogen sources for the formal addition of BrF across funtionalized 
cyc lohe~enes '~~  and the halofluorination of alkenes and alkynes by all three N-halosuccinimides and 
polymer-supported HF. 139 

0 i 
c1 
Br 
I 

92 
91 
76 

i, Et3N/3HF, CH2Cl2 or ether, N-halosuccinimide, 0 to 20 OC 

Scheme 70 

1.85 ELECTROPHILIC NITROGEN 

1.85.1 Nitronium Tetrafluoroborate 
Like N-haloamides, nitronium tetrafluorohrate (N02BF4) is employed with a nucleophile to effect 

overall addition of a nitro group and the nucleophile to the double bond of an alkene. The nature of the 
cation resulting from the attack of an alkene on N02+ is addressed in a recent review by Smit.14 One sol- 
vent commonly used for trapping the initially formed cations is acetonitrile. The reaction of alkenes with 
NaBF4 in dichloromethanelacetonitrile followed by aqueous work-up affords good yields of products of 
nitroacetamidation (equation 1 9).141,142 Nitration in the presence of trifluoroacetic anhydride and sub- 
sequent elimination of trifluoroacetic acid is an effective method for the preparation of 1 -nitro- 1.3-dienes 
(equation 20).143 It has also been found that nitration using N02BF4 in the presence of lithium perchlor- 
ates and fluoride sources leads to 1,2-nitroper~hlorates~~ and 1,2-nitrofl~orides,~~~ respectively. 
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1.85.2 Nitryl and Nitrosyl Halides 

The nitrosochlorination of alkenes has been reviewed.14 The products of nitrosochlorination are often 
dimers due to the propensity of nitroso groups to couple with one another. For this reason, and because 
of the advent of newer reagents, modem synthetic uses of NOCl are scarce. Instances where NOCl has 
proven to be a useful reagent include the preparation of a-oximinocarbonyl compounds (Scheme 7 1)14' 
and the synthesis of precursors of insect growth regulators (Scheme 72).148 

1 0 

L J 

Scheme 71 

i, levulinic acid, acetone 

Scheme 72 

Nitryl halides have been more popular reagents. Treatment of substituted styrenes with iodine and so- 
dium nitrite leads to Markovnikov addition of NO21 (electropositive N02) to the double bond. Elimina- 
tion of HI affords P - n i t r o ~ t y r e n e s ~ ~ ~ . ~ ~ ~  as shown in Scheme 73.149 (E)-2-nitro- 1 -(trimethylsilyl)ethylene 
has been prepared by addition of nitryl chloride to trimethylsilylethylene, followed by elimination of HI. 
The author advertises the use of N02CI and the other reagents involved as more economical than some of 
the other approaches to the nitroalkene (Scheme 74).15' 

1.8.6 ELECTROPHILIC BORON 

The electrophilic addition of hydrogen-bearing boranes to alkenes (hydroboration), now recognized as 
a vital component of organic synthesis, is covered in Chapter 1.7 of this volume. The boron compounds 
that do fall under the realm of this chapter are boron bromides. Suzuki and coworkers have demonstrated 
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Scheme 74 

that these species are synthetically useful X-Y addition reagents for the functionalization of terminal al- 
kynes and a l l e n e ~ . ~ ~ ~  Addition of B-bromo- or B-iodo-9-borabicyclo[3.3. llnonane (B-X-9-BBN) and 
BBr3 was found to proceed in a Markovnikov manner to afford cis alkenes. The reagents are chemose- 
lective for terminal alkynes and allenes, while internal alkynes and simple alkenes of either type remain 
unaffected.1s2 

The synthetic utility of the products of haloborane addition, f3-halovinylboranes, gives this chemistry 
its great value. For instance, the products of addition of BBr3 can be treated with phenyl isocyanate or a 
positive halogen source to provide N-phenyl-f3-bromo-a,f3-unsaturated amideslS3 or (2)- l-halo-2-bm 
moalkenes,'" respectively (Scheme 75). The vinyl boranes can also be oxidized under buffered condi- 
tions as a means of preparing a-bromoaldehydes (Scheme 75).lSs Alternatively, organozinc nucleophiles, 
when used along with a palladium catalyst, have been shown to displace the bromine of the bromovinyl 
boranes.'s6 The boron substituent remains intact under these conditions. lS6 

I 

98% cis 

CsH17- - 
77% 

- b&"ph + 0"- i, PhNCO 

Br 
Br 82% from alkyne 0 

11% 89% 

i, pH 5 buffer; ii, KOAc; iii, H 2 q  

Scheme 75 

The synthetic utility of the alkyneB-X-9-BBN adducts has also been explored.1s2 (2)-1 -Alkynyl-2- 
halo-l-alkenes are the result of lithium alkynide action on these latter boranes (Scheme 76).lS7 The ad- 
ducts resulting from the treatment of alkynes with B-X-9-BBN have been shown to be labile under protic 
conditions. However the decomposition has been harnessed and is an efficient preparation of 2-halo-l-al- 
kenes.Is8 
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1.8.7 REAGENTS THAT ADD VIA ELECTROPHILIC AND RADICAL MECHANISMS 

In the course of reaction with an alkene or alkyne many reagents of type X-Y can be dissociated into 
radical pairs X. Ye as well as, or instead of, ionic species X+Y-. In some cases the radical pair can add to 
the .rr-bond(s) (see Chapter 4.1 of this volume). Furthermore, in some cases both ionic and radical beha- 
vior can be observed in the same reaction. For example, while the sulfonyl bromide bromomethanesulfo- 
nyl bromide, BrCH2S@Br, adds to alkenes and alkynes by processes that most likely involve free 
radicals (equation 2l),ls9 mechanisms are less clear cut in other related cases, (equation 22I6O and 
Scheme 77).16' 

BrCH2S0,Br 0 *" * (Jyso2cH2Br (21) 
Br 

PhS02Na+, I2 I 
b SO2Ph 

C6H13 acetone (dark) 
C6H 13- 

48% 

(22) 

i, Ts-Na+-H20/12, MeOH; ii, Et3N/MeCN 

Scheme 77 
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1.9.1 INTRODUCTION 

1.9.1.1 Coverage 

This chapter on electrophilic heteroatom cyclizations covers reactions of carbon-cahn wbonds in 
which activation by an external electrophilic reagent results in addition of an internal heteroatom nucleo- 
phile. The general reaction is illustrated in Scheme 1, These cyclization reactions generate heterocyclic 
products, but many synthetic applications involve subsequent cleavage of the newly formed heterocyclic 
ring. 

The above definition excludes a number of types of heteroatom cyclofunctionalization reactions from 
discussion in this chapter. Examples include: neighboring group participation in which the cyclic struc- 
ture is only a transient intermediate; cyclization reactions where the C - C  r-bond is internally activated 

363 
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[f, + R l  G4(: ................ c Gm R' 

Y 

Z = 0, N, S 

Y = H+, Mn+ (Hg, Ag, Pd, TI, Te, Fe), RSe', RS' 

Scheme 1 

(conjugation with another functionality) and the reaction is best considered as an acid- or base-initiated 
Michael reaction; cationic n-cyclization where the cyclofunctionalization is the termination step; and re- 
actions in which the heterocyclization involves the heteroatom acting as an electrophile or reactive radi- 
cal. 

Several recent reviews have included specific types of electrophilic cyclofunctionalization reactions. 
Important areas covered in these reviews are: halolactonization;Ia cyclofunctionalization of unsaturated 
hydroxy compounds to form tetrahydrofurans and tetrahydropyrans; I b  cyclofunctionalization of unsatu- 
rated amino compounds: IC cyclofunctionalization of unsaturated sulfur and phosphorus compounds: Id-1f 
electrophilic heterocyclization of unconjugated dienes;Ig synthesis of y-butyrolactones;Ih synthesis of 
functionalized dihydro- and tetrahydro-furans;'J cyclofunctionalization using selenium reagents;lkvIm 
stereocontrol in synthesis of acyclic systems; In stereoselectivity in cyc1ofunctionalizations:lp and cyclo- 
functionalizations in the synthesis of a-methylenelactones.Iq Previous reference works have also ad- 
dressed this topic.* 

1.9.1.2 Synthetic Considerations 

The identity of the heteroatom present in a target molecule dictates the identity of the nucleophilic 
atom (Z) to be used in an electrophilic heteroatom cyclization reaction of the type shown in Scheme 1. 
However, successful application of this strategy to the synthesis of specific target molecules also requires 
selection of appropriate combinations of nucleophilic functionality (Z-R) and activating electrophile. 
Therefore, major subdivisions within this chapter are based on the identity of the heteroatom, although 
comparisons between results observed for the different heteroatoms will be made. 

These heterocyclization reactions provide initial products with a functionality p to the heteroatom, ex- 
cept for cases where a proton is the electrophile. Synthetic applications often depend upon further trans- 
formation of this functionality. Useful transformations include: replacement by hydrogen, elimination to 
form a n-bond, nucleophilic substitution, and substitution via radical intermediates. These reactions will 
be discussed only when understanding the cyclization step requires inclusion of the functional group 
transformation. 

Although these cyclofunctionalization reactions have been used extensively to generate specific he- 
terocyclic structures in target molecules, they can also be used to control the introduction of functional 
groups which are not part of a heterocyclic system, Cyclofunctionalization followed by ring cleavage 
(see Scheme 1) has been used to introduce functionality into existing ring systems or acyclic systems 
with control of regiochemistry and stereochemistry, to control conformational mobility and to serve as a 
means for protecting the double bond and/or nucleophilic functional group against other reagents in a 
synthesis. The most recent extensions of this synthetic strategy involve the synthesis and cyclization of 
substrates in which the nucleophilic Z group is attached to the substrate by a transient 'tether', which is 
added to an initial substrate and removed after cyclization to generate the final product (Scheme 2). 

Scheme 2 
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1.9.13 Mechanistic Considerations 

1.9.13.1 Geneml mechanism 

A generalized mechanism for electrophile-initiated cyclofunctionalization is shown in Scheme 3. (To 
simplify this initial discussion, factors affecting regioselectivity will not be considered until later.) The 
specific mechanistic pathway may vary from system to system, but it is generally considered that an acti- 
vated intermediate must be involved. Reaction of the n-system with an electrophile can generate several 
potential intermediates for the cyclization (a m-complex B, a cyclic ‘onium’ ion C, an addition product 
D, a carbat ion E or an intermediate with an electrophile-Z bond F), each of which could undergo at- 
tack by the internal nucleophile to give cyclic products. Each type of intermediate has been considered to 
be involved in some examples of cyclofunctionalization, but most cyclofunctionalizations are best ration- 
alized with intermediates (B) and/or (C). Although Scheme 3 shows each intermediate being generated 
from the starting alkene, interconversions between intermediates (B) to (F) are expected in some cases. 

All mechanistic pathways that generate product (H) represent examples of neighboring group artici- 
pation, but anchimeric assistance is observed only if the rate-limiting step is that of ring closure!Since 
each of the steps may be readily reversible under the conditions of the reaction, it is not always clear 
whether a given reaction was conducted under conditions of kinetic or thermodynamic control, which 
step was rate-limiting, or which step controlled the stereochemistry. 

r 1 

E 
- * v  

E 
((3 

Scheme 3 

Most of the types of cyclofunctionalization reaction discussed in this chapter have been shown to re- 
sult in stereospecific anti addition across the m-bond. This result suggests that the important intermedi- 
ates are n-complexes (B) or ‘onium’ ions (C) rather than carbocations (E). In the case of 
cyclofunctionalization with some electrophiles, such as phenylselenenyl chloride, it has been shown that 
the formation of addition products such as (D) occurs faster than the cy~lization.~ Stereospecific trans 
addition in these reactions then requires conversion to intermediates (B) or (C) before nucleophilic at- 
tack, since nucleophilic attack on intermediate (D) and substitution of X with inversion would result in 
syn addition. Thus, in the discussions below, intermediates (B) and/or (C) are considered to be the key 
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cyclization precursors in most reactions. It should be noted that cyclization of intemediate (F) by alkene 
insertion would be expected to lead to stereospecific syn addition also. 

In a few cases, detailed mechanistic studies have shown that the cyclization step is rate limiting?.6*7 
One method has been to demonstrate that the overall rate of reaction is a function of the nucleophilicity 
of the ZR group or of the formed ring ~ i z e . ~ . ~  However, the cyclization step need not be the rate-limiting 
step in all electrophilic heteroatom cyclizations.8 The uncertainty about which step is rate limiting com- 
plicates attempts to derive general rationales for predicting the stereochemical results of these reactions. 

I .9.13.2 Stereoselec ft'vity 

When the cyclization substrate (A; Scheme 3) contains stereogenic centers, and the formation of the 
C-Z bond generates a new stereogenic center, two diastereomers of the cyclization product (H) can be 
formed (stereospecific anti addition assumed). The factors which lead to high stereoselectivity in this 
process are of considerable importance and have been the subject of numerous studies in recent years. 
This reaction mechanism shows that all pathways leading to cyclic products are potentially reversible; 
thus, the ratios of products in these reactions may be the result of thermodynamic rather than kinetic con- 
trol. Unfortunately, many studies have not determined which type of control was operating under the re- 
action conditions used. 

The stereoselectivity of cyclization reactions conducted under conditions of thermodynamic control 
can often be reliably predicted by estimation or calculation of the energy differences between the dia- 
stereomers of the cyclization product (H) or its immediate precursor (G). It has been shown that, even in 
cases where the (G) to (H) step is not reversible, thermodynamic control of the diastereomer ratio can be 
influenced through the use of cyclization substrates in which the neutralization step (G to H) is the slow 
step, thus allowing for equilibration of the diastereomers of (G).  Thermodynamic equilibration of dia- 
stereomeric products will occur only if the reaction reverses to starting materials (A), or interconversion 
of the diastereomers of the intermediates (B) or (C) occurs in some other way (e.g. the C to D intercon- 
version can equilibrate diastereomers if E = X). 

The factors controlling product stereochemistry under conditions of kinetic control depend upon which 
step of the reaction is rate limiting. The initial reaction of an electrophile with (A) leads to diastereomers 
of intermediates (B) and/or (C). If the formation of these intermediates is the slow step of the reaction, 
stereoselectivity will be determined by the diastereofacial discrimination in the attack of the electrophile 
on the --system. The stereoselectivity of the reaction will be controlled in the cyclization step only if the 
ring closure is rate limiting and the diastereomeric precursor intermediates are interconverting rapidly. In 
any case, it is apparent that high stereoselectivity will be observed only if the chiral elements present in 
the starting substrate result in significant energy differences between the diastereomeric transition states 
in the product-determining step. 

The most successful examples of stereochemical control in electrophilic heteroatom cyclizations are 
those in which the substitution pattern constrains the substrate so that the two diastereofaces of the n- 
system are significantly different. The most straightforward prediction of stereochemistry involves incor- 
porating both the --system and the directing chiral center into a ring such that rotation about the vinylic 
bond that attaches the nucleophile to the double bond is highly restricted. Comparison of equations (1) 
and (2) illustrates this difference. For this reason, in the sections on cyclizations to form five- and six- 
membered rings, examples with constrained C 4 - C  bonds will be discussed separately. 

PhSeCI, ether pDo ca. 25'C 65% PhSe 

variety of conformations possible 1: 1 mixture of isomers 

PhSeCI, EtOAc 

82% i H  
PhSe 

p o  reflux - 
bond rotation severely restricted single diastereoisomer 
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1.9.133 Regioselectivity 

While the regiochemistry of simple electrophilic additions to double bonds is controlled by a combina- 
tion of electronic (Markovnikov rule), stereoelectronic (trans diaxial addition to cyclohexenes) and steric 
factors? the intramolecular nature of electrophilic heteroatom cyclizations introduces additional confor- 
mational, stereoelectronic and entropic factors. The combination of these factors in cyclofunctionaliza- 
tion reactions results in a general preference for ex0 cyclization over endo cyclization (Scheme 4).3J0 
However, endo closure may predominate in cases where electronic or ring strain factors strongly favor 
that mode of cyclization. The observed regiochemistry may differ under conditions of kinetic control 
from that observed under conditions of thermodynamic control. 

Scheme 4 

The stereochemistry and regiochemistry of cyclofunctionalization reactions in the following sections 
are discussed in terms of the above mechanistic concepts. Emphasis is placed on the relationship be- 
tween the products and the heteroatom-substituted substrates; thus, examples of electrophilic heterocycli- 
zation involving two sequential additions to nonconjugated dienes are not discussed. These reactions 
have been covered in a recent review.'g 

1.9.2 OXYGEN NUCLEOPHILES 

Cyclofunctionalization reactions involving oxygen nucleophiles have been studied more extensively 
than reactions involving any other heteroatom. Examples of functional groups used as oxygen nucleo- 
philes are shown in Figure 1. 

-OH - OR -02CR -0OH 

-CO2H -CO,R - CONRR' 

- WO2R - NRCO2R - OCO; 

Figure 1 

1.9.2.1 Small Rings 

The formation of strained three- and four-membered rings by electrophile-initiated cyclization requires 
that the reaction be conducted under conditions which minimize the possibility of simple addition of the 
activating reagent across the double bond or reversal of the cyclization product to intermediates that can 
be trapped by external nucleophiles. 

Cyclization of allylic alcohols to form epoxides has been particularly problematical, and the reactions 
have been more of mechanistic than of synthetic interest. For reactions conducted under basic conditions, 
it is possible that epoxide formation involves initial halogen addition followed by nucleophilic displace- 
ment to form the epoxide. Early examples of direct formation of epoxides from allylic alcohols with so- 
dium hypobromite," bromine and 1.5 M NaOH,12 and t-butyl hypochl~rite'~ have been reviewed 
previously.*P Recently it has been shown that allylic alcohols can be cyclized effectively with bis(sym- 
collidine)iodine(I) perchlorate (equation 3).14 An unusual example of epoxide formation competing with 
other cyclization types is shown in equation (4).15 In this case, an allylic benzyl ether competes effective- 
ly with a y-hydroxyl group as the nucleophile. 
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24% 
71% 

76% 

67 8 33% 

Cyclofunctionalization of homoallylic alcohols with bis(sym-collidine)iodine(I) perchlorate produces 
oxetanes in good yield if the 4-ex0 mode of cyclization is favored electronically by the alkene substitu- 
tion pattern (Table l).I4 Geminal substitution at the carbinol carbon also favors this mode of cyclization 
(compare entries 2 and 3 with entry 1). Substitution at C-3 leads to reaction only by the 4-ex0 mode 
(entry 4), while substitution at C-4 leads to cyclization only via the 5-endo mode (entry 5) .  

Table 1 Cyclization of Homoallylic Alcohols with I(collidinc)2+ ClO4- 

Entry Reactant Yield (a) Product(s) (% of total) 

R R  

1 +OH 

R = R ' = H  
2 R = R = M e  
3 R, R = (CH2)5 

4 
L O H  

62 
64 

0 
I 

50 
100 
100 

67 cI?-' 
70 

OH ;". 5 

50 

One example of oxetane formation proceeding by an intramolecular syn addition of a sulfenate ester 
intermediate has been reported (equation 5).16 This mode of cyclofunctionalization appears to fail unless 
the substrate enforces the correct alignment of the sulfenate ester.]& However, related 7-oxanorbomen- 
2-01s give oxetane products with an ex0 phenylsulfenyl group.I7 

i'BuLi - Phs 
R ii. PhSCl 

HO 
R = Me, 20% 
R = CH=CH2,60% 

Cyclizations of p,y-unsaturated acids form p-lactones (4-ex0 cyclization) when the reactions are con- 
ducted under conditions of kinetic control.la.lP The most common procedure for @-lactone formation, de- 
veloped by Barnett, involves halolactonization in a two-phase system using an aqueous solution of the 
carboxylate salt of the substrate with the halogen (Br2 or 12) added in an organic solvent.l* Cyclization 
with bis(sym-collidine)iodine(I) perchlorate provides a higher yield than the Barnett procedure in cases 
where cyclization is not favored by geminal a-substitution (Table 2, entries 1 and 2).14 Iodo- and bromo- 
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lactonization of thallium salts of the carboxylic acids have also been shown to be useful procedures for 
formation of p-lactones.2'.22 It should be noted that the initially formed p-lactone products may be read- 
ily rearranged to thermodynamically more stable y-lactones. 19*23*24 

Table 2 Cyclization of P,y-Unsaturated Acids to @-Lactones 
~~~ ~~ ~ ~ ~ 

Entry Reactant Conditions Yield (%) Product(s) (% of total) ReJ 

q C O z H  R R  

1 R = R ' = H  aq. NaHC03,12, Et20 
2 R = R ' = H  I(collidine)2+ C104- 
3 R = R = H  T12C03, Br2, CH2C12 
4 R=R'=Me aq. NaHC03.12. Et20 

0"'"" 
5 
6 

H02C,, R' 

RfJ 

X J$ R 

25 
75 
51 
75 

18b 
14 
21 
18b 

fl0(bo "', X 
NBS/DMF 53 100 0 21 
aq. NaHC03, Br2, CH2C12 66 67 33 21 

0 R2* 
Br 

7 R = R ' = H  aq. NaHC03, Br2, CH2C12 42-94 19.20 

Formation of p-lactones by 4-endo cyclization has been observed in very few cases. Examples of such 
halolactonization reactions proceeding by stereospecific anti addition have been discussed in previous 
reviews.'P.2b 

1.9.2.2 Five- and Six-membered Rings 

The lack of significant ring strain and favorable entropic factors results in facile cyclofunctionalization 
to form five- or six-membered rings. Emphasis in this review is placed on examples which illustrate 
general principles of regiochemical and stereochemical control. 

1.9.2.2.1 Cyclizations with C 4 4  constrained by existing ring 

Electrophile-initiated cyclizations of substrates where an existing ring constrains rotation of the vinylic 
bond which attaches the nucleophile to the double bond generally occur with quite predictable stereoc- 
hemical and regiochemical control. These reaction types have been used extensively in synthesis and 
only representative examples and leading references will be presented here. 

( i )  Synthesis of fused ring lactones and ethers 
The cyclization of 2-cycloalkeneacetic acids leads to cis-fused y-lactones arising from anti addition 

across the double bond (equation 6 and Table 3). This type of reaction, effected with a wide variety of 
electrophiles and substrate substitution patterns, has been used both for generation of y-lactone target 
molecules and selective introduction of a hydroxy group onto the original ring by cleavage of the lactone 
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cyclization product. As shown in equation (7), the 5-em mode of cyclization is preferred even when this 
mode of addition is ant i -Marl~ovnikov.~~~~~ However, one example of iodolactonization to a tricyclic p m  
duct produced a mixture of a y-lactone and a bridged ring 8-lactone (6-end0 cyclization)?8 

0 

H 

Table 3 Fused Ring y-Lactones from Cyclization of 2-Cycloalkenylacetic Acids (Equation 6) 

X Refs. X Refs. 

I 
Br 

PhSe 
22,25-28 RS 

21,25a, 29,30 H 
4,31,36 ArClzTe 

16b, 32,35 
19433 

Q CO2H K13'7-q+ >73% (7) 

0 

Cyclization to yield fused ring y-lactones has also been effected using NJV-dialkylamide derivatives as 
the nucleophile, as shown in equation (8).29*39*40 Isolation of the fused ring iminolactone from cyclization 
of an N-monoalkylamide derivative with phenylselenenyl chloride has been reported also." * f& ! 

c 0 12 

NMe2 THFiH2O 
80% H 

Cyclizations with some electrophiles generate products in which the C-E bond is solvolyzed under 
the reaction conditions. Cyclization of 2-cyclopenteneacetic acid with lead tetraacetate forms the acet- 
oxy-substituted lactone from solvolysis of the plumbolactonization intermediate (equation 9)."2 When the 
substrate contains a second suitably located carboxylate group, bislactones are generated (equation 
10)!3,44 Similar cyclizations to form ether-lactones have been rep0rted.4~ Unsaturated fused ring lac- 
tones have been obtained from 2-cyclopenteneacetic acid upon treatment with hydroxy(tosy1oxyk 
iodobenzene or hydroxybis(phenyloxy)phosphoryloxyiodobenzene, as shown in equation (1 1).& 

Pb(OAck, MeCN 

with %N+ salt, 89% 

H 0 2 C q C 0 2 H  

or 

12, AgOAc with 

silver salt, 92% 



Electrophilic Heteroatom Cyclizations 

TsO-I(OH>Ph U 

37 1 

(1 1) 

Fused ring y-lactones may also be formed by cyclizations of lcycloalkeneacetic acids under equili- 
brating conditions. Nicolaou obtained evidence for the presence of an unstable p-lactone in the phenyl- 
selenolactonization of 1 -cyclohexeneacetic acid, but rearrangement occured readily at room temperature 
to the more stable y-lactone (equation 12).32 An example of a one-step conversion of a 2-methyl-1-cyclo- 
hexeneacetic acid to a fused butenolide by use of diphenyldiselenide and electrochemical oxidation has 
been reported.47 Recent studies by Rutledge showed that simultaneous addition of bromine and thallium 
carbonate to 1-cyclohexeneacetic acid gave the y-lactone as the exclusive product (compare to Table 2); 
however, the mechanism of this reaction may differ from other cyclofunctionalizations.21 

E 

H 

PhSeCl or PhSCl E = PhSe or PhS (ref. 32) 
Tl2CO3 and BrdCH2C12 E = B r  (ref. 21) 

The cyclofunctionalization of cyclohexa-2,4dieneacetic acids results in 1,4-addition to form cis-fused 
y-lactones, as shown in equation (13) and Table 4. Most reaction conditions gave products with the elec- 
trophile trans to the lactone ring (entries I+, but the stereochemistry of the palladium-catalyzed re- 
action was reversed if an excess of a complexing ligand was added to the reaction (entries 5 and 6).49.M 
Results of lactonization in cyclohepta-2,4dieneacetic acid systems were similar, but selenolactonization 
produced 13-addition products under some conditions.s1 It is possible that these products result from a 
1.3-rearrangement of the initial allyl selenide.52 

Table 4 Cyclofunctionalization of Cyclohexa-2,4dieneacetic Acid (Equation 13) 

Entry Conditions Yield (96) X Ref 

1 PhSeC1, Et3N. CH2C12 70 f3-SePh 48 
48 
48 
49 

2 I2,MeCN 60 
3 Hg(OAc)a, BFmeOH 
4 5 mol 8 Pd(OAc)z, HOAc, acetone, benzoquinone 
5 Entry 4 plus 2 equiv. LiOAc and 0.5 equiv. LiCl 57 a-8Ac(76%) 49 
6 Entry 4 plus 2 equiv. LiOAc and 2 q u i \ .  LiCl 75 a-C1(>95%) 49 

I-?-* El p--t%Lc 

Cis-fused tetrahydrofurans are produced when 2-cycloalkenyl-substituted ethanol derivatives are cy- 
clized via 5-ex0 ring closure (equation 14 and Table 5) .  The related 1-cycloalkenyl alcohol systems also 
yield cis-fused tetrahydrofurans upon reaction with phenylselenyl reagents, similar to their carboxylic 
acid analogs (see equation 12).60 A sulfoetherification to a fused ring tetrahydrofuran from a system with 
an exocyclic methylene provided an 86: 14 ratio of cis- and trans-fused isomers.61 



372 Polar Additions to Activated Alkenes and Alkynes 

Table 5 Cyclization to Fused Ring Tetrahydrofunuts (Equation 14) 

Entry Conditions Yield (ab) Ref. 

1 12, Na?C@, MeCN >78 
2 I- or B r  + MCPBA 85 and 78 
3 NBS, acetone 85 
4 PhseCl 86-90 
5 PirSeNPht 83 

%6 
42-53 

6 Hg(OAch 
7 ( A r T d ) f l ,  HOAc 
8 MeCb, CHCl3, A 90 

53 
30 
54 

55.57 
31.60 
59 
58 
56 

A recent study of group selectivity in iodocyclizations which could form either cis-fused tetrahydrofu- 
ran or y-lactone products (equation 15) has shown that the observed selectivity correlates with the con- 
formational bias of each isomeric One isomer, with no significant conformational bias, 
produced a mixture of the products upon cyclization of the ester, but gave only the y-lactone upon cycli- 
zation of the carboxylic acid. 

In cyclofunctionalization of some substituted cyclohexadienykthyl alcohols, products of 1 +addition 
were observed (equation 16).63 However, the stereochemistry of the addition to the diene functionality 
depended upon the choice of electrophile. 

Conditions Yield X 

PhSCI, CHZC12 a-SPh 
PhSeC1, NaHC03, CH2C12 >70% a-SePh 
NBS, CHzClz 94% p-Br 

Few applications of cyclizations to form fused ring 8-lactones or tetrahydropyrans are found. Two 
consecutive bromolactonizations were used to effect stereoselective dihydroxylation of a cyclohexadi- 
enone system in a total synthesis of erythronolide B (Scheme 5).& Iodolactonization of an Nfl-di- 
ethylbenzamide derivative to form a cis-fused benzolactone was a key step in a recent synthesis of 
pancratistathMb A cis-fused tetrahydropyran was produced in good yield by intramolecular oxymercura- 
tion as shown in equation ( 17)?9 although attempts to cyclize a more highly functionalized system have 
been reported to Formation of a fused ring tetrahydropyran via an anti-Markovnikov dendo sel- 
enoetherification has been reported in cases where steric and stereoelectronic factors disfavor a 5-exo cy- 
clization to a spirocyclic structure.38 

- ___L ___) 

91% 
0 

Scheme 5 

0 
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(17) 

(ii) Synthesis of bridged ring lactones and ethers 
Cyclofunctionalization of cycloalkenyl systems to form bridged ring systems under kinetically control- 

led conditions generally results in products formed from ex0 cyclization. This type of cyclization has 
been applied to the synthesis of a variety of natural products and novel unnatural products including 
twistaneP6 dode~ahedrane,6~ picr0toxin,6~ gibberellins70 and antheridiogens,’l kessano1,’2 in- 
cen~ole,’~ the quassinoid ring ~ystern,’~ i~ol ineat in ,~~ a~t inobol in ,~~ aklavinone and ~-pyrromycinone,” 
shikimic acid derivatives,’8 exo-brevicomin and the Mus musculus p h e r o m ~ n e , ~ ~ . ~ ~ . ~ ’  compactin and me- 
vinolid2 and glycinoeclipin A.83.84 Many examples have been covered in earlier reviews of halolactoni- 
zation,I* intramolecular 0xymercuration,8~ phenylselenoetherification and lactonizatiodkJm and 
cyclizations to form tetrahydrofurans and tetrahydropyrans.lb Syntheses of diheterotricyclodecanes by a 
variety of cyclofunctionalization reaction types have been included in an earlier review (see Scheme 6).86 

Hz 

2.6-diheteroadamantane 2.7dihetemimtwistanc 

Scheme 6 

Some unusual nucleophile functional groups that have been utilized in cyclofunctionalizations to form 
bridged ring systems include cyclic hemiacetals (equation 18)75 and epoxides (equation 19).87 The cycli- 
zations in equation (20) involve a cyclic enol ether as the reactive n-system and have been used in syn- 

Y = H , H  PhSeCI, Et3N 91% E = PhSe 
Y = O  Hg(OAc)z E = HgOAc 
Y = H , O H  Hg(OAc)z E = HgOAc 
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theses of em-brevicomin and the Mus musculus p h e r o m ~ n e . ~ ~ . ~ , ~ '  Bridged spiroacetals have also been 
synthesized by palladium(II)-mdiatcd cyclization of 0-unsaturated diols, as shown in equations (21) and 
(22).88989*90 These bis-hetcmcyclizations result from the facile p-hydrogen elimination of the initially 
formed o-alkylpalladium intermediate to form an enol ether that serves as the substrate for the second 
cyclization.50 

PdC12, CUClZ q H  0. 

1 
OH 

DMF 

As mentioned earlier in the discussion of cyclizations leading to p-lactones, the p-lactones formed 
from halolactonization of 1,4dihydrobenmic acids readily rearrange to produce bridged ring y-lac- 
tones.19 In some cases, the substitution pattern favors formation of the y-lactone even under conditions of 
kinetic control (equation 23).20 Synthesis of a variety of y-lactones by iodolactonization of dihydroben- 
zoic acid derivatives has been reported recently by Hart (equation 24)?' Attempted iodolactonization of 
the acid in the case where R' = H resulted primarily in an oxidative decarboxylation; however, iodolac- 
tonization was effected using the amide derivative. 

0 0 

R - H  
R = M e  

93% 7% 
>80% <20% 

0 0 

R = alkenyl, R' = Me, Y = OH 
R = alkenyl, R' = OMe, Y = OH 
R = alkenyl, R' = Spr', Y = OH 

aq. NaHC03, ether 61% 
aq. NaHC03, ether >66% 
aq. NaHC03, ether 67% 
THF, water 70-94% R = alkyl, R' = H, Y = NR2 

The effect of conformational control on the regiochemistry of cyclizations in steroid systems has been 
studied extensively by KoCovsky. A cyclization which proceeds both in an anti-Markovnikov and 6-end0 
mode is shown in equation (25).w 

(iii) Cyclization of heteroatom-tethered cyclic systems 
The cyclofunctionalization strategy involving a transient 'tether' attached to a preexisting functional 

group, as outlined in Scheme 2, has been used to introduce a new oxygen functionality onto a ring with 



Electrophilic Heteroatom Cyclizations 375 

90% 10% 

stereochemical and regiochemical control. This strategy has been particularly useful in stereoselective 
synthesis of amino sugars and aminocyclitols. Examples of cyclizations of derivatives of cyclic allyl al- 
cohols and amines are given in Table 6. The attachment of the tether to an allylic functional group gener- 
ally leads to cis-fused products upon cyclization. Exceptions are found in the cyclizations of the 

Table 6 0-Cyclization of Derivatives of Cyclic Allylic Alcohols and Amines 

Entry Ref 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

R 

R = alkyl 
Y = OMe 
R = alkyl 
Y = OMe 
R = H  
Y = OEt 
R = M e  
Y =OEt 
R = H  
Y =OEt 
R = H  
Y = NH2 

Z 

Y = NH2 
z=o 
Y = OMe 
Z = NH2 

93 

94 

12, aq. NaSOflHF %% (X = I) %b, * 
i, Br2, AgBF4 79% (X = Br) %a 

61% (X = I) 95a 
CHzC12 
I (co l l id ine~~ClO~~ 71% (X = I) 95b 
dioxane, A 
NBS/CHzCIz, 0 'C 

PhSeC1, CH2C12 
silica gel, 25 'C 

60% (X = Br) 97 

76-9296 98a 

5- 

PhSeC1, CHzClz 91% 98a 

PhSeC1, CFsSOsAg 
CF~SOJH, silica gel 

65% 98b 
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trans-cycloalkene derivatives shown in entries 9 and 10. Cyclization to a bridged ring product has been 
observed in the bromocyclization of the phthalimide derivative of cyclohenenylamine.9*m Cyclic 
amines which are allylic to an exocyclic methylene also generate cis-fused ring systems as shown by 
equation (26).% The cyclization of carbamate derivatives of cyclic homoallylic amines generates 
bridged ring systems which are derivatives of 13-amino alcohols (equation 27).99 Preparation of 1,3- and 
1 &diol derivatives viu cyclofunctionalization of 19-carbamoyloxysteroids has been studied by 
KoCovsky ? 

93-1008 (R = H, Y = Ph) 82% (R = Me, Y = OEt) 

X 
1 

or 

PhSeCI, CH2C12, A I 
Me 

98%, X = I 
3 6 8 ,  X = SePh 

1.9223 Other C==C cyclizations 

The discussion of 'unconstrained' cyclization substrates in this section includes not only acyclic struc- 
tures but also cyclic structures in which the vinylic bond which connects the nucleophile to the double 
bond is not constrained by the ring system. The factors which control the stereochemistry and regio- 
chemistry in cyclizations of this ty-pe are much less obvious than those for the cases discussed in the pre- 
vious section. The major synthetic utility of these reactions, however, comes from cases in which 
stereochemistry and regiochemistry can be predictably controlled. Thus, the initial discussion in this sec- 
tion will examine these two types of selectivity. 

( i )  Regioselectivity 
A number of cyclizations of acyclic substrates illustrate that a balance of electronic and stereoelec- 

tronic factors control the regiochemical course of the reactions. Examples of such balance are found in 
cases where the preference for ex0 cyclization is opposed by ring strain or by electronic factors (Markov- 
nikov rule). The ring strain generated in 4exo ring closure often results in 5-endo cyclization predomi- 
nating. The 4-ex0 mode of cyclization is normally found only when the substitution pattern also favors 
this mode and equilibration does not occur. Some examples of cyclizations of homoallylic alcohols are 
found in Table 1. Cyclizations of acyclic P,y-unsaturated acids normally result in formation of y-lac- 
tones via the k?ndo mode (equation 28 and Table 7). Attempts to effect selenolactonization of substrates 
with substitution heavily favoring &endo closure (R3 = alkyl, R' = R2 = H) resulted only in the formation 
of allyl selenides via a decarboxylative elimination from the acyclic addition product.Im The cyclization 
of 2-vinylcyclohexanols with thallium triacetate produced tetrahydrofuran products of the 5-endo type 
(equation 29).lo3 

R3 ~3 R4 

R'*co2H RZ R4 * RZ E& 

R' 
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Tabk 7 Cyclofunctionalization of p,y-Unsaturated Carboxylic Acids (Equation 28) 
~ ~~ 

Yield (%) Ref. R' R2 R3 P E Conditions 

Me 
Me 
Me 
Me 
Ill 
Me 
Et 

Me H 
Me H 
Me H 
Me H 
H H 
H Mc 
H H 

I 
Br 
I 

Br 
I 

PhSe 
PhSe 

65 
74 
95 

85-90 

i 6  
95 

only roduct 

22 
21 
100 
100 
101 
102 
1 02 

The 5-ex0 and 6 - e h  

OH 

~ ~~~~~~ ~~ ~ ~~ 

Thus, in cyclizations of simple 4-alkenyl systems with a disubstituted internal double bond, the ex0 cy- 
clization mode appears to be favored slightly when there is no Markovnikov preference (equation 30). In 
some systems, the ratio of 6-end0 to 5-ex0 products has been found to vary with substrate structwe (e.g. 
double-bond geometry), the electrophilic reagent used and reaction conditions (kinetic or thennodynamic 
c0ntrol).1@'4.124b~145a The 6-end0 mode can be made to predominate by significantly increasing the elec- 
tronic bias. The introduction of a strongly stabilizing group at the 6-position leads to preferential k n d o  
cyclization, as shown in equations (3 1),104a7105a (32)IoSb and (33).loSC 

modes of cyclization are more closely balanced since ring strain is not a factor. 

I(collidine)2+CIO~- 

OH . 
or 

NaI, ArCO3H, 18-crownd 

,OBn 

NIS 
L 

EtCN, -18 'C 
B n O g  BnO 

95% OC6Hl I 

TsOH-Py PhTo-e OH - CH2C12 

R 

12, MeCN 

Ph GH 3 4 % , Y = H , L  364, Y = 0 

Y 

88% 12% 

~ OBn 

BnO % 
BnO 

OC6H1 I 

R 

I 

(33) 

For systems in which 6-end0 cyclization is favored only by alkyl substitution, the ratio of 5-em to 6- 
endo cyclization appears to be sensitive to both reaction conditions and substrate structure. Cyclizations 
of a variety of 5.5dimethy1-4-pentenols (equation 34) are shown in Table 8. Although the use of 2,4,4,6- 
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tetrabromocyclohexa-2,5dienone (TBCD) promoted the 6-endo cyclization in some systems (Table 8, 
entries 4 and 5),1M)4L1w*108 recent cyclization studies directed toward synthesis of oxacyclic squalenoids 
found 5-ex0 cyclization to predominate under all conditions examined (entries 6 and 7).lO9v1 lo 

Table 8 Cyclization of Some 4-Pentenols (Equation 34) 

Entry R,  R' Conditions Product yield Ref. 
(S-ring:6-ring) (96) 

~~ ~ ~ 

1 Me, C H 4 H 2  NBS/CCL 85 106 
2 Me, steroid NBS/CCL Only product 107 
3 Me, Caec NBS/CCh Major: minor 108 
4 Me, C-C TBCD 20:80 108 
5 H, alkyl TBCD 2058 104a 
6 Me, pyranopyran TBCD/MeNa 61:31 109 
7 Me, yranop ran NBS/CH2C12 62:22 110 
8 I-fghenyr Pd(OAc)z, Cu(OAc)2 Trace:45 104f 
9 , Me Phsc1, Pr'2NEt 42:42 16b 

An interesting method for the generation of anti-Markovnikov products has been described by Bart- 
1ett.l" Cyclization of y-alkenyl alcohols of the type shown in equation (35) with thallium triacetate in a 
nucleophilic solvent generates trans-2,Jdisubstituted tetrahydrofurans. The reaction is considered to 
proceed via an initial 6-endo cyclization to a tetrahydropyran, which undergoes heterolytic dethallation 
with concomitant 1.2-oxygen migration through a bridged oxonium ion.104&11* The products from this 
type of cyclization are equivalent to those expected from use of 'RO+' as electrophile. Examples of ex0 
mode cyclization followed by ring expansion have been described also. 

C6H1 I 
"". . -... 

I 

72% (solvent = AcOH, RIO = AcO) 

73% (solvent = acetone/H~O, RIO = HO) 

The lactonization of 5'7-dienoic acids with selenium and sulfur electrophiles generates 6-lactones by 
regioselective 1 ,rl-addition to the diene (equation 36).5a With substitution at the 8-position, reaction with 
PhSeCl or PhSCl gave a 1 : 1 mixture of rapidly interconverting 1,2- and 1,4-addition products. This inter- 
conversion, presumably via a 1,3-rea1~angement?*~ was not observed with the alkylthio adduct. An 
example of conjugate cyclization of an enyne system to form an allenyl product has also been reported 
(equation 37).Il2 

X 

0 

R Conditions X Yield (a) 
H PhSeC1,-78OC,dark PhSe 95 
H PhSC1,25"C PhS 82 
Me Me02CCH2CH2SCl RS 69-72 
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(i i)  Stereoselectivity 
The major use of cyclofunctionalization in stereochemical control has been in the area of relative 

asymmetric induction; that is, control of stereochemistry in the introduction of a new stereogenic center 
by stereogenic center(s) present in the substrate. Several types of structural features have been found to 
provide high levels of stereocontrol in cyclofunctionalizations to five- and six-membered rings. 

Perhaps the most important structural feature that has been used extensively in recent times for con- 
trolling stereochemistry is the allylic oxygen functionality. Cyclization of derivatives of the type shown 
in equation (38) with a variety of electrophiles leads to stereoselective formation of the 'cis' five- and 
six-membered ethers and lactones (Table 9).'13 Although different theoretical approaches have been 
taken to rationalize these examples of 1 ,Zrelative asymmetric induction,' 1 3 , 1 1 s e ~ 1 1 7  each analysis leads to 
the conclusion that the cyclizations involve a transition state conformation with the allylic oxygen func- 
tionality oriented toward the alkene bond, either fully eclipsed (2; OR-in-plane conformation)' 13~11sc  or 
slightly staggered (3; inside alkoxy c~nformation), '~~ and that electrophilic attack occurs from the side 
opposite the alkyl chain. The same cis stereoselectivity is found in the iodolactonizations of NAN-di- 
methylamide derivatives related to (1) (n  = l).'14b Recent results have shown that an allylic fluorine sub- 
stituent exerts even higher stereochemical control in this type of cyclization, a result consistent with 
calculations that the major control factor is orientation of the electronegative substituent in the plane of 
the alkene."" Selectivity of the same type has been found in mercuricyclizations of substrates with an 
allylic N-benzylamine substituent, forming a-C-glucosides of N-benzy 1-D-glucosamine. ' I 8  

(38) 
E+ 

n =  1 or2 

E+ = 12, NBS, PdX2, HgX2, PhSeOTf E R'  

R = H. alkyl, SiR3, Ac; R 1  = H, alkyl, C02R; R2 and R3 = H or alkyl; R4 = H, alkyl, benzyl: Y = H,H or 0 

Table 9 Control of Stereochemistry by Allylic Oxygen Substituents (Equation 38) 

Product type Leading refs. 

?-Lactones 
Tetrahydrofurans and C-furanosides 
Tetrahydropyrans and C-pyranosides 

lWj, 114 
lW, 115 
lW, 116 

(2) (3) 
OR-in-plane conformation 'inside alkoxy' conformation 

The stereochemical control exerted by the allylic oxygen functionality generally dominates control by 
other stereogenic centers in the ring, although substitution at other centers may affect reaction rate, the 
level of stereocontrol or regioselectivity. lSbJ ISe One example of a dramatic lack of stereocontrol is 
found in the 2,4-dimethyl-3-hydroxy-4-pentenoic acid system with the 2-methyl group syn to the allylic 
hydroxy group (cis:rrans = 42:58).'14a,1 lSc Although stereoselectivity in some systems is not affected by 



380 Polar Additions to Activated Alkenes and Alkynes 

the change of the allylic substituent from OH to OR, some cyclizations with palladium salts show lower 
selectivity with the ethers. This change could be a result of direct complexation of the electrophilic metal 
with the hydroxy group.' 16c 

Several studies indicate that the level of stereocontrol is greater when R' is an electron-withdrawing 
g r o ~ p , ~ ~ J ~  and can vary with the electrophile used.104c*115h In particular, the variable selectivity ob 
served with phenylselenyl reagents appears to depend upon reaction conditions and substrate struc- 

Stereocontrol opposite to that shown in Table 9 occurs when the double bond contains a nonhydrogen 
substituent cis to the carbinol carbon (equation 39). In this system the OR-in-plane conformation is disfa- 
vored by All3 strain. In cases with a secondary allylic oxygen substituent, cyclization through an H-in- 
plane conformation gives the trans product with high Selectivity.' 13a,115e Several examples demonstrating 
this type of stereocontrol have been described.lW*' 1 4 t 1 1 5 b 9 1  15h91 l9 

ture.104d,104c,l 158.1 15h 

The stereochemistry of products from cyclizations of systems with an allylic alkyl group and a cis sub- 
stituent on the alkene is also controlled by steric interactions. Cyclization through an H-in-plane confor- 
mation generates the new stereogenic Center trans to the allylic group (equation 4 0 ) . l " J ' 5 h J 2 0 * ' ~  An 
exception has been reported in a cyclization effected with phenylselenenyl chloride.12' If the cis alkene 
substituent (R2) is hydrogen, A'J steric interactions are absent; the stereoselectivity in kinetically con- 
trolled cyclizations is generally low with electrophiles such as halogen, mercury(II) ion or phenylselene- 
nyl chloride, and the cis isomer predominates in many cases (cis:trans ratios varying from 3.8:l to 
2:3).4,lWj,l 15e.1 I S h v l  15J.120bJ22 Exceptions include the iodolactonizations of some 2-alkyl-3-methylpent- 
enoic acids, which have been found to proceed with very high cis 13-relative asymmetric induction 
(7.9-30: 1) irrespective of the configuration at C-2.123 

R' 

R and RZ = alkyl: R' = H or alkyl: Y = 0 or H, H 

The effect of the nature of the electrophile on the stereoselectivity of reactions with substrates contain- 
ing a terminal alkene and an allylic substituent is dramatically illustrated by some recent results with pal- 
ladium ele~trophiles.'~~ Cyclizations of 3-methyl- or 3-phenyl-5-hydroxyalkenes with palladium 
catalysts proceed with high selectivity (29:l) for the 2,3-truns isomer (equation 41).m.124 It is suggested 
that the steric interactions of the palladium-alkene complex affects the stemhemisay of these cycliza- 
tions. In some related cyclizations to form tetrahydropyran products (equation 42 and Table lo), reaction 
with iodine in the presence of sodium bicarbonate gives a different major diastereomer from cyclization 
with mercury(I1) trifluoroacetate or palladium chloride.125 

Rl cat. PdC12, CuCI2 - 
CO, MeOH MeO2C \\\,,SI' '0."' + Me02C 0 R2 1 HO R2 

90% (R1 = Me, R2 = H) 
88% (R' = H, RZ = Me) 
87% (R' = R2 = H) 

90% 
87% 

only isomer observed 

10% 

13% 
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Table 10 Stereoselectivity in Cyclizations to 2,3,5-Trisubstituted Tetr&..ydropyrans (Equation 4 

Entry Reagent Y Product ratio Re5 

1 PdCl2, CuC12, MeOH, CO C02Me 7.9: 1 125a 
2 Hg(OTFA)2, MeCN, PdClz, LICI, CuC12, CO, MeOH C02Me 2.5-3.O:l 125a 
3 12, NaHCO3 I 1:2.9 125b 

One general solution to low levels of 1,2-asymmetric induction in iodolactonization reactions of un- 
saturated acids with an allylic methyl group was developed by Bartlett, who demonstrated that cycliza- 
tion in a nonbasic solvent (CH3CN) and in the absence of a proton scavenger allowed for equilibration to 
the thermodynamically favored trans product (equation 43).1P7120b312a The trans isomers of both y- and 
&lactones are generally preferred under these conditions by ratios of greater than 10: 1. Similar equilibra- 
tion has been effected with mercury(I1) salts,120b phenylselenenyl triflate12" and N-(phenylsele- 
no)phthalimide in the presence of TiC4.'26b The low stereoselectivity in cyclizations with other 
phenylselenenyl reagents (e.g. equation 1) may be due to rapid nonselective addition of electrophile to 
the starting alkene combined with a lack of reversal of intermediates (D) or (C) back to starting alkene 
(Scheme 3)."J20b Cyclization of the ester derivatives (Scheme 7) with iodine also generates the thermo- 
dynamically more stable product even though the final lactone product would not be considered to be in 
equilibrium with starting ester.8a In this case, equilibration is achieved since the dealkylation of the cy- 
clic intermediate (4) is the slow step, and equilibration of all prior intermediates can occur (cf. G to H in 
Scheme 3). Numerous examples of this strategy have been reported in previous r e v i e w ~ , ~ P s ~ ~ ~  and the 
method has found widespread use in synthesis. 

(43) 
equilibration 

E H  E H  R = alkyl or aryl 
Electrophiles = 
I,, HgX,, PhSeOTf major 

Scheme 7 

Steric effects similar to those shown in equations (39) and (40) are found when the substitution pattern 
leads to tetrahydropyran systems through 6-end0 cyclization. Cyclizations of systems with an allylic 
oxygen and a syn alkene substituent give products rationalized by cyclization through H-in-plane confor- 
mations as shown earlier in equations (3 1) and (32).105+128 Examples with allylic methyl substitution have 
been reported also.1048 

A few examples of high 1,3-asymmetric induction under kinetically controlled conditions have been 
reported.'p A recent study has shown that iodoetherification proceeds with high stereoselectivity on sys- 
tems with an cu,P-unsaturated ester as the Ir-participant and an electronegative homoallylic substituent 
(equation 44 and Table 1 l).Iz9 When the homoallylic substituent was a methyl group, the major dia- 
stereomer was the cis isomer. These results were rationalized using AM1 calculations of chair-like tran- 
sition state models. The calculations predict an H-in-plane conformation for the iodonium ion or 
r-complex and either an anti or gauche conformation between the substituent, Y, and the hydroxy group 
(structures 5 and 6). The normal preference for an equatorial methyl leads to cyclization through transi- 
tion state (5) to produce the cis product (Table 11, entry 6) .  However, when Y is an electronegative sub- 
stituent, the calculations predict a preference for the conformation where the substituent is gauche to the 
hydroxy group, which acquires positive charge as the C - 0  bond is formed ( 6  Table 11, entries 1-5). A 
selenoetherification of a related system with an internal (2) double bond, but without an ester function- 
ality, showed moderate stereoselectivity (3: 1) for the product predicted by transition state (6).I3O Iodocy- 
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clizations to 2,3,5-trisubstituted tetrahydrofurans of systems with a hornoallylic hydroxy group and a ter- 
minal double bond have shown little ~tereoselectivity,~l~~*~ m~ but mercuricyclizations with a terminal 
double bond and a homoallylic fluorine have shown good stereoselectivities ( 4 5 1  to 20:l).131a The ef- 
fect of a homoallyic sulfoxide substituent on the stereochemistry in mercuricyclizations of secondary al- 
kenols has been reported 

Y Y V 

Table 11 Relative Asymmetric Induction by Homoallylic Substituent (Equation 44)'% 

Entry ( E )  or (2) Y Solvent Product ratio 

1 E OH THF 1 :4.5 
2 E OH E t a  1 :8.6 
3 
4 
5 
6 

2 
E 
E 
E 

OH 
OMe 

F 
Me 

Et;* 
THF 
THF 
"F 

1:11 
1 ~4.6 
1:6.3 
3.6:l 

Iodolactonizations of N-acyl derivatives of 2-amino-4-pentenoic acids produce the cis y-lactones se- 
lectively (equation 45).132 These lactonizations have been proposed to result from thermodynamic con- 
tr01,l~~ although chelation of the bromonium ion by the nitrogen has been proposed Formation 
of &lactones by 6-ex0 iodolactonization of 3-(N-acylamino)J-hexenoic acids proceeds with little selec- 
tivity.133 

R R R 

I I 
R = NHC02R, NPht, NHTs 6-8.8: 1 

(45) 

High levels of 1.3-asymmetric induction also have been obtained in some cyclizations to y-lactones 
under conditions of thermodynamic control (equation 46 and Table 12).l 14b~134 Cyclizations of carboxylic 
acid esters result in equilibration related to that shown in Scheme 7 ,  and cis products predominate (Table 
12, entry 1). Alternatively, cyclizations of Nfl-dimethylamide derivatives produce the trans isomer with 
very high selectivity (entries 24).114b3134a A related cyclization of an N-acyloxazolidinone derivative has 
been reported to proceed with high stereose1ectivity.lMb The trans selectivity is attributed to equilibra- 
tion of the initial cyclic product, with the steric interactions between an amide methyl group and the p- 
substituent (A's3 strain) disfavoring the cis isomer. Phenylselenenyl triflate and iodine cyclizations of the 
carboxylic acids gave low selectivity (entries 5 and 6).114b,126 

Examples of 1.3-asymmetric induction in cyclizations to &lactones have been observed. Iodolactoni- 
zation of 3-methyl-5-hexenoic acid to a &lactone under equilibrating conditions showed reasonable 
stereoselectivity (6: 1 cis:trans).120b Recent studies have examined the formation of &lactones from cy- 
clization of 5-hexenoic acids with a homoallylic oxygen substituent at C-3.135 Selenolactonization of 3- 
hydroxy-5-hexenoic acid under conditions of kinetic control provided the trans lactone in modest yield 
(40%) and high stereo~electivity.~~5b Equilibrating conditions led to a slight preponderance of the cis 
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I I I 
R R R 

Table 12 Stereoselectivity in Cyclizations to a-Methyl-y-lactones 

Entry R Y Conditions Yield (%) trans:cis Re$ 

1 Alkyl OMe 3 equiv. 12, MeCN 1 :9 134a 
2 Alkyl NMe2 3 equiv. 12, MeCN Trans only 134a 
3 H NMe2 NBS 75 >99: 1 114b 
4 Me NMez NBS 74 94:6 114b 
5 H OH 3 equiv. 12, MeCN 92 32:68 114b 
6 H OH PhSeOTf 85 3:4or4:3 126 

isomer in higher yields (65%). Iodolactonizations of the corresponding 3-silyloxy derivatives under 
kinetic control were also selective (5.5: 1 trans:& with a triisopropylsilyl derivative). Selenolactoniza- 
tion of a related system with an internal double bond (Z configuration) showed little s e l e~ t iv i ty . ' ~~~  

Examples of high levels of 1 ,Casymmetric induction in kinetically controlled cyclofunctionalizations 
are rare. Cyclizations of 5-hydroxyalkenes to form 2,5-disubstituted tetrahydrofurans (equation 47) pro- 
ceed with low selectivity in most cases.lP Exceptions shown in Table 13 are the palladium-catalyzed cy- 
clization to a truns 2-vinyl system (entry l ) 5 0 9 ' 0 4 f  and cyclization of a 2-phenyl system with mercury(I1) 
chloride to give a preponderance of the cis isomer (entry 2), presumably through eq~ilibration. '~~ Equili- 
bration with substituents other than phenyl (Me or t-butyl) resulted in much lower ~e lec t iv i ty . '~~J~* 

L -1 

Table 13 Stereoselectivity in Cyclofunctionalization to 2,5-Dialkyltetrahydrofurans (Equation 47) 

Yield (%) 
Entry R ' ,  R2,  R3 Conditions R4 cis trans Re! 

1 Ph, Me, H Pd(OAc)z, Cu(0Ac)z CH-CH2 0 40 104f  
2 Ph, H, H HgCh CH2H X 56 4 136 
3 CHMa, H, H 12, MeCN CH$ 18 70 137 
4 CHMa, H, M3B 12, MeCN CH2HgX 95 0 137 

Bartlett developed a strategy for the highly stereoselective synthesis of cis 2.5disubstituted tetrahy- 
drofurans involving the use of bulky ether derivatives for the cyclization, such that dealkylation of the 
oxonium ion is the slow step.137 This strategy results in a large cis:truns ratio (compare Table 13, entries 
3 and 4) because steric interactions between the bulky substituent on oxygen and the substituents at C-2 
and C-5 cannot be avoided in the truns it~termediate.'~~ The success of this strategy requires a substituent 
which is bulky, but does not prevent cyclization, and which is cleaved faster than either of the ring 
groups in the dealkylation step. The 2,6-dichlorobenzyl (DCB) group has been found to be useful in a 
number of such reactions. 115h~137~139 Application of the slow dealkylation strategy to stereoselective syn- 
theses of trans 2,5-disubstituted tetrahydropyrans was not successful. l5 Also, cyclizations of 2-alkyl-5- 
hexenoic acids to &lactones proceed with very low levels of 1 ,4-asymmenic induction under conditions 
of either kinetic or thermodynamic ~ o n t r o l . ~ ~ ~ J ~ ~  

An interesting example of the apparent dependence of stereoselectivity on the rate of breakdown of the 
initial cyclization intermediate has been observed in cyclizations with isoxazolines as the nucleophilic 
functionality (equation 48 and Table 14).I4I The stereochemistry of products from cyclizations to form 
tetrahydrofuran products varies significantly upon changing the 3-substituent of the isoxazoline ring 
(Table 14, entries 1-3). The exact factors controlling these variations have not been determined, but the 
stereoselectivity may be synthetically useful. Particularly noteworthy is the high selectivity for the less 
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stable trans isomer of 2,3disubstituted tetrahydropyrans; this type of selectivity is not obtainable by 
other strategies.lS Some cyclizations with Br2 and PhSeBr also have been reported.141a 

Table 14 Cyclic Ethers from Cyclofunctionalization of Unsaturated Isoxazolines (Equation 48)14' 

Entry n R Yield (%) Ratio (cis:trans) 

1 1 Ph3C 60 1 :4 

6.6: 1 3 1 Me3Si 40 
82 1 :9 
80 1 :3 

4 2 Ph3c 
5 3 n3c 

2 1 Me3C 59 1:l 

The stereoselectivity in cyclizations of vinyl ether systems to form furanosyl disaccharides is control- 
led by both the side chain substituent (1,4-asymmetric induction) and the configuration of the existing 
pyranoside linkage (equation 49).14* Substrates with no side chain substituent show no stereoselectivity. 

BU'OK, 12 

THF 
M e 0  - 

OMe OMe 

Me0 

,"""\ + "73 OMe 

(OMe (OMe 

i I 
p-anomer 8: 1 
a-anomer 240: 1 

Formation of tetrahydropyran ring systems through 6-endo or 6-ex0 cyclization of substrates which 
lack 1,Zinteractions of the type shown in equations (39) and (40), generally proceed with moderate se- 
lectivity for the diastereomer that would result from cyclization through chair conformations .with equa- 

The levels of 1,5-asyrnmetric induction in the palladium-catalyzed alkoxy-carbonylations of alkenols 
to form 2.6-disubstituted tetrahydropyrans have been shown to be quite reasonable (Table 10 and equa- 
tion 50).'# Recent studies have shown that cyclization with palladium(I1) acetate in DMSO in the a b  
sence of CO results in controlled f3-hydride elimination to form vinyl-substituted tetrahydropyrans with 
high levels of 1.4- and 1,5-asymmetric induction (equation 5 1). 

Although several of the stereoselective cyclizations discussed above have more than one chiral center 
which could affect the diastereoselectivity of the reaction, they have been discussed in terms of the factor 
which seems the most important. High stereoselectivity in cyclizations of some highly substituted sys- 
tems results from cooperative effects of the substituents. Some examples of high stereoselectivity in cy- 
clizations used in syntheses of macrolide antibiotics appear to result from a combination of substitution 
pattern and the (a-alkene configuration of the substrate. Examples include the formation of a 2.3.5-tri- 
substituted tetrahydrofuran in a synthesis of m o n e n ~ i n ' ~ ~ ~  and of a 2,2,5-trisubstituted tetrahydrofuran in 
a synthesis of ionomycin. 145b Studies7 on intramolecular oxymercuration to form substituted tetrahydro- 
pyrans (equation 52), conducted as part of a total synthesis of antibiotic X-206, demonstrated that forma- 
tion of a mercuronium ion was reversible, and that extremely high levels of stereocontrol can result from 
additive contributions of several control elements, including extraannular allylic oxygen Substituents.' 13b 

torial substituents.7, I 10.13 lb,142.143 
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R' R2 R3 cis:trans ratio 
Me H H  3 2 0  1 
BU'CH, H H 6: 1 
Bu' Me H 83:lO 

But H Me 19713 

i ii 
R1 R2 R3 Ratio ( i : i i )  

H Me H Me 905 
Me H H Me 98:2 
Me H Me Me 9 4 3  

R' R2 R3 Ratio (i:ii) 

H Me Me Me 85: 15 

H H OBn secondary alkyl 9 5 5  
H Me OBn secondary alkyl >97:3 

secondaryalkyl Me Me Me >97:3 

Examples of 5-ex0 cyclizations in which the hydroxy group is constrained by a five-membered ring 
are shown by equation (53). The stereoselectivity in these cyclizations ranges from quite high in iodocy- 
clization (9: 1 in H2O and >20: 1 in CH2C12) to only moderate (2-3: 1) with mercury and phenylselenenyl 
chloride.'p This type of cyclization has been widely applied to synthesis of prosta~yclins. '~~ Similar cy- 
clizations with dimethyl(methy1thio)sulfonium fluoroborate have been reported re~ently.3~ 

E+ = 12. Hg(OAc)z, NBS, PhSeCI, DBDMH (1,3-dibrom0-5,5-dimethylhydantoin) 
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(iii) Cyclization of heteroatom-tethered systems 
Cyclizations of substrates in which internal oxygen nucleophiles have been attached to unsaturated al- 

cohols provide a method for stereoselective formation of acyclic l ,2- and l ,3-diol functionalities, as out- 
lined in Scheme 2. 

Cyclizations of chloral hemiacetal derivatives of cyclic allyl alcohols were regio- and stem-selective 
(Table 6, entry l), but a mixture of regioisomers was obtained from analogous derivatives of acyclic allyl 
alcohols with a nonterminal double bor1d.9~ Hemiacetal derivatives of allyl alcohols with a terminal vinyl 
group have been cyclized with mercury(I1) acetate to give acetal derivatives of threo 1,2-diols with 
moderate selectivities (equation 54 and Table 15, entries 1 and 2).14' Moderate to excellent stereoselec- 
tivity has beem observed in the iodocyclizations of carbonate derivatives of allyl alcohols (entries 3-5).94a 
The currently available results do not provide a rationale for the variation in observed stereoselectivity. 

Table 15 0-Cyclizations of Derivatives of Acyclic Allylic Alcohols (Equation 54) 

Entry R ' , R 2  Y Z Conditions E Rotio (trans:cis) Ref. 

1 Et,H H,CC13 OH i, Hg(0Ach; ii, NaEH4 H 81:19 147 
2 Bu*,H H,CC13 OH i, Hg(0Ach; ii, NaBH4 H 91:9 147 
3 Pr, H 0 OLi I m ,  12 h I a 4 0  94a 
4 Pr, H 0 0 I-, 12 h I 80:20 94a 
5 Bu",Me 0 OLi IdTliF/ 12 h I 93:7 94a 

Cyclizations of derivatives of homoallylic alcohols have proven useful for 1.3-asymmetric induction 
(equation 55 and Table 16). This approach was initially examined with phosphate e s t e r ~ , 8 ~ * ' ~ ~  but the re- 
sistance of the cyclic phosphate ester functionality to hydrolytic removal has limited the applications of 
this approach. Cyclic carbonates, which are readily cleaved, can be prepared by cyclization of t-butyl 
~ a r b o n a t e ~ ~ ~ ~ J ~ ~  lithium and carbamate derivatives of homoallylic alcohols,125aJ50 
although the stereoselectivity is somewhat higher in the phosphate cyclizations.148a In most systems, the 
stereoselectivities obtained from the two types of carbonate derivatives did not differ significantly, al- 
though the t-butyl carbonate reactions were significantly slower, and the stereoselectivity of the lithium 
carbonate reaction was greatest at low temperature (Table 16, entries 1 and 3).'& Although the stereo- 
isomer ratio did not change with time in cyclizations of t-butyl carbonate systems with a terminal vinyl 
group, cyclization of a t-butyl carbonate derivative of a 2-alkyl4hydroxyalkene was shown to give an 
extremely high stereoisomer ratio (>50: 1) under mild conditions, but reaction for long periods at higher 
temperature (equilibration) resulted in a significantly lower selectivity (5:l; Table 16, entries 5 and 6).149 

The synthesis of amino alcohol derivatives by cyclization of derivatives of allylic and homoallylic 
amines has received considerable attention recently. Early studies by McManus and PittmanlSa demon- 
strated that allylic amides could be converted into 2-oxazolines by treating them with concentrated sul- 
furic acid and drowning the reaction mixture in cold dilute base. The results suggested that reaction 
occurred through carbocation intermediates, and cyclizations of allylic systems with substitution favor- 
ing 6-end0 cyclization gave tetrahydrwxazine products.1s2b Allylic amides (equation 56) have also been 
cyclized with halogen,lS3 selenium,'" tellurium,1ss and sulfur'56 electrophiles. The halogen electrophile 
of choice appears to be N-iodos~ccinimide.~~~~J~~ The regiochemistry is predicted by the Markovnikov 
rule, with 1,Zdisubstituted alkene systems giving a mixture of oxazoline and tetrahydrooxazine pro- 
ducts. 153b The stereoselectivity of cyclization is variable, with 4,5-diakyloxazolines obtained in transxis 
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Table 16 0-Cyclizations of Derivatives of Acyclic Homoallylic Alcohols (Equation 55)  

Entry R' ,  RZ ,  R3 Y Conditions Ratio (cis:trans) Ref. 

1 Alkyl, H, H OLi IflHF/C&, -78 'C to r.t. 19:l 94a, 148 
2 Alkyl, H, H OBu' IfleCN, -20 'C 1O:l 148a 
3 Et, Me, H OLi IflHF/C&, 0 'C 4: 1 148a 
4 Et, Me, H OBu' IfleCN, -20 'C 4: 1 148a 
5 Alkyl, H, Me OBu' I a tCN,  4 0  'C, 30 min 50: 1 149 
6 Alkyl, H, Me OBu' Iz/EtCN, -10 'C, 14 h 5 :  1 149 
7 Alkyl, alkyl, H NHz Iz/ether/saturated NaHC03, r.t. 10-17: 1 150,125a 
8 Alkyl, alkyl, H NMQ Idether/aq. NaHCe, r.t. >20: 1 125a 

ratios varying from 80:20 to 24:76 (equation 57).'53a*157 Examples of tetrahydrooxazine formation by 6- 
ex0 cyclization of homoallylic N-acylamines have also been r e p o ~ ? e d . ' ~ ~ J ~ *  The product from an iodocy- 
clization in aqueous THF was shown to result from rearrangement of the initial product (equation 

A related cyclization of the amide from a symmetrical homoallylic amine (R = allyl) and a chiral 
acid gave the pyrrolidine derivative in only 7-26% ee.159 A synthesis of 5-methylene-2-oxazolines by 
cyclization of amide derivatives of propargylamine has been reported also (equation 59).160 

The cyclization of carbamate derivatives of unsaturated amines has proven synthetically useful. Cycli- 
zations of carbamates of allylamines containing a terminal vinyl group give oxazolidinone products 
(equation 60 and Table 17, entries 1 and 2).99,'61 Bromocyclizations of systems with a di- or tri-sub- 
stituted alkene often give mixtures of oxazolidinones and tetrahydr~xazinones,'~~~ while cyclization of 
an N-cinnamyl carbamate with phenylsulfenyl chloride gave only the oxazolidinone product. 163b~163c The 
stereochemistry of the cyclization of primary carbamates of either allylic or homoallylic amines is low 

7: '> CCI, 

I I 

R Ratio (transxis) Ref. 
CHzOBn 80:20 157b 
CI5H3I 55:45 153a 
pr" 66:30 157a 
Ph 24:76 157a 

HO Ph 
k' 
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E = SMe, Br, I 

(Table 17), but cyclization of N-substituted carbamates is highly selective (entries 2.4 and 5), presum- 
ably by insuring reversible formation of the intermediate prior to benzyl cleavage and steric interactions 
between the N-substituent and the alkyl substituent favoring the axial orientation (equation 61). Cycliza- 
tions of this type, where R = H and Y = a-phenethyl, result in little asymmetric induction. However, the 
diastereomeric products can be separated and used for the synthesis of chiral nonracemic amino alcohol 
derivatives.Iw 

Table 17 Stereoselectivity in 0-Cyclizations of Carbamate Derivatives of Unsaturated Amines 

Entry n Y Ratio (cis:trans) Ref. 

1 0 H 1:15 161 
2 0 CaBn 1 :6.6 161 
3 1 H 2.3:l 133 
4 1 COzBn 1 :2.3 133 
5 1 TBDMS 1:14 133,162 

Cyclizations of urea derivatives of allylamines with selenium reagents have been examined recently 
(equation 62 and Table 1 8).98 Cyclization of the allylic ureas produces trans-2sxazoline derivatives with 
high stereoselectivity when the double bond is internal (Table 18, entry 2). Although 0-methylisourea 
derivatives can be cyclized to dihydroimidazoles [see Section 1.9.3.2.2(ii)], cyclization with phenylsel- 
enenyl trifluoromethanesulfonate and trifluoromethanesulfonic acid produces 5,6-dihydro- 1,3-oxazines 
(6-endo products), even when the double bond is monosubstituted (entry 3). 

H R1 
I 

- p h s e F > E N H 2  or PhSefl (62) 

(A) (B) 
R2 "2 R7NTz R2 R* 

Table 18 0-Cyclization of Urea Derivatives of Acyclic Allylic Amines. 

Entry 

~~ 

Conditions Yield (%) (A)  Yield (%) (B)  Ref. 

1 Z=NH2,Y=O PhSeC1, CHC13 96% (trans:cis = 2: 1) 98a 

2 7=NH2,Y=O PhSe&, CHCI3 81% (trans only) 98a 

3 2 = OMe, Y = NH PhSeC1, CF3S03A 66% 98b 

4 Z = OMe, Y = NH PhSedi, CF3S03A 62% 98b 

R' = Ph, R2 = H 

R = Bun, R2 = PP 
RI = Ph, R2 = H 

RI = Bun, R2 = Rn 

Silica el, 25 'C 

Silica gel, 25 'C 

Silical el, CF3SO3fI 

Silical gel, CF3SO3fl 
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The cyclization of carbamate derivatives of 2-alkenylpymlidines has been examined (equation 63 and 
Table 19). Cyclization to oxazolidinones proceeds with high stereoselectivity through an H-in-plane tran- 
sition state for systems with a terminal double bond. With phenyl substitution, the only product is the 
tetrahydrooxazinone (Table 19, entry 4). However, when the phenyl group contained an electron- 
withdrawing substituent and the alkene had (2)-geometry, the major product was the oxazolidinone 
(entry 6). Thus, the regioselectivity is affected by small changes in substrate structure. 

OR E(~ollidine)~+ C104- * R2 P)=o 0 + R3 HQ0 \>I' 

(63) 

E R I  R3 E R;RZ 
RZ $T RI ' R3 CH2CI2 

(A) (B) 

Table 19 Cyclization of 2-Akenylpymlidine Derivatives (Equation 63) 

Entry R R1 R2 R3 E Yield (%) (A) Yield (%) (B Ret 

_ _  
H 
Ph 

104 
1 6 f  

1 Me H H H Br 80 
2 Bn H H Me Br or I 83 
3 But I 73 
4 But I 60 ::: .. 

Ph -H 
H H 

104g 
10% 

5 But p-N@Ph H H Br 60 
6 But H Br 58 12 p-N@Ph H 

Allylamines may be converted directly to oxazolidinones through condensation with COz, to form car- 
bamate salts, and treatment with iodine (equation 64 and Table 2O).lM High stereoselectivity was ob- 
tained only in cases where the a-substituent was hydroxymethyl (entry 5 )  or the amine was secondary 
and the substituent was phenoxymethyl (entry 4). The results with primary amines are comparable to 
those for amide cyclizations shown in equation (57). 

0 

I 

N H R I  CI- 

I 

Table 20 Cyclization to 2-Oxazolidinones from Allylic Amines and Carbon Dioxide (Equation 64) 

Entry R R' Conditions Ratio (cis:trans) Yield (%) Ref. 

1 Pr H Amberlyst A26 4555 95 166a 
(c03'- form), 
Iz, CHCb, r.t. 

2 Pr CH2Ph Same as entry 1 7030 95 166a 
3 CHflPh H Same as entry 1 70:30 94 166a 
4 CHflPh CHzPh Same as entry 1 99:l 90 166a 
5 CHzOH H Same as entry 1 93:7 80 166a 
6 H H C02, MeOH, I2 60 166b 

One example of the cyclization of a hemiaminal adduct of a homoallylic P-lactam has been reported to 
proceed with high 1,3-asymrnetric induction (equation 65).16' 

i i ,  i, Hg(OAc)z NaCl fi HgCl 
c (65) 

O Y  
25-50% 

COZR 

" Y  & 
COZR 
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(iv) Miscellaneous 

The cyclofunctionalization of cycloakcnyl systems where the chain containing the nucleophilic func- 
tionality is attached at one end of the double bond leads to spirocyclic structures. Cyclizations of cyclic 
and acyclic enol ethers to generate spiroacetals are shown in equations and (67).Iw These re- 
actions generate the thermodynamically more stable products based on anomeric and steric factors.17o 
Spiroacetal products have also been obtained using isoxazolines as the nucleophilic functionality (cf. 
Table 14).I4Ib Studies of steric and stereoelectronic control in selenoetherification reactions which form 
spirocyclic tetrahydrofurans have been reported.38 An interesting example of stereoelectronic control in 
the formation of a spirocyclic lactone has been reported in a recent mevinolin synthesis (equation 68).171 
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h 
(66) 

trace CSA 

MeOH 
80% 

- OTHP 

MeOH 

Early studies on mercuricyclization of hydroperoxides have been summarized by Bartlett.Ip Recent a p  
plications include the generation of endoperoxide intermediates (7) for use in biomimetic syntheses of 
prostaglandins (equation 69).172 These results, and ~ t h e r ~ , ~ ~ ~ ~ * ~ ~ ~ ~  show that cis-3,5-dialkyl-l,2-dioxo- 
lanes are the predominant products from both 54x0  and 5-endo cyclizations. As shown in equation (70), 
where 5-endo cyclization involves electrophilic attack on a diene system, the ratio of the 5-ex0 and 5- 
endo modes of cyclization could be varied by changing the mercury(I1) salt used. Studies on 6-ex0 cycli- 
zations by Porter and Bartlett have shown that trans-3,6-disubstituted- 1 ,Zdioxanes predominate 
(equation 7 l),1P3173c but 6-ex0 cyclizations of related tertiary hydroperoxides are not selective.1wb Halo- 
cyclization of unsaturated hydroperoxides has also been Recent studies have shown that 
cyclization of homoallylic hydroperoxides with NIS roceeds through a radical chain mechanism, where- 

6-ex0 peroxycyclizations showed little regioselectivity. 174c 
Several examples of uncommon oxygen nucleophiles should be mentioned. Cyclizations with sele- 

nium electrophiles where the nucleophile is an OH group of a hemiacetal function have been used to 
generate monocyclic1wh and ~pirocycl ic l~~~ acetals (equation 72). Related cyclizations to generate spire 
cyclic acetals with substituents on both rings using mercury(I1) salts175b or have been found to 
show significant stereoselectivity. Selenocyclization of dialkenyl ketones to fused and spimyclic acetals 

as cyclization with NBS is mainly a polar process.' ? 4a A recent study of competition between 5-ex0 and 

i. HgClOAc THF,ooc  D c";\% 
(69) 

C5Hl I 
C5Hl I ii, NaCl H O - o  H 

(7) 
HO'O 

80% [R = H, R1 = CH2CH(OMe)21; 93% [R = CH2CH(OMeh, R1 = HI 
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I 

HO'O 

R 
I 

HgBr 
I 

ii. aq. KBr I 

I 

R 

i, Hg(0zCBu')z 
CHzCI2, -20 'C 

* BrHg 

(71) 'OH i i ,  aq. KBr R' 

R = R ' = H  90% 10% 
R = H, R' = Et 88% 12% 
R = Et, R' = H 79% 21% 

using photooxidative (single electron transfer) cleavage of diphenyldiselenide has been reported recent- 
iy.175d 

I x - ,  

- (q + cisisornerwhenn= 1 (72) 
PhSeNPht 

ZnBr2, CHzC12 .. , 

mandn= 1 o r 2  SePh 

Hetemyclizations involving the oxygen of enolizable P-dicarbonyl groups' 15g*176 and of epoxides"' 
as the nucleophile have also been reported. Iodocyclizations of unsaturated N-oxides of tertiary amines to 
form substituted tetrahydro- and iodocyclizations of N,"-dimethyl-N'-allylbenzo- 
hydrazides to form substituted 4H- 1,3,4-0xadiazinium 

Alkyl ethers can act as nucleophiles in cyclofunctionalization reactions,'79 and recently acetal oxygens 
have been shown to be excellent nucleophiles for participation in heteroatom cyclizations (Scheme 9). 
This reaction has been used as a nonhydrolytic procedure for unraveling complex acetals (conversion of 
9 to 10),'80 for specific liberation of an anomeric center (conversion of 11 to 12),"31a for preparation of 
glycosyl bromides1*Ib and for saccharide coupling (reaction of 13 and 14 to give 15).182 

The selective activation of a mixture of (13) and (14) requires that iodonium ion formation be revers- 
ible. Then, the rate of cyclization to the activated intermediate is dependent upon the nucleophilicity of 
the glycosidic oxygen, which is found to be a function of the protecting group present on the C-2 
oxygen. The method has also been used for the synthesis of oligosaccharides and for the synthesis of 2- 
deoxyglycosides with a 2-bromo group used to deactivate the n-pentenyl protecting group.'82a Further 
studies have also demonstrated the utility of n-pentenyl acetals as a general protecting groups for alco- 
hols and carbonyl groups (equations 73 and 74).Ig3 

have been reported. 

1.9.2.2.3 Asymmetric induction with chiral auxiliaries 

The asymmetric halolactonization reactions of unsaturated L-proline amides, developed by Terashima 
and coworkers,184 has been extended to a-alkyl acrylic acid derivatives (equation 75 and Table 2l).IE5 
This allows for the synthesis of either enantiomer of an u-methyl-a-hydroxy acid using L-proline as the 
auxiliary. Less successful approaches to asymmetric induction with a chiral auxiliary include iodolac- 
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Br i, A c z O ~ O A c  
4-dimethylaminopyridine 

ii, zn/E1oHiNH&I. reflux 
- 

NaHCO3, <2 min BnO 

BnO 

(9) 

BnO 

(10) 
I 

Ph6:*’5 BnO BnO aq. NBS MeCN * [Ph’’TO-& BnO 1 - BnO 

B n b  

,OBn 

BnO 
BnO 

(12) 

I(collidine)~C104 + 
AcO 

- 0,Cl 
(POMCI) 

HUnig’s base, CHzC12 

NBS 
RO-POM ROH (73) 

80% 

OH 
0 CSA, PhH, A 

-H20 

NBS or Hg(0Ac)Z 

76-8 1 % 
- 

(74) 
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tonization of amides from symmetrical bis-y,b-unsaturated acids and chiral amines ( ~ 1 7 %  ee),'% cycli- 
zation of amides of symmetrical homoallylic amines and chiral acids (<26% ee),lS9 cyclization of carba- 
mates of allylic amines with a chiral N-alkyl substituent,lMa,l* use of mercury salts of chiral carboxylic 
acids (4% and intramolecular oxypalladation with chiral palladium(I1) complexes (e3096 
ee).50,188 It is interesting to note that the one successful approach (Table 21) incorporates the chiral center 
of the auxiliary into the newly formed ring system. 

Table 21 Asymmetric Bromolactonization of Proline Amides 

Entry Conditions Yield (%) Diastereomer Crystalline yield Ref. 
ratio (major isomer) (%) 

I Br 

- 
c 

O F R  (75) 
OH 

1 R = M e  NBS/DMF 84 94:6 
2 R = Me (Z%omer) NBS/BUY)K/DMF 76 61:39 
3 R = W  NBS/CCL 

4 R = PI" 
5 R = H  

64 184a 
184b 

76 185 

OH 

76 185 
64 185 

1.9.23.4 Cyclizcltions with alkynes and allenes 

Electrophilic heteroatom cyclizations of systems involving alkyne and allene wsystems have attracted 
significant attention. A major difference from alkene cyclizations is that the electrophilic group in the in- 
itial product may be a vinyl substituent, and, in the case of metal electrophiles, possess different re- 
activity patterns than when attached to a saturated carbon. 

The cyclofunctionalization of 4-alkynoic and 5-alkynoic acids generates y-alkylidene-y-lactones and 
b-alkylidene-&lactones, respectively (equation 76 and Table 22). The initial products from the reactions 
catalyzed by mercury or silver salts undergo protiodemetallation under the reaction conditions. The vi- 
nylpalladium intermediates undergo either protiodemetallation or coupling with an added allyl halide. 
The palladium(I1)-catalyzed cyclization of 3-alkynoic acids proceeds by 5-endo closure to give 3-buten- 
4-olides (Table 22, entry 2).50J90 

Several cyclofunctionalization reactions of alkynic alcohols are synthetically useful. Metal ion-pro- 
moted cyclofunctionalization of cis-2-propargylcyclopentanol systems proceeds by the 5-exo mode 
(equation 77 and Table 23). 19' Protiodemetallation or reductive demetallation provides the cyclic enol 
ether in high yields. This method has been used by Noyori in the synthesis of prostacyclin (PG12).197b.197c 
Reactions with catalytic amounts of mercury(I1) or palladium(I1) salts gave the endocyclic enol ether as 
the major p r o d ~ c t . ~ ~ ~ ~ , ' ~ ~  A related cyclization with Ag2C03 has been reported by Chuche.lg1 Schwartz 
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Table 22 Lactonization of Acyclic Alkynic Acids (Equation 76) 

Entry Reagent n E Ref. 

1 Mercury(II) salts 1 o r2  H 
2 [PdClz(PhCNh], Et3N 1 o r2  H 
3 AgCOJ, PhH 1 H 
4 Li carboxylate, [PdClz(MeCN)zl, 1 o r2  Allyl 

5 NCS, NIS or NBS, KHC03, CH2Cl2 1 o r2  C1, I, Br 
6 PhSeNPhth 1 PhSe 
7 PhSCl, Et3N 1 PhS 
8 12, KI, H20 1 or2  I 

CHm-CHCH2Cl 

189 
190 
191 
192 

18%, 189c, 193 
194 
195 
1% 

found that the organomercury intermediate could be intercepted by NBS or NIS to give the @-halo enol 
ether, and that the trans-cyclopentanol isomer cyclized via the 6-end0 mode to give a fused dihydm 
pyran. '97a 

R 
I R 

OH /I 
* 

Table 23 Cyclization of Propargyl-substituted Cyclopemtanols (Equation 77) 

(77) 

Reagent Yield (8) Ref. 

i, Hg(TFA)z, EtsN, -78 'C 45 197a 
ii, LiI, ether 
i, H (TFA)z, Et3N, -78 'C 
ii, FfaBb, NaOMe, MeOH 
i, [PdC12(PhCN)21 
ii, NbWCO3- 

67 197b 

71 197c 

Successive intramolecular oxypalladation of dihydroxyalkyms has been used for the synthesis of 
spirocyclic and bridged acetals. Equations (78) to (80) show the syntheses of some insect pheromones by 
this method.Ig8 The results from several diols suggest that preferred modes for initial cyclization are 5- 
endo > 5-ex0 > 6-endo. A related conversion of 8-hydroxyoct-rlynoic acid to an oxaspirolactone with 
mercury(I1) oxide has been reported. I w  

cat. PdCI2 doFa aq.MeCN * 
85% 

PdC12(PhCN)z 

HO 

0 - HO $ OH 

17% 83% 

Et20, r.t. 
80% 

exo-Brevicomin 
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Several examples of intramolecular solvomercuration of arylalkynes have been reported (equations 81 
to 83).200 The mercury moiety can be removed by protiodemetallation or converted to a variety of other 
functional groups. The use of a methyl ether as the nucleophilic functionality is noteworthy, as is the 
change in the regioselectivity (equation 82 versus equation 83). A bromocyclization related to equation 
(83) using a phenylethynylbenzoate ester also gives an isocoumarin derivative via 6-end0 cyclization.201 
Palladium-catalyzed cyclizations of P,y-alkynic ketones or 2-methyl-3-alkyn- 1-01s to form substituted 
furans are discussed in Chapter 1.4, Section 3.1.3 in this volume. 

ii, NaCl 'HgCl 

5-endo; 60-70% 

pr" ii, NaCl 
5 

5-exo; 38% ClHg 

0 
i, Hg(0Ach 

ii, NaCl 
I 

ClHg 6-endo 

Allenes can also act as the .rr-participant in electrophilic heteroatom cyclizations. Reviews of electro- 
philic additions to allenes discuss early examples of this type of cyclization.1d*1e,202 Numerous examples 
of cyclizations of a-functionalized allenes, including carboxylic acids, phosphonates, sulfinates and alco- 
hols, to form five-membered heterocycles (equation 84) are cited in these reviews. The silver nitrate- 
mediated conversion of a-allenic alcohols to 2S-d ih~drofurans~~~ : 
trimethylsilyl-substituted systems.204 

has recently been applied to 

E+ = HY, ArSeC1, ArSCl, Br2, HgX2, AgN03; R = H or alkyl 

I 
I '  

R'OP=O 

Most cyclizations of P-allenic alcohols have produced six-membered ring products via a 6-end0 pro- 
cess (equation 85).16&.205 The exception is found with terminally unsubstituted allenes as shown in equa- 
tion (86).20M The bicyclic acetal results from a 5-ex0 cyclization to an enol ether, which undergoes a 
second cyclization to form the acetal. 

Cyclization of a variety of y-allenic alcohols with silver nitrate proceeds by 5 4 x 0  cyclization to form 
2-alkenyltetrahydrofurans (equation 87).205c*206 Little stereoselectivity is seen in cyclizations of second- 
ary alcohols. Cyclization by intramolecular oxypalladation/methoxycarbonylation or oxymercuration fol- 
lowed by transmetallation and methoxycarbonylation also showed no stereoselectivity (equation 88 and 
Table 24, entries 1 and 2).50.207a However, cyclization of the corresponding r-butyldimethylsilyl ether 
derivatives with mercury(I1) trifluoroacetate followed by transrnetallationlmethoxycarbonylation pro- 
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E+ = HY, ArSeC1, BF3, HgC12, AgN03; R' = H, alkyl or SPh; R2 and R3 = alkyl, H or alkyl, alkyl 

HO 
Reagent Yield Product ratio 

1.1 equiv. AgN03, 80% 60% 40% 
aq. acetone 

cat. HgCl,, CH2C12, r.t. 90% 100% 0% 

ceeds with high stereoselectivity (entries 3 and 5).207a-207b This selectivity is presumed to derive from 
equilibrium control brought about by slow desilylation and the steric effect of the silyl group. Two ex- 
ceptions to 5-ex0 cyclizations of systems with the allene y to the nucleophilic atom are the mercury(I1) 
oxide cyclization of 4,5-hexadienoic acid to a &lactone (equation 89)189d and the cyclization of p-allenic 
oximes to dihydro- 1 ,Zoxazepines (equation 90).208 

8-Allenic alcohols with a variety of allene substitution patterns form 2-alkenyltetrahydropyrans by a 6- 
ex0 ring closure upon cyclization with silver or mercury salts (equation 91).2@' The organosilver inter- 
mediate undergoes protiodemetallation under the reaction conditions, while the vinylmercury 

R3 

Table 24 Effect of 0-Silylation on Stereoselectivity of Cyclization of v-Allenic Alcohols (Equation 88) 

Entry R, R' Reagents Yield (%) &:trans 

1 Me, H i, Hg(OAc)z, CHzCIz; 55 5050 

2 Me, H Cat. PdClz, CuCh, MeOH, CO (1  am) 72 5050 
3 Me, SiMezBu' i, Hg(TFA)2, CH2Cb; 53 9 4 6  

4 Me, SiMezBu' Cat. PdClz, CuClz, MeOH, CO (1 am)  60 5050 
5 Pr, SiMezBu' i, Hg(TFA)z, CHzCIz; 89 >98:2 

ii, cat. PdC12, CuC12, MeOH, CO (1 atrn) 

ii, cat. PdC12, CuCIz, MeOH, CO (1 a m )  

ii, cat. PdCb, CuC12, MeOH, CO (1 am)  

0 
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OH 

intermediate is stable and mercury is removed by subsequent reduction with sodium borohydride. In cy- 
clizations of analogous secondary alcohols or of 3-alkyl-substituted systems, the cis-fused isomer pre- 
dominates (equation 92).m*2'0 The predominant formation of the cis isomer is rationalized in terms of a 
chair-like transition state. Enolizable y- and 6-allenic ketones have been convertad to 2-alkenyl-sub- 
stituted dihydrofuran and dihydropyran structures in moderate yield using catalytic amounts of mer- 
cury(I1) oxide and p-TsOH in refluxing cyclohexane.21' 

AgNOJaq. acetone 
or 

OH Hg(TFA)2/CH2C12, N a B b  R2 

R', R2, R3 = H or alkyl 

40-9096 R' 

R2 
1 

(92) 

AgNOJaq. acetone 
or 

R' 
7 5 4 7 %  

R1 Hg(TFA)2/CH2C12, N a b -  R3 

R', RZ, R3 = H or alkyl 2,6-cis-isomer 8 1-95% 

1.9.23 Large Rings 

Electrophilic heteroatom cyclizations have been rarely applied to the synthesis of large rings. Although 
isolated examples of cyclization to seven-membered rings (e.g. equation 90) are known?58J41bJ84ba 
applications to synthesis have been limited. A selenoetherification of a vinyl ether to an eight-membered 
acetal has been reported?I2 Examples of phenylselenolactonizations to form 14- and 16-membered rings 
are shown in equation (93)?' Reagents such as phenylselenenyl chloride lead to simple addition across 
the double bond with no cyclization. 

6 4 % , n =  1 78% 
6 9 8 ,  n = 3 

1.93 NITROGEN NUCLEOPHILES 

12% 

The generation of nitrogen heterocycles by electrophilic hetemcyclization has been reviewed recent- 
ly.Ic Examples of functional groups used as nitrogen nucleophiles are shown in Figure 2. 
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-NHSO,R --NHCO,R -"COR -F=G-R -C-NHR -C-GHR 
/I 

R 0 NR 

R 

-NHR -NHO,CR -"OR -NRz 
0 

Figure 2 

1.93.1 SmaJl Rings 

Few examples of cyclization to small ring nitrogen compounds are known. Cyclization of alkenic 
amides normally results in nucleophilic attack by the carbonyl oxygen and formation of lactone products 
(see Section 1.9.2, Oxygen Nucleophiles). However, cyclizations of some 9.y-unsaturated amide deriva- 
tives to 9-lactams have proven successful (equation 94 and Table 25). Ganem demonstrated that the use 
of N-sulfonyl derivatives with a more acidic carboxamide nitrogen proton resulted in preferential cycli- 
zation to 9-lactam  derivative^.^'^ Similar results were obtained from cyclization of 0-acylhydroxamate 
deri~atives.2'~ The formation of 9-lactams by cyclization of amides with phenylsulfenyl chloride is re- 
ported to result from rapid addition of the chalcogenide to the double bond, with cyclization resulting 
from subsequent N-deprotonation and attack of the amide anion on the episulfonium ion intermediate.215 

* (94) Y 
E 

Table 25 N-Cyclization of Amide Derivatives to Form p-Lactams (Equation 94) 

Entry R Y Conditions Yield (%) Ref. 

1 H or alkyl S@Ar or SpOR1 12, CH2CIdaq. NaHC03 77-95 213 
2 H 02CR Brz, KC03/10% 75-90 214 
3 H or alkyl CHzAr i, PhSCI; ii, KOH%$&Y 45-97 215 

1.93.2 Five- and Six-membered Rings 

1.93.2.1 Cyclizaft'ons with C 4 - C  constrained by existing ring 

Cyclizations of substrates in which an existing ring constrains rotation of the vinylic bond that attaches 
the nucleophile to the double bond form fused ring nitrogen heterocycles with highly predictable regio- 
chemistry and stereochemistry. Examples include cyclizations to fused ring pyrrolidines2I6 and pyrroli- 
dones2I7 (equation 95 and Table 26). 

Fused ring products also may be formed from the transannular cyclization of medium ring unsaturated 
amine derivatives, as shown in Table 27.218 A transannular cyclization to the loline ring system was re- 
ported by Wilson (entry 4).21" Cyclization of a tertiary amine to a pyrrolizidine perchlorate has also 
been reported.219 

One example of the formation of a bridged ring product via 6-end0 closure has been reported using 
phenylselenenyl chloride (equation 96).220 The regioselectivity is presumably controlled by conjugation 
of the alkene with the thiazole ring. Cyclizations to form bridged ring systems from monocyclic sub- 
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Table 26 Cyclization to Fused-ring Pyrrolidine Derivatives 

Entry R', R2 Y Conditions E Yield (8) Ref; 

1 H C02R PhSeBr, Ag02CCF3 PhSe 59 216a 
2 H  C02R NPhSeNPht, CH2C12 PhSe >82 216b 
3 (CH2)4 H Br2. CH2C12 Br 72 216d 
4 alkyl, H C02R 12. K2C03 I 76 216e 

5 

PhCe 
r H  FOMe 
\: .N 

OMe 1 ..Ul (yy PhSeBr * (x, 
CHC1, 

H 70% 

6 CI -Ph SMe I2 6 
7 SiMe3 OSiMe3 I2 86-88 

216e 

217b 
217a 

For envier 1-4, see q d m  (95). 

Table 27 Cyclization with Nitrogen Nucleophiles 

Entry Y X Yield (%) Product(s) (% of total) Ref. 

1 

Br2, I,, HgCI,, PhSBr, or PhSeBr 

63-9 I % 

H' Gy NH i ,  - HgX, 

+ & ii, NaBH4 

Y Y 
2 0  OAc 83 100 0 
3 H, H CI 68 70 30 

4 

218a 

218b 
218c 

21% 

strates (equation 97)221 as well as from bridged ring substrates (equation 98)222 have been covered in pre- 
vious reviews.1c*86 In equation (98) the organomercury intermediate undergoes substitution in the highly 
polar solvent with participation of the neighboring nitrogen. The bridged lactam (la), prepared by bro- 
molactamization of a silyl imidate derivative,223 was used in a recent synthesis of an aminouronic acid 
(Scheme The synthesis of bridged ring systems from monocyclic dienes has been discussed in re- 
cent reviews.l~*22~ 

Examples of highly stereoselective iodocyclizations of 8-aminocyclohexenes to generate azaspiro- 
cycles are shown in equations (99)225a and ( 10).225b The stereocontrol in these examples is attributed to 
the effect of the t-butyldimethylsilyloxy substituent.225 
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y02CH2h 

'@ RHN 

AcOHg 

0 
ButMezSiO 6; * i, Br(collidine)$IO4 c 4 

ii, aq. NaHCO3 H 

Br 
(16) 

Scheme 10 

12, CHzCl2 

BnNH OSiR, 

CH2C12, H20 
Bu 68-74% 

os*, 

L 

o%m AcO 

% Bn 

I !  
OSiR3 

Fused ring heterocycles, prepared by cyclization of substrates with a 'tethered' nitrogen nucleophile, 
have been used in the synthesis of amino sugars and aminocyclitols. The examples shown in Table 28 
make use of imidate-type functionality (equation 101) to insure nucleophilic attack by nitrogen. The bro- 
mocyclization of Nfldialkylaminomethyl ethers of 2-c yclohexen- 1 -01 to form bicyclic oxazolidine deri- 
vatives has been reported also.228b 
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Table 28 N-Cyclization of Derivatives of Cyclic Allylic Alcohols 

Entry Y Z Conditions Yield (%) (A) Yield (%) (B)  Ref. 

1 CCb H NBS or NIS or I(s m-collidinehBF4 70-95 94c, 226 
2 SMe Alk 1 Br(coll)z&O4 or Iz 61-90 (0) %b,221 
3 Ph COJh NBS >85 (OR, Ph) 226d.228a 
4 NMez H Hg(02CCF3)z; N a B b  80 228c, 228d 

1.9332 Other C=C cyclizations 

(i) Regioselectivity and stereoselectivity 
Most cyclizations to form five-membered rings involve the 5-ex0 mode of cyclization. An exception 

has been reported in the intramolecular sulfenoamination of P-alkenylamines used in the synthesis of 
pyrrolidine alkaloids (equation 102)?15a9229 Other examples include the aminomercurations of N-sub- 
stituted- 1 - a m i n 0 - 3 - b u t e n e s ~ ~ ~ ~ ~ ~ ~  and the methylsulfenilium ion-initiated cyclization of 0-(2-propenyl)- 
N-tosylaniline.23' 

Y, R = H, H or OBn, CH20Bn 

Systems which can react by either 5-ex0 or 6-endo cyclization normally produce the five-membered 
ring system. Exceptions result when equilibration of the initially formed five-membered ring is facile and 
substitution electronically favors the 6-end0 mode of cyclization. Several examples have been found in 
amidoselenation reactions~'~'58c~z16a~2'~~z3z For example, halocyclization of thioimidate (17) produced 
only the pyrrolidone p r o d ~ ~ t , ~ ~ ~ ~ , ~ ~ ~ ~ , ~ ~ ~  while selenocyclization of amide (18) produced only the piperi- 
done Note that the cyclization of (18) to a piperidone also involves regioselectivity in the cy- 
clization of an amide functionality to a lactam rather than an imidate. Both the ring size and type of 
product can be explained by equilibration. 

The regiochemistry of the palladiumcatalyzed cyclizations of some alkenic sulfonamides was found 
to vary with the amount of palladium used (Scheme 1 l).50.234a The regioselectivity in cyclizations of am- 
monium salts of 1 -amino-4-hexene with palladium chloride2Mb (5-ring:6-ring = 8020) was significantly 
different from cyclizations of the same amine promoted with platinum salts234b (5-ring:6-ring = 9:91). 

I -0 N 
1 equiv. [PdC12(NCMe)2] 

/ -0 N Et3N, THF 
I 

n 1-10% [PdCIz(NCMe)2], Na2CO3 

HN 
I 

LiCI, benzoquinone, THF, A 
I 
Ts Ts Ts 

Scheme 11 

Another aspect of regioselectivity with many nitrogen nucleophiles is the ambident nature of the nu- 
cleophile, which can lead to products of the same ring size through either N-cyclization or 0-cyclization 
(see Scheme 12 for an example). As shown by entries 1 and 2 in Table 25, preferential N-cyclization to 
P-lactams has been effected by use of sulfonyl or acyloxy substitution on nitrogen. However, these sub- 
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stituents do not lead to N-cyclization in substrates which generate five- or six-membered products. Al- 
though isolated examples of the cyclization of amides to lactams have been observed (cf. cyclization of 
18 described above), most examples of lactam formation have involved amide derivatives which direct 
the cyclization to nitrogen (see below). A recent study has shown that N-heterocyclic a-alkyl y,bunsatu- 
rated amides form lactam products upon bromocyclization (equation 103 and Table 29).235 No explana- 
tion for the anti-Markovnikov 6-endo cyclization in entry 3 is given. 

Scheme 12 

/ NBs'cc4 - 40 or Brqo (103) il;: HN I 23 O C  

I 
R 

Br R R 

Table 29 N-Cyclization of y.8-Unsaturated Amides (Equation 103)235 

Entry R Yield 

1 

2 

3 

0 - N  

B"' AA$ 
N-N 
I \  

But 

30% 

73% 

43% 

Many of the factors controlling stereochemistry in cyclizations with a nitrogen nucleophile are analo- 
gous to those discussed earlier with oxygen as nucleophile. One example is found in the strong directing 
effect of an allylic hydroxy group, as shown in equation (104)% (compare with the results for oxygen 
cyclizations, shown in Table 9). The cis isomer (resulting from OH-in-plane cyclization) was formed 
with high selectivity in a variety of substituted systems. In particular, the configuration of a C-4 (homoal- 
lylic) alkyl group had little effect on stereoselectivity. The tosylamide system cyclized more readily than 
the carbamate system, which required higher temperatures and did not cyclize with NBS. 

HO 

/ AR 
HN 

G 
I 

NBS or 12 

or NIS 
;a;.,. 
E G  

+ 
HO 

I 
E G  

G Product ratio (cixtrans) 
O~STOS 93:7-97:3 
COzMe 90: 1O-95:5 
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Similar stereochemical results have been reported in iodolactamizations of thioimidates (equation 
105)21nv217c and the palladium(II)-catalyzed aminocarbonylation reaction (equation 106).50."7 In some 
cases, the stereoselectivity in the aminocarbonylation reaction varied considerably with changes in the 
p u p  on nitrogen or reaction conditions. 

12 
I b S M e  b o  

CHzPh I CHzPh 

R = H or SiMezBd 7-12:l (cis:trans) 

c 
F7R 10% PdClz, CuC12 
I 

HN CO, MeOH or AcOH 
I \ 

G G 
G = C02Me or CONHPh or SO2Tol 

As found in oxygen cyclizations (equations 36 and 37), steric interactions result in a strong preference 
for the generation of trans isomers from the cyclization of systems with an allylic substituent and a 
double bond with the (2)-configuration (equation 1 07).238 

HN 69-8 1 % I 
OR' 

R = alkyl or OR 

The stereochemistry of cyclizations involving a terminal double bond or an internal double bond with 
an (E)-configuration and an allylic alkyl group depends upon the substrate and reaction conditions. Iodo- 
cyclizations of N,O-bis(trimethylsily1)imidates containing allylic substituents provide iodolactams with a 
small preference for the cis stereoisomers (equation 108)?*3 Cyclization of 3-methyl-4-pentenylamine 
with [PtCL]*- in aqueous acid produced the truns- and cis-dimethylpyrrolidine in 85% yield and an 
88:12 ratio, although the reaction required 21 d for completion.239 Iodocyclization with an oxazoline as 
the nucleophile gave a slight preference for the cis isomer with R = Me, but a large preference for the 
trans isomer when R was the much more sterically demanding t-butyl group (equation 109).240 Sele- 
noamination of some arylamine systems with an (E) double bond and an allylic substituent to generate 
mitosane ring systems proceeded with a moderate (80:20) to high (>95:5) preference for the fruns 
is0mers.2~' 

/ N /  I OSiMe, IZ' aq' Na2S03 -- 1 Ib OSjMeI I& ( 08) 

SiMe, 

h 
SiMe, 

R = Me, 
R = Ph, 
R = BnOCH2, 

cistrans = 3: 1 
cis:trans = 2: 1 
cis:truns = 1 : 1 

High asymmetric induction has been observed in some cyclizations to 2.5-disubstituted pyrmlidines. 
The selectivity in these cases appears to be a function of the nitrogen derivative used and the reaction 
conditions (equation 110 and Table 30). Cyclization of carbamate derivatives with mercury salts or I(c01- 
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R 

I2 

R- Me, tratts:cis= 1 : 1-2; R= But, truns:cis= 9 1 

lidinehC104 provides trans products with high stereoselectivity."2 The high selectivity in the mercura- 
tion reactions has been shown to be a result of kinetic control; equilibration of the products results in a 
predominance of the cis isomer?46 Cyclization with N-phenylselenophthalamide (PhSeNPht) produced a 
1: 1 mixture of the two isomers (Table 30, entry 3).216b Cyclizations of substrates in which the C-5 substi- 
tuent is part of a p-lactam ring have been r e p o d  to give only the trans isomer (entry 4)."3 

Table 30 Cyclization to 2.5-Disubstituted Pyrrolidine Derivatives (Equation 110) 

Entry G R Electrophile E Rutio Ref. 
(trans:cis) 

HgOAc 98:2 242a, 242b 
I >95:5 83a. 242b, 242c 

1 COzR or COMe Me or R Hg(OAck 
Me I(collhC104 
Me PhSeNPht SePh =1:1 216b 

2 COzR 

Hg(0Ack or I2 HgOAc or I >95:5 243 
3 COZR 
4 G , R = - C O C H p  
5 OEt Me I s75:25 244 
6 Me Me HgCIdO-THF 93:7 245 

245 
239 

H 1dlI-W 
PtC $5; -/aq. HCl 

7 Me Me 
8 H Me 

!$! 36:64 
m40 

In contrast, cyclizations of N-alkoxy derivatives with iodine a much less selective (Table 30, entry 
5). and similar results are observed with systems containing internal double bonds of either (a- or (2)- 
configuration.u8 The stemselectivity of the aminomercuration reaction of N-methyl derivatives has 
been lported to be controlled by the choice of mercury(I1) salt and solvent (entries 6 and 7).244 Cycliza- 
tion with platinum salts showed little selectivity (entry 8).239 An iodocyclization of a complex N-alkyl 
system has been used in a ncent synthesis of (+)croomine.238 

High stereusekctivity has been observed in the cyclizations to y-lactams of thioimidate systems with a 
homoallylic substituent (equation 11 l).2tn217c The selectivity is considered to arise from strain fa- 
voring a quasiaxial orientation of the homoallylic substituent in (17; see above). In comparison, the cy- 
clizations to y-lactams shown in Table 29 were not ~temselect ive.~~ 

(17) R=Me,C&III,Ph trans:cis = 12-14:l 

Few examples of stereoselectivity in 6-exo cyclizations to piperidine derivatives have been reported. 
The aminocarbonylation reactions of systems with an allylic hydroxy substituent that are quite stereose- 
lective in cyclization to pyrrolidine systems (equation 106) are nonselective in cyclizations to piperidine 
systems.237 Cyclizations with mercury(II) acetate also proceed with low selectivity (59-6996 cis 
isomer).237 A series of aminoalditols have been synthesized by aminomercuration of oxygen-substituted 
6-(N-benzylamino)hexenes. The stereochemistry of t h m  cyclizations (equation 1 12)"7 does not appear 
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to be controlled solely by the stereochemistry of the allylic oxygen substituent. Cyclization of the ami- 
noalkene (18) derived from galactose (entry 1 )  with mercury(I1) trifluoroacetate under conditions of 
kinetic control did give a predominance of the equatorial product after reductive oxygenation."7b Cycli- 
zation with mercury(I1) bromide (thermodynamic control) gave a 1:l mixture of the stereoisomeric orga- 
nomercury compounds. Cyclization of the aminoalkene (18) derived from mannose (entry 2) with 
mercury(I1) trifluoroacetate also gave predominantly the product with the hydroxymethyl cis to the 
allylic benzyloxy sub~ti tuent .2~~~ Iodocyclization gave the same ratio of stereoisomers. However, cycli- 
zation of the aminoalkene (18) derived from glucose (entry 3) produced the trans isomer as the predomi- 
nant product.247a 

i ii 

Entry R1 R2 R3 @ Ratio (i:i i)  
1 OBn H OBn H 75: 10 
2 H OBn H OBn 1:7 
3 H OBn OBn H 61:39 

Intramolecular amidomercuration of carbamate derivatives to generate 2,6disubstituted piperidine 
systems (equation 113 and Table 3 1 )  proceeds with low selectivity under conditions of kinetic control 
(cis:trans = 40:60),246,248 but cyclization under conditions of thermodynamic control highly favors the cis 
isomer (cis:frans 2 98:2).246 Interestingly, only the cis isomer was isolated from cyclization with phe- 
nylselenenyl chloride in the presence of silica 

Table 31 Cyclization of Carbamates to 2,b-Disubstituted Piperidine Derivatives (Equation 113) 

Entry R R' Conditions Yield (8) cis:trans Re$ 

1 Me Bn Hg(OAc);., THF m60 246 
2 Me Bn Hg(02CCFd2, CH3N02 93 >98:2 246 
3 Me Me H (OAc);.,THF %2 -4o:m 248 
4 CllH23 Me 8 k e ~ 1 ,  silica 84 cis only 216a 

Lower stereoselectivity has been observed with other nitrogen nucleophiles (equation 114 and Table 
32). Iodocyclization of N-alkoxyamine derivatives gave a slight preponderance of the trans products 
with terminal vinyl groups (Table 32, entry l ) ,  but the cis isomers predominated when the double bond 
was disubstituted with a (a-configuration (entry 2).238 Aminomercuration of a related primary amine 
with the double bond an (E)/(Z)  mixture provided a moderate excess of the cis isomer (entry 3).249 The 
cyclization of a similar system with a homoallylic alkoxy substituent was also only moderately selec- 

However, the cyclization of a conformationally constrained system proceeded with quite high 
selectivity (equation 1 15)FSob Aminomercuration reactions to form N-aryl- 1 -aza-4-silacyclohexanes 
showed variable stereoselectivities (cis:trans = 30:70 to 58:42).25* 

A stereoselective 6-ex0 selenoamination to form a tetrahydroisoquinoline ring system is probably a re- 
sult of the specific substitution pattern.252 Selenocyclizations which generate piperidine systems by 6- 
endo cyclization give products predicted by reaction through the more stable chair conformation 
(equation 1 16),4 1, 158c7216e.232a 
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R2 /" @R + T"'($R (114) - f l R  R' G E G  E G  

Table 32 Cyclization of Amines and N-Alkoxyamims to 2,bDisubstituted piperidine Derivatives (Equation 1 14) 

Entry R' ,R2 R G Conditions Yield (76) cis:trans R d .  

1 H , H  Alkyl OCH20CH3 Iz/CH$212,Etfi -82 -3654 238 
2 Alkyl OCHzOCH3 IdCH2C12, Etfi 80 67:33 238 
3 %;tg Alkyl H i, Hg(0Ac)z 52 79:21 249 

ii, NaBI-b 

+ 

3.3% 76% 

Ph PhSe 
I1 

z 
z G Yield (5%) Ref. Y 

0 H, Bu Bu 73 232a 
H , H  H,COMe COMe 79 41 ,158~  
H , H  =C(OR)Me COMe 3 0 4 0  216e 

(ii) Cyclization of heteroatom-tethered systems 
Cyclizations of systems in which nitrogen nucleophiles have been tethered to the oxygen atoms of un- 

saturated alcohols have been used for stereo- and regio-selective syntheses of 1,2- and 1.3-amino alco- 
hols. A variety of nitrogen nucleophiles have been examined. 

Bromwyclization of the thiocarbamidate generated from t-butylisothiwyanate and 3-buten-2-01 gave 
oxazolidinone products with slight selectivity for the cis isomer (cis:trans S 1.9: while iodocycliza- 
tions of N-sulfonylated carbamates gave somewhat higher stereoselectivity (equation 1 17).u3 

+ y o b O  (117) 

I.'("* 
E b  E G  

Y Z  Conditions Yield (%) Ratio (c:t) Ref, 
NBut SMe Br(coll)2ClO4, CH2C12, -78 "C 68 1.4: 1 227a 
0 NHS@C&Me 12, etherK2C03 78 2.7:l 253 



Electrophilic Heteroatom Cyclizations 407 

Iodocyclization of aichloroacetimidates forms fruns-l,3-oxazolines with moderate to good stereose- 
lectivity (equation 1 18).w Cyclizations of systems with internal double bonds (equation 119) generate 
5-ex0 products only if the double bond has a (2)-configuration (entries 2 and 3) or an oxygen substituent 
is attached to the allylic carbon (entries 3 and 4).1w.'53aJ57b.2* 

R p c c 1 3  / HN 

R' 

Entry R1 

___) NIS 
R l d o & c c 1 3  + 4TCcI3 (119) 

R2 I R2 R' 
I 

CHC13 N 

R2 Yield 
1 alkyl or aryl or alkenyl H 
2 H alkyl 88-90% 
3 H CH20R 81-98% 
4 CH2OR H 55-75% 

80-908 

18-38% 

The bromocyclization of NJ-dialkylaminomethyl ethers of allyl and pmpargyl alcohols to f m  oxa- 
zolidinium salts has been reported, but not used in synthesis.255 The heterocyclization of N-acylamino- 
methyl ethers with mercury salts has been used for stereoselective synthesis of a variety of 1.2-amino 
alcohol systems. These cyclizations form rr~ns-4,5-dialkyloxaolidine products with good to excellent 
stereoselectivities (equation 120 and Table 33). As shown by entry 5 ,  6-endo cyclization predominates 
(6:3) with an internal double bond of (@-configuration, but this mode of cyclization is reduced with sub- 
strates containing a (2) double bond and/or allylic oxygen substitution (Table 33, entries 6-9). 

Table 33 N-Cyclization of N-Acylaminomethyl Ether Derivatives of Allylic Alcohols (Equation 120) 

Entry R R' R2 Conditions Ratio Ref. 

1 

2 

Me 

(CHzhOBn 

CHMez 

Ph 

Me 

Me 

(CH&NPht 

H 

H 

H 

H 

H 

H 

Me 

H 

H 

H 

CHzOBn 

H 

H 

H 

H 

H 

Me 

CHzOBn 

CHflBn 

H 

~ 

i, Hg(OAc)z, MeCN; 75:25:0 
ic NaBH4, -OH 

i ,  Hg(OAc)z, MeCN; 81: 19:o 
ii, NaBH4, -OH 

i, Hg(OAc)z, MeCN; >95:5:0 
ic N a B h ,  -OH 

i. He(0Ac)a. MeCN: >95:5:0 
' i[NaB&,-OH . 

ii, NaBH4, -OH 
i, Hg(OTFA)2, MeCN; 2:1:6 

i, Hg(OTFAh, MeCN; 1015.5  
G, NaBH4, -OH 

i, Hn(0TFAh. EtOAc; 65:0:17 
G,. NaB&: -OH 

i, Hg(NO3)2, MeCN; Oxazolidine 
ii, NaBH4,-OH only 

i, Hg(N03)2, MeCN, Oxazolidine 

256a 

256d 

256a 

256a 

256b 

256b 

2% 

256b 

256b 
iii NaBH4, -OH only 
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Quite recently, new methods for stereocontrol in cyclizations of N-acylaminomethyl ethers have been 
developed. N,O-acetals of type (19; Scheme 13) were prepared from the corresponding secondary allyl 
alcohol and the diastereomers were separated by chromatography and/or crystallization. Cyclization with 
mercury(II) salts and reduction of the organomercury i n t e d a t e  proceeded with high stereocontrol 
exerted by the amidal stereogenic center, not the stereogenic center on the original alc0h01.U7* 

0 

eo", ii, i. HgXz reduction * eN1 / 

- Bdi.i 
H '0 R 

>150:1 
'0 < 

(1%) 

i, HgXz 

ii. reduction 

H o  R 
W b )  >so: 1 

Scheme 13 

A related strategy provides for control of absolute stereochemistry through the use of a chiral auxiliary 
(Scheme 14).257b Generation of the amidal (20) proceeds with reasonable stereoselectivity (87:13), and 
chromatography provides a pure diastereomer. Cyclization of either diastereomer gives an oxazolidine 
product in which the configuration of the new C-N bond is controlled solely by the configuration of the 
stereogenic center containing the <cb group. Interestingly, the product is a trans-2.5-disubstituted ox- 
azolidine, while the cyclizations shown in Scheme 13 give products with a cis relationship between the 
groups at C-2 and C-5. Cyclization of a system similar to that shown in Scheme 14, but with stereocen- 
ters only on the c h i d  auxiliary (H replacing the <Ch group) gave only a 60:40 ratio of diastereomers. 

i, SOClz 

ii, allyl alcohol 
c 

(C,H, 1)2NO*S 

(m only isomer observed 

Scheme 14 

Studies on tethered derivatives of homoallylic alcohols are fewer in number. Iodocyclization of tri- 
chloroacetimidate derivatives of 4-penten-2-01 (21) gave cis- and trans-dihydrooxazines in an 80:20 
ratio,u4a,254b while cyclization of the N-benzenesulfonylcarbamate derivatives (22) provided an 8 6  14 
ratio of cyclic ~arbamates.2~~ Cyclization of the N-acylaminomethyl derivatives (23) with mercury(II) tri- 
fluoroacetate under conditions of kinetic control gave a 7525 ratio of cis- and trans-tetrahydrooxazine 
derivatives, but cyclization under conditions which allowed for equilibration of the organomercury inter- 
mediates produced a 6:94 

A variety of nitrogen nucleophiles have been tethered to the nitrogen of allylic and homoallylic 
amines. Examples include halocyclizations of amidines (equation 12 1),=9a*259b 0-substituted isoureas 
(equations 122U9a39c and 1 239*b) and S-alkylisothioureas (equation 1 24),259c3w aminopallada- 
tiordmethoxycarbonylation of alkylurea derivatives (equation 125)259d and bromocyclization of sub- 
stituted urea derivatives (equation 126).z35 Bromocyclization of an isothiourea has also been 
reported.lCaR Although most studies have resulted in cyclization to five-membered rings, halocycliza- 
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tion of amidine derivativesz5% and selenocyclization of urea derivatives9& of cinnamylamine give pro- 
ducts of 6-endo cyclization. 

R1 = Ph or CC13, R2 = H or Ph 

R 

/ 

RZ 

R' 

R' 

PdC12, CUCI~ * JN*o 
CO, MeOH M e o 2 c  N 

R2 4742% 

R' 
I 

NBS, CCI,, 23 O C  

* 
/ Br Lko R2 R2 

R' = aryl, aroyl, or EtOzCCH2; R2 = Me or Ph 

(125) 
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Related intramolecular aminomercuratims of cyclic guanidine derivatives have been studied in m e  
detail:a but are primarily useful for the synthesis of bicyclic heterocycles (equations 127 and 128). Cy- 
clizations of allylic isothiouronium salts have also been reported (equation 129).260b~260c 

n = 1 or 2; m = 1,2 or 3 

H H ._ 
i, CF3C02H or I 

N 

CF~COZH, SnCb 

ii, NaOH 
R' (129) 

R', R2 = alkyl or aryl, R3 = H or aryl 

(iii) Miscellaneous 
Some synthetically useful reactions not covered in the above sections should be mentioned. An un- 

usual heterocyclization to form indole derivatives is found in the aminomercuration of allylenaminones 
(equation 1 30).261 Palladium(I1)-catalyzed cyclizations of o-allyl- and o-vinyl-anilines and amino- 
quinones are discussed elsewhere?0 Other electrophiles used to form dihydroindole derivatives include 
phenylselenenyl chloride21h and methyl(bismethy1thio)sulfonium salts.23 

0 OH 

Cyclizations of alkenic amines and imines using organoiron complexes to generate bicyclic P-lactams 
are discussed in Chapter 3.1 of this volume. Examples of heterocyclizations of alkenic NJV-dialkylamine 
and pyridine derivatives to form cyclic quaternary ammonium salts are cited in the Staninets review.lc A 
cyclization of an enol thioether has been used to generate a thiazolidine intermediate used in cephalo- 
sporin synthesis (equation 13 1).262 

O Y  I I I  

Examples of cyclization through alkene insertion of a metal-nucleophile intermediate (Scheme 3, in- 
termediate F) using organolanthanide catalysts, (Cp'zLaH)z, have been reported recently (equation 132), 
although turnover numbers rather than synthetic yields were rep0rted.2~~ 
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H 

n = l , R = H  
n = 1, R = Me (trunxcis = 5:l at 25 "C or 8:l  at 0 "C) 
n = 2, R = H 

19333 Cyclizations with alkynes and allenes 

Cyclizations with nitrogen nucleophiles involving alkynes and allenes have received little attention 
until recently. The cyclizations of several a-aminoallenes to 3-pyrrolines with silver tetrafluoroborate 
was reported by Claesson and coworkers (equation 133)FU A similar cyclization to form Ah'-carba- 
penems has been reported (equation 134).26sa Diastereomeric allenes (R' # R2) were shown to cyclize 
with complete stereocontrol. Cyclization with palladium chloride in the presence of allyl bromide or 
electrophilic alkenes allowed for the intermediate vinylpalladium species to be trapped by the electre 
phile.265b A related product was obtained by cyclization of an alkynic substrate (equation 135).26sa Other 
examples of 5-endo cyclization of @-aminoalkynesso include the formation of indoles by cyclization of 2- 
alkynylanilines with mercury salts2" or palladium chloride,2668.266b.2* formation of 1 -pyrrolines with 
catalytic palladium chloride (equation 1 36)'98 and formation of pyrroles by cyclization of hydroxy-sub- 
stituted p-aminoalkynes.198Jm 

AgNOdCaC03 

NH HzO/acetone 
45% 

* 
cat. WCI, 

R Z -  
"2 R 

L. 

MeCN. A 
43% 

Cyclization of p-allenylamine systems to six-membered ring products has been observed recently. Cy- 
clization of terminally substituted @-allenylamides with silver tetrafluoroborate produced lactam pro- 
ducts (equation 137)?67a The cyclization shown in equation (138) was used to generate the indolizidine 
ring system of allopumiliotoxin alkaloids.267b 



412 Polar Addirions to Activated Alkenes and Alkynes 

P-TsOH 

*oMe HO MeCN a% 

A number of cyclizations of y-allenylamines have been reported. Cyclization studies of N-alkyl and N- 
aryl systems with mercury and silver salts to form 2-alkenylpyrrolidine~~~ were followed by studies of 
stereoselectivity in the formation of 2,5-disubstituted pyrrolidines (equation 139 and Table 34).268b Al- 
though cyclization of the primary amine was nonselective, only the cis product could be observed with 
N-substituted amines. This reaction has been used in a stereoselective synthesis of anatoxin-a?68d Inter- 
estingly, the aminopalladationlmethoxycarbonylation reaction provides a modest excess of the frum 
isomer (Table 34, entry 3).%" Recently, it has been demonstrated that reasonable stereochemical control 
can be exerted by a chiral group attached to nitrogen if a coordinating group is present on the N-substi- 
tuent (equation 140).268c 

Table 34 Cyclization of y-Allenylamine Derivatives (Equation 139) 

Entry R Conditions Cis:trans ratio R' Ref. 

1 H AgBF4, CH2Cl2 1: 1 H 268d 
2 C02Bn or CH2Ph or AgBF4, CH2C12 >50: 1 H 268d 

3 CHzPh or SaPhMe PdCh, CuCli 1:3 C02Me 268c 
MeOH, CO 

SOzPhMe 

w ( 140) 
0.5 equiv. AgOS02CF3 

CH2C12,20 O C  Ph, "Me 
ph& "Me 

Y = H, H or 0 

%97% 
Y Y 

80% de 

Cyclization of 8-allenylamines is successful also. Synthesis of 2-alkenylpiperidines can be effected 
with mercury(I1) or silver salts, with silver salts giving higher yields (equation 141 and Table 35).268a 
The significant asymmetric induction found in the cyclization of a chiral allene (78% ee, entry 2) sug- 
gests that the low stereoselectivity observed in the synthesis of the 2,ddisubstituted system (entry 3)269 
may be a result of starting with a diastereomeric mixture. Aminopalladation/methoxycarbonylation has 
been effected in moderate yield also (entry 4). 

Silver ion catalysis has also been used with allenic oximes to generate cyclic nitrones, which are 
trapped by 13-dipolarophiles (equation 142).270 This reaction was used in a synthesis of pyrrolizidine al- 
k a l o i d ~ ? ~ ~  
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Table 35 Cyclization of 8-Allenylamine Derivatives (Equation 141 ) 
~~ ~ ~ _ _ ~ _ _  ~ 

Entry R' R2 R 2 Conditions Yield (96) Ref. 

1 H Horalkyl R o r  Bn H A N@.,H2O/acetone 76-95 268a 
2 H Me Bn H Ag%Fq, CHzClz,20 'C 86 (78% ee) 269b 
3 Me Me Bn H A NQ, HnO/acetone -100 (62:38) 269a 
4 H HorMe Bn COzMe #dClz,MeOWCO 42-52 268c 

OH L R 

1.9.4 SULFUR NUCLEOPHILES 

Reviews which cover heterocyclization of unsaturated sulfur compounds have been published recent- 
ly.ld*lf Cyclizations of sulfur systems can also be effected by radical chain mechanisms or by reactions in 
which the sulfur acts as an electrophile. Examples of nucleophilic sulfur functional groups used in he- 
terocyclization reactions are shown in Figure 3. 

Sulfur heterocyclization reactions have been used to provide sulfur heterocycles of many types, but 
few examples have been used as general synthetic methods. One exception is found in the synthesis of 
thiaprostacyc1ins.I4 The key step in the synthesis of the thiaprostacyclins (25) was the cyclization of 9- 
thia-PGFh derivatives with phenylselenenyl chloride (Scheme 15).271a The cyclization reaction was 
shown to proceed with either the thiol (R = H) or thioacetate (R = COMe) as nucleophile and with high 
stereoselectivity (the (2)-isomer gave only the endo product, while the (E)-isomer gave only the e m  pro- 

The stereoselectivity is much higher than found in the corresponding selenoetherification 
reactions with oxygen as nucleophile.272 Thiaprostacyclins have also been prepared by cyclization with 
halogens, but reactions of this type are considered to proceed through the sulfenyl halide with electro- 
philic addition of the sulfur to the alkene?73 9-Thiaprostacyclins have also been prepared by nucleophilic 
addition of a thiolate to an alkyne analog of 

Cyclization of either of the thiols (24) with acid provided the saturated thia-PGIi analogs (26) as a 
2.7: 1 mixture of the em and endo i ~ o m e r s . ~ ~ l ~  Although many addition reactions of thiols to alkenes are 
radical reactions catalyzed by light, oxygen, or other radical initiators, conversion to (26) was not ef- 
fected under photolytic conditions or with AIBN. A radical chain mechanism for selenothiolactonization 
has also been reported recently.275 

has shown that some halocyclizations involving sulfur functionalities other than thi- 
ols (e .g .  thiazolidinones) may involve initial reaction at sulfur to generate a sulfenyl halide which cy- 
clizes via attack of the electrophilic sulfur. This type of reaction would be an alternative to the 
nucleophilic heterocyclization mechanism previously proposed for a synthesis of a biotin intermediate 
from a vinylthiaz~lidine.~p,~~~ 

One recent study (Scheme 16) has shown that the iminothiolactones generated from iodocyclization of 
y,S-unsaturated thioamides can be converted to 2-acetamidothiophene~~~~~,~~~~ in addition to thiolac- 
tones, as previously reported. I 14b.278c Iodocyclizations of allylic or homoallylic thioureas to generate di- 
hydrothiazoles and dihydrothiazines (equation 143) have been reported recently.259e 

A recent 
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2.1.1 INTRODUCTION 

This chapter reviews those reactions of nucleophiles with electrophilic aromatic systems which pro- 
ceed via formation of a covalently bound intermediate (a-adduct), and result in the substitution of either 
a nucleofugal ring substituent or of a ring hydrogen. A few different processes are classified in this ca- 
tegory. In the SNAr reaction the nucleophile attacks, in what is often the rate-limiting step, the carbon 
carrying the nucleofugal substituent, Y, and the substitution product forms via expulsion of Y- from the 
a-adduct.14 When nucleophilic attack occurs at a ring carbon other than that bearing the leaving group, 
cine (e.g. the Von Richter reaction)' and/or rele substitution can take place.5 The reaction of 2,3-dini- 
troaniline with piperidine, shown in equation ( l ) ,  serves as a remarkable example since it gives the pro- 
ducts of SNAr (l), of cine ( 2 )  and of rele substitution (3) in comparable  yield^.^ 

Significant advances have recently been made in the development of synthetically useful procedures to 
achieve formal nucleophilic displacement of hydr~gen .~ ,~  The hydride ion being such a poor leaving 
group, processes other than H- expulsion are effective in most cases. A common approach involves oxi- 
dation of the a-adduct by inorganic (e.g. H202, halogens, KMn04, hypohalites) and organic (e.g. NBS, 
chloranil, DDQ, p-benzoquinone) reagents.* In the absence of an added oxidant 'spontaneous' oxidation' 
of the a-adduct may occur via reduction of the substrate itself,8-'o or via disproportionation of the a-ad- 

423 

2.1Arene 
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(1) 45.3% (2) 35.9% (3) 18.8% 

duct.I'J2 In these cases the substitution product is normally obtained in poor yield (Scheme 1 ) . I 2  Special 
cases of 'spontaneous' oxidation have been observed in which rearomatization of the u-adduct is accom- 
plished via NO2 + NO reduction in what can be formally viewed as an intramolecular redox pro- 
cess.13J4 The reaction of 1,2,4-triazines with nitronate anions produces oximes in good yields, according 
to the mechanism proposed in Scheme 2.14 

i i i  
H 

$ 
C02Me 

20% 

+ 

C02Me 
yo2 

+CO,Me 

79% 

i ,  TASF, THF; ii, HC1; iii, Br2 or DDQ 

Scheme 1 

When the attacking atom of the nucleophile carries a leaving group, replacement of hydrogen can take 
place via the VNS (vicarious nucleophilic substitution) reaction,I5 as shown in Scheme 3.16 The key fea- 
ture of this reaction is the rate-limiting base-induced p-elimination from the a-adduct. 

Other processes, limited to heteroaromatic systems, include the SN(ANRORC) reaction (Scheme 
4),17J8 and ring transformation Reactions which proceed via o-adduct intermediates, but 
do not lead to substitution on the aromatic nuclei, such as the SN(AEAE) reaction?O or give nonaromatic 
products, are not included. Also not covered are processes involving aryl-metal intermediates, such as 
most copper-catalyzed aromatic substitutions. 

Activation of the aromatic ring towards nucleophilic attack is required for all these reactions to pro- 
ceed at reasonable rates and is commonly provided by strongly electron-withdrawing substituents. Re- 
activity also strongly depends on the leaving group and on the nucleophile. Scales of activating power of 
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But But 

Scheme 4 

substituents, of leaving group ability and of nucleophilicity, compiled in earlier reviewslv2 on nucleo- 
philic aromatic substitution, can serve as guidelines in predicting reactivity and selectivity. A partial list- 
ing is reported below for the reader’s convenience. Ability as: (i) activating substituent, N2+ > +NR 
(heterocyclic) > NO > NO2 > N (heterocyclic) > S02R > +NR3 > CF3 > CN > CHO, COR > COzH > 
SOT > Br, C1, I; (ii) leaving group, F > NO;? > OTs > SOPh > C1, Br, 1 > N3 > +NR3 > OAr, OR, SR, 
S02R, NHz; (iii) nucleophile, RS- > R3C- > RO- > RNHz > ArO- > HO- > ArNHz > NH3 > I- > B r  > 
C1-. 

The use of oxazoline units to activate orrho positions has lately found many applications and has been 
reviewed.21 Other activating groups recently employed include aryliodonium?2 azopyridini~m,~~ and, for 
nitrogen heterocycles, 2.6-dimethyl-4-oxopyridin- 1 -y124725 and pyridinium26 units. A rather extreme case 
of activation was reported in the reaction of polynitroarenes with HX (X = C1, Br), which results in nu- 
cleophilic displacement of NO2- by x-, and which proceeds via the highly electrophilic nitro-protonated 
form of the sub~trate.~’ Activation of the substrate towards nucleophilic attack is also achieved by IT- 

complexing with transition metal ligands, a subject covered in Chapter 2.4 of this volume. Among the 
leaving groups, NO2 has recently been exploited with success in many  application^.^^-^^ 

Reference is also made to computer programs potentially useful in the prediction of reactivity/selectiv- 
 it^.^' It is now well established that nucleophilic reactivity32 is the result of a complex interplay of sub- 
strate-nucleophile-solvent interactions, with s ~ l v a t i o n ~ ~ ~ ~ ~  and steric  effect^^^.^^ playing major roles. The 
relative abilities of leaving groups, for example, have been found to vary depending on the nucleophile. 



426 Nucleophilic Aromatic Substitutions 

Thus, nitrite displays enhanced reactivity as leaving group when the nucleophile is t h i~phenox ide .~ .~~  
Since the nucleophilic reactivity of anions is greatly reduced in solvents of low polarity, due to ionic as- 
sociation, or in protic solvents, due to solvation or H-bonding, the use of polar aprotic solvents (mostly 
DMF, DMSO and HMPA) and of phase transfer catalysis has become common practice in synthetic ap- 
plications. FTC has proved of great value, especially in large-scale applications where the alternative use 
of polar aprotic solvents would be prohibitively expensive and product recovery and purification more 
difficult. Despite the considerable body of fundamental studies on micellar catalysis3839 and related 
molecular host-guest s y s t e m ~ ~ , ~ ~  in nucleophilic aromatic substitution, synthetic applications are lack- 
ing. The reasons probably include limited substrate solubilization and temperature range, as well as the 
difficulty of separating the products from the surfactants. 

For any of the nucleophilic aromatic reactions covered in this chapter, regioselectivity, when more 
than one activated position is available, depends in most cases on the selectivity of attack by the nucleo- 
phile. However, when the conversion of the o-adduct to product is the rate-limiting step, as in the VNS 
reaction, the final product distribution may differ from that expected, based on the relative electrophilic 
reactivity of the possible reaction sites.15 Important roles are played by deactivating steric effects and by 
stabilizing specific interactions such as those, for example, between an ion-paired nucleophile and a nitro 
activating group, which favor attack at the ortho position. 

Diastereo- and enantio-selectivity in nucleophilic aromatic substitution is limited to atropisomerism in 
binaphthyl- and biaryl-forming reactions?'*42 

Nucleophilic attack is faster at unsubstituted ring positions than at similarly activated but substituted 
ring  position^.^-^^*^^^ Since the addition is in most cases reversible, the opportunity exists for competing 
reactions. Indeed an extremely varied spectrum of reactivities is found in these systems, depending on re- 
actants and reaction conditions. Examples are known of competing SNAr and cine substitutionP6 SNAr 
and tele substit~tion?~ SNAr and cine and tele substitution (equation SNAr and VNS,16 and SNAr and 

Moreover, reactions at side chain centers, such as sN2 dis~lacement?~-~' and attack on an ester carbo- 
S ~ ( A N R O R C ) . ~ ~  

ny1?0*52,53 may compete or prevail. Further complexity may result from the presence of ambident nucleo- 
~ h i l e s . ~ ~ . ~ ~  

A more intriguing type of competition is due to radical processes, which usually involve the substrate 
radical anion. These can fragment, if they carry a suitable substituent, via anion expulsion.56 The result- 
ing aryl radical, Ar., can form the reduced product, ArH, by hydrogen ab~t rac t ion~~ or the product of sub- 
stitution via reaction with the nucleophile according to the S R N ~  mechanism, discussed in Chapter 2.2 of 
this volume. Examples of competition between SNAr and radical processes of this type have been re- 
p ~ r t e d . ~ ~ - ~ ~  

In the case of nitro-substituted arenes, the formation of radical anions usually leads, in protic solvents, 
to products of nitro reduction, mostly azoxyarenes.m The challenge of avoiding reduction is commonly 
encountered, since the nitro group is a favorite activating substituent, easily introduced and readily trans- 
formed into a variety of functionalities. Early attempts to perform nucleophilic aromatic substitution on 
nitroaryl halides with alkoxides6I and thiolate6* ions, failed because of this complication. The presence 
of molecular oxygen63 or other radical traps, such as a~obenzene,'~ di- or tri-nitrobenzenebl or excess 

Ion-pairing effects may be crucial in determining the competition between radical and nonradical re- 
actions. Recent investigations have shown that ion pairing accelerates the reduction of nitroarenes in al- 
coholic media.60 Therefore, the higher yields of substitution products often obtained in the absence of ion 
pairing are due, at least in some cases, not only to the promotion of substitution, but also to the depress- 
ion of radical pathways. 

The material is organized in sections grouped according to the central atom of the attacking nucleo- 
phile. The coverage is not exhaustive, but hopefully representative of recent developments and trends. 

is often sufficient to inhibit reduction. 

2.1.2 CARBON NUCLEOPHILES 

During the last decade the use of carbon nucleophiles in aromatic substitution reactions has increased 
greatly. Important advances concern particularly the alkylation of unsubstituted ring positions by formal 
nucleophilic displacement of hydrogen, according to the addition/oxidation sequence in its many variants 
and to the VNS reaction. In the following sections some of the most significant applications are de- 
scribed, grouped according to the nucleophile rather than to the reaction type. 
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2.13.1 Organometallics 

A convenient route to biaryls involves nucleophilic displacement of o-methoxy, o-fluoro, or 0-bromo 
in 2-aryloxazolines2' and oxazolesM by ArLi or ArMgBr. Chiral binaphthyls have been obtained as a re- 
sult of asymmetric induction by a chiral o-alkoxy leaving group42 or by a chiral oxazoline orrho-activat- 
ing ~ubstituent.~' The latter method has also been applied to the synthesis of chiral biphenyls with 
moderate success.68 Among the chiral leaving groups employed, derived from the naturally occumng al- 
cohols l menthol, quinine, quinidine, a-fenchol and borneol, (-)-menthoxy gave the highest chiral trans- 
fer efficiencies (defined as % chemical yields x % optical yield), which ranged from 41% to 65% 
(Scheme 5).42 The use of a chiral oxazoline ortho-activating group, exemplified in Scheme 6, led to a 
mixture of diastereomeric products, which upon acidic hydrolysis and LAH reduction yielded (hydroxy- 
methy1)binaphthyls of enantiomeric excess in the range 87.4-96%.67 

67% ee 
(S)-configuration 

i, R*ONa, DMF, 50 "C; ii, 1-naphthyllithium, THF, 4 2  "C 

Scheme 5 

OMe OMe 0 dCoNH2 e N  )"""'\ OMe - ii 

\ 71% 

iii, i v  OMe 

diastereomeric ratio: 
91.993.9 

96% ee 

(R)-configuration 

i, Et30.BF4, DCE, 30 h, r.t, then (+)-1-MeO-2-NH~-3-phenyl-3-hydroxypropane, reflux, 48 h; 
ii, 2 equiv. 2-MeO-naphthylMgBr, THF; iii, HCI, EtOH, reflux; iv, LiAlH4, THF, 25 "C, 6 h 

Scheme 6 

Nucleophilic displacement of RS02- (R = alkyl, aryl) by RMgX and ArMgX is a convenient route to 
alkylate the 2-position of pyridines.69 The method is not applicable to the 4-isomers which give sluggish 
reactions and radical-derived products.69 

Grignard and lithium reagents have also been reported to effect nucleophilic displacement of hy- 
drogen. Treatment of 3-pyridyloxazoline with a variety of lithium and Grignard reagents gave the pro- 
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ducts of addition to the 4-position of the pyridine ring in good  yield^.^^.^' The dihydmpyridines so ob- 
tained are readily oxidized to pyridines, as in the example of Scheme 7?O In contrast, treatment of the 
isomeric 4-pyridyloxazoline with lithium reagents gave ortho metallation?' The addition/oxidation se- 
quence has been used to prepare optically active (S)-4-naphthylquinoline derivatives from a chiral3qui- 
nolinyloxazoline precursor?2 The addition of Grignard reagents to l-carboxy-73J4 and 
1-alkoxycatboxy-pyridinium salts,'5 the latter unstable species being generated in situ (e.g. 4; Scheme 8). 
provides an alternative convenient route to alkylated pyridines. With l-carboxypyridines, a catalytic 
amount of copper(1) iodide was required to attain regioselectivity and form the product of 1,4-addition 
almost e x c l ~ s i v e l y . ~ ~ - ~ ~  1 -(2,6-Dimethyl40xopyridin-l -yl) pyridinium cation reacted with aryl and 
heteroaryl Grignard reagents to give regiospecifically the cornsponding Carylpyridines." 

H 

i. BunLi, THF, -78 "C, 1 h; ii, chloranil, toluene, 2 h 

Scheme 7 

- 
I I 

Ph 

Q -  c1 ii  

i, CIC02Bui, THF, 20 "C; i i ,  PhMgCl, -78 "C, 30 min 

Scheme 8 

Aromatic nitro compounds can be alkylated in ortho or pura positions by treatment with alkyllithium 
or alkyl Grignard reagents followed by oxidation.76 Thus, for example, the reaction of 2-methyl- l-nitro- 
naphthalene with BuLi gave 3-butyl-2-methyl- 1 -nitronaphthalene in 70-7596 yield when the adduct was 
oxidized with Br2 or DDQ in ether?6 Interesting redox processes have been identified in the reaction of 
nitroarenes with 2-lithium- 1 ,3-dithiane.I1 A unified mechanism has been proposed for these reactions, 
comprising an initial single electron transfer step to form a radical anion-radical pair, followed by gemi- 
nate radical combination to form the a-adduct, or by diffusion from the solvent cage to give the radical 
anion and products derived therefrom.' 1977.78 

Alkyl (but not aryl) Grignard reagents add i~~eve r s ib ly~~  to activated unsubstituted positions of ni- 
troarenes, including polycyclic and heterocondensed systems.78 Reactive positions are pointed by the ar- 
rows in ( 9 4 7 )  (X = S, NR), and (8) and (9) (A = thiazole, oxazole, thiophene, pyrrole, pyridine, 
benzene)?8 The resulting nitronate intermediates can be: oxidized to alkylated nitroarenes with DDQ in 
THF, LTA in CH2C12, or KMn04 in alkaline a~etone-water;~~,~~ converted to alkylnitrosoarenes with 
HCl(3796) BFYE~~O,'~ or reduced to alkylanilines with LiAlH4 or NaBH4, Pd/C in THF.79 At low tem- 
peratures high chemoselectivity was observed: keto, cyano and ester functions were not attacked by the 

t t 
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Grignard reagent.80 Competition by nucleophilic aromatic substitution was not observed unless the only 
active position@) was (were) substituted with a leaving group, as in the reaction of l-methoxy-2-nitm 
naphthalene which gave 1 -alkyl-2-nitronaphthalenes in 73-95% yields.81 The use of Me3SiCHzMgCl 
(Peterson reagent) provides an entry to nitro-substituted benzyl anion intenediates, as shown in the 
example of Scheme 9?2 

&OMe NO2 @OMe ii  @OMe 

- 
\ /  65% \ 76% \ 

I 

SiMe, lYm OH 

i, Me3SiCH2MgC1, THF, -30 O C ,  1 h, then DDQ, -30 to 0 OC, 1 h; 
ii. PhCHO, TBAF, THF, r.t., 30 min 

Scheme 9 

2.1.23 Active Hydrogen Compounds 

Activated nitro and halo substituents have been efficiently replaced by a variety of alkyl groups via 
SNAr reaction with carbanions. Examples include the displacement of the nitro group in compounds (10 
X = 4-PhCO, 4-MeOCO, 4-CN, 4-N02,4-PhS02, 3,5-(CF3)2) by the anion of 2-nitropropane in HMPA 
at room temperature (equation 2),83 and the reaction of p-dinitrobenzene with several ketones, esters and 
nitriles (RH; equation 3) in Bu'OKfiiquid NH3 at -70 'C.@ Interestingly, under the latter reaction condi- 
tions, p-chloronitrobenzene gave the product of alkylation rather than of SNAr displacement of chloride, 
as in equation (4).85 Further examples include the dehalogenation of p-halonitrobenzenes by 9-fluorenyl 
anions in DMSO at room temperat~re?~ and dehalogenation and denitration reactions by the carbanions 
of phenyl- and diphenyl-acetonitrile in DMSO or under PTC conditions.86 

02NtMe2 Li', HMPA, 25 OC, 3-24 h 

>NO2 (2) 

x/- 6044% 
(10) 

3 equiv. RH, 4 equiv. BdOK, NH3,, -70 "C 
O2N 0 - NO2 - 0 2 N G 1 3  - (3) 

40-97% 

(4) 
Me2CO. ButOK, NH3. -70 "C 

56.3% 
C1- NO2 

Unsymmetrical biphenyls have been prepared in good yields by the SNAr reaction of nitroarenes, bear- 
ing a leaving group ortho or pura to the nitro group, with the anion of 2,6di-t-butylphenol, which be- 
haves as a carbon nucleophile? Reaction conditions and scope are summarized in equation (5; X = 2-F, 
2-C1, 2-Br, 2-1, 2-N02, 2-S02Ph, 4-N02,4-SOiPh). Arylation took place at activated unsubstituted ring 
positions in substrates lacking a suitably located leaving group, such as m-dinitrobenzene, according to 
an additiodoxidation sequence? Bis- and tris-(dialkylamino)ben~nes also behave as carbon nucleo- 
philes in displacing chloride from activated arenes. In this case, however, greater activation of the elec- 
trophile was required, such as that provided by at least two nitro groups.87 

The reaction of nitroarenes with silyl enol ethers and ketene silyl acetals in MeCNmF with 1 equiv. 
of TASF, followed by in situ oxidation with Br2 or DDQ, provides an easy route to a-nitroaryl carbonyl 
compounds (Scheme 1 ) . I 2  The use of these compounds as reagents for the synthesis of arylacetic acids, 
propionic acids, indoles, 2-indolinones and other heterocyclic compounds has recently been describedg8 
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0 2 N G  

* 
2,5-Bu$C&O€I, NaOH, DMSO, 80 O C  

02N < - 
'x 63-97% 

I 
But 

The alkylation reaction is limited to nitro-substituted arenes and heteroarenes and is highly chemoselec- 
tive; nucleophilic displacement of activated halogens, including fluorine, was not observed. The regio- 
selectivity is determined by the bulkiness of the silicon reagent. With unhindered silyl derivatives a 
strong preference for ortho addition was observed, as in the example of equation (6). With bulkier re- 
agents attack took place exclusively at the para position (Scheme 1). The success of this reaction, which 
could not be reproduced with alkali enolates, was attributed at least in part to the essentially nonbasic re- 
action conditions under which side processes due to base-induced reactions of nitroarenes can be effec- 
tively eliminated. I 2  

i 6 49%- &co2Me + 6 
90% 10% 

i, CH2=C(OMe)OSiMe3, TASF, THF, -78 OC, 18-2 1 h; Br2 

(6) 

C02Me 

Base-catalyzed rearrangement of N-(ary1oxy)pyridinium salts (11) leads to 2-arylpyridines (12) via in- 
tramolecular attack on the ortho position of the aryloxy ring by the 2-pyridyl carbanion. When X was 3- 
COzMe, pyrido[3,2-d]coumarins (13; R = N02, CN) were directly obtained in useful yields from this 
reaction. When in (11) X was 3-COMe and R was 4-Noz. 10-hydroxy- lO-methyl-6-nitropyrido[2,3- 
4benzopyran (14) was obtained in 10.8% yield.89 

I 

HO 

0 "s \ 

R 
(13) 

The N-(2,6-dimethyl-4-oxopyridin- 1 -yl)pyridinium salts ( 15y4 have proved to be versatile intermedi- 
ates for the regiospecific synthesis of 4-substituted pyridines (17) via attack by the appropriate carbon 
nucleophiles, e.g. ionized ketones,g0 nitroalkanes?' esters and nitriles?2 and a-diketones, a-keto esters, 
a-diesters, disulfones etc. (Scheme Aromatization of the intermediate 1 ,4-dihydro adduct (16) was 
generally achieved under free radical conditions. 

Selective ortho alkylation of anilines and phenols can be camed out via the sequence of Scheme 11, 
which involves as the key step a Sommelet-Hauser-type [2,3] sigmatropic rearrangement of ylides 
(19).94*95 The success of these reactions depends on the effective generation of the intermediate aza- and 
phenoxy-sulfonium salts (18). Conversion rates ranged from 37% to 82% for anilines (yields, based on 
unrecovered starting material, were 4140%)" and were somewhat lower for the reactions of phenols.g5 
High conversion rates have recently been reported for phenol alkylations using alkyl isopropyl sulfide, 
SO2Ch and triethylamine.% Useful elaborations of the alkyl side chain in the product have been reported, 
including desulfurization via Raney nickel r e d u c t i ~ n , ~ * ~ ~  cyclization to heterocyclic compounds (e.g. in- 
doles when sulfides with f3carbonyl groups are used,w chromans, chromenes and coumarins%) and hy- 
drolysis of XHR'SR'' to - C H O  when R' is an alkylthio g r o u ~ . ~ ~ , ~ ~  
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Scheme 10 

X = NH: i, Bu'OCI, CHzCIz, -65 "C; ii, 3 equiv. MeSMe; i i i ,  MeONa, MeOH 

X = 0: i-ii, 4- sreCl- (prepared in situ from NCS and Me2S), CH2C12, -25 "C. 

0 Me 
+ 

or MezSCI CI- (prepared in situ from Me# and Clz), CH2C12, -60 "C; iii, Et3N 

Scheme 11 

A related process involves fluoride-induced desilylation in HMPA at mom temperature of benzyldi- 
methyl(trimethylsilylmethyl)ammonium halides (20) to (21; 62-84% yields; R = H, 2-Me, 4-Me, 2-C1,4- 
C1, 4-OAc; X = C1, Br).w~'OO Compunds (20) were prepared by reaction of the corresponding benzyl 
halide derivatives with (dimethylaminomethyl)trimethylsilane, MesSiCHzNMez. The product of Stevens 
rearrangement (22) formed competitively and predominantly from precursors (20) having strong elec- 
tron-withdrawing substituents (R = 2-COMe, 2-CN. 4-CN, 2-N02, and 4-N02).lW 

Me, ,Me 

f N+ SiMe3 

Several a-functionalized alkyl substituents can be introduced, often with good regioselectivity, into 
unsubstituted positions of nitro-substituted arenes by means of the VNS reaction (Scheme 3).15,'0' Useful 
nucleophiles are of the type RCHXY, where X is a leaving group (Cl, PhS, Me2NCS2, PhO, MeO), Y is 
an electron-withdrawing substituent (S02Ph, S02But, S02OPh. S02CH2But, SOPh, POPh2, P(OEt)2, CN, 
COzR', PhS, Cl), and R is H, alkyl, aryl, PhS, or Cl.I5 The corresponding carbanions are relatively inert 
towards oxidation and self-c~ndensation.~~ The nucleophile of greatest applicability appears to be the 
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anion of chloromethyl phenyl sulfone. Most substituents on the aromatic ring do not interfere with the 
VNS reaction. Nitrophenols, present as nitrophenoxides under the reaction conditions, do not react, but 
nitrobenzoates, in which the negative charge does not conjugate with the ring, do.102 Activation by a 
nitro substituent is a requisite to enter the VNS reaction also for electrophilic arenes, such as pyridine. 
The only reported exceptions are 1,2,4-triazine~'~~ and benzothiazoles.104 The following nitro-substituted 
heteroarenes were found to undergo the VNS reaction: nitropyridines and 4-nitropyridine N-oxide (but 
not the 2- and 3-NO2 isomers);105 nitrothiophenes and nitro-N-alkylpyrroles (but not nitrofurans); lo6 and 
5-, 6- and 8-nitroq~inolines.'~ Studies on nitrobenzene derivatives showed that in the absence of steric 
effects attack at ortho is favored. However, steric and ion-pairing effects are of major consequence in 
determining the reaction selectivity. In DMSO, DMF or "3, solvents in which the carbanions are not 
strongly associated with the cation, steric effects dominate and the product of para alkylation was ob- 
tained exclusively with tertiary carbanions and preferentially even with relatively unhindered secondary 
carbanions like the anion of bromo- and iodo-methyl phenyl sulfone.16 With Bu'OK in THFIo8 and in 
DMF1@ at low temperatures, however, ortho alkylation appears to be favored, as a result of specific 
stabilizing interactions of the ion-paired K+Nu- with the nitro group, which favors approach and attack at 
the ortho position. 
The VNS reaction generally proceeds only to the stage of monoalkylation since the products are an- 

ions (Scheme 3). inert towards attack by the nucleophile. In the presence of two or three nitro groups, 
however, products of di- and tri-substitution were obtained."O The products of VNS were obtained selec- 
tively also in the presence of activated leaving groups, as shown in the example of equation (7).11' In 
other instances, like in the reaction with chloromethyl phenyl sulfone in DMSOKOH, competing SNAr 
displacement of F and NOz- was found in 4-F-, 2-NO2- and 4-NO2-substituted nitrobenzene.16 In these 
cases, however, low combined yields of SNAr and VNS products were obtained. In the reaction of chlo- 
romethyl phenyl sulfone with nitro-substituted benzophenones VNS ring alkylation is accompanied by 
Damns' condensation (equation 8).l12 It has been pointed out that in these cases the VNS reaction can 
be promoted by increasing the concentration of the base, which has an effect on the rate-determining p- 
elimination step of the VNS reaction, but no effect on either the Darzens' or the SNAr  reaction^.'^ The 
products of bisannulation rather than of VNS substitution were obtained from the reaction of chloro- 
methyl phenyl sulfone with quinoxaline, several naphthyridines, and 1 -cyano- and 1 -(methylsulfonyl)- 
naphthalene. Is 

(7) 
F MeCHC1C02Et, Bu'OK, DMF, -5 to 0 OC 

75% 

PhSO2CH$I, KOH, DMSO / 
(8) 

COPh 51% ~ 6 ' COPh + P h S 0 2 3  ' COPh + & \ Ph 

I 

S02Ph 
SO2Ph 

20% 40% 40% 

Some useful elaboration of the initially introduced nucleophiles has also been reported.' l 3  Thus, for- 
mylation of nitro aromatic rings was achieved via VNS reaction of the nitroarene with the anions of tris- 
phenylthiomethaneIl4 and chloroform,115 followed by hydrolysis, as in the example of Scheme 12. 

N ' 90% 52% 

i, CHCl3, BusOK, THF/DMF; ii, HC02H, H2O 

Scheme 12 
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Some synthetic applications involving an intramolecular VNS reaction have been developed.116-118 

2.1.23 Cyanides 

1 -Cyanoisoquinolines and 2-cyanoquinolines were recently prepared via the reaction of isoquinolines 
and quinolines with p-TsCVKCN.I19 The reaction proceeds in two steps, as shown in the example of 
Scheme 13, and involves Reissert intermediates, which upon treatment with base give the cyano am- 
matic products in good overall yields.I19 

Me0 MeO 

CN CN 

i, 1.5 equiv. p-TsCl, 6 equiv. KCN, THF, 25 OC, 12 h; ii, 1.2 equiv. DBU, THF, 25 "C, 1 h 

Scheme 13 

Regioselective cyanation in the a-position of pyridines and quinolines was achieved by treatment of 
the corresponding N-oxides with trimethylsilyl cyanide in the presence of triethylamine.120 The silyl re- 
agent could also be generated in situ by the reaction of chlorotrimethylsilane with KCN, as in the 
example reported in equation (9). In the presence of catalytic amounts of Bu"4NF the reactions could be 
carried out at 5 'C in THF. The method has been extended to pyrimidine N-oxides, which underwent 
cyanation at the 2- and 6-position, attack at C-2 being generally favored.I2' Thus, 4-methoxypyrimidine 
1-oxide gave the 2-carbonitrile as the sole product in 86% yield.'21 

Co2NH2 5 equiv. Me3SiC1,3 equiv. NaCN, DMF, 1W1 IO "C, 12 h 

NC 70% 
I 
0- 

2.13 NITROGEN NUCLEOPHILES 

Mechanistic features of SNAr displacement reactions involving amino nucleophiles have been the ob- 
ject of many investigations, a major point of interest being the occurrence of base-catalyzed paths. 
Strongly activated aryl halides react readily with ammonia and with primary and secondary amines to 
give the corresponding arylamines. Thus, for example, 2,4-dinitrofluorobenzene is used to tag the amino 
end of a peptide or protein chain. 

Some of these reactions are characterized by high negative activation volumes. I z 2  Recently, high 
pressure conditions have been employed to activate some S N A ~  reactions involving primary and second- 
ary amines and activated aryl halides123 and hal~pyridines.'~~ The reaction of 4-chloronitrobenzene with 
BunNH2 in THF, for example, gave 4-N-butylnitroaniline in 76% yield after 20 h at 7.2 kbar and 50 'C 
(equation By contrast, at 1 a m  and 80 'C no reaction took place during the same time.123 The pro- 
motion of reactivity was much less pronounced with secondary amines, with the exception of cyclic 
ones, and absent with tertiary and aromatic 

NHBu" 4 76% - Q  (10) 
10 equiv. BunNH2, THF, 50 OC, 7.2 kbar, 20 h 

NO2 NO2 
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Ammonolysis of aryl halides has been performed under PTC conditions.12s The rtaction of 2,4dmitro- 
chlorobenzene with NH3 (g) in toluene at ambient temperature and pressure gave, in the presence of 10% 
TBAB and after 3 h, 2,4dinitroaniline in 16% yield (0.6% in the absence of TBAB). The reaction was 
complete after 24 h but the product final yield was not reported.12s 

The use of formamide as solvent in the ammonolysis of activated aryl chlorides has been recom- 
mended when the substrate canies cyano ring substituents which can undergo hydrolysis in water.126 

Anilines (23; R = 2-Pr, PhCH2; X = C1, Br, I) have been obtained in high yields (40-95'%) fmm the re- 
action of the primary amines 2-propylamine and benzylamine with the ethers (24, R' = Me, 
C H d H C H ; ? ,  CH2-oxirane) in EtOH at room temperature.12' With secondary amines dealkylation of 
the aromatic ether to the corresponding phenol took place rather than SNAr dealkoxylation. 

Diarylamines are readily obtained from the reaction of activated fluoroarenes with arylamines contain- 
ing electron-releasing groups. 12* Anilines carrying electron-withdrawing substituents require deprotona- 
tion to enter SNAr or nucleophilic hydrogen displacement reactions. Diarylamines (25; R', R" = 0- or 
p-NOz, CN, PhCO, PhSOz) have been obtained in fair to good yields via defluorination or denitration of 
activated f luo roben~enes~~~  and nitrobenzenes130 respectively, using an excess of the aniline reagent and 
BUVK in DMSO at 20-25 'C or K2C03 in DMSO or DMF at 120-130 "C. Under the latter conditions 
(KzC03 in DMF at 120-130 'C) the reaction of 4-cyanoaniline with 4-fluoronitrobenzene gave the hi- 
arylamine (26) in 64% yield whereas, with p-dinitrobenzene (26) only formed as a minor product (3% 
yield), the major product (50% yield) being the diamine (25; R' = 4-CN; R" = 4-NO2). The difference in 
reactivity was attributed to the greater bulk of the nitro substituent with respect to fluorine.129 

NC, 

NHR 

x*x 

OR 

xQx 
Q 
doNo2 

Treatment of the salicylic acid derivatives, dinitrolactone (27) and dinitro ester (28). with aqueous 
amines ("3, MeNH2, Me2NH) afforded salicylamides ( 2 9  R, R' = H, Me) in quantitative ~ie1ds. l~ '  

0 0 0 

Nitroanions derived from phenothiazenes readily displace the halide in 4-halonitrobenzenes in DMSO 
at room temperature (equation 1 1).34 On the other hand nucleophilic displacement of hydrogen as well as 
SNAr displacement of a leaving group were observed in the reaction of nitrobenzene derivatives with p- 
nitroaniline and ButOK in HMPA.132 The oxidation with potassium permanganate of adducts formed 
from nitrogen heterocycles, such as pyridazines and 4-nitropyridazine 1 -oxide, with liquid ammonia or 
with KNH2 has been widely applied to the synthesis of aminoaza aromatics.133 

H n 
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Amine-amine exchange reactions have recently been performed with high yields and under mild con- 
ditions (DMSO at 30 'C1" or MeCN at mom temperature135) on activated naphthylamines with primary 
amines or pyrmlidine. Equation (12), where R', R" = H, H; Me, H; Et, H; Pr', H; But, H; PhCH2, H; 4- 
Me=&, H; - ( C H z ) e ,  summarizes the reactions of N,N-dimethyl-2,4-bistrifluoroacetyl- 1 -naphthyL 
amine.'35 

Several useful syntheses of polycondensed systems have been reported, based on an intramolecular 
displacement involving an amino nucleophile. Phenazine- 1 -carboxylic acids (30) have been prepared via 
reaction of N-phenyl-3-nitroanthranilic acids (31a; X = H; R = 6'-Me0, 3'-MeO) with NaBH4 under al- 
kaline conditions, a process involving reduction of NO2 to "2, followed by intramolecular nucleophilic 
attack and aromatization. 136 An improved procedure utilizes N-(2-fluorophenyl)-3-nitroanthranilic acids 
(31b X = F; R = H, 3'-F, 5'-F, 6'-F, 5'-C1, 6'-C1, 5'-Me) with the advantage that no ambiguity as to the 
carbon attacked exists in this case since ring closure occurs via S N A ~  displacement of f l ~ 0 r i d e . l ~ ~  Re- 
actions were conducted in H20, MeOH or EtOH and gave (30) in 47-92% yield. 

5 ' ~ ' * 6  CO2H 

5 . 7  1 / S  Ra;s 3 XO2N 4 

(30) (3la-b) 

A large number of 5-deazaflavins (32; R1, R2 = H, alkyl, aryl; R3, R4 = H, C1, N02, OH; 48 examples 
in all), have been prepared in good yields via condensation of 6-substituted aminouracils with o-halo- 
benzaldehydes in DMF under reflux. The mechanism shown in Scheme 14 was proposed for this re- 
a ~ t i 0 n . l ~ ~  Several bis(5deazaflavin-10-y1)alkanes (33; n = 6, 8 ,  10, 12) have also been prepared via the 
same route using bis(~racil-6-ylamino)alkanes.~~~ By an analogous reaction the substituted quinolines 
(Ma) and (34b) were obtained in 87% and 5096 yield, respectively, from enaminones (35a; X = Y = 
NMe; Z = 0) and (35b; X = Y = CH2; Z = Mez) and pentafluorobenzaldehyde in glacial acetic acid at re- 
flux.139 

R4 

0 0 

(32) 
Scheme 14 
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0 

0 F 

F 

0 

0 
(33) 

Several 3-aryl-2-methylimid[4,5-b]pyridines (36; X = H, R = H, 4-F, 4-Et; X = C1, R = H, 4-F, 3- 
CF3, 2.4-Me2, 2,4-C12, 2-Me-6-Et, 3-CF3-4-Cl) with pesticidal activity have been prepared in moderate 
yields by the reaction of N-(2-chloro-3-pyridyl)acetamides (37) with aromatic amines in the presence of 
PzOs and Et3N-HCl at 150 'C.140 With X = H the cyclized products were isolated directly, whereas with 
X = C1 treatment of the intermediate amidines (38) with K g 0 3  in DMF was required to arrive at the 
final cyclized product. 

H 

A one-pot synthesis of 3-amino-2,l-benzisoxazoles (39) has been reported, based on the initial SNAr 
displacement of halogen by hydroxylamine in the precursor o-halobenzoniuiles (40; X = F, C1; R = 3- 
CN, 5-N02, 5-CN. 3,5-(N02)2, 3-N02-5-CN, 5-NO2-6-Cl). followed by cyclization and aromatization 
(Scheme 15).14' 

"2 1 - R - f o  
" NHOH 

(40) (39) 

i, NH20H*HCl, THF, aq. NaOH. 140 "C or NH20H*HCI. MeOH, NaOMe 

Scheme 15 

The one-pot conversion of pyrimidinediones (41; R1 = R2 = Me; R1 = Me, R2 = Ph; R1 = H, R2 = Me, 
Et, Ph, 2,6-MezCsH3) to isoalloxazines (42) has been reported to proceed in good yield via oxidative cy- 
clization in DMF at 120 "C under 0 ~ y g e n . l ~ ~  The reaction was completely inhibited by degassing. The 
precursors (41) were in turn prepared in high yield via SNAr debromination by anilines on the appropri- 
ate 5-Br-6(alkyl- or aryl-amino)pyrimidinediones (43).143 

A clever application of the VNS reaction was recently reported to afford direct amination of nitroben- 
zenes, an otherwise prohibitive process. using 4-amino-l,2.4-t1iazole (Scheme 16).14 Exclusive attack at 
position 4 was observed in all cases studied (R = H, Me, C1, C a H ,  OMe, F, I, CN) with yields in the 
range 22-9 1 % . 

Several activated aryl and heteroaryl halides were converted into the corresponding NJ-dimethylami- 
no derivatives by treatment with HMPA at 150 0C.145 Chlorobenzenes activated by o- anUorp-NO2, CN, 
and 4-ClCsH4S02 groups gave this reaction with 62-94% yields. Chlorine on pyrazine, tetrazole, thia- 
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O H  0 0 

I 

QR + 

No2 

;-> 
N 
I 

"2 

NH 
I 

I 
RZ 

(42) 

BuQK. DMSO, 24-27 O C .  4 h 

A 
(43) 

N02- 

y42  

Scheme 16 

zole, as in the example of equation (13). and quinoline rings, was sufficiently reactive to produce a clean 
substitution. It was proposed that the reaction proceeds via SNAI displacement of the suitably activated 
leaving groups (halide and also nitrite) by NJV-dimethylamide formed by the solvent at elevated tem- 
peratures.145 

(13) 
HMPA, 150 O C ,  15 h, N2 

64% 

2.1.4 OXYGEN NUCLEOPHILES 

The great majority of synthetic applications with oxyanions involve SNAr displacement of leaving 
groups other than hydrogen. Nucleophilic displacement of hydrogen by oxyanions has been observed, as, 
for example, in the reaction of nitrobenzene with ButOK in THF to give 4-BuQ-nitrobenzene and potas- 
sium nitrobenzenide,'O but has not found as yet general application in synthesis. In one example alkoxy- 
dehydrogenation via additiodoxidation has been proposed to be a step in the synthesis of 2-alkoxy- 
5,10,15,20-tetraphenylpo1phyrins from the corresponding 2-nitro derivative via a multistep cine substitu- 
tion sequence.146 

The use of solvents like HMPA has found many applications in SNAr displacements by alkoxides since 
the report by Shaw and collaborators on the ability of this solvent to promote methoxylation via chloride 
displacement in unactivated aryl chlorides, including ~hlorobenzene.'~~ Due to the deactivating effect of 
the OMe p u p ,  bissubstitution did not take place on the dichlorobenzenes even under prolonged reaction 
times and with a large excess of MeONa. sN2 demethylation of chloroanisoles to the corresponding chlo- 
rophenols was instead ob~erved.~' The reaction of tri- and tetra-chlorobenzenes with 1 equiv. of MeONa 
is not regioselective, with the exception of 1,2,4-trichlorobenzene which gave 2,5-dichloroanisole (88%) 
as the sole product. When an excess of nucleophile was used, mixtures resulting from monosubstitution, 
bissubstitution and demethylation were obtained?' An analogous survey showed that in DMF meth- 
oxydehalogenation takes place regioselectively in dichloro- and dibromo-pyridines (equation 14).Ia 
Substitution of the second halide was more difficult with these substrates, and bisethers could be o b  
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tained in fair yields only from the 2,6- and 3,5-dihalopyridines using 8 equiv. of MeONa. In contrast, the 
reaction with MeSNa or 2-PrSNa afforded in all cases the bissulfides in good ~ i e 1 d s . I ~ ~  

(14) 

OMe 

4 equiv. NaOMe. DMF, 80 OC, N,, 2 h 

86% 
Br 

Aryl fluoroalkyl ethers have been prepared from the reaction, at room temperature in HMPA, of fluo- 
ro-substituted alkoxides with activated f l ~ o r o - , ' ~ ~  nitro-,'49 and, at 150 "C, also ch lo ro -a rene~ '~*~~ '  and 
some chloro-substituted pyrazines (equation 15), pyrimidines, q u i n o l i n e ~ , l ~ ~ ~ ~ ~ ~  and pyridines.ls* Disub 
stitution was observed in the presence of comparably activated leaving groups such as in 2,4- and 2,6-di- 
chloronitro- or cyano-benzenes, whereas regiospecific substitution took place at position 4 in 
3,4-dichloronitro- or cyano-benzene and at position 2 in 2-fl~oro-6-chlorocyanobenzene.~~~ Steric hind- 
rance and the number of fluorine substituents in the alkoxide pose limits to the reactivity. Thus, tertiary 
alkoxides, or alkoxides containing more than four fluorine substituents, displace activated nitro and fluo- 
ro, but not chloro  substituent^.^^^,^^^ The secondary hexafluoro-2-propoxide anion does not react even 
with the more reactive nitro and fluoro  derivative^.'^^ 

CF,CH,ONa, HMPA, I50 OC, 15 h 

54% 
(15) 

CF3 

A convenient one-step conversion of moderately activated nitroarenes to phenols was achieved in 
DMSO via nucleophilic nitrite displacement by the anion of an aldoxime.153 The resulting O-arylaldox- 
ime is rapidly cleaved to the phenol derivative under the reaction conditions. The reaction is also applic- 
able to activated fluorides and even to 2-chloropyridine which, at 110 "C, is converted to 2-pyridone in 
72% yield.153 A somewhat related process concerns the synthesis, in 82-92% yield, of 4-alkoxybenzoni- 
biles (45; R = Me, CHz-oxirane, CHzPh, CHMeCHzMe from 0-alkyl-4-nitrobenzaldoximes (44) via hy- 
dride-induced elimination of the alkoxide followed by alkoxy denitration (Scheme 17).154 

(4) (45) 

i, NaH (excess), DMF, r.t., 1-4 h; ii, RONa (formed in i )  

Scheme 17 

The use of PTC conditions has proved beneficial in several cases and the method of choice in large 
scale operations. m-Dinitrobenzene was converted to m-nitroanisole in 81% yield on the mole scale by 
treatment for 2 h with MeONa in chlorobenzene at 80 'C in the presence of a catalytic amount of trioc- 
tylmethylammonium chloride (Aliquat 336).'55 No reaction occurred in the absence of the onium salt 
cata1y~t.I~~ Analogous results were obtained by performing the reaction in HMPAmE3 

4-Nitrophenyl ethers (46; R = 2-Pr, 2-Bu, n-cEH1.l. Ph) were prepared in good yields from the reaction 
of 4-chloronitrobenzene in the appropriate alcohol (chlorobenzene for R = Ph) with KOH in the presence 
of TBAB.Is6 Without the onium salt, the substitution products formed in poor yields due to reduced sNAr 
rates and to competing nitro reduction. Reagents capable of complexing the K+ cation (glymes, high 
molecular weight polyethers and, best of all, 18-crown-6) could be used in place of the onium salt.'56 Re- 
flux conditions were found unsuitable for these reactions because of the removal of oxygen, a powerful 
inhibitor of the reduction process. 



Arene Substitution via Nucleophilic Addition to Electron Deficient Arenes 439 

I 

(47) 
I 
R' C1- 

(4) 

Potassium hydroxide in DMSO has proved a useful reagent to promote the reaction of activated aryl 
and heteroaryl chlorides with long chain primary alcohols, to form the corresponding ethers (equation 
16).Is7 The procedure failed with secondary alcohols. 

2 equiv. n-CI4H,,OH, KOH, DMSO, 50 OC, 2.8 h 

Peffluorotoluene and pentafluoropyridine have been proposed as reagents for protecting alcohols and 
phenols as perfluoroaryl ethers, a reaction which takes place under mild PTC conditions. Deprotection 
involves demethoxylation with NaOMe in DMF at 60 'C (Scheme 18; R = phenyl, steroidal).t58 

F 'F 

i ,  F k F  X (X = CCF3. N), CH2C12/NaOH, Bu"dNHS04, r.t.; ii, NaOMe, DMF, 60 OC 

Scheme 18 F F  

PTC with onium salts (TBAB or TBPB) in a two-phase system (H20/NaOH/CH2C12) afforded 
bis(aryloxynitropheny1) sulfones (47) in good yields at room temperature, from the reaction of the corre- 
sponding chlorides with several phen01s.I~~ 

More elaborate catalysts have also been used, like tris(3.6-dioxahepty1)amine (TDA- 1) in dechlorina- 
tions of chloropyridines by benzyl alcoholtm and of 4-chloronitrobenzene, 4-chlorobenzonitrile, and 2- 
chloro-5-(trifluoromethyl)nitrobenzene by phenols and methanethiol. 

In the reaction of activated aryl halides with phenoxide and thiophenoxide in chloro- or o-dichloro- 
benzene at reflux, pyridinium salts (48; R, R = ~H~CH~CHM~CH~CHP- ;  R = Me, Bun, n-CaHi3; R' = 
CH2CHEtBu. CH2Bu') proved to be superior catalysts to simpler onium salts, like TBAB, due mainly to 
their greater thermal stability.162 

Electrochemical reduction of phenol and thiophenol in the presence of a suitable support elecmlyte 
has been proposed as a method to produce solutions of reactive PhX-+NR4 (X = 0, S) to be used in SNAr 
reactions. 163 

Investigations on the use of ionic fluorides as bases in organic synthesis have led to the interesting ob- 
servation that fluoride hydrogen-bonds to a variety of H-bond electron-acceptor (protic) compounds and 
that such H-bound complexes may actually be more effective nucleophilic reagents than the salt of the 
protic.'@ Examples of fluoride-promoted nucleophilic aromatic substitutions range from the synthesis of 
aromatic pol yethers via polycondensation of bis(4-chloro-3-nitrophenyl) sulfone with 2,2-bis(4-hydroxy- 
pheny1)propane (equation 17),165 to the synthesis of aryl-4-cyanophenyl ethers obtained from the re- 
action of activated nitro- or chloro-arenes with the hydrogen-bonded complex of 4-cyanophenol with KF 
(equation 18).i66 In the latter case, H-bonding results in charge localization on the oxygen, thus presum- 
ably increasing the selectivity of the nucleophile. However, no data were supplied to allow a comparison 
of the H-bonded complex and the phenoxide salt. 

One method of synthesis of 1,2-benzisoxazoles involves cyclization of o-halo- or o-nitro-benzoyl ox- 
imes via intramolecular S N A ~ . ~ ~ ~ ~ ~ ~ ~  A recently reported variant, which gives access to sterically con- 
strained 3-phenyl- 1,2-benzisoxazoles, employs a reversed sequence of steps, e.g. nucleophilic 



440 Nucleophilic Aromatic Substitutions 

fioH , KF, DMF, 100 *C - 

- o z N ~ o ~ c N  (18) 
KF-HOC6HdCN. DMSO, 110 OC. 2 h 

88% CI 

displacement by the anion of acetone oxime of an o-fluoro substituent in the precursor benzophenone, 
followed by cyclization via acid-induced transoxymation (Scheme 19; R = H; 2,3-C!l24-Me0,2,6-Me~; 
2,6-C12).’@ In contrast to the intramolecular SNAr route, which is not selective (Cl and F are displaced at 
comparable rates, so that mixtures of 3-(2chlorophenyl)- and 3-(2-fluorophenyl)- 1 ,2-benzisoxazoles 
were obtained from 2chloro-2’-fluorobenzophenone oximes), the intermolecular S N A ~  reaction is highly 
selective. Thus only 3-(2,3-dichloro-4-methoxyphenyl)- 1 ,2-benzisoxazole (49 R = 2,3-Cl2-4-OMe) was 
obtained in 73% overall yield from 2,3-dichloro-2‘-fluoro-4-methoxybenzophen0ne.~~ 

I 
(49) 

i, M%C=NOH, Bu’OK, THF, reflux, 3 h; ii, aq. HCI, EtOH 

Scheme 19 

A convenient one-pot conversion of alkyl halides into thiols under mild conditions is based on the se- 
It involves quaternarization of 1-(2-hydroxyethy1)-4,6-diphenylpyridine- quence shown in Scheme 20. 

2-thione (50) followed by an intramolecular SNAr displacement. 

+ RSH 
Ph 
x- 

Ph 

L J 

Scheme 20 

(50) 

2-Alkoxy- and 2-aryloxy-4-amino-5-pyrimidinecarboniniles (51; X = MeO, EtO, PhO, 4-MeOCd4.40, 
4-ClCd4.40, 4-BrC&0,4-CNCd4.40) were prepared in good yields from the comsponding chloro or 
bromo derivatives (X = C1, Br) by the reaction with RONa in refluxing acetone.”’ 2-Amino derivatives 
(51; X = NHz, NHR, NR2) were prepared in analogous fa~hi0n.l~’ 
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2.15 SULFUR NUCLEOPHILES 

Sulfur anions are generally good nucleophiles, more powerful than their oxygen analogs. While the 
nucleophilic displacement of hydrogen by thioanions has not been frequently observed? the SNAr dis- 
placement of nitrite, halides and other leaving groups constitutes a common and often easily accom- 
plished step in synthesis. However, undesired redox processes occur frequently with thioanions due to 
their low oxidation potentials. To avoid oxidation of the nucleophile, reactions with thioanions are best 
carried out under an inert atmosphere. Under these conditions, however, simple nitrobenzene derivatives 
like 4-chloronitrobenzene readily undergo reduction. Thus, complex mixtures resulting from reduction of 
the nitro group were obtained from the reaction of 4-chloronitrobenzene with MeSNa in DMF172 and 
with MeSNa and EtSNa in HMPA,173 under conditions which with more substituted arenes or with sec- 
ondary thioanions lead to the products of substitution in high ~ i e 1 d s . I ~ ~  4-Chloromethylthiobenzene was 
instead obtained in 92% yield from the reaction in MeOH of 4-chloronitrobenzene with an excess of 
MeSH upon the dropwise addition of methanolic KOH.65 

Displacement of the nitro group of moderately activated nitroarenes by thioanions occurs readily in 
polar aprotic solvents.17h176 Kornblum and collaborators found that nitrobenzenes carrying one electron- 
withdrawing group react with thioanions, in HMPA at 25 'C, to give the products of nitrite displacement 
(52) in good to excellent yields (equation 19; RS = MeS, PhCHzS, PhS, PhS02; W = 2-, 3-, and 4-NO2, 
4-CN, 4-PhCO, 4-EtOCO, 4-PhS02, 3,5-(CF3)2).83 

SR 
I 

NO2 
I 

- w o  
RSNa, HMPA, 25 ' C  

6 1-96% 

(52) 

Thiol anions in polar aprotic solvents are also effective in displacing chloride in activated and even 
weakly activated arenes. In substrates with more than one replaceable chlorine regioselective displace- 
ment of one chlorine was seldom observed, the reaction usually yielding mixtures of mono- and poly- 
substituted products. It was thus concluded that alkylthio substituents exert an activating effect roughly 
comparable to that of a chlorine. 172*173 Exhaustive substitution was often observed when the thiolate re- 
agent was used in excess.172,173,177-179 Several bis-, tris-, tetrakis- and pentakis-(methy1thio)benzoic acids 
and  derivative^,'^^ and poly(alkylthi~)benzenes,~~~ were prepared in good yields in DMF and HMPA, re- 
spectively. The extent of substitution could be controlled in some cases by proper choice of the reaction 
conditions, e.g. the amount of nucleophile and/or the temperature. Thus, the reaction of 4-chloro-3,5- 
dinitrotoluene (53) with excess methanethiolate in DMF at ice bath temperature for 15 min produced 
(54) in 78% yield, whereas the tris(su1fide) (55) was isolated in 60% yield when the reaction mixture was 
allowed to stand for 4.5 h at rmm temperat~re. '~~ In the examples of Scheme 21, advantage was taken of 
the different rates of the alkylthio denitration and alkylthio dechlorination processes to prepare the 
isomeric tris(su1fides) (56) and (57) in 70% and 65.5% yield, re~pective1y.I~~ In contrast, the reaction of 
l-chloro-2,4-dinitrobenzene with 1 and 2 equiv. of Me2CHSNa gave mixtures of mono- and di-, and di- 
and tri-substitution products, respe~tive1y.l~~ Reactions of polychloroarenes in HMPA with EtSNa, and, 
even more so, with MeSNa, proceed via SNAr displacement of chloride followed by dealkylation via S N ~  
displacement of thiophenoxides by the thiolate anion. The reaction has been developed into a one-pot 
synthetic route to thiophenols from aryl chlorides and bromides, as exemplified in equation (20).IE0 Mer- 
captopyridines and mercaptoquinolines were prepared by the same procedure in DMF. Alkoxyaryl 
alkyl sulfides were obtained from dichlorobenzenes and dichlorotoluenes by sequential treatment with 
RSNa and R' ONa in HMPA.IE2 

Treatment of activated diaryl sulfides with Na2S in DMF at 130 'C results in the cleavage of the sul- 
fide and in the formation of sodium aryl sulfides which can be used in situ to prepare mixed diaryl or 
alkyl aryl ~u1fides.I~~ An example is reported in Scheme 22. 
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CI SMe SMe 
O2N 9 NO, O,N SMe MeS '@ SMe 

\ \ \ 

(53) (54) (55) 

c1 SR' SR' 

C1 CI SEt 

(57) 

i, 2 equiv. Pr'SNa, HMPA, r.t.; ii, 1 equiv. EtSNa, 80 "C 

Scheme 21 

3 equiv. MeSNa. HMPA, 100 "C, 2 h 

96% 

N C O S O C N  / \  - i N C e S N a  - ii N C O S R  

i, NaZS, DMF, 130 "C, 12-18 h; ii, Rx (alkyl or aryl halick) 

Scheme 22 

The reaction of EtSLi with the isomeric dinitrotoluenes (58) in HMPA at 20 'C gave regiospecific dis- 
placement of the nitro group adjacent to the alkyl group in excellent yields (equation 21).'" With a 
bulky o-alkyl substituent, like in 2,4dinitro-t-butylbenzene, regiospecificity was lost, the two nitro 
groups being displaced in equal proportions. Notably, when the same substrate was allowed to react with 
Bu'Li slow displacement of the nonadjacent nitro group took place, accompanied by redox processes: 
azoxy and hydrazo compounds and di-t-butyl disulfide (80%) were isolated from the reaction mixture. 
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Dichloropyridines were converted in good yield to the corresponding bis(alky1thio)pyridines via re- 
action with sodium thiolates in DMF at 140 T.185 Room temperature oxidation of the sulfides with chlo- 
rax solution gave bis(akylsu1fonyl)pyridines in high yields.IE5 

The convenient preparation of 2,7-dinitrothianthrene (59) via base-induced cyclization of 2-chloro-5- 
nimbenzenethiol in acetone at room temperature (equation 22). provides an easy access to a number of 
2.7-substituted thianthrenes via elaboration of the nitro groups in (59).IE6 

L 6 SH a;DNo2 (22) 
Et3N, HMPA, acetone, N1, r.t., 4 h 

62% O2N 

(59) c1 

Polyglymes offer a viable alternative as solvents to the potentially carcinogenic HMPA.187J88 Alkyl 
and phenyl sulfides were prepared from the reaction of suitable aryl halide precursors and an excess of 
sodium thiolates in tetraglyme.188 By the same procedure 2-(alkylthio)-substituted (alkyl = Me(CH2),; n 
= 3, 15, 17) quinolines, pyrimidines and pyrazines were prepared from the corresponding ch10rides.I~~ 

Halide displacement by thioanions such as thioalkoxides, thiocyanate and sulfite, can be readily car- 
ried out under PTC conditions in activated arenes. The reaction of nitro- and dinitro-aryl halides with 
thiophenol and NaOH in the presence of an ammonium or phosphonium salt catalyst proceeds readily in 
toluene at room temperature to give the phenyl aryl sulfides in nearly quantitative yield.189 Excellent 
yields of thiocyanoarenes were obtained from the reaction of the 2,4-dinitrohalobenzenes with KSCN in 
toluene at 90 'C with a tetraalkyl onium salt PTC catalyst.IgO 

Protonated tertiary amines (Me(CH2),)3N (n = 2, 3, 4, 5 and 7) were found to be better catalysts than 
tetraalkyl ammonium salts for the sulfodechlorination of 1 -chloro-2,4-dinitrobenzene. 19' 

Unsymmetrical diaryl sulfides (60; R = 2-NO2, 4-No2, 2,4-(N02)2; R' = H, 4-NMe2) were obtained in 
8697% yields from the reaction under PTC conditions of nitro-activated aryl halides with arenethiolates 
generated in situ from the reduction of the corresponding diaryl disulfides with aminoiminomethanesul- 
finic acid (61).192 Arylthiolates carrying electron-withdrawing substituents were not sufficiently reactive. 
The reaction could also be applied to the synthesis of diaryl selenides, but not of ditellurides. 

HN 
/ /  y( 

R'- D S a R I  H2N OH 

Symmetrical diaryl sulfides were produced in fair yield from the PTC reaction of sodium sulfide with 
molten aryl chlorides activated by a cyano, nitro, phthalimido or anhydrido group. 193 Typical conditions 
require use of a 3:l mole ratio of aryl chloride to NazS and 10% of catalyst (crown ethers and onium 
salts) at 200 'C for 24 h. 

Thioiminium salts (62; R' = H, Me; R = H, Ph, C H d H 2 )  can be used to generate in siru thiolates 
RCH2S- which under PTC conditions in CHC13, at room temperature, react with aryl halides to give the 
alkyl aryl sulfides (63; R = H, Ph, CH=CH2; R" = H, C02H, C1, N02).IW Yields are best with activated 
aryl halides. With an excess of (62), p-dichlorobenzene gave products of disubstitution (63; R" = 
CH2SR). 

R7s / \ Re1 -0- S n R  A.' 
R' NH2 X- 

(62) (63) 

Catalysts of greater thermal stability have also been used, such as N-alkyl salts of 4-dialkylamino- 
pyridines (*)Ia2 and tris(polyoxahepty1)amine (TDA- 1).l6I 

Displacement of chloride has also been accomplished on moderately activated substrates, such as 
Cd4nCk-n (n = 2, 3,4), under PTC conditions at temperatures which depend on the number of chlorine 
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substituents. The dichlorobenzenes react with aliphatic thiols at 110 'C in a heterogeneous mixture with 
concentrated aq. KOH containing dicyclohexanr+l8-crown-6 as PTC cata1yst.IM Reaction times were 
long, ranging from 14 h with primary thiols to >200 h with tertiary ones. The reactivity of the first 
chlorine atom followed the order 1.2- > 1.3- > 1,4dichlorobenzenes. The reaction of 1.2dichloroben- 
zene with secondary and tertiary thiolates was selective and gave exclusively the product of monosub- 
stitution. With Bu"SH some disulfide (5% by GC) was also formed. The reaction of 1,3- and 
1 ,4-dichlorobenzene gave in all cases mixtures of mono- and di-sulfides of variable composition. 

Several alkyl aryl sulfides in which the alkyl group is a linear primary CnHh chain (n = 7,8,12), have 
been prepared from the corresponding thiols and di-, tri-, and tetra-chlorobenzenes under PTC conditions 
with KOH and a catalyst in toluene.'% Ammonium and phosphonium salts, 18crown-6, and 
polyethylene glycols were used, (tricyclohexyl-ndodecy1)phosphonium bromide being the most efficient 
catalyst. The regioselectivity is determined by the prevalent influence of the -I-activating effect of the 
chloro substituent, ortho > meta >para. Thus the reaction of 1,2,4,5-tetrachlorobenzene (64, X = H, Y = 
C1) gave disulfide (65; X = H, Y = SR) in 89% yield, and 1,2,4,6-tetrachlorobenzene (64, X = C1, Y = H) 
gave monosulfide (65; X = C1, Y = H) in 88% yield. The reaction of 3-chlorobromobenzene with n-hep 
tanethiol gave exclusively the product of bromide displacement in 86% yield. 

c1 CI 

"QC1 Y "@"" Y 

A one-pot synthesis of benzothiazolones from 2-halonitrobenzenes has been reported (equation 23). 19' 
The proposed mechanism involves the displacement of halide by some sulfide species (H2S or HS,-, n = 
integer) generated in situ, followed by nitro reduction and condensation with SCO. 

53-915 H 

Mercaptobenzoic acids (ortho, meta and para isomers) were prepared in fair to good yields from the 
reaction of the chlorobenzoic acids with elemental sulfur and molten NaOH-KOH (1: 1 molar ratio) at 
270 'C for 3 min. Both 2- and 4-chloropyridine gave the mercaptopyridines by an analogous pme- 
d ~ r e . ~ ~ ~  Use of selenium instead of sulfur gave poor yields and mixtures of isomeric products. 

2.1.6 OTHER NUCLEOPHILES 

2.1.6.1 Hydride 

A 
few examples of nucleophilic displacement by hydrogen have been reported. Displacement of NO2-, Cl- 
and B r  by hydride, via a-adduct intermediates, was observed in DMSO solutions of XC6H4N02 (X = 2- 
Br, 2-C1 and 4-NO2) and of 1-X-2.4-dinitrobenzene (X = Br, Cl) with NaBH4.Iw Another example is the 
reaction of arene diazonium salts carrying an electron-withdrawing substituent with formamide and Et3N 
to form arenes in moderate to good yields. The mechanism of this proto dediazoniation was shown to in- 

Anionic a-adducts with the hydride ion have been detected and some also isolated as stable 

volve transfer of the formyl hydrogen as hydride within a 1-aryl-3-formyltriazene intermediate (Scheme 
23).200 
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Scheme 23 

2.1.6.2 Halides 

Great effort has been given in the last decade to the synthesis of fluoro aromatics due to their growing 
importance as pesticides and pharmaceuticals.20'.202 One of the most useful reactions to introduce a flu- 
orine or other halogen substituent into an arene is nucleophilic displacement by fluoride (halide) of an 
activated leaving group. Special areas of research deal with the selective introduction of fluorine into bi- 
ologically active molecules and with the synthesis of radiopharmaceuticals labeled with short-lived 
radionuclides, particularly with the positron-emitting nuclides 18F (rln = 110 min) and 1221 (tin = 3.6 
min). 

18F-labeled aromatics have been prepared most efficiently from activated arenes in DMSO via dis- 
placement of nitrite with Rb'8F203,204 and with C S I ~ F , ~ ~  and of fluoride ( I %  -+ 18F exchange), chloride, 
and bromide with C S ' ~ F ? ~  of iodide with H18F-K2C03,205 and of Me3N with Cs18FFM The temperatures 
needed to obtain high conversions in the required short reaction times (<20 min) depend on the leaving 
p u p  ability as well as on the activating group and range from 80-150 'C for the displacement of ni- 
uite?03 to 180 'C for the displacement of iodide.205 The use of rapid heating in microwave ovens has 
been reported to significantly reduce the reaction times in these and related systems.207 The use of polar 
aprotic solvents like DMSO can be avoided in these reactions by the choice of better nucleophiles like 
anhydrous tetrabutylammonium fluoride (TBAF) which can be used in THF at room temperature (equa- 
tion 24).35 The convenience of using the KF-Ph4PBr system has also been pointed out, rate enhance- 
ments being especially significant in less polar solvents (1 ,Zdimethoxyethane, acetonitrile).208 

F 
anhydr. Bun4NF, THF, r.t., 1.5 h 

100% 

Fluorodesulfonylation reactions on arylfluorosulfonyl fluorides, carried out with KF in sulfolane or 
DMF, or without solvent in the presence of 18-crown-6, have shown that the FS02- is a good activating 
group and a good leaving group (equation 25).209 

* GF (25) 
KF, DMF, 150 'C, 0.75 h 

53% CI 
F 

CI 
CI 

The synthetic potential of 'solid-state' nucleophilic aromatic substitutions has been pointed out in a re- 
port on the displacement of o-nitro groups in arene diazonium ions by chloride from the chlorozincate 
counterion in the The reaction is selective for the ortho position. Chloroarenes and heteroarenes 
have been synthesized in good yields from the corresponding nitro compounds upon treatment with phe- 
nyltetrachlorophosphorane (PTCP) in phenylphosphonic dichloride at 170 'C for 5 h. Reactive substrates 
ranged from nitrobenzene to nitropyridines and nitropyrimidines, yields being in the range 6694%. An -q (26) 

PTCP. PhPOCI,, 170 OC, 5 h 

90% 

NO2 CI 
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example is shown in equation (26). A stepwise mechanism (Scheme 24), involving in the final stage an 
intramolecular chlorine attack to displace NOCl from intermediate (66). was proposed for this re- 
action?" 

0- r7 
+ I  0- $1 c1 - PhPoc1, 

Ar A?[ P: 
___) 

Ar - N, - 
Cl'+ 0 I c1 

Ph 
c1- J 07 + 

C1,PPh 

Scheme 24 

2.1.63 Phosphorus Nucleophiles 

Attack by phosphorus nucleophiles on pyridinium salts is well established, and is the basis for a 
method for the regioselective synthesis of 4-alkylpyridine~?'~ and of 1 -alkylisoq~inolines.~~~ Although 
the phosphonate adducts (67) were obtained in high yields in all cases examined (R = Me, Et, 
C H d H C H 2 ,  Bu, PhCH2), the final step gave satisfactory yields only in the case R = Bu (Scheme 25). 

0 0 

H $(OPr'), R $(OPr')2 0 - 0 -  i ii 0 -  iii 0 %  
Et0 LO Et0 L O  Et0 i o  

(67) 
i, EtOCOCl; ii, P(OP&; iii, BuLi, THF, -78 OC, RBr; iv, BuLi 

Scheme 25 

The reaction of nitronaphthalenes and nitroisoquinolines with dimethyl phosphite in MeONaIMeOH 
(equation 27), proceeded via nucleophilic substitution of hydrogen according to a redox stoichiometry 
and gave substituted dimethyl naphthalene- and isoquinoline-phosphonates and benzazepine~.~'~ 

HPO(OMe),, MeOH, NaOMe, 5 O C  

72% 

33% 25% 42% 
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2.1.6.4 Selenium and Tellurium Nucleophiles 

The methods of synthesis of diaryl and aryl alkyl selenides have been recently reviewed.215 4-Nitm 
phenyl methyl selenide was obtained in 93% yield from the reaction of 4-chloronitrohnzene in DMF 
with a suspension of MeSeLi in THF, prepared from powdered Se and MeLi.216 Other mixed RSeAr se- 
lenides were synthesized via alkylation with RI of ArSe- resulting from the nucleophilic substitution of 
unactivated haloarenes ArCl with MeSeLi in DMF at 120 'C, followed by MeSe--induced demethyl- 
ati0n.21~ 

Diary1 selenides (68; X = Z = H, Y = NO2; X = Y = H, Z = NO2; X = H, Y = Z = NO2; X = Cl, Y = 
NOz, Z = H) were prepared in 75-95% yields from diaryl diselenides and chloro- or bromo-nitroben- 
zenes under PTC conditions, by the procedure already described in Section 2.1 .5.192 

The synthesis of aromatic tellurides has been performed via the reaction of iodoarenes (0-, rn- and p -  
iodonitrobenzene, and di- and tri-methyliodonitrobenzenes) with phenyltelluride in HMPA at 80-90 'C, 
preferably in the presence of CUI. Yields range between 53 and 95%.218 Symmetrical diaryl tellurides 
(69 R = 3-Me, 4-Me, 2,4-Mez, 2,4,6-Me3,4-MeO) were prepared in good yields from reaction of nonac- 
tivated aryl iodides with NazTe in DMF at 60 'C?I9 The mechanisms of these reactions, which are 
limited to the iodoarenes, have not been discussed. 
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2.2.1 INTRODUCTION 

Electrophilic substitution allows replacement of a proton or another electrofuge with a different group 
and is the most-used process for functionalizing aromatic rings, whereas nucleophilic substitution is 
often considered to be more difficult or to require special substituents or reaction conditions. Prior to 
1970, only two significant classes of nucleophilic substitution processes on aromatic rings had been 

45 1 
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identified. The first, formally termed the SNAI reaction, requires the presence of one or more electron- 
withdrawing groups on the aromatic ring, and is a two step additionelimination process (see Chapter 2.1 
of this volume), whereas the second proceeds through the intermediacy of arynes in a two-step elimina- 
tion-addition sequence and often is accompanied by cine substitution (see Chapter 2.3 of this volume). It 
was during a study of the latter reaction type involving treatment of 5- and 6-iodopseudocumenes with 
potassium amide in liquid ammonia that Kim and Bunnett’ observed that more of the respective ipso 
substitution products were being formed than could be explained on the basis that the reaction was pro- 
ceeding through a common aryne intermediate. It was shown that the ipso substitution reaction was radi- 
cal in nature and involved single-electron transfer steps, being inhibited by radical scavengers and 
promoted by one-electron donors, such as potassium. The reaction was recognized as being an aromatic 
analog of substitution processes at the aliphatic carbon in p-nitrobenzylic and a-nitroalkyl halides, inde- 
pendently identified in 1966 by the research groups of Komblum2 and R ~ s s e l l . ~  BunnettIt4 suggested the 
term ‘SRNI ’, standing for substitution, radical nucleophilic, unimolecular, for these reactions and this 
widely adopted description will be used throughout this chapter. 

The utility of the S R N ~  process from a synthetic viewpoint was very quickly recognized. It allows sub- 
stitution of nucleofugic substituents on unactivared aromatic rings (cf. the SNAI reaction) and does not 
give rise to rearranged products (cf cine substitution in the aryne mechanism). Detailed mechanistic 
studies have identified the nature of the individual steps occurring in S R N ~  reactions (see Section 2.2.2.1), 
but from a synthetic viewpoint, the key process is the trapping of an aryl radical by a nucleophile, estab 
lishing a new aryl carbon to carbon or heteroatom bond, depending on the nature of the nucleophile. The 
generality of trapping of radicals by nucleophiles was recognized in the late 1960s and an overview by 
Russells in 1970 summarizes the early observations. The mechanistic and synthetic work performed on 
the SRNI reaction since that time, however, has served as the most useful source of information on the 
chemo- and regio-selectivity of this key step. 

The S R N ~  reaction has been the subject of numerous reviews. The very comprehensive review by 
Komblum6 principally deals with the aliphatic version, in which the new bond is formed between an ali- 
phatic carbon and a nucleophile$ whereas other more general reviews treat both the aliphatic and arc+ 
matic reactions7-I2 or discuss the reaction in the context of electron transfer processes and/or 
electrochemical proces~es.l~-’~ Among the reviews principally dealing with the aromatic version, one by 
Bunnett“ deals with the discovery and initial work on the aromatic SRNI reaction, the review by Wolfe 
and coworkers16 summarizes the early synthetic uses of the reaction, and a later review by Beugelmans 
discusses the application of the reaction to heterocyclic synthesis.I7 The monograph by Rossi and Rossi18 
details many aspects of the aromatic version, with particular emphasis on the mechanistic intricacies of 
the reaction. The discussion of the S R N ~  reaction in this chapter will be restricted to the aromatic version 
of the reaction, except for a brief mention of reaction with vinylic substrates. ( i .e .  it is limited to trapping 
of nucleophiles by sp2-hybridized radical sites). Reactions which are catalyzed by or involve electron 
transfer to transition metal ions, e.g. the Sandmeyer reaction or the recently discovered cobalt carbonyl 
catalyzed carbonylation of aryl and vinyl halides,I9 also will be omitted. 

2.2.2 THE S R N ~  REACTION 

2.2.2.1 Mechanistic Considerations 

The steps in the general SRNI reaction as applied to aromatic systems are given in equations (1)-(4), 
where X- is a nucleofuge. Equation (1) represents the generalized initiation step. The single electron 
necessary for initiating the whole reaction sequence has been shown to arise from the nucleophile (equa- 
tion 5 )  in either photostimulated or thermal (spontaneous) processes, added nonparticipant nucleophiles 
or radical anions (entrainment), or from solvated electrons and/or dissolving alkali metals. Numerous 
possibilities exist for both the nature of the photostimulation of the S R N ~  reaction and the way in which 
electron transfer from nucleophile to substrate takes place. These are discussed at length in Chapter 7 of 
ref. 18, but some points are further elaborated below. 

An example of transfer of electron from nucleophile to substrate is seen in the formation of the radical 
anions (observable by ESR) of 5-halo-2H,3H-benzo[b]thiophene-2,3-diones on treatment with nucleo- 
philes?O It has been proposed in some cases, that this single-electron transfer step takes place through a 
charge transfer complex between the nucleophile and the aromatic substrate.21.22 Some reactions occur 
spontaneously, i .e. without any catalysts or reagents other than the substrate and the nucleophile, but the 
initiation process is usually, although not invariably, photostimulated (near-ultraviolet radiation, 30& 
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ArNuo- + ArX - ArNu + ArX*- (4) 

ArX + Nu- - ArXr + Nu- ( 5 )  

400 nm). Indeed, the catalytic effect of irradiation has been used extensively as a mechanistic probe for 
the occurrence of aromatic substitution by the S R N ~  mechanism. It should be noted, however, that some 
powerful nucleophiles, such as the phenylated anions of the Group IVA do not need photo- 
stimulation to bring about reaction. In similar fashion, reactions between the enolate ion from pinacolone 
(CHzCOBu') and iodobenzene or bromobenzene also proceed spontaneously in DMSO in the absence of 
irradiation, although irradiation certainly increases the reaction ratesz6 

A practical disadvantage of using dissolving alkali metals, first noted by Bunnett and Kim in their in- 
itial discovery of the aromatic S R N ~  reaction,l is formation of reduction products, i.e. replacement of the 
nucleofuge by a hydrogen atom (equation 6; Soh-H is solvent). The first example of an electrochemi- 
cally induced aromatic substitution of the SRNl-type was reported in 1970,27 when it was demonstrated 
by cyclic voltammetry that the substitution of iodide by cyanide in p-iodonitrobenzene could be accom- 
plished. In 1974, Pinson and SavCant** carried out the substitution of the bromine in p-bromobenzophe- 
none with PhS- ion under electrocatalytic conditions (0.2 F mol-') and since this beginning, 
electrochemically induced SRN I processes have been extensively studied, mainly by French chemists. In 
1980 SavCantI3 reviewed the earlier literature, which principally consisted of mechanistic studies. In 
more recent work, especially since 1985, electrochemically initiated reactions have been used in prep- 
arative procedures and these would appear to be an important addition to the synthetic use of the S R N ~  re- 
action, particularly with some nucleophiles which fail to react or react very poorly under other 
conditions, These nucleophiles include phenoxides, CN- and aci-nitronic ions (see Sections 2.2.3.1.4-6 
respectively). In some cases these reactions only take place under electrochemical conditions with stoi- 
chiometric amounts of current ( i t .  are noncatalytic processes) and are not really chain processes (e.g. re- 
action of iodobenzene with 2-nitropropan-2-ide ion).29 

Are + e- - SO~V-H 
Ar- c ArH 

The propagation steps in the SRN 1 sequence are the dissociative step (equation 2), the associative step 
(equation 3), and the single-electron transfer step (equation 4). These processes are discussed extensively 
in Chapter 8 of ref. 18. The nature of the nucleofuge is critical in that poor nucleofuges retard the disso- 
ciation of the intermediate radical anion, ArX-. (equation 2), and prevent the reaction from proceeding at 
a reasonable rate or stop it completely (see Section 2.2.2.3). 

The associative step (equation 3) determines the nature of the product, since in this step the syntheti- 
cally important bond formation between the aromatic moiety and the nucleophile takes place. The rates 
for the association of a number of nucleophiles with a variety of aryl and heteroaryl radicals has been 
measured in electrochemical studies2s31 and competitive product s t ~ d i e s . ~ ~ - ~ ~  The range of nucleophiles, 
classified according to the atom which becomes directly bonded to the aromatic ring, and, where the nu- 
cleophile is ambident, the regiochemistry of the association reaction shown in equation (3) are detailed in 
Section 2.2.3. The final propagating step (equation 4), that returns the chain-propagating electron from 
product radical anion to another molecule of substrate, is essential if a chain reaction is to continue. 

Several alternative processes can impede or dramatically alter the overall substitution reaction. First, if 
the product radical anion, ArNu-., is significantly more stable than the radical anion of the substrate, 
ArX-., then the electron transfer step in equation (4) can become rate limiting and the reaction may 
become very sluggish. This may be one of the contributing factors towards the absence of examples of 
nitrite ion acting as a nucleophile in aromatic S R N ~  reactions, It is known from other studies that NOz- is 
readily trapped by aryl  radical^,^^.^^ so failure of the associative step, (equation 3; with Nu- = N o r )  can- 
not account for lack of reaction. The nitroarene radical ion, ArNa- . ,  formed is relatively too stable and 
so propagation of the chain is stopped. Second, the radical anion, ArNu-e, can fragment (i.e. dissociate 
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with breaking of a bond other than the newly formed &-Nu bond), rather than transferring an electron 
to ArX. The mode of fragmentation depends on the nature of the aryl group, including the attached sub- 
stituents, and the nature of the group Nu. Radical ions bearing a second nucleofugic group can dissociate 
to give new aryl radicals whose subsequent reaction leads to overall disubstitution, whereas dissociation 
within the Nu substituent can give rise to alternative aryl radicals or to unproductive radicals that termi- 
nate the radical chain. Two examples will suffice to show how poor yields of the desired products result 
when these processes take place. The reaction of p-iodoanisole with PhSe- ion in liquid ammonia, in ad- 
dition to the desired product (1) gives the selenides (2) and (3; equation 7). This mixture of products is 
explicable in terms of the reversible associatioddissociation sequence given in equation (8), in which 
two different cleavages of the aryl-Se bond compete with the electron transfer propagation step.35 This 
phenomenon, leading to ‘aryl scrambling’ also occurs with arsenic, antimony and tellurium derivatives 
(see Sections 2.2.3.2.5 and 2.2.3.3.2). As the result of a quite different cleavage, reaction of bromoben- 
zene with -CH2CN provoked by potassium metal, gives a poor yield of phenylacetonitrile, and gives rise 
to appreciable amounts of 1.2-diphenylethane (4; equation 9).38 When the same reaction was carried out 
under photostimulation (less reducing reaction conditions), (4) is still the major product, phenylacetoni- 
trile remains a minor product, and small amounts of 1,1,2-triphenylethane and 1.1,2,2-tetraphenylethane 
are d e t e ~ t e d . ~ ~ . ~  Fragmentation of the initially formed radical anion of phenylacetonitrile to give cyanide 
ion and benzyl radicals (equation 10) explains the formation of (4) (by dimerization) and toluene (elec- 
tron transfer/protonation). Similar behavior is shown by the intermediate radical anions formed in re- 
action of aryl radicals with aci-nitronate and alkanethiolate ions. The occurrence of alternative 
fragmentation processes in S R N ~  reactions has been reviewed by Rossi.‘“ 

OMe 

Y I 

6 + PhSe- = 

SePh 

(1) 25% 

6 
SePh 

- . 

I 
Se + PhSePh 

OMe 

(2) 19% (3) 20% 

(7) 

Se- 

(9) W” PhBr + %H2CN 1 PhCH2CN + (PhCH2)2 + Ph2CH2 + PhMe + PhH 

5% (4) 14% 3% 26% 43% 

Termination steps in SRN 1 reactions compete with the propagation steps and, although these processes 
have aroused considerable mechanistic and theoretical speculation (see Chapter 9 in ref. 18), their ef- 
fects, with several important exceptions, are not significant. For example the self-coupling of aryl radi- 
cals (equation 11) does not appear to occur under the conditions used for the S R N ~  reaction. One 
potentially disruptive termination step is reduction of the intermediate aryl radical (equation 6). The 
source of the reducing electron can be a dissolving metal (or solvated electron), one of the radical anion 
intermediates in the reaction (ArNu-. or ArX-.), an electrode, or the nucleophile itself. These termination 
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processes can normally be minimized by suitable choice of reaction conditions. In the rare cases of re- 
duction of the intermediate radical by the nucleophile (equation 12) competing successfully with the as- 
sociative propagating step (equation 3) the S R N ~  reaction is doomed to failure. This phenomenon was 
used to explain the failure of p-nitrophenyl and p-cyanophenyl radicals to couple with aci-nitronic ions.36 
Another termination reaction is abstraction of a hydrogen from solvent (Soh-H; equation 13) to give an 
aromatic hydrocarbon and a solventderived radical, which invariably is nonchain propagating. Although 
rate constant data for abstraction of hydrogen atoms from DMSO, DMF and acetonitrile indicated that 
these solvents might lead to interference with the successful operation of SRNI reactionsP2 the abstrac- 
tion of hydrogen from these dipolar aprotic solvents, or from the much poorer hydrogen atom donor liq- 
uid ammonia, most commonly used in these reactions, does not appear to interfere significantly. One 
process, which sometimes limits the scope of the S R N ~  reaction, involves the reaction of aryl radicals 
with enolate ions having abstractable p-hydrogens. The classic example of this side reaction occurs in 
the reaction of phenyl radical (from iodobenzene) with the enolate ion (5) from diisopropyl ketone, as 
outlined in Scheme 1 .  Hydrogen abstraction from the enolate ion by the phenyl radical competes with as- 
sociation of the phenyl radical with (5). and gives the relatively stable (and hence chain-terminating) 
radical anion (6). Disproportionation of (6) into the dianion (7) and the a,P-unsaturated ketone (8). fol- 
lowed by protonation of (7) by the solvent, regenerates the enolate ion (5). Michael addition of (5) to (8) 
gives the by-product (9) in yields as high as 20%."3 Similar abstraction processes occur in intramolecular 
reactions, and the work of Semmelhack and coworkers with the deuterated ketone (10) showed that p- 
hydrogen (deuterium) abstraction was occurring by isolation of the deuterated ar$-unsaturated ketone 
(11).4v45 Another significant termination phenomenon is fragmentation of the radical anion of the in- 
tended product, (ArNu-.), to give an unproductive (nonchain-propagating) radical, e.g. the benzyl radical 
(equation 10). 

2Ar. - Ar-Ar ( 1  1 )  

Ar- + Soh-H - ArH + Soiv- (13) 

+ PhH 

Scheme 1 
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Inhibition of the S R N ~  reaction by a number of substances such as 2-methyl-2-nitmsopmpane, tetra- 
phenylhydrazine, oxygen, di-?-butyl nitroxide, and rn- and p-dinitrobenzene has been demonstrated, but 
clearly for synthetic purposes all such substances must be excluded from the appropriate reactions. One 
important practical consequence is that all S R N ~  reactions should be carried out under an inert atmos- 
phere to avoid inhibition by oxygen; nitrogen or argon are generally used. Anomalous cases are known, 
however, where oxygen did not affect the reaction rate or in fact, accelerated the reaction. Coupling of 
phenyl radicals with (Et0)2PO- appears to be too rapid to be affected by oxygen.21 The reaction of io- 
dobenzene with K+ -CH2COBut in DMSO in the dark was actually accelerated by oxygen, but no useful 
yield of the expected S R N ~  product was obtained since it was destroyed by oxygen under the reaction 
conditions?6 

2.2.2.2 Choice of Solvents 

The number of solvents that have been used in S R N ~  reactions is somewhat limited in scope, but this 
causes no practical difficulties. Characteristics that are required of a solvent for use in S R N ~  reactions are 
that it should dissolve both the organic substrate and the ionic alkali metal salt (M+Nu-), not have hy- 
drogen atoms that can be readily abstracted by aryl radicals (cf. equation 13), not have protons which can 
be ionized by the bases (e.g. "2- or But@ ions), or the basic nucleophiles (Nu-) and radical ions (RX-. 
or RNu-.) involved in the reaction, and not undergo electron transfer reactions with the various inter- 
mediates in the reaction. In addition to these characteristics, the solvent should not absorb significantly in 
the wavelength range normally used in photostimulated processes (300400  nm), should not react with 
solvated electrons and/or alkali metals in reactions stimulated by these species, and should not undergo 
reduction at the potentials employed in electrochemically promoted reactions, but should be sufficiently 
polar to facilitate electron transfer processes. 

A comparison of the suitability of solvents for use in SRN 1 reactions was made in benzenoid systems46 
and in heteroaromatic systems.47 The marked dependence of solvent effect on the nature of the aromatic 
substrate, the nucleophile, its counterion and the temperature at which the reaction is carried out, how- 
ever, often make comparisons difficult. Bunnett and coworkers46 chose to study the reaction of iodoben- 
zene with potassium diethyl phosphite, sodium benzenethiolate, the potassium enolate of acetone, and 
lithium t-butylamide. From extensive data based on the reactions with K+ (Et0)zPO- (an extremely reac- 
tive nucleophile in SRN 1 reactions and a relatively weak base) the solvents of choice (based on yields of 
diethyl phenylphosphonate, given in parentheses) were found to be liquid ammonia (96%), acetonitrile 
(94%), t-butyl alcohol (74%), DMSO (68%), DMF (63%), DME (56%) and DMA (53%). The powerful 
dipolar aprotic solvents HMPA (4%), sulfolane (20%) and NMP (10%) were found not to be suitable. A 
similar but more discriminating trend was found in reactions of iodobenzene with the other nucleophilic 
salts listed above."6 Nearly comparable suitability of liquid ammonia and DMSO have been found with 
other substrate/nucleophile combinations. For example, the reaction of p-iodotoluene with Ph2P (equa- 
tion (14) gives 89% and 78% isolated yields (of the corresponding phosphine oxide) in liquid ammonia 
and DMSO respectively."8 

As an example of the dangers associated with interpreting solvent effects in these reactions, it was 
found in reactions involving K+ -CH2COMe with 2-chloroquinoline, that liquid ammonia gave the most 
rapid reaction and the best yields (at -33 "C) and that the rate of consumption of 2-chloroquinoline at 
ambient temperature increased with solvent in the order benzene = ether c< DME c THF c DMF < 
DMSO. Moon and Wolfe wrote that, 'however, for preparative purposes, the more polar solvents DMF 
and especially DMSO, appear to offer no advantages over THF, in which substitution proceeds at very 
respectable rates with a minimum of side  reaction^'."^ These same authors found in the same study, how- 
ever, that iodobenzene failed to react in THF with K+ %H2COMe. The reaction of bromobenzene with 
K+ -CH2COBut, as shown in equation (15), after 80 min gave the substitution product (12) in yields of 
96% (liquid ammonia, -33 T ) ,  84% (DMSO, 35 "C) and 57% (DMF, 35 'C) and failed completely in 
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THF.45 To confuse the situation further, THF is found to be a quite appropriate solvent for cyclization re- 
actions in which the enolate ion from an amide attacks a benzene ring in t r am~lecu la r ly .~~~~~  

NHdhv 0 
PhBr + -1 - 

H2C Bu' 

Aprotic solvents, such as DMSO and acetonitrile generally give good results, and the latter appears to 
be the solvent of choice (with appropriate supporting electrolytes) in electrochemically initiated re- 
actions. 

Protic solvents (other than ammonia) are generally unsuitable on account of their high acidity relative 
to that of most nucleophiles used in S R N ~  reactions. Water was found to be unsuitable, even with water- 
soluble substrates and weakly basic n~cleophi les .~~ The reported reaction of halobenzenes with PhO- in 
50% aqueous Bu'OH, catalyzed by sodium amlagam,5' was shown to be unreprod~cible.~~ Methanol was 
used as solvent in an unusual reaction, believed to be occurring by the S R N ~  mechanism and catalyzed by 
Me@ at 147 'C, in which PhS- replaces the bromine in 3-bromoisoq~inoline.~~ Other protic solvents 
have been reported to give acceptable yields in S R N ~  reactions, but on the whole these involve substrates 
which give good yields in other solvents as well. 

In general, from among the protic solvents, only liquid ammonia (the first used)' is particularly useful, 
and is still used more than any other solvent despite the low temperature at which reactions have to be 
carried out (b.p. -33 "C) and the fact that solubilities of some aromatic substrates and salts (M+Nu-) are 
poor. Ammonia has the added advantage of being easily purified by distillation, being an ideal system 
for production of solvated electrons, and has very low reactivity with basic nucleophiles and radical an- 
ions, and aryl radicals. Also, poor solubilities can sometimes be ameliorated by use of cosolvents such as 
THF. In addition it can be used as a solvent for the in situ reductive generation of nucleophiles such as 
ArSe- and ArTe- ions, e.g. the formation of PhTe- from diphenyl ditelluride (equation 16).54,55 

"3 

>80% 
PhTeTePh + 2Na - 2Na'PhTe- 

2.2.23 Nature of the Nucleofuge 

Practical considerations, namely the ready availability of halogenated aromatic compounds, normally 
lead to the use of a halogen as the nucleofuge (X) in aromatic S R N ~  reactions (see equation 2). Other 
leaving groups have been used, however, and the best comparative lists are given by Rossi and Bunnett, 
who studied the reductive cleavage of various aromatic substrates (ArX) with potassium metal in liquid 
ammonia, in the presence of the enolate from a ~ e t o n e . ~ ~ , ~ ~  The suitability of groups as nucleofuges was 
measured by the overall production of phenylacetone (13). together with its reduction product (14) and 
1, l-diphenylacetone (15; equation 17). Unsuitable nucleofuges gave predominant formation of benzene, 
formed by the alternative cleavage/protonation sequence (equation 18), failed to react or formed other 
products. In addition to the halogens, other nucleofuges used in the above and other work, with 
varying degress of success, include: the (Et0)2(P,.0)0,33.38.58,59 Ph0,1*58 Me3N+,38@ Ph2S+,58 and Phl+ 
groups. Although ArS and ArSe groups were used as nucleofuges in the earlier s t ~ d i e s , ~ ~ ~ ~ - ~ '  the use of 
these groups is not recommended since fragmentation of radical anions of the form Ar-Y-Ar (Y = 
Se, Te) can introduce the problem of aryl scrambling ( e g .  equation 8).41 The reactions of arenediazo- 
nium ions with some nucleophiles almost certainly occur by a mechanism which has many of the charac- 
teristics of the S R N ~  reaction. These reactions will not be discussed in detail here, but two recent 
synthetic routes which present convenient preparations of arenecarbonitriles62 and diary1 sulfides63@ and 
involve intermediacy of arenediazo sulfides, are summarized in Scheme 2. The radical anion of the diazo 
sulfide is believed to be formed and to dissociate as shown in equations (19) and (20)62-64 to give aryl 
radicals which are trapped by either CN- and/or arenethiolate ions. 

The reactivity sequence in the the aryl halides, in decreasing order, has been found to be ArI > ArBr > 
ArCl>> ArF (with the same aryl group) and this is believed to result, among other factors, from the well- 
known greater nucleofugicity of the halogens in the sequence I- > B r  > C1- >> F, differences in reduc- 
tion potentials of the corresponding substrates, and solvation effects (see Chapter 8 in ref. 18). Typical 
examples confirming the above reactivity order are found in the reaction of the halobenzenes with 
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I Ph 

W " 3  "3 
PhX - PhK- Ph-+ X*- PhH 

Ar-CN 

(18) 

Scheme 2 Ar-S-Ar' 

-CH2COMe,58 CH2CNa or, in competitive studies, with -CHzCOBut and (EtO)zPO-?* and in reactions 
of THzCOMe with 2-bromo-, 2-chloro- and 2-fl~oro-pyridine.~~ Bunnett and coworkers have identified 
a peculiar leaving group effect in the reaction of halobenzenes with the enolate ion of acetone, in re- 
actions stimulated by solvated electrons. They found that both the ratio of (13):(14) and the amount of 
benzene formed in the reaction given in equation (17) depended on the halogen, and both decreased as 
the halogen was changed from fluorine through chlorine and bromine to iodine. This phenomenon was 
interpreted as resulting from competition between rate of advance of solvated electrons through the sol- 
vent to the reactive intermediates and the rate of decomposition of the intermediate radical anions, ArX-. 
(X = ha l~gen) .~ ,~ '  This observation is of more than mechanistic interest, since it indicates that the aryl 
iodides (or bromides) are usually the substrates of choice in benzene derivatives because, not only are the 
reactions faster, but, in the case of reactions stimulated by solvated electrons, production of by-products 
is minimized. On account of the greater degree of reactivity in some heteroaromatic and polycyclic aro- 
matic substrates, the use of aryl chlorides usually gives quite satisfactory results. 

An exception to the above generalizations appears to be in reactions which are induced by electro- 
chemical means. In cases where the intermediate radical anion, ArX-a, decomposes so rapidly that the 
aryl radical produced is still near the reducing electrode, a second electron transfer can take place with 
production of the aryl anion (see equation 6). Clearly a less nucleofugic halogen is preferable under these 
conditions. As confirmation of this principle, in the reaction of 2-halogenoquinolines with PhS- and 
PhCOCH2- ions the best electrochemically induced substitution reactions take place when the halogen is 
chlorine, less substitution occurs with bromine and significant, if not predominant reduction to give qui- 
noline, occurs with the iodo compound.68 The special selectivity problems which arise when a substrate 
has two nucleofuges attached is discussed in Section 2.2.2.4.2. 

2.2.2.4 Nature of the Aromatic Substrate 

The generalizations in the following discussion are based on reports of reactions camed out under 
ideal conditions, i.e. liquid ammonia or DMSO as solvent, photostimulation rather than 'dark' reactions, 
most appropriate nucleofuge, etc. The range of nucleophiles which can be used are itemized in Section 
2.2.3, which also contains several extensive tables in which the range of substrates can be clearly seen. It 
must be noted, however, that reactions which proceed in high yield with one nucleophile may fail or pro- 
ceed inefficiently with another if the nucleophile is incompatible with substituents on the aromatic sub- 
strate. 
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233.4.1 Benzene rings with one nucleofuge 

The S R N ~  on benzene rings with only one nucleofuge, the best normally being either iodine or 
bromine, is an excellent method for replacing the nucleofuge without interference from cine substitution 
processes. The unsubstituted benzene ring reacts readily with most nucleophiles, but there are now suffi- 
cient examples of reactions which fail with the unsubstituted ring, but succeed when the ring has particu- 
lar substituents, to modify the earlier generalization that there is no requirement for activation by 
substituents? Bunnett and coworkers have summarized the effect of ortho substituents on S R N ~  reaction 
with BurCOCHz- and (Et0)2PO- i0ns.6~ They showed that a wide range of o-substituents and, in an ear- 
lier studyJO a large number of substituents in general, can be tolerated without deleterious effect. Beugel- 
mans and coworkers, have more recently observed that o-, m- or p-cyano, o-carbonyl, o-methoxy or 
o-amino functions have a substantial facilitating effect on the reaction of halobenzenes with nucleophiles 
such as phenoxides, or the enolate ions of aldehydes and P-dicarbonyl compounds and that reactions 
with these nucleophiles generally fail to give substitution products without these specific substitu- 
e n t ~ . ~ ~ - ~ ~  

In general, electron-donating groups such as alkyl, alkoxy or aryloxy groups do not interfere, with 
good results being obtained even with two o-methyl groups (equation 21).70 Moderate steric hindrance 
does not impede substitution, but one But or two Pri groups ortho to the nucleofugic halogen reduce re- 
activity of the aromatic substrate and lead to substantial replacement of the halogen by hydrogen.70 
Ionized phenolic groups (4) do prevent reaction,70 but, contrary to the earlier report,70 the dimethyl- 
amino group does not interfere.76 o-Amino groups have the special facilitating effect discussed above, 
but m- and p-iodoanilines also react readily with (Et0)zPO- i0n.7~ 

0 
I 
I 

Electron-withdrawing groups, on the whole, do not interfere with the reaction as long as they do not 
react with the nucleophile, and, as mentioned above, facilitate the reactions with certain nucleophiles. 
This is also apparent in reactions carried out under electrochemical stimulation. Examples of substitution 
reactions on benzene rings bearing ionized carboxy (<Or), carbonylamino, acetyl, benzoyl, formyl 
and cyano groups are to be found in the references cited and the tables presented in Sections 2.2.3 and 
2.2.4. There are also numerous examples of electrochemically stimulated reactions where ben- 
zoy1,2g~29~31~78-81 cyan030~78~g0~g2-86 and p-acetyl groupsg7 are present on the benzene ring. 

The nitro group, which most successfully facilitates both the SNAr reaction and the aliphatic version of 
the SRN 1 reaction, appears to prevent the aromatic SRN 1 reaction under nucleophile-initiated condi- 
t i o n ~ ? ~ , ~ ~ * ~ ~  with the possible exception of the reaction of o-iodonitrobenzene with -CHZCOBU'.~~ 

Aromatic substrates with a CF3 group either ortho or para to the halogen, on reaction with the the eno- 
lates from acetone or pinacolone, undergo reactions in which HF is eliminated from the initially formed 
S R N ~  product.g8 The normal substitution product is obtained, however, on treatment of m-CF3-iodoben- 
zene with ketone e n ~ l a t e s ~ ~ , ~ ~  or on reaction of o-CF3-iodobenzene with (Et0)2PO- ion.88 

2.2.2.4.2 Benzene rings with two nucleofuges 

When the aromatic ring bears two nucleofugic groups, the decision as to which of the two is replaced 
or whether both are replaced depends on the nature of the two groups, their relative positions (ortho, 
meta or para) and the reaction conditions. The dependence on the above factors is best explained in 
terms of dissociation of the intermediate anion radical, X-Ar-Y-e, with two nucleofuges X and Y, and 
the subsequent reactions shown in equations (22)-(26). Initially, the better nucleofuge (Y-), departs from 
the first-formed radical anion, as shown in equation (22), and consideration of all reactions with diha- 
lobenzenes results in affirmation of the reactivity sequence I- > B r  > C1- >> F-. In cases where one of 
the two halogens is fluorine only monosubstitution occurs (e.g. equation 27).7038'92 These results show 
that the C-F bond does not cleave in either equation (22) or (24). With the other halogens, the sequence 
of reactions in equations (22), (23) and (24) and (26) lead to disubstituted products, whereas the reactions 
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in equations (22), (23) and (25) lead to monosubstituted products. The product distribution is determined 
by the relative rates of the reactions in equations (24) and (25). 
For diiodo compounds the dissociation of the radical anion IArNu-. appears always to be faster than 

the electron transfer step (equation 25) and disubstitution invariably takes p l a ~ e . * ~ ~ ' * ~  Bromoiodo and 
dibromo compounds behave similarly to the diiodo derivatives, with trace amounts of the monosub- 
stituted monobromo compounds being found among the reaction products, but only when the halogens 
are in a metu relation~hip.9~~~~ o-Dibromobenzene, for example, reacts readily with I=H2COBut to give 
the disubstituted product (16) in 62% yield with no evidence of formation of the monosubstituted p 
duct." Similarly, with MeCOCH2-, no monosubstituted product is isolated, but the initially formed di- 
substituted product (17) undergoes an internal aldol condensation to give a 64% yield of a mixture of the 
compounds (18) and (19) and also undergoes a further S R N ~  reaction with odibromobenzene to give (20) 
in 5% yield." 

XArNui - *ArNu + X- 
OR 

I 
OEt 
I 

EtO-P=O 

F I 
F 

(16) R = But 
(17) R = M e  

(19) 

Chloroiodo compounds give disubstituted products when the halogens are in an ortho or pura relation- 
ship, with trace amounts of monosubstituted p r o d u c t ~ , 8 ~ . ~ , ~ ~  whereas with m-chloroiodobenzene the ratio 
of monosubstituted to disubstituted product depends on the nucleophile. With (Et0)2PO- ion, the m o m  
substituted product (21) can be isolated in 89% ~ i e l d ~ ' . ~ ~  and the disubstituted product (22) is formed in 
only 4% yield, whereas with PhS- the disubstituted product (23; 91%) is by far the major product.% This 
difference in behavior has been attributed to stabilization, by the electron-withdrawing P(O)(OEt)2 
group, of the intermediate radical anion formed in the reaction with (Et0)2PO-, allowing the intermediate 
to undergo the electron transfer process in equation (25) in preference to the fragmentation reaction in 
equation (24)>2 By way of contrast, the m-chloroiodo relationship in some 5-chloro-7-iodoquinolines 
(both of the halogens are on the benzene rather than the pyridine ring), results in initial, almost exclusive 
substitution of the iodine by sulfur-, carbon- and phosphorus-based  nucleophile^>^-^^ o-Dihalobenzenes 
(24) and (25) when treated with the dithiolate (26) give good yields of cyclic product (27; equation 28), 
and no monosubstituted product could be detected>8 

Other substrates, in which one of the two nucleofuges is not a halogen, have been studied. Haloarene- 
diazo sulfides on treatment with arenethiolate ions give substantial formation of bis(ary1thio)arenes 
except that the monofluorophenyl sulfide is produced when the halogen is fluorine,64 and p-iodophenyl- 
trimethylammonium ion, on treatment with benzenethiolate ion in liquid ammonia, gives p-bis(pheny1- 
thio)benzene in 95% yield.% 
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Benzene derivatives with two nucleofuges have been used in the preparation of polymeric materials 
with varying degrees of success. Poly( 1 ,Cphenylene sulfide) has been prepared by condensation of p-di- 
chlorobenzene with sodium sulfide,w*loo and in a related process, diazonium ions have been shown to in- 
itiate the polymerization of p-halobenzenethiolate ions. lo l  In a preliminary study, poorly characterized 
polymers were obtained from reaction of equimolar amounts of p-dihalobenzenes and the enolate ions 
from ketones in the presence of excess base. When an excess of the ketone enolates was used, the nonnal 
p-disubstituted derivatives were formed. IO2 

X 

(21) X = CI ; Y = P(O)(OEt)2 
(22) X = Y = P(O)(OEt)2 
(23) X = Y = SPh 

(24) X = C I , Y  =Br 
(25) X = Y = I 

2.2.2.4.3 Polycyclic arenes 

The extension of the SRNI reaction to polycyclic aromatic substrates has been limited almost entirely 
to the simple halogenated derivatives (see tables and references in Section 2.2.3). The substrates used in- 
clude 4-halobiphenyls, 1 - and 2-halonaphthalenes, 9-bromoanthracene and 9-bromophenanthrene. There 
appears to be only one report on the effect of additional substituents on these ring systems; the ionized 
phenolic group in 1-bromo-2-naphthoxide causes substitution of the bromine by -CHzCN to be com- 
pletely supplanted by a reductive process.39 

The increased stability of the radical anions of the products (ArNu-.), when the aryl moiety is a poly- 
cyclic system, has important practical consequences in that intermediates, which in the benzene series 
dissociate and give fragmented or rearranged products, are now sufficiently stable to allow chain-propa- 
gating electron transfer to take precedence.'" The successful reaction of 4-chlorobiphenyl with -CHzCN 
(equation 29),39 for example, contrasts with that of bromobenzene (see equations 9 and and other 
halo benzene^.^^^ Similar reduction in the occurrence of fragmentation processes and 'aryl scrambling' 
is seen when the benzene ring is replaced by polycyclic systems in reactions with alkanethiolate,lo3 
ArSe- and ArTe- ions?4 and PhzAs- and PhzSb- ions.25 Thus, butanethiolate gives a poor yield of sub- 
stitution product (14%) with iodobenzene, but the reaction in the naphthalene system proceeds well 
(equation 30). I O3 

CN 
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2.2.2.4.4 Heteroaroinatic compounds 

Numerous halogenated heteroaromatic substrates undergo S R N ~  reactions with a variety of nucleo- 
philes (see tables and references in Section 2.2.3 for specific examples). The substrates used to date in- 
clude all four 2-halopyridines, 3-bromo- and 3-iodo-pyridine, 4-bromopyridine, 2-chloro-, 2-bromo- and 
2-iodo-quinoline, 3-bromoquinoline, 3-bromoisoquinoline, 2-chloropyrimidine, 2chloropyrazine, 2- 
chloroquinoxaline, 4-chloroquinazoline, 2-chloro-, 2-bromo- and 2-iodo-thiophene, 3-bromothiophene, 
2-chlorothiazole, 2-bromothiazole and 9-alkyl-6-iodopurines. Although the earlier studies were restricted 
to these monosubstituted derivatives (2-chloroquinoline often being used as a model system), more re- 
cent studies indicate that a similar range of substituents to that tolerated in the benzene system can be 
situated on the heteroaromatic ring. o-Substituents such as aryl, alkyl, alkoxy, fluoro, amino and func- 
tionalized amino, acyl, cyano and carbonylamino groups do not interfere. Alkyl and alkoxy groups in 
other positions similarly do not have a deleterious effect on reactivity. It would appear that the nitrogen- 
containing, wdeficient heterocycles give the best results, with yields from wexcessive substrates (e.g. 
halothiophenes) generally being poor. 2-Halothiazoles (m-excessive substrates) do react but SNAr pro- 
cesses take place with some nucleophiles. Dihalopyridines behave in similar fashion to the benzene deri- 
vatives. Disubstituted derivatives are formed in good yields in the reaction of the 2,3-, 2 5 ,  2.6- and 
3S-dihalo systems with -CH2COBut (equation 3 l ) , 6 5 7 1 @ '  but with the anion of phenylacetonitrile mixtures 
of mono- and di-substituted products result.'@' It is noteworthy that under different reaction conditions, 
treatment of 2,6dibromopyridine with the anion of 2-pyridylacetonitrile gives only the monosubstitution 
product in a reaction whose mechanism has not been delineated.'05 

NHJhv 
X- -X + ButCOCH2- - Bu'COH2C-i- -CH2COBut (31) 

A A 
LN4J 43-89% L N 4 J  

The relative reactivity of heteroaromatic compounds and their reactivity relative to the benzene system 
have not been extensively studied, but the reactivity sequences (decreasing) 2-chloroquinoline > 2-bro- 
mopyridine > br0mobenzene,6~ 2-bromopyridine > 3-bromopyridine > 4-br0mopyridine~~ and the re- 
activity order I > Br > C1 > P5.'06 allow a relative assessment of reactivity to be made. The relative ease 
of displacement of chlorine in differing environments is clearly shown in the dichloro compounds (28) 
and (29). in which the indicated chlorines are cleanly and preferentially replaced.'" 

The trend observed with the polycyclic hydrocarbons (see preceding section), namely that the product 
radical anions (ArNu-.) are more stable than those derived from the simple benzene analogs, is even 
more evident with the heteroaromatic substrates and, as a consequence, fragmentation processes are mi- 
nimized!' For example, 2-chloroquinoline is the only substrate of many studied to undergo a substitution 
reaction with PhCH2S- ion without fragmentation of the benzyl4 bond,Io3 and to react with diphenyl- 
arsenide ion without scrambling of the aryl moieties.25 

/ 
CI 

I 

2.2.2.4.5 Vinylic compounds 

The report by Bunnett and coworkersto7 of substitution of halide by MeCOCH2- or PhS- ions in vinyl 
bromides or iodides appears to be the only synthetic application of the S R N ~  reaction at vinylic sites. The 
reactions, particularly with benzenethiolate ion, are slower than those of aryl halides and the yields are 
not as good. Tautomers or mixtures of products result in the reactions with MeCOCH2- (e.g. equation 
32). 

Ph Ph 
48% 34% 

Ph' 
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2.2.3 SUBSTITUTIONS BY THE S R N ~  REACTION 

The S R N ~  reactions are grouped according to the attacking element in the nucleophilic species, i.e. ac- 
cording to the new aryl-element bond being formed. These reactions are convenient one-step substitu- 
tion reactions leading from aryl halides (or arenes with appropriate nucleofuges) to a variety of classes of 
aromatic compounds. 

With the majority of nucleophiles, regiochemical problems resulting from arnbident behavior do not 
present any practical difficulties. Theoretical considerations indicate that in the key bond-forming re- 
action (equation 3) the aryl radical should attach itself to the site of greatest basicity.Ia This theory is 
consistent with the observation that enolates (including aryloxides) do not give rise to 0-arylation pro- 
ducts. With aryloxides, arylation ortho and para to the ionized hydroxy occurs (see Section 2.2.3.1.4). 
Ambident behavior of anions in aromatic S R N ~  reactions is very rare, and is observed in the arylation of 
the delocalized carbanions of conjugated alkenes, arylation of arylarnides, where 0- and p-attack usually 
predominates over N-attack,lo9 and to a trivial extent in the heteroarylation (in the o- and p-positions on 
the benzene ring) of the a-carbanion from phenylacetonitrile. An example of this latter minor irritation is 
seen in the reaction of 4-bromopyridine with -CH(Ph)CN, which gives 3% of (30) and 6% of (31).II0 
The regiochemistry of the C-arylation of ketones, which form different enolate ions is discussed in Sec- 
tion 2.2.3.1.1. 

The preparation of cyclic compounds is discussed separately in Section 2.2.4. 

2.2.3.1 Formation of C-C Bonds, Carbon-based Nucleophiles 

2.2.3.1 .I Preparation of a-aryl ketones 

The reactions between haloarenes and ketone enolates are by far the most extensively studied among 
S R N ~  reactions, and represent one of the few generally applicable methods for preparation of a-aryl 
ketones. The extensive list of the aromatic substrates and the ketones, from which the enolates are 
derived, together with the yields of a-arylated or a-heteroarylated ketones are collected in Tables 1 and 2 
respectively. Most of these examples are taken from reactions which have been performed under photo- 
stimulated conditions, although several take place spontaneously (‘in the dark’). Most of the reactions 
were camed out in liquid ammonia, and the enolate ion was generated from the ketone by treatment with 
an appropriate base, usually NHz- or Bu‘O-. The alternative process, under alkali metal stimulation, is 
normally best avoided since it leads to formation of products in which either the carbonyl group has been 
r e d u ~ e d , ~ ~ , ~ ? ~ ~  the aromatic ring has been reduced (e.g. with naphthalene derivatives).’ I or substantial 
replacement of halogen by hydrogen takes p l a ~ e . ~ , ~ ~  This change in product distribution is evident when 
the yield of phenylacetone in the potassium-stimulated reaction (equation 33)67 is compared with that ob- 
tained (60%) in the photostimulated reaction of PhF with M~COCHZ-.~* 

PhF + %H*COMe - K/”3 P h / \ l (  + P h y  + PhH (33) 
0 OH 

29% 12% 42% 

Even when the reductive processes, so evident in metal-stimulated processes, are avoided, several side 
reactions can still cause reductions in the yield of the desired a-arylated ketones. The first, abstraction of 
@-hydrogen atoms from the enolate ion by the aryl radical, has already been mentioned (Section 2.2.2.1) 
and is sometimes a serious, chain-terminating process.4345 This abstraction reaction, however, appears to 
be quite unpredictable. @-Hydrogen abstraction from the enolate of 2,4-dimethyl-3-pentanone (R’COR’; 
Table 1) which severely disrupts the reaction with iodobenzene, does not prevent high-yielding reactions 
of the same enolate (and those from other ketones with a-branching) with many other substrates. In in- 
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Table 1 Yields of a-Arylated Ketones Formed in Photostimulated Reaction of Ketone Enolates with Aryl 
Substrates 

ArX Ketone" Yield (%)b Ref. 

PhBr 
PhBr 
PhBr 
PhBr 
PhBr 
PhBr 
PhBr 
PhBr 
PhBr 
PhBr 
PhI 
PhI 
PhI 
PhI 

4-AcC&Br 
2-OMeCdhI 

MeCOMe 
3 -Pentanone 
4-He tanone 

Bu$OMe 
Cyclobutanone 
C clo ntanone 
&cloExanone 
Cycloheptanone 
Cyclooctanone 

2-Indanone 
McCOMe wcow 
Bu'COMe 
PhCOMe 

2'-Acetona hthone 
MeCOKe 

4-Brom6bbiph&1yl 
2-Iodobi henyl 

3-FC&4I 
1,2-BncrjH4 
1,4-B&& 
2-CF3C&I 
3-CF3C&I 
3-NH2Ca4I 
4-NH2C&I 
3-NMezCsH41 
4-NMezCsH41 
2-CF3Cd41 
3-CF3C&I 
4-CF3Cd4I 

1 -Chlorona hthalene 
1 -IodonapKthalene 
2-Iodonaphthalene 
9-Brornoanthracene 

9-Bromophenanthrene 

Pr'COMe 
Bu'COMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
Bu'COMe 
MeCOMe 
Bu'COMe 
Bu'COMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
Bu'COMe 
Bu'COMe 
Bu'COMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 
MeCOMe 

93 
80 
80 
90 
90 
64 
72 
58 

95 (92) 
90 
67 
32 
87' 
67 
56 
67 
66 
100 
76 
68 
92 
85 
80 
70 
78 
26 
70 
69 
83 
56 
62d 
6Sd 
12 
35 
66 
33 
82 
90 
12 
40 
21 
88 
76 
75 

98Jp) 

70 
112 
112 
112 
112 
112 
112 
112 
112 
112 
58 
112 
113 
45 
114 
71 
71 
71 
70 
70 
70 
70 
70 
70 
70 
70 
70 
70 
69 
70 
94 
102 
88 
70 
73 
73 
76 
76 
88 
88 
88 
111 
70 
70 
70 
70 

'With unsymmetrical methyl ketones arylation occurred at the primary carbon. where two yields are stated the figure in 
parentheses is the isolated yield and the other is analytical (e.g. determined by GLC or 'H NMR). 'Reaction in the dark, catalyzed 
by iron(I1) sulfate. dBoth halogens replaced. 

termolecular reactions between aryl radicals and enolate ions, which do not have a-branching, f3-hy- 
drogen abstraction is usually negligible, except in reactions with o-halobenzamides where f3-hydrogen 
abstraction is significant and is even more evident in the N-alkylated benzamide~. '~~  

A second reaction which reduces the yield of a-arylated ketone is a,adiarylation. This process also 
appears to be somewhat unpredictable. Although concentrations of the reacting species were a little dif- 
ferent, the reaction of iodobenzene with acetone enolate appears to give higher proportions of 1.1-diphe- 
nylacetone than b r o m ~ b e n z e n e . ~ ~  With bromobenzene, reactions with enolates of other ketones generally 
give diphenylated ketones in 1 6 2 0 %  yields.lt2 3-Bromothiophene with acetone enolate gives a 2 5 5  1 
ratio of di- to mono-arylated acetones, whereas the 2-bromo isomer appears to give predominant 
monoarylation.l2I 2-Chlorothiazole, even with a fourfold excess of pinacolone enolate, gave mono- and 
di-arylation in a 53:25 ratio, but reaction of 2-bromothiazole gave no detectable diarylation."8 It would 
appear from inspection of the references cited in Table 1, that yields of monoarylated compounds are 
good, that monoarylation normally greatly predominates over diarylation and is favored by use of excess 
of the enolate ion. In a deliberate attempt to improve diarylation, treatment of MeCOCH2- with a three- 
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Table 2 Yields of a-Heteroary1ate.d Ketones Formed in Photostimulated Reaction of Ketone Enolates with 
Heteroaryl Substrates 

ArX Ketone. Yield (%)b Ref. 

2-Chloropyridine 
2-Bromopyridine 
2-Bromopyridine 
2-Bromopyridine 
3-Bromopyridine 
4-Bromopyridine 

2-Fluoro-3-iodopyridine 
2-Methoxy-3-iodopyridine 
2-Amino-3-iodopyridine 

2.6-Dichloropyridine 
2,6-Dibromopyridine 
2,3-Dichloropyridine 
3,5-Dichloropyridine 
3,5-Dibromopyridine 
2-Chloropynmidine 
2-Chloropyrimidine 
2-Chloropyrimidine 

2,6-(MeOh4CLPyrimidine 
4-But-5-Br-Pyrimidine 
4-Bd-5-Br-Pyrimidine 
4-Bd-5-Br-Pyrimidine 
4-Ph-5-Br-Pyrimidine 
4-Ph-5-Br-Pyrimidine 
4-Ph-5-Br-Pyrimidine 

3-CI-6-OMe-Pyridazine 
3-C1-6-OMe-Pyridazine 

2-Chloropyrazine 
2-Chloropyrazine 
2-Chloropyrazine 
2-Chlorop razine 
2-Chlorot~iazole 

4-Me-2-Cl-Thiazole 
J-Me-2-Cl-Thiazole 
2-Chloroquinoline 
2-Chloroquinoline 
2-Chloroquinoline 
2-Chloroquinoline 
2-Chloroquinoline 
2-Chloroquinoline 
2-Chlorquinoline 

5-C1-7-1-8-PfO-Quinoline 
5-CI-7-1-8-PfO-Quinoline 
5-Cl-7-1-8-PlfO-Quinoline 
5-C1-7-1-8-WO-Quinoline 

2-Chloroquinoxaline 
2-Bromothiophene 
3-Bromothiophene 

6-I-9-Et-Purine 
6-I-9-Et-Purine 
6-I-9-Et-Purine 
6-I-9-Et-Purine 

MeCOMe 
WCOMe 
Bu'COMe 

Cyclohexanone 
MeCOMe 
MeCOMe 
Bu'COMe 
Bu'COMe 
Bu'COMe 
Bu'COMe 
Bu'COMe 
Bu'COMe 
Bu'COMe 
Bu'COMe 
MeCOMe 
BujCOMe 
WCOW 
Bu'COMe 
MeCOMe 
Bu'COMe 
PhCOMe 
MeCOMe 
Bu'COMe 
PhCOMe 
MeCOMe 
Bu'COMe 
MeCOMe 
Bu'COMe 
WCOW 
PhCOMe 
Bu'COMe 
Bu'COMe 
Bu'COMe 
MeCOMe 

3-Pentanone 
Cyclo ntanone 

MeCOCH(0Meh 
PhCOMe 

PhCOCH2Me 

&OW 

MeCOMe 
Bu'COMe 

D-MeOCnHdCOMe 
' 2-Aceiylfuran 

Bu'COMe 
MeCOMe 
MeCOMe 
MeCOMe 

Cyclopentanone 
PhCOMe 

2-Acetylfuran 

85 
97 
94 
47 
65 
28 
92 
84 
87 
86' 
89' 
63' 
43c 
85' 
61 
32 
88 
98 

70-75 
95 

85-90 
25-30 
60-65 

72d 
9gd 
95d 
85d 
82d 
53 
64 
67 

44 (63) 
68 (94) 

80 
14 

31 (50) 
73e 
70e 
70e 

31 
51 
87 
65 
70 
67 

3 

E %I 

!3 

65 
65 
65 
65 
65 
65 
115 
115 
115 
65 
65 
104 
104 
104 
116 
116 
116 
116 
117 
117 
117 
117 
117 
117 
116 
116 
116 
116 
116 
116 
118 
118 
118 
119 
119 
119 
119 
73 
119 
119 
% 
% 
% 
% 
120 
121 
121 
122 
122 
122 
122 

'With unsymmetrical methyl ketones arylation occurred at the primary carbon. Where two yields are stated the figure in 
parentheses is the isolated yield and the other is analytical (e.g. determined by GLC or 'H NMR). 'Both halogens nplaced. 
dPhotostimulation was not necessary. 'Only the 7-iodine was replaced. 

fold excess of bromobenzene gave a 58:32 ratio of di- to mono-arylation with only trace amounts of ai- 
a r y l a t i ~ n . ~ ~  Other experiments also support the conclusion that triarylation is difficult.lm 

It is noticeable from the data in Table 1, that the number of examples of reactions involving the enol- 
ates of aryl alkyl ketones is limited. Bromo- and iodo-benzene were reported not to react with the enolate 
of acetophenoneI12 but the reaction with iodobenzene under 'more intense and longer irradiation' was re- 
ported to give a 67% yield of phena~ylbenzene .~~ Sufficient examples of the a-arylation of the enolates 
of aryl (and heteroaryl) alkyl ketones have been cited to indicate that these reactions are worth further in- 
vestigation. 

The regiochemistry of arylation of ketones has not been studied systematically, but there are sufficient 
data in the literature to allow reasonable predictions to be made. With enolates having one t-alkyl group 
attached to the carbonyl (e.g. ZH2COBu') or with those derived from aryl alkyl ketones, clearly no prob- 
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lem arises and attack at the sole available site takes place. Symmetrical ketones such as acetone, 3-penta- 
none and diisopropyl ketone also present no problems. With unsymmetrical dialkyl ketones, isomeric 
enolate ions can form and it would appear that the distribution of the two possible products formed by 
arylation of this mixture of enolate ions is determined principally by the equilibrium concentration of the 
various possible enolate ions.124 Although the ratio of attack at the two possible a-positions could vary 
according to the relative reactivity of the aryl radical toward the various enolate ions, and indeed this is 
the case, the above generalization explains the observed distribution of products. Reactions with the 
enolates derived from 2-butanone give predominant formation of products from attack at the secondary 
a-position; the ratio of products (32; Ar = Ph):(33; Ar = Ph) in reactions with iodo- or bromo-benzene is 
in the range 1.3-3.2:1,'24 with o-iodoanisole the corresponding ratio (with Ar = 0-anisyl) is 1.5:1,71 and 
with 3-amino-2-chloropyridine the ratio is 2.3: 1(Ar = 3-amin0-2-pyridyl).~~~ In the reaction of several 
aryl halides with the mixture of enolates from 3-methyl-2-butanone, the predominance of the less-sub- 
stituted primary enolate is reflected in major formation of isomer (34) in all cases. The ratio (34):(35) 
varied with the aryl group as follows: 16: 14s or 9: 1 (Ar = Ph); 7: 1 (Ar = 2-p~r idy l ) ;~~  and 5:l (Ar = 2- 
q~inol inyl ) .~ '~  When there is a substituent ortho to the halogen being displaced, the attack at the primary 
a-carbon is enhanced and vanishingly small proportions of products (or intermediates) corresponding to 
(35) were formed.7',76,'23,125,126 In the only reported case of a reaction with an a-substituted cyclohexa- 
none, attack at the tertiary carbon of the thermodynamically more stable enolate o c c ~ r r e d . ~ ~ . ~ ~ ~  

A substantial number of important syntheses that depend on the attack of ketone enolates on ortho- 
functionalized aryl or heteroaryl halides, and that lead to cyclized products are discussed in Section 
2.2.4.2. 

2.2.3.1.2 Preparcrtion of other a-arylated carbonyl compounds 

The arylation of acetaldehyde enolate by iod~benzene~~,~** or p-iod~aniline'~ failed, and the reduced 
products, benzene or aniline were obtained. In the reaction of aldehyde enolates with o-substituted deri- 
vatives, however, arylation does occur and in these cases subsequent cyclization reactions usually take 
place (see Section 2.2.4.2). The special effect of the o-substituents in facilitating reactions with aldehyde 
enolates is shown by the rare example of simple substitution ( i .e.  without concomitant cyclization) in 
equation (34).71 

CHO 
NHdhv 

40% 
+ TH2CHO - 

OMe 
(34) 

The a-arylation of the enolates of esters has only been studied superficially, and the results obtained 
with the t-butyl esters of acetic, propionic and isobutyric acids indicate that the method is not very 
promising in the benzene series. Arylation of the acetic ester with p-bromoanisole proceeds in 67%. but 
is accompanied by 29% a,a-diarylation,@ and arylation of the isobutyric ester with either bromobenzene 
or p-bromoanisole gave low yields of arylated material (1 1 %  and 5%. respectively).@.45 The principal 
process occumng with the isobutyric ester was f3-hydrogen abstraction from the enolate ion, clearly 
demonstrated by deuterium-labelling experiments.44 The reaction of the lithium enolate of the propionic 
ester with bromobenzene gave an encouraging result, with the a-phenylated ester being formed in 60% 
yield?' The potassium enolates of ethyl phenylacetate and ethyl a-phenylpropionate give 84% and 42% 
yields, respectively, of the products in which both of the bromines in 2,6-dibromopyridine have been re- 
placed, with no trace of the monosubstituted monobromo compounds being detected.IM 

Most of the information on simple a-arylation reactions on the enolates of amides comes from a single 
study by Rossi and Alonso.'28 They showed that with acetamide itself no arylation reactions took place, 
presumably on account of ionization of the N-H rather than the C-H bond and the observation that the 
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MeCONH- anion (also MeCONMe-), at least under electrochemically stimulated conditions,68 does not 
undergo S R N ~  reactions. The use of acetamides with the nitrogen protected by NJV-disubstitution allowed 
formation of the enolate ion with sodium amide in liquid ammonia and the resulting enolates gave yields 
of 5040% of the a-arylated products (e.g. equations 35 and 36).128 a,a-Diarylation was a minor nuis- 
ance (the mono- and di-substituted compounds were separable) and the insolubility of some salts (e.g. 
the potassium enolate of N-acetylpiperidine) in liquid ammonia prevented satisfactory reaction. The 
enolate ion from N-@-chlorobenzy1)-N-methylacetamide polymerizes on irradiation in liquid ammonia 
by the S R N ~  mechanism, but the enolate from N-(p-bromopheny1)-N-methylacetamide does not, a dif- 
ference explained in terms of an intramolecular interaction in the latter enolate between the nucleophilic 
and the nucleofugic sites.lo2 Examples of intramolecular attacks of amide enolates on o-substituted aryl 
halides are known, and these are discussed in Section 2.2.4.1. 

0 

Br 
>N.Ph 

0 0 

75% 18% 

Initial use of P-dicarbonyl compounds as sources of nucleophiles in aromatic S R N ~  reactions was dis- 
appointing, particularly in view of their successful use in the aliphatic case.6,10 Monoanions from ma- 
lonic  ester^:^.^ I 2 , I I 9  acetoacetic esters112J19 and P-diketones112J19*129 all failed to react with 
halobenzenes or 2-chloroquinoline. The dianions could be arylated but these reactions took place at the 
site a to only one of the carbonyls. Thus the dipotassium salt of 2,4-pentanedione gave an 82% yield of 
1 -mesityl-2,4-pentanedione on treatment with 2-bromomesitylenel I 2  and the dialkali metal salts of 
benzoylacetone reacted readily with 2-chloroquinoline to give a 7 1% yield of 1 -phenyl-4-(2-quinolinyl)- 
1.3-b~tanedione.~~~ The latter salt was also able to entrain otherwise sluggish S R N ~  processes.13' Beugel- 
mans and coworkers found, however, that the presence of a cyano group modifies the reactivity of 
benzene (and pyridine) rings, facilitating reaction between the monoanions of a wide range of P-di- 
carbonyl compounds and leads to a-arylated-P-dicarbonyl derivatives in excellent yield, generally in 
excess of 70% and mostly near 90%.72 Examples of these reactions are given in equations (37) and (38), 
and, as shown in equation (38). the reaction can be further modified, for example by basic work-up, to 
give the product resulting from a retro-Claisen reaction. The difficulty of predicting whether aromatic 
S R N ~  reactions will take place with P-dicarbonyl compounds is exemplified by the further observations 
by Beugelmans' group that although 2-chloro-, 4,7-dichloro-, 5,7-dichloro-8-methoxy-, and 7-iod0-8- 
methoxy-quinoline are unreactive, 5-chloro-7-iodo-8-methoxyquinoline reacts under photostimulation 
with the monoanions of diethyl malonate, ethyl acetoacetate and acetylacetone with displacement of only 
the 7-iodine in yields from ~%-lOo%.~~ 

- NHdhv q C O 2 E t  (37) 

C02Et 
Et 
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Br 
I 

CN CN 

233.13 Preprotion of u-arphted nitriles 

In general, a number of products can be obtained in the reaction of an aromatic substrate with an a- 
cyanoalkyl anion as shown in equation (39), and the detailed mechanism of formation of these products 
is discussed in the early paper by Bunnett and Gl00r.~~ The product distribution from the reaction of bro- 
mobenzene with -CH2CN is typical of that obtained with benzene derivatives, when carried out under 
metal-stimulated conditions (see equation 9). The reaction with halobenzenes, even under photostimu- 
lated (less reducing) conditions, gives less benzene, but still gives low yields of phenylacetonitrile on ac- 
count of the fragmentation process, discussed earlier in Section 2.2.2.1 (equation 10). It has been 
s u g g e ~ t e d ~ ~ ~ ~ ~  that the fragmentation could be put to good use in the production of alkylbenzenes (i.e. 
ArCHzR in equation 39) since in the potassium-stimulated processes with a range of leaving groups and 
a number of a-cyanoalkyl ions, the principal product other than benzene (in yields up to 56%) is the al- 
kane PhCH2R. This proposal has the added potential that successful nucleofugal groups (X in equation 
39) include Me3N+ and (EtOkP(O), readily derived from amino and phenolic functionalities, respective- 
ly. This strategy, exemplified by the butylation sequence in Scheme 3,38 which would allow halogen, 
amino or hydroxy groups on a benzene ring to be replaced by alkyl groups such as methyl, propyl, iso- 
propyl or benzyl has not, as yet, been further developed. 

R R 

ArACN + Ar-R + AryR Ar + ArH + Arx+ A. - 
CN 

i, (Et0)2POCI/NaOH; ii, -CH(CN)(CH2)2Me/K/NH3 

Scheme 3 

In contrast with the behavior of the benzene derivatives, the reaction of a-cyanoalkyl (principally 
cyanomethyl) ions with other aromatic substrates, leads mainly to the expected substitution products, 
AtCH(R)CN (equation 39). This difference in behavior (not as pronounced in the thiophene system)132 
has been rationalized by molecular orbital c o n ~ i d e r a t i o n s . ' ~ ~ ~ ~ J ~ ~  Examples of these successful syntheses 
are collected in Table 3. 

A useful synthesis of heteroaryl ketones uses the photostimulated acyanoalkylation reaction followed 
by oxidation (Scheme 4). The oxidation of products formed from phenylacetonitrile (R = Ph in Scheme 
4) proceeded in over 9096. lo  

The reactions of 2,6dibromopyridine with the carbanions formed from a-phenylbutyronitrile or a- 
ethyl-a-phenylbutyronitrile give mixtures of products in which one or both of the bromines have been re- 
placed together with products in which one bromine has been replaced by hydrogen and the other by the 
carbanion. 104 
The reaction of p-iodo- or p-bromo-anisole or of 1-iodonaphthalene with the anion formed from the 

a,&unsaturated nitrile (36) gives 60-709b combined yields of the isomeric nitriles (37) and (38) together 
with small amounts of the diarylated derivatives (39).135 
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Table 3 Yields of a-Arylated Nitriles Formed in the Photostimulated Reaction of a-Cyanoalkyl Anions with Aryl’ 
and Heteroaryl Substrates 

ArX Nitrile Yield (%) Ref 

Bromobenzene 
Branobenzene 

4chlorobiphenyl 
4-Chlorobenzophenone 

1 -Chloronaphthalene 
2-Chlmnaphthalem 

2-Bromopyridine 
3-Bromopyridine 
4-Bromopyridine 

2-Chloropyrimidine 
2-Chloropyrazine 

2,4-Dichloropyrimidine 
2-Chl0roqu1noline 
3-Bromoquinoline 
3-Bromothiophene 

9-Bromophm~+~~ 
2-Chlorop~d1~ 

MeCN 
MeCN 
MeCN 
MeCN ~ ~. -~ 
MeCN 
MeCN 
MeCN 

8’ 
25 
94 
97 
89 
93 
70 

38 
39 
39 
39 
39 
39 
39 

M&N 
PiCHkN 
PhCHzCN 
PhCHm 
PhCHKN 
PhCHKN 
PhCHKN 
PhCHKN 
PhCHCN 

56 
76,88 

48 
15 
31 
78b 
58‘ 

46,88 
45 
37d 

39 
110;134 

110 
110 
110 
116 
104 

110.134 
110 
132 

~ 

‘Stimulated by potassium metal (see text). the dark. ‘Only the 4-chlonne is replaced. dAlso obtained from 2-bromothiophene. 

R 0 
%H( R)CN/”@ O, /OH/Et~(Bn)N+CI-~M~ 

ArX * ArACN Ar 

Scheme 4 

2.23.1.4 Preparation of hydroxy- and amino-biaryls 

The study of the reactivity of phenoxide ions with aryl halides under S R N ~  conditions has undergone 
dramatic changes since the end of 1987, after a negative and confused beginning. In 1973 products were 
not isolated in the reaction of phenoxide ion with bromobenzene under alkali metal stimulated condi- 
t i o n ~ , ~ ~ ~  but four years later the claim was made that bromobenzene on reaction with phenoxide ion and 
sodium amalgam in 50% aqueous BuOH was converted into diphenyl ether?’ In 1979, the latter work 
was shown to be unreproducible?2 and additionally, phenoxide ion was shown not to react with 2-chle 
roquinoline under electrochemical stimulus.68 In 1980, p-cresol was recovered in over 90% yield on at- 
tempted photostimulated reaction under basic conditions with iodobenzene, although the iodobenzene 
was cons~med?~ At the end of 1987, it was clearly demonstrated that 2-, 3- and khlorobenzonitrile re- 
acted in electrochemically induced S R N ~  reaction with 2.6- and 2.4-di-t-butylphenoxide ions, as shown in 
the representative reaction given in equation (40).86 Since this report the idea that phenoxides were not 
good substrates in S R N ~  reactions has been allayed. The electrochemically induced reaction of 4-bro- 
mobenzophenone with phenoxide ion was found to give a 40% yield of benzophenone and 60% of a 1:2 
mixture of the para-coupled compound (40) and the ortho isomer (41), with no trace of any O-arylated 
compounds,8°*81 and the reaction of phenoxide ion with 4-chlorobenzonitrile gave a similar result.g0 The 
synthetic utility of these coupling reactions (clearly still in their infancy) leading to unsymmetrical hy- 
droxylated biaryls, is seen in the further example in Scheme 5,  wherein removable But groups are used to 
control the regiochemistry of coupling which takes place under electrochemical or photochemical stimu- 
lation in overall yields near 70%.136 At the same time as the electrochemically induced reactions were 
being developed, Beugelmans and coworkers carefully reexamined the photostimulated reaction of a var- 
iety of phenoxides and 1- and 2-naphthoxides with aryl  halide^.'^ They c o n f i e d  that arylation of p-cre- 
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sol by simple aryl halides was low yielding, with only 3% of ortho-phenylated p-cresols being detected, 
but noted that elecmn-withdrawing substituents 0- or p- to the nucleofuge raised the yield of hydroxy- 
lated biaryls, as did electron-donating groups on the phenoxide ion. The presence of an electrondonating 
group, such as methoxy, ortho to the nucleofuge also had the same activating effect. They also recog- 
nized the usefulness of But groups as both blocking and activating groups on the phenoxide moiety (cf. 
Scheme 5).  Examples of these processes are given in equations (41) and (42).75 In the naphthalene series 
the 1- and 2-naphthoxides also readily undergo arylation in good yields, the former gives mixtures of 2- 
and 4-arylated products?5 and the latter give arylation solely in the 2 - p o ~ i t i o n . ~ ~ , ' ~ ~  The increased activ- 
ity of the naphthoxides is shown by the fact that substituent effects on the aryl halide are not as critical; 
2-naphthoxide ion gives 48% and 85% l-arylation with p-iod~anisole'~~ and p-brom~benzonitrile~~ re- 
spectively, despite the large difference in electronic properties of the methoxy and cyano groups. By a 
simple extension of this reaction, reasonable yields of unsymmetrical 1,1'-,137J38 1,2'-138 and 2,2'-bi- 
naphthyl'38 derivatives are also available in the one-step coupling of naphthoxides and iodonaphthalenes. 
The anions from pcresol, p-methoxyphenol and 2,4dimethoxyphenol were readily arylated by 5chloro- 
7-iodo-8-isopropoxyquinoline in the vacant o- or p-positions with only the 7-iodine being repla~ed.9~ It 
can be seen, that in the elapse of little more than one year, the S R N ~  reaction of phenoxides with aryl 
halides (with judicious choice of substrates) has been developed as an excellent route to hydroxybiaryls. 

NC 

CN hC, + ($, %But / 

68% HO 
0- But 

H O  

?- OH 

,c1 + 

0- 

""-bBU' 
But 

e- or hv 
___f '3 

CN 
Scheme 5 

But 

OMe OMe OMe 

40% 12% 

CN 

I 

X' 3 \ 

The study of the arylation of arylamide ions prior to 1987, in similar fashion to that of the analogous 
reaction with aryloxides discussed above, gave little promise of synthetically useful reactions. In Kim 
and Bunnett's original papers on the S R N ~  reaction,' they reported that the anilide ion (PhNH-) behaves 
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OH 

47 1 

in ambident fashion and gives poor yields of diphenylamine (19%) and 0- and p-aminobiphenyl (1 1% 
each). Rossi and coworkers have opened up another potentially useful biaryl synthesis by examining the 
reactions of the anion of 2-naphthylamine, which they believed should have a lower ionization potential 
to initiate the photostimulated reaction than the PhNH- anion, with aryl iodides and bromides. Indeed, 
arylation of the arylamide ion, generated from 2-naphthylamine by treatment with "2- or B u W  in liq- 
uid ammonia, takes place at the I-position of the naphthalene ring in 4563% yields with iodoarenes and 
to a lower extent with bromoarenes. N-Arylation occurs to a maximum extent of only 8% with the s u b  
strates studied.lW An example of this new aminobiaryl synthesis, clearly still in the developmental stage, 
is shown in equation (43). 

- NHdhv ++A + 6 OMe (43) 

I \ &"- w" \ \ "2 

/ /  / /  

6% 63% 11% 

233.1.5 Preparation of arenecarbonibiles 

Despite being the nucleophile in the electrochemically induced SRN 1 -like process with p-iodonitroben- 
zene?' which predates the discovery of the aromatic S R N ~  reaction,' the use of cyanide ion has been al- 
most totally neglected, except for electrochemical studies, which principally revealed that reactions of 
haloarenes with cyanide ion either do not take place with, for example, normally reactive substrates such 
as 2-~hloroquinoline,6~ are 'not entirely c a t a l y t i ~ ' ~ ~ . ' ~ ~  or are 'noncatalytic' substitution p roce~ses . ' ~ J~ '  
More recent electrochemical studies have shown that coupling between various aryl radicals and cyanide 
is significantly slower than that with PhS-, -CHzCOMe and (Et0)2PO-.3' This factor, combined with the 
stability of the product of the association step (equation 3), namely ArCN-a, relative to that of the radical 
anion of the substrate, ArX--, which makes the chain propagation step in equation (4) unfavorable, pre- 
sumably explains the necessity for more than catalytic amounts of current, even in those reactions which 
do take place. In what appears to be the only reference to reactions of cyanide with aryl halides under 
nonelectrochemical conditions (see p. 42 in ref. 18), only failed reactions were reported. The photo- 
chemically or electrochemically stimulated reaction of aryldiazo phenyl sulfides, already discussed in 
Section 2.2.2.3 (see Scheme 2), gives moderate to good yields of arenecarbonitriles, presumably on ac- 
count of the propagating step (equation 4) becoming thermodynamically 

233.1.6 Miscehneous reactions with carbanions 

Very little work has been done on reactions involving nucleophiles formed from hydrocarbons. *24*142 

The limitation on basicity of the carbanion, so that it does not react with solvent, has led to use of con- 
jugated hydrocarbons, such as dienes or alkenes conjugated with aromatic rings. When initiated by dis- 
solving alkali metal in liquid ammonia, complex mixtures are often produced on account of reduction 

and regiochemistry and multiplicity of arylation in conjugated systems also create prob 
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l e m ~ . ' ~ ~  The photostimulated phenylation of indene anion in DMSO by bromobenzene leads to mixtures 
of mono-, di- and hi-phenylated ind~nes'"J~~ and similar results are obtained with fluorene and ane- 
thole.'" Phenylation of 1,3-pentadiene, accomplished by potassium-induced reaction with bromoben- 
zene in liquid ammonia, followed by catalytic reduction of all aliphatic double bonds, does give a useful 
yield of 1-phenylpentane (74%), albeit contaminated with diphenylpentanes (7%) and hiphenylpentanes 
(3%). 
The 2- and 4-picolyl anions are phenylated or mesitylated on reaction with chlorobenzene, phenylhi- 

methylammonium ion and 2-bromomesitylene under stimulation by light or potassium metal. The mech- 
anism of reaction with bromobenzene and iodobenzene is not certain, with the aryne mechanism almost 
certainly intruding, and with iodobenzene some diarylation of the picolinyl anion results. The reaction of 
the 2-picolyl anion with 2-bromomesitylene, where an aryne process is impossible, is shown in equation 
(44).a Similar reactions take place between the 4-picolyl anion and 2- or 4-bromopyridine or 2-chloro- 
quinoline.134 

Although the anions from nitroalkanes have been shown by ESR36 and electrochemical studiesB to be 
very good traps for aryl radicals, the dissociation of the first-formed radical anions, e.g. as shown in 
equation (45),29 produces nonchain-propagating radicals, accounting for the lack of photostimulated or 
metal-promoted examples of this reaction type.& The electrochemical reaction (two electrons per molec- 
ule) of iodobenzene with the anion from 2-nitropropane gives only 29% of isopropylbenzene and the 
corresponding reaction with 4-bromobenzophenone gives 4-isopropylbenzophenone in 50% yield.29 

Dimsyl anion fails to undergo Swl reactions with aryl halides,'".'43 and the occumnce of fragmenta- 
tion processes similar to those in equations (1 l) and (45) have been used to explain this failure,143 correc- 
ting the earlier, falacious claim that dimsyl anion and halobenzenes react to give benzyl methyl sulfoxide 
in high yield.I4 

Acetylide ions have also been reported as unreactive in S R N ~  reactions with aryl" and heter~aryl '~~ 
halides. 

2 3 3 3  Formation of Aryl C-N, C-P, C-As and C C b  Bonds 

233.2.1 Pnparation of arylamines 
The advantage of the radical process, that substitution of nucleofuges by "2- on an aromatic ring 

takes place without cine substitution (by the aryne mechanism), was clearly seen in the first aromatic 
SRN~ reactions recognized.' The same regiochemical advantage is seen in the potassium-stimulated con- 
version of o-haloanisoles predominantly into o-anisidine rather than the rn-isomer (the sole product of the 
aryne process). Also, unlike substitutions proceeding by the aryne mechanism, reactions readily take 
place when both orrho positions are blocked (equation 46),l and 2-bromomesitylene reacted with "2- 
under photostimulation to give 2,4,6-trimethylaniline in 70% yield.34 

I l y 2  

"imH', 64% YT 
Despite the abovementioned advantages, the only application of this useful synthetic procedure a p  

pears to be the otherwise difficult conversion of phenols into amines via the aryl diethyl phosphates in 
overall yields in excess of 55% (cf. Scheme 3).56 Even this potentially useful reaction does not appear to 
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have been used since the original report. The reaction of amide ion with bromothiophenes is complicated 
by rearrangement of the 2- to the 3-bromo isomer but 3-thiophenamine is the ultimate product in yields 

The reactions of the ambident ArNH- ions, which do not N-arylate to a great extent, are discussed in 
Section 2.2.3.1.4. Based on the negative results obtained with N-acyl anions such as AcNH- and 

and the anion of phthalimide,’” it would appear that these anions do not undergo N-arylation 
under SRN 1 conditions. 

up to 7996.121 

23333 Preparation of triarylphosphines 

Triarylphosphines were prepared by the reaction between lithium diphenylphosphide in THF and m- 
and piodotoluene (or the corresponding bromo compounds), 4-bromobiphenyl and pdibromobenzene in 
yields of 7040% (isolated after oxidation, as the phosphine oxides).145 The absence of cine substitution 
products is a synthetic advantage and would have been taken as a prima facie indication that the dis- 
placements are examples of the S R N ~  reaction, had the mechanism been recognized at the time. Oper- 
ation of the radical ion mechanism in DMSO, or liquid ammonia, in which marginally improved yields 
are obtained, was confirmed by Swartz and Bunnett,48 but no extension to the scope of the reaction was 
made. Rossi and coworkers have developed a procedure for ‘one-pot’ preparation of triarylphosphines 
starting from elemental phosphorus (Scheme 6).14 As an example of the synthesis of a symmetrical tri- 
arylphosphine, triphenylphosphine (isolated as its oxide) was obtained in 75% yield, with iodobenzene as 
the aryl halide (ArX in Scheme 6, steps i-iii only). Unsymmetrical phosphines result from the full se- 
quence of reactions in Scheme 6, and p-anisyldiphenylphosphine (isolated as its oxide) was produced in 
55% yield, based on the phosphorus used, when chlorobenzene (ArX) and p-methoxyanisole (ArX) 
were used. 

i, ii iii i ii iv 

i ,  Na/”3; ii, Bu’OH; iii, ArX/hv; iv, Ar’X/hv 

P - PL - AqP- Ar2F - ArzPAr’ 

Scheme 6 

22323 Preparation of dialkyl arylphosphonates 

The greatest number of preparative (and mechanistic) studies with phosphorus-based nucleophiles 
have been carried out with the dialkyl phosphite ions. These reactions generally proceed in good to high 
yield in either liquid ammonia, THF or DMSO under photostimulation, and representative examples are 
collected in Table 4. A detailed experimental procedure for the preparation of diethyl phenylphosphonate 
by this method is a~ai1able.l~~ The reactions generally require photostimulation and the quantum yields 
have been evaluated.21,22 In the absence of photostimulation, reactions are slower or do not proceed at 
all, and in the particular case of o-haloiodobenzenes, ionic processes occur to the virtual exclusion of the 
substitution reaction.89 With the notable exception of aromatic rings bearing nitro groups, where the 
S R N ~  reaction failed, superior results were obtained using the photostimulated reaction in THF, than by 
using a variety of metal-catalyzed processes.77 Electrochemically stimulated reactions with (Et0)2PO- 
proceed with remarkably low current input and the reaction with p-chlorobenzonitrile proceeds with 
100% conversion in 10 min with a current input of only 0.01 electron per molecule of substrate.139 

2232.4 MisceUoneous reactions with phosphanwns 

In addition to the dialkyl phosphite ions, discussed in the previous section, a number of other phosph- 
anions readily undergo photostimulated P-arylation in liquid ammonia. The yields for these reactions, 
which have to date only been studied for P-phenylations are collected in Table 5.23 Iodobenzene is more 
reactive than bromobenzene, which fails to react with the Ph2P-O- ion.23 
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Table 4 Yields of Dialkyl Arylphosphonates Formed in the Photostimulated Reaction of Dialkyl phosphite Ions 
with Aryl Halides: ArX + (R0)zPO- -) (R0)2P(eO)Af 

ArX Yield (%) Ref ArX Yield (%) Ref 

Iodobenzene 
Iodobenzene 
Iodobenzene 

p-Iodotoluene 
p-Iodoanisole 
o-lodoaniline 
m-Iodoaniline 
p-Iodoaniline 

2-Iodo-m-x y lene 
m-Iodobenzotn fluoride 
m-Fluoroiodobenzene 
p-Fluoroiodobenzene 

~ ~ _ _ _ _ _ _  

92 
92 
90 

93b 90,147 m-Chloroiodobenzene 
8gC 90 p-Chloroiodobenzene 
% 90 mBromoiodobenzene 87d 
95 90 p-Bromoiodobenzene 56d 92 
95 90 m-Diiodobenzene 94d 90 

Diiodoknzene 87d 90 
Iodonaphthalene 93 90 

78 77 

87 77 
90 77 
90 77 2-Iodop yridine 
87 90 3-Iodo yridine 70 77 
95 90 2-Methoxy-&odo yridine 78 115 

91 92 5-C1-7-1-8-F"O-Quinoline 70 95 

3 

f- 

% 90 3-Bmoquino~1ne 76 77 

'Unless otherwise stated, the alkyl group is ethyl; Le. R = Et. bR = Me. eR = Bu. dBoth halogens are replaced. 

Table 5 Yields of P-Phenylated phosphorus Derivatives Formed in the Photostimulated Reaction of Various 
Phosphanions with Phenyl Halides in Liquid Ammonia' 

Halobenrene Phosphanionb Product Yield (96) 

Iodobenzene PhP(0Bu)O- PhzP(4)OBu 
Bromobenzene PhP(0Bu)O- PhzP(4)OBu 
Iodobenzene Ph2P-O- P h 3 M  
Iodobenzene (Et0hP-S- PhP(=S)(OEt)2 
Iodobenzene (Me2N)zP-O- PhP(d)(NMe2)z 

Bromobenzene ( M e N z P - 0 -  PhP(-=O)(NMez)2 

95 
72 
95 
95 
64 
65 

Taken from ref. 23. %e counterion in all reactions was K+ 

2.2.3.25 Reactions with arsenide and stibide ions 

The earlier literature concerning the reaction of arsenide ions with aryl halides has been summarized 
by Rossi and coworkers in their paper investigating the S R N ~  reaction between PhzAs- and several ha- 
10arenes.2~ In this and subsequent work,= it was found that scrambling of aryl groups took place in the 
reactions of PhzAs- with all the substrates examined, except for 4chlorobenzophenone (quantitative 
yield of substitution and 2chloroquinoline (60% yield).= Consequently, the use of the P h A s  
ion and also of the PhzSb- ion which gives gives scrambling of the aryl groups with all the substrates so 
far examined,= are not generally satisfactory for selective preparation of unsymmetrical triarylarsines or 
triarylstibines. 
The 'one pot' procedure used for conversion of elemental phosphorus into triarylphosphines (see 

Scheme 6), with appropriate modification (i.e. replacement of P by As or Sb), has been used to prepare 
triphenylarsine (75%). 2quinolyldiphenylarsine (90%) and triphenylstibine (45%).'& 

2.233 Formation of Aryl C - 0 ,  C 4 ,  C - S e  and C-Te Bonds 

Alkoxide and aryloxide ions are not arylated on oxygen. Tertiary alkoxides do not react, thus making 
them appropriate bases for generation of nucleophiles, and primary and secondary alkoxides undergo a- 
hydrogen abstraction with aryl radicals normally making them unsuitable for use as bases; e.g. isopro- 
poxide ion reacts with phenyl radicals to give benzene and acetone ketyLS8 The C-arylation of aryloxides 
is discussed in Section 2.2.3.1.4. 

2.23.3.1 Preparation of diary1 and aryl alkyl sulfides 

The photostimulated reaction between aryl halides and arenethiolates gives diary1 sulfides (equation 
47) and examples are given in Table 6. The yields obtained from substituted iodobenzenes are generally 
high but reactions with heteroaryl halides are less prominent and, for example, normally reactive 2-chlo- 
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roquinoline fails to react with PhS- under photostimulated conditions.'" The recently reported reactions 
of 2- and 3-halothiophenes with benzenethiolate indicate that scrambling of the products, through frag- 
mentation processes, led to complex mixtures.148 The use of p-bifunctionalized thiolshalides in the prep- 
aration of p l y (  1,4-phenylene sulfides) has been mentioned in Section 2.2.2.4.2.%lo2 

NHdhv Arx+Ar's- - ArSAr' + X- (47) 

Table 6 Yields of Diary1 Sulfides Formed in PRotostimulated Reaction of Arenethiolates with Aryl and Heteroaryl 
Halides 

ArX Thiol Yield (8) Ref, 

Iodobenzene 
Iodobenzene 

Bromobenzene 
o-Iodoanisole 
m-Iodoanisole 
p-Iodoanisole 
p-lodoanisole 
o-Iodotoluene 
m-Iodotoluene 

Iodotoluene 
m-&oroiodobenzene 
o-Chloroiodobenzene 
m-Chloroiodobenzene 
m-Chloroiodobenzene 
pChloroiodobenzene 
m-Dibromobenzene 

m-Iodobenzotrifluoride 
4-I-CaN+Me3 I- 
2-Iodo-m-xy lene 

4-Iododiphenyl ether 
1 -1odonaphthalene 

2-Iodopyridine 
2-Bromopyridine 
3-Bromqpyridine 

5-Cl-7-1-8-~O-Quinoline 
5-Cl-7-I-8-Pr'O-Quinoline 

PhSH 
PhSH 
PhSH 

2-Pyrimidinethiol 
PhSH 
PhSH 

PhSH 
PhSH 
PhSH 
PhSH 
PhyH 

94 
71 
23 
91 
88 ~. 

76 
73 
68 
81 
72 
% 

lOOb 

77a 
9Ia 

89a 
92= 
71 
95" 
19 
92 

149 
61 
149 
149 
149 
149 
61 
149 
149 
149 
149 
91 
91 
95 
91 
91 
149 
91 
149 
149 

85 149 -- 
58c ioS 

21, 65d 106,134 
24= 106 ~~ 

7 o e  95 
65-1oOe 95 

'Both nucleofuges arc replaced bonly the iodine was replaced. CIn DMF at 80 'C. 
replaced. %uious heteroaromatic thiols. 

HMPA at 80 'C. 'Only the 7-iodine was 

Electrochemical studies indicate that the PhS- ion is much less reactive (with regard to trapping Ar.) 
than enolate and phosphorus-centered nucleophiles150 and 2-pyridyl and 2-quinolyl radicals have particu- 
larly low reactivity toward thiolate ions?O Hydrogen atom abstraction from DMSO (and also from the 
methyl groups in the MaN+ ion of the supporting electrolyte), becomes a significant side reaction in the 
reaction of bromobenzene with PhS-.I5' 

The reaction of aryl halides with alkanethiolate ions is complicated by the problem of fragmentation of 
the first-formed radical ions (equation 48). The reaction between iodobenzene and ethanethiolate gives 
only 30% of ethyl phenyl sulfide and 47% of products derived from the benzenethiolate ion:] Fragmen- 
tation decreases in importance as the stability of the species ArSR-. increases, but is more significant for 
the more stable aliphatic radicals (e.g. when R = PhCHz or EtOCOCHz in equation 48).74.103 As a result, 
halobenzenes with electron-withdrawing substituents such as cyano or acyl  group^,'^,^^ or naphthyl 
h a l i d e ~ , ~ ~ ~ J ' '  react to give alkyl aryl sulfides in good yield with simple alkanethiolates or alkanedithiol- 
ateslS2 with substantially reduced incursion of fragmentation processes (e.g. see equation 30). 2-Chloro- 
quinoline and 2-bromopyridine (and its 3-substituted derivatives) behave in similar fashion, thus 
widening the scope of the reaction signifi~antly.'~~ 2-Chloroquinoline, alone among all the aryl halides 
examined to date, reacts cleanly with PhCH2S- to give benzyl 2-quinolyl sulfide,Io3 whilst all other s u b  
strates give significant, usually major proportions of products resulting from cleavage of the benzyl4 
bond. The thiolate, Et02CCH2S-, on reaction with 2-chloroquinoline, however, gives 2-quinolinethiol in 
75% yield, with no detectable amount of the expected sulfide.74 The highly specific fragmentation occur- 
ring with this anion could perhaps be used as a method for replacement of halogens on aromatic rings by 
the thiol group. 
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(48) AI- + S R  - ArSRi - ArS- + R* 

233.33 Prepamtion of diary1 selenides and teUuridcs 

The reactions of aryl halides with PhSe- and PhTe- ions are complicated by fragmentation of the inter- 
mediate radical anions which leads to scrambling of the aryl groups and production of mixtures (see 
equations 7 and 8).35 Diphenyl selenide” and telluride”*55 have been prepared in 73% and 90% respec- 
tively from iodobenzene, and p-iodobromobenzene gives 70% and 40% isolated yields of p-bis(phe- 
nylseleny1)- and p-bis(phenyltellury1)-benzene respectively.” Unsymmetrical phenyl aryl chalcogenides 
can be prepared when the aryl moiety sufficiently stabilizes the intermediate radical anions, lowering the 
occurrence of fragmentation processes. 4-Chlorobiphenyl, 1 -halonaphthalenes, 9-bromoanthracene and 
2chloroquinoline give 37-98% yields of the phenyl aryl ~ e l e n i d e s ~ ~ J ~ ~ * ~ ~  and 1 -bromonaphthalene and 
2-chloroquinoline give 53% and 43% yields of the respective aryl phenyl  telluride^.^-^^ In all but the re- 
action of PhSe- with 2-chloroquinoline, minor amounts of scrambled products are still formed, and p m  
longed irradiation or use of an excess of the phenyl chalcogenide further reduce the yield.35 Several 
useful methods for in situ generation of aryl chalcogenide ions from the respective elements, aryl halides 
and alkali metals in dipolar aprotic solvents155 or in liquid ammonia156 (analogous to that used with phos- 
phorus, see Scheme 6) also have been developed and these lead to diary1 chalcogenides and related deri- 
vatives in fair to good yields. Very recently electrochemically stimulated reactions with sonication in 
acetonitrile, between either PhSe- or PhTe- and 4chlorobenzonitrile have been reported to give yields of 
57 and 42% of the respective substitution products, and subsequently it was shown that all three bro- 
mobenzonitriles, give 3670% yields with PhSe-.83 Similar yields have been obtained from electro- 
chemical reactions of the same chlorobenzonitriles with PhSe- and PhTe- ions in the presence of redox 
catalysts,82 and the same technique has been successfully applied (in 4446% yields) in the replacement 
of either bromine or chlorine by PhTe or PhSe groups in 0-, m- and p-halobenzophen~nes?~ In reactions 
involving alkyl chalcogenide ions, fragmentation is expected, and accordingly, photostimulated reactions 
of adamantyl selenide or telluride ions with iodobenzene give most unpromising mixtures.157 

2.2.4 CYCLIZATIONS UTILIZING THE Swl REACTION 

Cyclization processes taking advantage of the Swl reaction as one of its steps have been increasingly 
used in the last decade, and fall into two general categories. The first type have an intramolecular S R N ~  
reaction on an aryl halide by a nucleophile already attached to the aromatic ring, and the second class 
have an S R N ~  reaction on ortho-functionalized aryl halides followed by cyclization of the initial substitu- 
tion product. Beugelmans recently summarized the use of both these cyclization sequences for the prep 
aration of heterocyclic systems.17 The majority of the reactions involve attack on aromatic rings by 
carbanions, almost exclusively enolate ions. The following sections are divided according to mode of 
ring closure and the nature of the products. 

2.2.4.1 Ring Closure by Intramolecular S R N ~  Reactions 

Formation of cyclized products, resulting from intramolecular attack of the intermediate aryl radical in 
the S R N ~  reaction on a second aromatic ring (!.e. intramolecular homolytic arylation) are rare and not 
synthetically usefu1.64J58-161 

The first reported intramolecular S R N ~  reaction by Semmelhack and c o w o r k e r ~ , ~ ~ ~ J ~ ~  was the photo- 
stimulated ring closure of (42) with BuW to give a 93% yield of cephalotaxinone (43), the immediate 
precursor of the antileukemia agent, cephalotoxin. As a consequence of this synthesis, Semmelhack and 
Bargar, studied the viability and the regiochemistry of the photostimulated ring closure of the series of 
methyl ketones (44, X = Br or I; n = 2, 3, 4 or 6) and their a- or a’-permethylated derivatives in the 
presence of BuW in liquid a m m ~ n i a . ~ * ~ ~  It was possible to prepare six-, seven-, eight- and ten-mem- 
bered rings, but competing p-hydrogen abstraction process interfered in some cases. The presence of a- 
methyl groups enforced regiochemical control on the reaction and prevented internal hydrogen transfer 
reactions. The regiochemistry of the ring closure for the ketones (44, X = Br; n = 3 or 4) appeared to be 
controlled by the proportion of the respective enolate ions present, and greater proportions of the cyclic 
ketones resulting from attack through the methyl group occurred to give the seven- and eight-membered 
cyclic ketones in preference to the products with five- and six-membered rings, respectively. Cyclization 
of the ketone (44, X = I; n = 2) failed completely on account of P-hydrogen abstraction processes. 
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The photoinduced cyclization of mono- and di-anions of N-acyl-o-chloroanilines and N-acyl-o-chlo- 
robenzylamines was developed by Wolfe and coworkers as a general method for the preparation of oxin- 
doles49.50 and 1,4dihydro-3(2H)-isquinolinones, respectively?0 The generalized reaction for the 
oxindole synthesis is shown in equation (49; Z = CH), and the yields range from 32-83%, with most in 
excess of 60%. The reaction proceeded readily when substituents were ortho to the chlorine (Le. not an 
aryne mechanism) or elsewhere on the ring, except that a CF3 or additional C1 substituents caused the re- 
actions to fail. a#-Unsaturated-N-alkylanilides reacted, but only in liquid ammonia with KNH2 as base, 
to give 3-alkylideneoxindoles in yields usually over 65%. The method was also extended to the prepara- 
tion of azaindoles (equation 49; Z = N), but in this case there had to be an alkyl group on the amide ni- 
trogen before successful reactions occurred. The analogous reactions of acylbenzylamines, to give 
isoquinolone derivatives proceeded in 4045% yield. 

Rl 

Z = C H , N  

R' 

o-Iodothiobenzanilide and o-iodothioacetanilide undergo ring closure on treatment with Bu'o- in 
DMSO, but only when the reaction is performed with entrainment by -CH2COMe, to give 2-phenyl- and 
2-methyl- 1,3-benzothiazoles respectively. DM 

Two further quite different cyclization processes each have an initial intermolecular S R N ~  reaction fol- 
lowed by a second in which the ring closure is made. The reactions of odihalobenzenes (24) and (25) 
with the dithiolate (26) to give (27) have already been mentioned (see equation 28). but the yield of anal- 
ogous product formed between (26) and 1-bromo-2-iodonaphthalene is only 24% and use of 1,241- 
anedithiolate with o-diiodobenzene gives only 13% of benzo-l,4-dithiar1e.~~ A rather convenient 
one-step synthesis of [m.rn]-rnera-cyclophanediones (m = 3-8) in most acceptable yields is obtained on 
tandem S R N ~  reactions of the ketones (45; equation 50).165 

0 

0 
(45) n= &5 

23.43 S R N ~  Reactions Followed by Cyclization 

The only examples of carbocyclic products arising from cyclizations subsequent to SRN 1 reactions, are 
the isolated example reported by Bunnett and Singh,w which gives products (18x20. Section 2.2.2.4.2) 
and the recently reported synthesis of unsymmetrically hydroxylated 2,2'-binaphthy1s.ll4 The final pro- 
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ducts result from aldol condensation of the primary products under the basic reaction conditions. In the 
binaphthyl synthesis, an example of which is given in Scheme 7, the sequence of reactions proceeded in 
59-8396 overall ~ield.1 '~ 

M e 0  m C O M e  \ + / - i, ii 1 
OMe \ OMe Me0 

MeO& Br OR' 

MeO -COMe 
73% 

i, BuQKPMSOlhv ; ii, 2-bromopropane 

Scheme 7 

The first of many heterocyclization reactions, depending on an initial S w l  reaction between the enol- 
ate of a carbonyl compound and an o-substituted haloarene, followed by cyclization, is represented by 
the formation of indoles from o-haloanilines and enolate ions, first reported by Beugelmans and Rous- 
si,166 and shortly afterwards by Bard and B ~ n n e t t . ~ ~  This reaction (Scheme 8; 2 = CH; X = Br or I) was 
used not only with the enolates of a wide range of ketones?3.76,166.167 but also with enolates derived from 
 aldehyde^?^,'^.^^^ Symmetrical ketone enolates gave single products, and methyl alkyl ketones with 
branching at the a-carbon gave good yields of the 2-substituted indole. 2-Butanone gave mixtures of 2.3- 
dimethyl- and 2-ethyl-indole, with the former predominating. Aldehyde enolates (R1 = H) led regiospeci- 
fically to 3-alkylindoles but, under these photostimulated reaction conditions, appreciable amounts of 
dehalogenated products were formed.73 This competing process was virtually eliminated under electro- 
chemical conditions. 167 

"' CH(R)COR'/bv 

R 

- Q+RI 

R 

Z = CH, N R, R1 = H, alkyl; X = I, Br, C1 

Scheme 8 

4-Azaindoles (lH-pyrrolo[3.2-b]pyridines) were prepared by an entirely analogous method with that 
developed for indoles, starting with 3-amino-2-chloropyridine, and the same diversity of reacting enol- 
ates and similar regioselectivity effects were observed (Scheme 8; Z = N; X = Cl).'6*125*'68 1,ZDisub- 
stituted pyrrolo[2,3-b]pyridines were also prepared by a related process, in which 2-fluoropyridine was 
first selectively o-lithiated and then iodinated to give 2-fluoro-3-iodopyridine. Preparation of 2-amino 
derivatives by S N A ~  replacement of the 2-fluorine gave the required substrates for the S R N ~  ring closure 
sequence. Using similar strategies, 2-alkylpyrrolo[2,3-b]-, -[2,3-c]- and -[3,2-c]-pyridines were also pre- 
pared. Is 

The fusion of a furan ring onto isolated benzene rings, the benzene ring of quinolines, or pyridine 
rings, is readily brought about in good yield by reaction of o-halo ethers with ketone enolates followed 
by ether cleavage and furan ring formation, leading to ben~o[b]furans?~ furo[3,2-h]quinolines or 
furo[3,2-b]pyridines.% Examples of these syntheses are given in Scheme 9. 

The isoquinoline system is conveniently prepared from treatment of o-iodobenzylamines with the 
enolate ions derived from symmetrical ketones (or ketones with one a-position blocked), aldehydes, or 
the dimethyl acetal of pyruvaldehyde, to give aminocarbonyl compounds which condensed in situ to give 
2- and/or 3-substituted 1,2-dihydroisoquinolines. Catalytic dehydrogenation or borohydride reduction of 
these products then led to the corresponding isoquinolines or tetrahydroisoquinolines in moderate to high 
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R = H, Me, H, But; 6 1 0 %  

/ \  :I.'c. - 

* + D O M e  - i, iii 

I MeCO 
Opr' 

OMe 
i, MeCOR/KOBut/"3/hv ; ii, Me3SiCl/NaI; iii, 48% HBr/AcOW100 "C 

Scheme 9 

 yield^.'^^.'^^ Natural products (and analogous compounds) with the benzo[c]phenanthridine skeleton, 
were prepared through this route by using substituted o-iodobenzylamines and substituted a-tetralones in 
the initial S R N ~  reaction, followed by oxidation and catalytic dehydrogenation of the subsequent conden- 
sation product.17' The isoquinoline system, in the form of 1,2-dihydroisoquinolones is also readily ac- 
cessible through the S R N ~  reaction of o-halobenzamides (and their N-alkyl derivatives) with the enolate 
ions of ketones, including those from acetophenones, followed by cyclization and dehydration (usually 
spontaneous) of the primary product, as outlined in Scheme 10.'23~'72 An alternate route through isocou- 
marins is also possible. Treatment of o-halobenzoic acids with ketone enolates first gives S R N ~  products 
which can be isolated as esters?O or can also be cyclized on treatment with acid to give isocoumarins. 
Subsequent treatment of the isocoumarin with a primary amine leads to dihydroisoquinol~nes,~~~ or 
when a-tetralones are used as the carbonyl component and catalytic dehydrogenation of the final cycliza- 
tion product is carried out, the final products are benzo[c]phenanthridones.17' 

0- 
CONHR' 

X 

X = Br, I i= 

0 0 &zH H+ or spontaneous, 6 R1 

\ ' ' R3 

I R3 
R2 

Scheme 10 

I 
R2 

The halogens in 0-bromo- or o-iodo-veratric acids are replaced by ketone enolates to give primary pro- 
ducts which on lactonization or lactamization lead to benzazepines or benzoxepines respectively.lZ6 
There would appear to be no reason why this reaction could not be extended to reactions of o-halo- 
phenylacetic acids in general. 

In one of the few examples not involving enolate ions, the substitution of Br in o-bromo-benzaldehyde 
or -acetophenone by -SCHzCOzEt ion followed by Claisen condensation of the resulting sulfides, (46) 
and (47), under the reaction conditions ultimately gave substituted benzo[b]thiophenes (48) and (49) in 
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55 and 40% yields respectively. The relatively low yields are a result of competing radical anion frag- 
mentation processes which led to the thiols (So, 10%) and (51; 48%).74 

COR d C 0 2 E t  acoR SH 
S /\C02Et 

( 4 6 ) R = H  ( 4 8 ) R = H  
(47) R = Me (49) R = Me 

(50) R = H 
(51) R = Me 
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23.1 INTRODUCTION 

Functional group substitution plays a pivotal role in the synthetic chemistry of aromatic compounds, 
and one important reaction serving this purpose proceeds through arynes. Formally derived from aro- 
matic rings by removal of two ortho hydrogen atoms, and kinetically unstable, these intermediates find 
sporadic reference in the early literature - primarily to explain the strange phenomenon of cine substitu- 
tion. The first decisive evidence came with the observation that equal amounts of anilines (2) and (3) are 
formed in the reaction of I4C-labeled chlorobenzene with KNH2 in liquid ammonia (equation l).’ This 
demonstrated the involvement of a symmetrical intermediate like (1). Additional support for aryne inter- 
mediacy was found in its reactions with phenyllithium and in Diels-Alder-type trapping.2 A great deal of 
work on the generation and reactions of arynes was undertaken in the 1960s, and is covered in a compre- 
hensive monograph by H~ffmann.~ Much of the subsequent work is dealt with in some more recent re- 
views.4.5 

The structure of benzyne, the parent member of the aryne group of intermediates, has been the focus of 
many experimental and theoretical studies. For instance, its IR spectrum has been recorded by low tem- 
perature solid matrix photolysis of precursors like benzocyclobutanedione (4) and diazalactone (5bG9 
Force field calculations based on these observations indicate an extended triple bond in benzyne (6a).1° 
Semiempirical and ab initio calculations also predict the ‘arynic bond’ to be longer than a normal triple 
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bond and the other C-C bonds to be similar in length to those in benzene."J2 The observed microwave 
spectrum of benzyne is in accord with these con~lus ions .~~ So are the vertical ionization potentials ob- 
tained from its photoelectron spectrum,14 although some doubts about the assignments have been 
r a i ~ e d . ' ~ , ' ~  A recent ab initio study, in which electron correlation is taken into account, indicates more 
cumulene (6b) like features in benzyne than predicted by earlier calculations at the Hartree-Fock level." 
Irrespective of the finer details of the geometric dimensions and orbital energy levels of benzyne, it may 
be considered to have a weak third bond produced by lateral overlap of in-plane orbitals. The symmetric 
combination (7) of these two orbitals is lower in energy than the antisymmetric combination (8) and 
hence the ground state of benzyne should be a singlet. This inference is supported by all recent calcula- 
tions and there is little evidence for triplet character in any reaction of arynes. 

The reactivity of benzyne can be explained in terms of its high enthalpy of formation which has been 
experimentally determined to be around 120 kcal mol-' (1 cal = 4.18 J).18-20 The difference between en- 
thalpies of formation of an alkyne and an alkene is usually about 37 kcal mol-'; with an enthalpy value 
of 20 kcal mol-' for benzene, the strain energy in benzyne comes out to be nearly 63 kcal 
Besides general reactivity, benzyne also exhibits marked electrophilicity and from this point of view, its 
LUMO energy level is of special import. The HOMO of benzyne is calculated to be at -9.58 eV, which 
is little different in energy from the corresponding bonding orbital of acetylene. However, the LUMO is 
estimated to be at 1.33 eV, which is much lower in energy than the acetylene LUMO. This has been at- 
tributed to 'bending' of the triple bond which results in an efficient mixing of the IT* orbital with a u* or- 
bital lying only slightly higher in energy.21 The lowering of the benzyne LUMO decreases its energy gap 
with the HOMO of an attacking nucleophile and makes for an easy reaction between the two. Thus, 
many nucleophilic reagents which are inert towards alkynes add readily to arynes. If electron-withdraw- 
ing substituents such as halogens are present on an aryne, its electrophilicity is further enhanced. Another 
point of interest in nucleophilic addition to arynes is the high polarizability of the formal triple bond. As 
a consequence, arynes behave as 'soft' electrophiles and their reactions with polarizable nucleophiles are 
specially facile. However, sometimes reactions of aryl halides with nucleophiles under seemingly 
benzyne-generating conditions may not involve these  intermediate^.^"**^^ 

Other prominent reactions of arynes include cycloadditions and the ene reaction as shown in equations 
(2x5).  The former have been used extensively for the synthesis of a variety of benzo-annulated systems 
and for the diagnosis of aryne  intermediate^.^-^ Normally, these reactions do not fall in the category of 
nucleophilic coupling. However, in some cases the electrophilic character of the arynic partner is quite 
manifest and as such a brief discussion is included in Section 2.3.3. 

R 
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(4) 

Dehydroheteroarenes like (10) and (11) have also been proposed as intermediates in nucleophilic sub- 
s t i t ~ t i o n . ~ * ~ ~  Some of these reactions were evaluated uncritically and operation of other mechanisms like 
addition-elimination (AE) and ring opening-ring closure (ANRORC) can now be demonstrated in many 
such cases. Nevertheless, there is conclusive evidence for heteroaryne intermediacy in some reactions of 
heterocyclic halides. From the preparative point of view, nucleophilic coupling of such intermediates has 
found only limited Reactive intermediates with an additional formal bond between 
nonadjacent atoms, like (12) and (13), have also been postulated but again hold little synthetic interest. 

Many stable metal complexes of arynes are known but in most of their reactions of synthetic interest, 
the yields are poor. For example, thermolysis of titanocene (CpzTiPhs) at 80-100 'C gives rise to a tita- 
nium-benzyne complex which reacts with molecular nitrogen to afford aniline with low efficiency.% 
However, procedures are available for in situ generation of zirconium complexes (14) and for their coup- 
ling reactions to synthesize functionalized aromatic compounds in preparatively useful yields (Scheme 
lh30 Whether such complexes should be regarded as p-bonded benzynes or a-bonded o-phenylenes, re- 
mains a debatable point.3' 0 Li Cp2ZrMeCl 

R 

I H2C=CH2 

Scheme 1 

2.3.2 GENERATION OF ARYNES 

Much of the early work on arynes was undertaken using the aryl halide-strong base route (equation 6), 
but a variety of other procedures, discussed below, are also available. In practice, the choice of the 
method of generation is often governed by the nature of the reaction to be carried out subsequently. 
Since arynes are transitory intermediates used in situ, the conditions employed for their formation have 



486 Nucleophilic Aromatic Substitutions 

to be compatible with the properties of the other reacting partner. Further, in preparative work, the ac- 
cessibility of the benzyne precursor and its cost can be important considerations. 

23.2.1 From Aryl Anions 

Aryl anions having a good leaving group (X) in the ortho position readily afford arynes (equation 6). 
For this purpose, halides have been used widely but other electrofugic groups, like OPh, OTs, OTf, N+2, 
N R + 3 ,  SR+2, IR+, have also been employed. Since both the deprotonation and the benzyne formation 
steps can be reversible?2 many factors such as the nature of the leaving group, the base and the solvent 
play an important role in the rate and efficiency of aryne generation. The ease of halide expulsion from 
(15) is I > Br > C1> F but the rates of initial proton removal are in the reverse order. In the case of aryl 
fluorides, reprotonation can compete effectively with benzyne formation, while with iodides, there is 
greater ease of reversal in the second step. For these reasons, and because of easier accessibility, chloro- 
and bromo-benzenes are used most commonly. In general leaving groups other than halogens offer no 
particular advantage. For example, phenyl benzenesulfonate reacts with lithium 2,2,6,6-tetramethylpipe- 
ridide (LTMP) to give benzyne but the yields of adducts are less than those obtained with bromoben- 
~ene .~3  

A wide variety of base-solvent combinations can be employed for the deprotonation of aryl halides. 
However, alkali metal aryls/alkyls in ether solvents or amides in liquid ammonia have been used most 
extensively. In these systems, reactions of the generated arynes with the solvent or the base can pose a 
serious problem, especially when coupling with relatively weak nucleophiles is desired. Metal aryls and 
alkyls can be used in ether solvents which have low reactivity towards arynes but these bases are very 
powerful nucleophiles. On the other hand, metal amides are somewhat less reactive but ammonia, the 
commonly employed solvent, has a greater proclivity for aryne capture. Thus, the use of amidic bases in 
aprotic solvents may be preferable, provided the solubility is acceptable. Sodamide in THF, alone or with 
HMPA, can function effectively when used in conjunction with a second anionic base such as sodium t- 
butoxide.M In reactions carried out with commercial sodamide in THF special precautions to exclude air 
and moisture are necessary.35 More recently, LDA in THF is finding extensive use in coupling reactions 
of aryne~.~&~* For minimizing aryne reaction with the amide base used for its generation, the highly hin- 
dered LTMP has also been With this base, another common side reaction, hydride 
transfer from the a-carbon leading to aryne reduction, is also precluded. It should be noted that whereas 
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the use of ethers minimizes reaction of the benzyne with the solvent, it also prolongs the life time of the 
adduct anion (la), which in ammonia is protonated promptly. Therefore, undesirable reactions of (16) 
occur to a greater extent under aprotic conditions. 

At higher temperatures, weaker bases can be used for the generation of arynes from aryl halides. So- 
dium methanesulfinyl carbanions in DMSO are effective above room while sodium hy- 
droxide reacts with chlorobenzene at about 250 'C to give phenol, presumably through a benzyne 
intermediate.' With substrates having strongly activating groups, even mild bases lead to deprotonation, 
e.g. betain (19) can be generated from (18) with potassium acetate (equation 8).43 Arynes can also be 
formed from diazonium carboxylates derived by the rearrangement of N-nitrosoacylarylamines such as 
(20).44 However, these methods are more useful for [2 + 41 trapping reactions of arynes than for their 
coupling with strong nucleophiles. 

NO 

A number of procedures for the generation of arynes using disubstituted precursors have also been de- 
veloped. Metal-halogen exchange in dihalobenzenes with lithium amalgam or magnesium is one such 
useful method.' Electroreduction of dihalobenzene~?~ reaction of Gngnard reagents with aryl sulfox- 
i d e ~ ~ ~  or defluorosilylation of aryl silane^^^,^^ have also been used for the generation of arynes (equation 
9). Decarboxylation of 2-halobenzoates also leads to aryne formation but requires high temperature. I 
However, 1 -(o-halophenyl)-2-benzenesulfonylhydrazides are decomposed under milder ~onditions.4~ 

aBr F 

aBr SOR 

ox SiMe, 

X =Cl,BrorTf 

ax ' 
A very popular route to arynes involves decomposition of benzenediazonium 2-carbo~ylates.~~ The 

explosive nature of diazonium compounds is a major disadvantage of this method, although procedures 
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for safe preparation and handling have been described.si An dtcmative is to cany out the diazotization 
of anthranilic acid in situ, but the yields of benzyne adducts obtained in this manner are usually inferior 
due to side In any case, the benzenediazonium carboxylate route is usually not suitable for 
coupling of arynes with anionic nucleophiles, since in a strongly basic medium dediazotization to ben- 
zoic acid eclipses the formation of the reactive int~rmediate.~~ This method can, however, be used in re- 
actions with uncharged nucleaphiles. Diphenyliodonium-2-carboxylate is a safe benzyne precursor but 
requires decomposition above 150 'C." A new convenient procedure comprising thermolysis of silyl sul- 
foxides has been developed recently (Scheme 2).% 

(9) 
0 
II 

+ CPh SiMe, PhO \OSiMe, 

Scheme 2 

23.2.2 From Fragmentation of Cyclic Systems 

Arynes can be readily generated by thermal or photolytic fragmentation of several benzo-fused sys- 
tems.' The conditions required for the cleavage of such precursors vary widely. For instance, azosulfone 
(21), obtained by diazotization of 2-aminobenzenesulfinic acid, decomposes in organic solvents at room 
temperature to give nitrogen, sulfur dioxide and b e n ~ y n e . ~ ~  In the case of phthalic anhydride (22), gas 
phase pyrolysis at 700 'C is needed, while phthaloyl peroxide (23) affords benzyne on irradiation. Oxida- 
tive decomposition of 1-aminobenmtriazole can be effected at temperatures as low as -80 'C (equation 

Several variations of this method have been explored with a view to avoid oxidizing agents. The 
salt (24) furnishes benzyne on dissolving in polar solvents at room temperat~re.~~ Of the cyclic benzyne 
precursors, benzotriazoles have found more preparative use in general but not many examples involving 
coupling with nucleophiles have been reported. 

0 0 

NHz N: 

An important drawback of the aryne routes starting with bidentate or cyclic precursors can be the ef- 
fort needed to prepare the precursor itself, especially for substituted arynes. However, these have the ad- 
vantage that the arynic bond can be generated without positional ambiguity as illustrated in the following 
section. 
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2333 Generation of Substituted Arynes 

Generation of arynes from ortho- and para-substituted halides is straightforward. In the meta case, 
aryne formation can take place in two directions (Scheme 3). Regioselectivity in this situation is depend- 
ent on the relative rates and reversibility of the deprotonation and the dehalogenation steps. With substi- 
tuents which exert an electron-withdrawing (-0 effect or favor ortho metalation by chelation, aryne 
formation in the adjacent position predominates, if the halide ion loss is fast. In the case of aryl halides 
with +I substituents the regioselectivity can be poor. For example, treatment of 3-bromoanisole (Sa) 
with LDAflHF leads to 3-methoxybenzyne (27a) primarily.36 In contrast, the reaction of 3-bromotol- 
uene (25b) with KNH2/"3 gives (27b) and (29b) in 4060 ratio. Interestingly, with the corresponding 
chloride this ratio is reversed to 79:2 1. It has been suggested that in both halides, metalation pura to the 
methyl group is faster (k3 > ki).' However, in the aryl bromide this step is virtually irreversible due to 
rapid bromide ion loss. With the chloride, equilibration between the metalated species (28) and (26) 
takes place and the chloride ion loss from the latter is faster (k2 > k4). When there is ambiguity in aryne 
formation from aryl halides, bidentate precursors can be used to get the arynic bond in a predetermined 
position. For instance, aryne (27b) can be exclusively generated from diazonium carboxylate (30). This 
route has been used for obtaining some other substituted arynes also.52*58 

R R R 

(25) a : R = O M e  (26) 
b : R = M e  

(27) 

In polycyclic systems with bond fixation, dehydrohalogenation tends to occur in one direction only, 
e.g. 2-bromonaphthalene gives 1,2-naphthaIyne (31). The 2,3-isomer (33) can be obtained by the oxida- 
tion of aminotriazole (32).59,60 Similarly, in some heterocyclic systems marked regioselectivity on dehy- 
drohalogenation is observed. Thus, treatment of 3-bromopyridine with strong base affords (34). For the 
generation of 2,3-dehydropyridine, the dihalogenated substrate (35) is required.24 The question of che- 
moselectivity comes up with substrates having two potential leaving groups, such as the mixed diha- 
lobenzenes which can afford two different arynes on dehydrohalogenation. In such cases the heavier 
halogen is often lost preferentially,61 e.g. (36) gives 3-chlorobenzyne. The generation of arynes from di- 
and tri-halogenated arenes can get complicated by prior isomerization, termed 'halogen dance'?* How- 
ever, perchloro- and perfluoro-arynes can be obtained e f f i ~ i e n t l y . ~ ~ . ~  

Finally, the conditions used for generation of substituted arynes have to be compatible with the nature 
of the substituent group. In the aryl halide-strong base route, a wide range of substituents can be tol- 
erated; alkyl, aryl, trifluoromethyl, halogen, alkoxy, dialkylamino, methylthio, carboxylic and cyano 
groups exert no deleterious effect. However, strongly electron-withdrawing substituents can so stabilize 
the aryl anion that the halide ion loss does not occur under the usual conditions.' Thus (37) has consider- 
able lifetime at room temperature, while the corresponding bromo compound decomposes somewhat fas- 
ter. Strongly electron-donating substituents, on the other hand, can retard the deprotonation step and it 
may be stopped altogether if a negatively charged atom is appended to the aromatic ring. For instance, 
halophenoxides are not metalated by phenyllithium in ether although n-butyllithium is effective.' The an- 
ions (38) and (39) are stable towards KNHflH3, whereas in (40) and (41) aryne formation takes place 
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Br Br 

(36) 
Scheme 4 

under similar  condition^.^^,^ It is thus clear that the extent of substituent charge delocalization into the 
aromatic ring imposes a delicate balance on aryne formation. Of course, if the negative charge bearing 
atom in the side chain is not attached directly to the aromatic ring, benzyne formation proceeds normally. 

qC' Li 

SOzPh 

(37) 

ay ' c1 

oNrph ' c1 KCN 

c1 
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H+ 

2 3 3  ADDITION OF NUCLEOPHILES TO ARYNES 
A wide variety of anionic and uncharged nucleophiles add readily to arynes (Scheme 5).  The adduct, 

anionic or zwitterionic, can abstract a proton from the surroundings or undergo an internal rearrange- 
ment. In the absence of such quenching, it can be trapped by addition of electrophiles. However, further 
aryne addition can also take place to give (17) and polymeric products derived therefrom (equation 7). 
Another complication in coupling of nucleophiles with arynes arises if the phenylation product is SUR- 
ciently acidic to undergo rapid deprotonation; further aryne reaction can then occur. Thus, considerable 
amounts of di- and tri-phenylation products are formed when a-picoline is reacted with 1 equiv. of an 
aryl halide in the presence of a strong base.67 

Nu- 

1 Nu 
\ /  \ 

/ /  / 
NU- = H-, -C, N ,  P-, -0-, -s-, halogens, etc. 

Scheme 5 

233.1 Relative Reactivity of Nucleophiles 

As mentioned in the introductory section, arynes behave as ‘soft acids’. Therefore, the relative re- 
activity of a nucleophile should be governed by basicity as well as polarizability. The following grada- 
tions, established through competitive reactions of arynes with different nucleophiles, are more or less in 
line with this expectation.’ (i) BuLi > PhSLi > PhNMeLi > P h W L i  > ROLi > ArOLi, for 9,lO-phe- 
nanthryne in ether; (ii) PhS- > PhF- > PhCsaC > enolates > PhO- > RO- > I-, CN-, for benzyne in liq- 
uid ammonia; (iii) I- > B r  > CI- > EtOH for benzyne in alcohol. 

The above series perhaps do not exactly reflect the order of inherent nucleophilicities towards arynes, 
because factors like the size of the attacking reagent, its state of association and the nature of the counter- 
ion can play an important role. For instance, diethylamine is 18 times more reactive towards benzyne 
than the bulkier diisopropylarnine.@ Nevertheless, aryne preference for soft nucleophiles is clear in a 
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general way. It is also manifested in reactions with ambident anions derived fram phenol, pyrrole and in- 
dole as substantial C-phenylation is observed in base-promoted reactions with aryl 
The fact that the rates for addition of different nucleophiles to arynes vary by a wide margin shows 

that these intermediates are sufficiently long lived to allow high chemoselectivity. The circumstance that 
the nucleophilic reactivity is not entirely governed by basicity is useful in reactions where the nucleo- 
phile is not strong enough a base to generate the aryne from its precursor. In such an eventuality, another 
strong base has to be used, and 2 mol equiv. may be needed for the deprotonation of the aryl halide and 
the conjugate acid of the nucleophile. In some cases, the reaction goes to completion only if a slight fur- 
ther excess of the base is used. This base can compete for the aryne, but good yields of the desired pro- 
duct can still be obtained if the nucleophile has higher reactivity toward the aryne. For example, 
benzenethiolate ion is not basic enough to generate benzyne from chlorobenzene in liquid ammonia and 
a metal amide is used for this purpose. Nevertheless, diaryl sulfides are obtained in acceptable yields be- 
cause the polarizable benzenethiolate ion is a superior aryne nu~leophile.I*~~ Under similar conditions, 
the yield of diaryl ethers is poor and amination predominates over the reaction of benzyne with the weak- 
ly nucleophilic phenoxide ions. In the case of addenda which are poor bases and are also weakly nucleo- 
philic, it is customary to use a nonbasic route for aryne generation. 

The structure of an aryne can have a marked effect on its selectivity and the efficiency of its coupling 
reactions.Ip71 In general, any factor which increases the stability and the life time of a reactive intermedi- 
ate should enhance its discerning power. An example is the superior selectivity of l,Znaphthalyne, as 
compared to benzyne, in phenyllithium vs. lithium piperidide addition. This was attributed to greater sta- 
bility of 1,2-naphthalyne arising out of a more effective orbital overlap across the shorter ‘dehydro 
bond’.’ Detailed analysis revealed that the selectivity of 1,Znaphthalyne is higher at the a-position, 
which is shielded by the peri hydrogen atom?2 This trend is more pronounced in the case of diethyl- 
amine/diisopropylamine pair due to appreciable difference in the size of the two competing nucleophiles 
(Scheme 6). Thus, steric factors also play an important role in aryne selectivity. 

9.6(49) 
OMe I I 

I OMe 

Scheme 6 Relative aryne selectivity values for phenyllithiumflithium piperidide 
pair and diethylamine/diisopropylamine pair (in parenthesis) 

In connection with the substituent effects, the kinetic stability of benzyne is suggested to be increased 
by electron withdrawal (-4 and decreased by electron release However, the inference cannot be 
extrapolated to selectivity of substituted arynes in general. For example, in additions involving competi- 
tion between phenyllithium and lithium piperidide, the methyl substituents (+I) on benzyne increase its 
selectivity, whereas methoxy groups (-4 decrease it (Scheme 6). On the other hand, in reactions of car- 
banions derived from acetonitrile in alkylamine solvents both +I and -/ benzyne substituents lower selec- 
tivity and cause predominant amination. Thus, the method was found unsuitable for preparation of many 
substituted benzyl nitriles.74 In symmetrically disubstituted arynes there is partial cancellation of polariz- 
ation, and in fact acceptable yields of acetonitrile adducts could be obtained from 3d-dimethoxy- 
ben~yne.7~ The selectivity of substituted arynes varies with the set of nucleophiles in the competition and 
no comprehensive theory or simple generalization is available on this point. 

233.2 Regioselectivity in Nucleophilic Addition to Unsymmetrical Arynes 

A nucleophile can add to either end of the ‘triple bond’ in an unsymmetrical aryne. Since two products 
can be formed, the extent and the direction of regioselectivity observed in such a reaction may determine 
its preparative value. Substituents present on an aryne can orient the incoming nucleophile through elec- 
tronic and steric effects. As the reacting ‘triple bond’ is orthogonal to the ring --system, the inductive ef- 
fect of the substituents is more important than their mesomeric effect. The inductive effect may be 
considered to influence the site of the nucleophilic attack by polarization of the ‘triple bond’ or by sta- 
bilization/destabilization of the negative charge in the transition state. Arguments based on either a p  
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proach lead to similar predictions. The degree of selectivity is also expected to be sensitive to nucleo- 
phile reactivity, the stronger nucleophiles being less selective?6 Significant regioselectivity is usually ob- 
tained in additions to arynes having -I substituents in position 3 (43a), as the developing negative charge 
can be stabilized to a greater extent in (44a) than in (45a). The repulsive interactions are also minimal for 
the meta addition. On the other hand, with the +I substituents (43b) the electronic and the steric effects 
may operate in opposition to each other. The transition state corresponding to the ortho adduct (45b) is 
destabilized to a lesser extent electronically but it is more congested. As a consequence only with power- 
ful electron-releasing groups, like those having a negatively charged atom attached to the aromatic 

can high ortho:metu product ratios be obtained. With weakly electron-releasing alkyl groups, the 
ortho:meta ratio is rarely greater than unity and can be much less if large substituents and nucleophiles 
are involved. In addition of lithium piperidide to 3-isopropylbenzyne this ratio is 1:24, and it is 1:2 in ad- 
dition to 3-methylbenzyne. This trend in favor of meta addition has been utilized for the synthesis of the 
metu-substituted toluene (48),78 In coupling iodide (46) with (47), the ortho isomer (49) was only a 
minor product. Steric effects arising out of different degrees of association of the nucleophilic anion with 
its countercation have been invoked to explain the decreasing orrho:metu ratio in the reaction of 2chlo- 
rotoluene with LiNH2, Na"2 and K N H z . ~ ~  Similarly, the preponderance of p-adducts in 1.2-naphtha- 
lyne-mediated reactions can be ascribed to peri hydrogen shielding of the a-position.' 

\ (43) a: R = -1; b: R = + I  

Scheme 7 

(48) 91% (49) 9% 

It seems that the repulsive steric interactions play a more dominant role in regioselectivity of aryne re- 
actions than is sometimes realized. In fact, it has been argued that in nucleophilic addition to arynes, the 
transition state is reached early, while the incipient bond is still very much extended. Consequently, 
steric effects were considered not to be of great importance.80*81 It should, however, be noted that the 
'dehydro bond' orbitals are so oriented that the optimal approach trajectory for the nucleophile lies in the 
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plane of the ortho substituent (50). Thus, if the nucleophile is large or is heavily solvatcd/associated, then 
considerable steric hindrance to attack at the aryne carbon adjacent to a substituent can be expected. 

In addition of organometallic reagents to some arynes, prior counterion complexation with the substi- 
tuent can direct the incoming group to the ortho position (kinetic control). Addition of alkyllithiums to 
oxazolinyl ( O m )  aryne (51) to give the ortho product (52) is explained in this manner. In contrast, li- 
thium dialkylcuprates add to the aryne (51) exclusively at the meta position. This is ascribed to thenno- 
dynamic control of the reaction, which results in the formation of the more ligated and stable adduct 
(53).82 Control of nucleophilic addition to arynes by complex-induced proximity effects has not been ex- 
plored with substituents other than but has considerable synthetic potential if it can be achieved, 
say through solvent manipulation. 

rc A- 

Scheme 8 

In reactions of 4-substituted benzynes, both the inductive and steric effects are less pronounced and 
nearly equal addition at the two ends of the ‘dehydro bond’ occurs with strong nucleophiles. Weak nu- 
cleophiles, however, do show some positional selectivity. For example, the para:meta ratio in addition of 
amide ions to 4-chlorobenzyne is near unity but is 4.9 for the addition of ammonia. It was suggested that 
in the transition state for the addition of weaker nucleophiles, the incipient bond is more developed and 
there is greater transfer of negative charge. Consequently, sensitivity to the electronic effects of the sub- 
stituents is heightened.76 The recent work of Hart provides the only example of high metalpara regie 
selectivity in the addition of a strong nucleophile. Reaction of tetrahalide (54) with arylmagnesium 
bromide gave (57) along with a negligible amount of m-terphenyl. The pronounced selectivity in the ad- 
dition of the Grignard reagent to the ‘dehydro bond’ was traced to the necessity of keeping the two nega- 
tive charges away from each other in (55) and 

In the case of 3.4-pyridynes there is some preference for nucleophilic attack at the mera position, be- 
cause the 4-pyridyl anion is more stable than its 3-isomer. The selectivity, however, is marginal and dis- 
appears altogether when strong nucleophiles are involved. On the other hand, 2d-pyridynes afford only 
C-2 adducts. It has been argued that nucleophilic attack at C-3 is highly disfavored because the negative 
charge developing at C-2 experiences a strong coulombic repulsion from the nitrogen lone pair. How- 
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Brgr -- ArMgX 

I Br 

Br MgX 
ArMgX 

XMg Br 

(56) (57) 
Scheme 9 

ever, pyridyne intermediacy in substitution reactions of 2-halopyridines is not fully established. An addi- 
tion-elimination mechanism can also explain the exclusive formation of 2-substituted prod~cts.2~ 

2 3 3 3  Use of Arynic Substitution in Synthesis 

Arynic substitution is a versatile technique of functional group transformation in aromatic systems and 
has found varied applications in preparation of simple compounds and in multi-step s y n t h e s i ~ . ~ - ~ * ~  The 
present section comprises examples illustrative of its synthetic scope. Attention is also drawn to some al- 
lied strategies which, when used in conjunction with the nucleophilic coupling of arynes, have opened 
convenient routes to complex natural products. 

2333.1 Intermolecular addition of anionic nucleophiles 

A variety of substituted aromatic compounds have been prepared through addition of anionic nucleo- 
philes to arynes generated from readily accessible precursors.' Most of the laboratory preparations start 
with aryl halides. The coupling yields are usually good to modest (equations 13-15) but can be poor 
(equation 16).85 Sometimes, a dramatic improvement in reaction efficiency can be achieved by the 
change of the base/solvent pair or other reaction conditions. For instance, in arylation of phenoxides and 
benzenethiolates, a switch over to DMSO as the solvent boosted the yield considerably (equation 17).86 
Another example, illustrative of this point, is the reaction of N-methylpyrrolidone with aryl halides 
where an acceptable yield could not be obtained under a variety of conditions except with LICA in THF 
(equation 18).7' 

ether ox+ \ 0 N I 94% 

Li 

ether 

89% 
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ether 

46% 
ox + Ph3CK - PtLc 

N a N H m F  13% * Wo) 0 (16) MeoyJBr M e 0  + P O )  ' 0  Ar 

0 0 

KNHflHj. 42% - + PhSH PhSPh (17) 
or KOBu'DMSO. 

The synthesis of aromatic compounds through unsymmetrical arynic intermediates entails regio- 
selectivity in the addition step. Possibility of cine substitution, however, can be turned into an advantage 
for getting isomers which are not easily accessible otherwise. Use of oxozolinyl aryl halides for such in- 
troduction of substituents was mentioned in Section 2.3.3.2. Some other examples are given in equations 
( 19j(21).87-89 

RO 

Me RO Br 3 * Me ____) KNH2/"3 :?* 
9 Aporphine (19) 

"2 
/ Me0 / M e 0  

NEt, 

Polyhalogenated arenes can function as diaryne equivalents via the tandem sequence illustrated in 
Scheme 10.90q91 The predominant metu addition to aryne (59) can be ascribed to steric hindrance, while 
in addition to (58) both steric and electronic effects favor the observed regioselectivity. 

If the moeity adding to the aryne carries a suitably placed electrophilic center, cyclization with the in- 
itially formed anion can occur as observed in the synthesis of dibenzothiophene (@)?* Of wider syn- 
thetic import in this context is enolate addition to arynes. Here, after the initial ring closure many types 
of products can be formed (Scheme 1 l).35 However, with some substrates, a particular reaction course 
can pred~minate;~~' for example, reaction of cyclodecanone with bromobenzene provides an efficient 
method for benzo-annulation and ring expansion. Similarly, high yields of benzocyclobutenols can be 
obtained from the monoketals of a-diketone~?~ 
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55-70% 

(59) 

R = cyclopentenyl or neobomyl 

Scheme 10 

c-- 
R3 
R1 

0 

of R3 
R1 

OH 

+ cyclodecanone Na"zDMF 60% F-4). 
0 

Scheme 11 

The initial adducts formed from ester dienolates and arynes undergo ring closure to give naphthols in 
moderate yield (equation 22). Phthalides enter into a similar reaction to furnish 10-hydroxyanthrones 
which can undergo ready air oxidation to anthraquinones (equation 23).M,97 The latter can be obtained 
directly from the phthalides bearing a leaving group at position 3. Thus using cyanophthalides, a number 
of naturally occurring anthraquinones and a precursor (61) of the antineoplastic drug 4-dimethoxyduano- 
mycin have been synthesized (Scheme 12).5b,98 Aryne reactions of anthranilic acid esters have been used 
to get acridones like acronycine (62).99 

The nitrile group present on a nucleophile adding to an aryne can also undergo subsequent reactions. 
Simplest of these is the formation of an imine, which on hydrolytic work-up gives a cyclic ketone.*@ 
However, further imine rearrangement (63 -) 64) can occur to give ring-opened products in which two 
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i, LDA (3 moles), THF, -78 to 4 0  "C; ii, 2-chloro-5-methylanisole 

Scheme 12 
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new groups are attached to the aromatic substrate (equation 25).Io1 A number of substituted carboxylic 
acids and aldehydes have been synthesized in this manner and a new aryne annulation protocol has been 
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developed?b.102 This rearrangement needs some driving force which may be provided by the ligation of 
lithium with the OX2 group. In the case of benzyl nitriles, which also give rearranged products, it may 
come from the additional stability of (65) due to charge delocalization. In the absence of such features, 
only simple adducts are obtained from the reactions of aryl halides with alkyl nitriles. Also, if ammonia 
is used as a solvent in these reactions, rapid protonation of the first-formed adduct anion may preclude all 
subsequent events. 

OXZ., OX2 R YCN 
Li 6' / THF bi'LixR - &cN - 

OXZ OXZ .. Li COR' 

(64) R' = H, OH 

23.33.2 Intramolecular additwn of anionic nucleophiles 

One of the most productive applications of nucleophilic aryne coupling is for the construction of 
benzo-fused polycyclic systems (66 -+ This procedure, often called the benzyne cyclization, has 
been extensively used for making four-, five- and six-membered rings but larger systems have also been 
obtained. Its scope is extended because of the fact that some nucleophiles which are sluggish in inter- 
molecular aryne reactions participate readily in ring formation due to favorable entropic factors. A metu 
substituted precursor like (69) can also be used, if it is more readily accessible than the ortho isomer, al- 
though the yield may be inferior due to some benzyne formation on the wrong side. Cyclizatioin of m- 
isomers can sometimes be more efficient, perhaps due to prior complexation of the proton-abstracting 
base with the side chain nucleophile. In such a case, not only abstraction of the correct proton (HI in 67) 
occurs but also the nucleophile is kept poised for reaction at the time of aryne generation. Usually aryl 

X x 

Scheme 13 
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bromides afford better yields of cyclic products than the chlorides. These general aspects of the benzyne 
cyclization arc illustrated in equations (27)-(31).10s107 

(27) 
K"m3 

Me 95% (o-Br), 35% 
N-Me 

0 0 

H 
I - KNH2/"3 KCSPh 5Q% (X = Br). 62% (X = CI) 

H 
I 

(31) 
B u L W F / E  - 

50-8046 qNTBut F E 

Cyclization of side chain nitriles has found extensive use in the synthesis of bemyclobutenes (70; n 
= 2),'04 the versatile synthons which open on mild thermolysis to give o-quinodimethanes for inter- and 
intra-molecular [4 + 21 trapping.108 The nitrile group in (70) can be manipulated into a variety of func- 
tionalities for appending the dienophile portion. For example, in the synthesis of chelidonine, the nitrile 
(71) was converted, by hydrolysis followed by Curtius degradation and reaction of the formed isocyanate 
with benzyl alcohol, to a urethane (72). The latter was then condensed with a benzyl bromide to get the 
compound (73). which was elaborated further as shown in Scheme 14.'09 

The benzyne route to lcyanobenzocyclobutenes has been employed for the synthesis of a myriad of 
complex natural products. The cyano group in (74) was used to attach the dienophile as well as for build- 
ing the imino bridge of (73, an important precursor for some diterpene alkaloids (Scheme 13.l lo 
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(71) 

Scheme 14 
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(75) 
Scheme 15 

Attachment of a crotonate chain to the alcohol (78). through a mixed carbonate ester, 'sets up the intra- 
molecular Diels-Alder reaction in the synthesis of podophylotoxin. I I The starting benzocyclobutenol 
(78) was procured by the sequence of steps shown in Scheme 16. A similar route using a carboxylic 
ester, in place of the nitrile (76), for the benzyne cyclization gave a mixture of cis- and trans-benzocyclo- 
butenes but ester hydrolysis led to the pure trans acid (77).II2 

Among other elaborations of the cyano group of the benzocyclobutenes are Na-NH3 decyanation, 
DIBAL reduction, and side chain elongation as used in the synthesis of estrogenic Based 
on this methodology, synthesis of some tetracyclic triterpenes116 and alkaloids like yohimbine117 and xy- 
lopinineI1* have also been reported. 

Benzyne cyclization of the side chain nitriles or carboxylic esters has also been employed for con- 
structing other rings as shown in the synthesis of N-methylisoindole (79) and the lysergic acid precursor 
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Ar 

Ar 

(76) 
(77) 

Scheme 16 

(80).119J20 The low yield in the latter case may be explained in terns of competitive aryne ring closure 
with the nitrogen atom to give (81). 

(79) 
CN 
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Q-Me 

Ac 
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+ Me’ 

\ 
Ac 

(81) 

Scheme 17 

Competition between two nucleophilic sites participating in an arynic cyclization depends upon their 
relative nucleophilicities as well as on the size of the rings being formed. For example, the bromo com- 
pound (82) could be cyclized to a lycome smoothly because coupling with the nitrogen atom would 
lead to a four-membered ring.12’ In contrast, a similar reaction of enaminones (83a) and (83b) gave 
mostly five- or six-membered ring N-phenylation products (84). i22 Similarly, in cephalotaxine synthesis, 
closure to a seven-membered ring failed under the usual benzyne-generating conditions. The product 
(86) could be obtained with potassium triphenylmethide as the base, but still the yield was low. A nickel 
complex mediated cyclization was somewhat more efficient, while irradiation of (85) under S R N ~  re- 
action cond i t ion~’~~  af‘forded (86) in 94% yield.’” This is an example where a nonaryne procedure for 
ring closure was clearly advantageous. 
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(34) 
RO R RO 

(83) a: n = 2; b: n = 3; R = H or alkyl (84) 

Carbanions derived from side chain tertiary amides have also been cyclized to provide isoquinolones 
and isoindoles (equation 36).125*'26 While benzyne intermediacy in the formation of the former is likely, 
the latter seems to arise through a S R N ~  reaction pathway. Synthesis of indole from the meru bromo corn- 
pound (87). on the other hand, clearly involves an aryne ~ycl izat ion. '~~ A more versatile route to indoles 
is based on intramolecular addition of aminyl anions to arynes (equation 38).IZ8 A somewhat similar di- 
hydroindole preparation constitutes the first step in a synthesis of lycoranes (equation 39).Im The syn- 
thesis of (88) also falls in the same category of reactions, but it is noteworthy because only a few 
examples of ring closure of heteroarynes are mentioned in l i t e r a t ~ r e ? ~ , ~ ~  

R 

LDA/RIF or 

R KNH2/"3 R 

n = O o r  1 
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PhLiit2NH 

45% Me0 
H 

Me0 (39) 

Normally aromatic systems do not function as effective nucleophiles towards arynes even in intra- 
molecular reactions. For example, the aryne (89a), generated from the corresponding halide and MNH2 
in liquid ammonia, leads only to amine (92) and quaternary compound (93). Since (93) tends to undergo 
Hoffmann degradation under the basic reaction conditions, it is preferable to cyclize the N-demethyl sub- 
strates and carry out the quatemization subsequently to prepare dibenzoindolizidines. The alkaloids cryp 
tausoline (96a) and cryptowoline (%b) have been synthesized in this r n a n ~ ~ e r . ' ~ ~ ? ' ~ ~  To forge a biphenyl 
link by the benzyne route, advantage can be taken of the fact that appendage of a negatively charged 
atom to an aromatic ring confers strong nucleophilicity at the ortho and the pura positions. Thus, 
phenolic isoquinolines afford, through the phenoxide (89h), aporphines (90) in 2&30% yield. In these 
reactions, dienones (91) arising from aryne attack at the pura position are also formed, albeit in poor 

(89) a: R = H, OMe 
b : R = O -  

0 
(91) 

I 
R 

" 2  + 

\ 

Scheme 18 
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If methanesulfinyl carbanion (MSC) in DMSO is employed as the base, ring opening of (91) 
can take place.138 This base-solvent system affords acceptable yields of aporphinoids from isoquinoli- 
nium methiodides even in the absence of anionic a~t ivat i0n. l~~ Similar conditions have also been used to 
get cularine alkaloids through a cyclization which involves addition of an oxyanion to the arynic bond 
(97 + 98).140 

OR 
(94) a: R = R = Me (95) 

b: R + R = CH2 

M e 0  

HO %OR I OR 

The above mentioned coupling of arynes with oxyanion-activated aromatic rings proceeds in modest 
yields. Since nitrogen has a greater proclivity to share negative charge, aminyl anions should serve as 
more efficient aryl activators. This concept forms the basis of a benzyne route to phenanthridine~?~.~~~ 
Thus, treatment of the chloro compound (99) with KNH2/”3 affords dihydrophenanthridine (loo), al- 
most quantitatively. Under similar conditions, phenanthridine (103) can be obtained directly from ani1 
(101) even though the rings to be joined are trans disposed. Additiokelimination of amide ions across 
the azomethine bond has been postulated to explain this r e ~ u 1 t . I ~ ~  Many substituents and heterocyclic 
rings are compatible with this cyclization and a variety of systems have been s y n t h e s i ~ e d . ~ ~ ~ * ~ ~ ~  Pentacy- 
clic compounds, like (105), can be obtained in one step through a double benzyne cyclization.14 Pyn- 
dynes also enter into this reaction as shown in the synthesis of the grass alkaloid perlolidine (104).145 
Further, this route provides a convenient access to the benzo[c]phenanthridine nucleus present in some 
alkaloids and compounds of interest in cancer ~ h e m o t h e r a p y . ~ ~ ~ ~ ~  Low yields in synthesis of the 8.9- 
oxygenated alkaloids (106b) can be much improved by the use of L D W F  in the benzyne cyclization 
step.37 

23333 Addition of unchurged heteroatom nucleophiles 

Molecules having a nucleophilic heteroatom add readily to arynes. In fact, some of these exhibit re- 
activity comparable to anionic nucleophiles, e.g. the reactivity ratio between phenyllithium and triethyl- 
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I 

! NaBH4 

HN \ N 

"2 

(102) (103) 

R*+$- -- R4 
R' 

Scheme 19 

amine' for 2,3dehydroanisole is only 1.8. Initially a zwitterion (107) is formed which may abstract a 
proton from the surroundings. In an aprotic solvent, it can often be intercepted by addition of electro- 
philes or may evolve into stable products through a variety of rearrangement and elimination steps. If a 
hydrogen is available on the heteroatom itself (lOS), migration occurs to give neutral products. Other- 
wise, a proton can shift from the p- or the a-position, the former process being somewhat more facile 
(109 + 110). The new zwitterion thus formed can undergo further reorganization or fragmentation. Al- 
though such reactions normally lead to a mixture of products, structural features of the substrate can 
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Me 
Me I #- Me 

Me' N. Me - a k R - a  H R 

(111) a: R =  H 
b: R = SiMe 

favor a particular pathway. For instance, in the reaction of trimethylamine (llla) with benzyne, very 
little product (113a) corresponding to Stevens rearrangement is obtained. But with silylamine (lllb), the 
compound (113b) is formed in 60% yield;150J51 the proton transfer leading to carbanion (112b) is ob- 
viously promoted by the neighboring silicon atom. 

Like tertiary amines, dialkyl sulfides also react with asynes to give betaines prone to rearrangements 
and some of these have been put to ingenious preparative use.152 The reaction of thiirane (114) with ben- 
zenediazonium carboxylate was employed to produce, in a stereospecific manner, unsaturated sulfides 
(115). which serve as valuable synthetic  intermediate^.]^^ Certain betaines, derived from aryne reaction 
with sulfides, reorganize to give products in which the original sulfur ligands are linked directly. Since 
dialkyl sulfides are readily accessible and the sulfur pendant on the product can be removed or utilized 
for further functionalization, this sequence constitutes a powerful method for carbon-carbon bond forma- 
tion. For example, a 3,2-sigmatropic shift in the ylide (117), formed through reaction of farnesyl nerolide 
sulfide with benzyne, gave (118a) which, on treatment with lithium in liquid ammonia, furnished 
squalene (118b) in good yield." An attempt to bring about a similar rearrangement by forming the 
corresponding methylsulfonium cation, in place of the phenylsulfonium cation (116), led to a complex 
mixture of products. Another useful strategy based on aryne reaction with dialkyl sulfides (119 + 120) 
has been devised to synthesize a number of. strained cy~lophanedienes.'~~-'~~ 

Ethers do not exhibit marked nucleophilicity towards arynes but readily enter into reaction with more 
electrophilic halogenated analogs like (121). In the betaine derived from (121) and ethyl ether, a proton 
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H 

\: \ \ -'U - 

(118) a: R = SPh 
b : R = H  

shift is followed by alkene el iminat i~n. '~~ With cyclic ethers such a shift is disfavored and good yields of 
products arising through ring opening by added nucleophiles can be obtained (122 + 123).Is8 The 
oxygen of N-oxides is more reactive and even simple arynes are attacked (equation 50).l 

Reactions of phosphines and phosphites have received some attention but their preparative value is 
limited. The zwitterion formed from diphenylmethylphosphine and benzyne rearranges to ylide (124) 
which can be captured by Wittig alkenation, with cyclohexanone, in about 20% yield.IS9 Some syntheti- 
cally useful reactions of tellurium and selenium compounds with arynes have been reported. For 
example, heating diphenyl iodonium carboxylate and bis@-ethoxyphenyl) ditelluride in dichlorobenzene 
affords the compound (125).la0 The corresponding reactions with diphenyl selenide and diphenyl sulfide 
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proceed in slightly lower yield.'6' The selenadiazole (126) participates in an intensting aryne reaction to 
give nitrile (127) in excellent yield.'62 

01 + Ph2PMe - 6'i - Ph3P=CH2 (51) 

(9) (124) 
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2333.4 Additions involving multiple bonds 

Incorporation of a heteroatom into a multiple bond generally lowers its nucleophilicity due to change 
in hybridization. Still, reaction with arynes can occur to give a zwitterion which may collapse to a four- 
membered ring or undergo further reactions. For example, interaction of azirine (128) with benzyne 
leads to 2,3-diphenylind01e,'~~ presumably by the pathway shown in the equation (54). Similarly, anils 
on reaction with benzyne afford acridines in low yield.lU Even carbonyl compounds can react, but only 
with strongly electrophilic arynes. Generation of tetrachlorobenzyne in the presence of aldehydes and 
ketones was found to give benzodioxan derivatives (129).'65 

cl$l CI 

c1 

Ph 

H 

CI c1 

___) Me2CO "ff'y - ArCHO 

\ c1 \ c1 
I 

CI CI Ar 

(54) 

Alkenes on reaction with arynes afford benzocyclobutenes in low yield. Particularly, if an allylic hy- 
drogen is present the ene reaction tends to predominate. The main interest in this area is perhaps mechan- 
istic, because concerted [2 + 21 addition is forbidden by Woodward-Hoffmann rules. The fact that with 
1 ,2-disubstituted alkenes mixtures of stereoisomers are obtained, although stereoretention predominates, 
indicates the involvement of an intermediate with a lifetime long enough to allow some bond rotation be- 
fore ring closure. Extended Hiickel calculations also show that the potential energy surface for this re- 
action has a 'valley' corresponding to an intermediate on the reaction p a t h ~ a y . ' ~ ? ' ~ ~  There has been 
much conjecture on the dipoladdiradical nature of this intermediate. Although calculations indicate a 
slight charge imbalance in it, the lack of rearrangements and the absence of solvent effects suggest di- 
radical character. In the case of alkenes bearing strong electron donating groups, it is reasonable to con- 
sider the first step to be a nucleophilic addition. Good regioselectivity, in accordance with a dipolar 
intermediate, is observed in reactions of such alkenes with polarized benzynes and, importantly, the 
yields are high.'68,'69 For example, treatment of o-bromoanisole with sodamide in the presence of 1 ,I-di- 
methoxyethylene gave (130) in 70% yield. A similar addition constitutes the key step in an elegant syn- 
thesis of taxodione (131).'68 In 3-methylbenzyne, inductive polarization of the dehydro bond is weak and 
the preferred orientation must rely on the steric effect to align the approaching nucleophile. Accordingly, 
a much lower selectivity is observed in the reaction given in equation (56). Reaction of 0-silylated eno- 
lates of carboxylic esters with benzyne gives ortho-alkylbenzoic acids due to ring opening of the initially 
formed bicyclic product.170 Monovinyl ethers and acetates also afford [2 + 21 adducts with arynes in ac- 
ceptable yields (equation 57).17' Benzocyclobutenes prepared in this manner were used for the synthesis 
of some protoberberine alka10ids.l~~ 

The carbon end of enamines should be even more nucleophilic than that of the oxygen analogs. The 
expected regioselectivity is observed in reactions with arynes (equation However, the yields of 
benzocyclobutenes are often low because of competitive initial reaction at the nitrogen end.'74 Silyl- 
ynamines on interaction with benzyne give zwitterionic intermediates (132). which can undergo a 1,3- 
shift leading to stable products (equation 59).175 In enamides the charge density on the p-carbon must be 
relatively low, yet intramolecular addition to arynes can take place (equation 60).176 

Finally, electron rich aromatic rings can also act as nucleophiles towards arynes, e.g. 2-phenylanisole 
is the major product of Ag+-catalyzed decomposition of benzenediazonium carboxylate in anisole (equa- 
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Ql + j& - @.Me- P O M e  / OMe 

OMe OMe 
M e 0  OMe 

OMe 

0 1  

(131) 

Scheme 21 

OMe 

Br M e 0  OMe 38% F O M e  + P O M e  (56) 

OMe 

75 % 25% 

R = Me or Ac 

tion 61).177 In this reaction, benzyne complexation with the silver cation increases its nucleophilicity at 
the cost of 12 + 41 reactivity. The high regioselectivity obtained under these conditions is indeed remark- 
able (91.6% ortho, 8.4% para).178 However, the yields in nucleophilic coupling of aromatic rings with 
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Na"JMI3 
Me0 D 

Br 

Me0 

Me0 

OMe 
I 

MeO M e 0  

30% 20% 

arynes are poor even under metal ion catalysis, and such reactions have found hardly any synthetic appli- 
cations. 

OMe 

As mentioned in the introductory section, Diels-Alder and 13dipolar additions of arynes have been 
used extensively in organic synthesis. In general, electron rich dienes and dipoles are more reactive in 
these reactions. This fact can be rationalized within the rubric of concerted cycloadditions in terms of a 
decrease in the HOMO-LUMO energy gap. However, asynchronous reaction, with bond formation at the 
nucleophilic end of the diene being more advanced and appreciable charge separation in the transition 
state (133). has been invoked to explain the regioselectivity observed in aryne addition to some ena- 
mides. For instance, the reaction of amide (134) with 3-methoxyarynes was found to give only one 

M e O D  R 
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isomer, i.e. (135). The selectivity was attributed to a stabilization of the developing negative charge, in a 
transition state similar to (133), by the adjoining methoxy group although alternate explanations also 
seem tenable.179 In any case, this reaction affords a useful access to 1 1-substituted aporphines which are 
difficult to synthesize 
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2.4.1 INTRODUCTION 

2.4.1.1 Coverage 

This chapter covers reactions in which coordination of a transition metal to the n-system of an arene 
ring activates the ring toward addition of nucleophiles, to give q5-cyclohexadienyl-metal complexes (1; 
Scheme 1). If an electronegative atom is present in the ipso position, elimination of that atom (X in 1) 
leads to nucleophilic aromatic substitution (path a). Reaction of the intermediate with an electrophile 
(E+) can give disubstituted 1.3-cyclohexadiene derivatives (path b). If a hydrogen occupies the ipso posi- 

5 17 
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tion, oxidation of the intermediate gives formal nucleophilic substitution for hydrogen (path c). These 
processes have been uncovered and developed relatively recently and have significant potential in syn- 
thesis methodology. General reviews have as well as others with an emphasis on [(If- 
arene)Cr(CO)3] complexes,4-6 on [(q6-arene)FeCp]+ (Cp = q5-cyclopentadienyl) complexes7.* and on 
[(q6-arene)Mn(C0)3]+ complexes? but none with emphasis on synthesis scope and limitations. The pur- 
pose of this chapter is to illustrate the established methodology and to point to future possibilities; mech- 
anistic questions are included when helpful in understanding the scope and limitations. The coverage is 
representative and not comprehensive. 

(a) elimination 

[X = F, CI] + x -  
Nu e ....-..-- 

....... 

/ (b) electrophile 

\ (c) oxidation 

[X = HI 
0 . u  + H+ 

Scheme 1 

2.4.1.2 Relation to Nucleophilic Aromatic Substitution by the SNAr Mechanism 

The reactions are related mechanistically to traditional nucleophilic aromatic substitution (SNAr), but 
offer several unique features. It may be well to summarize the comparison of general features for tradi- 
tional arene ring substitution. Arene rings are polarizable and tend to react as electron donors, as in elec- 
trophilic aromatic substitution.'O A cationic intermediate, the phenonium ion, is produced, which 
spontaneously loses a proton to give overall substitution of an electrophile for a proton. With suitable 
electron-withdrawing substituents attached to the arene via o-bonds, nucleophiles may add to produce 
the corresponding anionic intermediate, a cyclohexadienyl anion, stabilized by interaction with the sub- 
stituents as represented by (2) in Scheme 2." Attack is kinetically favored at a position bearing a hy- 
drogen (path a), but the intermediate thus formed (2) cannot proceed directly to substitution (by loss of a 
hydride ion). In the general version of the SNAr reaction, an electronegative atom (usually halide) is at- 

+ H+ 
Nu (Ox) 

Z 

Z 

Nu 

Z 
(3) 

Z 

Z = electron-withdrawing group 
X = electronegative atom (group) 

Scheme 2 
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tached to the arene ortho or para to an activating group, and the addition of the nucleophile is reversible. 
A slower addition occurs at the carbon bearing the electronegative atom to produce an anionic intermedi- 
ate (3), which can lose the electronegative atom in an irreversible step and give the product from nucleo- 
philic substitution for halide (path b). In a few cases, loss of hydrogen from intermediates related to (2) 
has been induced by oxidation, which presumably allows departure of a proton, as shown in step c, 
Scheme 2. * The overall addition-oxidation pathway of nucleophilic aromatic substitution for hy- 
drogen is too limited to be considered synthesis methodology. 

2.4.13 Arene-Metal Complexes, Background 

The first arene-transition metal complexes were prepared in the 1 9 5 0 ~ ~ ~ 9 ~ ~  and it was immediately rec- 
ognized that the added polarizibility or electron deficiency would promote addition of nucleophiles to the 
arene ligand. A number of cyclohexadienyl complexes were characterized following nucleophilic addi- 
tion, but the question of inducing the ipso hydrogen to depart was not answered (equation 1). 

Nu 

? I + Nu- - d” ... . . . . . - O N u  (1) 

M+ I 
(4) 

The isolation of the first halobenzene complex, (q6chlorobenzene)tricarbonylchmmium(0), allowed a 
test for a direct analog of classical SNAr reactivity.15 The activating effect of the Cr(C0)3 unit was found 
to be comparable to a single p-nitro substituent in reaction with methoxide in methanol and the sub- 
stituted arene ligand was detached with mild oxidation (equation 2). 

< 

Three types of arene wcomplexes have seen significant development in synthesis methodology: neu- 
tral [(q6-arene)Cr(CO)3] (6), the isoelectronic cationic [(q6-arene)Mn(C0)3] (7) and the cationic (q6- 
arene)(q5-cyclopentadienyl)iron(II) complexes (8). The [(arene)Cr(C0)3] species are formed by simple 
displacement of neutral ligands (L) from [Cr(CO)3L3] by the arene and a large number of variously sub- 
stituted [(arene)Cr(CO)s] complexes are available. l 4  Gentle and general syntheses of the cationic com- 
plexes (7) and (8) have only recently become available and the development of these complexes as 
synthesis intermediates is less developed. The focus of this chapter will be on the chromium system, but 
the iron and manganese analogs will be included for comparison and future potential. 

2.4.2 PREPARATION OF ARENE-METAL COMPLEXES 

2.4.2.1 [(Arene)Cr(CO)s] 

The general process is shown in equation (3). The L unit in the [Cr(C0)3Ls] can be CO (most com- 
mon),15’20 MeCN,21,22 2-alkylpyridineF3 ammonia2427 and other donor ligands. The rate (reaction tem- 
perature) is related to the nature of L; the most reactive readily available source of Cr(C0)3 is 
[(q6-naphthalene)Cr(C0)3], which undergoes favorable arene exchange under mild conditions with many 
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substituted arenesF8 A technical problem in the use of [Cr(CO)a] is the crystallization of sublimed 
[Cr(CO)a] in the condenser. The original solution is still used, a fairly complicated heated condenser ap 
paratus known as the Strohmeier apparatus,16 but a simple air condenser is also effective." The most 
general and convenient procedure also relies on continuous washing down of the [Cr(CO)a] with a mix- 
ture of THF and di-n-butyl ether at re f l~x . '~9 '~  A variety of polar and nonpolar aprotic solvents have been 
used, and, for some purposes, 
THF mixtures are effective.20 

such as complexation of a - h i n o  acids with a rokt ic  si& chains, water- 

cr(co)3 
L = CO, MeCN, "3, Py, etc. 

The primary competing reaction is imversible oligomerization of the coordinatively unsaturated 
[Cr(CO),] species. Addition of small amounts of weak donor ligands, such as a-picolinS9 or THF,IG2O 
appear to lower the temperature necessary for the complexation step from 100 'C or more to 60 'C, pre- 
sumably by assisting in the dissociation of one or more CO ligands and retarding the rate of oligomeriza- 
tion of the reactive source of Cr(C0)3.18-20 After complexation, the yellow to red [(arene)Cr(CO)s] 
complex can be purified by crystallization from nonpolar organic solvents or chromatographed on silica 
gel. The complexes are somewhat sensitive to air while in solution, but the solutions can be handled in 
air briefly and crystalline solids can be stored without special precautions. Examples are known with a 
wide variety of arenes, including sensitive species such as [(q6-indole)C~COb].13,14,~ Most common 
synthesis operations, such as acid and base hydrolysis, hydride reduction and carbanion addition to 
ketones, can be carried out on side chain functional groups without disturbing the arene-Cr bond.3' 
However, even very mild oxidation conditions will detach the arene by oxidizing the metal. An import- 
ant aspect of the complexation procedure is diastereoselectivity. Complexes of disubstituted (and more 
highly substituted) arenes can have molecular asymmetry: a stereogenic center in a side chain leads to 
diastereoisomers. Under favorable conditions, especially with low temperature conditions for complexa- 
tion, significant diastereoselectivity is observed in the complexation step (equation 4).32-3s 

SiMe3 SiMe3 SiMe3 

+ [Cr(CO)3(naphth)l - 
69% 

Me0 Me0 C I ~ C O ) ~  Me0 Cr(CO)3 
98:2 

2.4.2.2 [(Arene)Mn(COh]+ 
A gentle procedure has made these complexes available with a variety of substituted a r e n e ~ . ~ ~  Direct 

displacement of CO from the perchlorate salts of [Mn(C0)5]+ or [Mn(C0)3(acetone)3]+ with the arene in 
dichloromethane at reflux leads to precipitation of the [(arene)Mn(CO)s] salt. The conditions are milder 
than the AlC13-promoted procedure employed earlier.37 Only a handful of substituted arenes have been 
attached to [Mn(C0)3]+, but the general synthesis method suggests few limitations (equation 5) .  

+ '  Mn(C0)3%104 

The complexes are air stable; indeed, a limitation is the need for powerful oxidizing agents, such as 
Jones reagent CrV*, to detach the arene ligand?8 They are highly reactive toward nucleophiles. This 
limits the number of compatible synthesis manipulations that can be carried on in the presence of the 
[(arene)Mn(CO)s] unit but broadens the scope of effective nucleophiles. 
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2.4.23 [(Arene)FeCp]+ 
One of the few useful reactions of ferrocene is the AlCb-catalyzed exchange of one Cp group for an 

arene ligand (equation 6).39-44 

The requirement for AICb adds some obvious limitations, but a modest number of substituted arenes 
have been successfully coordinated to the [FeCp]+ unit. Photoinduced arene exchange has been de- 

and is particularly effective with the q6chlorobenzene-q5-cyclopentadienyliron cation without 
the need for Lewis acids!2 More basic (electron rich) arenes readily replace chlorobenzene, leading to 
FeCp cation complexes of 0-phenylethyl-p-toluenesulfonate and variously substituted  thiophene^.^^ The 
charged complexes are not purified by conventional organic techniques, such as chromatography, but re- 
crystallization is possible. The complexes are very air and heat stable; again, methods of removal of the 
arene from the Fe are few. The simplest is pyrolysis at >200 'C.& 

2.43 NUCLEOPHILIC SUBSTITUTION FOR HETEROATOMS ON ARENE LIGANDS, 
SNAr REACTION 

The smooth replacement of a heteroatom (usually halide) from arene ligands requires reversible addi- 
tion of the nucleophile, since the kinetic site of addition is usually at a position bearing a hydrogen sub- 
stituent (Scheme 3, path h).  

Nu 

kl x&H 
....... 

I 
M 

*x 
I 
M+ 

+ Nu- -4 
\ 

k-2 

(9) 

....... 
I 
M 

(10) 

Scheme 3 

-X- 

M+ 

The relative rates of each step depend critically on the nature of M and of the nucleophile. More reac- 
tive nucleophiles and more reactive complexes disfavor equilibration, (kl >> L I )  and the process can 
stop with formation of the first cyclohexadienyl intermediate (9). Equilibration leads through (10) to the 
substitution product. The overall order of reactivity for electron deficient arenes k 2 A 7  
[(arene)Mn(COh]+ > 2,4-(NO$sH3Cl> [(arene)FeCp]+ >> 4-(NOz)Cd&Cl> [(arene)Cr(CO)3]. 
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2.43.1 [(Halobenzene)Cr(CO)3] 

2.4.3.1 .I Intermolecular nucleophilic substitution with heteroatom nucleophiles 

A patent issued in 1965 claims substitution for fluoride on [(fluorobenzene)Cr(CO)3] in DMSO by a 
long list of nucleophiles, including alkoxides (from simple alcohols, cholesterol, ethylene glycol, pina- 
col, dihydroxyacetone), carboxylates, amines and carbanions (from triphenylmethane, indene, cyclohex- 
anone, acetone, cyclopentadiene, phenylacetylene, acetic acid and propiolic acid)?* Many of those 
results have not appeared in the primary literature. In the reaction of methoxide with [(haloben- 
zene)Cr(C0)3], the fluorobenzene complex is ca. 2000 times more reactive than the chlorobenzene com- 
~ l e x . 4 ~  The difference is taken as evidence for a rate-limiting attack on the arene ligand followed by fast 
loss of halide; the concentration of the cyclohexadienyl anion complex (e.g. 10) does not build up. In the 
reaction of [(fluorobenzene)Cr(CO)3] with amine nucleophiles, the coordinated aniline product appears 
rapidly at 25 'C and a careful mechanistic study suggests that the loss of halide is now rate 

Hydroxide, alkoxide and phenoxide nucleophiles react with [(chlorobenzene)Cr(C)~] at 25-50 'C in 
polar aprotic media to give high yields of the phenol or aryl ether chromium complexes; oxidation with 
excess iodine at 25 'C for a few hours releases the free arene, CO, chromium(II1) and iodide anion, as 
summarized in equation (7).15,s52 Only the arene remains in the organic layer after a conventional 
aqueous extraction. An alternate general procedure for detaching the arene ligand from the Cr(C0)3 unit 
is to expose a solution of the complex to air in the presence of normal room light or sunlight. The solu- 
tion soon becomes cloudy with oxidized chromium derivatives and the organic solution can be processed 
to isolate the free arene.I9 

The reaction proceeds almost exclusively by direct substitution (ipso), as shown by reactions of 
isomeric chlorotoluene complexes (Scheme 4).50 The relative rates of substitution of the isomeric ligands 
are similar, in the order 1.0:1.4:2.4 for ~:rn:p.~O A version of cine substitution is possible under special 
conditions, as discussed below. 

m:p = 97:O. I NaOMe. MeOH 

Scheme 4 

While olar protic solvents, such as MeOH, strongly retard reaction,53 phase trans.s catalysis using 

with strong electron donors, such as alkyl, methoxy or dialkylamino in the ortho, meta or para positions, 
substitution for chloride by potassium methoxide proceeds smooihly using the crown ether activation in 
benzene (equation 8).53 

In general, replacement of fluoride occurs under milder conditions and in higher yield than chloride; 
however, compared to chloride, a fluoride substituent slows the complexation of arenes and often leads 
to lower yields in the formation of the complexes. An excellent procedure for formation of the parent 

benzene 5 9  or addition of crown ethers to potassium alkoxides in benzene53 allows reaction at 25 'C. Even 
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[(fluorobenzene)Cr(COh] complex has been reported.55 The bromo- and iodo-arene complexes are 
known, but generally are not effective in the SNAr reacti~n.~'  

Direct replacement of oxygen leaving groups, such as p-toluenesulfonate, is not effective, perhaps due 
to steric retardation of the departure of the endo leaving gr0up.4~ One intriguing exception which bears 
further development is the reaction of the diphenyl ether mono-Cr(C0)3 complex (11) with reactive an- 
ions (Scheme 5).56 If the intermediate cyclohexadienyl anion complex (12) is quenched with an oxidiz- 
ing agent at low temperature, meru substitution for hydrogen and loss of the Cr(C0)3 unit are observed 
(see below for discussion of this pathway). However, if the same intermediate is allowed to warm to 
room temperature, anion equilibration can occur even with the very reactive 2-methyl-1.3-dithianyl car- 
banions and direct (ipso) substitution for phenoxide is observed. 

PhO 
I 

Thiolate  anion^^^^^* and oxime alkoxidess8 react under phase transfer conditions to give aryl sulfides 
and 0-aryl oximes, respectively; the o-dichlorobenzene complex can be converted selectively to the 
monosubstitution product (equation 9). The arylation of oximes leads to a simple process for benzofuran 
formation (equation 10). Simple primary and secondary amine nucleophiles react smoothly in the ab- 
sence of added base, in a very general and efficient process for aniline deri~atives.4~ 

R4NBr 
NaOH 

PhH 

(9) ( C O ) 3 C r - a c 1  + MeS- - 
/ c1 25°C (co)3c 

Chromium activation allows a strategy for aryl e t b r  synthesis in four stages: (i) electrophilic chlorina- 
tion; (ii) chromium coordination; (iii) alkoxide substitution for chloride; and (iv) oxidative decomplexa- 
t i ~ n . ~ ~  The process is effective for the synthesis of 6-methoxytetrahydroquinolines and 
5-methoxydihydroindole derivatives, for example. Chlorination of N-acetyltetrahydroquinoline with 
S02C12 followed by deacetylation provides 6-chlorotetrahydroisoquinoline in 77% yield (equation 1 l p 3  
Complexation with [Cr(C0)6] in diglymexyclohexane at 125 'C for 53 h using the Strohmeier apparatus 
gave the chromium complex (13) in 85% yield, based on 40% recovery of starting material. The unre- 
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acted tetrahydroisoquinoline can be separated from the complex by simple acid extraction, since the 
cr(co)3 coordination renders the complexed amine relatively nonbasic. Indeed, the complexed amine is 
moderately acidic and must be protected (in situ) as the benzyl ether before methoxide treatment. The 
overall yield for protection, substitution and oxidative decomplexation is 80%. a i : E i l a t i o n  c "a i.KH,BnBr 

D M a a  I (11)  

Bn J, iii, [c~~co),I (C0l3Cr / I ii, KOMe. 18crown-6 
0 85% H iii, 

(13) 

2.43.13 Cyclizations via heteroatom substitution for halide 

Intramolecular substitution for chloride or fluoride is particularly effective. Oxygen heterocycles with 
fused benzo rings are obtained from Cr(CO)3 complexes of fluorobenzene with an o-(hydroxyalkyl) side 
chain?9*@' For example, complexation of 3-(2-fluorophenyl)- 1 -propanol with [Cr(COb(pyridineh] at 25 
'C in ether (promoted by BFyEt20) followed by reaction in DMSO with excess potassium t-butoxide for 
3 h at 25 'C gave the chroman complex (14).@' The yield in the cyclization step was 75% and iodine de- 
complexation was quantitative (equation 12). Efforts to produce the dihydrobenzofuran under the same 

conditions failed; only intermolecular substitution products were obtained.@' 
From the odichlombenzene complex, reaction with a dialkoxide can produce a cyclic bisether. This 

idea has been applied in the preparation of benzo-crown ethers, as outlined in Scheme 6.61 The first sub- 
stitution product (15) does not undergo cyclization, but a second intermolecular substitution to give (16) 
sets up a final cyclization to the bischromium complex (17); the overall yield is 27%. A bisthia analog 
was also prepared.6' 

Coordination of arenes with Cr(CO)3 also activates the ring hydrogens toward abstraction with strong 
base (me ta l l a t i~n ) .~~*~~  Simple arene ligands can be metallated with alkyllithium reagents; alkoxy, amino 
and halo substituents on the arene direct the metallation to the ortho position with rates and regio- 
selectivity higher than with the corresponding free arene.55963-65 This allows a strategy for annulating a m  
matic rings via ortho lithiation, trapping with a bifunctional electrophile, and finally nucleophilic 
substitution for the electronegative substituent (usually F) (equation 13). 

X x 

E = electrophilic unit; N = nucleophile 

Following an initial reports9 including carbon nucleophiles for the cyclization (see below), a series of 
papers have defined useful possibilities with heteroatom  nucleophile^?^^^^^ Although [(chlomben- 
zene)Cr(CO)3] undergoes lithiation to give a moderately stable species which can be trapped with elec- 
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27% (17) 

Scheme 6 

trophiles to produce the ortho-substituted [(chloroarene)Cr(CO)3] complexes,66 the fluoro analog appears 
to be more efficient, in the same way. The ortho lithio haloarene complexes are highly basic and the 
electrophilic trapping species is restricted to those with low kinetic acidity and high electrophilicity. 
Good results are obtained with isocyanates, ketenes and acyl derivatives with a-protons of low 
a ~ i d i t y ? ~ ~ ~ ~ ~  Examples (Scheme 7) include phenyl isocyanate, which reacts twice to give the the six- 
membered heterocycle (18). while the dimethyl-N-carhxy anhydride (19) proceeds directly to the five- 

0 
Ph, Ph 

N N' 

Scheme 7 
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membered ring (20) after spontaneous decarboxylation. It is possible that the gemdimethyl group is im- 
portant in favoring five-membered ring formation, considering the failure in forming furan rings by di- 
rect cyclization with a simple side chain hydroxy 

A variation is shown in equation (14). in which an arylcuprate is prepared and used to couple with a 
vinyl halide, leading eventually to the P-methylenedihydrobenmfuran complex (21). Cyclization occurs 
spontaneously upon fluoride-induced removal of the silyl protecting g ~ o u p . ~  The complex (21) is much 
more stable than the free ligand and can be used to advantage as a synthesis equivalent of J-methylenedi- 
hydmbenzofuran. 

2.43.1 3 Nucleophilic substitub'on wiSh carbon nucleophiles 

( i )  Addition-elimination, SNAr 
While carbon nucleophiles were suggested to be efficient in substitution for fluoride in the early pat- 

ent$* the first examples in the primary literature appeared in 1974.51,52 It is now clear that there are three 
reactivity classes of carbon nucleophiles: (i) stabilized carbanions (from carbon acids with pKa e ca. 18); 
(ii) more reactive carbanions (PKa > 20). which give complete conversion to cyclohexadienyl addition 
products prior to slow equilibration via reversible anion addition; and (iii) more reactive carbanions (@a 
> 20), which give irreversible addition to the arene ligand (Scheme 8). 

X 6 R 
QR 

R R 
I I 

Scheme 8 

Diethyl sodiomalonate is an example of type (i). Reaction with [(fluorobenzene)Cr(C0)3] proceeds to 
completion after 20 h at 50 'C in HMPA to give the diethyl phenylmalonate complex in over 95% yield. 
Monitoring the reaction by NMR gave no evidence for an intermediate (e.g. the cyclohexadienyl anion 
complex); interruption of the reaction by addition of iodine at less than 20 h gave significant amounts of 
unreacted fluorobenzene. A satisfactory picture is the simple one, that the anion adds reversibly and un- 
favorably (ki < k-I, as in Scheme 3). slowly finding itself at the ipso position; then irreversible loss of 
fluoride gives the substitution p r o d u ~ t . ~ ~ . ~ ~  

Lithioisobutyronitrile (from LDA and isobutymnitrile) is an example of anion type (ii). The initial ad- 
dition to [(chlorobenzene)Cr(CO)3] is over within minutes at -78 'C, but the substitution product does 



Nucleophilic Addition to Arene-Metal Complexes 527 

not appear until the mixture is warmed to 25 'C (Scheme 8). Quenching with iodine after short reaction 
time leads to a mixture of phenylisobutyronitrile and 0- and m-chlorophenylisobutyronitrile. This appears 
to be a case of fast addition ortho and meta to the chloride to give cyclohexadienyl anionic complexes 
(e.g. 22) followed by slow rearrangement to the ipso intermediate (23). Quenching with iodine before 
equilibration is complete leads to oxidation of the intermediates (22) and formal substitution for hy- 
drogen (see below). 

Carbon nucleophiles of type (iii) add to the arene ligand and do not rearrange; examples include the 
very reactive anions, such as 2-lithio-2-methyl- 1,3-dithiane, and the less sterically encumbered anions, 
such as lithio acetonitrile and t-butyl lithioacetate. In these cases, the anion adds to an unsubstituted posi- 
tion (mainly ortho or metu to C1, as in 22) and does not rearrange. Then iodine quenching, even after a 
long period at 25 "C, gives almost exclusively the products from formal substitution for hydrogen, as 
from (22) in Scheme 8. 

Hydrocarbon anions, such as cyclopentadienyl and analogs (fluorenyl, indenyl, pentadienyl), substitute 
for fluoride, leading, for example, to phenylcyclopentadiene as a cr(co)3 complex on the arene (equa- 
tion 15).67 

Scheme 8 summarizes the possibilities. Successful substitution for halogen by carbanions requires re- 
versible addition and that sets upper limits on the reactivity of the anion, although steric effects can also 
favor equilibration (more-substituted equilibrate faster). As before, fluoride is a better leaving group than 
chloride. An example is shown in equation (1 6), producing methyl 2-phenyl-2-(t-butylthio)propionate 
(24) in 94% yield after 15 h at 25 'C. There is an important solvent effect on the rate of equilibration of 
the carbanions68 and the conditions chosen for these early experiments are not necessarily the best: there 
may be room to expand the scope of useful anions by careful choice of media (less polar solvents should 
favor equilibration). 

CI 
I 

(24) 94% overall 

Except in the formation of minor side products, the replacement of halogen by hydride as nucleophile 
is not observed. Halide exchange is also not a general process with [(haloarene)Cr(C0)3] species. 

( i i )  Cine-tele substitution 
There is an alternate mechanism for halide replacement, following the sequence of nucleophile addi- 

tion, protonation and elimination of HX (Scheme 9). In this pathway, the addition of the nucleophile 
need not be at the ipso position: it can be ortho to halide leading to 'cine' substitution or it can be at the 
metu or pura positions, leading to 'tele' s~bstitution.6~~~0 The mechanism is the same for both cine and 
rele substitution and the different names reflect a differentiation in the IUPAC naming schemes. 

The processes depend on the formation of the cyclohexadienyl anion intermediates in a favorable 
equilibrium (carbon nucleophiles from carbon acids with pKa > 22 or so), protonation (which can occur 
at low temperature with even weak acids, such as acetic acid) and hydrogen shifts in the proposed diene- 
chromium intermediates (25) and (26). Hydrogen shifts lead to an isomer (26). which allows elimination 
of HX and regeneration of an arene-chromium complex (27), now with the carbanion unit indirectly s u b  
stituted for X (Scheme 9). 

An important example of indirect substitution utilizes alkoxy leaving groups: the intermediate (28) 
from the reaction of the [(diphenyl ether)Cr(CO)3] complex and the 2-methyl-l,3-dithiane anion can be 
induced to eliminate phenol by protonation at low temperature: the result is rele substitution (equation 
17). 
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X x 

r X H  1 

X 

H 

(u) 

Scheme 9 

PhO 

An impressive example is the reaction of [(2,6-dimethyl-l-fluorobenzene Cr(COh] with 2-lithi0-2- 
methyl-13dithiane at -78 'C followed by treatment with trifluoroacetic acid at -78 'C.@ Loss of HF 
leads to the 1,2,4-~ubstitution (rele) product (29) in 62% yield (equation 18).'O 
The directing effects of F (strong meta) versus CI (weak, ortho-meta; discussed below) allow control 

over the site of tele substitution; the chloro analog leads to (30), with the 1,3,5-substitution pattern (equa- 
tion 19)?1 

Under certain conditions, apparently when the Cr(CO)3 unit is spontaneously displaced from the pro- 
duct by a weak donor ligand (solvent), the simple addition product (1,3cyclohexadiene derivative 31) 
can be the major product (equation 20).7' 
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c1 n 
i, S x S  

Li Ph 

ii, H+ 
70% 

n 
i, S x S  

Li Ph 

ii, H+ 
70% 

c1 

529 

(19) 

2.43.2 [(Halobenzene)CpFe]+ 

2.4.3.2.1 Nucleophilic substitution with heteroatom nucleophiles 

While the potential for these species in nucleophile substitution for chloride has been demonstrated, 
the processes have not been fully developed nor applied. The two-stage process of addition-substitution 
for chloride and arene detachment is exemplified for the iron system in equation (21). 

r 1 

e Fe' 
I 

0 
.c1 

+ Nut- 
25-50 "C 

heat 

Nuc 
Fe 
I 

0 Nuc 

4 1 -  

The fust stage (addition-elimination) is well known with CN- and a variety of N-, 0- and S-nucleo- 
p h i l e ~ . 7 . ~ ~ - ~ ~  The detachment of the product arene from the Fe is more difficult. The conversions in equa- 
tion (22) demonstrate the stability of the arene-Fe bond toward oxidation, as a side chain methyl is 
convened to a carboxylic acid, and suggest the generality of heteroatom substitution under mild condi- 
tions.76 

With [q6-(0-dichlorobenzene)FeCp]+, selective mono- and di-substitution can be achieved with a var- 
iety of N- and 0- and stabilized C-nu~leophiles.~~ With a bisheteroatom nucleophile, benzo-fused h e t e n  
cycles are produced (equation 23).74 

The analogous p-dichlorobenzene complex will react rapidly with phenoxide and alkoxide nucleo- 
philes in the first substitution and more slowly in the second; monosubstitution can be readily achievedS7* 
Simple amines give only monosubstitution, even in the presence of excess amine (equation 24). 
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I 
+FeCp 

94% I 
+ Fecp 25 "C + beep 

Nuc = PhS (5 1%) and Et0 (68%) 

c 

FeCp R xD + 
+ 

' R  

X, Y =0, S, NH, R = H, Me 

+ FeCp 

+ R X S  + RY RX$ 

(24) Rx- "6 c1 - CI YR 

Substitution with amine nucleophiles in the series of chlorotoluene complexes showed that the sub- 
stitution is direct: no cine or tele substitution was observed.75 The analogous [(fluoroarene)FeCp]+ com- 
plexes are known, but less well developed. Kinetic studies show that the fluoro derivatives are more 
reactive compared to the chloro analogs.47 

A special example is the replacement of a nitro group on [(~f-nitrobenzene)FeCp]+?~*~~ Reaction with 
0-, S-, N- and stabilized C-nucleophiles gives overall addition-elimination (equation 25). The nitroarene 
complexes are prepared by oxidation of the corresponding aniline complexes and are readily avail- 
able.78,79 

R"+ I 
+ -0 & 0- - C I - @ 3  

85-90 "C, DMSO 

DMSO 

(,oqo~oqLo4n RuCp + - 160 "C 

0 RuCp 
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In the isoelectronic ruthenium series, nucleophilic substitution by the disodium salt of 4.4'dihydroxy- 
benzophenone on the complex (32) of p-dichlorobenzene with a [RuCp]+ unit produced the aromatic 
polyether complex represented by (33). Displacement by DMSO at 160 'C led to the free polymer and 
the recoverable complex [CpRu(DMSO)3]+, which can be recycled directly by complexation with pdi -  
chlorobenzene (equation 26). While ruthenium is not attractive to use in stoichiometric processes, this 
example appears to allow easy recycling.80 

2.4.33.2 Nucleophile addition-substitution with carbon nucleophiles 

Stabilized carbon nucleophiles (e.g. from P-diketones, P-keto esters, malonate esters, etc.) can be aryl- 
ated by substitution for chloride on the arene in [Fe(arene)CpJ cation c ~ m p l e x e s . ~ ~ . ~ ~ , ~ '  A base is necess- 
ary and two heterogeneous systems are favored: potassium carbonate in DMF or potassium fluoride 
prepared on Celite-545. As usual in the [FeCp]+ system, detachment of the substituted arene requires 
somewhat extreme conditions, usually pyrolytic sublimation at 200 'C.& An example is given in equa- 
tion (27). 

Pe+ 
I + 

0 
Et0,C ,), 

K2CO3. DMF 
- 

25 "C, 4-6 h 
80% 

Fe+ 

2.433 [(Halobenzene)Mn(CO)3 I+ 
The most reactive of the common arene-metal complexes has been the least developed with regard to 

nucleophilic substitution for halide. It is only an improved, gentler method of complexation that allowed 
isolation of the fluorobenzene complex.36 The chlorobenzene analog is easily prepared and undergoes 
substitution with alkoxy, phenoxy, thiolate, amine and azide nucleophiles (equation 28).36*82 Reaction is 
complete with aniline (a weak nucleophile) within 3 min at room temperature. In examples with a methyl 
substituent on the arene as a label, the substitution is shown to be direct. The detachment of the sub- 
stituted arene ligand from the Mn(C0)3 unit is still limited by the requirement for strong oxidizing condi- 
tions, a serious limitation if this series is to be put forward in synthesis methodology. 

Nu- = alkoxy, phenoxy, thiolate, amine and azide 

2.4.4 ADDITION TO ARENE-METAL COMPLEXES TO GIVE $-CYCLOHEXADIENYL 
INTERMEDIATES 

2.4.4.1 Addition-Oxidation: Formal Nucleophilic Substitution for Hydrogen 

2.4.4.1 .I Addition-oxidation with [(arene)C1fCO)3] complexes 

(i) General features 
Once it is recognized that cyclohexadienyl anionic complexes of chromium (34) can be generated by 

addition of sufficiently reactive nucleophiles and that simple oxidizing techniques convert the anionic in- 
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termediates to free substituted arenes, a general substitution process becomes available, which does not 
depend on a specific leaving group on the arene (equation 29)?2*83 While no heteroatom nucleophile has 
been successfully utilized, the process is general for carbanions derived from carbon acids with pK. > 22 
or Exceptions among the very reactive anions include organolithium reagents (deprotonation of the 
arene ligand and addition to the CO ligand are favored) and Grignard reagents (addition to the CO ligand 
is favored). With anions such as ester enolate anions, reaction occurs within minutes at -78 'C and the 
intermediate cyclohexadienyl complex can be observed spectroscopically.83 The intermediates are ex- 
ceedingly air sensitive and are generally quenched directly, without purification. In one case, from the 
addition of 2-lithio-l,3-dithiane, the adduct has been crystallized and fully characterized by X-ray dif- 
fraction analysis.83 Oxidation with excess iodine (at least 2.5 mol equiv. of 12) also proceeds at -78 'C 
and is complete within hours below room temperature. The products are the substituted arene, HI, Cr"* 
and CO. For acid sensitive products, such as trialkylsilyl-substituted arenes, an excess of amine (conven- 
iently¶ diisopropylamine) can buffer the mixture. Table 1 provides a representative sample of the carb- 
anions, which have been tested with [ (q6-benzene)Cr(CO)3]. 

Table 1 Reactivity of Carbanions (R-Li) Toward [(Benzene)Cr(CO)s] 

Unreactive Successful Metallation 

1. LiCH(C02Me)z 7. LiCH2C02But 18. BunLi 
8. LiCHzCN 19. MeLi 2. LiCHZCOBu' 

3. MeMgBr 9. KCHzCOBu' 20. BusLi 
4. Bu'MgBr 10. LiCH(CN)(OR) 
5. MezCuLi 1 1. LiCHZSPh. 
6. LiC(CN)(Ph)(OR) 12. 2-LI-1 ,3-dithiane 

13. LiCHISCH2 
14. LiPh 
15. L i W R  
16. LjCHzCHdHz 
17. LiC(Me)s 

(ii) Regioselectivity 
Regioselectivity has been the subject of numerous studies with a variety of mono- and poly-substituted 

arene ligands. The addition of synthetically interesting carbanions to the typical arene ligand, especially 
those bearing electron-donating substitutents, can be reversible at rates comparable to the rate of addi- 
tion: it is not always obvious whether to assume kinetic or thermodynamic contro1.68,8688 However, 
correlations have been suggested which allow prediction or rationalization of regioselectivity with a 
modest degree of confidence. With some significant exceptions as discussed below, the difference be- 
tween the kinetic and thermodynamic selectivity has not been determined or is small. 

With arenes bearing a single resonance donor substituent (NR2, OMe, F), the addition is strongly 
preferred at the meta position, with small amounts of ortho substitution ( O - ~ O % J ) . ~ ~ * ~  Representative 
examples are shown in Table 2 and equation (30). 

The meta acylation of anisole, using a carbonyl anion equivalent as the nucleophile, illustrates the 
unique regioselectivity available with the Cr(C0)s activation (equation 3 1). 

However, the selectivity is more complicated with a methyl or chloro substituent. Again, meta sub- 
stitution is always significant, but ortho substitution can account for 5&70% of the mixture in some 
cases.8w1 More reactive anions (1,3-dithianyl) and less substituted carbanions (e.g. t-butyl lithioacetate) 
tend to favor ortho substitution. Representative examples are shown in Table 2 and equation (30). Entries 
2 4  show that variation of reaction temperatures from -100 to 0 'C has no significant effect in that high- 
ly selective system. The added activating effect of the C1 substitutent allows addition of the pinacolone 
enolate anion (entry 11). whereas no addition to the anisole nor toluene ligand is observed with the same 
anion. Table 3 and equation (32) also includes results with para-directing substituents, CF3 and Me& 
(entries 14 and 15).90.91 In general, electron-withdrawing substituents such as acyl and cyano are also ac- 
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Table 2 Addition-Oxidation with Anisole, NJ-Dimethylaniline and [(Huombenzene)Cr(CO)3] Complexes 

X 
i ,  LiY, -78 "C 

i i ,  excess 12 

x by + 

X 

by + 
X 

i. 

Entry X LiY Ratio (o:m:p) Combined yield (%) 

1 
2 

OMe 
OMe 
OMe 
OMe 
OMe 
OMe 
OMe 

N(Me)z 
F LiC(Mej2CN 

3:97:0 
3:97:0 
6:94:0 
4:96:0 
0: 1oo:o 
0: 1oo:o 
10:90:0 
1 :99:0 
2:98:0 

38 
93 
86 ~~ 

93 
76 
75 

92 
35b 

84 

'The R group is CH(Me)(OEt). A major side reaction is ortho deprotonation of the anisole ligand. 

MeO, 

0 I 
i i ,  12; i i i ,  H30+; iv, HO- 

88% 

MeoN (31) 

tivated toward nucleophile addition to the substituent ( C d  or CN) and this process competes with ad- 
dition to the ring itself. 

Table 3 Addition-Oxidation with [(Chlorobenzene)Cr(C0)3] and [(Toluene)Cr(CO)3] Complexes 

X X X X 

* by + + 0 (32) 
i ,  LiY, -78 "C 

ii,  excess 12 \ (co)~c~- Q 3 Y 
Y 

Entry X LiY 
~ ~ ~~~~~ 

Ratio (o:m:p) Combined yield (8) 

1 Me LiCHzCN 35:63:2 88 
2 Me LiC(Me)zCN (-100 ' W . 5  min) 2:96:2 52 
3 Me LiC(MehCN (-78 'C/1.5 min) 1:97:2 95 
4 Me LiC(MehCN (0 T/20 min) 1:97:2 86 
5 Me LiCHzCOzBu' 28:72:0 89 
6 Me LiC(Me)2CO2But 3:97:0 96 
7 Me 2-Lithio- 1,3-dithiane 52:46:2 94 
8 C1 LiCHzCOzBu' 54:45: 1 98 
9 c1 LiCH(Me)C@B ut 53:46: 1 88 
10 CI LiC(Me)zCOzBu' 5:95:0 84 
11 c1 LiCHzCOBu' 70:24:0 87 
12 CI LiC(MehCN 10239: 1 84 
13 CI 2-Lithio- 1,3-dithiane 4653: 1 56 

15 &Me3 LiC( MehCN 0:2:98 65 
14 CF3 LiC(CN)( Me)(OR)" 0:30:70 33 

The R group is -CH(Me)(OEt). 

Regioselectivity in ortho-disubstituted arenes is often high and useful. A series of examples is sum- 
marized in Figure 1 .  The resonance donor substituent (OMe) appears to dominate the directing influen- 
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ces, favoring addition at the less hindered position meta to itself?' But with two identical substituents, 
the addition is preferred in the adjacent pos i t i~n .*~~~ '*~*  For example, with the complex of benzocyclo- 
butene (39, six carbon nucleophiles were tested and each gave addition exclusively at C-3.8892 With the 
complex of indane (36). selective addition at C-3 was observed with dithianyl anions, but cyano-stabi- 
lized anions gave up to 20% of the isomeric product from addition at C-4.88,92 Substituents at the 
benzylic carbons in the indane ligand have a strong effect on selectivity and can lead to the 1,2,4-sub- 
stitution product.88 

major 
\ 

exclusive OMe 

Figure 1 Summary of regioselectivity of substituted sene  ligands 

Addition to o-alkylaniline complexes has been the subject of a detailed study and presents a clear case 
of different products from kinetic versus thermodynamic ~ o n t r o l . ~ ~ . ~ ~  Addition of 2-lithio-2-cyanopro- 
pane to [(N-methyl(tetrahydroquinoline)Cr(COh] (37; equation 33) with variation in time, temperature 
and solvent (THF or THF with 4 mol equiv. of HMPA added) gives product distributions ranging from 
2:l for C-5:C-3 at -78 "C for 1 min to >96% addition at C-5, when the adduct is allowed to equilibrate 
(8.6 h at -78 'C). The data show that equilibration is occurring within minutes at -78 'C and the product 
distribution does not change upon warming to 20 'C. The effect of added HMPA is an initial product 
ratio of 54:44 for C-5:C-3 and strongly inhibited equilibration; the effect of HMPA was also observed in 
halide substitution (addition-elimination)90 and clearly established during addition to simple a r e n e ~ . ~ ~ , ~ ~  
With the less sterically demanding anion, LiCHXN, addition is incomplete after 22 h at -78 'C and fa- 
vored at C-3 (82: 18 for C-3:C-5). 

Me-N)\ 

M e - N - l  

___) 12 ,13 / 

CN 

CN 
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The same study shows that with the complex of N&-dimethyl+-toluidine (38), the selectivity depends 
on time, temperature and the nature of the anion (Table 4 and equation 34).87 Again, equilibration occurs 
with the tertiary nitrile-stabilized anion, favoring the C-4 substitution product, while lithioacetonitrile fa- 
vors addition at C-3. The 2-methyl-l.3-dithianyl anion gives precisely the m e  product mixture at -78 
'C and at -30 'C; there is no evidence for equilibration with this anion. 

Table 4 Additiodxidation with [(N~-Dimethyl-o-Toluidine)Cr(CO)~] 

Me2N Me2N Me2N Me2N 

( c o ) 3 c r ~ o /  E d/ + @ \ + 3 R  (34) 

R 5' 4 
5 ii, I, 

4 
(3) R 

Carbanion Conditions 125 (7%) I L A  (8) 123 (8) 

LiC(MehCN 
LiC( MehCN 

LiCH2CN 
2-Li- 1,3-Thianyl 

-78 'C12.5 h 32 32 36 
-50 'CD4 h 8 81 11 
4 0  'CR4 h 3 4 93 
-78 'CR.5 h 25 10 65 

The complex of N-methylindoline (39) gives similar behavior, favoring addition at C-4 (indole num- 
bering), but with significant addition at C-7, depending on the anion and opportunity for equilibra- 

With the 2-methyl- 1,3-dithianyl nucleophile, a high selectivity for C-4 is observed (equation 
35). 

(C0)3Cr. 

n I. 

(35) 

96% this isomer 

Indole is a particularly interesting case, because the Cr(C0)3 unit selectively activates the six-mem- 
bered ring (40)?3*" while in free indole the five-membered ring dominates the (electrophilic addition) re- 
activity. The selectivity in addition to the Cr(C0)3 complexes of indole derivatives shows a preference 
for addition at C-4 (indole numbering) and C-7, with steric effects due to substituents at C-3 and N-1 as 
well as anion type influencing the ~elect ivi ty .~~ In Scheme 10, example A, a hydrogen substituent at C-3 
and a tertiary carbanion leads to selective C-4 substitution. In example B, the same substrate adds 2 4 -  
thio- 1,3-dithiane predominantly at C-7. With a trimethylsilylmethyl substituent at C-3, the addition is 
preferred at C-7 (example C). Finally, even with the silylmethyl substituent at C-3, a sufficiently large N- 
protecting group can disfavor addition at C-7 (example D). 

i, LiR 

7 \ 
Me 

(40) 
Me AI Me 

A. R = CMe,CN; R = H; Y = Me 99 : 1 (92%yield) 
B. R = (1,3-dithianyl); R = H; Y = Me 14 : 86 (68%) 
C. R = CMe2CN; R = CH2SiMe3 17 : 83 (82%) 
D. R = CMe2CN; R = CH2SiMe3; Y = SiBu*Me2 95 : 5 (78%) 

Scheme 10 
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Another example in which the regioselectivity of addition is different under kinetic versus thermo- 
dynamic control is the naphthalene series. In the addition of LiCMezCN to [(naphthalene)Cr(CO)3] (41), 
a mixture of products is observed from addition at C-a and C-p in the ratio 4258 under conditions where 
equilibration is minimized (0.3 h, -65 'C, THF-HMPA). With the same reactants, but in THF and at 
0 'C, the product is almost exclusively the a-substituted naphthalene (equation 36).84*85*92 

i, LiC(Me),CN, 0 'C, 0.5 h 

ii, 12; 8040% 
(36) 

Using the standard procedures, 1,44imethoxynaphthalene is complexed at the less-substituted ring 
with high selectivity to give (42).68 Again, under conditions of minimum equilibration of anion addition, 
LiCMezCN gave a mixture (after iodine oxidation) of the 1,4-dimethoxy-f3-substituted and 1,4-dimeth- 
oxy-a-substituted products in the ratio 78:22. After equilibration, the a-substitution product was essen- 
tially the only product found (equation 37). 

M e 0  

i, LiCH2C&But, 0 OC, 0.5 h 

ii, 12; 82% 

M e 0  

(37) 

The 1,4-dirnethoxynaphthalene ligand was used to probe for the parameters which influence the rate of 
equilibration. The change from pure THF to a mixture of 3: 1 THF:HMPA slows the rate of equilibration 
by a factor of 50 000.68-85 Replacement of Li with K in the carbanion nucleophile also slows equilibra- 
tion, by a factor of 500. The equilibration is shown to be intermolecular (dissociation of the nucleophile) 
by elegant 'crossover' experiments with doubly labeled  substrate^.^.^^ With the 1 ,4-dimethoxynaph- 
thalene ligand, cyano-stabilized anions (including cyanohydrin acetal anions) and ester enolates equili- 
brate even at low temperature and strongly favor addition at the a-position (C-5), as in equation (37). 
The kinetic site of addition is also generally C-a. However, the 2-lithio-1.3-dithiane anion and phenylli- 
thium do not equilibrate over the temperature range -78 to 0 'C, equations (38) and (39). The sulfur-sta- 
bilized anions favor addition at C-p, while phenyllithium gives a mixture favoring C-a. 

M e 0  M e 0  

L 
M e 0  82% yield M e 0  

M e 0  M e 0  Ph M e 0  

I c 
M e 0  

(42) 84:16 
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Compar- 
ing similar anion type, except for size, entries 1, 3 and 7 show that ortho substitution is very significant 
with a primary carbanion but essentially absent with a tertiary cyano-stabilized anion. It is striking that as 
the size of the alkyl substitutent on the arene increases, not only is ortho substitution disfavored, but 
meta is as well: compare entries 3-6 and compare 7-9. With the very large CH(But)2 group (entry 9), 
only para substitution is observed. Regioselectivity is also dependent on the electronic nature of the nu- 
cleophile. Most remarkably, addition of the primary sulfur-stabilized anion shows nearly equal amounts 
of ortho and meta substitution with the toluene ligand, but, as the size of the arene substituent increases, 
the para substitution product increases at the expense of the meta product (entries 1&12). 

The steric effect on regioselectivity shows clearly in the series in Table 5 and equation 

(C0)3Cr - 

Table 5 Steric Effects on Regioselectivity 

i, LiR 

ii, 12 

X X 

b. R 

X Q 
R 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

Complex Anion 

X=Me LiCH2CN 
X = But LiCH2CN 
X=Me LiC(OR)MeCNa 
X = Et, LiC(0R)MeCNB 
X = Pr' LiC(OR)MeCNa 
X = But LiC(OR)MeCNa 
X=Me LiC(MehCN 
X = But LiClMebCN 

X = CH(Bu')2 LiCiMesCN 
X=Me LiCHzSPh 
X = Pr' LiCHzSPh 
X = But LiCH2SPh 

Product Ratio (o:m:p) Combined yield (96) 

35:63:2 88 
28:48:24 51 
0:96:4 
0:94:6 
0:80:20 
0:35:65 

1 :97:2 
0:55:45 
0:o: 100 
52:46:2 
47:46:1 
45:32:23 

IS . _  
89 
88 
86 .~ 

95 
78 
63 
96 
86 
88 

' R = C(Me)OEt. 

As presented in the next section, the dependence of selectivity on anion type is understood as a change 
in the balance of charge versus orbital control. However, in the anions listed so far there is the possibility 
that differences in carbanion structure, extent of delocalization etc., might contribute to the changes in 
regioselectivity. In an effort to compare addition of carbanions, which differ little in structure, a series of 
2-(p-substituted)aryl-2-lithio-1,3-dithiane nucleophiles was allowed to react with the t-butylbenzene li- 
gand.95 The para substitutent in the carbanion was varied in the expectation of varying the reactivity of 
the anion and thereby varying the addition selectivity. Table 6 and equation (41) presents the results. 
More reactive anions tend to add to the meta position (almost m:p = 3:1 in entry 1; to m:p = 1:3 in entry 
8;  ortho addition is never significant with this ligand). Obviously, this change in regioselectivity must be 
due to an electronic factor in the anion; steric effects are constant. 

(iii) Interpretation of regioselectivity 
Selectivity in polar reactions can be discussed in terms of two features: charge control and orbital con- 

trol.% Analysis of charge control requires a knowledge of charge distribution in the arene ligand. Ana- 
lysis of orbital control can be approximated by emphasizing interaction of the frontier molecular orbitals, 
HOMO for the nucleophile and LUMO for the arene complex. It was recognized early that the ortho- 
para selectivity observed with weakly polar substituents, such as Me and C1, correlated with the LUMO 
for the free arene and the assumption was made that the LUMO for the arene ligand has a distribution of 
coefficients similar to the free arene.91 This has been supported by computation at the level of extended 
HUckel theory.88*95+97 LUMOs for (uncoordinated) toluene and chlorobenzene are distributed nearly 
equally at the ortho and meta positions and show small density at the para position (Figure 2, 
Similarly for the case of two donor substituents arranged ortho, the LUMO is predicted to be localized at 
adjacent positions (Figure 2, C), consistent with the observed selectivity. With electron acceptor substi- 
tuents (RSi, CF3). LUMO has large coefficients ipso and para (Figure 2, B), consistent with para addi- 
tion selectivity. 
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Table 6 Electronic Effects in Regioselectivity 

But 

But 
I 

Y 

i, Qs, 
Li s 

ii, I2 

Entry Para Y Ratio (m:p) Combined yield, (%) a, for Y 

1 
2 
3 

0- 
NMe2 
NMe2 
OMe 
Me 
H 
H 
c1 

73:27 
63:37 
57:43a 
54:46 - .. .- 
4357 
28:72 
23:77a 
21:79 

71 
75 
75 
85 
80 

- 
-0.83 
-0.83 
-0.27 
-0.17 

0 
0 

4 . 2 3  

a HMPA was added to the medium; in all other cases, THF was the solvent. 

D 
I 

A 

A. LUMO for D = donor B. LUMO for A = acceptor C. LUMO for ortho-D 
(Me, C1, OMe, NR,) (RCO, NC, Me3Si, F3C) (o-di-Me, o-di-OMe) 

Figure 2 Wital distributions for substituted benzenes 

However, the frontier orbital picture based on the free anme does not account for nearly exclusive 
meta selectivity in addition to [(anisole)Cr(CO)3]; LUMO for anisole shows essentially the same pattern 
as for toluene?&lOOWith a strong resonance electron donor the traditional electronic picture (deactiva- 
tion of the ortho and para positions) is sufficient to account for the observed meta selectivity. In this case 
the balance of charge control and orbital control is pushed toward charge control by strong polarization. 
The same argument applies to the aniline and fluorobenzene complexes. 

A delicate balance of charge and orbital effects can also account for the dependence of selectivity on 
anion type. The central assumption is that nucleophiles with a higher lying HOMO (softer) should give a 
better orbital energy match in the HOMO-LUMO interaction and increase the orbital control term. For 
the toluene ligand, this predicts strong orthemeta selectivity for more reactive anions. 

The surprising change in regioselectivity from metu to para substitution as the size of the alkyl group 
is increased in [(alkylbenzene Cr(C0)3] complexes (Table 5 and equation 40) is not easily rationalized 
based on the HOMO-LUMO picture and the direct polarization by arene substituents. A parameter 
unique to the arene-metal complexes is the conformation of the Cr(CO)3 group, and it has been emphas- 
ized that this unit tends to be eclipsed with electron donor substituents and anri with electron acceptors, 
in the absence of overwhelming steric effects (Figure 3).Io1 In addition, the arene ligand carbons which 
are eclipsed with a CO ligand are predicted to be more electrophilic (Figure 3).'02 This factor should 
favor addition to arene positions eclipsed with a CO ligand, under charge control conditions. In this pic- 
ture, meta selectivity with anisole is consistent with an eclipsed conformation and meta activation. In 
most cases with polar substituents on the arene, the direct polar effect of the substituent and the indirect 
effect through conformational preferences lead to the same predicted selectivity: donor substitutents 
favor meta substitution and acceptors favor ortho and para. The emphasis on conformational effects in 
regioselectivity has been applied in several other systems87~88~93~ro3~104 and supported by direct NMR 
measurements. 'w'" 
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A 
co 
\D 

co 

A = electron-withdrawing group D = electron-donating group 

Figure 3 Conformational preferences in [(arene)Cr(CO)3] complexes 

The picture emphasizing conformational effectsIo2 does not account for significant ortho-meta selec- 
tivity in some cases, nor preferential addition adjacent to ortho donor substituents. However, all of the 
existing regioselectivity results can be accommodated by analyzing orbital control versus charge control, 
assuming an arene-centered LUMO similar to that for the free arene, and assuming that conformational 
preferences for the arene ligand have a major influence on the charge distribution of the arene. 

The examples in Table 5 and equation (40) were chosen to test exactly these parameters and to separ- 
ate the direct effect of substituents on charge distribution from the indirect effect of the substituent 
through its influence on the conformational preferences. With a very large substituent on the arene (e.g. 
But and CH(But)2), the favored conformation (Figure 4) now positions the CO ligand eclipsed with the 
ortho and para positions as steric interactions override electronic preferences.'"'' Electron density is pre- 
dicted to be reduced at these positions and a charge-controlled coupling with a nucleophile would be fa- 
vored para (ortho is disfavored by direct steric interactions). The arene-centered LUMO, expected to be 
relatively independent of the conformation of the Cr(CO)3 unit, has large density at the ortho and meta 
positions (Figure 4). Orbital-controlled coupling would be favored metu. 

a. Favored conformation 
and resulting charge 

distribution 

b. LUMO for an 
alky lbenzene 

Figure 4 Charge distribution and LUMO for [(Bu'tCHPh)Cr(CO)j] 

The series of para-substituted 2-aryl-1.3-dithianyl carbanions shown in Table 6 and equation (41) are 
expected to differ in LUMO energy. The phenoxide-substituted anion (entry 1, Table 6 and equation 41) 
should have higher LUMO relative to, for example, the simple phenyl-substituted anion (entry 6) and 
gives a greater preponderance of meta substitution due to stronger orbital control. The smooth correlation 
of selectivity with reactivity for this series of closely related anions is consistent with a simple two-par- 
ameter analysis. Other regioselectivity results, such as those with o-alkylanilines (Table 2 and equation 
30) and [(indole)Cr(CO)s] also have been analyzed in terms of orbital control and conformational ef- 
fe~ts.87N3.93 

(iv) Application in the synthesis of deoxyfrenolicin. loa 

The combination of ortho metallation and metu nucleophilic acylation was used to prepare a key inter- 
mediate in a synthesis of deoxyfrenolicin (42), as outlined in Scheme 11. The complex of anisole is 
ortho-metallated with n-butyllithium and quenched with chlorotrimethylsilane; the resulting [(o-(tn- 
methylsilyl)anisole)Cr(COh] (43) is then metallated again, converted to the arylcuprate, and coupled 
with (E)-2-hexenyl bromide to give the complex of 1 -trimethylsilyl-2-methoxy-3-(2-hexenyl)benzene 
(44). Addition of the carbanion from the cyanohydrin acetal of 4-pentenal, followed by the standard 
iodine oxidation and subsequent hydrolysis of the cyanohydrin acetal to regenerate the carbonyl group 
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gave the trisubstituted mne (45). The trimethylsilyl group underwent proto-desilylation during the 
iodine oxidation step. The yield overall from (44) to (45) was 61% and the selectivity for addition ad- 
jacent to the hexenyl side chain was >95%. The role of the trimethylsilyl group is to disfavor addition at 
the alternative activated mctu position (ortho to MesSi). The ketone (45) serves as an effective intennedi- 
ate for the construction of deoxyfrenolicin, using conventional methodology. 

e -- 6 
'"'7 \ \ \ 

0 0 COzH 
(42) Racemic deoxyfrenolicin 

Scheme 11 

( v )  Intramolecular addition-oxidation 
Intramolecular addition-oxidation with reactive carbanions is generally successful; most of the exam- 

ples involve cyano-stabilized carbanions. Formation of a six-membered fused ring (46) is efficient (equa- 
tion 42), but five-membered fused ring formation is not.I7 The only addition-xidation product is a 
cyclic dimer, the [3.3]metacyclophane (47).17 

CQ 
CN 

CN 
(47) 84% 
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Reversibility again is apparent with the higher homolog (48; Scheme 12). At low temperature (0.5 h, 
-78 'C), a mixture of cyclohexadienyl anionic intermediates is formed with the spin, ring isomer (49) 
preferred by a factor of almost 3:l. An alternative quenching procedure, using trifluoroacetic acid (see 
below), retains the spiroring and produces the spiro[5.5]cyclohexadiene product (51). If the initial adduct 
is allowed to warm to 0 'C or above, essentially complete rearrangement to the fused ring adduct (SO) oc- 
curs and oxidative quenching gives the seven-membered ring (52) in good yield, Scheme 12.'' 

c 

LDA 

-78 "C 

(48) 

Hf-78 "C 

2.4.4.1.2 Additwn-oxidation with [(arene)FeCp]+ complexes 

It has been recognized for many years that nucleophiles will add to [(q6-benzene)FeCp]+ com- 
plexes.10g-112 The nucleophiles range from cyanide anion1 l 3  to metal hydrides and methyllithium; the in- 
termediate neutral [(qs-(6-substituted)cyclohexadienyl)FeCp] complexes can be isolated and 
characterized. The regioselectivity has been determined for a number of monosubstituted arene ligands. 
ChlorolIo and methoxycarbony1112 substituents are ortho directing, while methoxy I I is a meta director, 
and a methyl group leads to similar amounts of addition at the ortho, meta and para positions.Iw In 
general, electron-withdrawing groups (nitro, halo, benzoyl, cyano and sulfonyl) favor ortho addition, as 
exemplified for the addition of the acetone enolate in equation (43).1133114 

(43) 
0 A ,H,O,NaOH - 

The primary limitations in applying these complexes are the two-stage detachment of the endo C-6 hy- 
drogen (from 53) and the detachment of the FeCp unit. Direct abstraction with trityl cation has been em- 
ployed for the first stage,ItO and oxidation with N-bromosuccinimide completes both stages, leading to 
the substituted arene in the few cases tested.'1sT116 In the cases with electron-withdrawing substituents on 
the starting arene, Ce'" has been employed to aromatize and detach the arene unit after addition (equa- 
tion 44).'13 
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Because of the high reactivity of the [(arene)F&p]+ complexes, it can be expected that further devel- 
opments and definition of selectivity features will be forthcoming. 

2.4.4.13 Addition-oxidrrtlon with [(cucne)Mn(C0)3r contplcxcs 

The reactivity of the [(q6-arene)Mn(C0)3]+ complexes toward addition of nucleophiles is high and 
general, leading to neutral, isolable [(q6-(6-substituted)cyclohexadienyl)Mn(CO~] derivatives, e.g. 
(54)?J17 The addition of Grignard reagents to anisole and aniline ligands shows good metu selectivity 
(equation 45).38J Addition to the chlorobenzene ligand gives similar amounts of ortho and metu (or- 
bital control?), while the toluene ligand favors addition at all three positions (0, m, 

Me0 MeO 

MeLi 

H 
(54) 

(45) 

The completion of the substitution process to produce a substituted arene free of the metal has not 
been worked out in general. Direct abstraction of the endo-hydride of the q5-cyclohexadienyl intermedi- 
ate (55) with trityl cation is not effective, but an interesting thermal rearrangement has been observed at 
130-150 'C to create an isomeric cyclohexadienyl ligand (in 56), which bears an exo (easily abstracted) 
hydrogen substituent (equation 46). I 19*120 

A general process for addition of Grignard reagents and ketone enolates to [(arene)Mn(C0)3]+ com- 
plexes includes oxidative decomplexation of the substituted arene with Jones reagent.38 An alternative is 
endo-hydride abstraction with strong acid, producing hydrogen and, using a coordinating solvent, dis- 
placing the arene ligand (equation 47).38 This latter process allows easy recycling of the MnI reagent. 

( RM = PhMgBr ) 

RM 

+ M~(co)~  

(47) 

0 

Cr03 (Jones' reagent) 
75% 

The [(arene;..,.i(CO)3]+ system is very promising, but more development work is necessary in orde 
assess the full possibilities for overall addition-oxidation, substitution for hydrogen. 

to 

2.4.4.2 Addition-Protonation: Synthesis of Substituted 1,bCyclohexadienes 

The intermediate q5cyclohexadienyl anionic species from nucleophilic addition to the 
[(arene)Cr(C0)3] complexes are obviously highly electron rich and should be susceptible to reactions 
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with electrophiles. Protonation is efficient at low temperature and is suggested to produce a labile q4-1,3- 
cyclohexadiene complex (57), which can undergo H-migration to give the more stable 1,3-cyclohexa- 
diene isomer (58); in simple systems, the major product is the 1 -substituted 1,3-~yclohexadiene, Scheme 
13.83 The products can be aromatized by reaction with 2,3-dichloro-5,6-dicyanobenzoquinone. 

(main) 

Scheme 13 

The reaction appears to be general, although a limited number of examples have been reported. A par- 
ticularly useful process begins with metu addition to [(anisole)Cr(CO)3], followed by protonation and hy- 
drolysis of the enol ether unit (equation 48). The result is a 5-substituted cyclohex-Zen- 1-one (59).'*' 
The intermediate dienol ether (60) can be isolated in high yield, before the aqueous hydrolysis. Other al- 
kene positional isomers of the product enone can be obtained selectively depending on the conditions of 
the acid treatment and the acid hydrolysis.I2I The addition-protonation process does not change the oxi- 
dation state of the chromium and a procedure has been defined for recovery of the Cfl in order to allow 
direct recycling.122 The addition of CO or other donor ligands during the protonation process does not in- 
fluence the product distribution; CO insertion to produce formyl derivatives is not observed. 

The intramolecular version of addition-protonation with (m-cyanoalky1)anisole ligands produces spi- 
rocyclic enones, such as (62; equation 49).12' 

i, LiNR,, 1 h, -78 OC 0 

L 

ii, CF3C02H 

iii, ",OH; iv, H30+ 
96% (62) mixture of epimers 

This process has been coupled with metu addition of a carbonyl anion equivalent and the controlled 
em addition of the incoming nucleophile to generate acorenone and acorenone B stereospecifically from 
[(o-methylanisole)Cr(COh] (63; Scheme 14).123 The first step is addition of a cyanohydrin acetal anion 
(64) to the less-hindered metu position in [(o-methylanisole)Cr(COh]. Addition of allylMgBr to the re- 
sulting ketone, anti-Markovnikov addition of HBr to the alkene, substitution for Br by CN, and coordina- 
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tion of the arene with cr(Co)3 produces the two diastereoisomeric complexes (65) and (66); the =ne- 
metal unit is a center of asymmetry. The diastereoisomers were separated by HPLC, and the separate 
isomers were carried through the sequence of side chain anion generation and acid quenching to lead, 
separately, to the spirocyclohexenones e.g. (67). The yields were lower than for the model (equation 49) 
and the best case (64% for the cyclization in the acorenone B series) is based on recovery of starting ma- 
terial (30%). The isopropyl substituent apparently disfavors the ring closure. Conventional procedures 
added the appropriate functionality for the natural products. The cyclization process is stereospecific, 
based on the ex0 addition of the nucleophile. The meta-directing effect of the methoxy group favors for- 
mation of two new bonds at the quaternary center; spirocyclizations are the only cases of anion addition 
to a substituted arene carbon in the series with Cr(C0)3 activation. 

OMe i ,  LiC(CN)(Pi)OR* OMe 

(64) 
c 

( c 0 ) 3 c r i i ,  I,, HO-, H+ 

CN 

two 

P O  

steps 

i ,  LiNR, 

i i ,  CF3S03H - 
i i i ,  ",OH 

iv, H ~ O +  

64% 

three 

steps 
___) 

90-95% 
R* = CH(Me)OEt 

CN 

0 

steps four I 
OMe CN '.I":-: 

CN 
I 

rac-(65) 

4 
rao-Acorenone B 

Scheme 14 

rac-(66) 

I 
4 

rac- Acorenone 

2.4.4.3 Addition-Acylation 

The efficient trapping of the cyclohexadienyl anionic intermediates with protons raises the possibility 
of quenching with carbon electrophiles. The process is not as general as the proton quench: early expen- 
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mnts suggested that reversal of the nucleophile addition and coupling of the electrophile with nucleo- 
phile was the preferred pathway.83 However, when the nucleophile adds essentially irreversibly, quench- 
ing with a limited set of carbon electrophiles is successful.84J24-*26 For example, addition of 
2-lithio-l.3-dithiane to [(benzene)Cr(CO)s], followed by addition of methyl iodide and then oxidation or 
addition of a donor ligand (CO, PPh3) produces a cyclohexa-1,3-diene (68) substituted by both acetyl 
(Me + CO) and the nucleophile (Scheme 15). The insertion of CO occurs without exception, with a var- 
iety of electrophiles. The insertion is efficient without added CO, but gives somewhat higher yields 
under a modest pressure (c4 bar) of CO during electrophile coupling. The attachment of the electrophile 
is from the endo direction, consistent with initial addition to the metal following by CO insertion (70) 
and migration up to the arene unit; the products then have the trans arrangement of the new substituents. 

r 

Me1 

While the addition-oxidation and the addition-protonation procedures are successful with ester enol- 
ates as well as more reactive carbon nucleophiles, the addition-acylation procedure requires more reac- 
tive anions and the addition of a polar aprotic solvent (HMPA has been used) to disfavor reversal of 
anion addition. Under these conditions, cyano-stabilized anions and ester enolates fail (simple alkylation 
of the carbanion) but cyanohydrin acetal anions are successful. The addition of the cyanohydrin acetal 
anion (71) to [( 1,4-dimethoxynaphthalene)Cr(C0)3] occurs by kinetic control at C-i3 in THF-HMPA and 
leads to the a,P-diacetyl derivative (72) after methyl iodide addition, and hydrolysis of the cyanohydrin 
acetal (equation 50).a,'2"126 

i, LiC(Me)(CN)OR* 

(71) 

ii, Me1 / CO (50) +Q M& \ I I  

M e 0  

Cr(CO)3 iii, I2 M e 0  
(72) 

iv. H'; HO- 
59% 

M e 0  

R* = CH(Me)(OEt) 

More reactive anions such as the 2-lithio-l,3-dithiane derivatives, phenyllithium and t-butyllithium do 
not require a special solvent and proceed in high yield in THF. While HMPA is known to suppress the 
migratory insertion to CO in anionic complexes,127 it does not deter the CO insertion in these cases; no 
example of direct alkylation is reported. The only electrophile which adds without CO insertion is the 
proton, as discussed above. Good alkylating agents (primary iodides and triflates, allyl bromide, benzyl 
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bromide) react below 0 'C, but ethyl bromide requires heating at 50 'C. The reaction is selective for a 
primary alkyl iodide in the presence of an ester or a ketone unit. Surprisingly, acyl chlorides are unreac- 
tive. A simple sN2 process is proposed, based on the reactivity pattern of the electrophiles and the lack of 
rearrangement during alkylation with cyclopropylcarbinyl iodide (no long-lived radical intermedi- 
ates).@J25 

Addition of a cyanohydrin acetal anion to [(benzene)Cr(CO)sl followed by reaction with allyl bromide 
produces the cyclohexadiene derivative (73) in 94% yield, which undergoes a Diels-Alder reaction 
rapidly to give a tricyclic framework (74). After quenching with methyl iodide and disassembling of the 
cyanohydrin group, the diketone (75) is obtained in 50% yield overall (equation 51).125 These products 
are obviously interesting as potential intermediates for synthesis. 

2.4.4.4 Addition to Styrene-type Ligands Activated by Cr(C0)3 

Nucleophile addition to styrene derivatives (e.g. 75) coordinated with Cr(CO)3 is another example of 
addition-electrophile t r a ~ p i n g . ~ ~ , ' ~ ~  Addition of reactive anions is selective at the @-position of the 
styrene ligand, leading to the stabilized benzylic anion (76). The intermediate reacts with protons and a 
variety of carbon electrophiles to give substituted alkylbenzene ligands (in 77) (equation 52). 

LiMezCN 1 pN 1 E (52)  

Cr(C0)3 Cr(C0)3 

(75) (76) (77) 

Q- Cr(C0h -30 "C 

E = H', MeCOCI, Me1 

In the dihydronaphthalene series, the selective em addition of the nucleophile and e m  addition of the 
electrophile (steric approach) results in exclusive formation of the cis-a,@-disubstituted tetralin (78; 
equation 53).128 

The addition-protonation procedure maintains the arene-chromium bond and allows further applica- 
tion of the activating effect of the metal. In an approach to the synthesis of anthraquinone antibiotics, the 
dihydronaphthalene complex (79) was allowed to react with a cyanohydrin acetal anion and then quen- 
ched with acid.Iz9 The resulting tetralin complex (80) could be metallated effectively and camed on to a 
key intermediate (81) in anthraquinone construction (equation 54) 

While it can be expected that the [Mn(C0)3]+ and [FeCp]+ complexes of styrene derivatives would 
allow addition of a wider variety of nucleophiles, no useful methodology based on this possibility has 
been put forward. 
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0 

i, LiC(Me)(CN)OR* - 
ii, H’, HO- 

OMe OMe 
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3.1.1 INTRODUCTION 

Electron-rich, unsaturated hydrocarbons, which are normally resistant to nucleophilic attack, become 
generally reactive towards nucleophiles upon complexation to an electrophilic transition metal such as 
palladium(II), platinum(I1) or iron(I1). Complexation also directs the regio- and stereochemistry of the 
nucleophilic attack, the result of which is a new organometallic complex, which can often be used to pro- 
mote additional functionalization of the original substrate. Synthetically useful examples of such pro- 
cesses are presented in the following sections. 

3.1.2 ADDITIONS TO ALKENES 

Palladium(I1) salts, in the form of organic solvent soluble complexes such as PdC12(RCN)2, Pd(0Ac)z 
or Li2PdC4, are by far the most extensively utilized transition metal complexes to activate simple (unac- 
tivated) alkenes towards nucleophilic attack (Scheme 1). Alkenes rapidly and reversibly complex to pal- 
ladium(I1) species in solution, readily generating alkenepalladium(I1) species (1) in situ. Terminal 
monoalkenes are most strongly complexed, followed by internal cis and trans (respectively) alkenes. 
Geminally disubstituted, trisubstituted and tetrasubstituted alkenes are only weakly bound, if at all, and 
intermolecular nucleophilic additions to these alkenes are rare. 

Once complexed to palladium(II), the alkene is generally activated towards nucleophilic attack, with 
nucleophiles ranging from chloride to phenyllithium undergoing reaction. The reaction is, however, quite 
sensitive to conditions and displacement of the alkene by the nucleophile (path a) or oxidative destruc- 
tion of the nucleophile can become an important competing reaction. Nucleophilic attack occurs pre- 
dominately to exclusively at the more-substituted position of the alkene (the position best able to 
stabilize positive charge) and from the face opposite the metal (trans attack, path b) to produce a new 
carbon-nucleophile bond and a new carbon-metal bond. This newly formed o-alkylmetal complex (2) is 

55 1 
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Scheme 1 

usually quite reactive and unstable and it can undergo a number of synthetically useful transformations. 
P-Hydrogen elimination (path c) is facile above cu. -20 'C and results in an overall nucleophilic sub- 
stitution on the alkene. The metal+ubon a-bond is readily hydrogenolyzed and exposure to 1 atm of hy- 
drogen gas at 25 'C results in an overall nucleophilic addition to the alkene (path d). Small molecules, 
such as CO or alkenes, readily insert into palladium-carbon a-bonds permitting further functionalization 
of the original alkene (paths e and f). All of these transformations ultimately produce palladium(O), while 
palladium(I1) is required to activate alkenes. Thus, for any of these processes to be run in a catalytic 
fashion, a way to rapidly reoxidize palladium(0) to palladium(I1) in the presence of both substrate and 
product is required. Although many systems have been developed (CuClfi; K2S20s; benzoquinone), it 
is often this redox step which is most problematical in palladium(I1)-catalyzed nucleophilic additions to 
alkenes. Notwithstanding these problems, a number of very useful catalytic processes have been de- 
veloped. 

3.1.2.1 Addition of Oxygen Nucleophiles to Alkenes 

One of the earliest uses of palladium(I1) salts to activate alkenes towards additions with oxygen nu- 
cleophiles is the industrially important Wacker process, wherein ethylene is oxidized to acetaldehyde 
using a palladium(I1) chloride catalyst system in aqueous solution under an oxygen atmosphere with c o p  
per(I1) chloride as a co-oxidant.1*2 The key step in this process is nucleophilic addition of water to the 
palladium(I1)-complexed ethylene. As expected from the regioselectivity of palladium(I1)-assisted addi- 
tion of nucleophiles to alkenes, simple terminal alkenes are efficiently converted to methyl ketones rather 
than aldehydes under Wacker conditions. 
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This unique one-step transformation of alkenes - stable to acids, bases and nucleophiles -to methyl 
ketones has considerable synthetic potential, particularly when applied in a specific manner to more 
highly functionalized alkenes. Although traditional Wacker conditions are somewhat harsh, modified 
conditions utilizing DMF-water (7: 1) as solvent and benzoquinone or copper(1) chloride-oxygen as re- 
oxidant permit the efficient palladium(I1)-catalyzed oxidation of terminal alkenes to ketones in the 
presence of a wide array of functional groups (Table l).3 Under these milder conditions, the reaction is 
specific for terminal alkenes and will tolerate virtually all common organic functional groups. From a 
synthetic point of view, this makes terminal alkenes functionally equivalent to methyl ketones. More re- 
cently developed variations of this oxidation procedure involving the use of phase transfer catalysis4 or 
the use of electrochemical oxidation of palladium(0) back to palladium(I1) for catalysis5 may offer some 
advantages in specific systems. 

Although tolerant of a wide variety of functionality, this process (and most other transition metal cata- 
lyzed processes) is sensitive to the presence of adjacent functional groups which can coordinate to the 
catalyst. This sensitivity often is manifest in a change in the expected regioselectivity or reactivity of a 
process. For example, catalytic oxidation of the terminal alkene in the p-lactams, shown in equation (1), 
led exclusively to the aldehyde rather than to the expected methyl ketone.6 This change in regio- 
selectivity is likely due to coordination of the amide carbonyl group to palladium to generate the more 
stable (versus six-membered) five-membered palladiocycle intermediate (Scheme 2). 

b 

10% PdC12 / CUCI 1 0 2  

'AT 
0 &N 
0 DMF I H 2 0  

I 
0 

R' = Ph, p-MeOC6H4, Ph L' ; Ar = Ph,p-MeOC,& &70% 

(more stable) (less stable) 
Scheme 2 

Internal alkenes do not undergo this oxidation under normal circumstances, hence the excellent che- 
moselectivity observed. However, allyl ethers and acetates with internal double bonds undergo facile ox- 
idation, giving exclusively the P-alkoxy ketone in 60-80% yield (equation 2).' In this case additional 
coordination of the palladium(I1) catalyst to the ether oxygen may enhance its activation of the alkene, 
although the regioselectivity is different from that expected from the arguments advanced for the re- 
action in equation (1). Simple internal alkenes (e.g. 2-decene) were oxidized to mixtures of regioisomeric 
ketones by a 2% PdCldCuCldpolyethylene glycol 4OO/H20 catalyst system.* 

0 

R -OR' c R 'b OR' PdC12 / CUCI I 0 2  

6040% 

R = Me, PP, Bui, n-CSH, 1; R' = Ph, Me, Bn, Ac 

Finally, cx,P-unsaturated carbonyl compounds are converted to P-keto systems when treated with 20% 
Na2PdCb catalyst in 50% acetic acid as solvent and r-butyl hydroperoxide or hydrogen peroxide as reox- 
idant (equation 3)? It is not clear if the mechanism of this process is related to the other palladium(I1)- 
catalyzed addition of oxygen nucleophiles to alkenes. 

Alcohols and carboxylic acids also readily add to metal-activated alkenes2 and industrial processes for 
the conversion of ethylene to vinyl acetate, vinyl ethers and acetals are well established. However, very 
little use of intermolecular versions of this chemistry with more complex alkenes has been developed. In 
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Table 1 (continued) 
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UX NazPdCb / 50% AcOW B u W H  

* R  
R Ax 50 "C 

60430% 

R = Me, Et, hi, n-C7H15, Ph; X = OMe, Me 

557 

(3) 

contrast, intramolecular versions of this process, to form oxygen heterocycles, has been extensively de- 
veloped. 

The earliest studies centered on the cyclization of w-hydroxyalkenes to furan and pyran ring systems 
(equations 4 and 5).1° The regiochemistry (attack at the more substituted position) was that expected and 
the yields were only modest. However, modem advances in catalysis should permit much more efficient 
processes and many older systems probably 

R Z L  
HO 

warrant re-examination. 

10% Pd(0Ac)z c "'+ (4) 
Cu(0Ac)z / 0 2  RZ 

MeOH. HzO 
1 5 5 2 %  

R 1  = Me, Ph; R2 = H, Me, Et, Ph 

Ph 
Ph*OH 45% 

Palladium-catalyzed cyclization of o-allylphenols to benzofurans has been extensively studied. I I As is 
usual, early systems were catalytically inefficient but continued studies led to substantial improvement. 
A wide range of catalyst systems work for this process. One of the most efficient, from a standpoint of 
catalyst turnover and chemical yield, was based on chiral .rr-allylpalladium catalysts (equation 6), al- 
though the optical yields were low. y-Pyrones can also be efficiently synthesized by palladium(I1)-cata- 
lyzed addition of phenolic OH groups to conjugated enones (equation 7).12 

yr ' OH 
CU(OAC)~ / O2 or Bu'OOH 

-80% 
0 

n 
Y = H, Me, MeCO, Bu', SiMe3, 0 

+yw 
80:20, 1 >29% ee 

10% Li2PdCl4 /Cuc12 

0 0 

65-808 

(7) 

As detailed in Scheme 1, all of these reactions proceed through unstable o-alkylpalladium(I1) com- 
plexes (e.g. 2), which have a rich chemistry in their own right. Particularly useful synthetic transforma- 
tions, which involve trapping of these intermediates with carbon monoxide (path e), have been 
developed (equations 8 and 9; Scheme 3).'>15 The yields and catalytic efficiencies in these more recent- 
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ly developed processes are remarkably good and the procedures are simple enough for synthetic chemists 
with no experience in organometallic chemistry to use. Allenes underwent a similar hydroxylation-car- 
bonylation process to produce functionalized tetrahydrofurans in good yield (equation 10).l6 

OMe OH 

- %  PdC12 / CuC12 / CO 

R MeOH, 25 OC 
C02Me 

5% P d Q  

0 C02Me 
87% 

10% PdCl2 / CuC12 
* 

NaOAc, CO, AcOH, 25 "C R' 0 

Scheme 3 

=*-QR 

0 

7&80% 

t 

10% PdCl2 / CuC12 R 

MeOH, CO, 25 "C 
- 

0 

(9) 

R = Me, H, &\ , L\ Bu 
cktrans = 1 : 1 (50-708) 

Carboxylate ions are also effective nucleophiles in palladium-catalyzed reactions of alkenes and sev- 
eral classes of lactones including 7-pyrones (equation 11)'' and isocoumarins (equation 12)18 have been 
made in this manner. These early studies used stoichiometric amounts of palladium salts, since efficient 
redox systems had not yet been developed. However, with more modem techniques catalysis in these 
systems should be relatively straightforward. The more recent catalytic cyclization-carbonylation pro- 
cess in equation (13) is indicative of this.19 

n 
H20 R2*04 

R', R2 = H, Me, Ph 65-75% 
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R 

c 

I 
PdCI2, Na2(CO), 

X = 4-Cl,5-Me0,6-C1,7-MeO 

10% PdClz / NaOAc 1 AcOH o&o 

cuc12, co 0 ;  
0 

OH 
H 

-60% 

Chelating dialkenes such as 1,5cyclooctadiene, norbornadiene and dicyclopentadiene, as well as allyl- 
amines, were among the first alkenes whose reactions with oxygen (and other) nucleophiles in the 
presence of palladium(I1) salts were studied. These reactions were quite efficient, but led to stable a-al- 
kylpalladium(I1) complexes, making the development of catalytic systems difficult. As a consequence, 
little synthetic use of this chemistry has developed. However, potentially useful synthetic transformations 
are possible, as evidenced by the reaction described in Scheme 4.20 This reaction illustrates the import- 
ance of reaction conditions to the selectivity of the process, a phenomenon typical of organotransition 
metal chemistry. Nucleophilic attack of the alcohol on the coordinated dialkene produced stable a-al- 
kylpalladium(I1) complex (3), in which the remote alkene remained coordinated. Carbonylation of this 
complex proceeded by an initial insertion of the alkene into the palladium-carbon a-bond to give (4). 
followed by CO insertion to give (5). In contrast, decomplexation of the remote alkene by prior treatment 
with diisopropylamine, followed by carbonylation, led to the simple alkoxycarbonylation product (6). 
This ability to control selectivity by choice of ligand and conditions is a major feature of organotransition 
metal chemistry. 

1 Pf2NH CO, MeOH 1 
Scheme 4 

3.1.2.2 Addition of Nitrogen Nucleophiles to Alkenes 

Nitrogen nucleophiles such as amines (and in intramolecular cases, amides and tosamides) readily add 
to alkenes complexed to palladium(I1) and iron(I1) with reactivity and regiochemical features parallel to 
those observed for oxygen nucleophiles. However, these metal-assisted amination reactions are subject 
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to several problems not encountered with oxygen nucleophiles and hence are generally less synthetically 
useful. Amines are much more potent ligands than are alcohols for the electrophilic metals used to acti- 
vate alkenes and displacement of the alkene from the metal by the amine resulting in poisoning of the 
catalyst is a serious problem. Additionally, the product of successful amination is an enamine, which is 
not only a potent catalyst poison but also prone to Lewis acid catalyzed polymerization. Finally, in con- 
trast to alcohols and ethers, amines and enamines are readily oxidized under conditions normally used to 
carry the requisite Pdo + Pdl' redox chemistry, making catalysis difficult. For these reasons, efficient 
catalytic intermolecular amination of alkenes has not yet beem achieved. However, the stoichiometric 
amination of alkenes, followed by further reaction of the resulting o-alkylpalladium(I1) complex has 
been used to effect unconventional transformations of alkenes (Scheme 5 ) .  

3 equiv. R2NH 
-50 "C 

I 

R 

I aim 
CO 

-20 o c  

+ BR THF,O°C ) 3R'2NH RzNH, .C1 
R] + PdC12(MeCN)2 - - '12 ', .Cl, .-- Pd 

clHPd,/ > 5 o O c  CI' N H R ~  

I 

pathc 

N R 2  H2 or NaBH, 

H 
7040% 

R = H, Et, n-C8H17; 
R = Me, Et 

- 
path a 

WOA~), or y N R 2  
c I 

Nuc NBS, Nuc, 
path b 

C6H4CHO 

R R \  ,R 
e--- c R n f o M e  N R 2  0 path d q : c 1  "2 path e 

Br2, MeOH 

0 0 
>90% 

R = H, Bu"; R = Et 
>80% 

Scheme 5 

-70% 
R=Et;  R = E t  

Terminal alkenes could be efficiently aminated by nonhindered secondary amines in a process requir- 
ing 1 equiv. of palladium(I1) chloride, 3 equiv. of amine and a reduction at temperatures below -20 'C 
(path a, Scheme 5);21*22 however, primary amines and/or internal alkenes were less efficient, producing 
only -50% yields of amination product. Oxidative cleavage of the unstable a-alkylpalladium(I1) in the 
presence of a nucleophile resulted in vicinal oxamination or diamination of the alkene (path b)?3*24 Car. 
bonylation resulted in the isolation of stable o-acylpalladium(I1) species (path c)F5 which were oxida 
tively cleaved to give p-amino esters (path dY6 or further carbonylated to give y-amino-a-ketoamide! 
(path e).27 

All of these processes are of limited synthetic utility because of the requirement of the use of stoi. 
chiometric amounts of palladium complexes. However, by judicious choice of reactants and condition! 
the above-mentioned impediments to catalysis can be overcome. For example, an efficient palladium(I1) 
catalyzed cyclization of o-allyl- and o-vinyl-anilines to indoles has been developed (equation 14).28 Be 
cause arylamines are -106 less basic than aliphatic amines, and because the cyclized product in thi 
system gave an enamine (indole) stabilized by aromatization, the problems of catalyst poisoning by sub 
strate or product were circumvented, and catalysis was successfully achieved. The system was quia 
tolerant of a variety of functional groups and was used to prepare indoloquinones in excellent yielc 
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(equation 15).29 Since this process also proceeded through an unstable a-dkylpalladium(II) complex 
both inter- (Scheme 6P and intra-molecular (equation 16)29,31 insertion processes were possible, result- 
ing in extensive elaboration of the simple starting materials, utilizing two sequential palladium-assisted 
bond-forming processes. 

1-1096 PdClz(MeCNh 

I equiv. benzoquinone 
THF. reflux I 

6&W% R' 

R = H, 3-Me, 3-C02Et, 4-MeO, 5-Me0,4,5-Me02,4-Br; R = H, Me, Ac, Ts 

5% PdC12(MeCN) 

1 qu iv .  benzoquinone 
THF, refux 

0 Bz 
93% 

H p:-cY H C0,Me 
70% 

I Y = OMe, Me 

H 
60-902 

Scheme 6 

As stated above, aliphatic amines are potent ligands for electrophilic transition metals and are efficient 
catalyst poisons in attempted alkene amination reactions. However, tosylation of the basic amino group 
greatly reduces its complexing ability, yet does not compromise its ability to nucleophilically attack 
complexed alkenes. Thus, a variety of alkenic tosamides efficiently cyclized under palladium(I1) cata- 
lysis producing N-tosylenamines in excellent yield (equations 17 and 18).32 Again, this alkene amination 
proceeded through an unstable o-alkylpalladium(I1) species, which could be intercepted by carbon 
monoxide, to result in an overall aminocarbonylation of alkenes. With ureas of 3-hydroxy-4-pentenyl- 
amines (Scheme 7). this palladium-catalyzed process was quite efficient but it was somewhat less so with 
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4-hydroxy-5-hexenylamine (quation 19).33 w-Aminoallenes underwent a related palladiumcatalyzad 
aminocahonylation (equation 20).34 

02- (17) 
1 % PdC12(MeCNk 

Ts THF, reflux 

" T s  

I 
Ts 
85% 

lO%PdCI,: 

PhHN &O 

R = H, 2,2-Me2, 1 -Ph, 2-Me, 3-Me 70-978 

Scheme 7 

10% PdC12, CUCI~ 

N NHPh 
R- 

0 

R = H, 2-Me, 2.2-Me2 

II 
0 

30% 

(19) 

R 40430% 

R = C6QMe, Ts, C02Me; R = H, 1-CO2Et; R = H, Me, n-CSHI I ;  n = 1,2 

Chelating alkenes, such as 1.5-dienes and allylamines, complexed to palladium(I1) undergo facile at- 
tack by nitrogen nucleophiles. However, the resulting a-alkylpalladium(I1) complexes are very stable, 
preventing efficient catalytic processes. These stable complexes undergo all the typical reactions of u- 
alkylmetal complexes - hydrogenolysis, carbon monoxide insertion and alkene insertion - so that the 
organic compound can be freed from the metal and converted into a useful pruduct. An example of this is 
the stoichiometric addition of phthalimide to tertiary allylic amines (Scheme 8).35 

Cationic cyclapentadienyliron dicarbonyl (Fp) alkene complexes are generally reactive towards a wide 
variety of nucleophiles, including nitrogen nucleophiles, but they too generate stable a-alkylmetal com- 
plexes from which the metal must be removed in a second chemical step (usually oxidation). This makes 
catalysis impossible and severely limits application of this methodology to organic synthesis (equation 
21)." However, in contrast to palladium, iron is relatively inexpensive and stoichiometric procedures 
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ii, K B h  

Scheme 8 

may be justified when the use of this process greatly simplifies the desired synthesis. The bicyclic @-lac- 
tam synthesis in Scheme 9 is such an example.37 

+ 
(21) 

Cp(Co)2Fe FNuc [CPF~(CO)~-(] + Nuc- - 

"w ___c NaBH4 "m ___L A,CO 

C02Me C02Me 
95% 

Cp-Fe-N 
co COzMe 

58% 32% 
Scheme 9 

3.1.23 Metal-cataiyzed Allylic Transpositions, Oxy-Cope and Aza-Cope Reactions 

Electrophilic transition metals, particularly palladium(I1) salts, catalyze a number of heteroatom allylic 
transposition processes38 by a mechanism which almost certainly involves nucleophilic attack of a het- 
eroatom on a metal-bound alkene (Scheme 10). often termed 'cyclization-induced rearrangement'. 

/ l  

Scheme 10 

Allylic esters equilibrated under very mild conditions (2 h, 25 'C) in the presence of 2 4 %  PdClz cata- 
lyst. These rearrangements were not complicated by skeletal rearrangements, cyclizations or elimination, 
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as is often observed with acidcatalyzed equilibrations. (a-Alkenes rearranged much more slowly than 
(E)-alkenes and with clean suprafacial stereochemishy. This process was limited to allylic esters unsub- 
stituted at C-2 of the allyl group. Representative synthetically interesting examples are shown in equa- 
tions (22)3839 and (23) to (27).38 

* roAc (22) 

88% 

QOAc - $, 91% OAc 

OAc OAc 
96% 

0 18 

L A  
60% 

s; 90% 

91% 

0 

(100% chirality transfer) 

0 18 - - I 
(AcOH solvent) - 
(No loss of label) 

40% 

(26) 

Allylimidates underwent a clean Claisen-type rearrangement in the presence of 5 mol 96 palladium(1I) 
chloride (equation 28),40 as did allyl carbamates39 and S-allylthioimidates (equation 29)?' This S to N re- 
arrangement has found application particularly in the synthesis of pyrimidines, systems for which ther- 
mal S to N allylic rearrangements were generally ineffective (equation 30)?* Finally, 0-allyl S-methyl 
dithiocarbonates cleanly underwent palladium(II)catalyzd 0 to S allylic transposition (equation 3 1p3 

P R  
PdClz(PM=Nh c qR (28) 

0-N. R ' y N \ R  
H 
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Me 
I I % PdClZ(PhCN)z 

ph r N . M e  
THF, reflux - , y N p  s- 

98% (12 cases) 

RS R3 S 

I 
R'  

X = C-R6, N; R' = Me; R2-R6 = H, etc. 

r- - 5% PdC12(MeCN)2 

THF. 30 min SMe 

100% 

SMe 

-W% 

3.1.3 ADDITION OF HETEROATOM NUCLEOPHILES TO METAL-ACTIVATED 
ALKADIENES 

Nonconjugated dienes undergo metal-catalyzed additions of heteroatom nucleophiles as isolated 
double bonds and most are subject to the general reaction chemistry presented in the previous sections. 
Conjugated 1.3-dienes are fundamentally different in their reactivity, since addition of a nucleophile to 
the terminal carbon of a coordinated 1,3-diene produces a .rr-allylmetal species (Scheme 1 l), which itself 
has a very rich chemistry (Volume 4, Chapter 3.3). Most stable, neutral transition metal q4-diene com- 
plexes are relatively inert to attack by heteroatom nucleophiles, although a few are attacked by relatively 
reactive carbanions (Volume 4, Chapter 3.2). However, electrophilic transition metals, particularly palla- 
dium(I1) salts, which do not form stable complexes with 1,3-dienes, do activate these substrates to under- 
go a variety of synthetically useful reactions with heteroatom nucleophiles. Most useful of these is the 
palladium(I1)-catalyzed 1.4-additions of nucleophiles to 1,3-dienes. The main features of this process are 
summarized in Scheme 12, exemplified in the palladium(I1) acetate catalyzed 1,4-diacetoxylation, 1,4- 
acetoxychlorination and 1,4-acetoxy-trifluoroacetoxylation of 1,3-cyclohexadiene.'"' The process in- 
volves the regio- and stereo-selective trans-acetoxypalladation of a terminus of the diene, producing a 
trans-acetoxy-q3-allylpalladium complex. When the reaction is run in the presence of excess chloride 
ion, external nucleophilic attack of chloride on the q3-allylpalladium complex occurs, producing cis- 1 - 
acetoxy-4-chlorocyclohex-2-ene. In the absence of chloride ion, acetate transferred internally from the 
same face of the q3-allyl complex as the metal, producing trans-l,4-diacetoxycyclohex-2-ene. With a 
catalytic amount of lithium chloride, cis- 1,4-diacetoxycyclohex-2-ene was the exclusive product. Pn- 
sumably, chloride displaced acetate from the metal center of the q3-allylpalladium intermediate, permit- 
ting external nucleophilic attack of the excess acetate present. Finally, in the presence of trifluoroacetic 
acid, trans- 1 -acetoxy-4-trifluoroacetoxycyclohex-2-ene was formed, presumably by prior coordination 
of trifluoroacetate to the metal and internal transfer to the q3-allyl ligand. The wide range of dienes that 
underwent this reaction, in good yield and with high regio- and stereo-selectivity are listed in Table 2. 
The real utility of this chemistry lies in the facile further functionalization of these systems using both 
conventional and palladium(0)-catalyzed substitution reactions (Volume 4, Chapter 3.3). With a slight 
change in reaction conditions, this same range of dienes was efficiently dialkoxylated by alcohols (equa- 
tion 32).45 

1,2-Dienes underwent facile chloropalladation producing an unstable a-vinylpalladium(I1) intermedi- 
ate, which inserted another mole of allene to give an isolable 2-substituted q3-allylpalladium complex. 
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Scheme 11 

Q 

LiOAc 

LiOAc 

CF3COOH 

Nuc' 

Scheme 12 

Table 2 1.3-Dienes Catalytically Diacetoxylated 

5% Pd(0Ach. 10% MeSO3H 

benzoquinone 
e + ROH RO -OR (32) 

60-8596 

When this reaction was carried out in the presence of copper(I1) chloride as oxidant, efficient catalytic 
production of bis-2.3-chlmmthyl- 1,3-butadiene resulted (Scheme 13).& 

6 
Scheme 13 
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3.1.4 ADDITION OF HETEROATOM NUCLEOPHILES TO METAGACTIVATED 
ALKYNES 

Although alkynes are highly reactive toward a wide range of transition metals, very few instances of 
metal-catalyzed reactions of nucleophiles with alkynes are known. This is, in part, because most stable 
alkyne-metal complexes are inert to nucleophilic attack, while most unstable alkyne-metal complexes 
tend to oligomerize alkynes faster than anything else. Hence synthetic methodology involving this pro- 
cess is quite limited. 

There are two notable exceptions to this. Palladium(I1) salts catalyzed a number of cyclization re- 
actions of alkynes bearing remote heteroatoms in a process thought to involve nucleophilic attack of the 
heteroatom on the palladium-complexed alkynes. Thus pyrroles47 and indoles48 (Scheme 14), furans and 
substituted furans (equation 33)49 and unsaturated lactones (equations 34-36)40J0 were efficiently pro- 
duced by treatment of the appropriately disposed alkynic amines, alcohols or carboxylates with 1-5% 
palladium chloride catalyst. These reactions required a somewhat unusual protolytic cleavage of the u- 
vinylpalladium(I1) species to regenerate the palladium(I1) chloride catalyst. Evidence for the interme- 
diacy of this species was obtained by intercepting it with allyl chlorides, producing substituted 
unsaturated lactones (equations 37 and 3Q51 

R 

H 

1 %  PdC12 OH 
- R' I - R -  

CH2NH2 

\ R = n-C6Hl3, Ph; R =Et, H. But + 73-1008 - PdCll 

Scheme 14 

- n-C6H13 (33) 
n-C6H,3 =R'r) cat. PdClz 

OH THF 1 H 2 0  
R2 

R1,R2=H,Me 80-90% 

I %  PdC12 
R-\ - 

COzH Et3N 

R = H, Bun, n-C6H13, Ph, PhCH2, SiMe3 fjO-100% 

L 

1 %  PdC12 

Et3N 
\\ C02H 

43% 

(34) 

In contrast to many stable transition metal-alkyne complexes, cationic cyclopentadienyliron-alkyne 
complexes are reactive toward a range of nucleophiles. However, since most of the nucleophiles studied 
were carbanions, discussion of this chemistry is deferred to Volume 4, Chapter 3.2, Section 3.2.3. 
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60-908 

R1 = H, n-CgH13, Ph, SiMe3; R2 = 1-Me, 2-Me, 3-Me 

“I 
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3.2.1 INTRODUCTION 

The same transition metal systems which activate alkenes, alkadienes and alkynes to undergo nucleo- 
philic attack by heteroatom nucleophiles also promote the reaction of carbon nucleophiles with these un- 
saturated compounds, and most of the chemistry in Scheme 1 in Section 3.1.2 of this volume is also 
applicable in these systems. However two additional problems which seriously limit the synthetic utility 
of these reactions are encountered with carbon nucleophiles. Most carbanions are strong reducing agents, 
while many electrophilic metals such as palladium(I1) are readily reduced. Thus, oxidative coupling of 
the carbanion, with concomitant reduction of the metal, is often encountered when carbon nucleophiles 
are studied. In addition, catalytic cycles invariably require reoxidation of the metal used to activate the 
alkene [usually palladium(II)]. Since carbanions are more readily oxidized than are the metals used, 
catalysis of alkene, diene and alkyne alkylation has rarely been achieved. Thus, virtually all of the re- 
actions discussed below require stoichiometric quantities of the transition metal, and are practical only 
when the ease of the transformation or the value of the product ovemmes the inherent cost of using 
large amounts of often expensive transition metals. 

3.2.2 ALKYLATION OF MONOALKENES 

Terminal monoalkenes were alkylated by stabilized carbanions (pKs = 10-18) in the presence of 1 
equiv. of palladium chloride and 2 equiv. of triethylamine, at low temperatures (Scheme l).' The result- 
ing unstable o-alkylpalladium(I1) complex was reduced to give the alkane (path a), allowed to P-hydride 
eliminate to give the alkene (path b), or treated with carbon monoxide and methanol to produce the ester 
(path c).* As was the case with heteroatom nucleophiles, attack at the more substituted alkene position 
predominated, and internal alkenes underwent alkylation in much lower (~30%) yield. In the absence of 
triethylamine, the yields were very low (1-2%) and reduction of the metal by the carbanion became the 
major process. Presumably, the tertiary amine ligand prevented attack of the carbanion at the metal, di- 
recting it instead to the coordinated alkene. The regiochemistry (predominant attack at the more sub- 

57 1 
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oco2Me 42% - v-Co2Me C02Me C02Me 

Scheme 1 

stituted alkene terminus) is consistent with attack by the nucleophile without prior coordination (see 
below). 

Because it requires stoichiometric amounts of expensive palladium(I1) salts, this process has found 
little use in the synthesis of more complex organic compounds. Two exceptions are sefn in equation ( 1)3 
and Scheme 2.4 

i, 1 equiv. PdClZ(MeCN)z 

ii, 2 equiv. E t f l  
* C L R  

0 
55-78% 

i i i ,  R- 

Ac 
R- = Me02C yC02Me 9 Me0,C yC02Me , Me02C yC02Me 1 - o e o  

NHCHO NHAc Me 

The above system failed entirely when nonstabilized carbanions such as ketone or ester enolates or 
Grignard reagents were used as carbon nucleophiles, leading to reductive coupling of the anions rather 
than alkylation of the alkene. However, the fortuitous observation that the addition of M A  to the re- 
action mixture prior to addition of the carbanion prevented this side reaction' extended the range of use- 
ful carbanions substantially to include ketone and ester enolates, oxazoline anions, protected 
cyanohydrin anions, nitrile-stabilized anionss and even phenyllithium (Scheme 3): 

With these nonstabilized carbanions, attack o c c d  almost exclusively at the less-substituted tennin- 
us of the alkene, regioselectivity opposite that observed with stabilized carbanions. This regioselectivity 
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Scheme 2 
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Scheme 3 

is that commonly observed in the insertion of alkenes into metal-carbon a-bonds (Chapter 4.3, Volume 
4), and implies a change in mechanism wherein direct alkylation of the metal followed by insertion of 
the alkene occurred rather than external nucleophilic attack of the carbanion on the metal-bound alkene. 
Again, the requirement of stoichiometric quantities of palladium salts has limited the synthetic applica- 
tions of this chemistry. 

In contrast, the closely related palladium acetate-promoted intramolecular alkylation of alkenes by tri- 
methylsilyl enol ethers (Scheme 4)6,7 has been used to synthesize a large number of bridged carbocyclic 
systems (Table 1). In principle, this process should be capable of being made catalytic in palladium(II), 
since silyl enol ethers are stable to a range of oxidants used to carry the Pdo + Pd" redox chemistry re- 
quired for catalysis. In practice, catalytically efficient conditions have not yet been developed, and the 
reaction is usually carried out using a full equivalent of palladium(I1) acetate. This chemistry has been 
used in the synthesis of quadrone (equation 2).8 With the more electrophilic palladium(I1) trifluoroace- 
tate, methyl enol ethers underwent this cyclization process (equation 3).9 

Chelating alkenes such as allylicI0 and homoallylic" amines and sulfides underwent alkylation by a 
range of stabilized carbanions to produce stable a-alkylpalladium(I1) complexes. In these cases the 
regioselectivity was strictly governed by the inherent stability of a five (versus four or six) membered 
chelate a-alkylpalladium complex, with allylic systems (Scheme 5 )  being alkylated at the more sub- 
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Scheme 4 
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I cquiv. Pd(TFA), 
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stituted position and homoallylic systems at the less substituted terminus (Scheme 6). Reduction of these 
complexes produced the saturated hydrocarbons, while treatment with conjugated enones resulted in in- 
sertion of the alkene. 
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L = NMe2,SCHMez; 

Scheme 6 

In contrast to the above stoichiometric palladium-assisted reactions, palladium(I1) chloride efficiently 
catalyzed a variety of Cope rearrangements (Scheme 7 and Table 2).12 The mechanism of this process is 
not known, but is likely to involve 'cyclization-induced catalysis' as noted in Section 3.1.2.3 of this vol- 
ume. This rearrangement has several important features. Successful catalysis required that C-2 or C-5 of 
the diene had an alkyl substituent present, perhaps to stabilize the developing positive charge at these po- 
sitions during rearrangement. Alkyl substituents at both C-2 and C-5 suppressed the rearrangement, re- 
flecting the steric inhibition of placing the bulky metal at a sterically hindered tertiary position. With 
chiral, optically active dienes, complete 1,4-transfer of chirality was observed, as was the case in the re- 
lated palladium-catalyzed allylic transposition of allyl acetates discussed above (Section 3.1.2.3, this vol- 
ume). 

6%PdCIz(MeCN)t r& 1 ____L 

25 "C, 24 h 

L\ Pd" 87% 

* ph* + + 
Ph 

939 
Scheme 7 

Cationic cyclopentadienyliron dicarbonyl (Fp) complexes of alkenes are generally reactive toward a 
wide range of nucleophiles, including carbanions, producing very stable a-alkyliron complexes (Scheme 
8).I3-l4 Again, attack at the more substituted alkene terminus predominated. These o-alkyliron complexes 
required chemical removal of the iron to free the organic fragment, making catalytic processes im- 
possible. As a consequence little use of these simpler systems in synthesis has resulted. However, a num- 
ber of synthetically useful transformations involving alkoxyalkenes have been developed. 

a-Methylene lactones were produced by the reaction of cyclohexanone enolate with the Fp-aethoxy- 
acrylate complex (Scheme 9)15 while ethoxyethylene was converted to the corresponding y-lactones 
(Scheme IO). l6 Dimethoxyethylene-Fp complexes provided routes to efficiently dialkylate ethylene 
(Scheme 1 Using this methodology, a variety of furans were synthesized (Scheme 12).18 This chem- 
istry was noteworthy in two respects. Firstly, all transformations were highly stereoselective, permitting 
the facile synthesis of complex molecules having multiple stereogenic centers. Secondly, the oxidative 
cleavage of the a-alkyliron complexes led to nucleophilic displacement of the oxidized iron fragment, 
rather than the normal insertion of CO to form acyl complexes. Thus furans, rather than the expected lac- 
tones, were formed. 
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Scheme 8 
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72% 

Scheme 9 

0 'p 63% H& "' H OEt 

___) 

J 

Scheme 10 

Cationic iron-alkene complexes also participate in an unusual 'cycloaddition' process, wherein elec- 
tron-deficient alkenes are attacked by nucleophilic a-allylic Fp complexes, generating stabilized carb- 
anions and cationic alkene-iron complexes. Attack of the carbanion on the alkene forming a 
five-membered ring completes this process (Scheme 13). Oxidative removal of the iron produces useful 
organic compounds. 19-21 
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This chemistry has been used to synthesize cyclopentanoid derivatives used in the synthesis of sarko- 
mycin and brefeldin A? Azulene derivatives were also synthesized using this chemistry (Scheme 1 4).23 
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3 3 3  ALKYLATION OF ALKADIENES 

1,3-Dienes form very stable complexes with a variety of metal carbonyls, particularly Fe(CO)s, and 
the neutral q4-diene metal carbonyl complexes are quite resistant to normal reactions of dienes (e.g. hy- 
drogenation, Diels-Alder). However, they are subject to nucleophilic attack by a variety of nonstabilized 
carbanions. Treatment of q4-cyclohexadiene iron tricarbonyl with nonstabilized carbanions, followed by 
protonolysis of the resulting complex, produced isomeric mixtures of alkylated cyclohexenes (Scheme 
15)." With acyclic dienes, this alkylation was shown to be reversible, with kinetic alkylation occurring 
at an internal position of the complexed dienes but rearranging to the terminal position under thenno- 
dynamic conditions (Scheme 16).2s By trapping the kinetic product with an electrophile, overall 'carbo- 

i, R- p -  ii, H+ 
FdCO)3 

4gsoao 

'coz-' T N o R  

Scheme 15 
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acylation' was achieved (Schemes 17 and 18)?6-27 With cyclic dienes, alkylation occurred from the face 
opposite the metal, and acylation from the same face as the metal to produce exclusively trans product. 

As expected, cationic diene complexes (as well as cationic dienyl complexes, see Chapter 3.4, of this 

X 
X-Fe(CO), + R- - H+ 

X = H, Me, OMe; R- = Ph,CH-, 

CN 
Scheme 16 

R 
major major 
(-78 "C) (25 "C) 

\CN k C 0 2 B d  
R- = - - , %H,CN; 

CN ' 

E+ = CF3C02H, MeI, MeOTf, 0,; E' = H, Me, OH, OEt 

Scheme 17 

w 

H+ 

volume) are considerably more reactive toward nucleophiles than are the corresponding neutral com- 
plexes. Using this feature, very efficient processes for stereocontrolled alkylation of cyclohexadiene 
(Scheme 19),* and cycloheptadiene (Scheme 20)29 have been developed. They share many common fea- 
tures. A range of carbanions attacked, always from the face opposite the metal, producing a neutral q3- 
allylmolybdenum complex. Further functionalization of the cyclohexadiene system was not studied. 
However in the cycloheptadiene series the initially formed q3-allyl complex was reconverted into a cat- 
ionic diene complex, which could be alkylated again. Both alkyl groups entered from the face opposite 
the metal, giving cis-1,2- and -1,4-dialkyl systems in high yield and with high diastereoselectivity. The 
potential for further functionalization of the resulting q3-allyl systems is high, but has yet to be exten- 
sively explored. 
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single diastereoisomer (S) major 

R- = %H(C02Me)2, %Me(C02Me)2, -CH( S02Ph)(CO2Me), -CH(COMe)(C02Me), p-MeW6H4-, -CH2C02Mt 

&C&Me 

Scheme 19 

Scheme 20 

33.4 ALKYLATION OF ALKYNES 

Although alkynes are highly reactive toward a wide range of transition metals, few instances of metal- 
catalyzed reactions of carbanions with alkynes are known. The most extensively developed system in- 
volves cationic iron complexes of internal alkynes. These complexes underwent alkylation by a range of 
carbanions to produce stable a-vinyliron complexes (Scheme 2 l)?O The addition was stereoselectively 

A 

-78 O C  

L = PPh3, P(OPh),; R, R' = Me; R = Me, R' = C02Me; R = Ph, R' = Me; 

Nuc- = -Me, P h ,  -CH(C02Et)2, -CN, -SPh, 4s- $ - , 
Scheme 21 
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trans, and also regioselective, with the nucleophile adding away from ester groups on the alkyne, and on 
the alkyne carbon bearing a phenyl group. Oxidation promoted CO insertion with retention of alkene ge- 
ometry (in most cases) producing acyliron complexes which upon further oxidation cleaved to give ar$- 
unsaturated esters. At present, the process is stepwise, and the metal complex must be destroyed to free 
the organic ligand. More efficient systems await development. 
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33.1 INTRODUCTION 

33.1.1 Scope 

Interest in wallylpalladium chemistry has undergone incredible growth, particularly over the last de- 
cade. This growth is exemplified by the significant number of reviews on this subject that have now a p  
peared, including several within the last few In light of this substantial coverage, this chapter is 
not intended to serve as a comprehensive review of this area of chemistry. Rather, the focus of this chap 
ter will be on the selectivities, namely chemo-, diastereo-, regio- and enantio-selectivity, that are ex- 
hibited by .rr-allylpalladium chemistry. As possible, the mechanistic basis of these selectivities will be 
elucidated. In addition, the selection of examples provided to illustrate the nature of reactions involving 
wallylpalladium complexes will be largely made from contributions that have appeared in the last de- 
cade. 

33.1.2 Nature of rr-Allylpalladium-mediated Functionalization 

The essence of wallylpalladium-mediated functionalization is the activation of an allylic system to at- 
tack by a nucleophilic compound. The regio- and stereo-selectivity associated with this reaction have 
been found to be functions of the nucleophile, the substitution on the allyl moiety, the nature of the li- 
gands on palladium and the reaction medium. 

The means of entry into wallyl complexes, the elucidation of the range of nucleophiles that can be 
employed, a summary of the reaction types available for allylpalladium species and the diastereo-, regio- 
and enantio-selectivities of this reaction will be discussed in turn. 
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33.2.1 Precursors to wAllylpalladium Complexes 

33.2.1.1 Stoichiometric formation from alkenes 

One of the first significant advances in the chemistry of .rr-allylpalladium complexes was the discovery 
that alkenes could be directly converted into the corresponding allyl complex by substitution into the 
allylic C-H bond. A variety of recipes have now been reported that can accomplish this transformation. 
Initially, palladium ~ h l o r i d e ~ ~ - ~ ~  or its more soluble forms, sodium or lithium tetrachloropalladate*~z7 
and bisacetonitrile palladium in alcohol or aqueous acetic acid solvent were employed. 
The use of palladium trifluoroacetate, followed by counterion exchange with chloride, represents the mil- 
dest and most effective means available to accomplish this rea~tion.~'  

This C-H substitution process results in a Markovnikov orientation, with the H that is allylic to the 
more substituted end of the alkene preferentially abstracted. The stereochemistry of the resulting n-allyl 
complex does not represent the stereochemistry of the starting alkene, as the complexes are capable of 
isomerization under the conditions in which they are formed. Typically, a thermodynamic mixture is ob- 
tained, with the syn form of the complex predominating over the anti form (equation 1). The syn form is 
more stable due to unfavorable steric interactions that the anti form encounters with the coordination 
sphere of the palladium. 

sYn anti 

In addition, the palladium will preferentially position itself on the sterically less demanding face of an 
allyl system. Both stereoselectivities are neatly demonstrated by reacting either geometric isomer of 2- 
ethylidenenorpinane (1) with PdClz, where only a single .rr-allylpalladium complex (2) that has a syn 
configuration is observed and has the Pd trans to the gem-dimethyl bridge (equation 2).32 

or 

I I 

33.2.1.2 Stoichiometric formation from other unsaturated precursors 

.rr-Allylpalladium complexes can also be generated by the addition of PdC12 to 1 ,3 -d iene~ ,~>~~  al- 
le ne^,‘"'.^^ vinylcyclopropenes,42~43 methylenecyclopropanes,~~45 sp i rocy~ lopn tanes ,~ ,~~  and cyclo- 
propenes (equations 3-8).48v49 
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R 

c1' 

c1 
I 

33.2.13 Stoichiometric formation via crddition of alkenyl- and alkynyl-palladium to alkenes 

Alkynyl- or vinyl-palladiums can be generated in situ fmm the corresponding organomercury com- 
pounds and added to alkenes to form a-allylpalladium complexes after H-rearrangement (equation 9).50 

HgCl 

3.3.2.1.4 Stoichiometric formation via addition of palladium complexes to allyl-X substrates 

have been converted to their respective a-allyl derivatives 
by reaction with a Pd" salt in the presence of a reducing agent. All~l-s i lanes~~ and -stannanes68 have also 
been found to undergo reaction with lithium palladates in methanol to generate a-allyl chloride dimers. 

Allyl halides? 1-63 alcohols,64 and 

33.2.15 Catalytic formation from allyl-X precursors 

The initial investigation of the reactivity of a-allylpalladium complexes generated as their chloride di- 
mers with various nucleophiles indicated that these species were quite limited as electrophiles? In what 
may be the most significant advance in a-allylpalladium chemistry, it was subsequently noted that the 
addition of ligands, typically phosphines, dissociated the chloride dimers and greatly enhanced the elec- 
trophilicity of the allyl ligand? Importantly, it was further discovered that a ratio of two phosphines per 
palladium gave optimal performance of the complex as an e l e ~ t r o p h i l e . 6 ~ ~ ~  This ratio suggested the in- 
termediacy of a bisphosphine cationic complex, with a chloride serving as a counterion (3). The final 
crucial realization that the same complexes could be generated by reaction of Pdo complexes7* with al- 
kenes allylically substituted with a leaving group, X,73*74 was the true impetus for the explosive growth 
in this chemistry as these processes could now be conducted with catalytic, rather than stoichiometric, 
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use of the metal. In this catalytic sequence, the palladium in its zero oxidation state initially acts as a nu- 
cleophile, displacing the X leaving group (oxidative addition) with the metal undergoing oxidation to its 
2+ state in the process. The cationic metal center activates the allyl ligand to attack by nucleophiles. In 
the nucleophilic addition, the metal serves as a leaving group (reductive elimination) and returns to its 
zero oxidation state, thus allowing the process to be catalytic in metal. Catalytic use of Pd in the addition 
of nucleophiles to allyl intermediates in the dimerization of 1.3-butadiene had previously been ob- 
served,'s but this use did not enjoy the potential generality of that defined by the allyl-X species. 

A wide variety of groups have been found to be capable of serving the role of X in this process, includ- 
ing halogens? esters? alcohols?  amine^,'^ ammonium selenidesw and ar- 
senite~.*~ Among this group allyl alcohols and ethers are generally poor actors, and the vast majority of 
work has been done utilizing allyl esters, principally allyl acetates. 

Several new leaving groups have been discovered recently which merit special discussion. Allyl sul- 
fones, surprisingly, function as substrates for palladium catalysis.86 As the sulfone group had previously 
been proven to be able to stabilize an adjacent carbanion, this result allowed allyl sulfones now to be 
considered as synthons for 1.1 - and 1.3-dipoles (equation 10). That is, the allyl sulfone can be used alter- 
nately as a nucleophile and electrophile, greatly extending its synthetic utility. 

A -  q c---) 6- (10) - +  + 
SO2Ph 

a-Nitroalkenes have been found to be equivalent to allyl nitro compounds upon treatment with Et3N 
and a Pdo catalyst in DMF.87.88 The significantly greater availability of the a-nitroalkenes over allyl nitro 
compounds makes this method of forming wallyl complexes attractive. 

A particularly important advance in the nature of the leaving group, X, used in n-allylpalladium pre- 
cursors, has been the development of substrates that allow functionalization of the incipient allyl com- 
plex under neutral conditions. With these precursors, the leaving group, X, is, or can react further to 
become, sufficiently basic so as to generate in situ Nu- from Nu-H. In another variation, the X itself is 
transformed into the nucleophilic partner for the allyl ligand. Examples include vinyl  epoxide^,^.^' I allyl 
esters of acetoa~etate,~-~*' I allyl ca rb~na te s~ .~~ '  I and carbamates (equation 1 l).8*9*l I 

-0- .,.-..., Nu-H 
c - Pdo I +  

I I O  + LOpd.L 

Although allyl ethers are generally not good actors in the n-allylpalladium reaction, the added relief of 
ring strain associated with epoxide opening allows vinyl epoxides to become excellent substrates for pal- 
ladium-mediated p r o c e s s e ~ . ~ . ~ ~ l  The initially formed alkoxymethylallylbisphosphine cation is capable of 
deprotonating dimethyl malonate, for example, and then is sufficiently electrophilic to undergo addition 
by malonate anion on the allyl ligand. The interesting functionality associated with this transformation 
and the ability to carry it out under neutral conditions has been widely exploited, as reported in the fol- 
lowing sections. 

Allyl carb~nates~.~Jl  serve as excellent substrates with Pdo catalysts. In this process, the initially 
formed n-allyl-PdL2+ R-02- undergoes decarboxylation to provide n-allyl-PdL2+ RO-. The alkoxy 
group is sufficiently basic to deprotonate in situ a number of commonly used Nu-H species. Allyl car- 
bamates react similarly to generate R2N- bases in situ (equation 12). 
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Allyl esters of a c e t o a ~ e t a t e s ~ ~ ~ ~ ~ ~ ~ ~  react with Pdo catalysts to generate initially a bisphosphine allylpal- 
ladium cation, with the p-ketocarboxylate serving as counterion. Under the reaction conditions the p- 
ketocarboxylate decarboxylates, yielding a n-allylpalladium ketone enolate complex. The required 
nucleophile is thus formed in situ and is capable of Pd-mediated alkylation. A wide spectrum of reactions 
have been based on this chemistry which will be discussed in later sections. 

i m i d a t e ~ , ~ ~ ~ *  alcohols,T*x arsenitesg3 and O - a l l y l i ~ o u r e a ~ ~ ~  have also been found to 
function as leaving groups that allow neutral functionalization by similar mechanisms, although the 
chemistry of these compounds has not been widely explored. 

A final example of this class of allyl-X compounds is a vinylcyclopropane that is geminally sub- 
stituted on the three-membered ring with electron withdrawing groups. Upon addition of a Pdo complex, 
the allylic C P  bond ruptures, with the stabilized carbanion serving as a leaving group (equation 13).% 
The complex can be independently reacted with electrophiles at the carbanion as well as with nucleo- 
philes on the allyl moiety. 

Allyl 

Pdo EwGc ,..-.. 

EWG EWG 

K -  

33,  Range of Nucleophiles Employed in Palladium-catalyzed Allylic Alky Aion 

The reactivity of n-allylpalladium-phosphine complexes generated stoichiometrically or from alkenes 
allylically substituted with a leaving group, is essentially identical and, as a result, allyl species will be 
generally considered in this section without distinction as to the origin of the palladium complex. 

33.2.2.1 Carbon nucleophiles 

(i) Soft nucleophiles 
The first examples demonstrating the electrophilicity of n-allyl ligands complexed to Pd involved sta- 

bilized 'soft' carbanions, namely the anion of diethyl malonate (equation 14).97*98 Much of the early 
work that described the use of carbon nucleophiles in n-allylpalladium chemistry focused on such 'soft' 
carbanions, which can be generically defined as RCXY, where R = H, alkyl or aryl, and X and Y could 
be selected from the following list of functionalities known to stabilize adjacent carbanions so as to 
achieve an acidity of the conjugate acid in the pKa range of 10-20'-16 -C@R'. -C(O)R' ,  -SR', 
-!3(0)R1, C 0 2 R ' ,  -N&, A N .  Also included in this category are enamines,1.99.100 the carbanion 
derived from nitroalkanes'01-104 and the cyclopentadiene anion.lo5 Equations (1 5-1 8) show examples of 
their use. 

+ R q Y  - 2; 
/ Pd , X 
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ooAc + cp- Pdo 

(ii) Enolates 
Initial reports on the use of simple enolates as nucleophiles in mdlylpalladium chemistry met with 

only limited S U C C ~ S S . ~ ~ ~ ~ ~  The enolate of acetophenone reacted with allyl acetate in the presence of 
Pd(PPh3)4, but gave predominantly dialkylated product.lM The use of the enol silyl ether of acetophe- 
none gave only monoalkylated product with allyl acetate and Pdo catalysis, but substituted allyl acetates 
did not function in this reaction.IM Enol stannanes, however, have been found to give monoalkylated 
products with a wide variety of allyl acetates (equation 19).'06 In situ generation of enol stannanes from 
lithium enolates and trialkylstannyl trifluoroacetates followed by Pdo-catalyzed allylation has been dem- 
onstrated. IO7 

Similarly, the addition of triethylborane to lithium enolates allowed ready reaction with 
compounds catalyzed by palladium(0) complexes. 108,109 

The use of bis(dibenzy1ideneacetonato)palladium and 1,2-bis(diphenylphosphino)ethane as catalyst 
was reported to allow efficient monoalkylation of lithium enolates of ketones, with allyl acetates.'I0 
Pd(PPh3)4 and allylammonium salts have also been reacted successfully with lithium enolates.sO 

The addition of potassium enolates to preformed wallylpalladium complexes has also been re- 
ported.' ' ' 

a-Substituted ketones have also been prepared by the reaction of metallated ketimines with allyl-X 
compounds catalyzed by Pd(acac)~-PPh3.~~ 

The in situ generation and alkylation of palladium enolates has gained considerable recent attention. A 
variety of precursors have been utilized to access the Pd enolate. The first reported use of this intermedi- 
ate employed an allyl P-ketocarboxylate ester (4).' 12.113 The suggested mechanism involves oxidative ad- 
dition into the allylic C--O bond by Pd to yield an allylpalladium P-ketocarboxylate, which 
subsequently decarboxylates to give an allylpalladium enolate. The enolate then reacts to given an allyl- 
ated ketone and PdO (equation 20). A number of reports on this reaction have including 
two recent rev iew~.~*~, '  l7  Allyl esters substituted in the a-position with esters, nitriles and nitro groups 
also function in this reaction (equation 21).'18 

(19) 

allyl nitro 
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Pdo EWG 
__L 

R h o -  R 
0 

EWG = COzR', CN, NO2 

Considerable use has also been made of allyl carbonates as substrates for the allylation of Pd en~lates.~ 
The reaction of Pdo complexes with allyl enol carbonates' 19~120 proceeds by initial oxidative addition into 
the allylic C - 0  bond of the carbonate followed by decarboxylation, yielding an allylpalladium enolate, 
which subsequently produces Pdo and the allylated ketone (equation 22). In like fashion, except now in 
an intermolecular sense, allyl carbonates have been found to allylate enol silyl ethers (equation 23),12' 
enol acetates (with MeOSnBu3 as cocatalyst) (equation 24),122 ketene silyl acetals (equation 25)123 and 
anions a to nitro, cyano, sulfonyl and keto groups.' 157124 In these cases, the alkoxy moiety liberated from 
the carbonate on decarboxylation serves as the key reagent in generating the Pd enolate. 

0 

oKo- 0 

+ &°C02R + MeOSnBu3 - Pdo . & (24) 

Allyl carbamates (equation 26)12s and isoureas (equation 27)" generate allylpalladium enolates by vir- 
tually identical mechanisms. 

0 0 

P - K e t o a c i d ~ ~ ~ ~ J ~ ~  form the same intermediates as the allyl p-ketoesters by nucleophilic addition of the 
carboxylate to a wallylpalladium complex. Decarboxylation generates the allylpalladium enolate, which 
again yields Pdo and allylated ketone. Enol silyl ethers have also been employed with allyl arsenites93 to 
provide allylated ketones. 
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The addition of simple ester or ketoenolates to n-allylpalladium complexes may constitute the second 
step of an ingenious [3 + 21 cycloaddition reaction. One substrate that undergoes this process is 2-(tri- 
methy1silylmethyl)allyl acetate (5). The mechanism proposed involves initial formation of a 2-(tri- 
methylsilylmethyl)allylpalladium cation followed by desilylation by the acetate liberated in the oxidative 
addition (Scheme 1). The dipolar intermediate can be envisioned as an q3-trimethylenemethane-PdL2 
species (6) or, less likely, an q4-complex (7). 

(5) L 

4 C02R 
.__f 

Scheme 1 

+ Pdo 

The addition of the trimethylenemethane-palladium complex to alkenes may proceed by a concerted 
process or via a stepwise mechanism in which the anion of the 1,3-dipole attacks Michael-fashion to 
generate an intermediate anion which collapses to form a five-membered ring by attack on the allylpalla- 
dium complex. This [3 + 21 cycloaddition reaction has been reviewed.IZ8 A number of additional reports 
of its use have appeared re~ent1y.I~"'~~ 
Ethyl-2-(sulfonylmethyl)- and 2-(cyanomethyl)-allyl carbonates'35 as well as (methoxycarbo- 

ny1)methylallyl carbonates136 serve as substrates for the [3 + 21 cycloaddition. Oxidative addition into the 
allylic C-0 bond of the carbonate, followed by decarboxylation, gives a 2-substituted allyipalladium al- 
koxide. The alkoxide then deprotonates the C-H a to the electron-withdrawing substituent at the 2-po- 
sition of the allyl. This anion then undergoes a Michael addition to an a$-unsaturated ketone or ester, 
followed by intramolecular allylation of the anion of the Michael product (Scheme 2). 

Scheme 2 

Vinylcyclopropanes having two electron-withdrawing groups geminally substituted on the three-mem- 
bered ring also have been found to serve as 1.3-dipolar equivalents capable of [3 + 21 cycloadditions. 
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The enolates of esters or ketones again are envisioned to add to .rr-allylpalladium i n t e d i a t e s  in the 
second step of the proposed mechanism (Scheme 3).% 

E E  E E 
E 

Scheme 3 

(iii) Organotin nucleophiles 
The range of nucleophiles that function in m-allylpalladium alkylations encompasses a variety of orga- 

notin reagents, including a l l ~ l , ' ~ ~ - ~ ~  vinyl, 141-143 aryl,141-144 acetyleny1144 and h e t e r o a r ~ m a t i c ' ~ ~ ~ ~  stan- 
nanes (equations 28-31). 

Pdu - 

ph * OAc + R 3 S n w  - P h T  (28) 

+ R 3 S n w  Ph 
Pdo 

In the palladium-catalyzed addition of allylstannanes to allyl acetates, complete allyl inversion of the 
allylstannane is 0 b ~ e r v e d . l ~ ~  Symmetrical coupling is also possible, for example, by treatment of cinna- 
my1 acetate with hexa-n-b~tyldistannane.'~~ In this reaction, cinnamyl tri-n-butylstannane is generated in 
situ by Pd catalysis and it then couples with the allyl acetate with allyl inversion (equation 32). 

Pdo 
ph/\\/\OAc + Bun3SnSnBun3 - Ph- (32) 

Ph 

The mechanism of coupling of allyltin and allylpalladium can be altered by the addition of maleic an- 
hydride to the reaction mixture (vide infra).139 In this modified procedure, reaction of the allylpalladium 
chloride dimer with allyl-Bun3Sn now gives coupling without allyl inversion of the allyltin reagent. 

If the coupling of the allyl halide and tin reagent is run under a CO atmosphere, an allyl R ketone is 
generated by insertion of CO into the allylpalladium complex, followed by coupling (equation 33).145-'47 

e x  + co + R'3SnR - PdQ A R  (33) 
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(iv) Organo-thallium and -zinc reagents 
The a-allyl-a-arylpalladium-phosphine complexes have been of particular interest in the study of the 

mechanism of their reductive elimination to yield allylated a r o m a t i c ~ . ~ ~ J ~ ~  Their preparation can be 
achieved by the addition of a triarylthallium or arylzinc halide to the corresponding allyipalladium phos- 
phino halides (equation 34). 

A 
+ Ar3Tl(orArZnCl) - I - 

Ar Pd 
I 

L'pd.x L' 'Ar 

A variety of additional organozinc-mediated couplings to .rr-allylpalladium complexes have been re- 
ported, including those of peffluoroalkylzinc iodides,lm vinylzinc bromides,I5I allylzinc acetates15* and 
arylzinc bromides (equations 35-37). 153*154 

R 

Zn 
__c 

Pdo 
0 OAc (37) 

(v )  Organo-aluminum and -zirconium reagents 
Alkenyl-aluminum and -zirconium derivatives have been found to couple with allyl halides in the 

presence of Pdo catalysts (equation 38), although simple alkyl-aluminum and -zirconium reagents fail in 
the r ea~ t i0n . I~~  The 1 ,Cdienes thus generated are important intermediates in organic synthesis. 

AIMez + 
CI 

The coupling of alkenylzirconiums with wallyl complexes derived from the D-ring of steroids has 
been demonstrated to be regiospecific and to yield products which possess the natural configuration at C- 
20 (equation 39).l55 

The effects on coupling efficiency and regiochemical control in nonsymmetrical allyl complexes as a 
function of added ligand in these reactions has been d e t e ~ m i n e d ' ~ ~ , ' ~ ~  (vide infra) and applied in the syn- 
thesis of flexibilene and h ~ m u l e n e . ~ ~ ~  
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(vi) Grignard and organolithium reagents 
Reaction with even harder nucleophiles such as organolithiums and Grignard reagents is substantially 

limited by virtue of the fact that these carbon nucleophiles add by direct attack at the metal center, as op 
posed to the softer carbon nucleophiles which add by attack on the allyl ligand. Direct metal addition can 
lead to the opening of alternative reaction pathways, e.g. P-H elimination, in competition with reductive 
elimination which accomplishes nucleophile allylation (equation 40). 

Successful use of such nucleophiles has been limited to those that are incapable of undergoing these 
competing reactions, namely, methyl and phenyl organometallics (equations 414t).83J5a162 

rn + u  
H 

+ "r" (44) Pdo 
Ph + PhMgBr - -0Ph 

90% 10% 

An interesting reaction in which the initial addition product can be isolated occurs with diallylpalla- 
dium and organolithiums (equation 45).I6l 

3.33.23 Heteroatom nucleophiles 

( i )  Oxygen nucleophiles 
Oxygen nucleophiles can be added successfully to wallylpalladium complexes by various method6 

logies. Those additions that are fostered by the use of classical oxidizing agents will be treated separately 
in Section 3.3.2.3.2. 

The most intense interest in the addition of oxygen nucleophiles to 7r-allylpalladium complexes has 
centered on the delivery of OAc-. For example, in allylpalladium-OAc complexes, acetate can be in- 
duced to migrate to the allyl ligand by the addition of CO (equation 46).162-164 Rearrangements and 
isomerizations of allyl acetates can also be readily accomplished via Pd catalysis (equations 47 and 
48).165-167 
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Stereocontrol (vide igru) can be efficiently engineered in the addition of acetate to Ir-allylpalladium 
complexes (equation 49).l*I7l The regioselective addition of acetate of allylpalladium complexes to 
prepare y-acetoxy-(E)*$-unsaturated esters172 and y-acetoxy-a,~-unsatumted sulfones has also been 
achieved (equations 50 and 51).173,174 

AcOH. LiCl 

benzoquinone QoMe ._____ LiOAc, benzoquinone 

AgOAc, AcOH 

PdC1/z 

L J 

Other synthetically useful additions of carboxylate anions to m-allylpalladium complexes have been 
demonstrated, as illustrated in equations (52-54).175-179 Harder oxygen nucleophiles, such as phenox- 
i d e ~ ' ~ ~ * ~ ~ ~  and a l k o x i d e ~ , ~ ~ ~ ' * ~  can also be added to m-allylpalladium complexes (equation 55). Finally, 
the addition of NO2 to allylpalladium chloride dimer results in the production of allyl nitrite (equation 
56).'*' 

H 
(Md3N)zPdC'2* ["V\] C02H 1 q: (52)  

HgCl 

Pdo 

McCO~H HoQo)-- 0 (53) 
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a0 HgCl 

Pdo 

OH 
(55) 

( i i )  Nitrogen nucleophiles 
Ammonia fails to act as an effective nucleophile for n-allylpalladium complexes. Some examples of 

primary aminess1.181-183 have been reported, although diallylation is often a problem in these reactions. 
Secondary amines are, however, excellent substrates for palladium-catalyzed allylati~n.~~.".~~~.~~*~~~ 
A m i d e ~ , ~ ~ ~ J %   sulfonamide^,^^.^^^ azides198 and magnesium amides" have also been shown to be effec- 
tive nucleophiles. 

Due to the failure of ammonia in this reaction, a variety of alternative strategies to prepare primary 
alkyl amines utilizing Pd catalysis have been investigated.1%-198.200 4,4'-Dimethoxybenzhydrylamine 
(DMB; 8) reacts with allyl acetates under Pdo catalysis and can be debenzylated with formic acid to yield 
a primary amine (equation 57).200 Similarly, ptol~enesulfonamides~~~~~~ and azides can be conveniently 
converted to amines following their participation in the Pd-catalyzed alkylation. 

N.  DMB - I + (WN-DMB (57) 
H 

90% 10% 

Some examples of the use of nitrogen nucleophiles as the key step in organic syntheses include the 
preparation of pyrroles (equation 58)?0'302 a number of  alkaloid^^-^^ including ibogamine?04 catha- 
ranthine205*m and pechydrohistrionicotoxin,m amino sugars (equation 59),208 5-amino- 1.3-penta- 
dienesm and 1 -azaspirocycles.210 

EI~NH, Pdo 

(59) 
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(iii) Other heteroatom nucleophiles 
Sulfur nucleophiles have not been widely used in ITSr-allylpalladium chemistry, principally due to their 

ability to interfere with the catalyst by coordination. This is a less serious concern for sulfinic acid and 
sulfinate salts than with sulfides, and as a result, several reports have appeared using R S W  and 
RS02-.211-219 Alkenes allylically functionalized with a leaving group, dienes214 and vinyl nitro com- 
p o u n d ~ ~ ~ ~ ~ ~ ~ ~  have all served as precursors for the required IT-allyl species in these reactions (equations 
60 and 61). 

PhS02H, Pdo 
AcO OAc c PhSO2 S02Ph (60) 

PhS02Na, Pdo 
c 

Pdo has also been found to catalyze thiono-thiolo allylic rearrangement of 0-allyl phosphoro- and 
phosphono-thionates via a r-allyl intermediate (equation 62).220 

0 
+ (EtO); (62) \ s  

Pdo I1 

(EtO) P e \ s  (EtO) ! - \o 

The use of alkyl sulfides as nucleophiles has been realized by the employment of 0-allyl S-alkylthio- 
carbonates.221*222 In this process, oxidative addition by Pdo is followed by the liberation of COS and 
generation, in situ, of RS-, which subsequently adds to the allylpalladium complex (equation 63). 

Trimethylsilyl alkyl and aryl sulfides were found to function as latent somes  of a sulfide nucleophile 
when used in conjunction with allyl carbonates or vinyl epoxides with Pd catalysts (equation 64).223 

PhSSiMes 

Pdo 

The addition of phosphites to allyl halides catalyzed by Pdo has been found to yield alkyl phospho- 
nates (equation 65).215 

0 
I1 

(65) AcO- c1 + P(OEt)3 + Pdo - AcO 

An additional example utilizing phosphorus nucleophiles employs lithium diphenylthiophosphides and 
allyl carboxylates and yields allylic diphenylphosphine sulfides (equation 66).224 

(666) 
S Pdo 
",Ph - 

Ph e o * c  + Li px ph 

Palladium(0) catalysts can also function to transfer trimethylsilyl groups from aluminum to carbon via 
r-allyl intermediates (equation 67).2z 
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( i v )  Transition metal nucleophiles 
Acyliron anionic complexes, such as, MeCOFe(COh- Li+, and anionic acylnickel carbonyl complexes, 

RCONi(CO), M+, react with allylpalladium complexes to give unsaturated ketones (equations 68 and 
69)?26 

0 e f i  

Ph (68) - I 
0 Pd. 

0 

NaCo(C0)s was found to carboalkoxylate allylic acetates with Pdo catalysts under a CO atmosphere 
(equation 70).226 

3 3 3 3  Other Reactions of a-AllylpalIadium Complexes 

3323.1 Insertion into mallylpalladium complexes 

The insertion of CO into a-allylpalladium complexes has been used to prepan various g,y-unsaturatcd 
carboxylic acid derivatives. The process can be initiated from preformed allyl c o m p l e ~ e s ? ~ ~ - ~ ~  catalyti- 
cally from appropriate a-allyl precursorsnsJ3~236~237 or from diene-Pd c o m p l e ~ e s . ~ * ~ ~  Particularly 
mild conditions, involving low pressures and temperatures, to accomplish this insertion have been dis- 
covered.235 The key reagent in allowing these mild conditions to be employed was found to be carboxy- 
late anions.235 For unsymmetrical allyl complexes, CO insertion occurs preferentially at the 
less-substituted allyl terminus (equations 7 1-73). 

Isocyanides react similarly with a-allylpalladium complexes to generate @,y-unsaturated im- 
i n ~ e t h e r s . ~ ~ ~ ~  Comparable to the CO reaction, isocyanide insertion occurs preferentially in the less 
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MeOH ,,/ 

/ Pd , CO,Me 

601 

(73) 

substituted allyl terminus (equation 74). C02243-245 and S02245 also insert efficiently into wallylpalla- 
dium complexes (equations 75 and 76). 

H20 
co2 I 

CO2H . Pd . L NaOPh 
(75) 

The insertion of 1,3-dienes into a wallylpalladium complex is believed to proceed via an intermediate 
in which the metal is complexed to the less hindered double bond of an unsymmetrical diene, followed 
by an electrocyclic rearrangement which links the more substituted allyl terminus with the more sub- 
stituted alkene (equation 77).24"251 Electron-withdrawing substituents on the wallyl fragment generally 
increase the rate of insertion,248 whereas substituents on the diene generally slow the rate.268 

Y 

Allenes insert into wallyl complexes so as to generate new .rr-allyl species (equation 78).248 
The insertion of 2-f-butyl- 1,3-butadiene into .rr-allylpalladium complexes proceeds normally, but is 

then followed by an unusual cyclization reaction, presumably due to the disposition of the butenyl frag- 



602 

ment in the anti configuration, caused by the preferential positioning of the t-butyl in the syn site (equa- 
tion 79).25* 

R 

pdv * 
But 

But- 

\ ”-;-, r- : -  

But 

(79) 

a-Dienyl-w-allyl acetates cyclize by isomerization. The key step in this process entails insertion of a 
1,3-diene into a n-allyl fragment (equation 80).252 

Pdo PhSOz 

(80) __I 

PhS02* / OAc 

Strained alkenes such as norbornene, norbornadiene and bicyclo[2.2.2]octenes readily insert into IT- 
allyl complexes with the less substituted allyl terminus linked to the alkene (equation 81).253-261 This re- 
action has been utilized to prepare interesting prostaglandin  analog^.^^.^" 

Intramolecular insertion of a simple alkene into a n-allyl complex has also been demonstrated, result- 
ing in synthetically useful cyclization methodologies (equations 82 and 83).262.263 

/ - 7 C 0 2 M e  C02Me pdo &C02Me C02Me 

AcO 

The course of the insertion of diphenylketene into n-allylpalladium intermediates has been found to 
depend on the nature of the n-allyl precursor. Allyl acetates give d i e m ,  while allyl carbonates give car- 
boxymethylated products (equations 84 and 85).264 An intermediate allyl P M R  species (9) is believed 
to exist in both cases. When R = Ac, decarbonylation is followed by P-H elimination, whereas if R = Me, 
alkoxide attacks the acylpalladium intermediate and yields the methoxycarbonyl compound. 
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(84) 
Pdo Ph 

Ph Ph 
+OAc + +.=o ___c 

0 

Finally, the reaction of hydrazones with .rr-allylpalladium complexes may involve insertion’ of C - N  
into the allyl ligand.z65,266 

3.3.2.33 Oxidation of .rr-allylpalladium complexes 

tion of a$-unsaturated ketones or aldehydes (equation 86). 
Treatment of 7r-allylpalladium complexes with excess PdC1z?67-270 or MnOz267 results in the forma- 

T-Allyl complexes derived from steroidal substrates have been found to undergo oxidation to allylic 
alcohols with MCPBA (equation 87).271,272 Similarly, treatment of preformed allyl complexes with lead 
t e t r a a ~ e t a t e ~ ~ ~  or mercury(I1) chloride in acetic acidz74 provides the corresponding allyl acetate. 

Pd , OH / 

A Mo02(acac)2-BuO~H reagent has been shown to yield mixtures of allyl alcohols and a,@-unsatu- 
rated ketones on reaction with wallyl species (equation 88).275 Photo-oxidation of preformed allyl com- 
plexes has also been reported (equation 89)?76,277 

83% 17% 

0 Ph 
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3 3 1 3 3  Reduction of d y I p a l W i u m  complexes 

Basic alcohol solutions have been found to be capable of reducing mdlylpalladium complexes to the 
corresponding alkene (equations 90 and 91).27s283 In similar fashion, aqueous NaOH media has been re- 
ported to effect a disproportionation of the allylpalladium chloride dimer (equation 92).2u 

qoMe j \Pd' 
KCN 

MeOH 
- 

KCN 

MeOH 

30% 

I NaOH 

4, 
+ H 

70% 

+ 
0 

A variety of metal hydride reducing agents can also function in this reaction. Sodium borohydride, for 
example, has demonstrated good regioselectivity, with preferential delivery of the hydride to the less 
substituted allyl terminus (equation 93).285-287 Allyl sulfones are substituted by hydride under Pd cata- 
lysis and treatment with NaBHs (equation 94).288289 Sodium cyanoborohydride functions in like man- 
ner.290 

N a B h  

U O k  -y u, + LvLJ  (93) 

5% 95% 

LiBHEt3 has been found to reduce allylic ethers, carboxylates, sulfides, sulfones, selenides and silyl 
ethers (equations 95 and 96).29' 

LiBHEt3 

PCP 
n-C7H15 SePh - n-C7H15\//\ + n-C,H~sJ + n-C7H15- (96) 

81% 18% 1% 
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Steroidal wallylpalladium complexes are reduced by LiAlH4 with high regio- and stereo-selectivity 
(equation 97).292 Similar results were found with L ~ A ~ H ( O B U * ) ~ . ~ ~  

Considerable work has been done with trialkyltin hydride reducing  agent^.^*^.^'^ These reagents are 
relatively mild in their reducing properties with respect to typical organic functionalities, yet function 
well with .rr-allylpalladium complexes, thereby allowing considerable chemoselectivity to be exercised. 
For example, allylic acetates and amines are reduced regioselectively with tri-n-butyltin hydride under 
Pdo catalysis (equation 98).287 Vinyl chlorides and acetates have been prepared from the corresponding 
allyl gem-dichlorides and diacetates using this methodology (equations 99 and 100).297.298 

___) 0""" \ 

R3SnH 

Pdo 

38% 62% 

35% 65% 

Allyl carbonates can function as protecting groups for alcohols, with removal of the protecting group 
being effected by R3SnH and Pdo (equation 101).299 

R3SnH 0 

A o u  - ROH + COz + (101) RO ROH - 
Pdo H 

Tetra-substituted tin enolates of ketones, which are otherwise difficult to prepare, can be formed via 
Pd-catalyzed tin hydride reduction of allyl P-ketocarboxylates (equation 1 02).2" Allyl P-ketocarboxy- 
lates can also be transformed into a-bromo ketones using this method (equation 103).2% 

R3Sn0 HR3 + co2 
R' R2 
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Polymethylhydrosiloxane (PMHS) has been reported to be a more selective reducing agent when 
coupled with Pdo catalysts than R3SnH. permitting, for example, the reduction of allylic acetates in the 
presence of enones and acyl halides (equation 104).300 8"": pa PMHS 0"' + 0""' (104) 

86% 14% 

Formic acid and formate salts are also effective reducing agents for wallylpalladium complexes 
(equation 105).301-303 

U O A c  '' p d ~  HC'- + (105) 

6% 94% 

Two-phase systems utilizing water-soluble palladium phosphine catalysts, formate and allyl chlorides 

Allyl carboxylates can serve as protecting groups for acid functionalities removable by formate and 
or acetates have also been developed.303 

Pdo.302 
Alkylzinc compounds bearing P-hydrogens reduce allyl acetates on treatment with Pdo (equation 

106).3W 

BunZnCI 

97% 3% 

U O A c  P d ~  - 

Allyl acetates can also be reduced by Pdo catalysts in conjunction with samarium iodide,305 model 
NAD(P)H compounds306 and under electrochemical conditions (equations 107 and 108)?07 

Finally, dimethylglyoxime has been reported to reduce allylpalladium complexes.308 

33.23.4 Umpolung of Ir-allylpcrlladium complexes 

The reversal in mode of reactivity or umpolung of n-allylpalladium complexes can be accomplished 
by two strategies. The first involves conversion of the n-allyl species to an allyl-M species, where M is a 
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metal which will impart nucleophilic character to the allyl fragment, in contrast to the normal electro- 
philicity of the Pd species. Transfer of the allyl moiety from palladium to tin accomplishes such an um- 
polung, and can be achieved by the reaction of allyl acetates with E t~AlSnBu3 ,~  allyl phosphonates 
with BusSnLi and Et2A1C1,31° allyl acetates with Bu3SnC1 and Sm12311 or allyl acetates with Sn2+ salts?12 
all catalyzed by Pdo (equations 109-1 12). The tin is normally bonded at the less substituted allyl termin- 
us as a result of these reactions. 

PdO 

Ph - OAc + Et2AISnR3 - Ph-SnR, 

Pdo 
+ R,SnLi + Et2AICI - (110) mo- P(OPh)2 

6 

An analogous process, which provides a nucleophilic allylsilane, has been reported, employing 
(Me3Si)sAl etherate in conjunction with allyl acetates and Pdo (equation 1 13).225 

The conversion of allyl acetates into nucleophiles has also been accomplished by treatment with Pdo 
catalysts and Sm12,3°5-313 Zn3I4 or by electrochemical means (equations 114-1 16).307-315 

Pdo Me3SiCl 

+26 
P h w  OAc -- P h v  SiMe, (1 16) 

An alternative strategy for the conversion of allylpalladium species from electrophiles to nucleophiles 
entails transformation from an q3-allyl to an ?ll-allyl. Although often implicated as an intermediate in 
allylpalladium reactions, there are only a very limited number of characterized, structurally rigid ql-allyl 
complexes available. One such complex is an q1-allylarylphosphinepalladium.316."7 Interestingly, the 
q'-species behaves as a nucleophile and reacts readily with a variety of electrophiles, including electron 
deficient alkenes (equations 117 and 1 18).317 

HCI, E = C1; Br2, E = Br; NBS, E = Br; CC14, E = CCI,; HCCI3, E = HCCll 
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0 

Diallylpalladium complexes derived from the dimerization of butadienes have been isolated and found 
to contain both an q3- and an q’-allyl unit. Although it is difficult to discern which allyl moiety is mc- 
ting, treatment of this complex with acetylenedicarboxylate or DOAc yields products consistent with nu- 
cleophilic participation by the ql-fragment (equations 119 and 120)?’8,3’9 

D 

/ ..-. ? ( 120) 
DOAc 

___c 

L’ L‘ Pd.OAc 

A likely explanation for the nucleophilicity induced by CN- in a cyclooctenylallyl complex is its in 
situ conversion to an ql-allylpalladium (equation 12 l).320 

\ 

Dicarbonates of enediols have been converted to conjugated dienes on treatment with Pdo catalysts. 
Nucleophilic displacement of the allyl carbonate by an qr-allyl complex may be responsible (equation 
122).32’ 

OC0,Me 
I 

OC02Me L -1 

33235 Transformation of wallylpalladium complexes to dienes 

Two methodologies for the conversion of w-allylpalladium complexes to dienes have been elucidated. 
The first, and most extensively studied, is the induced elimination of a 9-hydrogen. Although w-allyl 
complexes are significantly less susceptible to the loss of a P-H than a-alkylpalladium complexes, the 
loss can be accomplished from preformed .ir-allylpalladium complexes by therm0lysis~~~3” or catalyti- 
cally from allyl-X species by treatment with a weak base. The mild conditions that can be employed in 
the latter case allow preclusion of isomerization of the alkene into conjugation with a carbonyl3M or aro- 
matization of a generated cyclohexadiene (equations 123 and 124).324 

Examples of this process have also been provided with steroidal substrates325 (equation 125). 
An interesting series of transformations have been reported which demonstrate a variety of selecti- 

vities of organopalladium chemistry. 1,3-Dienes can be regioselectively functionalized in a 1,4-fashion 
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160 OC ...-.. 7 - - 
/ Pd. 

C02Me 

Pdo bOAC - 6' 
609 

(123) 

with Pd" catalysts and C1- and OAc-. The resulting alkene can be treated with Pdo, and oxidative addi- 
tion occurs selectively into the allyl C - C I  bond. The addition of a nucleophile gives exclusive attack 
remote from the OAc group. Further reaction with PdO then ionizes the allyl acetate, and EtsN induces @- 
H elimination to provide a nucleophilically substituted 1,4-diene (Scheme 4).215 

LiOAc 
-/ - 

LiCl CI 
Pd" 

N J 3 3  

Nu- OAc 
Nu- 

Pdo 

Scheme 4 

The final step in the Pd-catalyzed reaction of diphenyl ketenes and allyl acetates (Section 3.3.2.3.1) in- 
volves P-H elimination to generate a diene (equation 126).264 

Vinyl epoxides have been found to eliminate a P-H on treatment with Pdo in the absence of nucleo- 
philes. Acyclic vinyl epoxides give dienols, whereas cyclic vinyl epoxides yield @,y-unsaturated ketones 
(equations 127 and 128).326 Additional examples of @-H elimination of allylpalladium complexes to 
generate dienes have been 

Pdo 

Pdo 

0 0  - [o-""] - eo 
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The second methodology that has been developed features a decarboxylation raw than a p-H elimi- 
nation. This process gave exclusive formation of (E)-isomers from mixtures of diastereomeric starting 
materials (equation 129).333 

Ph COZH Pdo Ph 

OAc 

33.23.6 Photochemistry of ~dy lpa l lad ium complexes 

The photochemistry of .rr-allylpalladium complexes has been studied to a limited extent. Two basic re- 
actions have been observed. Irradiation at 366 nm of m-allylpalladium complexes produced 1.5-diene di- 
mers,'reportedly via a radical coupling m e c h a n i ~ m . ~ ~ , ~ ~ ~  Similar irradiations in the presence of species 
capable of trapping the presumed allyl radical intermediate, such as BrCCl3, BrCHzPh or allyl bromide, 
now yield alkylated and halogenated allyls, in addition to 1Jdiene dimer. This reaction fails for simple 
alkyl or aryl halides due to the instability of the associated radical (equations 130 and 131).336 

I 

d . P * ,  .... RX hv 1J-diene + ex +eR (131) 

0 0 0 

33.2.3.7 Addition reactions to mallylpalladium complexes 

wAllylpalladium complexes can undergo reactions with weak o-bonds which formally appear to re- 
sult from addition to the metal, followed by coupling to the allyl fragment. The reaction of methyl- and 
chloromethyl-disilanes, MenSi2Cl~n, n = 2-6, exemplifies the process. Treatment of, for example, hexa- 
methyldisilane, allyl chloride and a Pdo catalyst produces allyltrimethylsilane and chlomtrimethylsilane 
as products. When unsymmetrical chloroalkyldisilanes were employed, the predominant product origin- 
ated from the more highly chlorinated silicon moiety transfemng to the allyl group. Unsymmetrical 
allyls position the silyl group at the less substituted terminus (equation 132).337-339 

Pdo 
Me3SiSiMe3 + &" - e S i M e 3  + Me3SiC1 (132) 

Hexamethyldistannane reacts with allyl acetates or halides in a similar Again, the tri- 
alkylstannane will preferentially couple to the less substituted allyl terminus (equation 133). 

Both of these methods could be included as examples of umpolung of wallyl species, as the electro- 
philic allylpalladium has now been transformed into a nucleophilic allyl moiety. Finally, Br2 can also be 
added to wallylpalladium complexes (equation 1 34).342 
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(134) 

33.2.3.8 Oxa-Ir-allylpalladium complexes 

Oxa-.rr-allylpalladium complexes (10). which can also be envisioned as palladium enolates (ll), are 
susceptible to P-hydride elimination, and as such have been principally used in methodologies for the 
preparation of P,P-unsaturated carbonyl compounds. 

I 

The direct reaction of ketones with Pd” salts does effect the transformation, but the conversions are 
typically low and the process is largely nonregiospecific (equation 1 35).343-345 

50% 50% 

Enediones can successfully be generated from d i 0 n e s , 3 ~ . ~ ~  except for cyclohexandiones where aro- 
matization can be a competitive p r ~ c e s s . ” ~ ~ ~ ~ ~  This reaction has been specifically used as an aromatiza- 
tion procedure with various  heterocycle^.^^^^^^ 

A significant advance in this methodology was based on the realization that enol silyi ethers could be 
employed with Pd” complexes to allow selective generation of oxa-wallylpalladium complexes and, 
thereby, regiospecific dehydr~genation.~” Considerable use of this process has been made in the syn- 
thesis of natural products (equation 1 36).35s358 Decarboxylation of P-ketocarboxylates in the presence of 
Pd” salts also specifically generates oxa-wallyls, which subsequently dehydrogenate (equation 1 37).359 

ySiMe3 0 
II 

Pd(0Ac)z A -B 

An extremely useful alternative method, employing catalytic amounts of Pdo complexes, rather than 
stoichiometric (or near stoichiometric) quantities of PdlI salts has been developed. The oxa-+allyl com- 
plex is accessed via allyl p - k e t o c a r b o ~ y l a t e s ~ ~ ~ ~ ~  or allyl a l k e n y l c a r b ~ n a t e s ~ ~ ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~  in the ‘intra- 
molecular’ cases and via enol a ~ e t a t e ~ ? ~ ~ , ~ ~ ~ , ~ ~ ~  enol silyl e t h e r ~ ~ ~ ’ J ~  or ketene silyl acetals367 with allyl 
carbonates in the ‘intermolecular’ cases. The products of these reactions are the corresponding a,p-un- 
saturated ketones, aldehydes and esters (equations 138-142). 
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0 

OAc 
Pdo - R' & ~ 2  + - O K o M e  + MeOSnR, 

0 

0 

R' L R 2  + co* + 

OSiMe, 
Pdo R' L R 2  + - 

AcOMe + 

0 

R' LR2 + MeOSiMe, (141) 

+ c02 + A 

OSiMe, 0 

+ McOSiMe3 + C02 + 6 (142) 
Pdo 

The mechanisms proposed for these reactions are all quite analogous, and only the intramolecular 
cases will be considered in detail (Scheme 5).  Oxidative addition by Pdo into the allylic C-0 bond of 
the allyl p-ketocarboxylate produces an allylpalladium carboxylate. This species then undergoes decar- 
boxylation to yield an allylpalladium enolate (oxa-.rr-allyl), which subsequently eliminates a P-H to form 
the enone and provide an allyl-Pd-H. Reductive elimination from the allyl-Pd-H yields propene and re- 
turns Pd to its zero oxidation state. A similar mechanism can be imagined for the alkenyl allylcarbonate. 
Oxidative addition by the Pdo forms an allylpalladium carbonate, which decarboxylates again to give an 
allylpalladium enolate (oxa-7r-allyl). @-Hydride elimination and reductive elimination complete the pro- 
cess. The intermolecular cases derive the same allylpalladium enolate intermediates, only now as the re- 
sult of bimolecular processes. 

Dehydrogenation of an allyl P-ketocarboxylate is a key step in a synthesis of methyl jasmonate that 
has been reported.362 

The biologically significant a-mkthylene ketones have been prepared by a similar strategy, entailing a 
Pdo-catalyzed decarboxylation-deacetoxylation of allyl-a-acetoxymethyl P-ketocarboxylates. The CN- 
cia1 allylpalladium enolate now p-eliminates OAc rather than H (equation 143hW 
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0 

0 L O U  0 

- ()+q H 

Scheme 5 

What may be characterized as an aza-n-allylpalladium complex has been proposed as an intermediate 
in the preparation of a,&unsaturated nitriles by dtcarboxylation-dchydration of allyl a-cyanocarboxy- 
lates (equation l W 3 @  These reactions have been summarized in the context of several  review^.*^*'^^ If 
the oxa-n-allyl species is blocked from the elimination of a B-H, then it can undergo typical n-allylpalla- 
dium chemistry, such as insertion by alkenes, dienes and CO (equation 145).3mJ71 

- + 9 (144) 

4 3 3 2  R T C N  Pd H 

CN 
R 

I 
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An intramolecular variation, which may involve insertion into an oxa-n-allyl, has proven to be a valu- 
able new cyclization methodology (equation 146).372-374 

A similar palladium-catalyzed cyclization procedure has recently been developed which involves enol 
ethers capable of P-H elimination.375 Significant evidence has been accumulated suggesting that an oxa- 
.rr-allyl complex is not an intermediate in these reactions, but that it is better characterized as an enolate 
addition to a Pd"-alkene c o m p l e ~ . ~ ~ ~ , ~ ~ ~  Synthetic applications of this reaction have also appeared.37c379 

3.33 DIASTEREOSELECTIVITY 

333.1 Diastereoselectivity and Mechanism 

In considering the diastereoselectivity associated with reactions of n-allylpalladium complexes, the 
stereochemical nature of two processes must be evaluated. The first is the formation of the n-allylpalla- 
dium complex, and the second is the allylic functionalization of a nucleophile reacting with the allyl 
complex. As previously described (Section 3.3.2.1.1) the generation of n-allyl complexes from alkenes 
by their reaction with stoichiometric amounts of palladium proceeds so as to leave the substituents on the 
allyl termini preferentially in the syn rather than the anti position and the palladium situated on the steri- 
cally less congested face of the allyl ligand, regardless of the stereochemistry of the starting alkene (12). 

"T syn 

pd anti 
/ '  

The syn-anti interconversions and facial rearrangements necessary to achieve this preferred configura- 
tion are generally believed to be accomplished via q*-intermediates (equation 147). 

In the catalytic process, Pdo complexes react with alkenes possessing an allylic C-X bond, displacing 
X and forming a n-allyl species. The stereochemistry of this oxidative addition reaction was initially 
determined indirectly by ascertaining the overall stereochemistry of the two-step process (formation of 
n-allyl; reaction with nucleophile) and by having previously established the stereochemical course of the 
attack of a given nucleophile on a stoichiometrically generated allyl complex. By this difference method, 
the oxidative addition was found to proceed with inversion of configuration of the initial C-X 
bond?2,327,380 This determination was strongly supported by the analogous oxidative addition of Pdo into 
the C-X bond of benzyl halides, which was previously known to proceed with inversion of configura- 
t i ~ n . ~ ~ '  Recently, the stereochemistry of the oxidative addition of Pdo into an allyl acetate was directly 
verified as proceeding with inversion of configuration.382 

It is reasonable to assume that the identical complex will be generated whether it be done stoichiome- 
trically from an alkene, to give a chloride or carboxylate dimer followed by the addition of 2 equiv. of a 
phosphine per Pd, or by the addition of an allyl-X compound to give a phosphine-PdO complex. This as- 
sumption is supported by the fact that complexes generated in either manner have been found to exhibit 
identical reaction profiles.380 Furthermore, for the vast majority of allylpalladium reactions studied, it is 
most likely that the reactive species is a cationic bisphosphine-palladium complex (13).13 Calculations 
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also support that the cationic bisphosphine complex is the most reactive species of the various allylpalla- 
dium species that can be reasonably considered.383 As a result, all mechanistic rationales will be made 
assuming this to be the active catalyst. 

Attack by nucleophiles on the electrophilic .rr-allylpalladium complex can take place by two distinct 
mechanisms, which have opposite stereochemical consequences. Stereochemical inversion is achieved 
by attack of the nucleophile directly on the allyl ligand on the face opposite the palladium (equation 
148). Retention is achieved by attack of the nucleophile at the metal center, followed by reductive elimi- 
nation (equation 149). The reductive elimination step could proceed through an qi-allylpalladium-Nuc 
species or directly from an q3-allylpalladium-Nuc complex. Recent evidence strongly suggests the latter 
pathway?@ 

. .. A - 
L-Pd-Nuc 

I Nuc- I +  x- - 
I 

L0 Pd. L' Pd. 
Nuc 

L 

Nucleophiles partition between the two mechanisms based on their 'hard-soft' characteristics, with 
soft nucleophiles undergoing ligand attack and hard nucleophiles attacking at the metal. A limited class 
of nucleophiles appear capable of adding by either mechanism, with secondary factors controlling their 
choice of mode of addition. 

The various nucleophiles enumerated in the chemoselectivity section (Section 3.3.2.2) will be con- 
sidered in turn and classified as to the stereochemistry of addition and, thereby, the mechanism they fol- 
low. 

In addition to direct determination of the stereochemistry of the allylation process, alternative means 
of classification of nucleophiles as to those that proceed by ligand or metal addition have been advanced. 
In one case the classification is made based on the regiochemistry of addition to a specific unsymmetri- 
cal allyl complex?85 and in a second by the ability of a particular allyl complex to react only by ligand 
addition?86 and therefore to be inert to nucleophiles that add via attack at the metal. 

It must also be noted that despite the ability of stereochemical interconversions to take place in many 
wallyl complexes via a variety of mechanisms, the addition of nucleophiles has been found to be suffi- 
ciently fast such that the allylation process is generally stereospecific. 

3.33.2 Stereochemistry of Addition of Carbon Nucleophiles 

3.332.1 Soft carbanions 

Soft carbanions, RCXY, as defined in Section 3.3.2.2.1, have been shown to add to wallylpalladium 
complexes directly on the allyl ligand, on the face opposite the Pd (inversion) (equations 150 and 

In combination with the inversion step in the oxidative addition, allyl-X w-allyl precursors show over- 
all retention of configuration relative to the C-X bond via a double inversion process (equation 152). 

The anion of cyclopentadiene has also been demonstrated to add via ligand addition (inver- 
sion).'05.385.386 Indenyl nucleophiles derived from the corresponding allylsilane have been classified as 
adding via ligand addition,385 but the sodium salt of the indenyl anion has curiously been suggested to 
add via addition directly to the 

15 1).32,72,153.327,380,387-392 
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L 

“‘C0,Me 

NaCH(C02Mek 

PdO ’I””“ ‘”‘C02Me 
C02Me 

AcO‘”’’ 

Highly acidic carbon nucleophiles, pK, c 10, have also been investigated and found to add v i a  ligand 
addition (equation 153).993 

Loss of stenospecificity in the addition of soft carbon nuclaophiles can occur if the rate of nucleo- 
philic attack is slow, due, for example, to extreme steric bulk, e.g. N~CH(SO#~)Z,’~~ of the nucleophile 
(equation 154). In this case, the initially displaced OAc- has sufficient time to retum and attack the n- 
allyl complex. Acetate anions (vide inpa) arc capable of either ligand or metal addition, thus scrambling 
the stereochemistry of the starting allyl acetate. 

C 4 M e  COzMe C02Me 

+ Na’ (- ( 154) 

‘0 Ac 
SOZPh w“ &S02Ph + () “‘”“t 

SO2Ph s0,Ph 
55% 45% 

33355 Enolatcs 

Tin enolates add to m-allylpalladium complexes directly on the allyl ligand ( i n v e r s i ~ n ) . ~ ~ * ~ * ~  There- 
fore, in tandem with the inversion of configuration incumd in the oxidative addition of a Pdo catalyst 
into an allyl acetate, a net overall retention is observed (equation 155). 

Similarly, lithium enolates of ketones add to allyl acetates via Pdo catalysis by a double inversion pro- 
cess,11o and potassium ketone enolates have been shown to add to preformed m-allyl complexes with in- 
version (equations 156 and 157).ll1 
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Pdo 

OAc 

U 
Pdo 

Ph Ph 

617 

(155) 

Pd , / 

The predominant stereochemical course of the allylation of Pd enolates follows that previously shown 
by the other enolates, but also consistently exhibits some loss of stereointegrity (equations 158- 
160).*14J15J26 This lessening of stereospecificity can be attributed either to scrambling of the stereoc- 
hemistry of the starting material by attack of the initially ionized carboxylate at the metal (equation 161) 

9 5 5  cis:trans 80:20 cis:trans 

Ph 402 Ph 

2476 cictrans 34:66 cis:trans 

0 
1.4 1,2 

61% cis-1.4 
cis - 

51% cis-1,4 
trans - 26% trans-1.4 

123% 1.2 1 
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or by direct reductive elimination of an allylpalladium enolate intermediate (equation 162). Epimeriza- 
tion of the starting material has been noted in this reaction.ll5 

0 0  
\ Pd+ '-U 0 

A 
Ph 

A 
Ph 

- Q Y  
Q o  

Ph Ph 

The reaction of P-ketoacids with allyl carboxylates is also believed to proceed via a palladium enolate 
intermediate.'26 Less than complete stereospecificity is also observed in these reactions (equation 163). 
Interestingly, the bicyclic lactone substrate employed to ascertain the stereointegrity of this reaction, in 
addition to being incapable of any syn-unri isomerization, cannot epimerize the starting material by car- 
boxylate attack at the metal. The observed stereochemical leakage could be due to epimerization of the 
intermediate allyl complex (equation 164) or reductive elimination of an allylpalladium enolate (reten- 
tion) (equation 165). 

0 0 

68:32 tranxcis 

0 0 
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333.23 Organotins 

The palladium-catalyzed reaction of aryl- and vinyl-tin reagents with stereochemically defined allyl 
chlorides proceeds with overall retention of configuration, indicating that the second step, entailing inter- 
action of the wallylpalladium complex and the organotin, proceeds by transmetallation and reductive 
elimination (attack at Pd, retention) (equations 166 and 167).142J45 Comparable results were obtained 
with cyclic vinyl epoxides and a1y1tins.I~~ 

R3SnPh ( 166) 

Ph 

Ph 

Allyltin reagents were suggested to add to m-allylpalladium complexes directly on the allyl li- 
gand,137,138 although a definitive stereochemical experiment could not be successfully camed out. The 
fact that these reactions proceed with allyl inversion of the stannane (equation 168) would require an un- 
likely, sterically unfavorable allylpalladium-R intermediate if metal attack was followed. 

However, the reaction of.preformed allylpalladium complexes with allyltin reagents with coadded ma- 
leic anhydride does proceed via metal addition (equation 169).139 

R,Sn- 
b 

Q 
0 

75% 

+ 

25 % 

It is clear that allyltin compounds do add to allylpalladium complexes at the metal center and that 
these intermediates can be induced to undergo reductive elimination with maleic anhydride. In view of 
the phenyl- and vinyl-tin results (metal attack), it is tempting to assume all organotin reagents proceed by 
metal addition, but this remains to be verified. 

3.3.3.2.4 Organozincs 

Direct assays of the stereochemistry of the addition of phenylzinc halides to allylic esters catalyzed by 
palladium uniformly agree that this process takes place with overall inversion of configuration, indicat- 
ing direct addition to the metal by the zinc reagent (equations 170-172).1539154.386 Methods of classifica- 
tion of the mode of nucleophilic addition based on regiochemical considerations also support this 

A large number of studies have been conducted on the allylpalladium-Ar intermediate in this 
reaction. Two interesting aspects emerge from these studies. First, these species appear to be capable of 
reductive elimination directly from an q3-allyl form without collapse to an q*-allyl, and second, that the 
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reductive elimination process is greatly accelerated by the addition of coordinating electron deficient al- 
kenes, e.g.  acrylate^.^^ 

A 
OAc 

333.25 Organo-aluminwn, &conium and -mercwy compounds 

Dialkylvinylaluminums transfer their vinyl substituent to stereodefined allylic acetates with Pdo cata- 
lysis with overall inversion of configuration. Metal attack of the organoaluminum is thereby indicated 
(equation 173).'" 

Bun 
I 

:A 

McOZC 
+ 

Me02C 

(173) 

Alkenylzirconiums react with either preformed allylpalladium complexes155 or allyl acetates and Pdo 
~ a t a l y s t s ~ ~ . ~ ~ ~  via addition directly to the palladium, followed by reductive elimination. In the reaction 
with steroidal w-allylpalladium complexes (equation 174) the natural configuration at C-20 is now ob- 
tained, in contrast with the addition of malonates (ligand attack) which yielded the unnatural configura- 
tion.74 

Zr A 
0 co 0 

Similar to the tin- and zinc-based methodologies, electron deficient alkenes were found to strongly 

Organomercury reagents are also believed to add via metal addition?85 
catalyze the reductive elimination step. 155,156*395 

3333.6 Grignards and otganolithiums 

Grignard reagents have been shown to add to prefomed wdlylpalladium complexes directly at the 
metal center.158,387.3%3w Reductive elimination completes the allylation process with retention of con- 
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figuration with respect to the metal. Again, electron deficient alkenes (maleic anhydride) were found to 
accelerate the reductive elimination (equations 175 and 176). 

i. BrMg w A""OI OMe + Q OMe (175) 
OMe ii, maleic anhydride I 

H 

O r g a n ~ l i t h i u m s ' ~ ~ ~ ~ ~ ~ ~ ~ ~  behave in identical fashion to the Grignard reagents, adding with retention of 
configuration with respect to the Pd. 

33.33 Stereochemistry of Addition of Oxygen Nucleophiles 

In choosing between the two possible modes of addition to a a-allylpalladium complex, namely ligand 
or metal attack, the overwhelming majority of nucleophiles opt for one mode to the total exclusion of the 
other. Oxygen nucleophiles, specifically carboxylates, however, appear to enjoy a relatively unique posi- 
tion in being able to add by both mechanisms. 

The initial suggestion that acetates might be capable of migration directly from the metal to the allyl li- 
gand came from the report that a-allylpalladium acetate dimers could be induced by treatment with CO 
to undergo acetoxylation of the allyl ligand.163 Although the required stereochemical evidence was not 
determined in this early report, the use of CO to effect this reaction was highly reminiscent of other pro- 
cesses which occur by a cis reductive elimination mechanism. 

The loss of stereospecificity in the addition of bis(su1fone) anions to cyclohexenyl allylic acetates was 
attributed to a scrambling of the stereochemistry of the starting acetate. The ability of Pdo catalyst to ef- 
fect this epimerization was confirmed in the absence of added nucleophile. This epimerization was at- 
tributed to the ability of the acetate to return to add to the wallyl complex via attack at the metal center 
(equation 177).167 This suggestion was confirmed by treatment of a preformed allylpalladium acetate 
dimer with CO, which resulted in cis migration of the acetate from Pd to the allyl ligand (equation 
178).lM 

Pd ' 'OAc 

That acetate could add via either ligand or metal addition was subsequently verified.1s170J75 Of CN- 
cia1 importance to the synthetic utility of this addition, conditions have been determined which allow vir- 
tually complete control of the mode of attack of acetate by manipulation of the ligands present in the 
reaction mixture (equation 179). Addition of acetate to a preformed allyl complex was shown to result in 
metal addition, followed by cis migration (reductive elimination) to the allyl ligand. When chloride ion 
was added, addition now proceeded via attack on the ligand on the face opposite the palladium. The 
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chloride ion appears to block addition to the Pd by occupying its available coordination sites and forcing 
ligand addition as an alternative. 

Carboxylates may enjoy their ability to undergo metal addition and cis migration because of their 
bidentate nature and could effect this migration via an oxygen isomerization process (equation 180). Car- 
boxylate and phenolate nucleophiles can also add via ligand addition without C1- blocking of the metal 
(equation 181).176 The reporkd loss of stereochemical integrity in the intramolecular addition of alkox- 
ides to a n-allylpalladium complex could also be rationalized by competing metal-ligand addition pro- 
cesses (equation 182).lS0 

0 0- Ro- RouoH 
Pdo 

R = Ph, MeCO 

17% 

+ 

83% 

333.4 Stereochemistry of Addition of Amine Nucleophiles 
Amine nucleophiles appear, in general, to prefer addition to the allyl ligand on the face opposite the 

Addition of dimethylamine to 1,3-~yclohexadiene catalyzed by Pd" complexes proceeds via an amino- 
n-allyl complex of known configuration, to which a second equivalent of "Me2 adds on the face oppo- 
site Pd to yield a cis-l,4-diarninocyclohexene (equation 183).IE5 Similar results were obtained from an 
acetoxychlorocyclohexene (equation 1 84)195 and in the preparation of amino sugars (equation 185).208 

palladium. 185.1 95,208,386 

Me2NH -pd 
\ 

AcO -c>. - CI 
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AcO AcO 
EtzNH 

AcO ;t-oh,, EtzN h E t  

623 

(185) 

Loss of stereospecificity, however, has also been reported in the addition of amines. The use of homo- 
geneous Pdo catalysts in the addition of dimethylamine to a cyclohexenyl acetate led to substantial stere- 
ochemical scrambling (equation 186). Employment of polymer-bound Pdo catalysts, however, gave 
complete stereospecificity via ligand addition.398 The epimerization noted in this reaction is apparently 
due to acetate attack at the metal center, which is prohibited by steric congestion of the metal in the 
polymer matrix (equation 187).398 

COzMe 
1 

COzMe 
1 

Pd-pol ymer 

O N M e Z  

COzMe 6 Ace- = 

Pd' 
/ \  

The reaction of dimethylamine with a preformed allylpalladium complex was found to yield products 
resulting from, on one extreme, complete ligand addition, on the other extreme, to up to 14% loss of 
stereospecificity, depending on the reaction conditions (equation 188).lW 

Dimethoxybenzhydrylamine (DMB) exhibited loss of stereospecificity in its Pd-catalyzed addition to 
acyclic allylic acetates. Pure (a-allylic acetates yielded only (@-products in contrast to the complete 
stereospecificity in the addition of malonate anions to the same substrates, presumably due to the en- 
hanced rate of syn-mti interconversion caused by the ability of the amine to coordinate to Pd (equation 
189)?0° 

OAc 
I 

+ NHzDMB 
Pdo 

___c 

DMB-NH2 also showed significant stereoscrambling in its addition to cyclohexenyl allylic acetateszm 
(equation 190). This loss of stereointegrity could be due to either: (i) epimerization of the methoxycarbo- 
nyl group, although this seems unlikely under the reported reaction conditions; (ii) epimerization of the 
allylic acetate via metal addition, although no epimerized unreacted starting material could be detected; 
(iii) epimerization of the intermediate +allyl complex by attack of uncomplexed PdLz or (iv) attack of 
the amine at both the ligand and metal 

Amides have been shown to add by both ligand (equation 191)197 and metal attack (equation 192).'75 
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C02Me C02Me 

wo Q "DMB 
+ NHzDMB - 

6090 cis 
40% trans 

bOAc 

' Pd' Ac 

333.5 Stereochemistry of Addition of Sulfur Nucleophiles 

The addition of sodium phenylsulfinate nucleophiles to stereodefined acyclic allylic chlorides was re- 
ported to proceed with complete overall retention of configuration, indicating that this nucleophile adds 
with inversion of configuration, i.e. via attack at the allyl ligand (equation 193).2'5 A cyclohexenyl ace- 
tate substrate also showed predominant ligand addition, but some isomeric product was also produced 
(equation 194).216 This loss could be due to acetate epimerization of starting material, a-allyl epimeriza- 
tion by PdL2, or by attack of the sulfur at the metal, followed by reductive elimination. 

75:25 cis:trans 

0-Allyl-S-alkyl dithiocarbonates react with Pdo catalysts to provide a a-allyl complex with a thiocar- 
bonate serving as counterion. Under the reaction conditions the carbonate expels free methyl mercaptide, 
generating COS. Attack of the mercaptide was shown to occur exclusively via ligand addition (equation 
195)F2I 

MeS 

A similar in situ generation of a sulfide nucleophile can be accomplished by the reaction of an allylic 
carbonate with a Pdo catalyst and PhSSiMes. Following oxidative addition by the Pdo into the allylic 
C-0 bond to form the a-allyl complex, C02 is lost from the carbonate counterion, generating 
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methoxide ion. The methoxide attacks the thiosilane, liberating thiophenoxide which subsequently adds 
via ligand addition to the Pd complex (equation 196)?23 

C02Me C02Me 

(196) 

'SPh 

PdO 
+ PhSSiMe3 - 

&0CO2Me 

333.6  Stereochemistry of Addition of Other Heteroatom Nucleophiles 

The stereochemistry of the Pd-catalyzed reaction of lithium diphenylthiophosphides with allyl acetates 
was determined using a 5-phenylcyclohex-2-enyl system. This phosphorus nucleophile was found to add 
exclusively via ligand addition (equation 197).224.386 

( 197) c P(S)Ph, 

Pdo 
+ LiP(S)Ph2 - 

G O C O P h  

The silylation of allylic acetates has been accomplished utilizing tris(trimethylsi1yl)aluminum and Pdo 
catalysts. The stereochemistry of this reaction has been determined and is consistent with exclusive li- 
gand addition (equation 198)?25 

3.33.7 Diastereoselectivity of other Reactions of m- Allylpalladium Complexes 

33.3.7.1 Insertion into Ir-allylpalladium complexes 

tion of configuration with respect to the metal (equations 199 and 200). 
The insertion of C W 9  or alkenesz3 into n-allylpalladium complexes proceeds with complete reten- 

3.3.3.72 Oxidation of nwllylpalladium complexes 

Treatment of preformed, stereodefined .rr-allylpalladium complexes derived from steroids with 
MCPBA gave an allylic alcohol product with retention of configuration with respect to the metal (metal 
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attack) (equation 201)."2 In like fashion, Mo02(acac)pBuUH oxidation of preformed a-allylpalladium 
complexes provided allylic hydroxy compounds with retention of configuration with respect to the Pd 
(equation 202).*75 

333.7.3 Reduction of wallyljmlbdium complexes 

Addition of hydride to .rr-allylpalladium complexes uniformly proceeds by attack at the metal, fol- 
lowed by reductive elimination, irrespective of the source of the hydride, e.g. NaBH4,2867287 LiA1H4,292 
R3SnH385 or NH4+ HCOz- (equation 203).385 

C02Me 

'0 Ac 

(203 Pdo + NaBD4 - 

333.7.4 Umpolung 

Conversion of allylic acetates of allylstannanes by treatment with EtzAlSnBu3 and P@ catalysts pro- 
ceeds by addition of the tin to the metal, followed by reductive elimination (equation 204).309 The corre- 
sponding allyl phosphonate, however, showed some loss of stereochemical integrity (equation 205).310 
The Pdo-catalyzed reaction of allylic acetates, trialkyltin chlorides and SmIz produced allylstannanes 
with no stereo~pecificity.~" 

C0,Me C0,Me 
v f 

78~22 cis:trans 

3.33.7.5 Addition reactions 

retention of configuration with respect to the metal (equation 206).339 
The addition of 1, 1,l -trichloro-2,2,2-trimethyldisilane to preformed allyl complexes proceeded via 
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(206) 

33.4 REGIOSELECTIVITY 

33.4.1 Regioselectivity in the Addition of Nucleophiles to wAllylpalladium Complexes 

33.4.1.1 Nucleophiles that add via attack at the w-aUyl ligand 

The factors that determine the regiochemistry of addition of nucleophiles that attack directly on the 
allyl ligand can be partitioned between those based on steric and those based on electronic influences. 
The most important factor overall in determining regioselectivity is the steric interaction between the in- 
coming nucleophile and the allyl terminus to which it is bonding. The relative steric environments of the 
allyl termini, as well as the size of the nucleophile, are key in determining regiochemistry. A secondary 
steric factor that can be significant is based on consideration of the alkene-palladium complex that is 
formed as the reaction proceeds. In general, Pd complexes to less substituted alkenes are favored. The 
size of the ligands on the palladium will also affect the ability of the metal to interact with an alkene, 
with less sterically demanding ligands being favored. 

The electronic factors in determining regiochemistry are based on the ability of substituents on the 
allyl moiety or ligands on the palladium to induce an asymmetric distribution of the electron deficiency 
present in the allyl ligand, thereby making one terminus more reactive with an electron-rich nucleophile. 

Asymmetric bonding of the wallyl ligand to the palladium, which is not a distinct consideration from 
these steric and electronic factors but rather a manifestation of them, must also be assimilated into an un- 
derstanding of the regiochemistry of wallyl alkylations. 

33.4.1.2 Nucleophiles that add via attack at the metal 

Since the coupling of the nucleophile and the allyl ligand constitutes a reductive elimination from the 
metal, it is believed to proceed with a cis geometry of these groups about the metal. The geometric dis- 
tribution of ligands in the allylpalladium complex that would foster the formation of a cis orientation be- 
tween the palladium-Nuc bond and a specific allyl terminus must then be considered in understanding 
the regiospecificity of this reaction. 

33.4.2 Regioselectivity in the Addition of Soft Carbon Nucleophiles to rr-Allylpalladium 
Complexes 

Soft carbon nucleophiles (pK, 10-20) have been shown to add to willylpalladium complexes by di- 
rect attack at the allyl ligand and to add preferentially to the sterically less congested allyl terminus. Al- 
though all the effects responsible for the regioselectivity demonstrated in a particular case cannot easily 
be accounted for, the discussion will be organized by the apparent dominant controlling factor being ex- 
hibited. 

3.3.4.2.1 Effect of substituents on the allyl ligand 

( i )  Alkyl- and aryl-substituted w-allyl complexes 
Asymmetry on the allyl ligand caused by the substitution of alkyl or aryl groups on the terminus re- 

sults in preferential addition by the nucleophile at the less substituted end of the allyl group. As is often 
observed in these reactions, the relative steric interactions between the allyl termini and the nucleophile 
must be the dominating factor in determining regioselectivity. Arguments based on electronic factors 
would predict greater stabilization of cationic character in the allyl ligand at the more substituted termin- 
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us and preferential addition there. Similarly, if the relative stability of the incipient palladium-alkene 
complex dominated, then attack at the more substituted end should be observed, as this leads to a less 
substituted and more stable alkene complex. 

Relatively subtle changes in the steric environment of the allyl termini result in substantial variations 
in regioselectivity, as shown in a series of +allyl ligands having a methyl at one terminus and either W, 
Bui or pr' at the other terminus. This series varies from a 77:23 ratio favoring the less substituted termin- 
us to >99:1 as the difference in group size increases, with dimethyl malonate as nucleophile (equation 
207).399 

Nu Nu 

b R  + 4 R  (207) 
Pdo 

+ --yR - NfrCo2Me C02Me OAc 

R=W 77 23 
R = B U ~  93 7 
R = P +  >99 1 

The size of the nucleophile can also exert effects on the regiochemical outcome of the reaction. On 
switching from a dimethyl malonate to a more bulky methyl(methylsulfony1) acetate, the preference for 
attack at the less substituted terminus increases, as Seen by comparing equations (208) and (209)?80 *- I 

89% 

C02Me 

C02Me + +  11% 

A fascinating control of regiochemistry has been discovered in the preparation of medium size rings. 
Intramolecular cyclization of phenylsulfonyl acetates, when confronted by a choice of attack at the allyl 
termini to create an n or n + 2 ring, n = 6 1 4 ,  invariably opts for the larger ring.- Although this re- 
flects the usual propensity for attack at the less substituted allyl terminus, other factors including the na- 
ture of the nucleophile, the ligands on the Pd and the chain configuration have also been cited as 
contributing to the observed selectivity (equation 2 10). 

- NaH Me02C jb (2 10) 
Pdo 

SO2Ph 
OAc 

mixture of alkene isomers 
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Soft carbon nucleophiles other than malonate derivatives follow similar patterns of regioselectivity, as 
shown by the addition of cyclopentadiene anion (equation 21 1)'05 and the highly acidic 4-hydroxy-6- 
methyl-2-pyrone (equation 21 2).393 

f OAc 
Pdo 

+ cp- - 
OH OH 

+ 
0 

(ii) Functional group effects 
The substitution of various functional groups on the terminus of a mallyl ligand, including carbonyls 

(equation 213)327391*392*@3*m and nitriles (equation 214),405 as well as heteroatoms such as - -SR (equa- 
tion 215)406,407 and -P(O)R2 (equation 216),"* induces a strong tendency for addition of soft carbon nu- 
cleophiles to the remote terminus. This tendency is difficult to rationalize on steric grounds as isosteric 
alkyl groups do not exert nearly as effective regiocontrol. Analysis of electronic factors also does not 
offer an obvious explanation. Extrapolating the electrophilicity imparted to the allyl ligand by the Pd" to 
the extreme limit of an allyl cation simplifies the analysis. The charge distribution created by a carbonyl 
group, versus an oxygen or sulfur group, must be vastly different, as judged by the relative contributions 
of the resonance forms pictured in equations (2 1 7 H 2  19). The only common electronic property enjoyed 
by these functionalities is their ability to withdraw electrons in the o-sense. The relevance of this feature, 
and the irrelevance of their widely differing welectron effects, remains unclear. The ability of these 
groups to promote asymmetry in the bonding of the allyl ligand,409 either through electronic interactions 
or by internal coordination, remains largely unstudied by X-ray structure determination. 

The effects created by these functionalities are, surprisingly, capable of being transmitted from posi- 
tions even more remote to the allyl ligand. 1.3-Diene monoepoxides, for example, selectively undergo 
the addition of nucleophiles remote from the incipient hydroxymethyl group (equation 220)?1w13 
Nitro$14 malonate415 and acetoxp16.417 functionalities show similar tendencies (equations 22 1-223). Tri- 

(213) 
COzMe 

___) 

C02Me 0 
,...-... + Na' -( 

0 & / Pd , CH(C02Me)2 
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A R  + - + 

methylsilyl-substituted allyl ligands also direct carbon nucleophiles to the remote terminus, presumably 
based on simple steric considerations (equation 224).418.419 

+ CH2(C02Me)2 - F C H ( C O 2 M e ) Z  (220) 
OH R 

C02Me 

Pdo (223) 
NO2 - AcO 

+ Na' - I 
AcO OC02Et 
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(iii) Ligand effects 
The nature of the ligands on the palladium in  allyl complexes can influence the regicwelectivity ex- 

hibited by soft carbon nucleophiles. n-Allylpalladium complexes generated from methylenecycloalkanes 
provide an example of the effect of ligands on regiochemistry. The complexes derived from methylene- 
cyclopentane and methylenecycloheptane both exhibit exclusive exocyclic addition by the anion of 
methyl(methylsulfony1) acetate with triphenylphosphine ligands on the Pd (equation 225). In contrast, 
the complex derived from methylenecyclohexane yields a 62:38 ratio of exocyc1ic:endocyclic addition 
(equation 226). 

PPh, MeO,C S02Me 
S02Me 

Na’ - L C02Me - m  
S02Me dCozMe + &::Me 

62% 38% 

This result has been e ~ p l a i n e d ’ ~ * ~ ~  by the particular instability of the alkene complex resulting from 
exocyclic addition (14) relative to endocyclic addition (15) in the cyclohexyl system. This rationale is 
supported by the results obtained by the use of the considerably more sterically bulky tri-o-tolylphos- 
phine instead of niphenylphosphine. A 1585 exocyc1ic:endocyclic ratio is obtained with the bulky phos- 
phine. This result is nicely explained by the ability of the bulky phosphine to magnify the instability of 
the endocyclic alkene-palladium complex (14) relative to the exocyclic alkene complex (15) and favor 
endocyclic addition. 

L. .L 
Pd 

An elegant study on the influence of ligands on the regiochemistry of n-allylpalladium alkylations has 
recently appeared.420 This study is based on the premise that acceptor ligands should induce greater posi- 
tive charge at the more substituted terminus of the q3-allyl ligand, leading to a greater preference for re- 
action at this terminus, and thereby modifying the usual steric preference for attack at the less substituted 
terminus. 

The model reaction employed the allyl complex derived from 3-methylbutene and sodiodiethyl malo- 
nate as nucleophile (equation 227). The ratio of products observed was consistent with the relative in- 
duced charge as indicated by the I3C NMR shift of C-3 and by the difference between the shifts at C-1 
and C-3.421 Thus, the ratio of product from attack at the less substituted terminus to attack at the more 
substituted terminus was small for the best acceptor ligands, 1.3:l for L = P(OPh)3 and 2.7:l for L = 
PPh3, and increases for less potent acceptors, e.g. 10: 1 for L = As(PPh3)s. For donor ligands such as L = 
pyridine, only attack at the less substituted terminus was observed. 
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33.43 Regioselectivity in the Addition of Enolates to a-Alylpalladium Completes 

Since enolates also add via a ligand attack process, the regioselectivity that they exhibit is quite com- 
parable to soft carbon nucleophiles. Alkyl or aryl substituents at the allyl termini direct attack to the less 
substituted terminus (equations 228-232); functional groups such as COzMe and halogen at one allyl ter- 
minus direct attack to the remote terminus (equations 233 and 234). Remote functionalities such as 
-OR also direct addition to the allyl terminus more removed from the substituent (equations 235 and 
236). 

OSnR, 
I 

, OAc 

OLiBEt3 

0 - Pdo W P h  

Pdo - 6 3  
q+* (230) 

90% 10% 
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OBEt3K 

(234) 
Pdo 0 + C 1 - A  - 

...,,,. ... + KCH2COMe - D O M e  (235) 
MeCOCH, 

0"" 
Pd 

/ \  

These regioselectivity patterns are observed for tin enol ethers (equations 228 and 233),106J07~3w alkali 
metal enolates (equations 229 and 233,' lithium trialkylborate enolates (equations 230 and 234)'O8JO9 
and palladium enolates (equations 23 1,232 and 236).95J1 12~115~126~127 

Two cases merit brief further discussion. In a competition between the regiochemical directing effects 
of a TMS and a COzMe group positioned on opposite termini of an allyl ligand, the CO2Me group domi- 
nates and directs the enolate nucleophile to the TMS end (equation 233).'07 The palladium ester enolate 
derived from oxidative addition into a vinylcyclopropane, followed by Michael addition, closes to give 
only a five-membered ring product in preference to the alternative seven-membered ring (equation 
237).% 

33.4.4 Regioselectivity of Organotins 

Aryl- and vinyl-tins have been shown to add via attack at the metal, in contrast to the soft carbon nu- 
cleophiles and enolates. Although this change in mechanism is accompanied by a change in the factors 
controlling regiochemistry, these tin reagents behave comparably to the carbon nucleophiles that act via 
ligand addition. Alkyl- (equation 238),145 alkoxycarbonyl- (equation 239),142 and epoxy-substituted 
(equation 240)143 allyls all efficiently direct the organotin to the remote terminus. Allyltins have been re- 
ported to add with inversion of the allyl moiety and suggested to attack directly the allyl ligand, except if 
maleic anhydride is added to the reaction mixture, when metal addition is observed. 

C0,Et (239) 
OMe Pdo 

R3Sn /=\ + B r A C O Z E t  - 
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The opposite regioselectivity observed for the addition of methylbutenyltin to similar allyl substrates 
(equations 241 and 242),137J39 caused by the presence of maleic anhydride in the latter case (equation 
242), may be viewed as support for a change in mechanism when the electron deficient alkene ligand is 
present. Conversely, both reactions could proceed by metal addition, with the regiocontrol exercised by 
the maleic anhydride acting in the addition-reductive elimination sequence. 

- d (242) 
maleic anhydride 

In situ generation of an allylstannane from an allylic acetate and hexamethyldistannane results in five- 
membered ring formation in preference to the allyl alternative seven-membered ring (equation 243)."IC' 

A remote methoxy substituent directs maleic anhydride-mediated allylation predominantly in the 1,4- 
sense, comparable to the phenyltin-vinyl epoxide example (equation 244).139 

\,."'* + R3Sn-/ maleic anhydride -6.6 
(244) 

I 
(75% 25 % 

3.3.45 Regioselectivity of Organozincs 

In contrast to the organotin derivatives which proceed by metal addition but apparently respond to 
asymmetry in the allyl ligand with regiochemical outcomes similar to those displayed by soft carbon nu- 
cleophiles (ligand attack), organozinc derivatives add by metal addition and show the complementary re- 
g i o c h e m i ~ t r y . ~ ~ ~ ~ ~ ~  For example, perfluoroalkylzinc halides and phenylzinc chloride preferentially add 
to the more substituted allyl terminus (equations 245 and 246). In addition to exhibiting complementary 
regiuchemical selectivity to the soft carbon nucleophiles, PhZnCl is also pronouncedly more discriminat- 
ing, showing a 99:l selectivity in an allyl system possessing a methyl at one terminus and a Pr" at the 
other (equation 246) (cf. diethyl malonate, 22:73). Explanations based on differential donor-acceptor 
properties of the allyl termini that have been advanced to explain regioselectivity in metal addition pro- 
cesses appear difficult to apply here, as the termini would appear to be electronically equivalent. 
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c 
Pdo 

CF3ZnI + ph Br 
Ph 

PhZnCl + +L+++ 
OAc 

1% 99% 

33.4.6 Regioselectivity of Organoaluminums and Orpnozirconiums 

(equation 247).” 
Alkenylaluminums add via metal addition and prefer coupling to the less substituted allyl terminus 

The most elegant and comprehensive mechanistic work associated with controlling the regiochemistry 
of additions to w-allylpalladium complexes that occur via metal attack-reductive elimination has been 
done in the area of o r g a n o ~ i r c o n i u m s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The coupling of the ligands of the palladium allyl-alkenyl 
complex, formed on addition of an alkenylzirconium to a w-allylpalladium, was assumed to be an intra- 
molecular process which requires a cis orientation of the groups that bond. As a result, the geometric dis- 
tribution of ligands in the allylpalladium-alkenyl complexes immediately preceding formation of the 
carbon-carbon bond should determine the regioselectivity. 

The model systems employed in these studies were derived from steroids. In these systems, it was rea- 
soned that an asymmetrical allyl ligand should exert unequal trans influences upon the ligands on the 
palladium. The favored situation would have the stronger acceptor ligand trans to the more strongly do- 
nating (closer) terminus of the allyl ligand. In the allyl ligands studied, it was suggested that the distance 
Pd-C(20) would be less than the distance Pd-C( 16), based on relative steric environments. As a result, 
the exocyclic C-20 allyl terminus would exert a stronger electron donating interaction towards the Pd and 
prefer to have an acceptor ligand frans. That is, complex (16) would be favored over (17). A donor li- 
gand L should alternatively favor (17). In agreement with this rationale, coupling in the absence of ma- 
leic anhydride (L = Cl) gave a predominance of C-16 addition and in the presence of the acceptor ligand 
(L = maleic anhydride) gave a >95:5 ratio favoring alkenylation at (2-20. 

33.4.7 Regioselectivity of Grignards and Organolithiums 

The addition of Grignards and organolithium reagents proceeds by attack at the metal center in P- 
allylpalladium complexes. The regiochemical selectivity exhibited by these hard carbon nucleophiles 
with n-allyl complexes substituted at the termini with alkyl or aryl p u p s  is comparable to the soft carb- 
on nucleophiles (ligand attack) in most cases, with addition occurring predominantly at the less sub- 
stituted terminus (equations 248 and 249).lS93*7 
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€41 allyl-MgCl 
* 

Pd 
/ \  

90% * O S  

An elegant procedure has been elucidated for allyl-allyl’ coupling which demonstrates the crucial need 
for a n-acceptor ligand, such as maleic anhydride, to promote the reductive elimination (C-C bond-for- 
ming These allyl-allyl‘ couplings proceed with predominant ‘head to head’ regiochemistry, 
that is, with C-C bond formation between the less substituted allyl termini (equation 250). This is in 
contrast to the addition of allyltin reagents which are suggested to proceed by ligand addition in the ab- 
sence of maleic anhydride and give ‘head to tail’ allyl-allyl’ couplings. 

Pd 
/ \  

Some additional examples of regioselectivity of Grignard reagents have been reported. In contrast to 
the addition of alkenylzirconiums to the identical steroidal n-allyl complexes which selectively coupled 
to C-20, the Grignard reagent in the presence of maleic anhydride shows complete selectivity for addi- 
tion to C-16 (equation 25 1).3%9397 

\ maleic anhydride 
c 

Addition of MeMgIlS8 or PhLiI6O to n-allylpalladium complexes derived from methylenenorbomane 
exhibits selective C-C bond formation at the more hindered allyl terminus. Soft carbon nucleophiles 
with the same allyl species show the opposite regioselectivity (equation 252).158J60 

Regiodirection by remote oxygen functionality in the addition of Grignards parallels that observed by 
soft carbon nucleophiles, showing predominant attack at the more remote allyl terminus (equation 
253).397 

It is clear that although substantial progress has been made in the understanding and control of regio- 
selectivity in the addition of nucleophiles to n-allylpalladium complexes via attack at the metal, consid- 
erable variability still exists in these reactions that is not readily mechanistically rationalized. 
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(253) 
i* BrMg 

ii, maleic anhydride 

I 

71% 29% 

33.4.8 Regioselectivity of Oxygen Nucleophiles 

Understanding the factors that control the addition of oxygen nucleophiles to n-allylpalladium com- 
plexes is complicated by the fact that: (i) oxygen nucleophiles, especially carboxylates, can add via li- 
gand or metal addition; and (ii) the oxygen nucleophile can also serve as a leaving group, allowing 
equilibration of the products, thus superimposing thermodynamic over kinetic control of the addition. 

Under conditions where metal attack is known to occur, an acetate nucleophile will preferentially add 
to the more substituted allyl terminus when directed by alkyl substitution (equation 254).163 Remote 
oxygencontaining functionality directs acetate addition to the more distant terminus when metal attack 
is fostered (equations 255 and 256). Identical directing effects are observed from remote oxygen groups 
under conditions known to favor ligand addition (equations 257 and 258)PJ@J76 Reports on the addi- 
tion of acetate where stereochemical information is not available and therefore the mechanism of attack 
is unknown indicate that C02R,172 S02R173J74 and CN3*' groups substituted directly on the allyl ligand 
all direct attack at the remote allyl terminus (equations 259-261). 

c 
...- ..., co v / 

H Pd 
/ 'OAc 

Pd 
/ 'OAc 

\ 

CH~OAC 

' 'OAc 

* D O A C  

HOAc 

LiOAc 
LiCl 

%,. 

AcO 

uoAc 
Pd 

/ \  
OAc 

4 
PhO 

(254) 
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33.4.9 Regioselectivity of Amine Nucleophiles 

Amine nucleophiles appear generally to add by attack at the allyl ligand. Similar to oxygen nucleo- 
philes, however, a caveat must be noted in evaluating the observed regioselectivities in that the allyl 
amine products are capable of rearrangement by reentry into the n-allyl manifold. 

Substitution on the terminus of the allyl ligand by alky181.183,186~'9111~~ or aryl groups generally di- 
rects the addition of the amine to the less substituted allyl terminus (equations 262 and 263). The pref- 
erence for reaction at the less substituted terminus of the allyl group increases as the amine nucleophile 
becomes more bulky (equations 264 and 265)?22 

c 
A 
\p + H-N 

Pd 
/ \  

Ph&N 9 (263) 
Br 

Pdo 

Ph *h 

NHMe 
MeNHz MeHN 

L' L 
63% 37% 

L' L 84% 16% 

Carbonyl substitution on the allyl ligand leads to amine addition to the allyl terminus remote from the 
carbonyl moiety (equation 266).202 

When presented with the choice between cyclization to give a five- or seven-membered ring, an amine 
nucleophile yields the five-membered ring.203 However, reaction of an amine with the option to give 
either a bicyclo[4.2.0] or bicyclo[2.2.2] system produced the latter exclusively (equations 267 and 
268) ?049205 

Functionality remote to the allyl ligand, whether it be oxygen,181,183.190.193.195,201.410 nitrogen,185 or 
phosphorus?0g directs selective attack of an amine remote to the electronegative substituent (equations 
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269 and 270). Ligand effects can also be significant in directing the regioselectivity of the addition of 
amines to n-allylpalladium complexes. In a study of the reactivity of geranyl- 18) and neryl-palladium 
(19) complexes, it was noted that donor ligands on the palladium, e.g. pyridine or simple amines, direct 
the addition to the less substituted terminus. Triphenylphosphine complexed to the palladium, however, 
gave preferential addition to the more substituted terminus. 

(-+Me* ._ . . . . . 

\ 

- Me2N -0- - NMe2 (269) 
Me2NH 

$ 
- Pd 

The regioselectivity of addition in these complexes also seems to depend on whether the side chain oc- 
cupies a syn (geranyl; 18) or anti (neryl; 19) position. The bisphosphine neryl complex gives exclusive 
attack at the more substituted terminus with MeNH2, while the geranyl complex gives 70% attack at the 
more substituted end but also 30% addition to the less substituted allyl terminus. The difference is 
greater in the reactions with dimethylamine where the geranyl complex mainly gives attack at the less 
substituted end, while the neryl complex preferentially gives addition to the more substituted allyl ter- 
minus. 

L' L 

(18) Geranyl (19) Neryl 

The possibility for internal coordination by the remote double bond exists for the geranyl complex 
(20). The alkene can act as an acceptor ligand and intensify the positive charge at the allyl terminus trans 
to it. This can account for the greater propensity of the geranyl system to add an amine to the less sub- 
stituted terminus. 

Amide nucleophiles can add to n-allylpalladium complexes by either ligand or metal addition. Only a 
limited number of examples have been examined, but these nucleophiles show a surprising tendency to 
add to the more substituted allyl terminus (equation 271).19' However, in common with amine nucleo- 
philes, they do add to the more~distant terminus from remotely substituted polar functionalities (equation 
272).'97 

67% 33% 
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Azides have been found to add to v-allylpalladium complexes on the less alkyl- or aryl-substituted ter- 
minus (equations 273 and 274).423 

Magnesium amides also add to unsymmetrical .ir-allylpalladium complexes on the less substituted ter- 
minus (equation 275).lW 

33.4.10 Regioselectivity of Sulfur Nucleophiles 

All of the various sulfur nucleophiles that have been studied, including PhSOr-, RS- and 
(EtOhP(0)S--, have been demonstrated to add to v-allylpalladium complexes by ligand addition. Inter- 
pretation of the regioselectivities of these nucleophiles must be tempered by the realization that the allyl- 
SOzPh, S R  and SP(O)(OEt)2 products are capable of isomerization by means of reentering the 
wallylpalladium manifold. 

The regioselectivity of p-toluenesulfonate nucleophiles as directed by alkyl groups asymmetrically 
substituted on the allyl ligand is very difficult to characterize, with preferential attack at both the 
more2' and less213318 substituted allyl terminus alternately observed (equations 276-278). 

Pd m y  SO2Tol + nS02Tol (276) 
yi' 

+ NaS02T0l 
/ \  

96% 4% 

Pdo + NaSOzTol 9 

OAc 
(277) 

89% 1 1 %  

e NE13 PhSqNa 

DMF Pdo 
/=io' - - Ph0,S (278) 

Particularly perplexing is a result obtained with the two possible crotyl precursors which should give 
the same wallylpalladium complex, yet gave opposite regiochemical results (equations 279 and 28Oh2l3 

e - PhOzS 
CN/ + NaSOzPh Pdo 
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+ NaSOzPh - (280) 

Aryl-substituted allyls give the addition of sulfonate at the remote allyl terminus (equation 281)?12 

- 0 ~ ~  + NaSO2Tol - Pdo ph S0,Tol (28 1) Ph 

In contrast to the malonate additions to methylenecycloalkane-derived w-allyl complexes, where sub- 
stantial endocyclic addition has been observed with the cyclohexyl analog, essentially exclusive exocy- 
clic addition occurs for both the five- and six-membered ring cases with PhSO2Na (equations 282 and 
283)?19 

b Pdo + NaSO2Ph - b 
SO2Ph 

+ NaSO2Ph pdo 6 + bso2ph (283) 

98% 2% 

Ethoxycai -my1 groups show efficient regiodirecting powers in sulfonate additions, giving exclusive 
C-S bond formation at the allyl terminus remote to the carbonyl functionality (equation 284L2l9 
Remote oxygen functionality also directs incoming sulfonate nucleophiles to the distal allyl terminus 
(equation 285).215 

/ + NaSO2Ph - Pdo (284) L 
NO2 

EtO2C 

PdO SO2Ph AcO -cl + NaS02Ph - ~~0 
S-Allyl dithiocarbonates on treatment with Pdo catalyst expel COS and serve as precursors to RS- 

nucleophiles. Alkyl-substituted precursors show preferential attack at the more substituted allyl terminus, 
while aryl-substituted precursors give exclusive attack at the less substituted allyl terminus (equation 
286)?22 

* Ph ,,S (286) 
Pdo 

-cos 
70% 30% 

TsTs-ph 
0-Allyl-S-alkyl dithiocarbonates show attack at the less substituted allyl end when directed by alkyl or 

aryl groups appended to the allyl ligand (equations 287 and 288).221 

Pdo 

-cos 
* Ph SMe 

OK SMe 
S 
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60% 40% S 

0-Allyl phosphonothionates rearrange on treatment with Pd” catalysts to the S-allyl derivatives.P0 
Alkyl substituents on the allyl group direct attack to the less substituted allyl terminus (equation 289). 

0 0 
CEtO)z!, - (EtO) P ‘s e + (EtO)2i,s& (289) 

94% 6% 

Trimethylsilyl alkyl and aryl sulfides react with allyl carbonates and vinyl epoxides to deliver the alkyl 
or aryl sulfide to the allyl unit. These species show typical regioselectivities by: (i) adding to the less 
substituted end of alkyl substituted allyls (equation 290); (ii) adding to the allyl terminus more distant 
from remote oxygen functionality (equation 291); and (iii) showing substantial endocyclic addition to 
methylenecyclohexane-derived allyls (equation 292).223 

-0CO2Me 

0 
Ph- \ 

+ PhSSiMe3 u s p h ( 2 w )  

OH 
Pdo + EtSSiMe3 - Ph AsEt (291) 

, SEt 

oco2Me + EtSSiMe3 - bSEt + 6 
67% 33% 

(292) 

33.4.11 Regioselectivity in Other Heteroatom Nucleophiles 

erentially to the more substituted allyl terminus (equation 293).224 
Lithium diphenylthiophosphides add via ligand addition and, in the single case studied, couple pref- 

pdo a + - p 2  (293) A O A c  + LiP(S)Ph2 - 
S 

26% 
P 2  

74% s 

Tris(trimethylsily1)aluminum reacts with w-allylpalladium complexes to yield allylsilanes. The regio- 
chemistry of this addition is highly dependent on reaction conditions, and no trends can be readily dis- 
cemed.225 

Acyliron and acylnickel anions, as well as NaCo(CO)4, acylate w-allylpalladium complexes selective- 
ly at the less substituted allyl terminus (equation 294).225 

y + MeCONi(CO),Li - Ph +COMe (294) 
Pd 

/ \  
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33.4.12 Regidectivity in Other wAllylpaIladium Reactions 

33.4.12.1 Insertion of CO, C02, C==N 

The reaction of CO with 7r-allylpalladium complexes shows highly regioselective insertion into the 
less substituted allyl terminus235.237-239 as illustrated in equations (295)-(297). One interesting exception 
is shown in an allyl complex possessing a C1 group on its terminus, where insertion takes place into the 
more substituted allyl end (equation 298).234 

q co c )Jco2Me 

OC0,Me Pdo 

-CO,Et 
co 

Pdo 

OCO2Et ..---) Ph + Ph 

MeoyJ ___) co 

MeOH ,..I 

'% 

Pd - C0,Me I 

C1 CI Ph 

Ph?? I \ - co P h - f C O F ' d (  

C1 CI Ph 

Ph?? I \ - co P h - f C O F ' d (  

CO:! insertion into wallylpalladium complexes exhibits the opposite regioselectivity, with, for 
example, exclusive reaction at the more substituted terminus of a butenylpalladium complex (equation 
2991.244 

Isocyanide insertion into wallylpalladium complexes generally occurs regioselectivity into the less 
substituted allyl terminus (equation 300).240 

33.4.12.2 Insertion of dienes 

The regioselectivity of the insertion of 1.3-dienes into 7r-allylpalladium complexes possesses two com- 
ponents. First, with respect to the allyl unit, the insertion takes place at the more substituted termin- 
us.248,249*251*252 Second, with regard to the diene it has been shown that 2-substituted- 1,3-dienes insert at 
the more substituted alkene.248+N9 These interesting features have been explained by the intermediacy of 
an ql-allyl species which is bound to the palladium at the less substituted terminus and with the Pd com- 
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plexed to the less substituted alkene of the diene. The insertion process proceeds from this intermediate 
by an electrocyclic reaction which occurs outside the coordination sphere of the Pd (equation 301). This 
diene insertion has been recently employed as the key step in a potentially highly useful cyclization pro- 
cess (equation 302).252 

(302) 
PhSO2 PhS02=OAc - P h S o 2 ~ o A c  PhSO, 

33.4.123 Insertion of alkenes into rrallylpalladium complexes 

Intramolecular insertion of alkenes into m-allylpalladium complexes has been shown to proceed regio- 
selectively to yield five-membered rings.262363 This transformation is equivalent to a palladium ene re- 
action and is completed by a p-hydride elimination. The c.Ic bond of ketenes is also capable of 
undergoing insertion into wallylpalladium intermediates.264 The final course of this reaction is depend- 
ent on the leaving group in the initial allyl-X precursor. For X = OAc, dienes are observed; for X = 
MeOC02, a methoxycarbonyl adduct is obtained (equation 303).264 

'">-.=. + &OR - 
Ph 

R = OAc 

Ph / 
Ph% -Co 

(303) 

Ph 

33.4.12.4 Insettion of C=N into lrsUyipaUadium complexes 

The bis(wally1) complex derived from the linear dimerization of butadiene can be trapped with phe- 
nylhydrazones in a process involving C - N  insertion into a wallyl in te~media te .~~ Predominant inser- 
tion into the more substituted terminus is observed (equation 304). 

r 

-N=NHPh + r \ / 

N = NPh 
37% 63% 
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33.4.12.5 0-n of mUylpalladium complexes 
The oxidation of preformed .rr-allylpalladium complexes with MCPBA pmceeds by attack at the metal 

to give oxidation at the less substituted allyl terminus (equation 305).272 MoOz(acac)~BuY)2H oxida- 
tions also involve attack at palladium, but, in contrast to MCPBA, give oxidation preferentially at the 
more substituted allyl end (equations 306-308).275 

MCPBA 

Pd 
/ \  

U U BulOOH 

BuQOH I 
OH 

Oxidation of preformed .rr-allylpalladium complexes with Cr"' salts appears particularly capricious. 
Na2Cr207 gave exclusive attack at the more substituted terminus (equation 309),267 while a similar allyl 
substrate gave oxidation at the less substituted terminus with Collins reagent (CrV1 oxide, pyridine: equa- 
tion 3 Photo-oxidation of m-allylpalladium complexes also shows inconsistent regioselectivity 
when directed by alkyl substituents on the terminus of an allyl ligand (equations 31 1 and 312).276 A car- 
bonyl or sulfonyl group appended on the allyl unit, however, gave exclusive oxidation at the allyl end 
remote to the functionality (equations 3 13 and 3 14).277 
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m ( C H 2 ) 1 6 M e  

Pd 
/ \  

- + T ( c H 2 ) 1 6 M e  (312) 

0 

' I .  
9 0 

55% 45% 

Pd 
/ \  

0 

33.4.12.6 Reduction of mzllylpulhdium complexes 

A wide variety of methodologies have been developed for the reduction of a .rr-allylpalladium com- 
plex. Although these processes appear to uniformly involve attack at the metal center, the regiochemistry 
of the reduction is highly dependent on the reagent selected. For example, the regiodirection exerted by 
alkyl or aryl groups at the allyl terminus is clearly reagent dependent. KOH-MeOH can accomplish re- 
duction of wallyl complexes, and does so with hydride addition to the less substituted allyl terminus 
(equations 315 and 316).281 

Pd MeOH 
/ \  

30% 70% 

/ \  
98% 2% 

Reduction with L ~ A ~ H ( O B U ' ) ~ ~ ~  or LAHB2 also gives selective hydride addition to the less substituted 
allyl end (equations 3 17 and 3 18). In contrast, formate reductions selectively deliver hydride to the more 
substituted allyl terminus (equations 3 19 and 320).302.303 

Si-H-mediated reduction, conveniently performed with polymethylhydrosiloxane (PMHS), demon- 
strates no clear pattern of regioselectivity (equation 321).320 

LiHBEts delivers hydride regioselectivity to the less substituted allyl terminus (equation 322)?8'B1 

Pd 
/ \  

H Pd 
/ \  74% 26% 
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NH,+HCO,- 
94% 6% 

uOAc 

pdo - a + 
OAc PMHS 

52% 48% (321) 

I T "  Pdo I 

Electrochemical reduction of a .rr-allylpalladium complex results in preferred formation of the more 
substituted alkene (equation 323).307 Conversely, reduction by SmI2, followed by protonation, provides 
the less substituted alkene predominantly (equation 324).305 

Pdo H+ 
Ph OAc Ph- (323) -- 

+e- 

80% 20% 

Delivery of hydride from a NAD(P)H model, Le. N-Pr-l,4-dihydronictotinamide, occurs prefentially at 
the more substituted allyl end (equation 325).306 

CONH, 
(325) Pdo 

Ph *OAc Ph- + Ph- 
N 

33% 67% I 
Pr 

An informative comparison of a number of these reducing agents reacting with a single n-allyl sub- 
strate has been reported (Scheme 6).291 

Some special directing effects have been observed in these reductions. For example, R3SnH is directed 
by an OAc or C1 substituent on the allyl terminus to deliver hydride to the remote terminus?97 but a CN 
directs delivery to the proximal terminus (equations 326-328).287 Electrochemical reduction307 also re- 
sults in formation of an a$-unsaturated organo product (equation 329). A remote OH functionality ap- 
pears to direct NaI3H4 reduction to the proximal allyl terminus (equation 330).288 

3.3.4.12.7 Umpolung 

.rr-Allylpalladium complexes, which act as electrophiles, can be transformed into allyl-silanes and 
-stannaries, which typically act as nucleophiles. The allylsilanes, generated by electrochemical reduction 
and trapping with R3SiC1?07 and allylstannanes, formed by treatment with or SmI2 and 
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Reducing agent 

LiBHEt3 

LWEI4 

Bu'2AlH 

NaBH3CN 

PhzSiH2 

Nh%COz - 

2-Alkene 
100 

97 
100 

45 
71 

55 
12 

Scheme 6 

I -Alkene 
0 

3 

0 

55 
29 

45 
88 

38% 62% 

Pdo 
OAc 

Ph Ph *CN 

Ph 

Ph 4 P h  
Ts 

+e- H+ 
*CN Ph 

- _ _ _ c  

Pdo 

(330) + NaBH4 - 
OH 

RsSnC1?ll have the heteroatom selectivity positioned at the less substituted allyl terminus (equations 
331-334). 

(331) U- CISiR3 

SiR3 
* -  

Ph -0Ac Ph 
Pdo 

Pdo 
Ph OAc Ph SnR3 + EtZAlSnR3 - (332) 
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A sa3  
Pdo + SmIz + R3SnCl - 

OAc 

649 

(334) 

33.4.12.8 Regwselectivity of addition reactions 

pended to the less substituted allyl terminus (equations 335 and 336).338239 
Addition of disilanes to n-allylpalladium complexes proceeds selectively to yield the silyl group ap- 

EtOH SiPh(OEt), (335) ph- + phC12SiSiMe3 - - Ph - I '  
Pd 

/ \  

33.5 ENANTIOSELECTIVITY 

335.1 Introduction 

Three basic types of enantioselectivity have been investigated in conjunction with the reaction of T- 
allylpalladium complexes with nucleophiles. In the first type, the chirality exists in the allyl-X precursor. 
The stereospecificities associated with the oxidative addition to convert it to a n-allyl complex and the 
subsequent attack by the nucleophile are key in the chirality transfer (equation 337). 

Nuc 

Pdo 

*x - qNuc 
R R' R R' 

(337) 

In the second type, the source of the chirality is the phosphine ligand on the palladium. Two scenarios 
have been evaluated. In the first, an achiral meso allyl ligand is employed. This ligand when complexed 
to an optically active PdLz* creates a chiral n-allyl complex. The transition states leading to attack at one 
terminus or the other are then diastereomeric and can lead to optically active products. The second scena- 
rio employs a prochiral allyl ligand. The resulting n-allyl complexes with Pdb* are now diastereomeric 
and the relative reactivity of these diastereomeric complexes with the nucleophile is the source of forma- 
tion of optically active products. The third and last type involves the use of a chiral leaving group or chir- 
ality in the nucleophile in the allyl alkylation (equations 338 and 339). 

Nuc 

Pdo Nuc 

R&X' - ">" 
H 

9 + NUC* - NUC' (339) 
Pd 

/ \  

33.5.2 Chirality Transfer 

Optically active methyl (R)-3-oxo-7-(methoxycarbonyloxy)-8-nonenoate, when converted to its so- 
dium salt and treated with a Pdo catalyst, proceeds to form an optically active allylcyclohexanone with 
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complete retention at the original c h i d  center?% For this chirality transfer from a C-0 to a C-C bond 
to be successful, both the formation of the .rr-allyl complex and the attack of the nucleophile must be 
completely stereospecific. In addition, the attack by the nucleophile must be fast relative to a syn-anti 
type interconversion of the m-allyl intermediate (via an q'-allyl, with the Pd attached to the less sub- 
stituted terminus) which would result in racemization (Scheme 7). 

Pdo 
OC02Me 

-0Me OMe 

0 0  
f 

..... v Pd+ 

/ \  
Pd' 

/ \  

Scheme 7 

An efficient cyclization is also observed with methyl (SR)-methoxycarbony1-(3E)-decenyl malonate to 
yield an optically active product (equation 340).425 

0 0 

An intermolecular example of this process was also shown to proceed with a high degree of chirality 
transfer (equation 341)?26 The chirality transfer process can also function with oxygen nucleophiles as 
shown in equations (342) and (343)?27 

96.1% 3.9% 

100% optical yield 
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(343) 

9O?h optical yield 

A net C-0 to C P  bond chirality transfer has been demonstrated in the preparation of a cyclopro- 
pane (equation 344).428 Another C-0 to C-C chirality transfer was accomplished starting with an opti- 
cally active alkylidenetetrahydrof~ran!~~ Not only was complete stereospecificity via a double inversion 
mechanism observed, but, in addition, regioselectivity had to be exercised to avoid the alternate cycliza- 
tion to give a seven-membered ring product (equation 345). 

t (344) 

An elegant example of a stereo relay in a nonrigid system employed a chiral vinyl lactone."30 For the 
relay to be completely successful (i) the ionization of the vinyl lactone must occur from one conforma- 
tion, (ii) the intermediate r-allylpalladium complex must retain its stereochemistry, and (iii) the nucleo- 
phile must attack regioselectively at the carbon of the allyl system distal to the incipient carboxylate. 
This distal transfer of chirality was achieved as shown in equation (346). This same process has been 
utilized in a synthesis of an optically active vitamin E side chain from ~ - g l u c o s e ~ ~ '  

0 

3353  Enantioselectivity with Optically Active Phosphines 

Significant progress has been made in enantioselective C-C bond formation in n-allylpalladium 
chemistry, where the source of the chirality is the phosphine ligand on the palladium. A number of 
potential difficulties must be addressed in order for this approach to result in synthetically useful optical 
yields. Racemization can occur by a variety of mechanisms. Intermediates not bearing substituents at 
both allyl termini can undergo syn-unri isomerization, which accomplishes racemization (equation 347). 
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Allyl acetates are the preferred precursors for n-allyl complexes. The acetate liberated on oxidative 
addition (stereochemical inversion step) to form the r-allyl complex can add again to the allyl ligand, 
displacing the palladium. It has been dem~nst ra ted '~~ that this addition can take place either via direct at- 
tack on the allyl ligand on the face opposite the palladium or at the palladium, followed by reductive 
elimination (equation 348). These processes have opposite stereochemical results, and with respect to en- 
antioselectivity, attack at the metal will result in racemization of the starting allyl acetate (equation 349). 
It has been shown that this process can become competitive if the incoming nucleophile is particularly 
sterically bulky and slow to add to the allyl ligand.167 

&OAc + Pdo ligand addition 

/ 
(348) - -OAc + Pdo 

reductive elimination 

Pd-OAc metal addition 

(349) 

A recently uncovered mode of racemization involves attack of the n-allylpalladium complex by an un- 
complexed PdL2 species present in the solution. This mode of racemization can be significant if high 
concentrations of P d L  catalyst are employed in the reaction (equation 350). 

An inherent difficulty in achieving high optical yields in n-allylpalladium reactions is that with the 
soft carbon nucleophiles employed, attack occurs on the allyl ligand on the face opposite the palladium. 
This places the source of the chirality (the phosphine ligand) remote from where C - 4  bond formation is 
taking place. Despite these limitations, considerable success has been achieved in these reactions. 

The chloride dimer was 
generated from 2-pentene, and a variety of optically active phosphine ligands were added to form the 
chiral bisphosphine complexes. Reaction of these allyl complexes with sodiodiethyl malonate resulted in 
optical yields in the range of 2-2996 (equation 35 1). 

The initial study in this area employed the rneso-l,3-dimethylallyl 

..a. NaCH(C02Meh 

, Pd 
7 c C02Me 

L' L 0 C0,Me 

(351) 

Asymmetric induction in catalytic allylic alkylation was next evaluated.433 Alkylation of a racemic 
ethylcyclopentenyl acetate with the sodium salt of methyl phenylsulfonylacetate with (+)-DIOP gave the 
best result (optical yield 46%; equation 352). The asymmetry of the allyl ligand in this case results in 
diastereomeric n-allyl complexes with the PdL2* moieties. The optical yields observed demand a 
racemization of the starting allyl acetate or interconversion of the diastereomeric complexes. If the re- 
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action proceeded without racemization or interconversion and strictly by a double inversion process from 
the racemic allyl acetate, then the product would of necessity be racemic (equation 352). 

A variation on this asymmetric catalytic allylation scheme employed pdiketones or f3-keto ester nu- 
cleophiles with allyl ethers and a palladium-DIOP catalyst?M The chiral center generated is now one 
carbon removed from the allyl ligand. As a result, somewhat lower optical yields were observed (~10%;  
equation 353). A variety of chiral phosphines were evaluated in the cyclization of B-keto esters. Optical 
yields up to 48% were measured in these reactions.435 

Allylic alkylations using a benzophenone imine of glycine methyl ester as a prochiral nucleophile and 
chiral phosphine ligands on palladium produced optical yields up to 57% (equation 354).436 

L- C02Me 

Attempts to address the difficulty associated with the distance of the chirality in the Pd ligand to the 
site of C-C bond formation have been most fruitful. New chiral phosphine ligands containing an opti- 
cally active functional group remote from the phosphines have been very effective, providing optical 
yields up to 52% in the case where the new chiral center is one carbon removed from the allyl 
(cf. 10% optical parity obtained p r e v i o ~ s l y ; ~ ~  equation 355). 

I 
H 

'Chiral pockets' have been created, employing optically active ligands derived ..om 1,2'-binaphthol. 
Asymmetric alkylations with nearly 70% optical yield have been realized using this method."38 

Optically active ferrocenylphosphines containing a functional group on the side chain, which may 
complex to the incoming nucleophile and induce asymmetric attack, have proven to be most effective in 
 allyl allylations, with optical yields up to 92% being observed (equations 356 and 357).439-442 

The most detailed and thorough studies on asymmetric catalytic allylation using palladium chiral phos- 
phine complexes have come from the work of Bosnich et uLMM5 Employing a combination of NMR, 
chemical and labelling studies on this process, this group was able to determine that with 1.1 diphenyl-3- 

(356) 
C02Me PdL2' 

- + Na+-( 
C02Me OAc 

Me02C C02Me 

92% optical yield 
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73% optical yield 

alkyl- or aryl-substituted allyls: (i) nucleophilic attack is the turnover limiting step and is also the 
enantioselective step; (ii) the major product enantiomer originates from the major four-coordinate a-allyl 
diastereomeric intermediate and that the diastereomeric complexes rapidly interconvert; (iii) the enanti- 
oselectivity is relatively insensitive to the nucleophile employed; (iv) a syn substituent at C-2 or C-3 in 
these allyl units is not significant in determining optical yields: and (v) a viable mechanism for race- 
mization is attack by an uncomplexed PdL2 on a a-allyl complex with inversion of configuration. 

An X-ray structure of the major diastereomeric complex was also obtained to give funher insight into 
the origin of asymmetry in the attack by nucleophiles.a6 

335.4 Chiral Nucleophiles and Leaving Groups 

The final modes of enantioselective allyl alkylations catalyzed by palladium involve the use of chiral 
nucleophilesa7 and chiral leaving g r o ~ p s . ~ * - ~ ~  Chiral enamines were found to undergo allylation in 
100% optical yield in an intramolecular case and in up to 50% optical yield in intermolecular reactions 
(equation 358). 

A palladium-catalyzed allylic sulfonate-sulfone rearrangement with chiral sulfonates produced 92% 
optical yields (equation 359).4483a9 Presumably, the optically active sulfonate induces chirality in the ox- 
idative addition by Pdo in these reactions. 

(359) 

92% optical yield 
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3.4.1 INTRODUCTION 

This chapter includes those transition metal-pentadienyl cationic complexes that are quite stable, can 
be stored and handled easily, and are therefore useful as stoichiometric intermediates for organic syn- 
thesis. The dienyliron systems, which are readily available and inexpensive, have dominated this area of 
chemistry, and will occupy the larger part of the discussion. The chemistry of more expensive and less 
easily prepared dienylmetal complexes, such as those of manganese and cobalt, will be dealt with at the 
end of the chapter. 

Although tricarbonylbutadieneiron (1) was prepared by Reihlen et a/.* in 1930, some considerable 
time passed before the corresponding cyclohexadiene complex (2; equation 1) was reported.* Fischer and 
Fischer described the conversion of (2) to the cationic cyclohexadienyliron complex (3; equation 1) by 
reaction with triphenylmethyl tetrafluoroborate in di~hloromethane.~ This particular complex is extreme- 
ly easy to prepare and isolate; as the hydride abstraction reaction proceeds the product (3) crystallizes 
out. Precipitation is completed by pouring the reaction mixture into ‘wet’ diethyl ether, the small amount 
of water present serving to destroy any excess triphenylmethyl tetrafluoroborate by conversion to triphe- 
nylmethanol. Filtration, followed by washing the residue with ether, gives pure dienyl complex. 

The analogous cycloheptadienyl complex (5; equation 1) was similarly prepared by Dauben and Ber- 
telli? but the acyclic pentadienyl systems were a little more difficult to obtain. The triphenylmethyl cat- 
ion does not remove hydride from tricarbonyl(truns-pentadiene)iron (6; equation 2). The corresponding 
cis-pentadiene complex (7; equation 3) cannot be prepared directly from the diene and an iron carbonyl, 
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(2) n = 1 
(4) n = 2 

(3) n = 1 
(5) n = 2 

since this reaction always leads to (6), although it is now known that (7) can be converted to (8; equation 
3) by treatment with triphenylmethyl tetrafluoroborate. 

An elegant solution to this problem was devised by Mahler and Pettit? who showed that treatment of 
the (pentadienol)Fe(CO)3 complex (9 equation 4) with acid gave (8), which was isolated as the perchlor- 
ate in 50% yield. These two methods (hydride abstraction and dehydroxylation) form the basis for the 
majority of preparations of dienyliron complexes. 

In these dienylmetal complexes, the metal is bound to all five carbon atoms, and these are almost co- 
planar. The methylene carbon of (3) is bent out of the dienyl plane, pointing away from the metal. "he 
angle between the dienyl plane and the C( 1 )-C(6)-C(5) plane is approximately 39'. as measured by X- 
ray crystallography.6 The complexes such as (3) can be drawn as shown in Figure 1, but are more con- 
veniently depicted as in the above structures. 

co oc%, / 
OCmFe 

H 

Figure 1 Structure of the tricarbonylcyclohexaddienyliron cation 

Generally, the dienyliron complexes discussed here are stable towards air and moisture (indad, m e  
of them can be recrystallized from hot water), and most can be stored for extended periods of time at 
mom temperature. In spite of their stability, they axe extremely reactive towards nucleophiles. The result 
of nucleophile addition to complex (3) is shown in equation (5). giving substituted cyclohexadieneiron 
complexes (10) resulting from ex0 attack. On the other hand, complexes (5) and (8) are more proble- 
matic; mixtures of regioisomers (11) and (12, equation 6)  result from (5). while the initial products from 
(8) are prone to isomerization to the more stable systems (14; Scheme 1). 
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(5 )  

(3) 

Scheme 1 

Because of the highly efficient nucleophile additions to (3), substituted cyclohexadienyliron com- 
plexes have been exploited for natural products synthesis. The problems associated with (5) have been 
largely overcome and the seven-membered ring systems now show promise as synthetic building blocks. 
On the other hand, very little attention has been given to the acyclic systems, and this remains a virgin 
area. Finally, in order to be useful in organic synthesis, it is essential that the metal can be removed from 
the product dienes selectively and without detriment to any functional groups in the molecule. 

3.4.2 DIENYL COMPLEXES OF IRON 

3.4.2.1 Preparation of Substituted Tricarbonylcyclohexadienyliron Complexes 

Since these complexes are all prepared from appropriate (cyc1ohexadiene)tricarbonyliron derivatives, 
we shall first briefly review the preparation of the diene complexes. As mentioned earlier, complex (2) 
was initially prepared by reaction of cyclohexa- 1,3-diene with pentacarbonyliron (autoclave; 135-140 
T). Arnet and Pettit observed' that cyclohexa- 1,4-diene also gave (2; equation 7) on reaction with penta- 
carbonyliron at elevated temperature, via a rearrangement of the diene which is promoted by the iron car- 
bonyl. Birch and coworkers8 applied this observation to the reaction of iron carbonyls with various 
dihydrobenzene derivatives that are readily prepared by metal-ammonia (Birch) reduction of the aro- 
matic compound. Various iron carbonyls have been investigated as starting materials. Pentacarbonyliron 
in refluxing di-n-butyl ether, and dodecacarbonyltriiron [Fe3(CO)n] in hot benzene are reported8 to con- 
vert cyclohexa- 1 ,4-dienes to their ( 1,3-diene)Fe(C0)3 complexes; since pentacarbonyliron is inexpensive 
and usually gives better yields, this is the reagent of choice. Nonacarbonyldiiron [Fez(COb] may also be 
used, usually in an inert solvent at ca. 60 "C, but invariably is successful only with 1,3-dienes. For sensi- 
tive 1.3-dienes the heterodiene complex (benzy1ideneacetone)tricarbonyliron is a useful tricarbonyliron 
transfer reagent,9 which can be employed under mild conditions. 

Fe(CO), 

c 

Fe(CO)s, 140 "C 

Fe#20)12, 80 OC 

(7) 

The earlier work of Birch et a1.8.10,11 laid the foundations for much of the synthetic application of cy- 
clohexadienyliron complexes. Of particular interest are the reactions of dihydroanisole derivatives8J0 
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and dihvdrobenzoic esterdl with iron carbonyls, which are summarized in Schemes 2 and 3 and equa- 
tions (8x10). 

OMe OMe OMe 

Fe3(CO)12, A, 32% (16) 76% (17) 24% 
Fe(CO)s, A, 7675% (16) Ca. 50% (17) cu. 50% 

Scheme 2 

OMe OMe 

Fe(CO)s, 140 T Bu2O * Q-Fe(CO)3 + g F e ( c 0 ) 3  

(19) ca. 50% (20) ca. 50% 

140 OC 
58-7590 

Scheme 3 

(23) 75% (24) 25% 

C02Me 

Fe(C0)s. Bu20 
* (24) 0 A, 24 h, 38% 

(25) 

COzMe 

- b - F e ( C O ) 3  

(26) 

10% H2SOJMeOH 
+ (24) 

A, 16 h 

With substituted 194-dienes, such as (15), (18) and (22), the isomerizatiodcomplexation reaction in- 
variably produces mixtures of complexes. Although these can often be separated chromatographically, it 
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is better to preconjugate the diene for synthetic applications. A useful example is the conversion of diene 
(18) to an equilibrium mixture (ea. 1:4) of (18) and (21), followed by reaction with Fe(C0)5 to give com- 
plex (19; Scheme 3) in 58% yield.12 

The methoxy- and methoxycarbonyl-substituted complexes show pronounced electronic effects during 
the hydride abstraction process, leading to good regiocontrol in most cases. Examples are shown in equa- 
tions (l1)-(l5).'&l3 

OMe OMe OMe 

(29) 80% (27) 20% 

OMe OMe 

(30) 95% (31) 5% 

BF4- 
BF4- 

(32) 80% (33) 20% 

C02Me C02Me 
I I 

With complexes such as (17), (24) and (35) that do not have sterically demanding substituents adjacent 
to the point of hydride abstraction, the reaction is controlled by electronic effects from the substituent. 
The results of these particular reactions are somewhat unexpected by comparison with the anticipated 
stabilities of the corresponding noncomplexed dienyl cations. For example, (27; equation 11) corre- 
sponds to a less stable dienyl ligand than (28), and (32; equation 14) is expected to be less stable than 
(33). In the conversion of (35) to (36; equation 16) reported by Paquette ef al.,I3 the trimethylsilyl group 
appears to act as an electron acceptor, and is therefore analogous to the methoxycarbonyl group. These 
results of hydride abstraction have been rationalized using molecular orbital the synergis- 
tic interaction between metal d-orbitals and dienyl HOMO and LUMO being the most imponant con- 
sideration. A detailed discussion will not be presented here. Suffice it to say that the dienyl with highest 
energy HOMO and lowest energy LUMO gives the strongest net bonding interaction with the Fe(CO)3 
fragment, and the hydride abstraction is thermodynamically driven. 
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In complexes (16) and (26), the situation is rather different, because there is now steric hindrance from 
the diene terminal substituent. As a result, the electronically less favorable products are predominant. 
However, when steric effects at both methylene groups are balanced, as in complex (19). the hydride ab- 
straction proceeds with 'electronic' control to give (30; equation 13). 

With methyl-substituted cyclohexadienes, very little selectivity is observed during the preparation of 
the complexes and the hydride abstraction reaction. Dihydrotoluene, on heating with pentacarbonyliron, 
gives a mixture of complexes (37) and (38; Scheme 4). These cannot be easily separated using standard 
chromatographic procedures, and little is known about hydride abstraction from the individual com- 
plexes. Treatment of the equimolar mixture with trityl tetrafluoroborate gives a mixture of all three 
possible products (3-1; Scheme 4). 

9 3  

@-Fe(CO)3 ... ..... .... B F4- + B F Q  BF4- 

(39) 

A method for preparing specific alkyl-substituted dienyl complexes takes advantage of the propensity 
of (diene)Fe(C0)3 complexes to rearrange under acidic conditions, coupled with the acid-promoted de- 
hydration illustrated earlier for the conversion of (9) to (8). Birch and HaasI4 discovered that complexes 
derived from methylanisoles could be converted to methy 1-substituted cyclohexadienyliron complexes, 
whose substitution pattern is defined by the relative positions of the methoxy and methyl substituents in 
the precursor. Several examples are given in Schemes 5 and 6 and equation (17). 

i i ,  NhPF6, HzO 

(40) 

(42) 

Scheme 5 
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OMe &Fe(CO). 

Scheme 6 

Related to this reaction is the acid treatment of the (1 -hydroxymethylcyclohexadiene)tricarbonyliron 
(45), prepared via DIBAL-H reduction of ester (26) or borane reduction of the comsponding carboxylic 
acid, which leads to the 1-methylcyclohexadienyliron complex (46; equation 1 @.I1 Using these methods, 
it is therefore possible to prepare a range of alkyl-substituted dienyl complexes having a defined substitu- 
tion pattern. 

f OH 

As mentioned earlier, steric effects can be important in determining the outcome of the hydride ab- 
straction reaction. This is particularly vexing in cases where an alkyl substituent is present at the sd 
carbon of the cyclohexadiene complex. For example, complexes such as (47; equation 19) are untouched 
by trityl cation, provided traces of acid are not present (these are formed by hydrolysis of the trityl tetra- 
fluoroborate due to atmospheric moisture, and will cause rearrangement of the diene complex). This is 
due to the fact that only the hydride trans to the Fe(CO)3 group can be removed, and the methyl substi- 
tuent prevents close approach to this hydrogen. 

The trimethylsilyl substituent proves to be of considerable value in this respect. It appears to activate 
the diene towards hydride abstraction to such an extent that conversion of complexes such as (48) and 
(50) to the dienyl derivatives (49  equation 20) and (51; equation 21) proceeds quite readily.13 

i ,  PhsCBF4 

SiMe, 
I 
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In those cases where a hydroxyethyl substituent is attached to the cyclohexadiene ring, an oxidative 
cyclization procedure has been developed to effect conversion to cyclohexadienyliron complexes. l4 
Thus, treatment of complex (52) with manganese dioxide gives the cyclic ether (53) which can be con- 
verted to the dienyl complex (54 Scheme 7) by treatment with tetrafluoroboric acid in acetic anhydride. 

OMe 
I 1  

3.4.2.2 Nucleophile Additions to Dienyliron Complexes; General Comments 

Imagining tricarbonyldienyliron complexes to consist of a positively charged iron sumunded by di- 
enyl and carbon monoxide ligands, there are clearly two types of ligand site at which nucleophile addi- 
tion might take place. However, only in rare instances does attack occur at a carbonyl ligand, and so this 
leads to an extremely powerful method for preparing substituted dienes. A wide range of nucleophiles 
are available for this method, including alkoxides, hydroxide, amines, borohydride (as a source of hy- 
dride), enols of simple ketones and P-dicarbonyl compounds,8J0 enamines,1° aromatic amines and 
ethers,15 silyl enol ethers,16 allyl silane^,^^ organocuprates,18 organo-zinc and cadmium reagentdg (but 
not dimethylzinc), phosphines,?0 phosphites and sulfites,?1 alkynylborates,?2 lithium23 and tin" enolates, 
silylketene acetals,= as well as the enolates from arylsulfonyl esters?6 malonatesF7 and p-keto 
Typical reactions of representative nucleophiles with the parent cyclohexadienyliron complex (3) are 
summarized in equations (22)-(37). 

All of these reactions are chemospecific (only the dienyl ligand undergoes nucleophile addition), re- 
giospecific (only the terminal dienyl carbon is attacked), and stereospecific (the nucleophile always adds 
anti to the metal). However, the addition of organolithium and Grignard reagents in ether solvents to (3) 
gives very low yields of alkylation products, the major product being the dimer (71; Scheme 8). This is 
presumed to arise by electron transfer from the RLi or RMgX to the dienyl complex, giving the free radi- 
cal (70) which then dimerizes. 

Use of less reactive alkylating agents such as dialkylcuprates, R B  or RzCd, as described above, is 
one way to overcome this problem, but the yields are variable. The use of dichloromethane as solvent at 
-78 'C resulted in good yields of alkylation product (84-94%)F8 and a more general solution is achieved 
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(3) 

(3) 

MeCN, A 

OMe 

OMe 

A 
- 

by replacing a carbonyl ligand by, e.g. triphenylphosphine, a poorer .rr-acceptor. Very good yields of al- 
kylation can be obtained using Grignard reagents under standard conditions.m This was especially no- 
ticeable with vinylmagnesium bromide, which converts complex (3) almost exclusively to the dimer 



Nucleophiles with Cationic Pentadienyl-Metal Complexes 673 

(71), even in dichloromethane at low temperature, but which gives exclusively the addition product (73) 
on reaction with complex (72; equation 38). 

98% (73) 

This observation has been used in a key step during a total synthesis of the alkaloid (f)-dihydmanni- 
vonine (77) outlined in Scheme 9.30 The final product is formed by intramolecular hetero-Diels-Alder 
reaction of the intermediate (76), which is not isolated. 

CUClZ 
b 

* P O T H P  EtOH. r.t., 5 h 

BrMg - OTHP 
(72) 

CHzCI2, -78 OC 
90% F;(CO),PPh, 63% 

(74) 

OH i, Swem oxidation 

i i ,  MeZNH-HCI 

(75) 
L -  

(76) 70 "C 
(77) 

Scheme 9 Grieco's synthesis of (f)-dihydrocannivonine (77) 

Substitution of a CO ligand by a phosphine or phosphite derivative similarly leads to reactivity control 
in the cycloheptadienyliron system. The tricarbonyliron complex (5 )  invariably gives mixtures of pro- 
ducts from nucleophile addi t i~n.~ '  For example, treatment of (5) with sodium borohydride or sodium 
cyanide gives mixtures of products of general structure (11) and (12; equation 39), resulting from addi- 
tion of nucleophile at C-1 and (2-2, respectively, while addition of cyanide to the triphenylphosphine 
complex (78) gives exclusively (80; R = CN; equation 39). 

(39) 

2L 

(5) L = C O  (11) L = co (12) L = co 
(78) L = PPh3 (79) L = PPh3 (80) L = PPh3 

Similarly, reaction of lithium dimethylcuprate with (5) gave (11; R = Me) in low yield, together with 
significant amounts of the dimeric complex (81; equation 40) and substantial decomposition, but the 
phosphine analog (78) was more useful. Reaction of cuprate reagents with (78) gives (79; R = Me) in 
yields greater than 95%. The ligand exchange reaction on complex (4) does not proceed in good yield on 
a large scale using triphenylphosphine under thermal conditions (Bu20, reflux, 24 h). However, this 
same reaction using triphenyl phosphite proceeds well, giving complex (82) in ca. 95% yield.32 Conver- 
sion to the dienyl complex (83) is essentially quantitative. Complex (83) behaves similarly to (79). and 
some of its reactions with nucleophiles are summarized in Scheme 10. Interestingly, dimethylcuprate 
reacts exclusively at C-1, while methyllithium adds exclusively to C-2. In general it appears that 'soft' 
nucleophiles add to the dienyl terminus, while harder nucleophiles attack C-2. (This contrasts with the 
reactions of cyclohexadienyliron complexes which always give C- 1 addition products.) The high yields 
from these reactions, coupled with the ease of preparation of (83) on a large scale (>200 g batches), au- 
gurs well for this methodology as a means of stereoselectively functionalizing the seven-membered ring. 
We shall return to this in Section 3.4.2.4. 
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Me2CuLi 
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Fe(CO)zP(OPh)3 Fe(C0)2P(OPh)3 0 ””’ CH(C02Me)2 “I8,CN 

Fe(C0)2P(OPh)3 
(87) 9% 

(88) 
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Scheme 10 Preparation of dicarbonyl(tripheny1 phosphite)(cycloheptadienyl)iron hexafluorophosphate 
and its reactions with simple nucleophiles 

The major limitation on the reactivity of cycloheptadienyliron complexes is the fact that treatment with 
hard enolates, such as methyl lithioacetate results in deprotonation to give, e.g. the q4-triene complex 
(89). This appears to be less of a problem in the corresponding cyclohexadienyl systems. 

3.4.2.3 Regiocontrol During Nucleophile Addition to Cyclohexadienyliron Complexes: 
Applications of Alkoxy- and Methoxycarbonyl-substituted Complexes in Organic 
Synthesis 

A methoxy substituent at C-2 of the cyclohexidienyl ligand, as in complex (27). exerts a very power- 
ful directing effect. The C-1 terminus appears to be electronically deactivated, so that nucleophiles add 
exclusively to C-5, giving products of general smcture ( 9 0  Scheme 1 1).8*10 The tricarbonyliron group 
can be removed quite easily using trimethylamine N-oxide33 to give the dienes (91), which are readily 
hydrolyzed under mild acid conditions to give substituted cyclohexenones (92). Alternatively, direct con- 
version of (90) to (92) can be accomplished by treatment of the complex with ethanolic copper(I1) 
chloride.” 

Various other oxidizing agents have been used successfully for the conversion of iron complexes to 
the dienes or enones, including iron(II1) chloride in ethan01,~*,~ Jones’ reagent,” and cerium(1V) am- 
monium nitrate.8 Overoxidation to give the aromatic compound is noted with methoxy-substituted com- 
plexes, and can be minimized by using trimethylamine N-oxide or copper(II) chloride. Sometimes, 
further oxidation of dienes such as (91) to aromatic compounds is a desirable transformation. This can be 
accomplished in good yield using either DDQ or palladium on charcoal, and this has been utilized in a 
formal synthesis of the natural product 0-methyljoubertiamine (93 Scheme 12).36 
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H+/H20 Meoo,,,,R - '"' R 
(91) (92) 

Scheme 11 

OMe 

OMe 
I 

OMe 

OMe 
I 

FNMe2 
0 

(93) 

Scheme 12 

The addition of carbon nucleophiles to complex (27). followed by demetallation, is equivalent to the 
y-alkylation of cyclohexenone. This overall transformation can also be accomplished directly via addi- 
tion of electrophiles to dienolsilanes, but it becomes nontrivial for cases where the cyclohexenone C-4 
position is already s~bs t i tu ted .~~ On the other hand, 1 -substituted cyclohexadienyliron complexes, such 
as (M), react very cleanly with certain carbon nucleophiles, at the substituted dienyl terminus. This pro- 
vides useful methodology for the construction of 4,4-disubstituted cyclohexenones, and has been em- 
ployed in a variety of natural product syntheses. 

Reaction of (30) with diethyl sodiomalonate gives exclusively complex (W), which can be demetal- 
lated to give the cyclohexenone derivative (95; Scheme 13) in good overall yield.27 A range of nucleo- 
philes can be used, including cyanide, and keto ester enolates, giving, e.g. (96) or (97; Scheme 13), 
respectively. 

The steric bulk of the nucleophile does not seem to affect the regioselectivity during reaction with 
complex (30), but mixtures are obtained when the complex carries bulky substituents at the dienyl ter- 
minus. This is illustrated in equations (41)-(46), where some of the potential problems are high- 
lighted?7.38 

The regioselectivity during these reactions can be improved by using isopropoxy instead of methoxy 
as the directing group. In this case the electronic deactivation of the neighboring dienyl terminus is rein- 
forced by the steric demand of the more bulky isopropyl group. For example, (114; Scheme 14) and 
(117; Scheme 15) give dienyl complexes (115) and (118) in high yield on treatment with triphenylmethyl 
hexafl~orophosphate3~ and these add to dimethyl malonate anion with much better regiocontrol than the 
corresponding methoxy derivatives. Cleaner reaction occurs if potassium enolates are used in place of 
the sodium  derivative^?^ as summarized in Schemes 14 and 15. 

Multiple substitution on the dienyl ligand has not been extensively investigated. The dimethyl-sub- 
stituted complexes (121 and 122; equation 47) and (123; Scheme 16)40,41 all react with malonate anion to 
give good yields of the desired products, although the isopropoxy derivative (122) gives better regio- 
selectivity than the methoxy compound (121). A sterically more demanding substituent para to the al- 
koxy directing group has adverse effects though, and complexes (124) and (125; equation 48) react with 
nucleophiles exclusively or predominantly at the unsubstituted dienyl terminus."0 

Steric hindrance to nucleophile addition becomes a major problem with 6-exo-substituted cyclohexa- 
dienyliron complexes, and the outcome of these reactions is highly dependent on the size of the substi- 
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(105) R = Me 
(108) R = AC 

(106) R = Me, 72% 
(109) R = Ac, 50% 

(107) R = Me, 28% 
(110) R = Ac, 50% 

(112) 82% (113) 18% 

KCH(C02Me), 
(111) * (112) + (113) 

96% 85% 15% 

Scheme 14 

Oh' 

Ph3CPF6 KCH(C02Me), 
-Fe(C0)3 - + +Fe(CO)3 1 

/ 85% 78% 
PF6- 

OMe OMe 

(117) (118) 

OPri 

+ Me02C 

OMe Me0 
C02Me 

(119) 90% (120) 10% 

Scheme 15 

tuent. For example, complex (54; Scheme 17), which has a linear, sterically undemanding 6-ex0 substi- 
tuent, reacts with malonate and cuprate nucleophiles with excellent stereocontrol to give complexes 
(126) or (127). and (126) is readily converted to the cyclohexenone (128).14 

A range of enolate nucleophiles have been added to trimethylsilyl-substituted cyclohexadienyl com- 
plexes (49; Scheme 18) and (51; equation 49) and related compounds. Again, high yields are obtained 
and stereodirection by the Fe(CO)3 group is very powerful.13 
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(54) (126) R = CH(COzMe)z (128) 
(127) R = Me 

Scheme 17 

Ex0 addition is always observed. When the 6-ex0 substituent is very bulky, as in complex (132; equa- 
tion 50), nucleophile addition to the dienyl ligand is completely suppressed. Instead, decomplexation is 
observed giving the dienone (133). possibly via attack of nucleophile at the metal (i.e. ligand ex- 
change)?2 Endo addition is not observed. 

Regioselectivity problems, such as those encountered with complexes (124) or (125). may be over- 
come by using an intramolecular addition of the nucleophile. Spiracyclization of keto ester groups onto 
the dienyliron system proceeds in good yield to form a six-membered ring, e.g. (134) gives (135; equa- 
tion 5 l), but 0-alkylation occurs when five-membered ring formation is attempted, e.g. (136) gives (137; 
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NaCH(CO,Me), 

80% 
(49) 

.. 

202Me 

equation 52).43 A malonate group is insufficiently acidic for selective anion generation, and treatment of 
(138) with base results in deprotonation of the side chain to give (139; equation 53). On the other hand, 
the more acidic malononitrile or cyano ester groups can be deprotonated and cyclized to give 
spiro[4S]decane derivatives such as (141; equation 54) and (143; equation 55).40*ezps 

Regioselectivity during the addition of heteroatom nucleophiles to these complexes can be influenced 
in special cases by taking advantage of the reversibility of the reaction. For example, primary amine nu- 
cleophiles add reversibly to dienyliron complexes. When they are allowed to react with complexes such 
as (144) and (149), containing a leaving group in the side chain, the adducts (146) and (151) can undergo 
further reaction to generate azaspirocyclic systems (147) and (152), while the regioisomers (145) and 
(150) cannot (Scheme 19).45 Since the formation of the amine adducts is reversible, the net result is that 
the azaspirocycles can be produced in high yield. These are readily converted to enones (148) and (1531, 
and (153) has been used in a formal total synthesis of (k)-perhydrohistrionicotoxin (154; Scheme 20).46 

The regiocontrol displayed by an alkoxy substituent at C-2 of the dienyl system has been exploited for 
the total synthesis of a number of relatively complex natural products. For example, the malonate ad- 
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1 
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OMe 

COzMe 

(139) 

OMe 

ducts (112) or (116) can be employed in a formal synthesis of the alkaloid aspidospermine (158, Scheme 
21).47,48 A diverse range of organic transformations can be accomplished in the presence of the 
(diene)Fe(C0)3 unit; the tricarbonyliron group may be regarded as an enone protecting group in com- 
plexes such as (155) and (156). 

Since the perhydroquinoline derivative (157) had previously been converted to (158) by Stork and 
DolfiniP9 the conversion of (112) to (157; Scheme 21) constitutes a formal total synthesis of the natural 
product. However, this route to (157) is a longer sequence of reactions than that employed by Stork so 
that, while demonstrating the applications of dienyliron complexes in natural products synthesis, there is 
a need for considerable improvement in efficiency. Aspidosperma alkaloids bearing oxygen functionality 
at C- 18 are less readily accessible via standard organic rnethodology,s0 and the application4*J' of dienyl 
complex (118) in the total synthesis of limaspermine (163; Scheme 22) is of greater significance. This 
route parallels that described above for the construction of intermediate (157), and gives the analogous 
perhydroquinoline (161) in eight steps from (118). Conversion of (161) to (163) proceeds according to 
standard methods, resulting in a total synthesis of (f)-limaspermine in 16 steps from complex (118). 

The trichothecenes, a group of sesquiterpenes having a reasonably complex tricyclic structure, repre- 
sent useful targets for the synthetic application of cyclohexadienyliron complexes. Several members of 
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this class, exemplified by trichodennol (164), verrucarol (l65), and calonectrin (166), as well as their 
biogenetic precursor trichodiene (167), show interesting biological activity and have been the objects of 
a number of total s y n t h e s e ~ . ~ ~ - ~ ~  

The reaction of complex (30) with the enolate from methyl 2-oxocyclopentanecarboxylate to give 
complex (97). provides a method of joining five- and six-membered rings at highly substituted positions, 
generating contiguous quaternary centers appropriate for trichothecene synthesis. An equimolar mixture 
of diastereomers is generated in almost quantitative yield, and these are readily separated by crystal- 
lization to give (168, Scheme 23), which has relative configurations about the two quaternary centers ap- 
propriate for trichothecene synthesis. This intermediate has been converted to the trichothecene analogs 
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Scheme 22 

(164) R = Me 
(165) R = CHzOH 

(171; Schemq'23) and (172; Scheme 24), and the two sequences of reactions illustrate the wide range of 
organic manipulations that can be performed without detriment to the (diene)Fe(CO)3 

For an effective synthesis of trichodermol, there remain three points of concern. First, the formation of 
an equimolar mixture of diastereomers (97) leads to inefficiency, since realistically only half of the ma- 
terial can be used. Second, the ester group of complex (168) has to be reduced to methyl, a multistep 
operation which again is unattractive; it would be better to attach to complex (30) an enolate having 
methyl in place of the ester. Third, the introduction of the trichodermol4-hydroxy group must be accom- 
plished in some manner. 

The direct coupling of the tin enolate (175; Scheme 25) with (30) gives complex (176) in good yield 
(87%). Fortuitously, the bond formation gives approximately a 5 :  1 mixture in favor of the diastereomer 
required for trichothecene synthesis. Further elaboration of the major isomer leads to (f)-trichodiene 
(167), representing an eight step diastereoselective total synthesis of the natural product from p-methyl- 
anisole, which compares very favorably with previous  method^.^^.^^ 

In order to address the problem of 4-hydroxy group introduction, a tin enolate bearing a substituent 
that can be later converted to hydroxy must be employed. A suitable OH surrogate is the phenyldi- 
methylsilyl The readily prepared silyl-substituted tin enolate (177) reacts with complex (30) 
with a high degree of diastereoselectivity (ca. 6: 1) to give complex (178) as the major product (72%h5* 
Subsequent manipulation of (178) leads to a stereoselective total synthesis of (f)-uichodermol (164; 
Scheme 26) in 13 steps from complex (30). which is itself easily prepared from p-methylanisole on a 
large scale (>200 g batches). 

The regioselectivity during hydride abstraction afforded by an ester substituent attached to cyclohexa- 
diene has also been exploited for total synthesis. The synthesis of (+)- and (-)-gabaculine in homochiral 



Nucleophiles with Cationic Pentadienyl-Metal Complexes 683 

ii-iv (CO)3FeG, M ~ W  v. vi 

- - i 
(97) - 

45% 76% 9&95 % 

- OH 
(168) (169) 

(CO)3Fe.,, 0 

vii, viii c OW ___) 5 steps 

46% 15% 
OMe 

(170) OMe OMe 

i, recryst.; ii, NaBH,; iii, SOCI2, py; iv. DIBAL-H; v, Bu'OOH, VO(a~ac)~, PhH; vi, MeI, NaH, THF; 
vii, Me,NO viii, H', HzO 

Scheme 23 

(CO)3FeG OSiBu'Me2 
(169) i, i i  iii, iv M~O@ __. v-ix 

54% 
90% 

' OCOPh 

i, Bu'OOH, VO(aca~)~, PhH; ii, PhCOCl, py; iii, Bu'Me2SiI, MeCN, 0 "C, 20 min; iv, DBU. THF, A, 48 h; 

v, OsO,, py, 20 "C, 24 h; vi, NazSzO5, HzO vii, Ac20, py; viii, Me3NO; ix, H', H20 

Scheme 24 

form takes advantage of the efficient resolution of the carboxylic acid derived from complex (26). which 
in turn allows the preparation of homochiral dienyl complex (34). as either enan t i~mer .~~  Gabaculine 
(181) is a naturally occumng unsaturated amino acid, which has been found to act as a potent inhibitor of 
4-aminobutyrate:2-oxoglutarate aminotransferase, and which is therefore of interest in the treatment of 
certain neurochemical disorders, e.g. Parkinsonism, epilepsy and schizophrenia. The elegant synthesis 
described here illustrates two important features of dienyliron chemistry: (i) the stereospecific addition of 
nucleophiles, and (ii) the ability to remove the Fe(CO)3 group from a delicate ligand. Reaction of opti- 
cally pure (-)-@I) with t-butyl carbamate in the presence of Hunig's base leads to the formation of (-)- 
(179). which is decomplexed under mild conditions using trimethylamine N-oxide in dimethylacetamide. 
The resulting diene (180) is converted to (-)-gabaculine (181) in two steps (Scheme 27). 

The ester-substituted complex (34) has been used in synthesis of (+)- and (-)-shikimic acid, an import- 
ant intermediate in the biosynthesis of aromatic compounds, as well as stereospecifically deuterium 
labeled shikimic acid.60 Addition of hydroxide anion to (+)-(34) gives the diene complex (+)-(182), 
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which is protected and decomplexed to give the diene (183). This is converted to (-)-methyl shikimate 
(184) using standard procedures (Scheme 28). 
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3.4.2.4 Stereocontrol During Nucleophile Addition: Applications in Relative Stereocontrol 
During Multiple Functionalization of Six- and Seven-membered Rings 

Given that nucleophile addition to (dienyl)Fe(C0)3 complexes proceeds stereospecifically trans to the 
metal, the question arises as to whether this can be used to control relative stereochemistry during 
multiple functionalization of cyclohexadienes and cycloheptadienes. A hypothetical example is shown in 
Scheme 29, where nucleophile addition is followed by a second hydride abstraction, or its equivalent, to 
generate a substituted dienyl complex. Addition of a second nucleophile, assuming stereocontrol from 
the metal, would generate a disubstituted derivative with defined relative stereochemistry. 

'"' R 

Fe(CO),L L(C0)3Fe 

Scheme 29 Stereocontrolled multiple functionalization of dienyliron complexes 
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As mentioned earlier, direct hydride abstraction from 5-exo-substituted cyclohexadiene complexes is 
in general difficult, except for the 2-trimethylsilyl-substituted derivatives such as (48) and (50). Oxida- 
tive cyclization techniques have been developed to overcome this problem, exemplified by the conver- 
sion of (52) to (53) and thence to (54; Scheme 7). Stereocontrolled addition of a second nucleophile has 
already been illustrated by the conversion of (54) to (126) or (127), and the limitations imposed by a 
sterically demanding 6-ex0 substituent have been mentioned. 

Hydride abstraction from cycloheptadienyl complex (W), having a sterically less encumbered allylic 
CHZ group, occurs in excellent yield to generate complex (185; Scheme 30). Addition of nucleophiles to 
(185) provides complexes of general structure (186; Scheme 30) in high yield. The regioselectivity of 
this reaction is controlled only by steric hindrance from the methyl group in (185). but this is sufficient to 
give high selectivity. 

Fe(C0)2P(OPh)3 Fe(co)zp(o~)3 

+ -0 11111,, ,  

Ph,CPF, (y-J R- 

i .  + @%,, PF6- 
85-100% 

(84) 
98- 100% 

(185) R 

(186) a: R =  Me 
b: R = CHZCH=CHz 
c: R = CH(COzMe)z 
d: R = CH(SOZPh)COzMe 

Scheme 30 

The symmetrical dimethyl-substituted complex (186~1) has been employed in an asymmetric synthesis 
of the Prelog-Djerassi lactone (Scheme 3 Decomplexation of (186a) affords the diene (187). which 
undergoes stereospecific palladium-catalyzed 1 ,Cdiacetoxylation to give (188). Enzymatic hydrolysis of 
this compound allows the preparation of optically pure hydroxy acetate (189) which is readily converted 
to the (+)-Prelog-Djerassi lactone (190), an important degradation product of several macrolide antibio- 
tics and a building block for their chemical synthesis. 

Pd(OAc)z 
LiOAc.2 H20 

benzoquinone, AcOH 
63% 

(1Ma) 1%1,, ,  * 
75% 

i, Bu'Me,SiCI, R'ZNEt, DMF 

i i ,  MeZCuLi 

* AcO"I'' 0 OAc )W,,,, c 0 OAc 

77% 

lipase, pH 7.5 

96% HO""' ( ( 1 1 , , , (  

(189) ( 188) 

i i ,  aq. HCI, THF, 50 OC 
66% 

(190) 
Scheme 31 

The malonate adduct (186c) has been used6' as an intermediate for the preparation of molecules corre- 
sponding to substructures of the macrolide antibiotics tylosin (193) and carbomycin B (194, Scheme 32). 
Decomplexation of (186c), followed by decarboxylation and ester hydrolysis, gives the carboxylic acid 
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(191), which undergoes conjugate bromolactonization to generate (192), and this can serve as an inter- 
mediate for approaches to the right-hand section of either (193) or (194), as shown in Scheme 32. 

* 0' i, Me3N0 
or Cr03*2 py 

ii, NaCN, DMSO, A 
i i i ,  NaOH, MeOH, H 2 0  1 

H02C 

(191) 

NBS, CHPC12, A, 1.5 h 1 80% 

OHC Y" 

0 0 

(193) R, R = sugars (194) R = sugar 

Scheme 32 

Double functionalization appears to be quite general, since a variety of 5-substituted cycloheptadiene- 
iron complexes are readily converted to 6-substituted cycloheptadienyliron systems, which in turn under- 
go regio- and stereo-controlled nucleophile addition.23 

3.4.25 Control of Absolute Stereochemistry During Carbon-Carbon Bond Formation Using 
Dienyliron Complexes 

3.4.2.5.1 Preparation of enantiomericallj enriched complexes 

There are two approaches for obtaining enantiomerically pure, unsymmetrically substituted, dienyliron 
complexes: (i) Resolution of either the dienyl complex itself or its dieneiron complex precursor; and (ii) 
asymmetric synthesis of the diene or dienyl complex. 

The first method, resolution, is unattractive unless both enantiomers are useful in synthesis. In some 
cases, such as the resolution of dienecarboxylic acid derivatives mentioned earlier (via the phenylethyl- 
ammonium salt), the resolution is efficient and provides optically pure materials in good yield?9@*63 In 
certain cases, the dienyliron complex can be treated with a chiral nucleophile to give a mixture of dia- 
stereomers which are separated and then reconverted to enantiomerically pure dienyl complex.64 An 
example of this method is the resolution of complex (27; Scheme 33). via the menthyl ethers (195) and 
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(1%), which can be separated chromatographically. Treatment of the separated ethers with acid leads to 
regeneration of optically pure complexes (+)- and (-)-(27). 

(+_)-(27) + hoH 
MeoQ, ''"OR* + R*o'"' C-z.3 
(Cold+ 

n (195) (1%) 

OMe OMe 

Scheme 33 

A modest degree of kinetic and/or thermodynamic discrimination has been observed during reactions 
of unsymmetrically substituted cyclohexadienyliron complexes with a deficiency of chiral nu~leophile,6~ 
but this does not generate synthetically useful amounts of optically pure complexes and also involves 
loss of at least 50% of the complex (as dues any classical resolution). A more promising approach,66 
which has not been fully refined to give high optical yields, is based on the knowledge that iron carbonyl 
complexes of a,g-unsaturated ketones, such as benzylideneacetone, readily transfer the Fe(CO)3 group to 
1 , 3 - d i e n e ~ ? * ~ ~ ? ~ ~  The use of Fe(CO)3L2 complexes derived from chiral enones as asymmetric transfer re- 
agents allows preparation of both enantiomers of complexes (16) and (19) with enantiomeric excesses of 
up to 43%. Assignments of absolute stereochemistry have been made, and it is noteworthy that the en- 
antiomer which predominates is dependent on the chiral enone used to generate (in situ) the 
(enone)Fe(C0)3 complex. For example, the use of (+)-pulegone (197; equation 56) gives (+)-( 19). while 
the use of (-)-3~-(acetyloxy)pregna-5,16-dien-20-one (198 equation 57) gives (-)-( 19). 

Fe(CO)3 (56) 
i, Fe2(CO)9, pet. ether, A, 5 h 

ii, (21) ,pet. ether, 40 OC, 270 h 0 
79% 

(197) (+)-(19) 10% ee do i, Fez(CO)q, pet. ether, 40 OC, 5 h $'Fe(c0)3 / 

ii, (21), PhH, 65 OC, 88 h 
(57) 

26% 
\ 

(1%) (-)-(19) 43% ee 

AcO 

While the optical yields are rather low for useful synthetic application, this represents a promising lead 
for future work in the area of asymmetric complexation reactions. 
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3,4252 Reactions of symmetrical dienyliron complexes with chiral nucleophiles 

An alternative approach to asymmetric synthesis using dienyliron complexes involves addition of an 
enolate nucleophile bearing a chiral auxiliary to the complex.68 Reaction of complex (83) with the enol- 
ate from optically pure sulfoximine-stabilized ester (199) gives the adduct (200), desulfonylation of 
which leads to the monoester derivative (201; Scheme 34), obtained in 5096 enantiomeric excess. Since 
this complex undergoes hydride abstraction to give (202), which in turn reacts with a variety of carbon 
nucleophiles to generate complexes (203; Scheme 3 9 ,  this represents a potentially useful approach to 
asymmetric multiple functionalization of the seven-membered ring. However, an enantiomeric excess of 
50% is disappointing and there is much work to be done in seeking chiral auxiliaries that give higher 

Fe(CO)zP(OPh)3 =y) 75% ",,,,,\ 

COZMe 

(+)-(201) 50% ee 

Scheme 34 

3.43 CATIONIC DIENYL COMPLEXES OF OTHER METALS 

The chemistry of pentadienyl complexes of metals other than iron has not been explored in depth, and 
consequently few applications in synthesis have emerged. The most noteworthy systems are the com- 
plexes of manganese and cobalt, and these will be described briefly in this section. One of the major 
problems with the use of these metals stoichiometrically is the high cost of their carbonyl complexes 
compared to iron [at the time of writing Fe(C0)s was cataloged at ca. $75.00 kg-I, Mn2(CO)io at $79.60 
for 10 g, and CpCo(C0)z $142.75 for 25 g (Aldrich Catalog 1988/89)]. While this may reflect the rather 
low demand for these reagents, the high price is certainly a disincentive for extensive research that re- 
quires large amounts. 

3.43.1 Dienylmanganese Complexes 

Treatment of 1,3-~ycloheptadiene with Mn2(CO)io at high temperature (refluxing mesitylene) gives 
the (cycloheptadienyl)Mn(C0)3 derivative (204) in high ~ ie ld .6~  This complex bears no charge and is un- 
reactive towards most nucleophiles. However, substitution of CO ligand by NO+ gives complex (205). 
which reacts with nucleophiles to give substituted diene complexes (206; Scheme 36).'O Stereocontrolled 
double functionalization of the cycloheptadiene ring is possible since (204) can be converted to the 
(triene)Mn(CO):, complex (207), which also undergoes nucleophile addition. Using these tactics, sub- 
stituted (dienyl)Mn(CO)zNO cation complexes (208; Scheme 37) can be prepared and converted to diene 
complexes (209). In several cases, the addition of nucleophiles is improved by using the trialkylphos- 
phine or trialkyl phosphite derivatives (210) or (211; Scheme 37).70 
(Arene)tricarbonylmanganese complexes react with nucleophiles to give substituted (cyclohexadie- 

nyl)Mn(CO)3 complexes7' which can be activated towards nucleophile addition by CO/NO+ exchange 
giving, e.g. (214).72 Kinetic studies73 indicate that the [Mn(CO)zNO]+ and [Fe(CO)3]+ groups are vir- 
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Mn(COhN0 Mn(C0hNO 

R- - 
"" R 

(205) (2M) R=Me,21% 
R = CH(C02Me), 

(M) 

Scheme 36 

- - CH(CO,Et), i, R- 
___) 

ii,NOPF6 
(204) - 

(207) R R 
(208) (209) R=Ph 

i, PX,, hv R = CH(CO,Et)* 
ii, NOPF, 

Mn( CO)( NO)PX3 Mn(CO)(NO)PX3 

____c 

1111, R 
R- 

65-74% 

(210) X=Bu 
(211) X=OMe 

(212) R = Me or CH(C02Me), 

Scheme 37 

tually identical in their activating power, so that they can be expected to react with similar nucleophiles. 
From the reactions of (214; Scheme 38), it can be seen that all nucleophiles add exo, except borohydride 
(borodeuteride) which adds endo, possibly via initial attack on a CO or NO ligand. (It may be noted that 
hydride adds only ex0 to dienyliron complexes.) 

(214) R=Me 
or Ph 

R 
(217) 

Scheme 38 
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Of potentially greater interest are the preparation and reactions74 of (dienyl)Mn(COhNO complexes 
such as (219; Scheme 39), which take advantage of the meta-directing effect of a methoxy substituent 
during nucleophile addition to the (arene)Mn(CO)s complex (218). The dienyl system of (219) is very 
similar to the organoiron derivatives such as (M), and so it is interesting to note that sodium borohydride 
reduction of this complex gives a 1.5: 1 mixture of regioisomers (220) and (221; Scheme 39) (hydride 
again adds endo). While there is some regioselectivity, it is unlikely to be of sufficient interest to prompt 
synthetic applications of this complex. Perhaps the use of isopropoxy in place of the methoxy group will 
allow greater regiocontrol, as seen with the iron analogs, but no study has been reported. Similarly, the 
arenemanganese complex (222; equation 58) has been converted to (223; 9:l regioselectivity is ob- 
served).7s No reports of nucleophile addition to this complex have appeared. 

1 PJz THF, MeCN 

OMe OMe 

Ph""' + $1 Mn(C0)2N0 

(220) 60% (221) 40% 

Scheme 39 

The range of nucleophiles that will react with complexes such as (219) and (223) has not been exten- 
sively investigated. The regiocontrolled addition of carbon nucleophiles, if successful, might provide 
new methodology for construction of highly functionalized cyclohexenones. 

3.432 Dienylcobalt Complexes 

The reactivity of the cobalt complexes has not been extensively investigated. The methods of prepara- 
t i ~ n ~ ~  of (dienyl)CoCp complexes are very similar to those for (dienyl)Fe(CO)3 systems, including acid- 
promoted dehydroxylation, hydride abstraction, etc. and are illustrated here for complex (224; Scheme 
40) and the analogous rhodium complex (225; Scheme 41). Somewhat surprisingly, the sterically con- 
gested (diene)CoCp complex (226) undergoes hydride abstraction, on treatment with trityl hexafluoro- 
phosphate under mild conditions, to give (228, Scheme 42).77 

Nucleophilic addition to these complexes is a little less predictable than for the dienyliron systems. For 
example, the nucleophiles studied add to C-3 of the acyclic dienyl ligand in (224). but to C-1 of the cy- 
clic system (225). Alkyllithiums add both to the cyclohexadienyl ligand, e.g. (227) gives (229), and to 
the cyclopentadienyl ligand, followed by interligand hydrogen transfer to give, e.g. (228). However, the 
fact that a hindered, very basic alkyllithium adds to a sterically hindered dienyl terminal carbon and does 
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NaOMe 

fRP 

R = OMe 
R=H 

Scheme 41 

- Bu'Li*THF 

-78 "C 
pF6 

SiMe3 
-78 to 20 "C 

SiMe3 

(226) (227) (229) 

MeLi -78OC 

THFI 
60% 

Scheme 42 

not deprotonate the complex is very encouraging and indicates that a set of reactions might be developed 
that are complementary to those already known for the organoiron derivatives. 
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35.1 INTRODUCTION 

Numerous synthetically useful carbon-carbon bond-forming reactions are based on the fact that un- 
saturated hydrocarbon ligands bound to electrophilic transition metal moieties are activated toward addi- 
tion of nucleophiles. Normally the metal moiety in such complexes is a neutral or cationic metal 
carbonyl group. hominent and well-studied examples include [Cr(arene)(CO)s] complexes (covered in 
Chapter 2.4, this volume),' [Fe(dienyl)(C0)3]+ complexes (covered in Chapter 3.4, this volume)? 
[FeCp(COh(alkene)]+ complexes3 and [M(CO)n(diene)] c~mplexes.~ 

The complementary approach, activation of unsaturated hydrocarbons toward electrophilic attack by 
complexation with electron-rich metal fragments, has seen limited investigation. Although there are cer- 
tainly opportunities in this area which have not been exploited, the electrophilic reactions present a more 
complex problem relative to nucleophilic addition. For example, consider the nucleophilic versus elec- 
trophilic addition to a terminal carbon of a saturated 1 &electron metal-diene complex. Nucleophilic ad- 
dition generates a stable 18-electron saturated w-allyl complex. In contrast, electrophilic addition at 
carbon results in removal of two valence electrons from the metal and formation of an unstable IT-allyl 
unsaturated 16-electron complex (Scheme 1). 

The 16electron species invariably must be stabilized by addition of an external ligand or by internal 
coordination. For example, as will be discussed later, acylation of a [Fe(diene)(COh] complex yields a 

695 
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r 'I- 

18 electron 18 electron saturated 

r l +  

L J 

16 electron unsaturated 

Scheme 1 

carbonyl-coordinated complex, while alkylation of a [Mn(diene)(CO)s]- complex 
agostic species (Scheme 2). 

L J 

18 electron 

gives an 18electron 

L 

18 electron 

Scheme 2 

A common observation is that electrophiles add readily to complexes containing uncomplexed double 
bonds (normally at the uncomplexed double bond) to give 18-electron species as the initially generated 
complex. For example, acylation of [Fe(cycloheptatriene)(CO)3] yields an 18-electron dienyl complex, 
as shown in equation (1). 

[RCO]' 

+ 

1 
There are a few examples of additions of carbon electrophiles to metal complexes of allyl5 and dieny16 

moieties and arenes' which suggest many possible future extensions. However, the vast majority of sys- 
tems examined involve additions of carbon electrophiles to electron-rich metal-diene complexes. This 
chapter will present a general discussion and several examples of such additions. Section 3.5.2 will 
examine simple q4-diene corhplexes, while Section 3.5.3 will treat polyalkene complexes containing an 
q4-diene unit and one or more uncomplexed double bonds. 
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3 5 3  REACTIONS OF q4-DIENE TRANSITION METAL COMPLEXES WITH 
ELECTROPHILES 

353.1 q4-Diene Iron Tricarbonyl Complexes 

Electrophilic substitution of [Fe(diene)(CO)3] complexes was first described by Ecke who reported 
that acetylation of [Fe(butadiene)(CO)s], (1). gives 1 - and 2-acetyl derivatives! Subsequent studies 
showed that acylation occurred only at the terminal carbons,g12 to give the trans and cis isomers (2) and 
(3). respectively (equation 2). 

The acylation is thought to occur as shown in Scheme 3. The vallyl intermediate (5) was isolated in 
86% yield and characterized by X-ray analy~is.'~ The NMR spectrum and crystal structure of (5) indicate 
that only the anti-allyl structure is formed; no other positional isomers were detected. The iron atom in 
(5) obtains a closed-shell electron configuration by intramolecular a-donation of a lone pair of electrons 
from the acyl oxygen atom, which is confirmed by a lowering the acyl CO bond order (wo 1637 cm-l).12 
There is no direct evidence for formation of (4); its intermediacy has been suggested primarily based on 
the endo stereochemistry of the acylation reaction (see below). 

[MeCO]' 

attack at Fe 

-1 

(5) observed 

t 
H'or OH- 

Scheme 3 

t 

/J 
(C0)3Fe Y 

0 

(4) proposed 

+ 

The kinetic product of deprotonation of (5) is the cis isomer (2); however, (2) is readily isomerized to 
the thermodynamically more stable trans isomer (3) under both acidic and basic conditions. Thus acyla- 
tion reactions can often lead to a mixture of isomers and product ratios are dependent on the precise 
quenching conditions. Convincing evidence for endo addition of [RCO]+ to iron-diene complexes fmt 
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came from the X-ray crystal s t r u m  determination of the cationic intermediate (7) formed from acyla- 
tion of the 1.4-dimethylbutadiene complex (6; equation 3).14 

r 1 J .  

[MeCO]+ 

endo addition 
b .... (3) 

Using a competition method, Lillya et al.15*16 obtained relative reactivities for a series of substituted 
diene-nicarbonyliron compounds toward the methyloxocarbonium tetrachloroaluminate ion pair in di- 
chloromethane. The results are qualitatively summarized in Scheme 4. 

M 

Scheme 4 

Quantitative relative partial rate factors for acetylation of several of these iron-diene complexes were 
also obtained and are summarized in Scheme 5.15.16 

-0.0 4.0 

Scheme 5 Relative partial rate factors for acylation with acetyl chloride/AICI, 
in dichloromethane at 25 OC 

These results show that substitution of a terminal carbon decreases its reactivity dramatically presum- 
ably due to a steric effect. Substituent effects are moderate; for example, a 1-methyl group increases the 
rate of substitution at C-4 by a factor of 4. A 2-methyl group exerts a small directing effect to 
however, substitution of more strongly electron-donating groups at C-2 (e.g. SiEt3, SiPr'3) results in 
higher regioselectivity for substitution at C-4 (see 

As mentioned earlier, the cis:trans ratios of acylation products are highly dependent on the method of 
quenching. l 8  Quenching with cold 28% aqueous ammonia gives high yields of cis-dienone complex. In 
contrast, quenching with potassium t-butoxide in t-butanol gives high yields of trans-dienone (equation 4 
and Table 1). 

Cis isomers can be isomerized to trans isomers by various methods. Illustrative examples are shown in 
equations (5 )  and (6), Tables 2 and 3. 

Birch and PearsonZZ have studied electrophilic substitution of a triphenylphosphine-substituted system, 
[Fe(cyclohexadiene)(CO)2PPh3], (8; equation 7). Several features of their results are instructive. First, 
substitution of CO by the better a-donor, poorer wacceptor PPh3 ligand renders the complex more reac- 
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Table 1 Variation of cis:trans Isomer Ratios with Quenching Method 

A B 

R Quenching method A:B Yield (96) 

H Aq. ammonia (28%) 1 :o 
Me Aq. ammonia (28%) 1 :o 

p-  eCOC6I-4 K2C03 (5%) 0: 1 
GBtCd-4 Aq. ammonia (28%) 1 :o 

86 
84 
90 
90 

Table 2 Isomerization of cis Isomers to trans Isomers Under Basic Conditions 

COMe R3 

R' R2 R3 Yield (%) Ref: 

H H H 69 18 
H H Me 71 18 
H H p-BrCsH4 79 18 
H OMe H 60 18 

Me H Me 75 18 ~ ~~ 

H 
Me 

MeCO 

H 
H 

SiEt3 

siMe3 
SiMe3 

H 

85 
95 
92 

19 

Table 3 Isomerization of cis Isomers to trans Isomers in the Presence of Acetyl Chloride 

I - UUk 
R3W' 

R' R2 R3 Yield (%) Ref. 

H Me Me 89 21 
Me Me Me 99 21 
Me H Me 89 21 
H SiEt3 Me 95 20 
H SiW3 Me 95 20 

SiEt3 H Ph 68 17 
H SiEt3 Ph 68 17 

SiEt3 H But 73 17 
H SiEt3 By' 73 17 

SiEt3 H w 96 17 
H SiEt3 Pf 96 17 

tive toward electrophiles. Thus, substitutions can be carried out under milder conditions and in better 
yields. 

Second, acylation reactions of (8) yield only isomer (10); (11) is not formed. This observation can be 
explained by considering intermediate (9; Scheme 6). The coordination between the acyl oxygen and the 
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- 
fohPm3 

6 7  (8) R 

RCI. Ala, ,  CH2C12, -78 OC 
(7) 

R = COMe, 96%; R = COPh, 50%; R = CH2OMe. 65% 

iron atom in cationic intermediate (10) would result in the carbonyl Tr-orbital being orthogonal to a de- 
veloping carbanion lone pair orbital at the a-position, thereby making the a-hydrogen, Hix, less acidic 
than the alternative methylene hydrogen, H ~ N .  

0 

Scheme 6 

All of the examples cited above involve monoacylation of iron-diene complexes. Frank-Neumann has 
recently demonstrated that monoacylated derivatives are subject to a second acylation and that bis- 14- 
diacylated complexes could be obtained in moderate to good yields. Examples 8n given in equations (8) 
and (9) and Table 4.20,23 

Table 4 Diacylation Reactions of [Fe(2-Triethylsilylbutadiene)(CO)~l 

b isomer 

i, RCOCl, AICl3 
ii, H20 

iii, AcCI, H20 

O R  

- RCOCI, AIC13 
(C0l3Fe - x 

Et$i A 
R K Yield (%) 

pi 50 
76 (CH2hC02Me 

Me 40 
Me 32 

55 Me 
90 (CH2wOMe Et 

Me 
Me w 
But 
Ph 
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Formylation of diene-tricarbonyliron complexes has also been reported by Lillya et al.18.24 Examples 
are given in Scheme 7. 

C12CHOMe. TiC4, 

cH2c12.0 "C, 
25% 

Scheme 7 

In a series of classic studies, Pettit et al. reported the synthesis of (cyc1obutadiene)iron aicarbonyl 
together with a variety of electrophilic substitution reactions of this 'aromatic' system (Scheme 8).25-27 

0 

dCC13 

6coMe 
Fe(C0I3 
A 

MeCOCl 
A I C I ~ ,  cs2 

PhN(Me)CHO 

PhCOCl 
A I C I ~  

' 0  

Scheme 8 

There are numerous methods available for the cleavage of the iron tricarbonyl group from the diene 
moiety and recovery of the organic ligand in good yields. The most frequently used methods involve oxi- 
dative procedures including reaction of the diene complexes with Me3N0, H20dOH- and Fe*** and CeIV 
salts. Reactions of iron-diene complexes with LiAlH4 normally leads to cleavage and complete reduction 
of the diene 

The availability of such procedures coupled with several straightforward methods for synthesis of the 
diene complexes make these species attractive for use in organic synthesis. Several illustrative examples 
follow, which include acylation (or diacylation) of iron-diene complexes followed by cleavage and re- 
covery of the free organic ligand. 

Frank-Neumann has described a series of double acylations followed by oxidative cleavage reactions 
to yield 1,6-dione-2,4-dienes (Schemes 9 and 

In an elegant synthetic application of iron-diene complexes, Knox30 has reported acylation of a series 
of 1-alkyl-substituted diene complexes which after cleavage, reduction and esterification give a series of 
moth pheromones (Scheme 11). 



702 

MeCOCl 

86% 
AIC13, CHZC12 
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90% COMe 

i, MeCOCI, 20 "C, 0.5 h 
ii, H,O, 89% 

i, MeCOCl, AICl3; ii, MeCOCl, 20 OC, 5 h; iii, H20; iv, MeCOCl, AlC13; 
v, NaOMe, MeOH, 20 OC, 15 h; vi, H202, NaOH, MeOH, -15 "C, 0.5 h 

Scheme 10 

Cleavage of acylated diene-iron complexes with LiAlH4 is illustrated by the following reports of Nes- 

Pearson3' has reported an example of intramolecular alkylation under CO to yield an allyliron tetracar- 
meyanov and Anisimov (Scheme 12).28,29 

bony1 cation. Hydride reduction yields the alkene (Scheme 13). 

3.5.2.2 q4-Diene Manganese Tricarbonyl Anions 

[Mn(diene)(CO)s]- complexes are isoelectronic with [Fe(diene)(COh] complexes but owing to their 
anionic character are much more reactive toward electrophiles than the neutral iron analogs. The fmt 
examples of these species to be reported were [Mn(cyclohexadiene)(C0)31- complexes prepared via 
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A I C ~ ~ ,  LIAIH~ 
60% 

Me3NO Fe(CO13 

R (CH2),CH20H * R Y'L (CH2),CH20H 

codling moth pheromone, 
R = Me, n = 6 

long time 1 

Fe(CQ3 

R f i  (CH2),CH0 

spiny bollworm moth pheromone, 
R = Pr". n = 8 

R ' 1 (CH2),CH20Ac 

Me3NO I 
R (CH2),CH20Ac 

R m  n Moth species 
H 6  7 red bollworm moth 

Me 5 6 pea moth; pitch pine tip moth 
Et 6 7 light-brown apple moth 

Scheme 11 

OH 

Ph 

i, RCOCI, AlCl,; ii, LiAIH,, THF, reflux; iii, MeCOCl, AlCl,; iv, PhCHO, 
NaOH; v, LiAIHd, THF, reflux 

Scheme 12 

double hydride reduction of [Mn(arene)(C0)3]+ complexes (Scheme 14).32 An acyclic example (12) was 
prepared by thermolysis of [ 1 ,l-dimethylallylMn(C0)4], (13), to give agostic complex (14) followed by 
deprotonation with KH (Scheme 14).33 

A more general route to these anionic manganese complexes has recently been d e ~ c r i b e d ~ ~ * ~ ~  and in- 
volves Red-A1 reduction of [Mn(2-methylallyl)(C0)4] to yield [Mn(butene)(C0)4],- which reacts with a 
variety of both cyclic and acyclic dienes or polyenes to give [Mn(q4-diene)(CO)31- or [Mn(q4- 
polyene)(CO)$ complexes in moderate to good isolated yields (equation 10). 
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Scheme 13 

+ 
2 equiv. hydride 1 q c 0 ) 3  c 

(13) (14) (+ isomer) 

Scheme 14 

7 -  

r 1 -  

Red AI. THF, 0 "C /y/- - [Mn(q4-diene)(CO)3] -or [Mn(q4-polyene)(CO),1 - (10) 
I diene or polyene (CO)dMn 

As indicated above, the anionic manganese species are quite nucleophilic and much more reactive to- 
ward electrophiles than are the neutral iron analogs. Although little has been done with regard to ap- 
plying these reactions in synthesis, their potential is illustrated by the reactions of these complexes with 
methylating reagents. [Mn(cyclohexadiene)(CO)$ reacts with methyl iodide to give the equilibrating 
mixture of agostic isomers (15a and 15b) possessing an endo methyl group (Scheme 15). Based on endo 
addition of the electrophile, the reaction likely proceeds via a methylmanganese intermediate (16). Fol- 
lowing methyl migration, the 16-electron allyl intermediate aquires an 18-electron configuration via 
bridging to an endo C-H bond to give initially agostic isomer (15a) which can reversibly rearrange to 
isomer (15b). The isomers (15a and 15b) can be deprotonated with KH to yield the anionic endo-methyl- 
cyclohexadiene complex (17). This anion can be methylated a second time or can be readily oxidatively 
cleaved with 0 2  to give 5-methyl-l,3-~yclohexadiene.~~ The conversion of 1.3-cyclohexadiene to 5- 
methyl- 1.3-cyclohexadiene thus represents a stepwise procedure for electrophilic substitution of cyclo- 
hexadiene via nucleophilic anionic diene complex (18; Scheme 15). 

An illustrative 
reaction involving methylation of the unsubstituted complex [Mn(q4-butadiene)(C0)&, (19). is shown 
in Scheme 16. Again, the reaction is presumed to occur via a methylmanganese species (ZO) and after 
methyl migration the unsaturated metal center is stabilized by formation of a Mn---H---C bridge (isomers 
21a and 21b). Deprotonation of equilibrating (21a and 21b) yields the [Mn( 1-methylbutadiene)(COhl- 
complex (22), which has exclusively trans stereochemistry.% This sequence represents alkylation of the 
terminal carbon of butadiene and complements the iron carbonyl chemistry, where terminal acylation has 
been achieved as described above. Unpublished results indicate that a second methylation of (22) occurs 

Reactions of acyclic derivatives with carbon electrophiles have also been 
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22% (158) 
I 

r 1 1 -  

Scheme 15 

exclusively at C-4.34b The basic reactivity patterns described here suggests that, using these manganese 
reagents, procedures may be available for multiple alkylation of butadiene with control of regio- and ste- 
reo-chemistry . 

(21b) 

Scheme 16 
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3 5 3  REACTIONS OF q4-TRIJ3NE AND q4-TETRAENE TRANSITION METAL 
COMPLEXES WITH ELECTROPHLES 

353.1 q4-Triene and q4-Tetraene Iron Tricarbonyl Complexes 

3.53.1.1 Acylation and alRylation reactions 

in DMF.36.37 The result- 
ing aldehyde can then be cleaved from the metal with Ce'" ion or further elaborated using standard p m  
cedures (Scheme 17). 

[Fe(q4-cyclooctatetraene)(C0)3] can be formylated by treatment with 

CHO 

C e ' l r  6 
Fe(co)3 Fe(CO), 

Scheme 17 

A general mechanism for the formylation of [Fe(cyclooctatetraene)(C0)3] is depicted in equation (1 1). 
The first step is electrophilic attack on the ring to form a cationic q5-dienyl intermediate (23). Sub- 
sequent proton loss yields the substituted product. 

[Fe(cyclooctatetraene)(CO)3] reacts under Friedel-Crafts acetylation conditions (acetyl 
chloride/AlCb), but only low yields of the substituted product (24) are formed; the major product being 
the bicyclic cation (25) (equation 12).3638 

Bicyclic cation (25) is likely formed by the route shown in Scheme 18. The [5.1.01 cation (26) has 
been intercepted with methoxide to give (27), which can be oxidatively cleaved to give the free bicyclic 
diene (28).37 The bicyclo[3.2.1] complex (25) reacts with a variety of anionic nucleophiles to give neu- 
tral [3.2.1]  derivative^.^^ 

[Fe(cycloheptatriene)(C0)3] can be formylated in the same manner as [Fe(cyclooctatetraene)(C0)31 
and likely proceeds through the same mechanism. Reaction of [Fe(cycloheptatriene)(CO)3] with m,C13 
in DMF gives the corresponding aldehyde (70% yield), which can be converted to the primary alcohol 
with NaBH4 or secondary alcohols using Grignard reagents (Scheme 19).39.40 
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r 
I H Meoco . ,  . .  

....... , 

+ 

(24) 5% 
L 

(25) 28% 

MeCOCl 

H Meocb '. . . .  *' 

........ 

+ 

0 

MeOC H &) 

H 

+ 

Scheme 18 

The reaction of [Fe(cycloheptatriene)(CO)s] with acyl tetrafluoroborates yields only cationic complex 
(29), which can then be converted to the acylated product (30) in high yield via the methoxide adduct 
(31; Scheme 20).4O 

Complex (29) results from e m  addition of [RCO]+, and when treated with EtsN does not yield the neu- 
tral acyl derivatives. In contrast the endo salt, (32) does deprotonate readily to give the acyl derivative 
(30; Scheme 21). These observations suggest endo (32) may be the intermediate responsible for forma- 
tion of (30) under Friedel-Crafts conditions. 

When various [Fe(heptafulvene)(CO)s] complexes are treated with mC13 in DMF formylated pm- 
ducts are The reactivity of the iron carbonyl complex is markedly different than the re- 
activity of uncoordinated heptafulvenes which react with electrophiles to form the tropylium ion. 

Azepines do not undergo electrophilic substitution reactions and introduction of substituents at the 3- 
or 4-position is a difficult problem. Acylation at C-3 can be achieved via the iron tricarbonyl complex as 
shown in Scheme 22.4* The N-ethoxycarbonyl group of the acylated product can be removed with meth- 
oxide methanol and the resulting 1H compound can then be methylated. 

Franck-Neumann has reported the synthesis of naturally occurring tropolones P-thujaplicin and &do- 
labrin via the readily available [Fe(tropone)(CO)s] as shown in Scheme 23.43 A key step in the sequence 
is regiospecific acetylation of the [Fe(tropone)(CO)s] complex, a reaction which cannot be carried out on 
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Scheme 19 

Fe(c0l3 

Scheme 21 

+ 

tropone itself. Acetylation was necessary in order to induce the proper orientation of addition of the 1.3- 
dipolar dimethyldiazomethane. 
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%*H Me1,NaOH %,Me 

CH,CIZ,30 OC 
98% 

353.1 3 Reactions with electrophilic alkenes, ketones and ketenes 

[Fe(cyclooctatetraene)(CO)3] reacts with TCNE to form a cycloadduct having the bicyclic structure 
(33) shown in equation ( 13).44-47 Addition is ex0 to the metal. Similar reactions with other electrophilic 
alkenes such as 1,l -dicyano-2,2-bis(trifluoromethyl)ethylene have.qlso been observed.46 
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NCYCN 

>95 % 

Initially, the mechanism for these types of reactions was thought to involve the formation of a Zwitte- 
rionic intermediate which would then collapse to form the product.44*w8 However, recent evidence sug- 
gests that such reactions proceed via concerted addition (equation 14).49,50 

(33) (14) __c 

NC 

NC 
[Fe(cot)(C0)3] + 

Fe(CO13 

concerted addition 

Oxidative cleavage of the organic fragment from the metal is possible using CeIV and gives the tricy- 
clic rearrangement product (34) in very high yields (equation 15).45*46 The tetranitrile, (34), prepared in 
this manner has been used as a key intermediate in the synthesis of chiral2-substituted triquinacene deri- 
vatives?' 

CeIV, EtOH 
c 

NC 

N&3 
TCNE addition to substituted derivatives of [Fe(cyclooctatetraene)(C0)3] including benzocycloocta- 

tetraene have been examined to gain information on reg iose lec t i~ i ty?~~~~ 
[Fe(cycloheptatriene)(C0)3] and its ring-substituted derivatives react with a variety of strong dieno- 

philes including TCNE,&T~"~ 1,l -dicyano-2,2-bis(trifluoromethyl)ethylene~7 1,2-dicyano- 1 ,Zbis(triflu- 
oromethyl)ethyleneP7 carbomethoxymaleic anhydride?' hexaf luor~ace tone~~,~~ and arylketenes?= For 
example, reaction with TCNE produces compound (35) as the major product (Scheme 24).46,53*54 Treat- 
ment of (35) with CeIV or FeC13 cleaves the organic fragment from the metal to yield rearranged diene 
(36) in good  yield^.“^>^ Complex (35) can be converted to (37) by Cleavage of (37) with 
CeiV yields (38). 

Reaction of (CN)2C==C(CF3)z with [Fe(cycloheptatriene)(C0)3] yields adduct (39), which under CO 
pressure gives tricyclic ketone (40) presumably via iron-acyl complex (41; equation 16)P7 

Treatment of [Fe(cycloheptatriene)(C0)3] with diphenylketene at room temperature yields the [2 + 21 
product (42; Scheme 25).58 Heating (42) leads to the rearrangement product, (43)?8.60 which can be 
cleaved from the metal with CelV to yield the tricyclic ketone (44)?* 

The TCNE adducts of a variety of other [q4-Fe(CO)3]- complexed trienes and tetraenes have been in- 
vestigated. In most cases the adducts have been oxidatively cleaved from the metal with CeIV and the 
free ligands recovered in good yields. Reactivity patterns generally follow those described above for cy- 
cloheptatriene and cyclooctatetraene complexes. Specific complexes investigated include [Fe(2,4,6-cy- 
~looctatrieneone)(CO)3],6~ [Fe(trop0ne)(CO)3],6~~~~ [Fe(heptafulvalene)(C0)3] and various 8-substituted 
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Ce" 

1 1 

Scheme 24 

0 

Scheme 25 
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 derivative^,^^ derivatives of [Fe( 1,3,5heptatriene)(CO)3P and [Fe(vinylcyclobutadiene~CO)3].69 A 
comprehensive investigation of the reactions of [M(N-methoxycarbonylazepine)(COh] (M = Fe, Ru) 
with TCNE, (CN)2(.=3C(CF3)2 and (CF3)2(3-0 has been rep0r ted .4~~~~ 

353.2 q4-Triene and q4-Tetraene Manganese Tricarbonyl Anions 

As noted in Section 3.5.2.2, a general method has been recently reported for the synthesis of anionic 
[Mn(q4-polyene)(CO)3]- complexes. While reactions with carbon electrophiles have not been extensive- 
ly examined, it is clear these species are much more reactive than their neutral iron analogs. For 
example, whereas [Fe(cycloheptatriene)(CO)3] and [Fe(cyclooctatetraene)(C0)3] are inert toward alkyl 
halides, the corresponding anionic manganese derivatives (45) and (46) can be methylated under mild 
 condition^^^.^^ with methyl iodide or methyl triflate as shown in Scheme 26. X-Ray analysis of (47) es- 
tablishes the e m  stereochemistry of the methyl group and suggests attack of the methylating reagent at 
the uncoordinated double bond.35 Similar to these reports is the reaction of PhCH2Br with [Cr(q4- 
c&6)(co)3]2- to give [Cr(S-exo-benzylcyclohexadienyl)(C0)3]- reported by C ~ p e r . ~ ( ~ )  

r 1 -  

MeI, THF, 25 "C 

95% 
M ~ ( c o ) ~  

(47) 

Scheme 26 

35.4 SUMMARY 

This chapter illustrates that electron-rich transition metal-diene complexes can couple with carbon 
electrophiles and, thereby, provide unusual methods for carbon-carbon bond formation. These proce- 
dures are of interest from a synthetic viewpoint since normally uncomplexed dienes or polyenes are not 
reactive toward weak carbon electrophiles or, with strong electrophiles, undesirable reactions such as 
polymerization occur. Furthermore, the metal-mediated route often results in desirable regio- and/or ste- 
reo-selectivity. Important to the utility of these methods is the ability to free the organic ligand from the 
metal. In most instances efficient oxidative procedures have been developed for such cleavage reactions. 

As noted in the introduction, in contrast to attack by nucleophiles, attack of electrophiles on saturated 
alkene-, polyene- or polyenyl-metal complexes creates special problems in that normally unstable 16- 
electron, unsaturated species are formed. To be isolated, these species must be stabilized by intramolecu- 
lar coordination or via intermolecular addition of a ligand. Nevertheless, as illustrated in this chapter, 
reactions of significant synthetic utility can be developed with attention to these points. It is likely that 
this area will see considerable development in the future. In addition to refinement of electrophilic re- 
actions of metal-diene complexes, synthetic applications may evolve from the coupling of carbon elec- 
trophiles with electron-rich transition metal complexes of alkenes, alkynes and polyenes, as well as 
allyl- and dienyl-metal complexes. Sequential addition of electrophiles followed by nucleophiles is also 
viable to rapidly assemble complex structures. 



Carbon Electrophiles with Dienes and Polyenes Promoted by Transition Metals 713 

355  REFERENCES 
1. (a) M. F. Semmelhack, Pure Appl. Chem., 1981.53, 2379; (b) M. F. Semmelhack, in ‘Comprehensive Organic 

Synthesis’, ed. B. M. Trost, Pergamon Press, Oxford, 1991, vol. 4. chap. 2.4. 
2. (a) A. J. Pearson, Acc. Chem. Res., 1980, 13,463; (b) A. J. Birch, Ann. N .  Y.  Acad. Sci., 1980, 333, 101; (c) A. 

J. Pearson, in ‘Comprehensive Organic Synthesis’, ed. B. M. Trost, Pergamon Press. Oxford, 1991, vol. 4, 
chap. 3.4. 

3. (a) M. Rosenblum, Pure Appl. Chem., 1984,56, 129; (b) M. Rosenblum, A N .  Chem. Res., 1974, 7, 122; (c) L. 
S. Hegedus, in ‘Comprehensive Organic Synthesis’, ed. B. M. Trost, Pergamon Ress, Oxford, 1991, vol. 4, 
chaps. 3.1 and 3.2. 

4. (a) J. W. Faller, H. H. Murray, D. L. White and K. H. Chao, Organometallics, 1983, 2.400; (b) A. J. Pearson, 
M. A. Khan, J. C. Clardy and H. Cun-Heng, J. Am. Chem. SOC., 1985, 107,2748; (c) M. F. Semmelhack, J. W. 
Hemdon and J. P. Springer, J. Am. Chem. SOC., 1983, 105, 2497; (d) L. S. Barinelli, K. Tao and K. M. 
Nicholas, Organomefallics. 1985, 5. 588. 

5. (a) M. Brookhart, J. Yoon and S. K. Noh, J. Am. Chem. SOC., 1989, 111,4117; (b) G. M. Williams and D. E. 
Rudisill, Inorg. Chem., 1989,28, 797. 

6. E. P. Kundig, Pure Appl. Chem., 1985,57, 1855. 
7. (a) M. Brookhart, P. K. Rush and S .  K. Noh, Organomerallics, 1986, 5. 1745; (b) V. S. Leong and N. J. 

Cooper, J. Am. Chem. SOC., 1988,110,2644. 
8. G. G. Ecke, US pat. 3 149 135 (1 964). (Chem. Abstr., 1 %5,62,405&). 
9. D. F. Hunt, C. P. Lillya and M. D. Rausch, J. Am. Chem. SOC., 1%8,90,2561. 

10. D. R. Falkowski, D. F. Hunt, C. P. Lillya and M. D. Rausch, J. Am. Chem. SOC., 1967,89,6387. 
11. N. A. Clinton and C. P. Lillya, J. Am. Chem. Soc., 1970,92, 3065. 
12. E. 0. Greaves, G. R. Knox and P. L. Pauson, J .  Chem. SOC., Chem. Commun., 1969, 1124. 
13. A. D. U. Hardy and G. A. Sim, J. Chem. SOC., Dalton Trans., 1972,2305. 
14. (a) E. 0. Greaves, G. R. Knox, P. L. Pauson, S. Toms, G. A. Sim and D. 1. Woodhouse, J. Chem. SOC.. Chem. 

Commun., 1974,257; (b) G. A. Sim and D. I. Woodhouse, Acra Crystallogr., Secr. B,  1979,35, 1477. 
15. R. E. Graf and C. P. Lillya, J. Organomet Chem., 1979, 166, 53. 
16. R. E. Graf and C. P. Lillya, J. Am. Chem. SOC., 1972,94, 8282. 
17. M. Frank-Neumakn, M. Sedrati and M. Mokhi, J .  Organomet. Chem.. 1987,326,389. 
18. R. E. Graf and C. P. Lillya, J. Organomet Chem., 1976, 122, 377. 
19. M. Frank-Neumann, M. Sedrati and A. Abdali, J. Organomet. Chem., 1988,339, C9. 
20. M. Frank-Neumann, M. Sedrati and M. Mokhi, Tetrahedron Lerr., 1986,27,3861. 
21. M. Frank-Neumann, M. Sedrati and M. Mokhi, Angew. Chem., Int. Ed. Engl. ,  1986.25, 1131. 
22. A. J. Birch, W. D. Raverty, S. Y. Hsu and A. J. Pearson. J .  Organomer. Chem., 1979, 166.53. 
23. M. Frank-Neumann. M. Sedrati and A. Abdali, J. Organomer. Chem., 1988,339, C9. 
24. R. E. Graf and C. P. Lillya, J. Chem. SOC., Chem. Commun., 1973, 271. 
25. R. Pettit, J. Organomer. Chem., 1975, 110, 205. 
26. J. D. Fitzpatrick, L. Watts, G. F. Emerson and R. Pettit, J .  Am. Chem. SOC.. 1965.87, 3254. 
27. A. Efraty, Chem. Rev., 1977, 77, 691. 
28. A. N. Nesmeyanov, K. N. Anisimov and G. K. Magomedov, Izv. Akad. Nauk SSSR. Ser. Khim., 1970, 11,715. 
29. K. N. Anisimov, G. K. Magomedov, N. E. Kolobova and A. G .  Trufanov, Izv. Akad. Nauk SSSR, Ser. Khim., 

1970, 11,2533. 
30. G. R. Knox and I. G. Thorn, J. Chem. SOC., Chem. Commun., 1981,373. 
31. A. J. Pearson, Ausr. J .  Chem., 1976, 29, 1841. 
32. (a) W. Lamanna and M. Brookhart, J. Am. Chem. Soc., 1981, 103,989; (b) M. Brookhart. W. Lamanna and M. 

B. Humphrey, J. Am. Chem. SOC., 1982, 104, 2117; (c) M. Brookhart, W. Lamanna and A. R. Pinhas, 
Organomerallics, 1983, 2, 638; (d) P. Bladon, G. A. M. Munro. P. L. Pauson and C. A. L. Mahaffy, J .  
Organomet. Chem., 1981,221,79; (e) M. Brookhart and A. Lukacs, J. Am. Chem. SOC., 1984,106,4161. 

33. F. J. Timmers and M. Brookhart. Organometallics, 1985,4, 1365. 
34. (a) M. Brookhart, S. K. Noh and F. J. Timmers, Organometallics, 1987, 6, 1829; (b) S. K. Noh and M. 

Brookhart, unpublished results. 
35. M. Brookhart. S. K. Noh, F. J. Timmers and Y. H. Hong. Organomerallics, 1988, 7. 2458. 
36. B. F. G. Johnson, J. Lewis, A. W. Parkins and G. L. P. Randall, J. Chem. SOC., Chem. Commun., 1969,595. 
37. B. F. G .  Johnson, J. Lewis and G. L. P. Randall, J. Chem. SOC. A.  1971,422. 
38. A. D. Charles, P. Diversi, B. F. G. Johnson, K. D. Karlin. J. Lewis, A. V. Rivera, and G .  M. Sheldrick, J. 

Organomet. Chem.. 1977, 128, C31. 
39. B. F. G .  Johnson, J. Lewis and G. L. P. Randall, J .  Chem. Soc.. Chem. Commun., 1969, 1273. 
40. B. F. G. Johnson, J. Lewis and G. L. P. Randall, J. Chem. SOC., Dalton Trans., 1972,456. 
41. B. F. G. Johnson, J. Lewis, P. McArdle and G. L. P. Randall, J. Chem. SOC., Dalton Trans., 1972,2076. 
42. G .  B. Gill, N. Courlay, A. W. Johnson and M. Mahendran, J .  Chem. Soc., Chem. Commun., 1969,631. 
43. M. Frank-Neumann, F. Brion and D. Martha, Tetrahedron Len., 1978. 5033. 
44. M. Green and D. C. Wood, J .  Chem. SOC., A,  1969, 1172. 
45. L. A. Paquette, S. V. Ley, M. J. Broadhurst, D. Truesdell, J. Fayos and J. Clardy, Tetrahedron Lett., 1973, 

2943. 
46. D. J. Ehntholt and R. C. Kerber. J. Organornet. Chem., 1972,38, 139. 
47. M. Green, S. Heathcock and D. C. Wood, J. Chem. SOC., Dalron Trans., 1973. 1564. 
48. G. Deganello, P. Uguagliati, L. Calligaro, P. L. Sandrini and F. Zingales, Inorg. Chim. Acta, 1975, 13, 247. 
49. M. Green, S. M. Heathcock, T. W. Turney and D. M. P. Mingos, J. Chem. Soc., Dalton Trans.. 1977,204. 
50. N. Hallinan. P. McArdle, J. Burgess and P. Guardado, J .  Organomer. Chem., 1987.333,77. 
51. L. A. Paquette, S. V. Ley and W. B. Famham,J. Am. Chem. Soc., 1974,96,312. 
52. L. A. Paquette. S. V. Ley, S. Maiorana, D. F. Schneider, M. J. Broadhurst and R. A. Boggs, J. Am. Chem. 

SOC., 1975,97,4658. 



7 14 Polar Additions to Alkenes and Alkynes 

53. Z. Goldschmidt, H. E. Gottlieb, E. Genizi and D. Cohen, J .  Organomet. Chem., 1986,301,337. 
54. Z .  Goldschmidt and E .  Genizi, Synthesis, 1985, 949. 
55. S. K. Chopra, M. J. Hynes and P. McArdle, J .  Chem. SOC. Dalton Trans., 1981,586. 
56. 2. Goldschmidt and H. E. Gottlieb, J .  Organonut. Chem., 1989,361, 207. 
57. 2. Goldschmidt, S. Antebi, H. E. Gottlieb and D. Cohen, J .  Organomet. Chem., 1985,282, 369. 
58. 2. Goldschmidt and S .  Antebi, Tetrahedron Lett., 1978,271. 
59. Z .  Goldschmidt, S. Antebi, D. Cohen and I. Goldberg, J. Organomet. Chem., 1984,273, 347. 
60. Z. Goldschmidt and H. E. Gottlieb, J .  Organomet. Chem., 1987,329, 391. 
61. Z. Goldschmidt and Y .  Bakal, Tetrahedron Lett., 1977,955. 
62. 2. Goldschmidt and Y. Bakal, Tetrahedron Lett.. 1976, 1229. 
63. Z Goldschmidt, H. E. Gottlieb and D. Cohen, J. Organomet. Chem., 1985,294,219. 
64. P. McArdle, J. Organomet. Chem., 1978,144, C31. 
65. Z. Goldschmidt and Y. Bakal, J .  Organomet. Chem., 1979,179, 197. 
66. Z. Goldschmidt and Y .  Bakal. J .  Organomet. Chem., 1979, 160, 215. 
67. S. K. Chopra, M. J. Hynes, G. Moran, J. Simmie and P. McArdle, Inorg. Chim. Acta, 1982,63, 177. 
68. Z. Goldschmidt and Y .  Baka1,J. Organomet. Chem., 1984, 191,269. 
69. A. Efraty, Chem. Rev., 1977, 72,691. 
70. M. Green, S. Tolson, J. Weaver, D. C. Wood and P. Woodward, J. Chem. SOC., Chem. Commrrn., 1971, 222. 



4.1 
Radical Addition Reactions 
DENNIS P. CURRAN 
University of Pittsburgh, PA, USA 

4.1.1 INTRODUCTION 

4.1.2 BASIC PRINCIPLES 
4.1 2.1 Introduction 
4.1 2 . 2  Transiency of Radicals 
4.1 2 . 3  Structure and Stereochemistry of Radicals 
4.1 2 . 4  General Considerations for the Use of Radical Reactions in Synthesis 
4.1.2.5 Rate Constants and Synthetic Planning 
4.1 2.6 A Word about Concentrations 

4.1.3 METHODS TO CONDUCT RADICAL REACTIONS 
4.1 3.1 Chain Reactions 
4.1 3 . 2  Nonchain Reactions 

4.1.4 ELEMENTARY RADICAL REACTIONS 
4.1.4.1 Redox (Electron Transfer) Reactions 
4.1.4.2 Atom and Group Transfer Reactions 
4.1.4.3 Addition Reactions 

4.1.43.1 Nucleophilic radicals 
4.1.4.3.2 Electrophilic radicals 
4 . 1 . 4 3 3  Ambiphilic radicals 
4.1.43~4 Heteroatom-centered radicals 

4.1.5 RADICALS AND SYNTHETIC PLANNING 

4.1.6 ADDITIONS OF CARBON-CENTERED RADICALS TO ALKENES AND ALKYNES 
4.1.6.1 Chain Methods 

4.1.6.1 .I Metal hydrides (the Giese method) 
4.1.6.1.2 The frogmentation method 
4.1.6.1 3 Thiahydroxamate esters (the Barton method) 
4.1 6.1.4 Atom t rader  reactions (the Kharasch method) 

4.1 h . 2  Nonchain Methcds 
4.1 h.2.1 Radical-radical coupling 
4.1.6.2.2 Redox methoak 

4.1.7 ADDITIONS OF CARBON-CENTERED RADICALS TO OTHER MULTIPLE BONDS AND 
AROMATIC RINGS 

4.1.7.1 Additions to Other Multiple Bonds 
4.1.7.2 Additions to Aromatic Rings 

4.1.7.2 . I  Additions of electrophilic radicals to electron rich aromatic rings 
4.1.7.2.2 Addition of nucleophilic radicals to protonated heteroaromatics (the Uinisci reaction) 

4.1.8 ADDITIONS OF HETEROATOM-CENTERED RADICALS 

4.1.9 CONCLUSIONS 

4.1.1 0 REFERENCES AND NOTES 

716 

716 
716 
717 
719 
720 
722 
722 

724 
724 
725 

726 
726 
726 
727 
728 
729 
730 
73 1 

73 1 

735 
735 
735 
742 
747 
75 I 
75 8 
758 
762 

765 

765 
766 
767 
768 

770 

772 

772 

715 



716 Nonpolar Additions to Alkenes and Alkynes 

4.1.1 INTRODUCTION 

The formation of a new a-bond at the expense of an existing n-bond is a transformation that rests at 
the heart of modem organic synthesis. It underlies such diverse reactions as nucleophilic additions to car- 
bonyls and activated alkenes, transition metal catalyzed additions, and pericyclic reactions. The addition 
of a radical to a n-bond, to form a a-bond and a new radical, is a fundamental reaction of organic radi- 
cals that organic polymer chemists have continuously applied to the synthesis of new materials. Applica- 
tions in small molecule synthesis evolved more slowly for a time.12 However, over the last decade, the 
application of radical addition reactions to problems in fine synthesis has grown from the level of a cu- 
riosity to that of a major reaction class. For recent reviews see refs. 3-5. This rapid growth can be at- 
tributed, in part, to the high level of understanding of organic radicals that has been provided by 
fundamental research on structure and reactivity and, in part, to the fact that the transformations that can 
be accomplished by radical additions are often those that are difficult to accomplish by more traditional 
means. 

This chapter begins with an introduction to the basic principles that are required to apply radical re- 
actions in synthesis, with references to more detailed treatments. After a discussion of the effect of sub- 
stituents on the rates of radical addition reactions, a new method to notate radical reactions in 
retrosynthetic analysis will be introduced. A summary of synthetically useful radical addition reactions 
will then follow. Emphasis will be placed on how the selection of an available method, either chain or 
nonchain, may affect the outcome of an addition reaction. The addition reactions of carbon radicals to 
multiple bonds and aromatic rings will be the major focus of the presentation, with a shorter section on 
the addition reactions of heteroatom-centered radicals. Intramolecular addition reactions, that is radical 
cyclizations, will be covered in the following chapter with a similar organizational pattern. This second 
chapter will also cover the use of sequential radical reactions. Reactions of diradicals (and related reac- 
tive intermediates) will not be discussed in either chapter. Photochemical [2 + 21 cycloadditions are 
covered in Volume 5, Chapter 3.1 and diyl cycloadditions are covered in Volume 5, Chapter 3.1. Related 
functional group transformations of radicals (that do not involve +bond additions) are treated in Volume 
8, Chapter 4.2. 

4.1.2 BASIC PRINCIPLES 

4.1.2.1 Introduction 

New organic compounds are synthesized by the chemical reactions of diverse molecules that range 
from stable reagents to highly reactive intermediates. These molecules usually have one common fea- 
ture: their electrons are paired. In the accounting system that is used to follow electrons from reactants to 
products, ‘double-headed’ arrows symbolize two electrons (Scheme 1). Radicals are species that contain 
at least one unpaired electrone6 This feature gives radicals a unique reactivity profile relative to closed 
shell species. And with an understanding of the basic principles of radicals, this reactivity profile can be 
exploited in synthesis. To account for electrons in radical reactions, ‘single-headed’ arrows symbolizing 
one electron are used by convention. Bear in mind that, as with double-headed m w s ,  the use of single- 
headed arrows helps one to quickly grasp the changes in electron distribution in a step or transformation 
but does not necessarily indicate the mechanism. 

Heterolytic A-B r - A’ 4- B- 

or 

2 B  - A- + B+ 

Homolytic 2-G - A* + B- 

Scheme 1 Bond cleavage formalisms 

This section will provide an introduction to the basic principles of organic radicals that are needed for 
synthetic application. Many of these principles have been understood and applied for more than 30 
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years' and a variety of good treatments are available.8 The book of mor still provides a thorough, read- 
able introduction for newcomers to the field.9 The first chapter of Giese's excellent book3 and an article 
by Walling*o are especially good introductions for the synthetic chemist. Although it was published in 
1973, the two volume set edited by Kochi'l still provides a wealth of information on many fundamental 
aspects of radical chemistry. 

4.1.2.2 Transiency of Radicals 

A major difference between radicals and other reactive species that are employed in synthesis is that 
virtually all radicals react rapidly with themselves. Compare 1-butyllithium and t-butyl radical, for 
example. t-Butyllithium is one of the most reactive organometallic species that synthetic chemists em- 
ploy. It reacts in some fashion with virtually all types of organic molecules, even most solvents, given 
long enough time and high enough temperature. However, r-butyllithium does not react readily with it- 
self! As a result, one can purchase a bottle of ?-butyllithium and admix it with a desired reactant. In many 
cases, a new reactive intermediate is formed (by deprotonation, for example) and another reagent is then 
added. 

In contrast, one need not consult an Aldrich catalog to see if t-butyl radical is commercially available. 
Nor can one generate a significant quantity of ?-butyl radical in solution prior to the addition of a reagent 
with which it is destined to react. This is because ?-butyl radical, like nearly every other radical that is 
employed in synthesis, is transient. The lifetime of a transient radical rarely exceeds 1 c1.s and is limited 
by the rate of self reaction. This self reaction, which can be either a disproportionation or a recombina- 
tion (Scheme 2), typically occurs at the diffusion-controlled limit; the enthalpy of activation of most radi- 
cal-radical reactions 5 0 kcal mol-'. - R-R Combination Re + R* 

Disproportionation R f l +  OD' - R-H + =  
Scheme 2 Termination 

Radicals can be stabilized by substituents and a simple and useful measure of radical stabilization is 
C-H bond dissociation energy [D(C-H)].I2 The approximate bond dissociation energies of some rep 
resentative C-H bonds are given in Scheme 3.13 However, these can be misleading: tertiary C-H 
bonds are weaker than primary C-H bonds, not so much because the alkyl groups stabilize the radical 
(although they do), but more because repulsion between these alkyl groups in the tetrahedral precursor is 
diminished in the radical. Conjugating groups and heteroatoms stabilize radicals and such electronically 
stabilized radicals sometimes react more slowly with neutral molecules than their non-stabilized counter- 
parts. However, radical-radical reactions are so exothermic that the rates of the self reactions of stabi- 
lized radicals are not retarded. Thus, the benzyl radical is much less reactive than the methyl radical in 
common reactions such as C-H abstraction, yet it still reacts with itself or with another radical at the 
diffusion-controlled rate. 

OCH' < CH3J?< CH3J. < CH3CH; < CH; < = C L H  < ECO ROO 
/ 

85 92 96 100 104 108 110 
CH3 CH3 

D[R-HI (kcal mol-') 

Scheme 3 Bond dissociation energies 

In radical terminology, the opposite of transience is not stability but persistence.I4 Persistent radicals 
do not react with themselves at diffusion-controlled rates; however, they may still react readily with 
other radicals or with triplet oxygen. Thus, persistence is a kinetic property that is more often related to 
sterically hindered recombination than to electronic stabilization. Persistent radicals typically also lack 
p-C-H bonds and they cannot disproportionate. Several persistent radicals are illustrated in Scheme 4. 
Persistent radicals are rarely present in synthetic applications, but when they are, there will be important 
consequences. 
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But But 

Bu\. 
But 

BU' 
But, t,c - 

N 

But 

But -,O* 
'N I - I 

But 

Scheme 4 Persistent radicals 

The thermodynamic driving force notwithstanding, the coupling of two different radicals is not an es- 
pecially practical preparative method to form a new bond. This is because the preparation of precursors 
that directly decompose to radicals is rarely convenient, because disproportionation can often compete 
effectively with recombination, and especially because chemoselectivity (that is, the selective-coupling 
of two different radicals to the exclusion of self-coupling) is difficult to achieve if all coupling reactions 
occur at the same rate (the diffusion-controlled limit). 

The reactions of radicals with nonradicals (typically, neutral organic  molecule^^^) have much greater 
use in synthesis. These reactions occur with a wide and predictable range of rate constants, and the con- 
centration of a nonradical component is a readily controlled experimental variable that can greatly affect 
the chemoselectivity of a reaction. For radical-reagent reactions to be synthetically useful, they must be 
faster than radical-radical reactions and radical-solvent reactions. By estimating the rates of these de- 
structive reactions, one can determine lower rate limits for synthetic procedures. The rate expression for 
the self reaction of two radicals (R.)I6 is shown in equation (l), while the rate expression for the addition 
of the same radical to an alkene (A-B) is shown in equation (2). For a useful addition reaction to occur, 
the rate of disappearance of R. by equation (2) must be significantly greater than that by equation (1). 
This comparison is stated in equation (3).17 By substituting kt = 1Olo M-I s-l (the approximate diffusion- 
controlled limit) and by assuming that 10-* M is a typical radical concentration in a chain reaction, we 
find that the rate of formation of the adduct radical R-A-B. must be >1@ s-l (equation 3). Equation 
(4) shows the requirement for a first order reaction such as a cyclization. 

R-R (1) 
kt R* + R* 

R* + A = B  - R-A-Be 

d [R-A-B*] 
= k,[R*] [A=B] 

dt 

k, [A=B] > 102s-' 

This simple example illustrates how the rates of two reactions competing for the same radical (R.) are 
compared. Provided they are not too rapid, the rates of termination steps are not of concern, but compari- 
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son of the rates of competing propagation steps is very informative. Fortunately, all propagation steps are 
first order in [Re] and this term (which is difficult to know accurately) cancels when two propagation 
steps are compared. 

Concerns about nonproductive reactions of radicals apply not only to carbon-carbon bond forming 
steps, such as additions and cyclizations, but to every step in a sequence of radical reactions. For 
example, to obtain a good yield of product from the reaction in equation (2). not only must the addition 
of R. to A=B occur but the conversion of R-A-Be to a nonradical product must also be efficient. In a 
chain reaction, the slowest propagation step must still be rapid relative to loss of the radicals by radical- 
radical or radical-solvent reactions. In practice, reactions with rates of product formation of 102-103 s-I 
are experimentally difficult to conduct. Reactions with rates of 10Q-105 s-I are manageable and those 
with rates >lo6 s-l are usually conducted with ease. 

The reactions of radicals with solvents may also limit the types of radical-nonradical reactions that can 
be conducted. The two types of reactions encountered are addition and hydrogen atom abstraction. Alkyl 
radicals add to benzene, a popular solvent for radical reactions, with pseudo first order rate constants = 
102 s-I.l8 This is roughly competitive with radical-radical reactions. Ethereal solvents provide a different 
limitation: alkyl radicals abstract an a-hydrogen atom from ether with a pseudo first order rate constant 
k~ = 103 s-I. THF is a better H-donor than ether ( k ~  = 104 s-I).I9 

4.1.23 Structure and Stereochemistry of Radicals 
It is generally safe to assume that the complex radicals formed in synthesis will have predictable struc- 

tural and stereochemical features that can be extrapolated from simple radicals.20 The methyl radical is 
known to be planar (or perhaps very slightly pyramidalized with a low barrier to inversion). The replace- 
ment of hydrogen atoms:by alkyl groups or heteroatoms causes pyramidalization but the inversion bar- 
rier remains very low. Conjugating substituents favor planar structures. In practice, this means that the 
stereochemistry of a reaction that occurs at an alkyl radical center cannot be dictated by the stereoge- 
nicity of the pro-radical center because stereoisomeric precursors generate the same radical. Instead, the 
Stereochemistry of reaction at a radical center is controlled by the relative rates of the competing re- 
actions. Scheme 5 provides examples where the competing reactions are axial and equatorial hydrogen 
atom transfer.21 

- Bu3SnH B%OAc - Bu3SnH B d O A c  
H 

83% axial-H delivery 
17% equatorial-H delivery 

H 

only 
Scheme 5 Stereochemistry of alkyl radicals 

OAc I 

Somewhat less is known about the structures of vinyl radicals. Two limiting structures, bent and linear, 
are possible (Scheme 6). The vinyl radical itself exists in a bent form ($-hybridized) but with a very 
low barrier to inversion.22 It is generally assumed that alkyl-substituted vinyl radicals behave similarly. 
Thus, as with alkyl radicals, the stereochemical outcome of a reaction of a vinyl radical does not gener- 
ally depend on the stereochemistry of the precursor (Scheme 6).23 However, there are several examples 
in which a subsequent reaction of a vinyl radical has been proposed to be more rapid than its in~ersion.2~ 
Heteroatom substituents (notably ethers25) substantially raise the barrier for inversion of vinyl radicals 
and it seems likely that stereoselective methods that capitalize on this barrier might be developed.26 In 
contrast, wconjugating substituents are usually thought to favor the linear (sp-hybridized) form to pro- 
mote resonance overlap.27 With a linear vinyl radical, there is again no correlation between precursor and 
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product stereochemistry. However, to understand the stereochemical outcome of a reaction of a vinyl 
radical, it may be important to know whether it is bent and rapidly inverting or linear. 

In return for the possible disadvantage that existing stereochemistry at the radical site is lost, radicals 
provide several advantages (see below). Not the least of these is that the synthesis of the radical precur- 
sor is often facilitated because stereochemistry at the pro-radical center is not a concern. 

bent and inverting linear 

O\\ Ph Ph R Ph - w -  
110 OC R Bu’OOC=O 

% +  PhyCOOBul cumene 

R 
R = M e  4050 
R = Ph 1S:8S 

Scheme 6 Stereochemistry of vinyl radicals 

4.13.4 Ceneral Considerations for the Use of Radical Reactions in Synthesis 

This section presents some general chemoselectivity considerations for designing substrates and plan- 
ning experimental conditions for radical reactions. More detailed concerns of chemo-, regio- and stereo- 
selectivity are addressed for each specific technique in the individual sections below. 

Synthetic chemists are well-accustomed to designing experimental conditions for reactions that are 
ionicF8 The alkylation, hydroxyalkylation and acylation reactions of metal enolates provide typical 
examples. Such reactions generate intermediates that may be sensitive to oxygen, water or heat. The 
relative rates of competing reactions (and, hence, chemo-, regio- and stereo-selectivities) of such inter- 
mediates are sometimes strongly influenced by solvent (and cosolvent additives), metal counterions and 
additives, and temperature. Depending on the reaction, such characteristics can either be significant ad- 
vantages or severe limitations. Many radical reactions have a very different profile. 

Nearly all radicals add to triplet oxygen at rates approaching the diffusion-controlled limit. Unless this 
is a desired reaction, it is advisable to take some precautions to exclude atmospheric oxygen. However, 
rigorous measures, such as freeze-thaw degassing, are not usually required in either exploratory or pre- 
parative experiments. The evacuation of a reaction vessel by using a water aspirator or a house vacuum 
apparatus, followed by repressurization with nitrogen or argon, suffices for most purposes. Sometimes 
the solvent is purged by bubbling inert gas for several minutes. After such standard measures, the con- 
centration of oxygen is too low to interfere with most radical chains. 

Most researchers distil solvents for radical reactions in the same manner as they might for use with a 
reactive organometallic. This practice is recommended to ensure that solvents are sufficiently pure. That 
the solvents are simultaneously dried during purification is of little consequence. Water is a much poorer 
hydrogen atom donor than any common solvent (conversely, the hydroxyl radical is a powerful hydrogen 
atom abstractor). Thus, the presence of trace quantities of water will have no adverse effect on most radi- 
cal reactions. As a corollary, water can be a useful solvent or cosolvent provided that the reagents or sub- 
strates are not susceptible to hydrolysis or protonolysis. 

Few radicals live long enough to decompose the way ionic intermediates might. The lifetimes of radi- 
cals are strictly limited by radical-radical and radical-solvent reactions. Since such reactions are tem- 
perature dependent, changing the reaction temperature can be a productive technique. Temperature 
changes are commonly used to effect the partitioning between competing unimolecular and bimolecular 
processes. For entropic reasons, bimolecular processes usually exhibit a much greater temperature de- 
pendence. 

Effects analogous to ion-pairing and aggregation are nonexistent for radicals; their structures are not 
especially solvent dependent. Solvent effects on the rates of radical-neutral reactions are often small and 
are frequently neglected (although the transition states of many radical reactions have some polar charac- 
ter that might be influenced by solvent). The solvent for a radical reaction is often chosen based on con- 
cerns about solubility of reagents and reactants, solvent boiling point, and rate of radical-solvent 
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reactions. Restrictions in solvent selection apply mainly to radical reactions of slow or intermediate rates. 
Certain chains (such as tin hydride mediated cyclizations of some hexenyl radicals) comprise only rapid 
propagation steps and they could be conducted in a wide variety of common solvents. 

Aromatic hydrocarbons that lack benzylic hydrogen atoms react especially slowly with radicals. Thus 
benzene is a popular solvent. One can conveniently conduct exploratory reactions in &-benzene in an 
NMR tube and monitor progress by periodically recording an NMR spectrum of the reaction mixture. 
Higher boiling alternatives to benzene include dichlorobenzene and t-butylbenzene. While benzene is an 
acceptable solvent for small scale reactions, its toxicity can be a concern for industrial applications. 
r-Butyl is an inexpensive, general purpose solvent that is an excellent substitute for benzene in 
many radical reactions. Its boiling point (83 'C) is similar to that of benzene (80 'C) and is convenient 
for the decomposition of some common radical initiators. Because r-butyl alcohol contains strongly 
bonded hydrogen atoms (methyl and hydroxy), rates of H-atom transfer are lower than those for other al- 
cohols (such as methanol and ethanol) and for ethers. Scrupulous drying of r-butyl alcohol is not critical. 

Alcohols, water and even acetic acid are useful solvents for some radical reactions. However, they 
cannot be employed with organometallics that are basic. Conversely, halocarbon solvents are popular for 
many types of ionic reactions but they are not generally useful for radical reactions. Chloroform and 
carbon tetrachloride (and to a lesser extent, dichloromethane) can interfere by donating either hydrogen 
or halogen atoms to intermediate radicals and they are used only in atom transfer reactions where the sol- 
vent is also a reagent. 

Radicals are highly reactive intermediates, but they are often very chemoselective. This is because the 
rates of reactions of radicals with nonradicals are a function of the structure of both components and vary 
over a wide range. The planned execution of chemoselective radical reactions will be a major theme of 
the remainder of this chapter. For the moment, recall that reactions proceeding at rates below the the sol- 
ution limit cannot be conducted. This negative statement has a very positive side: functional groups that 
react at rates below the critical limit can be deemed stable to free radical reaction conditions. The homo- 
lytic strength of 0-H bonds makes them inert to hydrogen transfer reactions. Hence, free acids and al- 
cohols do not interfere with radical reactions. Amide N-H bonds are also relatively strong. Even most 
bimolecular abstractions of hydrogen atoms from C-H bonds are relatively slow, competing only with 
other slow reactions. Even though acidic 0-H and N-H groups do not require protection in most radi- 
cal reactions, they are often present in protected form to be compatible with other reactions in a multistep 
sequence. Virtually all common protecting groups are stable to typical radical reactions. Potential prob- 
lems can usually be anticipated based on standard radical reactions: protecting groups should not have 
weak C-H bonds six atoms from any pro-radical site (problems with 13-H transfer may arise) nor 
should they have reactive +bonds five or six atoms away from a pro-radical site (cyclization to the pro- 
tecting group may occur). 

Unless a substrate or reagent contains an acidic or basic site, the conditions for most radical reactions 
are neutral. Thus, ionic side reactions such as base-catalyzed epimerization are rarely a problem. While 
radical reactions are typically conducted at temperatures above ambient, this is often solely for ex- 
perimental convenience: most commercially available initiators require heating to generate radicals. 
Many radical reactions should succeed at lower temperatures provided that the chain is maintained (in 
chain methods) or that the rate of generation of radicals is sufficiently rapid (in nonchain methods). Low 
temperature initiators are a ~ a i l a b l e . ~ ~ ? ~  

In contrast to ionic or organometallic intermediates, most radicals are inert to reactions that involve 
fragmentation of a P-bond. Elimination of P-oxygen and P-nitrogen groups is frequently a rapid reaction 

- X Met w - - + Met-X 

X 
L* *- = + x- 

X =  H, C, 0, N 

R = C , H  
Scheme 7 P-Bond cleavage 
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that limits the use of many metals (Scheme 7). Transition metal alkyls are often prone to P-hydride 
eliminations. In contrast, the related elimination reactions of radicals are usually so slow in the nOrmal 
reaction temperature rang$* that their occurrence can be discounted (for some useful exceptions, see 
Chapter 4.2, this volume). However, pelhination reactions can be rapid and useful with halogens, sul- 
fides and stannanes. 

In carbocation chemistry, 1.2-alkyl and -hydride migrations are very common. In contrast, the direct 
1,Zmigration of hydrogen atoms to radicals is virtually unknown. While useful migrations of carbon 
substituents to radicals are known, they frequently proceed by a sequence of addition to a n-bond fol- 
lowed by elimination. The 1.2-migration of saturated alkyl groups to radicals is also virtually unknown. 

4.1.25 Rate Constants and Synthetic Planning 

Despite our increasing knowledge of the structures and reactions of organometallic intermediates, it is 
virtually impossible to plan complex ionic reactions by using known rate constants from simple model 
systems. Rate constants are potentially more useful when planning pericyclic reactions because they are 
easier to measure and because pericyclic reactions are much less susceptible to medium effects than ionic 
reactions. However, the need to evaluate the rates of competing pericyclic reactions is relatively rare 
(often there is only one reasonable possibility). 

In contrast, the need to evaluate the relative rates of competing radical reactions pervades synthetic 
planning of radical additions and cyclizations. Further, absolute rate constants are now accurately known 
for many prototypical radical reactions over wide temperature ranges. 19v33-35 These absolute rate con- 
stants serve to calibrate a much larger body of known relative rates of radical reactions.33 Because rates 
of radical reactions show small solvent dependence, rate constants that are measured in one solvent can 
often be applied to reactions in another, especially if the two solvents are similar in polarity. Finally, be- 
cause the effects of substituents near a radical center are often predictable, and because the effects of 
substituents at remote centers are often negligible, rate constants measured on simple compounds can 
often provide useful models for the reactions of complex substrates with similar substitution patterns. 

One of the goals of this and the following chapter is to show how a knowledge of a few of the most 
important rate constants of radical reactions and some substituent effect trends can be used to design suc- 
cessful experimental conditions for applications of known radical-based synthetic methods. The design 
of new synthetic methods is only a small step beyond this. 

Table 1 contains representative absolute rate constants for prototypes of the most important radical re- 
a c t i o n ~ . ~ ~  While some known rate constants (like those in Table 1) are very precise ( ~ 2 5 %  error), others 
are only rough estimates because they have not been measured directly but by competition against a re- 
action of known absolute rate. In such competition studies, any error in the original direct measurement 
is compounded by errors in the competition reaction. It is often difficult to estimate the error limits pre- 
cisely (errors could exceed a factor of two). In some cases, rates measured by indirect methods become 
two (or even t h e )  reactions removed from known absolute rate constants. These errors should not be ig- 
nored during synthetic planning. When estimating the rates of two competing radical reactions by using 
approximate rate constants, an order of magnitude is probably about the highest level of precision that is 
meaningful. 

Rate constants are a function of temperature and should be compared at the same temperature when- 
ever possible. Arrhenius equations for the reactions in Table 1 are provided and these equations can often 
be used as substitutes to calculate the temperature dependence for similar reactions. In practice, the error 
introduced by temperature uncertainties in the normal range of 25-80 ‘C is not particularly important in 
the comparison of two indirectly measured rate constants. Because competitive rate studies are so simple 
to conduct, synthetic chemists can (and sometimes do!) measure the rates of reactions that are required to 
plan a new synthetic method or total synthesis. Such ‘quick and dirty’ experiments are often conducted at 
only one temperature. A temperature in the middle of the normal range (-50 ‘C) is particularly useful be- 
cause the rate constants that are obtained can be directly compared (with the above provisos) to rate con- 
stants in the normal range. 

4.1.2.6 A Word about Concentrations 

Include them! Synthetic chemists are accustomed to publishing communications or letters in which the 
conditions of relatively standard procedures are summarized in a scheme. Except for special reactions 
such as macrocyclizations, reaction concentrations are rarely included in these schemes. However, the 
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relative rates of competing radical processes and the general efficiency of radical chain reactions am 
highly dependent on the concentration of the reagents. Omit the yield, the product ratio, the solvent, the 
temperature, the work-up procedure or the method of initiation, but never omit the concentration! For re- 
actions (such as syringe pump additions) that are not conducted at a fixed concentration, a brief comment 
on the initial concentrations and the rate of addition is helpful. 

4.13 METHODS TO CONDUCT RADICAL REACTIONS 

Although the synthetic transformations that can be accomplished by radical reactions are virtually 
limitless, precious few general methods exist by which radical reactions can be conducted. These meth- 
ods can be classified in two main groups: chain and nonchain. 

As illustrated in Scheme 8, useful methods to conduct radical addition (and cyclization) reactions 
must: (i) generate an initial radical; (ii) provide this radical some lifetime in which to undergo the desired 
reaction(s); and (iii) productively remove the final radical before radical-radical, radical-solvent or un- 
desired radical-reagent reactions intervene. High chemoselectivity is required at all stages. Radical 
generation must occur at a single site in the molecule to the exclusion of all other sites. The initially 
formed radical is usually a precursor for one or more subsequent radicals, hence, several intermediate 
radicals will be simultaneously present in a reaction. Ideally, each intermediate radical must suffer a 
single fate. This selectivity is imparted by the radicals themselves (structural variations in radicals can 
dramatically affect the rates of reactions with other molecules) and by the experimental conditions (espe- 
cially concentration and temperature). Finally, the method employed must selectively remove the final 
radical in a sequence before it is destroyed, but it must not prematurely remove any prior radicals. 

selective single or selective 
radical multiple radical 

generation reaction removal A - A* - A-B-C* - A-B-C 
B:C 

radical initial final stable 
precursor radical radical product 

Potential problems: (1) radical-molecule or radical-solvent reactions of A* or A-B-C*; (2) removal 
of A. prior to reaction with B e ;  (3) reaction of A-B-C with B=C prior to removal. 

Scheme 8 Selectivity requirements 

4.13.1 Chain Reactions 

Chain reactions offer an ideal vehicle to conduct radical additions because the concentration of radi- 
cals is maintained at a low, steady level by nature (it is limited by the rates of initiation and termination) 
and because the first and last stages of the reaction sequence are directly linked. That is, the process of 
productively removing the final radical either directly or indirectly (via the intermediacy of a chain trans- 
fer agent such as BusSn) regenerates the initial radical. 

Chain reactions comprise initiation, propagation and termination steps. Initiation steps generate radi- 
cals from nonradicals, while termination steps generate nonradicals by removing radicals. All of the 
desired transformations in a chain occur in propagation steps, which involve the inter- or intra-molecular 
reactions of radicals with nonradicals. Propagation steps effect no net gain or loss of radicals. In an ideal 
chain, initiation and termination steps are rare and propagation steps are common. 

Initiation can be accomplished by photochemical or redox reactions, but it is most often accomplished 
by homolytic bond cleavage of a chemical initiator (promoted by heat or light) to give two radicals. A 
steady source of initiation is critical because, even under ideal conditions, the life of a single chain (from 
initiation to termination) rarely exceeds 1 s and can be much shorter if slow propagation steps are in- 
volved. The amount of initiator that is required depends on the efficiency of the chain (chain length) and 
on the temperature. Efficient chains (such as tin hydride reductions conducted at relatively high concen- 
trations) require only trace amounts of initiator: 0.1-1% is more than sufficient. Low reagent concentra- 
tions or inherently slow reactions allow terminations to compete more effectively. To maintain the chain, 
additional initiator is required. 
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Most initiators are either peroxides (or per ester^)^^ or azo compounds.44 Several common initiators are 
listed in Scheme 9 along with their half-lives for unimolecular scission (first order decomposition to two 
radicals).lO Although the peroxides shown are regarded as relatively stable, it is advisable to take appro- 
priate safety precautions during their handling and u ~ e . 4 ~  2,2'-Azobisisobutyronitrile (AIBN) is probably 
the most generally useful and commonly employed initiator. It is a stable, free-flowing solid that decom- 
poses in a useful temperature range for preparative experiments. This decomposition is well understood 
if not widely appreciated in the synthetic arena: AIBN decomposes to two free isobutyronitrile radicals" 
with only about 60% efficiency.46 The remainder of the radicals undergo cage rec~mbination?~ The use- 
ful temperature range for AIBN is about 6CL120 'C. At lower temperatures, too few radicals are pro- 
duced. At higher temperatures, the decomposition of AIBN may be too rapid and the chain may break 
after the AIBN is consumed (if another initiation step is not available). To counter this rapid decomposi- 
tion, AIBN can be added slowly to the reaction mixture?* Photolysis of initiators such as AIBN and ben- 
zoyl peroxide can generate radicals at room temperature or below and special low temperature initiators 
are not difficult to use.30,31 

Di-t-butyl peroxide r-butyl peroxybenzoate benzoyl peroxide 2,2'-azobisisobutyronitrile 
(AIBN) 

r l n =  1 h a t  150OC 125 OC 95 OC 80 OC 

Scheme 9 Useful initiators 

Propagation steps are the heart of any chain and generally fall into two classes: atom or group transfer 
reactions and addition reactions to .rr-bonds (or the reverse: elimination). The rate of the chain transfer 
step is especially important in synthetic planning because, by fixing the maximum lifetime that radicals 
can exist, it determines what reactions will (or will not) be permitted. Termination steps are generally un- 
desirable but are naturally minimized during chain reactions because initiation events are relatively un- 
common. 

The overall kinetics of a radical chain (that is, the rate at which a nomdical starting material is con- 
verted to a nonradical product) are well-modeled by the steady state appro~imation.4~ According to this 
treatment, the overall rate of a radical chain depends to the first order on the rate of the slowest propaga- 
tion step and to the half order on the ratio of initiation to termination rates. Thus, the overall rate is not 
extremely sensitive to the initiator concentration. For synthetic purposes, a knowledge of the overall rate 
is not often especially useful; even slow propagation steps provide reasonable conversion rates. It is the 
knowledge of the kinetics of the individual, competing propagation steps that is useful. 

4.13.2 Nonchain reactions 

Nonchain processes differ significantly from chain processes in their methods of generating and re- 
moving radicals from a reaction. Nonetheless, useful reactions can be conducted between the generation 
and removal of a radical provided that the selectivity requirements are met (Scheme 8). In nonchain pro- 
cesses, radicals can be generated by stoichiometric bond homolysis and removed by selective radical- 
radical couplings. In effect, such reactions consist of only initiation and termination steps. Radicals can 
also be both generated and removed by redox methods (oxidative or reductive). Some fundamental redox 
reactions that can be used to generate both neutral and charged radicals are outlined in Scheme 10. 

R R 

R 
Y X -  >=x - +e- R-X - R* 

-x R 

Scheme 10 Redox generation of radicals 
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4.1.4 ELEMENTARY RADICAL REACTIONS 

Almost all of the reactions of radicals can be grouped into three classes: redox reactions, atom (or 
group) transfer reactions and addition reactions. A detailed discussion of these reactions is beyond the 
scope of this chapter, but a summary of some important features (with references to more in-depth dis- 
cussions) is essential. Although addition reactions will receive the most attention, redox and atom trans- 
fer reactions are important because nearly all radicals formed by addition reactions will be removed from 
the radical pool to give nonradical products by one of these methods. 

Nonpolar Additions to Alkenes and Alkynes 

4.1.4.1 Redox (Electron Transfer) Reactions 

Radicals can be either reduced (to anions or organometallics) or oxidized to cations by formal single 
electron transfer (Scheme 11).50 Such redox reactions can be conducted either chemically or electro- 
chemicallys1 and the rates of electron transfer are usually analyzed by the Marcus theory and related 
treatments.'O These rates depend (in part) on the difference in reduction potential between the radical and 
the reductant (or oxidant). Thus a species such as an a-amino radical with high-lying singly occupied 
molecular orbital (SOMO) is more readily oxidized, while a species such as the malonyl radical with a 
low-lying SOMO is more readily reduced. The inherent difference in reduction potential of substituted 
radicals is an important control element in several kinds of reactions. 

- 
-e +e- R+ - R* - R:- 

+ /  
-e an easily oxidized radical 

+e- an easily reduced radical Me02C -C02Me - Me02C,,COzMe . .. - 
Scheme 11 Redox reactions of radicals 

4.1.4.2 Atom and Group Transfer Reactions 

In this very broad class of reactions, also called atom abstractions or homolytic substitutions, a unival- 
ent atom (hydrogens2 or a halogens3) or a group (such as SPh, SePh) is transferred from a neutral molec- 
ule to a radical to form a new a-bond and a new radical (Scheme 12). As with nucleophilic substitution 
reactions, the energy gained by the forming A-X bond helps to lower the transition state energy below 
that required for complete cleavage of the R-X bond. The site of the new radical is determined by the 
location of the abstracted atom or group X. The direction of the reaction is determined by the strength of 
the forming and breaking bonds and the rate of the reaction often roughly parallels its exothermicity. En- 
dothermic atom or group transfers are rarely rapid enough to proceed at a useful rate so most transfers 
are irreversible under normal solution conditions. The reactions of alkyl radicals with alkyl iodides are an 
important exception to this generalization. 

+ *A ,- R* + X-A 

Scheme 12 Atom or group abstraction 

Factors besides those associated with thermodynamics can also greatly effect the rates. For example, in 
the reaction of a carbon-centered radical with a univalent atom donor (alkyl halide or alkane, R-X), the 
following decreasing order of reactivity is observed: R-I > R-Br > R-H > R - C l  >> R-F?3 The 
range of reactivity is impressive; alkyl iodides are outstanding iodine atom donors that can suffer even 
slightly endothermic atom transfers, while alkyl fluorides are virtually inert to even the most exothermic 
of reactions. In general, atoms connected by weaker bonds are transferred more rapidly, even though the 
forming bonds are also weaker. The unusual placement of hydrogen is thought to be due at least in part 
to repulsive interactions of the incoming radical with the lone pairs of chlorine and fluorine. 
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Polar effects can also be important in atom transfer reactions.% In an oftcited example (Scheme 13), 
the methyl radical attacks the weaker of the C-H bonds of propionic acid, probably more for reasons of 
bond strength than polar effects. However, the highly electrophilic chlorine radical attacks the stronger 
of the C-H bonds to avoid unfavorable polar interactions. As expected, the hydroxy hydrogen remains 
intact in both reactions. 

/\C02H + CH3 AC02H + 

-C02H + C1 - -C02H + HCl 

- CI-H + R* I *  VI .... H...R6+ C1* + H-R - 
Scheme 13 Polar effects 

4.1.43 Addition Reactions 

Redox and homolytic substitution reactions almost never directly form C - C ,  C-N and C - 0  bonds. 
Such bonds are generated in radical addition reactions (Scheme 14). Intermolecular addition reactions 
are presented in this chapter. Cyclization reactions have important similarities with, and differences 
from, bimolecular additions, and they are presented in Chapter 4.2 of this volume. Falling under the um- 
brella of addition reactions are radical eliminations (the reverse of addition) and radical migrations 
(which are usually, but not always, comprised of an addition and an elimination). 

- R-A-Be 

Scheme 14 Addition4imination 

Radical addition reactions are reversible in principle and sometimes in practice. The addition of a carb- 
on-centered radical to a carbon-carbon double bond is not reversible at normal reaction temperatures be- 
cause of its exothermicity; the conversion of a C - C  m-bond to a C - C  a-bond is highly favorable. 
Additions can become reversible if the m-bond is strong or if the a-bond is weak or if the starting radical 
is significantly more stable than the adduct radical. For example, additions of carbon-centered radicals to 
carbonyl groups are often reversible; fragmentation reactions of oxy radicals are more common than ad- 
ditions to carbonyls. Whether an addition or a fragmentation reaction occurs depends not only on the po- 
sition of the equilibrium but also on the rates of subsequent reactions of the starting and product radicals 
with reactants. Thus, the choice of reaction method can greatly affect the product distribution when re- 
versible reactions are involved. The additions of heteroatom-centered radicals to multiple bonds are fre- 
quently reversible (and the equilibrium may lie to the left) for elements (R) that are not in the first row. 
The fragmentation reactions of these radicals can be very useful, especially when R = SnR3 or SPh. 

The additions of carboncentered radicals to C - C  double and triple bonds are the most important re- 
actions for preparative purposes and are also the most well understood. Because of the exothermicity of 
these additions, they are generally regarded as having early transition states. As such, thermodynamic 
considerations, such as stability of the adduct radical with respect to the starting radical, are not espe- 
cially useful in predicting the rates of radical additions. However, Frontier Molecular Orbital (FMO) 
Theory55 has provided an excellent framework to interpret and predict the rates of addition reactions of 
carbon-centered  radical^.^.^^ The summary that follows is intended as an introduction of the most import- 
ant concepts and conclusions. The authoritative review by G i e ~ e ~ ~  is highly recommended as an in-depth 
treatment with references to the primary literature. 

Radicals are often classified according to their rates of reactions with alkenes. Those radicals that react 
more rapidly with electron poor alkenes than with electron rich are termed nucleophilic radicals. Conver- 
sely, those that react more rapidly with electron rich alkenes than electron poor are termed electrophilic 
radicals. Recently, it has been found that this simple division does not suffice because certain radicals re- 
act more rapidly with both electron rich and electron poor alkenes than they do with alkenes of inter- 
mediate electron density. These radicals are termed ambiphilic. The appropriate pairing of a radical and 
an acceptor is important for the success of an addition reaction. 



728 

4.1.43.1 N u c r C o ~  radioals 

Most synthetically useful radical addition reactions pair nucleophilic radicals with electron poor al- 
kenes. In this pairing, the most important FMO interaction is that of the SOMO of the radical with the 
LUMO of the alkene.% Thus, many radicals are nucleophilic (despite being electron deficient) because 
they have relatively high-lying SOMOs. Several important classes of nucleophilic radicals are shown in 
Scheme 15. These include: heteroatom-substituted radicals, vinyl, aryl and acyl radicals, and most im- 
portantly, alkyl radicals. 

Nonpolar Additions to Alkenes and Alkynes 

R', RZ, R3, = H, alkyl, vinyl, aryl 

Scheme 15 Nucleophilic radicals 

A large number of accurate rate constants are known for addition of simple alkyl radicals to 
 alkene^?^"^ Table 2 summarizes some substituent effects in the addition of the cyclohexyl radical to a 
series of monosubstituted alkenes.56 The resonance stabilization of the adduct radical is relatively unim- 
portant (because of the early transition state) and the rate constants for additions roughly parallel the 
LUMO energy of the alkene. Styrene is selected as a convenient reference because it is experimentally 
difficult to conduct additions of nucleophilic radicals to alkenes that are much poorer acceptors than 
styrene. Thus, high yield additions of alkyl radicals to acceptors, such as vinyl chloride and vinyl acetate, 
are difficult to accomplish and it is not possible to add alkyl radicals to simple alkyl-substituted alkenes. 
Alkynes are slightly poorer acceptors than similarly activated alkenes but are still useful?' 

Table 2 Substituent Effects - Alkene 
ka 

b Ph &Intive = 1 (k, 4 x 104 M-'s-') 
C6HII* 4- F p h  - C6Hll 

Alkene Alkene krel Alkene krel 

Other alkene substituent effects are summarized in Table 3 with reference to the addition of cyclo- 
hexyl radical to methyl acrylate, a good acceptor. p-Alkyl substituents have a powerful decelerating ef- 
fect which is usually attributed to unfavorable steric interactions with the incoming radical. Indeed, this 
effect is very general; virtually any radical will add more rapidly to the less-substituted end of any 
multiple bond in any bimolecular reaction. Most preparatively useful addition reactions have been con- 
ducted with terminal alkene acceptors (methyl crotonate is less reactive than styrene). Also useful are al- 
kenes with p-electron-withdrawing groups. These groups provide a very modest acceleration (compare 
methyl acrylate to dimethyl fumarate); apparently the electronic activation provided by the lowering of 
the LUMO slightly outweighs unfavorable steric interactions. 

Table 3 Relative Rates of Addition of C~HII .  to Acrylates 

Compound Rate compound Rate 

a 
f i C 0 2 M e  1 w C 0 2 M e  0.01 

C02Me 

A C 0 2 M e  
150 Me0 C * W C 0 , M e  5 
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Substituent effects on the radical-bearing carbon are summarized by the examples in Table 4.” Al- 
though they must increase steric interactions between the radical and the alkene, alkyl substituents on the 
radical serve to raise the SOMO and a small acceleration of addition occurs with increasing substitution. 
This ability to tolerate a high degree of substitution at the radical-bearing carbon is an important asset for 
synthesis. The introduction of a powerful electron-withdrawing group on the radical generates an elec- 
tronic mismatch and deceleration results. However, this ‘mismatching’ of electron-withdrawing substi- 
tuents may not be as general as was once thought (see Ambiphilic Radicals, below). Conjugated 
substituents like aryl and vinyl thermodynamically stabilize the radical (by lowering the HOMO) without 
greatly affecting the position of the SOMO. Thus, most benzylic and allylic radicals will probably be nu- 
cleophilic but will exhibit reduced rates relative to simple alkyl radicals due to the reduced exothermicity 
of the addition. 

Table 4 Substituent Effects - Radical 

+ R* 
k 

___.) F C 0 2 M e  
R 

Radical b e l  Radical b e /  

n-C7H1~ 1 Bu‘ 1.6 
C - C ~ H ~ I  1 . 1  Alkyl-OCH2 2.2 

The transition states for additions of simple alkyl radicals to alkenes have been studied at high levels 
of theorys9 and the model that emerges (Figure 1) fits well with intuitive expectations based on an early 
transition state dominated by the SOMO(radica1)-LUMO(a1kene) in te rac t i~n .~~ The forming C - C  bond 
is very long yet still perfectly staggered, all the carbons involved are only slightly pyramidalized and the 
angle of attack of the radical is close to the ideal tetrahedral angle of 109’. There is little charge separ- 
ation in the transition state, consistent with the small solvent effects that are usually observed. In sum- 
mary, the reactions of nucleophilic radicals are favored by high radical SOMOs and low alkene LUMOs. 
Substituents are well tolerated at the radical-bearing carbon and the remote alkene carbon but strongly 
retard the addition when directly attached to the alkene carbon that is being attacked. 

Exothermic reaction, early transition state (TS) 
Forming C-C bond staggered and >2.0 A 
All carbons only slightly pyramidalized 

Figure 1 Transition state for addition of radicals to alkenes 

4.1.4.3.2 Electrophilic mdicals 

Radicals that add more rapidly to electron rich alkenes and more slowly to electron poor alkenes are 
classified as electrophilic. Although the use of electrophilic radicals in synthesis is increasing, the body 
of rate data for electrophilic radical additions is presently much smaller than that for the nucleophilic 
counterparts.6062 Until very recently, virtually all radicals that possessed conjugative electron-withdraw- 
ing substituents were classed as electrophilic. The notion that ambiphilic radicals exist has only recently 
been introduced and the transition between nucleophilic, ambiphilic and electrophilic radicals is a contin- 
uum with rather ill-defined borders at present. The distinction between electrophilic radicals and ambi- 
philic radicals is especially gray. For the purposes of simplicity, radicals with two or more strong 
electron-withdrawing groups will be classed as electrophilic (perhalo-substituted radicals are also elec- 
trophilic)P3 while radicals with a single electron-withdrawing group will be classed as ambiphilic. How- 
ever, certain radicals with one powerful electron-withdrawing group (like cyano) might best be thought 
of as electrophilic radicals. Future rate studies will no doubt define these borders more accurately. 
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Most of the information on substituent effects on the addition of electrophilic radicals to alkenes 
comes from several dative rate studies with substituted malonyl and malononitrile radicals. M O  theory 
predicts that such reactions will be accelerated by substituents that lower the SOMO of the radical or that 
raise the HOMO of the alkene. Experiments indicate that electrondonating alkene substituents modestly 
accelerate the additions of electrophilic radicalsm and electron-withdrawing groups dramatically decel- 
erate such additions. The relative rates of addition of the malononitrile radical to several monosubstituted 
alkenes are listed in Table 5.6l The interplay between steric deactivation and electronic activation for 
substituents at the attacking carbon is less well defined. There are indications that electronic activating 
effects may outweigh steric effects for small, highly electrophilic radicals.61*64 

Table 5 Substituent Effects - Electrophilic Radicals 

k. 
.CH(CN)2 + PR - 

NC 

Alkene b e l  Alkene b e l  

< 1 o - ~  

1 

16 

4.1.433 Ambiphilic radicals 

One of the triumphs of FMO theory is the ability to rationalize the reactivity profile of 1,3dip0les.6~ 
Certain classes of dipoles prefer electron rich cycloaddition partners, while others prefer electron poor 
partners. There is a relatively large group of 1.3-dipoles that have a U-shaped reactivity curve; that is, 
their cycloaddition reactions are accelerated by both electron-donating and electron-withdrawing substi- 
tuents on the alkene. Extending this cycloaddition analogy, there must be a certain number of radicals 
whose SOMOs lie in an intermediate range. The addition reactions of such ambiphilic radicals would be 
accelerated by either electron-withdrawing or electron-donating alkene substituents. Recent rate studies 
from the laboratories of FischeP6 and of Giese6' indicate that this is indeed the case. Fischefl has deter- 
mined accurate rate constants for the addition of .CH2C02But to 19 terminal alkenes. A classic U-shaped 

Table 6 .CH2C&But - An Ambiphilic Radical 

R R kml 

COzMe 
Et 

OEt 
Ph 

3 
40 

R = C5Hl1, 73% 
R = C02Me. 6% 

R = C&& 65% 

Scheme 16 Atom transfer addition to alkynes 
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reactivity curve is obtained (when log k is plotted against ionization potential) and this series of experi- 
ments is the most clear-cut evidence to date for the existence of ambiphilic radicals. Selected examples 
from this study are summarized in Table 6. 

From the Fischer rate study, it appears that primary ester-substituted radicals are not electrophilic but 
ambiphilic and the borderline between ambiphilic and electrophilic radicals is not at all clear. Consider 
our results68 (Scheme 16) on the atom transfer additions of ester-substituted radicals to alkynes (with the 
caution that it may be dangerous to compare yields in place of rate constants). The primary ester-sub- 
stituted radical adds more efficiently to 1 -heptyne but the tertiary ester-substituted radical prefers ethyl 
propiolate. 

Because of the centrality of the carbonyl group in synthesis, carbonyl-substituted radicals are espe- 
cially useful. The above results indicate that, if planned addition or cyclization reaction of a carbonyl- 
substituted radical fails due to lack of reactivity of the acceptor, one should consider activation of the 
alkene not only with electron donors but also with electron acceptors. 

4.1.43.4 Heteroatom-centered radicals 

The reactivity of heteroatom-centered radicals depends on both thermodynamic factors (stabilities of 
starting and product radicals and strengths of forming and breaking bonds) and kinetic factors. The elec- 
tronegativity of the radical-bearing element is an important consideration. For example, radicals such as 
Cl., RO. and R3N+. are strongly electrophilic, while R3Sn. is more nucleophilic. 

4.15 RADICALS AND SYNTHETIC PLANNING 

The notion of retrosynthetic analysis, first introduced by C0rey,6~ is an excellent heuristic device that 
has become standard practice in synthetic planning.70 Dissection of a molecule leads to imaginary syn- 
thons from which real reagents with the desired reactivity profiles are selected or designed. The notation 
of this thought process (and as a result, the process itself) has focused on the natural alternating polarity 
imposed on a carbon chain by a heteroatom. Bonds are dissected in a polar sense to give either normal or 
polarity-inverted (umpoled7’) ~ y n t h o n s . ~ ~  The polarity of these synthons (nucleophilic or electrophilic) is 
often represented simply by plus (+) and minus (-) signs (Scheme 17). A more rigorous notation intro- 
duced by Seebach is also popular.73 Here, nucleophilic sites are classed as donors (d) and electrophilic 
site are classed as acceptors (a). Such notations are useful not only in the planning of complex synthetic 
paths but also in the conceptualization of such paths (many steps can often be summarized with one pic- 
ture) and in the conceptualization and design of multifunctional reagents. 

+/- notation 

Seebach d/a notation 

Scheme 17 Notations for retrosynthetic planning 

As radical reactions are increasingly applied in synthesis, a convenient and informative method to no- 
tate these reactions in retrosynthetic analysis becomes desirable. Currently, two fragments united by a 
radical reaction are sometimes represented simply by dots ‘.’. Seebach has introduced the radical syn- 
thon, notated as ‘r’ (Scheme 18).74 Both of these notations have two related limitations: first, they imply 
that C - C  bonds are formed by radical-radical coupling, and second, they do not indicate which site pro- 
vided the radical and which site accepted it. I introduce here a notation for radicals in retrosynthetic ana- 
lysis that strives to be in harmony with current ionic notations without artificially imposing75 on radical 
reactions the features needed for the planning of ionic reactions. 

In this notation, there are two kinds of sites that a synthon may possess: radical sites themselves and 
sites that react with radicals. In synthons, radical sites are designed simply by ‘.’ to integrate with the 



732 Nonpolar Additions to Alkenes and Alkynes 

Scheme 18 Current notations for radical reactions 

plus-minus convention and more precisely by ‘.r’ to integrate with Soebach’s donor-acceptor notation. 
Sites that react with radicals may be either atom (or group) donors or multiple bonds. Such sites arc des- 
ignated by ‘.’ in the plus-rninus convention and by ‘e’  in the Seebach convention. This modifcation 
clearly shows the direction in which radical reactions are occurring and it is especially illustrative when 
sequences of reactions (either all radical or combined radical and ionic) are notated. 
The simple addition reaction in Scheme 19 illustrates how the notation is used. Ester (1) can be dis- 

sected into synthons (2)’ (3) and (4). Synthons for radical precursors (pro-radicals) possess radical sites 
(.). A reagent that is an appropriate radical precursor for the cyclohexyl radical, such as cyclohexyl 
iodide, is the actual equivalent of synthon (2). By nature, alkene acceptors have one site that nacts with a 
radical (a) and one adjacent radical site ( a )  that is created upon addition of a radical. Ethyl acrylate is a re- 
agent that is equivalent to synthon (3). Atom or group donors are represented as sites that react with radi- 
cals (e). Tributyltin hydride is a reagent equivalent of (4). In practice, such analysis will usually focus on 
carbornarbon bond forming reactions and the atom transfer step may be omitted in the notation for sim- 
plicity. 

+ OH rCO” --> 0’ + O i  CGEt 

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

Synthon Reagent 

CO2Et =Y &CO2Et 

O H  or 0 rH HSnBu3 

Scheme 19 Retrosynthetic notation of radical reactions 

This notation blends smoothly with the plus-minus notation to indicate sequences of reactions or 
multifunctional reagents. In the simple, hypothetical transformation in Scheme 20, dibromomethane 
might serve as a reagent for the synthon (5). A slash (0 separates the two symbols (4) to indicate that 
(5) will behave separately as a nucleophilic site and a radical site, rather than as a radical anion. The 
more rigorous notation of Seebach avoids this confusion. Related transformations have actually been cx- 
ecuted by Wilcox and Ga~dino.’~ 

hH2 

1 and CH2-/* or CHzd/*r 

OH OH (5) 

Scheme 20 A simple synthon 
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The notation becomes useful in the planning and conceptualization of a complex synthesis. A propel- 
lane triquinane such as modhephene presents almost limitless opportunities for the design of strategies 
based on radical cyclizations. Scheme 21 illustrates four of the 24 possible” strategies for the synthesis 
of modhephene that would conduct two radical cyclizations of a precursor that contains a pre-existing 
ring and two geminal side chains. In strategy A, both radical sites are generated in the side chains and 
both acceptor sites are on the ring. In strategy B, the roles are reversed; both radical sites are generated 
on the ring and cyclize to the chains. Strategies C and D have one site each on the ring and the chain. 
The notation systems used in Scheme 18 would have represented all four different strategies in Scheme 
21 in the same way. In contrast, the new notation method clearly differentiates the four strategies. 

Mcdhephene 

Scheme 21 Four strategies for modhephene 

As with any retrosynthetic analysis, once potential strategies are identified, one must address the prob- 
lems posed by each route. In the present synthesis, such questions arise as: Are the planned cyclizations 
likely to succeed? Will the two cyclizations be conducted together or separately? In what order will they 
occur? How will the stereochemistry of the methyl group be controlled? By what method will the cycli- 
zations be conducted and what will the actual cyclization precursor(s) be? How will the precursors be 
prepared? The answers to these questions will help determine the selection of a practical synthetic path- 
way. 

In practice, Jasperse has developed a synthesis of modhephene that is a variant of strategy A (Scheme 
22)?* Modhephene can be prepared from the enone (6). In turn, enone (6) is prepared by two separate 
radical cyclizations with complete control of regio- and stereo-chemistry, The vinylstannane serves as 
the synthetic equivalent of a double radical acceptor site ( d o ) .  The whole synthetic route can be concep- 
tualized in one simple diagram as shown in Scheme 23. Below the diagram, each synthon is associated 
with the actual starting material that was used to accomplish the required transformation in the synthesis. 

Scheme 24 illustrates how this notation can be combined with that of Seeba~h.’~ Clive has formed a 
new ring by sequencing a Michael reaction, a carbonyl addition, and a radical cycl i~at ion.~~ Phenylsele- 
noacrylonitrile is the actual reagent that accomplishes the transformation implied by synthon (7). 
No heuristic device for retrosynthesis can replace a knowledge of the synthetic literature. This device 

aids the synthetic chemist in planning possible strategic routes to a target, but it remains to the chemist to 
evaluate the viability of these routes and to make an informed selection. A knowledge of the principles 
of radical addition and cyclization reactions and the methods to conduct these reactions is essential for 
the evaluation of synthetic strategies, however they are devised. To provide a foundation of this knowl- 
edge is the principle goal of this and the following chapter. 
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LDA * q,SF catalytic ____) Q i,KOH * 
Br BujSnH ii, ClCOCOCl 

COzMe Br(CH2kCHBrMe CO,Me Br 
COzMe iii, Me3Si A 

Modhephene (6) 

Scheme 22 

Synthon q+ 0 

Starting material 

SnMe3 

C02Me 

Br5 Br 

Scheme 23 An analysis of the modhephene synthesis 

i, Li-Ph 

* a I N  ii,Bu,SnH * 

i, p p l i d i n e  

(7) 

Scheme 24 Seebach notation 
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4.1.6 ADDITIONS OF CARBON-CENTERED RADICALS TO ALKENES AND ALKYNES 
One of the mildest general techniques to extend a carbon chain entails the addition of a carboncen- 

tered radical to an alkene or alkyne. The method for conducting these addition reactions often determines 
the types of precursors and acceptors that can be used and the types of products that are formed. In the 
following section, synthetically useful radical additions are grouped into chain and nonchain reactions 
and then further subdivided by the method of reaction. Short, independent sections that follow treat the 
addition of carbon-centered radicals to other multiple bonds and aromatic rings and the additions of hete- 
roatom-centered radicals. 

4.1.6.1 Chain Methods 

4.1.4.1 .I Metal hydrides (the Giese method) 

Developed in large measure by Giese and coworkers, metal hydride mediated addition reactions are 
among the most useful and commonly employed synthetic reactions that involve radical intermediates. 
Two classes of metal hydrides have emerged as superior reagents to conduct addition reactions by radical 
chains: tin hydrides (and closely related germanium and silicon hydrides) and mercury(I1) hydrides. This 
subject has been recently covered in detail in a number of specificgo-82 and general  review^*^*^^.^ and 
the following treatment is intended only as an introduction. 

(i) Tin hydride 
The tin hydride methodg5 generates radicals by abstraction of an atom or group from a pro-radical by 

BusSn. and removes radicals by hydrogen transfer from BusSnH. Selectivity is often imparted by con- 
trolling reagent concentrations. Most of the applications of the tin hydride method pair nucleophilic radi- 
cals, generated from alkyl iodides, bromides or related precursors, with electron deficient alkenes 
(Scheme 25). This reaction is complementary to the more common tactic of conjugate addition of an or- 
ganometallic reagent (such as a cuprate) to an electron deficient alkene. For many applications, the 
standard organometallic route will remain the method of choice because yields are consistently high and 
the conjugate addition reaction is more tolerant to the presence of P-substituents on the acceptor. How- 
ever, there are situations in which the radical method may be advantageous. These include additions of 
secondary, tertiary and heteroatom-substituted radicals (where organometallic derivatives are often diffi- 
cult to prepare or are unstable) and additions in which either the halide or the alkene contains function- 
ality sensitive to organometallic methods. Scheme 26 provides some representative examples in which 
readily available, optically active precursors have been chain Although very high yields 
have been obtained in favorable cases, isolated yields typically fall in the range of 40-7596. Reduction 
products or short telomers often account for the remainder of the mass balance (see below). 

AIBN 

A or hv 
R-X + E ' * ~  + Bu3SnH - ' T E  + Bu3SnH 

E 

R = primary, secondary, tertiary or heteroatom-substituted alkyl, phenyl 
X = I or Br, SePh, xanthate, NO2 

E' = H, activating group 
E = COR, C02R, CN, Ph, SO2Ph 

Scheme 25 

A detailed mechanistic analysis of the factors affecting the success of these tin hydride mediated addi- 
tion reactions has been provided by GieseS3 This analysis, which is especially illustrative of how ex- 
perimental conditions for free radical reactions are planned, is summarized in Scheme 27. Three 
intermediate radicals, (8), (9) and (lo), are involved. As is characteristic of all radical reactions, these 
radicals are simultaneously exposed to the same reagent pool and each can potentially undergo an addi- 
tion reaction or an atom transfer reaction. The required reaction of the tributyltin radical (8) is atom ab- 
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optically active from 
Sharpless epoxidation 

H19& 

70% (-)-Malyngolide 

NHCbz - L C W  
Bu~SIIH 

BnOzC 
CO2H 

30% 
BnOzC 

54% em-Brevicomin 

Scheme 26 

straction to generate the initial carboncentered radical (9); a possible competing reaction is the well- 
known hydrostannylation reaction of electron deficient alkenes. Because it is not possible to use low al- 
kene concentrations to retard hydrostannylation (this also retards the desired addition), the selectivity 
problem in step 1 is solved by using a highly reactive atom donor. Iodides are often the precursors of 
choice because trialkyltin radicals abstract iodine from alkyl iodides at rates approaching the diffusion- 
controlled limitegg Iodide precursors of more stable radicals (tertiary alkyl, a-oxy, acyl) are often difficult 
to prepare but are not usually required. Substituents that stabilize radicals also facilitate atom transfer and 
less reactive bromides, phenyl selenides, nitro groups and xanthates often become acceptable precursors. 

In steps 2 and 3, addition to the electron deficient alkene and hydrogen abstraction from tin hydride 
compete. Step 2 requires addition of R. to be faster than hydrogen atom transfer and step 3 requires pre- 
cisely the reverse. That this reaction can be conducted at all is a result of the electronic properties of the 
intermediate radicals: alkyl radical (9) is a nucleophilic radical that pairs well in the addition to the elec- 
trophilic alkene, but the resulting adduct radical (10) does not add as rapidly in the corresponding re- 
action to give (11). Better yields are obtained as the alkene becomes more electron deficient because 
electron-withdrawing substituents increase kal and, at the same time, may decrease ko2. The ratio of the 
two rate constants (kal:ks2) may range anywhere from 10 in borderline cases up to lo00 in ideal cases, 
depending on radical and alkene substituents. The rate constants hi and kH2 are also important and it is 
often assumed that they are approximately equal.89 

To successfully conduct the desired addition reaction, one must adopt conditions so that the partition- 
ing in step 2 between reduction and addition of (9) favors addition, without going so far as to disrupt the 
natural rate constant bias in favor of reduction over addition in step 3. A specific example, the addition of 
cyclohexyl radical to methyl acrylate, best illustrates this point. Equation (5 )  states the requirement that 
addition of the cyclohexyl radical be more rapid than reduction with tin hydride. The rate constant for the 
addition of the cyclohexyl radical is about 3 x 10s M-' s-I while the rate constant for abstraction of hy- 
drogen is about 2 x 106 M-' 8. This slight bias in rate constant ratio in favor of hydrogen transfer must 
be offset by altering the concentrations of the reagents as indicated in Equation (6); the concentration of 
methyl acrylate must be greater than that of tin hydride. This alteration of reagent concentrations is ac- 
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R* - R-H 
k H I  

(9) 

k a l  @E I Step 2 

E 

RJE + Bu3Sn* 

Scheme 27 

ceptable provided that it is not sufficiently great to offset the inherent rate constant bias in favor of hy- 
drogen transfer in step 3, as illustrated in equations (7) and (8). 

BuSnH OH kH 

k,l 5 3 x Id M-ls-' 
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A quantitative analysis of all the competing reactions is possible in some simple systems. Rate con- 
stants to permit analysis of the partitioning at step 2 are well established; however, specific rate constants 
to model the partitioning at step 3 are often lacking.89 Nonetheless, general guidelines are forthcoming 
from the mechanistic analysis. First and foremost, use the most reactive acceptor possible in order to 
favor addition in step 2 (by increasing kal) and reduction in step 3 (by decreasing ka) .  This simplifies the 
design of reaction conditions. Next, once an acceptor is selected, choose reaction conditions carefully to 
maximize the yield of addition. For reactive, inexpensive acceptors like acrylonitrile, the components 
can simply be mixed in an appropriate ratio and the reaction initiated.w However, because alkyl radicals 
react with most acceptors with rate constants equal to or slightly lower than with tin hydride, it is desir- 
able to maintain a situation where the concentration of the alkene exceeds that of the tin hydride. This is 
best accomplished by using reaction conditions that minimize the tin hydride concentration and by em- 
ploying a modest excess of an alkene acceptor. The two most popular ways to mininize the tin hydride 
concentration are by using syringe pump addition techniques or by using a limited quantity of a catalytic 
precursor of tin hydride. 

In the syringe pump method, the halide and the alkene acceptor are typically refluxed in benzene and a 
solution of tibutyltin hydride and AIBN in benzene is added slowly over a period of hours by syringe 
drive. The exact concentration of tin hydride is not known but it remains low, provided that the chain 
continues at a rate more rapid than syringe pump addition. Telomerization may intervene if the tin hy- 
dride concentration falls too low. To insure that the chain continues, it is important to use a reactive atom 
donor (to maximize the rate of step 1) and to insure that a constant source of initiator is present?l 

Catalytic procedures (introduced by Kuivila and Menapace9*) are easier to conduct and the tin hydride 
concentration is more easily controlled. A catalytic amount of tributyltin hydride or tributyltin chloride is 
mixed with the radical precursor, the alkene acceptor and a stoichiometric quantity of a coreductant such 
as sodium bor~hydr ide~~  or sodium cyan~borohydride.~~ Over the course of the reaction, the borohydride 
continuously converts the tin halide to tin hydride. The use of the catalytic procedure is probably re- 
stricted to halide precursors (tin products derived from other precursors may not be reduced to tin hy- 
drides). This method has several advantages over the standard procedures: (i) it is simple to conduct; (ii) 
most functional groups are stable to the coreductants (especially sodium cyanoborohydride); (iii) the tin 
hydride concentration is known, is stationary (assuming that the tin halide is rapidly reduced to tin hy- 
dride), and can be varied by either changing the concentration of the reaction or the quantity of the tin re- 
agent (10% is a typical value, but lower quantities can be used); and finally, (iv) the mount  of tin 
hydride precursor that is added limits the amount of tin by-product that must be removed at the end of 
the reaction. 

This last advantage should not be underestimated because the removal of large amounts of tin products 
on a preparative scale can be inconvenient. With relatively polar organic products, the non-polar tin pro- 
ducts are often removed by chromatographic purification.80 Partitioning between acetonitrile and hexane 
has also been used.94 Nonpolar reaction products sometimes present more problems. Pretreatment of re- 
action mixtures with fluoride anion to convert tin halides to insoluble tin fluorides in a popular work-up 
te~hnique.9~ Chang has recently introduced a work-up procedure with DBU that serves to remove much 
of the tin halide by-product from a crude product prior to chromatography.% These work-up procedures 
are designed to remove tin halides and it is recommended that any work-up procedure be prefaced by 
treatment of the crude reaction mixture with iodine to destroy any residual tin hydride?' Methods based 
on polymer-bound tin hydrides have not become popular, but offer the potential advantages of low con- 
centration of tin hydride and easy removal of the tin 

Another strategy to improve the partitioning of the initial radical between direct reduction and desired 
addition is to design a reagent that is a poorer hydrogen donor than tributyltin hydride.w Bulky substi- 
tuents on the tin atom do not significantly decrease the rate of hydrogen transfer and substituents like 
aryl groups and heteroatoms actually accelerate hydrogen transfer.lm Germanium is above tin in the peri- 
odic table and forms stronger bonds to most elements, making it a poorer atom donor and a better atom 
abstractor. Indeed, tributylgermanium hydride is known to be about 1&20 times poorer as a donor of a 
hydrogen atom towards alkyl radicals than tin h ~ d r i d e ~ ~ v l ~ ~  and it is also a powerful halogen atom ab- 
~ t r a c t o r . ~ ~  Thus it would appear to offer significant advantages over tributyltin hydride in slow addition 
reactions by giving better partitioning in favor of addition over reduction.w However, there are two prob- 
lems. First, hydrogermylation is more rapid than hydrostannylation and it can be a serious competing 
side reaction,Io2 and second, there is evidence that reactions of germanium hydride with stabilized radi- 
cals (such as tertiary alkyl) may be too slow to propagate chains at low concentrations'0' (that is, what is 
gained by decreasing k~ might be lost by increasing the germanium hydride concentration in order to 
maintain the chain). lo3 
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A detailed study by Hershberger has evaluated the efficacy of germanium hydride compared to tin hy- 
dride under a standard set of conditions.lM In general, tin hydride propagates chains more efficiently105 
and gives superior yields in additions to acrylonitrile. However, in the addition of a primary radical to ac- 
rylonitrile (Scheme 28), the germanium hydride was found to be superior provided that acetonitrile was 
used as a solvent rather than benzene105 and that an iodide was used as the radical precursor.Io2 

0.1 M 0.1 M 0.15 M 
Bu3SnH/PhH 40% 47% 
Bu3GeH/MeCN 71% 11% 

0' + f i C N  + (Me3Si)~Si-H 

1 equiv. 90% 
Scheme 28 

Siliconaydrogen bonds in most trialkylsilanes are too strong to donate hydrogen atoms to alkyl radi- 
cals. However, Griller and Chatgilialoglu have recently shown that tris(trimethylsily1)silane has a signifi- 
cantly weaker Si-H bond than normal silicon hydrides (but still stronger than tin hydrides) and that it 
can be used as a reagent to propagate chain reductions of halides.IM Very recently, Giese and Chatgilia- 
loglu have shown that thisnew reagent is a useful substitute for tin hydride in simple addition and cycli- 
zation reactions (Scheme 28) . lo7  Future work will be required to determine the general suitability of this 
promising reagent as a substitute for tin hydride. 

The level of stereoselectivity in tin hydride mediated addition reactions often depends on whether cy- 
clic or acyclic systems are involved. Two recent, representative examples are shown in Scheme 29.108J09 
Good selectivity is often observed with cyclic radicals in both the addition and hydrogen transfer steps. 
The reagent attacks the less-hindered face of the radical. Acyclic systems have been less frequently stu- 
died and typically show low asymmetric induction in either addition or hydrogen transfer reactions.II0 
There is at least one example where reasonable stereoselectivity has been observed (albeit in only 13% 
yield) in the addition of an alkyl radical to an acceptor bearing a stereogenic center (Scheme 30)."' 
There are currently no generally useful methods for absolute asymmetric induction although this is an 
ongoing area of research inseveral laboratories. 

c d3''''oBn "%OBz 

\,,,OBn -. BusSnH 

PhO2S NaCNBh 
0 '%OBz -+ &S02Ph 

Br 
O B Z  OBz 

80% 

CO2Et 
I 

SePh 
I 

(%02Et  

2: 1 ratio of isomers 
Scheme 29 

In addition to alkyl radicals, other nucleophilic radicals can participate in tin hydride mediated addi- 
tion reactions (Scheme 31). Phenyl radicals are highly reactive112 but give only modest yields of addition 
products113 and one suspects that vinyl radicals should behave ~irni1arly.l~~ &-Oxy radicals have been 
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BuI 
B U  

+ 
18:82 

Scheme 30 

used frequently and with good success, especially at the anomeric center in carbohydrates. In such 
anomeric radicals, stereoelectronic effects can cause very high levels of asymmetric i n d u c t i ~ n . ~ ~ ~ * ~ ~ ~  
Very recently, acyl selenides have been demonstrated to be useful precursors for the addition of acyl 
radicals to alkenes. 

Ph-I + 6 C N  

46% 

r O A c  OBn 

''Ob,,, + B n o q O B n  

AcO Br 
OAc 0 

0 

70% 0 

0 

Bu3SnH e C02Bn 
&CO2Bn - 

MeO 5 equiv. MeO 

60% 
Scheme 31 

There are several examples of the addition reactions of carbonyl-substituted radicals to alkenes by the 
tin hydride method. The fmt reaction cited in Scheme 32 is a clear-cut example of reversed electronic re- 
quirement: an electrophilic radical pairing with a nucleophilic alkene.60 Because enol ethers are not eas- 
ily hydrostannylated, the use of a chloride precursor (which is activated by the esters) is possible. Indeed, 
the use of a bromomalonate results in a completely different product (Section 4.1.6.1.4). The second 
example is more intriguing (especially in light of the recent proposals on the existence of ambiphilic 
radicals) because it appears to go against conventional wisdom in the pairing of radicals and ac- 
ceptors.' '*J 19 

OSiMe3 EtO2C OSiMe3 

But 
Bu3SnH 

+ &But - EtO2C 

56% 
E*2cY Co2Et 

c1 

Bu3SnH ,-- COzMe 

* -CO2Me 
* c ~ ~ M ~  + Br-COzMe 

syringe pump 

77% 
Scheme 32 
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(ii) Mercury(II) hydrides 
Radical addition reactions conducted by the mercury(I1) hydride method were also pioneered by Giese 

and are very similar in principle to the tin hydride method. The radical is generated from an organomer- 
curial (rather than a halide) and removed by hydrogen transfer from a mercury(I1) hydride (rather than a 
tin hydride). Mercury(II) hydride reductions have been covered in several recent reviews.3-5.81.82 

The basic transformation and mechanism are outlined in Scheme 133. Addition of a reducing agent 
(NaBH4, NaCNBH3, Bu3SnH) to a solution (methanol, THF, dichloromethane) of an organomercury(I1) 
halide or acetate in the presence of an excess of a reactive acceptor provides addition products in modest 
to good yield. The directly reduced hydrocarbon is a common by-product. It is believed that the orga- 
nomercurial is rapidly reduced to an alkylmercury(I1) hydride and the accepted mechanism for addition 
is a mercury(I1) hydride chain.120 This chain is probably initiated by spontaneous decomposition of the 
alkylmercury(I1) hydride. Alkyl radicals can compete for addition of the alkene (step 1) or hydrogen 
atom abstraction from the alkylmercury(I1) hydride. Adduct radicals transfer the chain by abstracting hy- 
drogen from the mercury(I1) hydride (step 2). 

"-' 

R-Hg-X [ R-Hg-H] 

1 initiation X = halide, OAc 

R. 
R - H g - H  

c R-H + R. + 

Scheme 33 

It is known that mercury(I1) hydrides are better hydrogen donors towards alkyl radicals than tin hy- 
dride by about one order of magnitude.I2l This means that very reactive acceptors are required to attain 
useful yields in the mercury(I1) hydride method. For many applications, tin hydride will be the reagent of 
choice. However, the mercury(I1) hydride method does have advantages: (i) the mercury(I1) hydride is 
both the radical trap and the radical precursor and thus there are only two radicals involved in the re- 
action (rather than three as in the tin hydride method);122 (ii) the reaction is very easy to conduct and pro- 
ceeds rapidly at room temperature; (iii) the organomercurials are often formed in situ; and (iv) the 
separation of products from reagents is very straightforward (metallic mercury is removed by filtration 
and the inorganic products are removed by water extraction). 

A useful aspect of the mercury(I1) hydride method is that it can be directly coupled with the many 
standard techniques for heteromercuration of alkenes and cyclopropanes. The resulting overall transfor- 
mation adds a heteroatom and a carbon atom across the carbon-carbon double bond of an alkene or the 
carbon-carbon single bond of a cyclopropane. This is a difficult transformation to conduct by standard 
ionic techniques. An alkene thus becomes an equivalent of synthon (12) and a cyclopropane of synthon 
(13; Scheme 34). Many equivalent transformations (like haloetherification and phenylselenolactoniza- 
tion) are available to make precursors for tin hydride mediated additions. 

The selection of examples collected in Scheme 35 illustrates just a few of the many transformations 
that are possible with m e r c ~ r i a l s . ~ ~ ~ - l ~ ~  (The comprehensive review of Barluenga is recommended as a 
complete source of references.)82 The oxy- or amido-mercuration can be inter- or intra-molecular and the 
addition products are often converted to lactones or lactams. The last example illustrates a simple prep- 
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Scheme 34 Synthons in the mercury(I1) hydride method 

aration of a 1,6-dicarbonyl compound. The standard ionic approach to such molecules calls for umpol- 
ung; a reagent equivalent to homcenolate synthon (14) would need to be prepared. The preparation of a 
reagent for the radical synthon (15) and the execution of the coupling are very simple compared to many 
ionic methods for the equivalent transformation. 

& i , H g ( o A ~ ) ~  *co2Me 

ii, p C O , M e  CO-0 
NaBH(OMe)3 COZH 

44% 

fl i, Hg(OAc)2 / MeOH w C 0 2 M e  

74% NaBH4 

Cbz 

I,,,,,,- C02Me - i, Hg(0Ac)Z 

N 
ii, @CO,M~ I 

NaBH4 H 

0 
41% 

+ 
COMe 

COMe 

Scheme 35 

4.1.6.1.2 The fragmentation method 

While carbon and oxygen radicals add irreversibly to carbon-carbon double bonds, the fragmentation 
reaction is rapid (and often reversible) for elements like tin, sulfur, selenium and the halogens (Scheme 
36). This elimination reaction can be very useful in synthesis if the eliminated radical Y. can either di- 
rectly or indirectly react with a radical precursor to propagate a chain. Given this prerequisite, an addi- 
tion chain can be devised with either an allylic or a vinylic precursor, as illustrated in Scheme 37. Carbon 
radicals are generated by the direct or indirect reaction with Ye and are removed by the @-elimination of 
Y.. Selectivity is determined by the concentration of the alkene acceptor and the rate of @elimination 
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(which is usually very fast).127 The allylic variant (16) is more straightforward because the alkene substi- 
tuent (CH2Y) sterically (and perhaps also electronically) biases addition in the desired sense to fom 
(17). For selectivity, the addition of R. to the allylic precursor (16) must of course be more rapid than 
radical-radical or radical-solvent reactions, but it must also be more rapid than addition of R. to the final 
product. In the vinylic variant, an activating group A must be introduced as in (18) to prevent the direct 
addition of R. to the carbon remote from Y 

Y 
a 1  

R. + 

R* + 

R-X - + y. - - - fast 
* . . . . . . . . . . . . . . . . . 

direct or 
indirect 

Y = halogen, SR, SeR, SnR3 

Scheme 36 Fragmentation reactions 

Y Y 

I -  I1 
,N R*Y R' 

A = activating group 
Y 

R* 

+ Y. 

+ Y* 

* < Y  
A = H, cannot fragment 

Scheme 37 Allyl and vinyl fragmentation chains 

A strategy that propagates the chain by p-elimination has important advantages over metal hydride 
methods that propagate chains by hydrogen transfer. Because the overall transformation is a substitution 
and not a reduction, there is no metal hydride reagent present in a fragmentation chain. The problem of 
reduction of an initial radical by the reagent prior to addition does not exist. Relatively unreactive ac- 
ceptors can be used and the reactions can (and generally should) be conducted at high concentrations. 
The differentiation of the initial radical from the final radical is also not difficult because most fragmen- 
tation reactions are very fast unimolecular processes with which few bimolecular processes can com- 
pete;lZ7 that is, radicals (17) and (19) fragment much more rapidly than they add to the starting alkenes 
(16) and (18), even if these alkenes are present in high concentration. The trade-off in using the fragmen- 
tation strategy is that it is presently more limited in the type and location of substituents that can be intro- 
duced compared to the metal hydride method (see below). 

( i )  Allyl- and vinyl-stannanes 
The most popular fragmentation methods use allyl- or vinyl-stannane reagents. These reagents have all 

the advantages associated with using the trialkyltin radical (a reactive atom and group abstractor) as a 
chain transfer agent without the disadvantages of tin hydride (a reactive hydrogen donor). Several recent 
reviews provide sources of references in this field.3-5 

Allylation reactions with allyltributylStaMane'** are now routine (Scheme 38) and have been used to 
advantage in complex synthetic endeavors. The experimental procedures developed by Keck are popu- 
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lar.lm Thermal methods involve heating of allyltributylstannane (or allyltrimethylstannane), the radical 
precursor, and AIBN in degassed benzene for several hours. If lower temperatures are desired, AIBN can 
be omitted and the reaction can be irradiated through a Pyrex filter with a standard Hanovia lamp. Two 
equiv. of the stannane are typically employed and the initial concentration is about 0.5 M in radical pre- 
cursor. The products are isolated simply by evaporation of the solvent and chromatography of the 
residue. Alternatively, methods to remove tin halides can be applied prior to work-up and chromato- 
graphy. Keck has shown that this allylation is very powerful because it succeeds in complex synthetic 
settings, where more traditional synthetic methods would be inappropriate. 130 

R-X 

X = I, Br, SeR, NO,, xanthate, activated SPh, C1 

step (2) k, 1 SnBu3 

fast 
c 

kf 
R- + -SnBu3 

The mechanism of this transformation is outlined in Scheme 38 and each step has important features. 
In step 1, the uibutyltin radical abstracts the radical precursor X. A possible side reaction, the addition of 
the tibutyltin radical to the allylstannane, is much slower than comparable additions to activated al- 
kenes. Even if this addition occurs, the stannyl radical is simply eliminated to regenerate the starting ma- 
terials. Thus, for symmetric allylstannanes, this reaction is of no consequence. As a result, the range of 
precursors X that can be used in allylation is more extensive than in the tin hydride method. Even rela- 
tively unreactive precursors like chlorides and phenyl sulfides can be used if they are activated by ad- 
jacent radical-stabilizing groups. 

That step 2 succeeds implies that there must be some activating effect of the tin on the rate of radical 
addition to the a l l y l ~ t a n n a n e . ' ~ ~ * ~ ~ ~  Otherwise the product (22) would be of equal reactivity to the 
allylstannane reagent. However, this activation may only be modest enough so that addition of radical 
(20) to allylstannane is more rapid than its addition to benzene or its reaction with another radical; there 
are no rapid alternative reactions for (20) to undergo. Although there are no accurate rate constants yet 
available for ka in step 2, we have recently estimated the rate constant for addition of octyl radical to 
allyltributylstannane at 50 'C: ka = 1-6 x 104 M-I s-1.133 Likewise, there are no accurate rate constants 
known for the fragmentation reaction in step 3; however, this must be a very fast r e a ~ t i 0 n . l ~ ~  In some 
cases (see below) fragmentation of a P-stannyl radical is even competitive with o-bond rotation. It is 
very likely that kr > 106 M-' s-I. Addition of (21) to the starting allylstannane cannot possibly compete 
with fragmentation. 

Illustrative examples of the kinds of transformations that can be conducted with allylstannane reagents 
are presented in Scheme 39. Example 1 emphasizes that activating groups on the alkene provide espe- 
cially reactive partners for rad i~a1s . l~~  Example 2 illustrates in the context of a prostaglandin synthesis 
that allylstannanes need not be paired with nucleophilic radicals. 135 Ambiphilic and electrophilic radicals 
should be equally useful, if not more. Example 3 illustrates that allenylations can be accomplished with 
the appropriate pr~pargylstannane.'~~ Finally, example 4 illustrates the kinds of new synthons and re- 
agents that can be developed by combining this type of allylation with known transformations. 137 
Silylstannane (23) becomes a useful reagent for the synthon (24). 
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Scheme 39 

A sequence of reactions that was recently reported by Hanessian and Alpegiani nicely illustrates how 
the allylstannane method is useful for functionalization of complex, sensitive substrates and, more gener- 
ally, how stereochemistry can be controlled in radical addition reactions (Scheme @).I3* Dibromo-f3-lac- 
tam (25) can be monoallylated with a slight excess of allyltributylstannane and then reduced with 
tributyltin hydride to provide p-allylated f3-lactam (26) (the acid salt of which shows some activity as a 
p-lactamase inhibitor). Stereochemistry is fixed in the reduction step: hydrogen is delivered to the less- 
hindered face of the radical. Alternatively, monodebromination, followed by allylation, now delivers the 
allyl group from the less-hindered face to provide stereoisomer (27). Finally, allylation of (25) with ex- 
cess allylstannane produces the diallylated product (not shown). 

At present, bimolecular allylation is limited to unsubstituted and 2-substituted allylstannanes (which 
are symmetrical so that addition and elimination of a tin radical are degenerate). 1-Substituted allylstan- 
nanes (for example, crotylstannane) are not useful reagents because the substituent decelerates the rate of 
the radical addition step below the useful limit.139 The usefulness of 3-substituted allylstannanes has 
been limited by their relatively facile isomerization to the inert 1-substituted isomers under typical re- 
action conditions.1a 

A useful solution to the latter problem, introduced by Keck and Byers,I4I makes possible crotylation 
and isoprenylation. Irradiation of an allyl sulfide (2&3 equiv.), a reactive radical precursor (29  1 equiv.) 
and hexabutylditin (1.5 equiv.) produces substitution products (30) in good yields (Scheme 41). The 
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c02C3HS 

(27) 69% 

Scheme 40 

mechanism is similar to that with an allylstannane except that the thiophenyl radical is ejected in the 
fragmentation step. This thiophenyl radical cleaves hexabutylditin to give Bu3SnSPh and the chain-car- 
rying tributyltin radical. Reactive radical precursors must be used because addition of the tributyltin radi- 
cal to (28) is a reasonably rapid competing reaction. 

R - Bu3SnSnBu3 
R + R-I 

SPh hv 

(28) R=H,Me (29) (30) 

Scheme 41 

Vinylstannanes can also be used in the fragmentation method provided that an activating group is in- 
troduced to accelerate and direct the addition of the radical to the carbon bearing the tin (Scheme 42). 
Useful activating groups include carbonyls,142 phenylsulfonyl and diphenylphosphinyl. 144 

Most preparative studies have reported the predominant or exclusive formation of the (E)-isomer of the 
product regardless of whether the starting stannane was (E) or (2). However, careful studies by Rus- 
sell143 on the addition of alkyl radicals (generated from alkylmercury(I1) chlorides) to the individual 
stereoisomers of p-stannylstyrene have shown that the stereochemistry of the vinylstannane precursor is 
retained to a significant extent in the product.145 These studies demonstrate that fragmentations of p- 
stannyl radicals are very rapid. The success of these procedures again implies that there is at least a mod- 
est activating effect of the p-stannyl group on the rate of addition, otherwise the product would be 
equally reactive with the starting vinylstannane. Even so, p-stannyl groups must be decelerating relative 
to hydrogen and an excess of the acceptor is usually employed. 

R-X + Bu3Sn& E - R&E + Bu3SnX 

E = COR, Ph, SOzPh, P(O)Ph2 

Scheme 42 

(ii) Other reagents 
A variety of other fragmentation reactions are potentially useful in the formation of carbon-carbon 

bonds, although none has yet shown the generality of the allyl- and vinyl-stannaries." In addition to the 
use of allyl sulfides discussed above (Scheme 41), allylcobalts have also been emp10yed.l~' Extensive 
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studies by Russell have shown that a variety of activated vinyl (and propargyl) acceptors will propagate 
chains when alkylmercury(I1) halides are used as radical precursors (Scheme 43).’48 

R-Hg-Cl + 
E = Ph, PhSO2; Y = halogen, SPh, SOzPh 

Scheme 43 

4.1.6.1.3 Thiohydroxamate esters (the Barton method) 

One of the most important chain methods to conduct radical addition reactions that does not revolve 
around the chemistry of the trialkyltin radical is Barton’s thiohydroxamate method.*49 This is presently 
the most generally useful method to conduct addition reactions of nucleophilic radicals to electrophilic 
acceptors that are not terminated by hydrogen atom transfer. In the thiohydroxamate method, radicals are 
generated and removed in the same process: the addition of a radical to a thiohydroxamate ester and the 
fragmentation of the ensuing intermediate. Thus, the lifetimes of radicals are limited by their rate con- 
stants for addition to the radical precursor and by the concentration of this precursor. Several pertinent 
reviews of the chemistry of thiohydroxamate esters are available;’” a thorough, succinct review by Crich 
is an excellent starting point for citations to the original l i t e ra t~re . ’~~ In addition to serving as radical pre- 
cursors for C - C  bond-forming reactions, these esters are excellent precursors for the decarboxylative 
functionalization of carboxylic acids with a variety of heteroatomic groups. This aspect of thiohydroxa- 
mate chemistry is described in Volume 7, Chapter 5.4. 

Scheme 44 summarizes an addition reaction by the Barton method. Thiohydroxamate esters (32) are 
readily prepared and isolated, but, more typically, they are generated in situ. Experimental procedures 
have been described in detai1’48J5’ and often entail the slow addition of an acid chloride to a refluxing 
chlorobenzene solution of the readily available sodium salt (31), dimethylaminopyridine (DMAP, to 
catalyze the esterification), and excess alkene. The products are usually isolated by standard aqueous 
work-up and chromatographic purification. L o , N ?  SPY 

RLCl 4- -o,q - 1~ 17 -k ‘OZ 

Na’ 
(31) (32) 

Scheme 44 The Barton method 

The basic transformation that underlies the Barton method is outlined in Scheme 45, steps 1 and 2.IS2 
Thermolysis in refluxing toluene or photolysis with a sunlamp rapidly converts a thiohydroxamate ester 
(32) to the decarboxylated pyridyl sulfide (33). This pyridyl sulfide is fonned by addition of an alkyl 
radical Ro to the thiohydroxamate (32) followed by fragmentation of (34) as indicated. In the planning of 
addition reactions by the Barton method, it is usually assumed that the addition step 1 is rate limiting. 
However, there is now evidence that step 1 may sometimes be reversible and step 2 may be rate limi- 
ting.lS3 

In the presence of a reactive alkene acceptor, the intermediate radical Re can be intercepted by addition 
to a reactive alkene (step 3) prior to reaction with the starting thiohydroxamate (step 2). If the adduct 
radical (35) then adds to the thiohydroxamate (step 4) more rapidly than it adds to another molecule of 
alkene, a successful chain addition reaction results. In practice, a wide variety of addition reactions can 
be conducted by this method in yields that range from 3040%.  

Considerations for synthetic planning are remarkably similar to the tin hydride method. The initial 
radical can either add to the alkene or add to its own precursor (32). To maximize the addition, it is ad- 
visable to use a reactive alkene (typically in excess) and to keep a relatively low concentration of the 
thiohydroxamate (32); hence the slow addition of the acid chloride. At present, rate constants for the ad- 
dition of a primary and a tertiary alkyl radical to a thiohydroxamate are known (Scheme 46)38f’0 and 
these are useful in selecting alkene acceptors and in planning reaction conditions. 

Like the tin hydride method, this addition succeeds because of differences in reactivity of the starting 
and the adduct radicals towards the alkene acceptor.’” Unlike the tin hydride method, there is a loss of 
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Scheme 45 

R = primary alkyl 
R = tertiary alkyl 

ka= 1x106 M-' S-' 

k, - 5xld M-' S-' 

Scheme 46 Rates of addition to thiohydroxamates 

one carbon in the radical precursor (as carbon dioxide). Also unlike the tin hydride method, the addition 
reaction is not terminated by hydrogen atom transfer. Instead, the thiopyridyl group, a useful precursor 
for several other functionalities, is introduced. Several addition reactions, along with subsequent trans- 
formations of the adducts, are compiled in Scheme 47.155-158 

Fragmentation reactions can also be executed within the framework of the thiohydroxamate method, 
as illustrated in Scheme 48. Addition of acid chloride (36) to a mixture of activated allyl sulfide (37) and 
sodium salt (31) provides allylated product (38) in 75% yield. The activating group insures that the initial 
radical adds to the acceptor more rapidly than to the thiohydroxamate. Rapid fragmentation of the result- 
ing intermediate provides the product (38) and the thiobutyl radical. This last radical propagates the 
chain by addition to the starting thiohydroxamate. 
Loss of a carbon atom from the precursor need not always result. Barton and Crich have introduced a 

related procedure based on the chemistry of mixed oxalates, an example of which is provided in Scheme 
49.159 Double decarboxylation is involved in the decomposition of oxalate precursors, such as (39). Un- 
fortunately, there are indications that this method may to be limited to tertiary alcohols; one secondary 
alcohol derived mixed oxylate did not fragment completely to the alkyl radical. 

In the thiohydroxamate method, activated acceptors are required for successful addition reactions be- 
cause the thiohydroxamate is relatively reactive towards alkyl radicals. An ingenious method to circum- 
vent this problem has recently been communicated by Zard.160 Photolysis of benzyl xanthate (40) with a 
UV lamp in the presence of N-methylmaleimide (NMM) provided the adduct (41) in 40% yield, as illus- 
trated in Scheme 50. In this reaction, the competition reaction between the desired addition to the ac- 
ceptor and the addition to the precursor still exists. However, addition to the precursor is reversible and, 
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Scheme 48 

by the design of the method, it can only regenerate the starting radical (fragmentation to generate the un- 
stable methyl radical is not rapid). One potential problem is that the product (41) contains the same reac- 
tive functional group as the starting material (40) and it is continuously recycled to the radical pool. This 
recycling may result in a reduced yield. 

This problem is not so severe when acyl xanthates are used as precursors because these substrates ab- 
sorb in the visible region, while the products do not (however, the products might still be recycled to the 
radical pool by radical addition-elimination). Visible light photolysis of benzoyl xanthane (42) and allyl 
acetate provides (43) in 60% yield. Standard (ionic) p-elimination of the xanthane is a facile reaction that 
gives (44). When the tertiary acyl xanthane (45) is irradiated in the presence of N-benzylmaleimide 
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(NBM), decarbonylated adduct (46) is isolated in 63% yield. The initially formed acyl radical decarbo- 
nylates to give the t-butyl radical (in contrast, aroyl radicals are much more reluctant to decarbonylate). 
Now a true competition again exists because addition of the t-butyl radical to the precursor is not necess- 
arily degenerate. Nonetheless, addition to the acceptor is more favorable and a useful yield is obtained. 
Although the scope and limitations remain to be determined, this new method shows the promise of 
being especially useful for conducting reactions of stabilized radicals and aroyl radicals. 
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4.1.6.1.4 Atom bansfer mactions (the K m c h  metlrod) 

The addition of a single-bonded reagent across a multiple bond is one of the fundamental reactions of 
organic radicals. The basic principles of this reaction were first advanced by Kharasch in pioneering 
studies on the mechanism of the peroxide-initiated anti-Markovnikov addition of hydrogen bromide to 
alkenes.’ In the atom transfer method, the generation and removal of radicals are coupled and occur in 
the key atom transfer step. Compared to other methods, the atom transfer method provides unique op- 
tions for synthetic reactions. But there are also important limitations. Recently, there has been a renewed 
interest in the application of the characteristics of atom transfer reactions in synthesis and new develop 
ments have been re~iewed.~.’~’ 

The basic mechanism for the addition of a reagent containing a C-X bond across an alkene acceptor 
is outlined in Scheme 51. In the formation of C-C bonds, the group X is usually limited to one of the 
univalent atoms (listed in increasing order of reactivity): C1, H, Br, I. Many more groups X can be used 
in forming C-heteroatom bonds because of the weak nature of most interheteroatom bonds (Section 
4.1.8). The first propagation step is the addition of the carbon radical (47) to an alkene. The adduct radi- 
cal (48) then abstracts the univalent atom X from the starting reagent to transfer the chain. That the atom 
donor and the radical precursor are the same molecule (49) is a great advantage because the reaction of 
the initial radical (47) with the atom donor is degenerate (and often slow anyway because it is thermo- 
neutral). Compare this to the tin hydride or thiohydroxamate methods, where reactions of the starting 
radical with the radical precursor can efficiently compete with the desired addition reaction. Thus, the 
atom transfer method should be ideal to conduct relatively slow addition reactions because there is no 
competing trap for the starting radical (of course it must still be trapped by the alkene faster than radical- 
radical or radical-solvent reactions). The limitations in the atom transfer method are imposed by step 2. 
This step must be sufficiently rapid, otherwise the adduct radical (48) can add to another molecule of ac- 
ceptor as shown in step 3. For an atom transfer reaction to be rapid, it is usually important that it be 
exothermic: the more exothermic the better. Thus, the adduct radical (48) must be a more reactive (that 
is, less resonance stabilized) radical than the starting radical (47). This increase in radical reactivity is 
made possible because the gain in energy associated with conversion of a T-bond to a o-bond in the ad- 
dition step often offsets any loss in energy associated with decreased resonance stabilization of the pro- 
duct radical. 

Scheme 51 

To summarize, an atom transfer sequence has two basic requirements: (i) a rapid, exothermic addition, 
cyclization or fragmentation reaction must convert a starting radical into a more reactive (less resonance 
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stabilized) counterpart; and (ii) atom transfer from the radical precursor to the adduct must occur mon 
rapidly than any other competing reaction. Considering these requirements, one can conclude that the 
atom transfer method will not be particularly useful for conducting addition reactions of nucleophilic 
radicals to electron deficient alkenes because most electron-attracting groups that are used to activate al- 
kenes also stabilize radicals. Thus, although addition might succeed, atom transfer will fail because the 
adduct radical is more stable than the starting radical. In contrast, the atom transfer method should be 
very useful for the additions of ambiphilic and electrophilic radicals (which are usually resonance-stabi- 
l i d )  to alkyl-substituted alkenes. Thus, the tin hydride and the thiohydroxamate methods are nicely 
complemented by the atom transfer method. In the former methods, it is the rate of the addition step that 
is important for success and not the relative stabilities of the starting and adduct radicals; in the atom 
transfer method, it is precisely the reverse. 

( i )  Hydrogen atom traqfer additions 

The addition of a C-H bond across a C-C multiple bond has often been applied to the synthesis of 
simple organic molecules, but has rarely been used in complex synthetic settings?$.162 This is because 
the abstraction of hydrogen atoms from C-H bonds by carboncentered radicals is a relatively slow pro- 
cess and reaction conditions must be designed around this serious limitation (Scheme 52). To serve as a 
hydrogen donor, a molecule should have one C-H bond that is significantly weaker than the rest. Al- 
most any resonance-stabilizing group can serve as an activator for an adjacent C-H bond. In classical 
reaction conditions, a peroxide initiator is added slowly to an excess of the radical pncursor and the ac- 
ceptor (sometimes the acceptor is also added slowly with the initiator). There is usually no solvent other 
than the excess of the precursor and reaction temperatures over 100 'C often give the best results. Such 
conditions favor hydrogen transfer over telomerization of the initial adduct. Even so, the chains are very 
short in such processes because of the inherent inefficiency of hydrogen transfer between carbon radi- 
cals. Large amounts of initiator arc required and the formation of short telomers as by-products is very 
common. The products are often isolated by fractional distillation or chromatography. 
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Scheme 52 provides a sample of the types of reactions that have recently been conducted under a var- 
iety of different conditions. Example (1) illustrates the classical conditions,163 while example (2) shows 
that modified initiators that permit low temperature reactions may prove beneficial.2g Finally, example 
(3) illustrates that the photochemical addition of alcohols (and also acetals) to enones in the presence of 
benzophenone is a very useful preparative procedure.'64 Here, the carbinyl hydrogen is abstracted by an 
excited state benzophenone molecule rather than a peroxy rad i~a1 . l~~ 

The problem of inefficient hydrogen atom transfer to carboncentered radicals has been circumvented 
by Maillard as outlined in Scheme 53.IM Heating of excess methyl propionate with allyl t-butyl peroxide 
provides a mixture of adducts in which (49) is the major component. In this reaction, the carbon-centered 
adduct radical (50) reacts in an intramolecular homolytic substitution (group transfer) reaction with a 
neighboring 0-0 bond. The highly reactive (but relatively unselective) alkoxy radical that is generated 
in this step then serves as the hydrogen abstractor. A net addition of a carbon and an oxygen across a 
C - C  double bond is accomplished in modest yield. The synthetic price to pay is that the peroxide or 
perester must be built into one of the reagents. 

0 

doM: 0 
-02But - l l o o C  ' G O M e  + doeo 

large excess 

0 

(49) 69% minor 

n I 

0 0 

(50) 
Scheme 53 

Because it is inexpensive and very simple, the hydrogen atom transfer method is useful for the prep- 
aration of many kinds of simple molecules. Its use in complex synthetic tasks is limited because the 
yields are often modest, a large excess of the Hdonor is required, and chemoselectivity is certain to be 
poor in polyfunctional molecules with several relatively weak C-H bonds. It can be best employed to 
advantage when the addition of a relatively small molecule to a complex acceptor is required. 

( i i )  Halogen atom transfer additions 
Replacement of a C-H bond by a C4alogen  bond may have relatively little effect on the overall 

thermodynamics of an atom transfer reaction, but it can dramatically influence the kinetics. While C 4 1  
bonds are often poorer atom donors than corresponding C-H bonds, C-Br and C-I bonds are dra- 
matically better. Thus the introduction of a halogen can improve an atom transfer reaction by: (i) ensur- 
ing that the generation of the radical is site selective; (ii) allowing more practical reaction conditions by 
accelerating the atom transfer step; and (iii) providing a functional group handle (the C-halogen bond in 
the product) for subsequent synthetic transformations. 

The addition of a polyhaloalkane across an alkene is a mild and practical way to form a carbon-carbon 
bond and some representative examples are shown in Scheme 54.'59J67-169 Polyhaloalkyl radicals are re- 
garded as electrophilic and are usually paired with electron rich alkenes. The halogen substituents also 
accelerate atom transfer by stabilizing the starting radical relative to the adduct radical. The addition re- 
actions of polyhaloalkanes are often dramatically facilitated and become very practical in the resence of 

rimla and others. However, the function of the metal is not always clear. It may simply initiate an atom 
transfer chain or provide a reactive halogen source (through a metal-halogen intermediate) or provide a 
source of metal-complexed radicals or even initiate a catalytic cycle that does not involve radical inter- 
mediates. 

certain metal additivesI7O including complexes of palladium,I7' aluminum,'67 ruthenium,' P 2~173 sama- 
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CBr2S02Ph 
hv + Br3CS02Ph 

40 equiv. 

Br 

96% 
Scheme 54 

The most common and useful additives are copper(1) salts (such as CuCl), which produce high yields 
of 1 : 1 adducts in many cases.174 Several examples from the extensive work of the Ciba-Geigy group in 
Base1 are compiled in Scheme 54, with an emphasis on subsequent conversions of the highly function- 
alized products into important  heterocycle^.'^^ These procedures are very simple and have been con- 
ducted on a multigram scale. Typically, the halogen component and the acceptor are heated without 
solvent at 110 'C in the presence of 1-10% CuCl. After several hours, the copper salts are removed by 
filtration and the product is isolated by distillation. It is clear that the copper additive behaves as more 
than just an initiator; the additions of electrophilic radicals to electron deficient alkenes like those shown 
in Scheme 54 would not be likely to succeed otherwise. 

C1 Vc, CN H+ A + C13CCHO cucI_ C F u C l  - A 
CN 110°C OHC 

2 equiv. 1 equiv. 

cc14 C1 C02Me i, Et3N/I 10 "C - Cl3C&CO2Me 
C02Me CuCl ii, 150 "C 0 

Me02C 31 
Scheme 55 

The move away from polyhalogenated precursors to simple monohalogenated compounds has recently 
accelerated. One need only retain a radical-stabilizing group to promote atom transfer and to substitute a 
reactive iodine atom as the donor halogen (with radicals possessing two stabilizing groups, bromine can 
often be used). From the examples shown in Scheme 56, it is beginning to appear as if the additions of 
iodocarbonyls across multiple bonds will be a very general The y-iodocarbonyl adducts 
are versatile precursors of several different functional groups and the subsequent transformations out- 
lined in Scheme 56 are often conducted in situ. 

These reactions are often initiated by sunlamp photolysis of the iodide and the acceptor in benzene 
containing 10% he~abuty ld i t in . '~~* '~~ Because the iodine donor is the radical precursor, high reaction 
concentrations are beneficial rather than detrimental: 0.3 M is a typical value. Initiation can occur either 
directly by photolytic cleavage of the C-I bond or indirectly by cleavage of the S n - S n  bond (the re- 
sulting tin radicals will abstract iodine from the precursor). An important function of the ditin is as a trap 
for iodine (either atomic or molecular), which is invariably produced when iodides are photolyzed but 
which strongly suppresses radical chains. Isolated yields for these bimolecular reactions are rarely higher 
than 80% but often exceed 50%. By using a slight excess of either the iodide or the alkene (1.5 to 2 
equiv.), a significant increase in yield is often observed. 
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+OH + InC&SnBu3 - ADN I-;*] ionic_ ($ 
PhH OH 

3 equiv. 1 quiv. liiely intermediate 73% 

OSiBu'Me2 

EtOzC 

likely intermediate 

L 

PhH 

observed intermediate 68% 

I Me3Si B 
- 10% Bu3SnSnBu3 - 1  ,.~&,,~b% 

Br $*D% + - SiMe3 

0 PhH 
CQCHPh2 C02CHPh2 

0 

34% 
Scheme 56 

Rate constants for the abstraction of halogens by primary alkyl radical from representative halocarbo- 
nyls have recently been measured and they are very high (considerably higher than the rate constant for 
the transfer of hydrogen from tin hydride, for example).1g0 It is no wonder that telomerization is not as 
big a problem as in hydrogen transfer reactions. Of greater concern is the rate of the initial addition step; 
yields decrease as this step slows. A common by-product is the reduced iodide resulting from hydrogen 
transfer from the medium, and the yield of this reduction product increases as the efficiency of the addi- 
tion step decreases. 

It is more difficult to conduct the addition reactions of nucleophilic radicals to electron poor alkenes 
because the resulting atom transfer steps are often endothermic and are too slow to propagate chains, 
even with iodides. An exception is illustrated in Scheme 57: resonance-stabilized vinyl radicals (espe- 
cially if they are secondary or tertiary) are reactive enough to abstract iodine from alkyl iodides.178 

R T O z M e  

10% Bu3SnSnEu3 + -CO2Me 

2.5 equiv. R = H o r  Me,70% 

Scheme 57 
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(i i i)  Group transfer of organoboranes 
There is at least one preparatively useful method for conducting addition reactions by using group 

transfer (rather than atom transfer). The transfer of alkyl substituents from organobaranes to enones is a 
chain reaction that was discovered by Brown in the late 1%os.181 Since that time, the reaction has been 
neglected by synthetic practitioners; however, it has good synthetic potential and a recent development 
promises to significantly expand its current scope. 

In the basic reaction, outlined in Scheme 58, an organoborane (51; usually formed by hydroboration of 
an alkene with diborane) is admixed with an enone or enal and the solution is exposed to atmospheric 
oxygen to initiate the reaction. After aqueous work-up, adducts (52) are isolated in good to excellent 
yield, even with some p-substituted acceptors. The proposed chain mechanism involves addition of an 
alkyl radical to the enone followed by (stepwise or concerted) group transfer of the organoborane to give 
a stable enol borane (53).lg2 This product is hydrolyzed on work up. There iut two main limitations to 
this method: (i) it fails with certain good radical traps like unsaturated esters (presumably because the ad- 
duct radicals bearing these substituents telomerize more rapidly than they add to the borane); and (E) 
only one of the three initial borane substituents is transferred. The latter limitation can be circumvented 
for secondary- and tertiary-radicals by adjusting the substituents on boron as outlined in Scheme 59.lE3 
This transformation provides an alternative to the usual tactic of conversion of the borane to a halide or 
mercury(I1) halide for use in a metal hydride mediated addition. 

Nonpolar Additions to Alkenes and Alkynes 

R R' 
R,B + 

R 

- 
intermediate or transition state 

Scheme 58 

ii, 

R"noBR* R R' + 

(53) 

0 
73%, transxis = 8 2  18 

Scheme 59 

A beautiful extension of this reaction has recently been communicated by Nozaki, Oshima, and Utimo- 
to.184 These workers simply admixed r-butyl iodide (3 equiv.), benzaldehyde (1 equiv.), methyl vinyl ke- 
tone (1 equiv.) and triethylborane (1 equiv.) in benzene (Scheme 60). After 5 min at 25 'C, the reaction 
was subjected to standard extractive work-up and the crude product was purified by chromatography to 
give (54) in 63% yield. If methanol is substituted for benzaldehyde, the protonated product (55) is iso- 
lated in 79% yield. Although enones are equivalents of synthon (56), such a direct coupling of radical 
and ionic reactions had not been achieved previously. 

The mechanism outlined in Scheme 61 is probably responsible for the observed transformation. Ad- 
duct radicals (57) react with the triethylborane to form the enol boronate (58) and release an ethyl radi- 
cal. The enol borate is then trapped in a standard aldol reaction. The ethyl radical partitions between 
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(54) 63%, syn:anti = 66:34 

3 equiv. 1 equiv. 

MeOH 
0 0 

(55) 79% 5 %  

(56) 

Scheme 60 

addition to the acceptor (a minor pathway) and abstraction of iodine from t-butyl iodide (the major path- 
way). This so-generated t-butyl radical (which is more reactive than the ethyl radical) adds to the enone 
to continue the chain. Accurate rate constants for the reaction of octyl radical (a good model for ethyl 
radical) with alkyl iodides are now available.*8s By comparing the estimated rate of iodine transfer (step 
2) to that of addition to methyl vinyl ketone, one can plan successful reaction conditions to ensure a fa- 
vorable partitioning in step 2.186 This use of a reactive, easily generated alkyl radical (Et.) as a 'relay' in 
a reaction with an iodide to translocate a radical site has many potential applications, and it was first a p  
plied to synthesis by Minisci in addition reactions to protonated aromatics (Section 4.1.7.2). 

step 2 Et* + Bu'I -- EtI + But* 

step 3 But* or Et* + 
0 0 

(57) 

Scheme 61 

(iv) Meerwein arylation 
The Meerwein arylation is at least formally related to the atom tmsfer method because a net introduc- 

tion of an aromatic ring and a chlorine across a double bond is accomplished (Scheme 62). Facile elimi- 
nation of HCl provides an efficient route to the kinds of substituted styrenes that are frequently prepared 
by Heck arylations. Standard protocol calls for the generation of an arene diazonium chloride in situ, fol- 
lowed by addition of an alkene (often electron deficient because aryl radicals are nucleophilic) and a 
catalytic quantity of copper(I1) chloride. It is usually suggested that the copper salt operates in a catalytic 
redox cycle, reducing the diazonium salt to the aryl radical as CUI and trapping the adduct radical as Cu". 

I -HCI 1 
Scheme 62 



758 Nonpolar Additions to Alkenes and Alkynes 

Preparatively useful yields are frequently obtained and a wide variety of alkene activators have been 
used. Authoritative reviews provide more details for this reaction, which is probably the most general 
method available for the addition of aryl radicals across carbon-carbon double bonds.187.188 

4.1.6.2 Nonchain Methods 

Although chain methods have been the foundation of the recent resurgence of radical reactions in syn- 
thesis, many of the earliest preparatively useful radical addition reactions were based on nonchain pro- 
cesses. Of late, such nonchain processes have regained importance. 

Nonchain reactions do not couple the formation and removal of carbon-centered radicals the way 
chain processes do. Instead of needing only a small quantity of initiator, nonchain additions need a 
method to generate and remove stoichiometric quantities of radicals. Generation of radicals poses special 
problems due to the transiency of radicals: if high concentrations of radicals are generated, the rates of 
radical-radical reactions will surpass those of radicalnolecule reactions and addition reactions will not 
be possible. Removal of radicals poses the usual selectivity problem: how is an adduct radical removed 
without intercepting an initial radical prior to addition? Nonchain methods can be classified into two 
groups by the method in which the radicals are removed from the reaction: radical-radical coupling and 
redox. 

4.1.6.2.1 R a d k a l d i c a l  coupling 

In chain methods, it is important to avoid radical-radical reactions. However, radicals that are gener- 
ated in a stoichiometric quantity by bond homolysis can be productively removed by radical-radical 
coupling. Despite the inherent problems in controlling reactions that occur at rates near the diffusion- 
controlled limit, radical-radical coupling reactions can be selective and preparatively useful. 

The addition reactions to capto-dative alkenes developed by ViehelW illustrate one way to employ se- 
lective radical-radical coupling in product formation (Scheme 63).190 Heating of cyclopentanone, capto- 
dative alkene (59) and a stoichiometric amount of di-r-butyl peroxide gives dimer (60) in 46% yield. 
Initial radicals are generated by slow cleavage of the peroxide 0-0 bond and subsequent hydrogen a b  
straction from cyclopentanone. Under the conditions of the reaction, these radicals (61) add to the reac- 
tive alkene (59) more rapidly than they undergo radical-radical reaction. However, the intermediate 
capto-dative radical (62) does not add rapidly to another molecule of (59). Instead, it suffers radical rec- 
ombination to give (60). The reaction succeeds because capto-dative radicals are especially unreactive in 
radical-molecule reactiondgl (preventing telomerization) but they still react with each other (mainly by 
recombination rather than disproportionation) at diffusion-controlled rates. 

0 
0 SBu' 

(59) 
(60) 46% 

t 

0 0 

fl  'CN 

(62) 

Scheme 63 

Such recombinations produce self-coupled dimers. In general, selective cross-coupling of two radicals 
A-B) cannot be conducted because: (i) the two radicals are generated at the same rate; and (A. + B. 
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(ii) both possible self-coupling reactions (2A. + A-A; 2B. + B-B) and the cross reaction all proceed 
at the diffusioncontrolled rate. Given these two conditions, cross-coupling and self-coupling must pro- 
ceed at the same rate and no selectivity is possible. However, if either condition is violated, selective 
radical-radical couplings are possible. 

Some selectivity can be enforced in crosscoupling by generating radicals at different rates. ScMfer 
has shown that Kolbe electrolysis of two acid salts, one major component (A) and one minor component 
(B), produces a near-statistical mixture of the self-coupled product of the major component (A-A) and 
the cross-coupled product of the major and minor components (A-B) (Scheme 64) . lg2 Provided that 
recombination is preferred over disproportionation and that the self-coupled product is easily removed, 
this is a useful method for coupling a precious component (B) with an inexpensive component (A); how- 
ever, it is relatively energy inefficient since the self-coupled dimer is the major product. Scheme 65 illus- 
trates how this principle has been applied to a simple addition reaction.lg3 Presumably, methyl radicals 
generated in electrolysis add rapidly to the alkene and the resulting adduct radicals couple preferentially 
with methyl radicals (which are present in much higher concentration). Ethane is probably formed in 
large amounts by the self-coupling of methyl radicals, but it just evaporates. 

-e- 
A-CO, + B - C O 1 -  A-A + B-B 

5-10 equiv. major product minor product 
but useful yield 
based on B-CO2- 

Scheme 64 Kolbe crosscoupling 

55% based on alkene 
Scheme 65 

A potentially more useful way to control cross-coupling is to mediate radical-radical reactions with a 
persistent radical (that is, one that does not react with itself at a diffusion-controlled rate). This strategy 
has not been widely recognized, but an excellent paper by Fischer has recently provided a quantitative 
theoretical framework for such  reaction^.'^^ The basic strategy is qualitatively summarized in Scheme 
66. Assume that a molecule A-P homolyzes to give two radicals A. and Pa. Assume also that A. reacts 
with both itself and P. at diffusion-controlled rates but that P. is a persistent radical that couples with it- 
self at a significantly lower rate. Throughout the reaction, A. and P. are produced at the same rate. How- 
ever, transient radical A. is removed by self- and cross-couplings but P. is removed only by 
cross-coupling. Because P. is not removed by self-coupling, the concentration of P. soon exceeds that of 
A. and selective cross-coupling reactions become possible. For example, if A. is converted to B., and if 
this new radical Be lives long enough to suffer radical-radical reactions, it may react exclusively with P.. 
The extent of the concentration gradient in favor of P. depends of its rate of self reaction (the more slow- 
ly it dimerizes, the higher the gradient).192 More importantly, this concentration gradient can be estab- 

A-p  - A* + p- (apersistent radical) 

A- + A- - A-A 

depletes concentration of A- at early reaction time 

[ Po] >> [ A*] at steady state 

+P* 
A* - Bo - B-P 

Scheme 66 Transient radical-persistent radical coupling 
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lished very early in the reaction and it is maintained at a steady state throughout the coufsc of the rc- 
action. From the preparative standpoint, this means that very high yields of r a d i c a l d c a l  coupling pro- 
duct are theoretically possible because practically all radical-radical encounters involve p.. 
Hart has recently developed an exciting new method to conduct radical addition reactions that pmb 

ably operates by selective transient radid-persistent radical coupling.195 When tin pinaColate'% (TIN- 
PIN, 63), methyl crotonate and cyclohexyl iodide are simply heated in benzene, adduct (64) is isolated in 
60% yield after chromatography (Scheme 67).Iw This is a very respectable yield considering that: (i) the 
acceptor is not used in large excess (1-3 equiv.); (ii) it possesses a g-substituent; and (iii) the reaction is 
conducted at high concentration (0.3 M). Indeed, this reaction promises to be a first step towards the de- 
velopment of a second generation of addition reactions based on the trialkyltin radical that pennit the ad- 
dition of nucleophilic radicals to electron deficient alkenes at a high reaction concentration without 
special experimental techniques. One potential disadvantage of this method is that stoichiometric quan- 
tities of tin by-products and benzophenone must be separated from the desired product. 

+ h C 0 , M e  A 
Bu,SnO 

P h d P h  
Ph OSnBu3 

(63) = TINPIN 
Scheme 67 

C02Me 

(64) 

Although uncertainties remain, the mechanism outlined in Scheme 68 is supported by observations of 
both H a d w  and Neumann.'% Neumann has shown that thermolysis of (63) causes homolytic cleavage to 
give the suspected persistent radical (65), which is in equilibrium with benzophenone and the trialkyltin 
radical. This radical (65) resembles a ketyl and it is stabilized both sterically and electronically. The trial- 
kyltin radical abstracts iodine from the radical precursor to give a new radical, which in turn adds to the 
alkene to give (66). At very early reaction time, a concentration gradient in favor of (65) over all tran- 
sient radicals develops because it is the only persistent radical. The most rapid reaction of (66) is radical- 
radical coupling, and this occurs selectively with (65) because it is present in the highest concentration. 
The coupled product (67) is then converted to (64) by thermal retroaldol reaction and hydrolysis. The use 
of a persistent radical does not eliminate the usual selectivity concerns. If the concentration of the per- 
sistent radical is too high, initial radicals may be trapped by coupling prior to addition, but if it is too 
low, the adduct radical may begin to telomerize. Thus, the concentration of the persistent radical is an 
important, yet ill-defined, variable in these reactions. 

(63) = TINPIN (a) persistent radical 

(67) suspected intermediate 

Scheme 68 

In contrast to the relatively small number of persistent carboncentered radicals, there are many per- 
sistent metal-centered radicals, some of which are very stable. Indeed, it now appears that the emerging 
synthetic methods based on the chemistry of alkylcobalt compounds should be classed as reactions con- 



Radical Addition Reactions 76 1 

trolled by selective transient radical-persistent radical coupling.198 In this case, the persistent radical is a 
cobalt(II) entity. 

Alkyl- or acyl-cobalt(II1) salen, salophen or dimethylglyoximato complexes are readily prepared by 
the displacement of a wide variety of halides and related leaving groups with highly nucleophilic co- 
balt(1) anions.lw*m Because such alkylations may sometimes proceed via SRN~ mechanisms, even cobalt 
complexes derived from unreactive (in an S N ~  sense) halides can be formed. The resulting carbon-cobalt 
bonds are very weak and Pattenden201 and Branchaud202 have shown that simple irradiation of these 
complexes in the presence of excess alkene produces adducts by the mechanism outlined in Scheme 69. 
This mechanism has been discussed in detail by BranchaudZo2 and G i e ~ e , ~ ~  and a key feature is that high 
concentrations of cobalt(I1) are present in the reaction2@' because it does not readily dimerize or dispro- 
portionate (by electron transfer to give cobalt(II1) and cobalt(1)). This permits the selective formation of 
products by radical-CoII coupling. A high concentration of cobalt(I1) can be both a blessing and a curse: 
a blessing because the adduct radicals are efficiently trapped and a curse because initial radicals can also 
be trapped. While this latter trapping only regenerates the starting complex, if it becomes too efficient, 
few of the radicals will live long enough to undergo additionFM A key feature of the reaction is that sub- 
stituents that facilitate radical addition apparently also accelerate cobalt hydride elimination. Thus, the 
adducts are more prbne to elimination of cobalt hydride than the starting complexes. 

hv 
R-Co"' + @E - R * ~  

E = Ph, CN, CO2Et 

eco// 

hv @E 
R - c ~ I I I  Re + .CoIII - R&E 

stable 

*co" \ 
R'.//'~ + HCo"' 

H 
0" '0 

Q 

RCo(sa1ophen)py 

Scheme 69 Common cobalt complexes 

Several recent examples of this technique are outlined in Scheme 70.199J"1305306 The starting cobalt 
complexes are highly colored, air stable compounds that require no special precautions in handling. The 
process is relatively cost effective: most cobalt precursors are less expensive per mole than tributyltin hy- 
dride. The reactions are conducted by visible light irradiation in a variety of solvents and can often be 
followed by color changes characteristic of the different oxidation states of cobalt. A disadvantage is that 
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large excesses of alkene are often required for maximum yields. The products of the reaction are usually 
derived from apparent P-hydride elimination although sometimes protonated products are isolated. 

c02- 

- hv/EtOH 

ACN , 2 0  equiv. 
- 

H OEt HO HO 
HO 

OBn OBn H OH 

H OH 
75% 

CHZOH 

KDO 

P Ph 
Co(sa1ophen)py 

75% 

AcO AcO& AcO + P C O 2 E t  - 40% hv At&'* AcO 
+ A:&:$&( Co(sa1ophen)py 

CO2Et 

15: 85 

C02Et 

0 0 

4Co(salophen)py + &CO2Et - hv AC02Et 

10 equiv. 40% 

Scheme 70 

The preliminary developments with TINPIN and organocobalt species are very encouraging and bode 
well for the future development of synthetic procedures that use radical-radical coupling methods con- 
trolled either by organic or organometallic persistent radicals. 

4.1.6.2.2 Redox methods 

In redox methods, radicals are generated and removed either by chemical or electrochemical oxidation 
or reduction. Initial and final radicals are often differentiated by their ability to be oxidized or reduced, as 
determined by substituents. In oxidative methods, radicals are removed by conversion to cations. Such 
oxidations are naturally suited for the additions of electrophilic radicals to alkenes (to give adduct radi- 
cals that are more susceptible to oxidation than initial radicals). Reductive methods are suited for the 
reverse: addition of alkyl radicals to electron poor alkenes to give adducts that are more easily reduced to 
anions (or organometallics). 

The oxidative method is often conducted on enol (or enolate) derivatives and a simplified mechanism 
is shown in Scheme 71. Initial chemical or electrochemical oxidation gives an electrophilic radical (68; 
that may be free or metal-complexed) that is relatively resistant to further oxidation. Addition to an al- 
kene now gives an adduct radical (69) that is more susceptible to oxidation. Products are often derived 
from the resulting intermediate cation (70) by inter- or intra-molecular nucleophilic capture or by loss of 
a proton to form an alkene. The concentration and oxidizing potential of the reagent help to determine 
the selectivity in such reactions. 
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XH 

H 

w Products - 
(69) (70) 

Scheme 71 Oxidative additioh reactions 

In addition to electrochemical methods,192 copper(1I)?O7 ir0ri(Il1)~~ and cerium(IV)m oxidants are 
useful for mediating addition reactions. During the last decade, manganese(II1) acetate has emerged as 
the the most popular reagent for conducting such transformations.210 The basic reaction, first studied by 
Heiba and Dessau?lI is the oxidation of acetic acid in the presence of alkenes and 2 equiv. of Mn"' 
triacetate dihydrate (which is actually an 0x0-centered manganese(II1) trimer). Lactones are formed in 
good yields as shown in Scheme 72. 

4.. Mn(OAc)3 

'R2 HOAc - 
R1 

Scheme 72 

Variants on this theme have provided many useful preparative procedures and a few representative 
examples are provided in Scheme 73.212-214 Acetic acid is a relatively unreactive substrate and is often 
used as a solvent. However, more enolizable substrates, especially those possessing two activating 
groups, are readily oxidized on a stoichiometric basis at 25-50 'C in acetic acid. If the products contain 
enolizable hydrogens, over oxidation is a potential problem (see the first example). The reactions can 
often be monitored by the disappearance of the characteristic brown color of the oxidant. While it is clear 

1 equiv. 1.3 equiv. 30% 30% 

A i- EtOuOI-l 

73% 

86% 65% 

Scheme 73 



764 Nonpolar Additions to Alknes and Alkynes 

that these Mn" oxidations follow the general mechanism outlined in Scheme 71, the exact details can 
vary as a function of substrate. Mnm enols are often postulated as intermediates and it appears that Mn- 
complexed radicals may actually be responsible for addition reactions in some but in others 
(particularly where more stable radicals are involved), true free radical intermediates am strongly impli- 
cated. A recent paper by Snider provides a detailed mechanistic discussion with complete references to 
previous synthetic and mechanistic studies?16 

more suited to conduct additions of nucleo- 
philic radicals to electron deficient alkenes as shown in Scheme 74. A useful reagent should reduce a 
radical precursor but give the resulting radical sufficient lifetime to add to an alkene prior to reduction. 
The adduct radical should then be readily reduced to remove it from the radical pool. This reaction is for- 
mally equivalent to the much more common conjugate addition of an organometallic reagent. In prin- 
ciple, the organometallic intermediate that is formed can be trapped by electmphiles, but in practice most 
reductions have been conducted in protic solvents and have formed only protonated products. Several 
examples of addition reactions in which the products are trapped by reduction are contained in Scheme 
75. The first example illustrates a convenient reductive equivalent of the Meerwein a r y l a t i ~ n , ~ ~ Q ~ ~  while 
the second example shows the reductive generation of alkoxy radicals for use in C-H abstract i~n?~*~'~ 
The last example is particularly interesting because it appears on the surface to be a standard organom- 
tallic conjugate addition but experimental evidence gathered by Luche indicates that the reductive radical 
mechanism is operating?m 

In contrast to oxidative methods, reductive methods 

conjugate addition R-M + E - 
Scheme 74 Reductive addition reaction 

0 

"Y II "Y 72% 

Tiel, (2 equiv.) 

51% 

90% 
Scheme 75 

Perhaps the most generally useful reaction of this type is the vitamin Biz catalyzed reductive addition 
shown in Scheme 76.221 This reaction, pioneered by Scheffold,?22 is related to the organocobalt additions 
in Section 4.1.6.1, but only a catalytic quantity of vitamin B12 is required along with a chemical or elec- 
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mhemical coreductant. This procedure is a very practical alternative to the metal hydride method for 
conducting addition reactions of nucleophilic radicals. The catalytic cycle outlined in Scheme 76 is a rea- 
sonable mechanism but variants are possible.222 The coreductant recycles cobalt(I1) products to the nu- 
cleophilic cobalt(1) complexes required for radical generation. 

Br e-lhv (or Zn) 
85%, (E):(Z) = 7:l 

hv Mechanism 
R-X + co '  RCO"' - R* + Co" 

R* + 
- 

e - 
H+ R-E 

- 
e 

Scheme 76 

co" - co '  

4.1.7 ADDITIONS OF CARBON-CENTERED RADICALS TO OTHER MULTIPLE BONDS 
AND AROMATIC RINGS 

4.1.7.1 Additions to Other Multiple Bonds 

Besides alkenes and alkynes, other multiple bonds can be used as acceptors in addition reactions of 
carbon radicals provided the usual requirements of reactivity and selectivity are met. Other types of carb- 
on-carbon multiple bonds that have been used as acceptors include dienes,162 allenes,6l enolates (and ni- 
tronates, see below) and quinones.223 Even highly strained a-bonds have served as acceptors on 
occasion.2" 

Addition reactions of carbon radicals to C-0 and C-N multiple bonds are much less-favored than 
additions to C - C  bonds because of the higher 7r-bond strengths of the carbon-heteroatom multiple 
bonds. This reduction in exothermicity (additions to carbonyls can even be endothermic) often reduces 
the rate below the useful level for bimolecular additions. Thus, acetonitrile and acetone are useful sol- 
vents because they are not subject to rapid radical additions. However, entropically favored cyclizations 
to C-N and C - 0  bonds are very useful, as are fragmentations (see Chapter 4.2, this volume). 

Only a few additions to highly activated (electron deficient) carbonyls are known222*2u and at present 
they provide little competition for standard ionic carbonyl addition reactions. But additions to C-N 
multiple bonds show more preparative potential. Both Stork and Sher,29 and Barton226 have developed 
useful additions to isonitriles; additions to oximes are also known.227 The TINPIN method (Scheme 67) 
of adding nucleophilic radicals to oxime ethers recently reported by Hart and Seely appears to be one of 
the most useful reactions in this class.'97 This reaction oxaminomethylates radical precursors under very 
mild conditions in good yields and it might often be advantageous compared to the standard tactic of ad- 
dition of an organometallic reagent to an oxime ether (Scheme 77). 

Even though they are electron deficient, radicals do not react rapidly with simple anions and organo- 
metallic species because the resulting radical anions would place an electron in a very high energy orbi- 
tal. However, conjugated anions with low lying LUMOs can react readily with radicals. Indeed, 
nitronates and certain enolates are good radical acceptors and a large class of chain reactions, termed 
S R N ~  substitutions, rely on this capability?28 Several examples of SRNI reactions and a generic mechan- 
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HN .Ow Ph 

"0-h 

1 q u i v .  

1 equiv. 1 equiv. 77%, X = I, SPh 
56%. X = Br 

Scheme 77 

ism are collected in Scheme 78.229*230 These chain reactions often require chemical or photochemical in- 
itiation. While the overall transformation is the same as that of an alkylation, Swl reactions nicely com- 
plement standard enolate alkylations, working best with tertiary alkyl and aryl halides (and related 
precursors). The key step in Semmelhack's classic cephalotaxine synthesis is an S R N ~  reaction that illus- 
trates this point very well (Scheme 78).229 

OMe 

Cephalotaxinone 

91% 

>& COzEt 

COzEt 

84% 

Scheme 78 

4.1.73 Additions to Aromatic Rings 

Most known addition reactions of radicals to aromatic rings involve net substitution for a hydrogen 
atom by the general mechanism outlined in Scheme 79. The cyclohcxadienyl radical (71) that is pro- 
duced on addition is a powerful reductant compared to most other radicals. It is important to have a mild 
oxidant present to trap this radical to prevent it from undergoing standard radical+ndical reactions. Thus, 
the overall driving force for these substitutions is usually provided by the oxidant. Unlike additions to 
C-C multiple bonds, fragmentation can sometimes be important in these less exothermic additions to 
aromatic rings (because aromaticity is sacrificed on addition). The oxidant may play an important role in 
reversible additions by oxidizing the cyclohexadienyl radical more readily than the starting radical. 

The addition reactions of alkyl and substituted alkyl radicals to simple aromatic rings are very slow 
(see Section 4.1.2.2). Hence, benzene is a good solvent. The additions of aryl radicals to aromatic rings 
are considerably faster and, while such reactions have been studied intensely,231 their preparative utility 
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' R  
0 + R* -............ 

? H -H+ 
(71) 

Scheme 79 Additions to aromatic rings 

is not high because of low regio- and chemo-selectivity. However, the addition of an aryl radical to ben- 
zene can become a limiting side reaction when techniques like slow syringe pump addition of tin hydride 
are used and there is no good trap for the aryl radical. An example is provided in Scheme 80. 

0 BuSnH solvent qoR 0 +8 / 0 

R = (CH2)4CH2=CHC02Et normal reduction product solvent addition product 

e0.02M Bu,SnH, t-butyl alcohol only product 
syringe pump, benzene 47% 

not formed 
26% 

Scheme 80 

Additions to aromatic rings can become useful when radicals and acceptors are electronically paired. 
The additions of electrophilic radicals to electron rich aromatic rings are growing in importance and the 
additions of nucleophilic radicals to electron poor alkenes have long been of preparative value. This 
chapter can provide only a few representative examples of each class. Giese's book is recommended as a 
more thorough overview of additions to aromatic rings.232 

Et02C y " 2 E t  Mn" OMc - 
\ /  

52% yield; 83:13 (+ 4% other isomers) 

COzEt 0 + PhAC02Et 

75% LPh 

Scheme 81 

4.1.7.2.1 Additions of electrophilic d c a l s  to electron rich aromalic rings 

Oxidation of enolizable nitro, carbonyl and dicarbonyl compounds with Felt' Mnnt and CeIV reagents 
in the presence of electron rich aromatic (or heteroaromatic) rings often provides modest to good yields 
of substituted products. Typical examples are shown in Scheme 81.23392M The oxidant functions both to 
generate the initial radical (Scheme 71) and to trap the adduct radical. Products of ortho substitution 
usually predominate but significant amounts of para and mera products are often formed, and in some 
cases, reversibility in the addition step may influence the product distribution. A recent paper by Citterio 
and Santi provides a nice introduction to these types of reactions.219 
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4.1.7.2.2 Addition of nucleophilic radicals to ppotonaied heteroaromotiCs (the Minisci naction) 

The functionalization of electron rich aromatics rings is often accomplished by electrophilic aromatic 
substitution. However, electrophilic substitutions require stringent conditions or fail entirely with elec- 
tron deficient aromatic rings. Nucleophilic aromatic substitutions are commonly used but must usually 
be conducted under aprotic conditions. In contrast, nucleophilic radicals can add to electron deficient 
aromatic rings under very mild conditions. 

The addition of radicals to protonated nitrogen heterocycles is by far the most important reaction in 
this class. Pioneered by the group of Minisci, this reaction was recognized as being preparatively useful 
well before the recent resurgence of radical reactions in synthesis. In addition, associated mechanistic 
studies contributed significantly to our present understanding of polar effects in free radical reactions. 
The general reaction is outlined in Scheme 82 and, because there are many important variants, several re- 
views are recommended for more comprehensive coverage.as 

R 

H 

X = H, I, Co, Hg, C02H, R = alkyl, hydroxyalkyl, aminoalkyl, acyl 

Scheme 82 Additions to protonated pyridines 

Alkyl radicals add to pyridine relatively slowly; however, the rate of addition is dramatically accel- 
erated by simple protonation, and alkyl radicals add to pyridinium salts at about the same rate as they add 
to styrene (k = 5 x 10" M-l s-*).=~ While pyridine itself gives mixture of 2- and 4-substituted products, 
substituted pyridines and polycyclic N-heterocycles often exhibit good regioselectivity. Electronegative 
substituents on the ring accelerate additions of nucleo hilic radicals and rates comparable to those with 

ods from C-H and C-I bonds (by abstraction), from C-Coa7 and C-Hg238 bonds, and from carbox- 
ylic acids (by oxidative decarboxylation or from thiohydroxamatesag). Representative examples are 
provided in Scheme 83.wa2 The Minisci reaction has two potential advantages over nucleophilic a r e  
matic substitution: (i) it readily introduces acyl and related functional groups that are not usually directly 
available by nucleophilic substitutions; and (ii) it proceeds under mild, protic conditions and does not re- 
quire organometallic intermediates. Activation of N-heterocycles for organometallic additions is often 
beneficial but simple protonation does not suffice because addition reactions are usually precluded by 
simple acid-base reactions with the nucleophile. 

A representative example from the recent literature illustrates that a redox chain substitution is one of 
the most practical means to conduct these  reaction^."^ Simple heating of lepidine (72) and t-butyl hy- 
droperoxide in aqueous acidic methanol with 5% iron sulfate provides hydroxymethyllepidine (73) in 
93% yield. The accepted mechanism is a redox chain outlined in Scheme 84. Iron(I1) reduces the r-butyl 
hydroperoxide to generate the t-butoxyl radical (74) in the classical Fenton reaction. This radical (74) ab- 
stracts a hydrogen from the solvent to give the hydroxymethyl radical (75). which in turn adds to the le- 
pidinium salt to form (76). Such addition reactions may sometimes be reversible but subsequent loss of a 
proton (from carbon) is not. The resulting radical (77) is a very weak base compared to lepidine. But it is 
a potent reductant because of its high-lying HOMO and it reduces iron(II1) to iron(I1). 

These redox chain reactions, which cycle iron(I1) and iron(III), have advantages over methods that use 
stoichiometric quantities of oxidants because the hydroxymethyl radical is also a good reductant and, at 
high oxidant concentrations, it may be oxidized more rapidly than it adds to (72). The disadvantage of 
this type of reaction is that the initial radical is generated by a relatively non-selective hydrogen atom ab- 
straction reaction. To be efficient, the H-donor must be used in large excess; it is often a cosolvent. 
Nonetheless, this is a very practical method to prepare hydroxyalkylated and acylated heteroaromatic and 
related derivatives. 
The addition of functionalized alkyl radicals to protonated heteroammatics was more difficult (because 

the radicals could not be generated by H-atom abstraction), but a recent development holds promise to 
resolve this problem. Generation of a methyl radical in the presence of an alkyl iodide sets up a relatively 
rapid equilibrium as indicated in Scheme 85. This equilibrium will favor any more highly substituted 
alkyl radical over methyl, and further, this latter radical will be significantly more nucleophilic. Thus 
when methyl radicals are generated in the presence of cyclohexyl iodide and a protonated quinaldine, the 

reactive alkenes like acrylonitrile are not uncommon,2 B Radicals can be generated by a variety of meth- 
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A 6 + (PhC02)2 + 1 - 
I 

H 

72% (2: 1) 

(72) lepidine 
1 equiv. 2 equiv. 

(73) 93% 

(75) 
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product results not from methyl addition but from cyclohexyl addition.244 Scheme 85 illustrates one of 
several methods that Minisci has used to generated the methyl radicals for such a procedure: the oxida- 
tive cleavage of DMSO. As above, the iron catalyst mediates a redox chain and the ultimate oxidant is 
hydrogen peroxide. In principle then, any alkyl radical that is more stable than methyl might be gener- 
ated by this elegant method and added not only to protonated heteroammatics but to other acceptors as 
well. 

CHy + R-I e Me1 + R- 

R = substituted alkyl 

HzODMSO 

+ a1 FeSOfi2O/HzSO4 

1 equiv. 3 equiv. 89% 

__c CH3* + MeSOzH 0 00, ,OH 
S HO* + - 

/ \  / \  

Scheme 85 

4.1.8 ADDITIONS OF HETEROATOM-CENTERED RADICALS 

Addition and substitution reactions of heteroatom-centered radicals with multiple bonds have been ex- 
tensively studied and are sometimes preparatively useful. * * This section will briefly consider the addition 
reactions of H-Y and X-Y reagents (Kharasch reactions) and substitution reactions (Scheme 86).N5 

Additions H-Y f P R  - Y J R  

Y 
X-Y + P R  - X d R  

Substitutions H-Y + ex - my + HX 

H-Y + p x  - p y  + H X  

Scheme 86 Reactions of heteroatom radicals with alkenes 

The anti-Markovnikov addition of HBr to alkenes is an historically important reaction in the develop 
ment of organic chemistry, but its synthetic value for alkene functionalization has waned with the advent 
of reactions such as hydroboration. Radical additions of thiols and selenols to alkenes and alkynes are 
important preparative reactions for the synthesis of sulfides and selenides.246 Acid- and base-catalyzed 
additions of thiols and selenols are also popular. Hydrostannylation and hydrogermylation (but not hy- 
drosilylation) can also be accomplished by radical chain additiot1.~~*8~*~ Metal-catalyzed additions and 
ionic conjugate additions of stannyl metals are also popular. Like most radical additions, radical hydros- 
tannylation is not stereospecific (that is, alkene geometry is not conserved in the product) but it can be 
highly stereoselective in cyclic systems. Hydrostannylations are usually conducted at high concentrations 
because the addition of a tin radical is reversible and a high tin hydride concentration favors trapping of 
the adduct. Scheme 87 provides several recent  example^.^^-^^^ 

Many variants on the addition of two heteroatoms (X-Y) across an alkene or alkyne have been de- 
~ e l o p e d . ~ ~ ~  These reactions always proceed by the atom transfer method and require a reactive atom or 
group donor (X = halogen, SPh, SePh). Many atoms and groups Y can be introduced including oxygen 
and nitrogen. However, such additions are only occasionally advantageous when compared to ionic 
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Scheme 87 

equivalents like oxy- and amidemercuration, sulfenylation, iodination and the like. These ionic addi- 
tions are often stemspecific, high yielding and very general. 

Among the many variants that add two heteroatoms, those that add phenylsulfonyl groups are particu- 
larly useful because they proceed in high yield under mild conditions and provide functionality for sub- 
sequent synthetic transformations. The examples contained in Scheme 88 illustrate some recent 
applications.ma2 In contrast to most radical additions to alkynes, the additions of ArSoZX are often 
highly stereoselective. 

The interchange of heteroatom groups by free radical substitution of allyl or vinyl groups (see Section 
4.1.6.2) is also a common and preparatively useful reaction that occurs by an additiokelimination mech- 
anism. Those p u p s  that participate in fragmentation reactions (halogen, tin, sulfur, selenium) are sus- 
ceptible to interchange. Depending on reaction conditions, such substitutions can sometimes be 
conducted in either direction. Representative examples are provide in Scheme 89,u32w 

I 

74% 

i, BrS02CH2Br 

ii, Et3N 

72% 

PhSe 

Scheme 88 

PhSO+2I 
Ph & SnR3 w 

hv 

SPh 

ph & SOzPh 

88% 

Scheme 89 
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4.1.9 CONCLUSIONS 

Radical addition reactions are useful in the formation of a diverse collection of structural motifs and 
they often offer advantages over standard transformations. This chapter has attempted to show that the 
banier to becoming familiar with the principles and techniques of radical reactions is small compared to 
the rewards, both practical and intellectual, that derive from this familiarity. The following chapter 
(Chapter 4.2) assumes that the reader has now acquired this familiarity and it presents radical cyclization 
reactions and sequences of radical reactions. 
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43.1 INTRODUCTION 

Reactions that form rings are the central steps in the synthesis of cyclic organic compounds, and the 
development of cyclization reactions that are mild and general has been a recurring theme since the 
emergence of organic synthesis as a discipline. Although they have been recognized only recently, intra- 
molecular addition reactions of radicals (hereafter called cyclizations) are among the most powerful tools 
at the disposal of the synthetic chemist. These radical cyclization reactions have all the advantages of 
their bimolecular counterparts, such as predictability and functional group tolerance; furthermore, be- 
cause of the entropic advantages, cyclization reactions are of much broader scope. 
The purpose of this chapter is to provide an introduction to the scope and limitations of radical cycliza- 

tion reactions. Emphasis will be placed on the reactivity profile of radicals with respect to chemo-, rcgio- 
and stemselectivity. Because most sequential radical reactions include at least one cyclization, they are 
also presented in this chapter. The organization of this chapter is similar to the previous chapter on radi- 
cal additions. However, the basic principles of radical reactions, selectivity requirements, methods to 
conduct radical reactions (including experimental techniques), and mechanisms are extensively discussed 
in the previous chapter, and these aspects will be reiterated rather sparingly. A nader who is not familiar 
with the principles of radical reactions as applied to synthesis should read the addition chapter (Chapter 
4.1, this volume) first. 

’ 4 in Scheme 1. Like 
an addition reaction, one must have selective radical generation, cyclization and selective radical remo- 
val. Each step must be more rapid than the loss of radicals by (nonselective) radicavradical or radi- 
cal/solvent reactions, and the method which is chosen must convert the cyclic radical, but not the initial 
radical, to a stable product. Cyclization reactions are often easier to conduct than additions. Indeed, some 
cyclizations are so rapid that it is difficult to trap initial radicals with standard reagents (like tin hydride) 
prior to closure. If bimolecular trapping is a problem, the standard experimental approach is to reduce the 
concentration of the trapping reagent, thus slowing bimolecular reactions relative to unimolecular com- 
petitors. In intermolecular additions, reaction of the product radical with the starting alkene is an import- 
ant competing reaction, and the electronic differences between the initial and the product radicals are of 
great concern. However, in cyclizations this bimolecular reaction is rarely a problem because (for certain 
ring sizes) entropy greatly favors cyclization relative to addition. Indeed, many potential competing bi- 
molecular addition reactions are so slow that they do not occur at all. Thus, the selectivity concerns arise 
mainly at the stage of the initial radical. The cyclic radical need only be converted to a stable product 
more rapidly than it is lost by radical/radical or radicaVsolvent reactions. In practice, this means that cy- 
clizations can often be conducted down to the lower solution rate limit (102-107 SI), provided that the 
chains are maintained. 

selective selective 

generation cyclization 

The general requirements to conduct a selective radical cyclization are su 

c. radical - c radical C 

radical precursor initial radical cyclic radical stable product 

Potential problems: i, reactions of radicals with other radicals or solvent; 
ii, removal of initial radical before cyclization 

Scheme 1 Selectivity requirements for cyclization 

The following introduction will briefly recount some of the key features of radical cyclizations with an 
emphasis on basic concepts that control regio- and stereo-selectivity. More details will be provided in the 
following sections, which describe specific rypes of reactions. The factors affecting the cyclization re- 
actions to carbon-heteroatom multiple bonds are treated separately in Section 4.2.5, and the cyclizations 
of heteroatom-centered radicals are contained in Section 4.2.4. 

Several excellent reviews14 on the subject of radical cyclizations have stimulated synthetic advances 
in the past and will continue to do so in the future; they are highly recommended reading. As with radical 
additions, the book by GieseS provides a very good overview of the whole field (and it also includes cy- 
clizations that do not occur by additions to .rr-bonds). 
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42.1.1 Hexenyl Radical Cyclizations 
Hexenyl radical cyclizations are typically more rapid than higher homologs, and, unlike lower homo- 

logs, they are irreversible. Therefore, they are the most generally useful class of radical cyclizations. 
Thanks to intensive mechanistic study, they are also the most well understood. 

4.2.1 .I .I The 5-hexenyl radical 

The behavior of the 5-hexenyl radical merits special attention not only because it is one of the best 
understood reactive intermediates in organic chemistry, but also because it is a representative parent of a 
larger class of cyclizations. Because it is a cyclization of intermediate rate, it provides a convenient (if 
arbitrary) dividing point for synthetic planning: cyclizations that are more rapid than that of the hexenyl 
radical are easily conducted, but those that are significantly slower may present experimental difficulties. 

As shown in Scheme 2, the hexenyl radical partitions between Sex0 cyclization (to give the cyclopen- 
tylmethyl radical) and 6-endo cyclization (to give the cyclohexyl radical) with the indicated rate con- 
stants (the terms 'exo' and 'endo' derive from the orientation of the reacting alkene with respect to the 
forming rings). At standard operating temperatures (25-80 T), this partitioning translates to a ratio of 
about 98:2 in favor of 5-ex0 over 6-endo closure. This cyclization is highly exothermic, and strictly kine- 
tically controlled (in this example, the less stable product is preferred). The contrast between this cycliza- 
tion and an electronically equivalent bimolecular addition is dramatic. The addition of an alkyl radical to 
an unactivated alkene is not sufficiently rapid to be a preparatively useful reaction; its bimolecular rate 
constant is about three orders of magnitude below that of cyclization. However, when such an addition 
occurs, the alkyl radical adds exclusively to the terminus of the alkene. The bimolecular addition of an 
alkyl radical to the internal carbon of a simple alkene is virtually an unknown reaction. The hexenyl radi- 
cal cyclization, a rapid addition to the more substituted end of an alkene, is indeed a special transforma- 
tion. . 

I I  I 

2 

not formed 
(k, I 1 M-' s-') k, 5 Id M-' s-' 

Scheme 2 The hexenyl radical cyclization 

Determining the underlying factors that control the cyclization reactions of hexenyl and related radi- 
cals has been the object of much study. The recent theoretical treatments of Beckwith and Schiesser? 
and Houk and Spellmeyer? relate the current state of understanding with many important references to 
the extensive body of prior work. 

Not surprisingly, the hexenyl radical cyclization is entropically favored over its bimolecular counter- 
part (enthalpies of activation are similar). However, entropy is not the whole story in the preferential for- 
mation of the less stable 5-ex0 product by attack at the more substituted carbon. To understand this key 
feature, we must turn to the transition state model outlined in Figure 1. At least three low energy transi- 
tion states are important to consider: the 5-ex0 chair (1)' the 5-ex0 boat (2), and the 6endo chair (3).8 
This model, which will be used to interpret both regio- and stereo-chemical features, was proposed and 
developed by Beckwith in pioneering work that spans more than a decade.6 The recognition by Houk and 
Spellmeyer' that the 5exo  boat transition state is relatively low in energy and cannot be neglected is a 
very significant advance that aids in the understanding of stereoselectivity. 
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6-endo chair (3), +3 kcal mol-' 

Figure 1 Transition states for hexenyl radical cyclization 

The energetic differences between these three transition states are mainly enthalpic in origin, and the 
relative energy values calculated by HoWSpellmeyer (STO-3G level) are included in Figure 1.9 Pro- 
vided that the 5-ex0 boat transition state (2) is not neglected, the Houk computational model closely re- 
produces the experimentally observed regioselectivity. The 5-ex0 chair transition state (TS) bears a 
striking resemblance to  a cyclohexane chair, as originally proposed by Beckwith. Reflective of the early 
TS, the forming C - 4  bond is very long (its length is similar to the distance between C-1 and C-3 in cy- 
clohexane), and the radical and alkene carbons have deviated little from their sp2 geometries. The angle 
of attack (106') is near to the preferred angle for unconstrained bimolecular additions (109') and, be- 
cause the forming bond is long, the angle and torsional strain of the connecting chain resemble more a 
cyclohexane ring than the product cyclopentane ring. The forming bond is nearly eclipsed, but it is so 
long that the energetic penalty is minimal. The length of the forming bond in the 6endo TS (3) is similar 
to that of the Sex0 TS (l), but the angle of attack is constrained to be much smaller (94') because of the 
endo orientation of the alkene. Thus, the overlap between the SOMO of the radical and the LUMO of the 
alkene is poorer, and energy is sacrificed. This stereoelectronic rationale, first proposed by Beckwith, is 
generally regarded as the single most important factor that favors 5-ex0 over 6endo cyclization. Bald- 
win's guidelines for ring closure integrated these stereoelectronic preferences for radicals with those for 
other types of cyclizations.1o Because of the importance of SOMO-LUMO overlap, cyclizations of radi- 
cals are more closely related to those of anions than of cations. 

In addition to this important stereoelectronic effect, it is less widely recognized that the 6-endo uansi- 
tion state (3) is believed to have a higher degree of torsional and/or bending strain that its 5-exo counter- 
part (1).l1 This added strain may be due to deformations in the chain, which are necessary to 
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accommodate the best possible angle of attack, or to the elongated forming bond, which stretches the 
‘cyclohexane ring’ away from its ideal geometry. 

The comparison of exo and endo transition states has emphasized the similarity of the 5-ex0 transition 
state (1) with a cyclohexane chair. The comparison of the two 5-exo transition states, (1) and (2), illus- 
trates the all-important differences. The two transition states are very similar, but only five of the six 
atoms have analogies in chair or boat cyclohexane. The terminal alkene carbon (C-6) is well out of place 
compared to its partner in cyclohexane. Thus, the transition states really resemble stretched cyclopentane 
rings more than cyclohexanes. A boat cyclohexane is disfavored relative to a chair by two eclipsed carb- 
on-carbon bonds and by the ‘flagpole’ interaction. In the 5-exo boat transition state, all of these interac- 
tions are greatly reduced: the flagpole interaction because the terminal alkene carbon is not appropriately 
placed, and the eclipsing interactions because of the presence of the sp2 atoms that have yet to rehy- 
bridize. The small energy difference disfavoring the boat (2) relative to the chair (1) probably results 
from the remnants of the flagpole interaction (if any), and from the presence of a gauche butene arrange- 
ment (allylic C-H eclipsing vinylic C-H) rather than the more favored skew butene (allylic C-H 
eclipsing C 4 ) .  That (1) and (2) are comparable in energy is important for understanding stereoselectiv- 
ity (see below). 

The analogy between 5-ex0 transition states and the chairbat  cyclohexane is simple to apply and has 
useful predictive and interpretive value, provided that one recalls the differences as well as the simi- 
larities. 

Substituent effects on cyclizations of simple nucleophilic hexenyl radicals have been well studied, and 
much quantitative rate data is available.12 The trends that emerge from this data can often be translated to 
qualitative predictions in more complex settings. Once the large preference for 542x0 cyclization is 
understood, other substituent effects can often be interpreted in the same terms as for addition reactions. 
For example, electronegative substituents activate the alkene towards attack, and alkyl substituents retard 
attack at the carbon that bears them. The simple hexenyl radical provides a useful dividing point: k, = 2 x 
105 s-l. More rapid cyclizations are easily conducted by many methods, but slower cyclizations may 
cause difficulties. Like the hexenyl radical, most substituted analogs undergo irreversible 5-ex0 closure 
as the predominate path. However, important examples of kinetic 6-endo closure and reversible cycliza- 
tion will be presented. 

4.2.1.1.2 Accelemting substituents 

Fortunately for the synthetic chemist, most substituents accelerate Sex0 cyclizations, and the complete 
absence of 6-endo products is not uncommon. Several important types of accelerating groups are sum- 
marized in Scheme 3. Like addition reactions, activating groups on the alkene (C-6) provide a large rate 
enhancement due to favorable FMO interactions. Unlike additions, such activating substituents are not 
required for successful cyclizations; however, they can prove beneficial to offset deactivating substi- 
tuents in hexenyl radical cyclizations, and they are often essential when forming larger rings. Most sub- 
stituents on the chain also accelerate the hexenyl radical cyclization, probably by raising the energy of 
the ground state relative to the transition state (as in the gem dimethyl effect). The presence of additional 
rings in the cyclization substrate is usually beneficial, provided that a relatively unstrained ring is for- 
ming. In general, fused rings are preferred over bridged; however, bridged rings have been formed on 
many occasions. Substitutions of oxygen or nitrogen for C-3 are powerfully accelerating because they 
provide better overlap in the 5-ex0 transition state. Most alkyl substituents on the radical carbon (C-1) 
have relatively little effect on the rate: simple primary, secondary and tertiary alkyl radicals all cyclize at 
about the same rate. Vinyl and phenyl radicals are much more reactive in cyclizations than alkyl radicals. 
Acyl radicals are also excellent substrates. 

4.2.1.13 Decelerathg substituents 

The most common reason that 6endo products are observed in radical cyclizations is because 5-ex0 
cyclizations are decelerated by substituent effects (see Scheme 4). Just as in addition reactions, the sub- 
stitution of any group for hydrogen at the P-alkene carbon (C-5) slows 5-ex0 cyclization significantly, 
and 6-endo products are formed, sometimes predominantly. This effect also appears to be sensitive to 
radical substitution: 5-alkyl-substituted tertiary radicals give increased amounts of 6-endo products com- 
pared to primary radicals. The introduction of a radical-stabilizing heteroatom endocyclic to the forming 
ring (substitution of X for C-2) also retards 5-ex0 closure due either to its stabilizing effect, or (more 
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4 3 E. 1 x 4 *  ? 2, \ 
2 R 

E = electronegative x=o,NR 
group 

alkene chain radical 

Scheme 3 Accelerating substituents 

likely) to geometric constraints imposed on the radical by re~0nance.l~ Relatively little is known about 
the effect of heteroatom substituents attached to the radical (C-1) exocyclic to the forming ring. One sus- 
pects that they will be at least modest rate depressors because they stabilize the radical. 

4 b i  3 2 ( .  X’ X 
R+H x.rNR.0 
alkene chain radical 

Scheme 4 Decelerating substituents 

All of these decelerating effects are easily overridden by appropriate alkene substitution. Indeed, any 
terminal alkene substituent will decelerate 6endo cyclization. To accelerate 5-ex0 cyclization, one re- 
quires only an electronegative alkene substituent at C-6. 
The appropriate placement of activating groups can also be used to accelerate 6-endo cyclizations, as 

illustrated by the examples in Scheme 5.I4l6 However this prescription is not a guaranteed cure to over- 
come Sex0 cyclizations when 6endo products are desired. As illustrated by the last example in Figure 
6,” the preference for 5-exo cyclization can often be so high that it cannot be ovemdden by an activating 
group. 

p - q b + p  X 

X X 

X = CH2 
x=o 

major minor 
not formed only product 

Scheme 5 Activation of dendo cyclizations 
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4.2.1.1.4 Carbonyl-substituted radicals 

Because of the centrality of the carbonyl group in synthesis, the cyclizations of carbonyl-substituted 
radicals are of special importance. At present, there are no accurately known rate constants for the cycli- 
zations of any carbonyl-substituted radicals, and quantitative statements are risky. Because carbonyl-sub- 
stituted radicals add more rapidly to simple alkenes than alkyl radicals add, it might be suspected that 
they cyclize more rapidly as well. However, qualitative evidence does not support this analogy. 

Cyclizations of carbonyl-substituted radicals can sometimes provide very high levels of 6-endo pm- 
ducts by either kinetic or thermodynamic methods. Reversible hexenyl radical cyclizations are presently 
restricted to radicals with two carbonyl or cyano groups.18 The discussion of reversible cyclizations is 
reserved for the hydrogen atom transfer section (Section 4.2.2.1.4) because this is the only method by 
which they have been conducted. Some kinetic substituent effects are summarized in Scheme 6.19 If the 
carbonyl group is outside the forming ring, there is a slight increase in the amount of 6endo product 
with monosubstituted alkenes (R = H); however, when R is an alkyl group, the 6-endo cyclization is 
often the only pathway. The placement of a ketone (but not an ester or an amide) inside the forming ring 
also greatly favors 6-endo closure.1g-21 It has been proposed that 5exo  cyclizations of the ketone-sub- 
stituted radicals are retarded because overlap between the radical and the carbonyl group must be sacri- 
ficed to attain the transition state ge~metry. '~ Even without knowing rate constants, it is clear from 
experiment that the cyclizations of these latter types of radicals are very slow (although still useful). 

c R & ! O M  + R d E r M e  

C02Me 

R = H  9o:lO 
R = M e  <3:97 

II . . 

X=CH2 <3:97 
x=o,N-R >90:10 

Scheme 6 Carbonyl-substituted radicals 

43.1.2 Butenyl, Pentenyl, Heptenyl and Other Radical Cyclizations 

Although cyclizations of hexenyl radicals are the best understood and most common, other cycliza- 
tions have unique features that can be exploited in synthesis. The basics for cyclization of butenyl and 
pentenyl radicals are summarized in Scheme 7. In accord with the stereoelectronic rationale, these radi- 
cals are very reluctant to cyclize in an endo mode due to the very small angle of attack that is required. 
The butenyl radical undergoes 3-ex0 cyclization with a rate that is near the lower limit of synthetic 
utilityF2 Like the hexenyl radical, this rate may be dramatically increased by substituents (for example, 
gem dimethyl substituents on the chain dramatically accelerate the closure).23 Unlike the hexenyl radical, 
the cyclization is reversible and, due to ring strain, the equilibrium usually lies far to the side of the open 
radical. Accordingly, 3-ex0 cyclizations that synthesize cyclopropanes are only useful if there is a means 
to rapidly trap the cyclic radical (but not the initial radical) or if substituents dramatically shift the unfa- 
vorable equilibrium. Selective trapping of equilibrating radicals can be planned within the framework of 
the Curtin-Hammett principle, as described for cyclizations to carbonyls (see Section 4.2.5). %Ex0 frag- 
mentations are very useful reactions, either alone, or in combination with 3exo cyclizations (this combi- 
nation results in rearrangement if the forming and fragmenting bond are not the same; see Section 
4.2.6.2.1). 

Like many ionic cyclizations, the formation of cyclobutane rings by radical cyclizations is very slow, 
and powerful accelerating effects will be required for any synthetic applications (see Scheme 7).2 These 
cyclizations are again reversible, and, in the absence of any other effects, the equilibrium lies to the side 
of the open radical due to ring strain. The fragmentations of simple cyclobutyl carbinyl radicals are slow, 
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&,= 2 x Id s-1 

k-= 1 x loe s-' 

Scheme 7 Butenyl and pentenyl radical cyclizations 

but still potentially useful. Any stabilization of the open radical relative to the cyclic radical should ac- 
celerate such fragmentations. 

Cyclizations of higher homologs of the hexenyl radical are useful, and they are generally imvenible. 
As the size of the forming ring increases, the rate of ring closure begins to decrease for entropic reasons. 
In addition, larger rings can better accommodate the favored traJcctory angle for an endo transition state, 
and the large preference for exo cyclization that is seen in smaller rings begins to erode. 

Heptenyl radical cyclizations are very useful in synthesis, and the behavior of the parent radical is 
summarized in Scheme 8." Rate constants of 6exo and 7endo closure are near the lower limit of syn- 
thetic utility, and the ratio of cyclohexylcarbinyl radical to cycloheptyl radical is about 8515 at normal 
operating temperatures. Besides cyclization, there is another competing unimolecular reaction that is 
unique to heptenyl radicals: l$-allylic hydrogen transfer. This intramolecular H-transfer is always 
thermodynamically favorable, but is strongly disfavored kinetically in both smaller rings (for stereoelec- 
tronic reasons) and larger rings (for entropic reasons). In the parent heptenyl radical, the rate of 1,5-hy- 
drogen transfer is comparable to that of 7endo cyclization, but there are examples where it can even 
exceed the rate of 6-exo cyclization. Thus, there are at least three problems to consider when planning a 
heptenyl radical cyclization; (i) the rates of cyclization are relatively slow, (ii) an overriding bias for exo 
cyclization does not exist, and (iii) competitive 1.5-hydrogen transfer may occur if there are accessible 
allylic hydrogens. Fortunately, these problems can often be solved by placement of appropriate substi- 
tuents. For example, the introduction of an activating group on the alkene terminus often accelerates 6- 
exo cyclization sufficiently so that all three problems are simultaneously solved. It is also possible to 
effect selective 'I-endo cyclizations in some cases. 

11 
5 x 103 s-1 &7*& f 7 x 102 s-1 

Scheme 8 The heptmyl radical cyclization 

The formation of medium and large rings by radical cyclizations is no diffcmnt from most other stand- 
ard methods. The formation of medium-sized rings by radical cyclizations is difficult. For example, the 
octenyl radical undergoes selective 8cndo closure rather than 7exo closure6 but the rate constant for cy- 
clization is very low (k = 1 x 102 &). However, one suspects that the kinds of substituent effects that 
favor medium ring formation in standard ionic reactions (like the introduction of (2)-double bonds in the 
connecting chain)25 should also accelerate radical cyclizations. As the ring size becomes larger and trans- 
annular interactions decrease, unimolecular rate constants for cyclization recover and begin to approach 
those of bimolecular addition. Pioneering work of PorteP has shown that, with appropriate electronic 
pairing and reaction concentration, large rings can be formed with a facility comparable to typical ionic 
processes (see Section 4.2.2.1.1). 
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43.13 Stereoselectivity 
Although radical cyclizations have a reputation of exhibiting poor stereoselectivity, there are now 

many examples where highly stereoselective transformations have occurred, and both empirical and the- 
oretical guidelines are beginning to emerge. As with regiochemistry, the papers of Beckwith6 and Houk7 
are highly recommended starting points for stereochemical information. When predicting stereochem- 
istry, it is important to keep in mind that transition states for radical cyclizations are early, and steric in- 
teractions in the final product may not be important in the transition state. More important are local 
conformation effects about the alkene, and allylic substituents and cis-substituted alkenes have large ef- 
fects on stereoselectivity. 

4.2.1 3.1 Hexenyl radical cyclizations 

Stereoselectivity in the cyclization of substituted hexenyl radicals often follows the guidelines origin- 
ally proposed by Beck~ith.~ '  The Beckwith model, shown in Figure 2, is probably a good representation 
of the lowest energy transition state, and it predicts the major product by placing a chain substituent in an 
equatorial-like orientation. Thus, 3-substituted hexenyl radicals give cis products, and 2- and 4-sub 
stituted radicals give trans products. The stereoselectivity of C-1 -substituted radicals requires special 
comment because this center is sp2 hybridized, and thus the substituent (R') is not in an equatorial-like 
orientation but actually eclipses the alkene CH2 about the fonning bond. (However, this eclipsing inter- 
action is relatively small because of the long forming bond and the obtuse angle of attack.) The Beckwith 
model correctly predicts that C-1 alkyl substituents will give mainly cis products, although the under- 
lying cause for the cis selectivity has been the source of considerable speculation. Houk and Spellmeyer7 
have suggested that van der Waals attraction is a likely cause. Although simple alkene substituents give 
13-cis products, larger R1 groups are trans selective, as are most ethers (R' = O-alkyl or O-silyl). Esters 
and ketones show virtually no selectivity in simple  example^.'^ 

P 

? 
R = location of substituent in major diastereomer 
r = location of substituent in minor diastereomer 

Figure 2 Beckwith model for stereoselectivity 

The understanding of the stereoselectivity in these cyclizations (and hence the prediction of which cy- 
clizations will be highly selective) was significantly advanced by Houk and Spellmeyer? They proposed 
that the minor diastereomeric product may arise not only from the 5-eXO chair transition state with an 
axial-like substituent, but also from the 5-ex0 boat TS. Scheme 9 gives a specific example: the cycliza- 
tion of the 3-methylhexenyl radical. The relative energies (rounded to the nearest 0.5 kcal mol-' (1 kcal = 
4.18 kJ)) are derived from force field calculations. The Beckwith model correctly predicts the formation 
of the major cis product, which arises via transition state A (chair, methyl equatorial). However, the cal- 
culations indicate that the minor product arises not only from the chair transition state C with the methyl 
group axial-like, but also from the boat transition state D with the methyl gmup equatorial-like. Accord- 
ing to the force field model, this is a general phenomenon for simple systems: a single low energy transi- 
tion state accounts for the major product but two transition states of intermediate level combine to 
produce the minor product. 

The important studies of RajanBabu provide solid experimental support for the postulated energetic 
importance of boat transition states (Scheme 10).28.29 Cyclization of (443 )  gives a stereochemical out- 
come that is at first glance surprising: the stereochemistry of the methyl group is apparently controlled by 
the remote r-butyl group, and not by the neighboring residues on C-1 and C-2. The r-butyl group not only 
locks the conformation of the cyclohexane ring, but it also locks the conformation of the forming ring be- 
cause the forming ring must be cis fused (the orbital overlap to form a trans ring is extremely poor). This 
is akin to locking a cis decalin with a t-butyl group (see the triple Neumann projections in Scheme IO), 
and instead of four transition states, only two (one chair and one boat) are now accessible. In each case, 
the major diastereoisomer ( 5 4  or (6p) results from the chair-like transition state of the forming ring. Be- 
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cause the othez chair is prohibitively high in energy, it is very likely that the minor products (Sg) and 
(6a) result from boat-like transition states. 

But 3 -&+a But H But H 

a-Bd 
&But 

TS a 

86: 14 
27:73 

H 

H % H H But 

Scheme 10 Evidence for boat transition state? 

Indeed, RajanBabu has shown that the introduction of allylic substituents a! C-4 can either reinforce or 
completely override the preference for a chair transition state, depending on the configuration. Two 
examples arc pvided in Scheme 1 1.  In the framework of the stereochemical model, high selectivity rt- 
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sults in these examples because three of the four normally accessible transition states have been elimi- 
nated by unfavorable interactions (the locked dioxolane ring eliminates one chair and one boat, and A- 
strain caused by the allylic substituent selects between the remaining chair and boat). Tbe ncognition 
that boat transition states are important, and can even dominate, should greatly facilitate the design of 
stemselective hexenyl radical cyclizations. 

derived from boat TS 

derived from chair TS 

Scheme 11 Highly stereoselective cyclizations 

43.1 33 Heptenyl mdkal cyclizations 

Stereoselectivity in the cyclization of heptenyl radicals has recently been studied and the analogy to 
chair cyclohexane has again been drawn.m Figure 3 illustrates the two chair-like transition states that 
have been considered (in most cases, an activating group is present to facilitate the cyclization). The as- 
sumptions that model A is of lower energy than B, and that equatorial-like substituents are p f d ,  suf- 
fice to rationalize some of the literature examples; however, the situation is less straightforward than 
with hexenyl radical cyclizations. For example, this model predicts that 2- and 4-substituted precursors 
will give cis products, and that 3- and 5-substituted precursors will give trans. However, Hanessian has 
shown that 2-, 3- and 4-methyl-substituted heptenyl radicals (E = trans CO2Me) all show a very slight 
preference for formation of the trans product.3o This serves as a reminder that the forming bond in the 
transition state for the heptenyl radical cyclization is so long that distortions are inevitable, and the con- 
necting chain cannot closely resemble a cyclohexane chair. Indeed, if the connecting chain in a hexenyl 
radical reaction resembles a cyclohexane ring, then cycloheptane-like conformers might be of consider- 
able importance in the cyclizations of heptenyl radicals. 

A B 

Figure 3 Stereoselectivity in heptenyl radical cyclizations 

4.23 CYCLIZATIONS OF CARBON-CENTERED RADICALS TO CARBON-CARBON 
MULTIPLE BONDS 

Most of the recent synthetic developments in the field of radical cyclization have involved the re- 
actions of carboncentered radicals with alkenes and alkynes. Other useful acceptors include allenes?' 
dienesM and vinyl epoxides?2 The same methods are used for cyclizations to these acceptors as for radi- 
cal additions, and the preceding chapter should be consulted for specific details on an individual method 
(the organization of this section parallels that of Section 4.1.6). Selection of a particular method to con- 
duct a proposed cyclization is based on a variety of criteria, including the availability of the requisite pre- 
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c m r ,  the electronic properties of the radical, the expected rate of the cyclization, the type of function- 
ality that is desired in the product, and the ease of purification of the products. These aspects will be 
briefly featured with each cyclization method. 
The literature on radical cyclizations has grown so rapidly over the last decade that an introductory re- 

view cannot even sample all of the important types of reactions. In broad areas such as tin hydride cycli- 
zations, this chapter will try to focus on the most commonly used types of cyclizations. With lesser used 
techniques, the selected examples will attempt to illustrate the synthetic possibilities and limitations. 
Several recent reviews that cover major parts of the radical cyclization field can be consulted for more 
detailed c 0 v e r a g e . ~ ~ 3 ~ * ~  

43.2.1 Chain Methods 
Most radical cyclizations are conducted by one of the common chain methods. Kinetic analysis and 

synthetic planning are usually more straightforward than in addition reactions because the cyclizations 
are intramolecular. 

4.2.2.1 .I Metal hydrides 

( i )  Tin hydride, general considerations 
The use of tin hydride is by far the most popular and generally applicable method to conduct radical 

cyclizations. Because the tin radical is such a powerful atom and group abstractor, a wide variety of radi- 
cal precursors can be used. A partial list of precursors (in rough order of decreasing reactivity) includes 
iodides, bromides, phenyl selenides, xanthates (and related  derivative^)?^ nitro thio acetals?7 
phenyl sulfides and chlorides. The less reactive precursors are more useful for the production of more 
stable radicals. Although the tin hydride method is most commonly used for the cyclizations of nucleo- 
philic radicals, it is appropriate for electrophilic (and ambiphilic) radicals as well. The kinds of radicals 
that can be generated for cyclization range from the most reactive aryl and vinyl radicals, through alkyl 
radicals, to stable radicals such as allyl3* and b e n ~ y l . 3 ~  
The tin hydride method is reductive, and the cyclic radical is almost always trapped by a hydrogen 

atom. In simple cyclizations, both the radical precursor and the alkene are lost during tin hydride reduc- 
tion, and this sometimes results in underfunctionalinxi products, necessitating the introduction of extra 
functional groups for subsequent transformations. However, in the synthesis of simple molecules, this is 
often an advantage as steps to remove residual alkenes, carbonyl groups and the like, left by ionic meth- 
ods of C 4  bond formation, are not required. Work-up requires separation of the desired products from 
the tin by-products (see Section 4.1.6.2.1). 

The most important consideration in conducting a tin hydride cyclization is not the electronic nature of 
the radical but the rate of cyclization. Equation 1 expresses the requirement for the successful cyclization 
of the initial radical prior to trapping with tin hydride. Cyclizations more rapid than that of the hexenyl 
radical are easily conducted by mixing the precursors with a slight excess of tin hydride (1,l equiv. is 
common) at 0.01-1.0 M, and then initiating the chain. Slow cyclizations require high dilution conditions: 
syringe pump addition or catalytic tin hydride techniques are the most popular. With reactive radical pre- 
cursors and proper conditions, cyclizations approaching the lower rate limit in solution can be conducted 
with the tin hydride method.40 To maintain the chains, excess initiator and a greater excess of reducing 
agent (either tin hydride in the syringe pump method or the coreductant in the catalytic method) are often 
required. 

kc > k~ [Bu3SnH] (1) 

As the rate of cyclization becomes slower, the reactivity of the precursor becomes more important. To 
ensure that the radical generation step does not break the chain, it is important to use the most reactive 
precursor available. For very slow cyclizations, the advice is simple: use iodides whenever possible. The 
purity of the precursor is also critical for slow cyclizations because tin hydride can sometimes react with 
impurities to generate hydrogen atom sources that are much more reactive than itself. Any impurities that 
might generate thiols or selenols may cause undue amounts of reduction (thus, the purity of phenyl sul- 
fides and selenides is especially important). Metal impurities, which may form transition metal hydrides, 
can be devastating, even for fast cyclizations?1 Empirically, it seems that breaking of the chain is less of 
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a concern in the hydrogen transfer step, probably because radicals often react with each other or with the 
medium by hydrogen transfer. Thus, even if hydrogen transfer from tin hydride fails at low concentra- 
tion, many of the product radicals will nevertheless end up with a hydrogen. Finally, high temperatures 
usually favor cyclization over atom transfer, and the use of a higher boiling solvent can be a productive 
means to favor the formation of cyclic products. Rapid cyclizations can be conducted at temperatures as 
low as -78 'C by using triethylborane initiation as prescribed by Oshima and Utim0to.4~ 

The following sections provide selected examples of tin hydride cyclizations that are organized by the 
nature of the radical. More detailed coverage is provided in several general r e v i e w ~ , ~ * ~ ~ a  and in the ex- 
cellent specialized review of Ne~mann.4~ 

(ii) Substituted alkyl radicals (carbocycles) 
Many synthetic methods are currently available to form simple, isolated rings, and radical cyclizations, 

although certainly applicable, are not often used. However, as the complexity of the molecules is in- 
creased, radical cyclizations begin to offer advantages even in the preparation of isolated rings; prepara- 
tions of highly oxygenated carbocycles from sugars are prime examples.- For the synthesis of 
polycyclic molecules, radical cyclizations offer a powerful alternative to traditional means for ring clo- 
sure, and tin hydride cyclizations are useful for the preparation of fused, bridged and spiro rings. 

Recent representative examples in which fused rings have been formed are shown in Scheme 12. As il- 
lustrated by the conversion of (7) to (8):' the forming of bonds to preexisting small rings results in cis 
ring fusion (53-,5,6- and 6,6-bicycles). However, in extensive studies that provide insight into both ste- 
reo- and regio-selectivity in complex cyclizations,'" Hart has shown that smaller rings take precedence 
over larger in formation of cis-fused rings. For example, cyclization of (9) provides (loa) and (lop), 
both of which contain a trans 6,5-ring fusion and a cis 5,5-fusion?* Likewise, when the activating group 
is relocated, a trans 6,6/cis 6.5 fusion is preferred [see (11) -+ (12)].4l The stereoselectivity in the fmt 
two examples is noteworthy; in each case the C-1 alkyl group is cis to the alkene acceptor in the transi- 
tion state leading to the major product. As larger rings are involved, overlap to form trans-fused rings 
can impr0ve.4~ Winkler and Sridar have shown that high selectivity in the formation of trans-fused 5,8- 
rings can be obtained by using ring allylic substituents to dictate the local conformation of the alkene ac- 
c e p t ~ r . ~ ~  For example, cyclization of (13) provides exclusively (14). but the hydroxy epimer of (13) 
gives about a 1: 1 mixture of products derived from cis and trans cyclization. 

Examples of bridged and spiro ring formation are provided in Scheme 13. In the formation of bridged 
rings51 the conformation of the radical is important, as illustrated by two examples from G i e ~ e . ~ ~  Cycli- 
zation of (15) gives (16) in excellent yield but the related compound (17) is reduced to (18) under the 
same conditions (however, this unsuccessful cyclization is 6-exo, not 5-exo). These results are taken as 
evidence that the intermediate radicals adopt conformations like (19), in which a group at C-3 is appro- 
priately oriented for cyclization, but one at C-5 is not. The formation of spiro rings has been extensively 
investigated by C l i ~ e ? ~  and the conversion of (20) to (21) provides an example that also illustrates that 
alkynes are very useful acceptors for cyclization. The resulting alkene then provides a handle for sub- 
sequent transformations. 

The combination of standard synthetic transformations with radical cyclizations can often result in ef- 
ficient, stereocontrolled methods to build rings. For example, protocols that form cyclization precursors 
by Michael additions" and aldol reactions55 have been developed. Scheme 14 illustrates a stereocon- 
trolled method of ring formation developed by Clive that relies on the Ireland-claisen m g e m e n t . 5 6  
One of the most elegant examples of this approach to ring construction is the combination of Diels- 
Alder reactions with radical cyclizations, as recently described by Ghosh and Hart:' In the example pro- 
vided in Scheme 14, an aryl radical cyclization is conducted (see below for aryl radical cyclizations). 

Cyclizations to form larger rings are also possible as the two examples contained in Scheme 15 illus- 
trate. 6-Ex0 cyclizations usually require activating groups unless other substituents accelerate the cycli- 
zation.%Js A few 7-endO cyclizations are known, but intermediate size rings (8-10) will be difficult to 
form unless special conformational advantages are built into the precursors. The formation of larger rings 
has been accomplished with great success by Porter?1*4 Substituent effects in these cyclizations parallel 
those in bimolecular additions, and electronic pairing of the radical and the acceptor is essential. Because 
the effective molarities of macrocyclization are favorable, low concentrations (0.01-0.001 M) promote 
cyclization over addition. Scheme 15 features a recent application of this macmcyclization by Pattenden 
with several interesting  feature^?^ An allylic radical undergoes cyclization, but, due to rotation, some al- 
kene stereochemistry is lost. The product is converted to the cembranolide mukulol by reduction of the 
carbonyl. 
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(iii) Substituted alkyl radicals (heterocycles) 
As indicated above, nuclear substitution of C-3 by oxygen or nitrogen accelerates 5-exo Cyclizations, 

and some of the best radical cyclizations form heterocycles. Several examples are provided in Scheme 
16. As indicated by the conversion of (22) to (23), the directing effect of the heteroatom is often power- 
ful enough to overcome an otherwise detrimental C-5 methyl Several research g r o ~ p s ~ ' - ~  
have developed mild methods to form fused carbohydrates, and the conversion of (24) to (25) is a repre- 
sentative example.63 Although the stereochemistry of most such cyclizations follows the Beckwith gui- 
delines, Watanabe and Endo have recently shown that dichloroalkyl radicals give the opposite 
stemselectivity when compared to simple alkyl radicals.44 This observation appears to have some gener- 
a l i t ~ , ~  and it is synthetically significant because the perchlorinated products can be reductively dechlori- 
nated. 
The cyclizations of halo acetals, introduced by StorkM and Uen0,6' are among the most popular of all 

radical methods because the precursors are easy to prepare, the cyclizations are very rapid, and the p 
ducts can be converted to a variety of different heterocycles. The conversion of (26) to (28; Scheme 17) 
illustrates the basic procedure.68 Standard bromoacetalization of an alcohol provides the precursor (27). 
After tin hydride cyclization and acidic oxidation, lactone (28) is formed in excellent yield with 97% 
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truns selectivity. The cyclizations of halo esters provide a potentially more direct route from alcohols to 
lactones; however, these cyclizations are much slower than the hexenyl radical benchmark, while the 
acetal cyclizations are much more rapid. Recent variants on this theme include the formation of 6-exo 
p r o d ~ c t s , ~  furans70 and unsaturated l a ~ t o n e s , ” ~ ~ ~  as illustrated in Scheme 17. 
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Silylmethyl radical cyclizations are a related class of reactions in which the heterocycle serves a tem- 
porary purpose to direct the introduction of an alkyl or hydroxyalkyl group adjacent to an alcohol. These 
reactions were introduced by Stork73 and Ni~hiyama?~ and a recent example from C r i m m i n ~ ~ ~  nicely 
shows the usefulness of the method (Scheme 18). Talaromycin A (31) is a challenging target because it is 
the less stable of the two possible spiroacetal diastereomers. The problem is to introduce the axial hy- 
droxymethyl group after the formation of the spiroacetal (if it is introduced before, the diastereomeric 
spiroacetal will form). Cyclization of (29) produces (30) which, upon direct oxidation, gives talaromycin 
A (31) in 78% yield. Silylmethyl radical cyclizations can provide stereocontrol in acyclic s y ~ t e m s , ~ ~ . ~ ~  
and 6-endo examples are also kn0wn.7~ Finally, in addition to oxidative cleavage, protiodesilylation is 
also possible.73 
The placement of heteroatoms adjacent to the radical center often slows the rate of cyclization and, al- 

though low concentration techniques are required, good yields of cyclic products can sti l l  be obtained. 
Hart's systematic studies on the cycliitions of acylamino radicals werc among the fmt to demonstrate 
the preparative utility of radical c~clizations.~~ Scheme 19 provides some recent examples. In general, 
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phenylthio precursors are preferred because acylamino halides are prone to s0lvolysis.7~ The first 
example in Scheme 19 shows that these cyclizations are dramatically improved by an accelerating substi- 
tuent.80 The cyclization of (32) to (33) succeeds even though a relatively high energy conformer is re- 
quired. The cyclization of the unactivated alkene acceptor fails. The second example illustrates that even 
6-exo cyclizations are possible with activated acceptors.8l In the absence of directing alkene substituents, 
acylamino radicals often give significant amounts of endo products. This is especially true in the p-lac- 
tam ~ e r i e s , 8 ~ . ~ ~  as shown by the third example in Scheme 19.84 There are even examples of 7-endo cycli- 
zations to fused p-lactam~.~~ Although Scheme 19 shows only acylamino radicals, amino radicals86 and 
ether-substituted radicals have also been 
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(iv) Vinyl and aryl radicals 
The use of vinyl radicals (pioneered by Stork)w and aryl radicals (introduced by Be~kwi th )~~  in the tin 

hydride method is attractive because these radicals are extremely and often provide excellent 
yields of cyclic products that contain useful functionality for subsequent transformations. 

Each of the syntheses of seychellene summarized in Scheme 20 illustrates one of the two important 
methods for generating vinyl radicals. In the more common method, the cyclization of vinyl bromide 
(34) provides tricycle (35).93 Because of the strength of s$ bonds to carbon, the only generally useful 
precursors of vinyl radicals in this standard tin hydride approach are bromides and iodides. Most vinyl 
radicals invert rapidly, and therefore the stereochemistry of the radical precursor is not important. The 
second method, illustrated by the conversion of (36) to (37),w generates vinyl radicals by the addition of 
the tin radical to an The overall transformation is a hydrostannylation, but a radical cycliza- 
tion occurs between the addition of the stannyl radical and the hydrogen transfer. Concentration may be 
important in these reactions because direct hydrostannylation of the alkyne can compete with cyclization. 
Stork has demonstrated that the reversibility of the stannyl radical addition step confers great power on 
this method.95 For example, in the conversion of (38) to (39), the stannyl radical probably adds reversibly 
to all of the multiple bond sites. However, the radicals that are produced by additions to the alkene, or to 
the internal carbon of the alkyne, have no favorable cyclization pathways. Thus, all the product (39) 
derives from addition to the terminal alkyne carbon. Even when cyclic products might be derived from 
addition to the alkene, followed by cyclization to the alkyne, they often are not found because p-stannyl 
alkyl radicals revert to alkenes so rapidly that they do not close. 
The cyclizations of vinyl, aryl, and acyl radicals differ from those of alkyl radicals because there is a 

mechanism by which cyclic radicals can interconvert that does not entail reversal of the original cycliza- 
tion. This mechanism is shown in Scheme 21. Reduction of (40) with tin hydride at low concentration 
gives a mixture of 5-ex0 and 6-endo products (41) and (42).w However, only the 5-ex0 product (41) is 
obtained at high concentration, indicating that the 6-endo product is not kinetic. (Direct reduction of the 
vinyl radical cannot compete with cyclization even at 1.7 M!) Beckwithloo and Storkw have convincing- 
ly demonstrated that the cyclic radicals (43) and (45) equilibrate, not through reversible 5-exo cyclh- 
tion, but through (44). which arises from reversible 3-ex0 cyclization. At high tin hydride concentrations, 
(43) is trapped, but at lower concentrations, equilibration can compete. This isomerization, which is a 
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general phenomenon for radicals oriented p to unsaturated groups, was not widely recognized by practi- 
tioners of vinyl radical cyclizations prior to the work of Stork and Beckwith. To date, conditions have 
usually been designed to trap kinetic Sex0 products, but equilibration to 6-endo products has potential 
utility. Such isomerizations are well developed in cases where! the acceptor for the cyclization is a carbo- 
nyl group (see Section 4.2.6). 

(41) (42) 
0.02 M 75% 25% 
1.7 M 10% 0% 

Scheme 22 presents some selected aryl radical cyclizations. The fmt example shows that isomeriza- 
tion of the intermediate radicals is again a concern. This isomerization, which is usually called the neo- 
phyl rearrangement,lo1 is promoted by the activating aldehyde group in the case at hand.1mJ03 The other 
examples illustrate that aryl radical cyclizations provide practical routes to bem-fused heten 
cycles.1WJM 
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(v )  Acyl radicals 
Acyl, carbonyloxy and related radical cyclizations are rapidly gaining prominence and appear to have 

excellent scope. Examples of 5-exo (bridged and fused), 6-endo (possibly through equilibration as in 
Scheme 21) and 6-ex0 cyclizationlM have appeared. It is not presently clear whether the favorable ratios 
of cyclic to reduced products obtained with acyl radicals are due to inherently high reactivity of acyl 
radicals towards cyclization or to low reactivity towards tin hydride (due to the relative weakness of the 
forming C-H bond). 

Two recent examples are contained in Scheme 23. The acyl radical cyclization, selected from the work 
of Boger and Math~ink,'~' illustrates that bridged rings can be formed in good yields (the corresponding 
alkyl radical cyclizes very -slowly). Cyclizations of carbony1oxylB and relatedlW radicals have been 
pioneered by Bachi, and the example in Scheme 23, from the work of  core^,^'^ is a key step in the syn- 
thesis of atractyligenin. The precursor of choice for such radicals is often the phenyl selenide; halides are 
susceptible to ionic reactions. If a stable radical will be generated, decarboxylation or decarbonylation 
can sometimes compete with cyclization. 

d' 
Scheme 23 
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(vi) Mercuric hydride 
Although most reductive cyclizations have been conducted by the tin hydride method, cyclizations of 

mercuric hydrides are also straightforward to conduct. Precursors are usually prepared by heteromercura- 
tion of an alkene, and substituted alkyl radicals (nucleophilic) often result. Cyclizations are conducted 
like addition reactions: oxymercuration is followed by the direct addition of a hydride source to convert 
the intermediate mercuric halide or acetate to a mercuric hydride. It may be difficult to conduct slow cy- 
clizations because mercuric hydrides are very good hydrogen atom donors. In principle, the concentra- 
tion of the mercuric hydride can be controlled, but mercuric hydrides are unstable and their exact 
concentrations are not usually known. Purification of the products is straightforward (there are no by- 
products that require chromatographic separation), but the toxicity of metallic mercury may cause prob- 
lems on a larger scale. The recent review of Barluenga and Yus provides comprehensive coverage of the 
radical cyclization reactions of mercurials,' and two representative transformations are contained in 
Scheme 24.112J13 

ii, i, Hg(OAc)2 NaBH(OMe)3 - a0k 
0 a 70% H 

OMe ii, i, Hg(0Ac)z NaBH(0Me)s - &OMe 
&02Me 70% 

' ( OMe 
COzMe 

Scheme 24 

4.2.2.13 The fragmentation method 

Conducting radical cyclizations by fragmentation reactions offers a powerful alternative to the tin hy- 
dride method. Instead of. obtaining reduced products, one obtains products of substitution; an alkene is 
regenerated in the fragmentation step. 

Even though there are relatively few examples, the use of allyl- and vinyl-stannanes in radical cycliza- 
tions is probably very general. l4  This should be a very good method to conduct relatively slow cycliza- 
tions. Since high dilutionis not necessary, a wide range of radical precursors (including the less reactive 
types) can be used. Although most of the examples'in the literature use nucleophilic radicals, all classes 
of radicals (nucleophilic, electrophilic, ambiphilic) should be amenable to cyclization by this method. 
Scheme 25 provides examples of addition reactions to both allyl- and vinyl-stannanes, The first example 
is a convenient route to enol acetates.l15 The second example is particularly interesting because it illus- 
trates that control over the stereochemistry of exocyclic alkenes is possible because fragmentation of the 
intermediate p-stannyl radical is more rapid than a-bond rotation*16 (however, there are also examples 
where rotation is faster than elimination, see Section 4.2.6). The complete control of relative stereochem- 
istry in the third example is n~teworthy. '~~ 

Allyl sulfones offer the possibility to conduct cyclization reactions that are isomerizations, and investi- 
gations by Smith and Whitham indicate that this is a very promising technique for the preparation of 
functionalized products.118 The mechanism consists of reversible addition of a sulfonyl radical to a ter- 
minal alkene or alkyne, cyclization, and fragmentation of the resulting P-sulfonyl radical. Two examples 
of these isomerizations are provided in Scheme 26. 

4.2.2.13 The Barton thwhydroxamate method 

Cyclizations conducted by the thiohydroxamate method are even less common than those conducted 
by the fragmentation method, but there is every reason to believe that thiohydroxamate cyclizations 
should be generally applicable. l9 Precursors are formed from carboxylic acids, and require the inclusion 
of an extra carbon since decarboxylation occurs. This feature may be very useful when normal precur- 
sors containing carbon-heteroatom bonds are unstable or difficult to prepare. The thiohydroxamate 
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method is usually used to generate nucleophilic radicals, and, if the staudard techniques are used to mi- 
nimize the thiohydroxamate concentration, it should be possible to conduct relatively slow cyclizations. 
The most important feature of the thiohydroxamate method is that it is not reductive (although reduction 
products are readily obtained if desired). In the standard procedure, cyclic radicals are trapped by addi- 
tion to the thiohydroxamate, and a thiopyridyl group results. Equation 2 presents an example from the 
wok of Barton in which optically active indolizidines are prepared from glutamic acid.120J21 
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423.1.4 The atom transfer method 

Cyclizations conducted by the atom transfer method offer a powerful alternative to tin hydride chem- 
istry. Both hydrogen and halogen atom transfer cyclizations are possible; however, the scope of halogen 
atom transfer cyclizations is far greater. Although the mechanisms of hydrogen and halogen atom trans- 
fer cyclizations are similar, the same types of products are not always obtained. Halogen atom transfer 
cyclizations virtually always provide kinetically controlled products, but thermodynamic control can 
operate in hydrogen atom transfer cyclizations. 

( i )  Hydrogen atom transfer cyclizations 
Preparative and mechanistic aspects of hydrogen atom transfer cyclizations were studied extensively 

by the group of Julia,122 and the review of Surzur" provides an excellent overview of these pioneering 
contributions. Although most hexenyl radical cyclizations are not reversible, Julia demonstrated that the 
rate of reverse cyclization can be rapid enough to be preparatively useful if multiple radical-stabilizing 
p u p s  are present on the initial radical center. These radical-stabilizing groups also facilitate hydrogen 
transfer, and the most important preparative use of the hydrogen atom transfer method is to obtain 
thermodynamically controlled products in reversible cyclizations. If kinetically controlled products are 
desired, it is usually better to prepare a halide (or related precursor) and to conduct the cyclization by 
either the tin hydride method or by halogen atom transfer. 

The hydrogen atom transfer method is most useful for electrophilic radicals (for example, malonate, 
acetoacetate, etc.). Because radicals are generated from C-H bonds, the preparation of cyclization pre- 
cursors by alkylation is routine. The hydrogen atom transfer method is very good for conducting slow 
cyclizations. In addition reactions, the hydrogen donor is typically used in large excess relative to the ac- 
ceptor to facilitate H-transfer; however, cyclizations must use different conditions because the H-donor 
and the alkene acceptor are in the same molecule. 

An example from the work of Julia,lZ3 which illustrates how reversible cyclizations can be conducted, 
is presented in Scheme 27. A solution of 2 equiv. of benzoyl peroxide in cyclohexane is added in por- 
tions over 2 d to a refluxing solution of cyanomalonate (46) in cyclohexane. After an additional 3 d at re- 
flux, the solvent is removed and the 6-ex0 product (47) is isolated in 75% yield. Because a benzoyloxy 
radical produced by cleavage of the peroxide is highly reactive (and very nonselective), it probably ab- 
stracts a hydrogen from the solvent cyclohexane. The cyclohexyl radical is less reactive (and more selec- 
tive), and it may abstract a hydrogen from (46) to fonn the initial radical (48). Thus, the selectivity of the 
cyclohexyl radical helps to offset the usual requirement for a large excess of hydrogen atom donor; how- 
ever, the inefficiency of such C-H transfers necessitates the use of a very large amount of peroxide. It 
has recently been shown that (48) closes almost exclusively by 5-exo cyclization to (49),19 but, because 
the ensuing hydrogen transfer is very slow, equilibration occurs to produce (5O).la The source of the hy- 
drogen atom in the final product is not certain. It may derive from the cyclohexane, or from (46), or from 
disproportionation. If chains are involved, they must be very short. 

Substrates for hydrogen atom transfer cyclization are limited in the functional groups that they can 
bear because of the hydrogen atom transfer step. Even the allylic hydrogens in the acceptor are at risk of 
being abstracted. Further, such cyclizations are only useful when the kinetic cyclization product is differ- 
ent for the thermodynamic product (sometimes they are the same), and when the reverse cyclization is 
sufficiently rapid so that equilibrium is possible. Many reverse cyclizations are just too slow to be useful. 
Cyano groups appear to be good at increasing the rate of reverse cyclization, but even so, the conversion 
of (49) to (48) is very slow (see kc in Scheme 27). All the limitations not withstanding, hydrogen trans- 
fer cyclization can sometimes be the best method to obtain product ratios that are not kinetically control- 
14.125 
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( i i )  Halogen atom transfer cyclizations 
Halogen atom transfer cyclizations are conceptually similar to their hydrogen atom transfer counter- 

parts, but, because halogen transfers are much more rapid, these cyclizations have a much broader scope 
and usually trap kinetic products efficiently.% Early examples of halogen transfer cyclization used perha- 
lo-substituted radicals. In such cases, any halogen can Serve as the radical precursor, and, while certain 
functional groups (like trichloroacetates) are very readily prepared, the incorporation of a polyhalogm- 
ated radical precursor in a complex molecule can sometimes be difficult. Polyhalogenated radicals are 
electrophilic and their cyclizations are usually promoted by metal additives. Any exothermic iodine atom 
transfer reaction will be very fast, and the recent development of methods based on iodine atom transfer 
has considerably expanded the types of atom transfer cyclizations that can be conducted.126 The iodine 
atom transfer method is excellent for iodocarbonyl and related derivatives, but it can also be used for 
some nucleophilic radical cyclizations. The halogen atom transfer method is excellent for conducting 
slow cyclizations at high concentrations because there is nothing present to intercept the initial radical. 
However, for the reaction to succeed, it is critical that the halogen atom transfer step be sufficiently rapid 
to propagate the chain. Final products either retain the original halogen atom (in a new location) or are 
derived from subsequent ionic reactions of the initial products. 

Several recent examples of metal-promoted cyclizations of perchlorocarbonyl compounds are 
presented in Scheme 28, and a full paper by Weinreb is recommended as an excellent source of refer- 
ences to prior work in this ana (including mechanistic studies on the role of the metal).ln Ihe  first two 
examples illustrate that the choice of substrates can dictate the types of products that are form&. the in- 
itially formed ychloro esters are stable to subsequent ionic reactions, but the cis-y-chloro acids form lac- 
tones. Interestingly, Weinreb has shown that the metal can equilibrate the cis- and frans-ychloro esters 
by reversible chlorine atom transfer. The third examplela illustrates a general feature of the atom trans- 
fer method: yields at high concentration arc comparable to (and sometimes better than) those provided by 
using tin hydride at low concentrations. Indeed, in the third example, the three chlorines on the ester pro- 
vided three opportunities for cyclization during the tin hydride reduction, but 40% of the product still 
failed to cyclize. (Unfortunately, the tin hydride concentration was not specified.) 

Iodocarbonyls are excellent substrates for atom transfer cyclization, as shown by examples from our 
recent work in Scheme 29.19JB When two carbonyl (or cyano) groups are present, bromides can also 
serve as radical precursors. Photolysis with 10% ditin usually provides excellent yields of kinetic prcb 
ducts at high concentration, and alkene substituents often dictate the regioselectivity. The y-iodo ester 
products are particularly versatile for subsequent transformations, which can often be conducted in situ. 
Although tertiary iodine products sometimes go on to give lactones or alkenes, primary and secondary 
iodides can often be isolated if desired. The last example is particularly noteworthy: the kinetic product 
from the cyclization presented in Scheme 27 is trapped, because bromine atom transfer is much more 
rapid that reverse cyclization. 
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Iodine atom transfer reactions between alkyl radicals and iodocarbonyls are very rapid (10’ M-l s-l to 
lo9 M-’ s-l).l3O This means that, even when these iodides are cyclized by the tin hydride method, iodine 
atom transfer may supersede hydrogen transfer, and the reductively cyclized product will ultimately be 
derived from the reduction of a cyclic iodide. Tin hydride cyclizations of halocarbonyls also often re- 
quire very low concentration to avoid reduction of the initial radical prior to cyclization. For these rea- 
sons, reductively cyclized products are best formed by atom transfer cyclization at high concentration, 
followed by reduction of the product in situ. In a recent full paper, we have described in detail the prep- 
arative and mechanistic features of these  cyclization^,^^ and Jolly and Livinghouse have reported a modi- 
fication of our reaction conditions that appears to be especially useful for substrates that cyclize very 
slowly.131 Cyclizations of a-iodocarbonyls can also be promoted by palladium.132 

Cyclizations of nucleophilic radicals by the atom transfer method are more restricted in scope. Iodine 
transfer usually is too slow to be useful when the cyclic radicals are more stable than the initial radicals 
(as is often the case with alkyl radical cyclizations), and iodide precursors of stabilized nucleophilic radi- 
cals (a-iodo ethers, for example) are often too unstable to use. However, Scheme 30 illustrates that there 
are at least two types of atom transfer cyclizations that are preparatively useful. In the fvst type, we have 
found that the isomerization of hex-5-ynyl iodides to iodomethylenecyclopentanes is a very general re- 
action, which is made possible by the rapid, exothermic abstraction of iodine atoms from alkyl iodides by 
vinyl  radical^.'^^.'^ Indeed, this transfer is so rapid that normal tin hydride reductive cyclizations of 
hexenyl iodides can proceed through iodomethylenecyclopentane intermediates. In the second type, the 
exchange of iodine atoms among alkyl radicals135 is sufficiently rapid that isomerizations based on 
slightly exothermic (or even thermoneutral) iodine atom transfers are possible. The second example in 
Scheme 30 is representative of this type of r ea~ t i0n . l~~  Even though the iodine transfer is reversible, the 
cyclization is not, and so the acyclic iodide is eventually isomerized to the cyclic iodide. Modest yields 
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Scheme 29 

are the rule because the product is continuously recycled to the radical pool, subjecting it to radicdradi- 
cal and radical/solvent reactions. In such cases, higher yields of reduced products can probably be ob 
tained by the tin hydride method (by using low concentration, if necessary).*37 But the atom transfer 
method may still be useful because the iodide in the product is suitable for further functionalization. Cy- 
clizations like those outlined in Scheme 30 must be conducted with iodides because alkyl bromides are 
not sufficiently good bromine atom donors. 

I 

104b(Bu3Sn)z & 
hv * 

65% 15:l (E):@) 104by 46% & H 

Scheme 30 

(iii) Aromatic diazonium salts 
Cyclizations of aromatic diazonium salts138 (intramolecular Meerwein arylations) are preparatively re- 

lated to atom transfer reactions because a radical cyclization is terminated by the transfer of an atom or 
group other than hydrogen. However, the two methods are not mechanistically related. In the atom trans- 
fer method, the atom that is transferred to the cyclic product always derives from the radical precursor, 
but in the cyclizations of aryldiazonium salts, the atom or group transferred derives from an added re- 
agent. This means that many different products can be prepared from a single diazonium precursor, but it 
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also means that the standard competition is operative, and initial radicals are at risk of being intercepted 
by reagents prior to cyclization. Illustrative examples of cyclizations of aromatic diazonium salts taken 
from the recent work of Beckwith are presented in equation (3).l3+l4l 

NaI CuCl CuBr CuCN NaSPh 
X I  c1 Br CN Sph 
% 89 63 60 40 60 

4333 Nonchain Methods 

Cyclization reactions can be conducted by methods that remove cyclic radicals by selective radi- 
callradical coupling, oxidation, or reduction. The usual selectivity concerns are operative: initial radicals 
must cyclize, and cyclic radicals must be productively removed. 

4333.1 Selective mdicalldical coupling 

Becking and SchlIfer have shown that mixed Kolbe coupling reactions can provide useful yields (40- 
609%) of cyclic products.142 In the example provided in equation (4), 1 equiv. of acid (51) and 4 equiv. of 
acid (52) are electrochemically cooxidized, and the cyclic cross adduct (53) is formed in 53% yield. Be- 
cause the rates of oxidation of (51) and (52) are similar, the concentration of radicals derived from (52) is 
higher. Thus, radicals derived from (51) are more likely to cross couple than to self couple. The strength 
of the mixed Kolbe method is that two carbon-carbon bonds are formed rather than one because the cy- 
clic radical is removed by radicalhadical coupling. 

Me02C 
II N-A - (4) 
f + Me02CIY4C0,H Kolbe electrolysis 

N N 
Ac' -CO,H I 

Ac 

(51) 1 equiv. (52) 4 equiv. (53) 53% based on (51) 

The cyclization reactions of organocobalt complexes are very useful, and they offer an excellent alter- 
native to the tin hydride method when reduced products are not desired. Most cobalt cyclizations have 
been conducted with nucleophilic radicals. Precursors are prepared by alkylation of cobalt(1) anions, and 
are usually (but not always) isolated. One suspects that alkylcobalt precursors should be useful for slow 
cyclizations because there are no rapid competing reactions that would consume the initial radical (coup- 
ling of the initial radical with cobalt(I1) regenerates the starting complex). 

The most important feature of organocobalt cyclizations is that a variety of functionalized products can 
be obtained, depending on the nature of the substrate and the reaction conditions. The most common 
transformation has been formation of an alkene by cobalt hydride elimination. Alkenes are often formed 
in situ during the photolysis, and with activated alkene acceptors the formation of these products by co- 
balt hydride elimination is very facile. Scheme 31 provides a representative example from the work of 
Baldwin and Li.143 The alkene that is formed by cobalt hydride elimination maintains the correct oxida- 
tion state in the product (54) for formation of the pyrimidone ring of acromelic acid. Under acidic condi- 
tions, protonation of the cyclic organocobalt compound may compete; 144 however, if protonated products 
are desired, the cyclization can probably be conducted by the reductive method with only catalytic quan- 
tities of cobalt (see Section 4.2.2.2.2). 

stable, 
and can often be isolated and purified by standard techniques.145 Scheme 32 shows some of the transfor- 
mations that Pattenden has accomplished with the cyclic alkylcobalt complex (55).lM In addition to 
standard elimination to an alkene, the complexes can be converted to alcohols, halides, oximes, and phe- 

When simple terminal alkenes are used as acceptors, the cyclic primary alkyl cobalt species 
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nyl sulfides and selenides. Of course, complexes like (55) are also precursors for subsequent radical re- 
actions. 

0. 

TEMPO 

Scheme 32 

42322 Redox methods 

Among the oxidants that have been used to generate radicals, manganese(II1) acetate has emerged as a 
powerful reagent to mediate radical cyclizations.147 The manganesem) acetate-mediated oxidation of 
enolizable carbonyl compounds is one of the best methods available for the cyclization of electrophilic 
radicals. The substrates are very easily prepared by standard alkylation and acylation reactions. Radicals 
are formed with high selectivity by oxidation of acidic C-H bonds, and, because the reaction is an oxi- 
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dation, the product actually has a higher level of functionality than the starting material. While cyclic 
radicals are readily oxidized by manganese(1II) if they are tertiary or heteroatom-substituted, the initial 
electrophilic radicals are inert to oxidation. Therefore, the manganese(II1) method is excellent for slow 
cyclizations. In addition to the usual 5-exo cyclizations, 6-endo. 6-exo,7-endo, and even lendo'" cycli- 
zations can be conducted depending on substituents. Substrates should be somewhat resistant to acid be- 
cause the usual solvent is acetic acid. Standard extractive work-up procedures are the norm. 

When one of the activating groups is an ester or acid, the cyclic cation is often trapped as a lac- 
tone.149JSo As illustrated by the first two examples in Scheme 33,151p152 this results in the simultaneous 
formation of two rings. The oxidation of secondary radicals to cations by Mn" is much slower than that 
of tertiary radicals. However, addition of Cu" salts smoothly (and often regioselectively) promotes the 
formation of alkenes, probably through copper hydride elimination from an intermediate alkylcopper 
species. The last two examples in Scheme 33, from the extensive studies of Snider,148*1s3 show that this is 
an excellent technique for conducting other cyclizations besides the most common 5-ex0 variety. It ap- 
pears that the regiochemistry of these cyclizations is controlled mainly by the alkene substitution pattern. 
As would be expected for free acetoacetate radicals, terminal alkenes provide significant amounts of 
endo-cyclized products, and Snider has provided evidence that tertiary radicals (but not secondary) 
formed by Mnnl oxidation are indeed free, rather than metal c0mp1exed.l~~ The ratios of cyclic products 
are in line with expectations for irreversible cyclizations. 

0 0  
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Scheme 33 

If the products contain an enolizable hydrogen, overoxidation is a concern. When cyclopentanones are 
involved, the cyclic products are often more rapidly oxidized than the starting materials. However, fur- 
ther oxidation of the cyclic products is not necessarily undesirable. For example, Snider has developed a 
simple synthesis of phenols in which a manganese(II1)-mediated 6-endo radical cyclization is followed 
by oxidative aromatization.'54 An example of this process is provided in Scheme 34. Snider has also 
shown that the overoxidation can be blocked with a chlorine atom, as shown by the second example in 
Scheme 34.153 

Even though radical intermediates are involved in many reductive metallations, cyclizations of alkyl 
radicals by reductive trapping methods are relatively uncommon. When protonated products are formed, 
the overall transformations are similar to a tin hydride reductions; however, reductive methods may fa- 
cilitate purification of the cyclic product because tin by-products are absent. Two examples of simple re- 
ductive cyclizations are shown in Scheme 35. The first example illustrates that Sheffold's procedure, 
which uses catalytic quantities of vitamin B12 with a chemical or electrochemical coreductant, is attrac- 
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tive for preparative  cyclization^.'^^ The second example illustrates that C P  salts are excellent reduc- 
t a n t ~ . ~ ~ ~  In this case, the Cr(C104h must be added slowly to the substrate so that the initial radical is not 
reduced to an alkylchmmium(II1) complex prior to cyclization (this is a general problem when powerful 
reductants are employed). Although alkyl radicals derived from such cyclizations can be reduced to al- 
kylmetal complexes,157 vinyl (and phenyl) radicals (such as those produced in the second example) often 
abstract a hydrogen atom from the solvent more rapidly than they are reduced. 

0 Br 0 
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electrochemical reaction 
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Scheme 35 

If reduction of the cyclic radical is more rapid than hydrogen abstraction from the solvent, then orga- 
nometallic intermediates are produced. That these can be trapped by electrophiles other than protons sig- 
nificantly extends the power of the reductive method. Two examples of sequences of (i) radical 
cyclization, (ii) reduction of the cyclic radical to an organometallic, and (iii) electrophilic trapping are 
provided in Scheme 36.158J59 , EQE ,Oh 
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The most common type of reductive cyclization involves the conversion of an aldehyde or a ketone to 
a ketyl. Ketyls are radical anions, and, while dimerization to form pinacols is a common reaction, it does 
not occur at the diffusioncontrolled rate because of charge repulsion. Nonetheless, pinacol coupling can 
sometimes compete with cyclization, as can reduction to give an alcohol. As illustrated by the examples 
in Scheme 37, ketyl cyclizations can be conducted in several ways. Chemical reductions are the most 
common techniques, and these are conducted like standard metal reductions.lm Samarium(I1) iodide is a 
particularly useful reagent due to its high reducing power and its solubility in common solvents. Molan- 
der has shown that the degree of asymmetric induction in samarium-mediated ketyl cyclizations is often 
very high.161 Electrochemical reductions are also useful, and can be further facilitated by the presence of 
soluble catalysts that aid in electron transfer.16* Cossy has shown that photolysis of carbonyls in the 
presence of HMPA or triethylamine is an especially simple preparative method to conduct ketyl cycliza- 
t i o n ~ . ~ ~ ~  Levels of stereocontrol in ketyl cyclizations are usually much higher than in the corresponding 
cyclizations of a-oxy radicals; the alkene-derived substituent is oriented trans to the ketyl oxygen in the 
final product. 
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Scheme 37 

Cyclizations of carbonyl-containing a,P-unsaturated esters like those illustrated in Scheme 38*64J65 
are conceptually very similar to ketyl cyclizations, but they may be very different mechanistically. At 
least for electrochemical cyclizations, Little has proposed, based on reduction potentials, that the unsatu- 
rated ester is reduced first.Iw Even though questions remain about the timing of electron transfer and 
proton transfer steps, such cyclizations often provide good yields of products. 

433 CYCLIZATIONS OF CARBON-CENTERED RADICALS TO AROMATIC RINGS 

The recent resurgence in the application of radical reactions to organic synthesis has provided only a 
few examples of additions to aromatic rings; however, radical cyclizations should be applicable for con- 



810 Nonpolar Additions to Alkenes and Alkynes 

COzMe OH CGMe u C Y -  e- 

72% 
2:l trans:cis 

0 

kC02Me - THF o +  0 

56% 
2:l transxis 

Scheme 38 

structing many types of fused aromatic rings. Most such cyclizations occur under oxidative conditions 
that effect the rearomatization of intermediate cyclohexadienyl radicals. Several recent examples of addi- 
tions to aromatic rings are provided in Scheme 39.166J67 Unlike cyclizations with alkenes, cyclizations to 
aromatic nuclei that form six-membered rings are very good. Indeed, Cittcrio has shown that malonyl 
radicals add more rapidly to aromatic rings if six-membered rings are formed than if five-membered 
rings are fonned.Ia As with addition reactions, one must be concerned that cyclizations to aromatic rings 
could be reversible, especially when stabilized initial radicals are involved. 

0 

Scheme 39 

Reductive cyclizations to aromatic rings are less common. The first example in Scheme 40 illustrates 
that cyclizations of ketyls to aromatic rings can be performed in good yields with high levels of stereo- 
control.169 The intermediate cyclohexadienyl radical is reduced and protonated to fonn a 1,4-cyclohexa- 
diene. Tin hydride can also be used to conduct cyclizations to aromatic rings. And even though tin 
hydride is a reducing agent, rearomatized products are usually isolated, as indicated by the other example 
in Scheme 40.170J71 The mechanism that converts the presumed intermediate cyclohexadienyl radical to 
the aromatized product is not clear. 

0 0 
Scheme 40 
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Although the bimolecular additions of aryl radicals to aromatic rings are not useful due to a lack of sel- 
ectivity, the corresponding cyclizations are useful for constructing biaryl bonds. Equation (5 )  provides a 
generalized example of the Pschom rea~ t i0n . l~~  This cyclization of a diazonium salt is one of the classi- 
cal methods for biaryl bond formation, and there are a variety of related rea~t i0ns . l~~  

A A 

42.4 CYCLIZATIONS OF OXYGEN- AND NITROGEN-CENTERED RADICALS 

Cyclizations of heteroatom-centered radicals offer alternatives to standard ionic methods for forming 
heterocyclic rings. Among the many heteroatom-centered radicals, those centered on nitrogen and 
oxygen are the most important for synthetic applications. There are significant differences between carb 
oncentered radicals and their nitrogen- and oxygen-centered counterparts, and these differences must be 
considered in synthetic planning. In general, oxy radicals are much more reactive than carbon radicals. In 
contrast, aminyl radicals are less reactive than carbon radicals, but their reactivity can be increased by 
protonation or by metal complexation. As always, consideration of the factors that will permit selective 
trapping of the cyclic radical without premature trapping of the initial radical is essential. 

An important factor that provides insight into the reactivity of oxy and aminyl radicals is reactivity to- 
wards tin hydride. Figure 4 lists approximate rate constants for abstraction of a hydrogen atom from 
tributylin hydride by alkyl, a m i n ~ l , ’ ~ ~  and alkoxyl radicals.174 The differences in reactivity are striking, 
and they do not parallel the order of elements in the periodic table: aminyl radicals are much less reactive 
than alkyl radicals, but alkoxyl radicals are much more reactive. This reactivity pattern follows the X-H 
bond strengths. Due to the high electronegativity of oxygen, alkoxyl radicals are very reactive in hy- 
drogen abstraction, and the resulting OH bonds are very strong. Even though nitrogen is more electrone- 
gative than carbon, it forms weaker bonds to hydrogen. This is because electron-electron repulsions 
between bonded electron pairs and lone pairs are greater than repulsions between bonded electron pairs 
and other bonded electron pairs. This effect, which raises the ground state energy of an amine (as op- 
posed to lowering the energy of an aminyl radical), is apparently more important than electronegativity 
in determining reactivity of aminyl radicals. Such large differences in reactivity can be very important 
for preparative applications. It is not uncommon (see below) to have alkyl radicals present in equilibrium 
with aminyl or alkoxyl radicals. If tin hydride is present, it provides a factor of 50-100 bias in rate that 
favors the trapping of alkoxyl radicals over carbon radicals, or the trapping of carbon radicals over ami- 
nyl radicals. 

R& .. 

Feure 4 Rates of hydrogen abstraction from Bu3SnH 

42.4.1 Nitrogen-centered Radicals 

In contrast to the large body of kinetic data that is available on hexenyl radical cyclizations, relatively 
little is known about the cyclizations of ‘azahexenyl’ analogs. Only very recently have the detailed 
studies of Newcomb permitted a complete analysis of a useful parent cyclization.175 As illustrated in 
equation (6), aminyl radical (55) cyclizes to (56) with a rate constant of about 3 x I@ s-I, but (56) reverts 
to (55) with a slightly greater rate constant of 7 x 103 s-l. That the cyclization of (55) is very slow, and 
that (55) is actually slightly preferred at equilibrium over (Sa), can be understood in terms of the above 
explanations for N-H bond strengths. 

The slow rate of cyclization and the unfavorable equilibrium may cause problems for aminyl radical 
cyclizations. However, most chain substituents should accelerate such cyclizations, and in so doing, shift 
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the equilibrium to the cyclic product. Further, cyclic carbon-centered radicals can be trapped either kine- 
tically (if the trapping reaction is faster than reverse cyclization), or at equilibrium. In either case, a re- 
action that traps alkyl radicals more rapidly than aminyl radicals is required. Aminyl radicals can be 
generated and cyclized by the halogen atom transfer method (N-halogen bonds are very weak), by the 
Barton method,176 or by oxidation of metal amides.177 

To facilitate the cyclizations of nitrogen-centered radicals, one need only increase the electronegativity 
at nitrogen. This makes the radical more electrophilic (which accelerates the cyclization), and streng- 
thens the forming bonds (which shifts the equilibrium to the cyclic product). Amminiurn radical cations 
are more well-behaved in cyclizations than aminyl radicals, and these radical cations can either be 
formed directly from ammonium salts, or by protonation of aminyl radicals (which are relatively weak 
bases and require strong acids for protonation). Metal-complexed aminyl radicals are highly reactive, and 
amidyl radicals are also ~ s e f u 1 . l ~ ~  

The atom transfer method is most commonly employed for the cyclizations of N-haloamines, and 
pioneering work by the groups of MiniscilW (in arylations), and Sunur and Stella180 (in cyclizations) has 
shown that this is a powerful method for construction of N-heterocycles. These reactions are usually pro- 
moted by metals: popular procedures use TiCb, FeSO4, or CuCl and CuC12. It is proposed that the ami- 
nyl radicals formed in some of these reactions are complexed rather than The atom transfer 
mechanism operates, but it is not always clear whether the donor is the starting N-halide or a metal halide 
additive (for example, CuClz is an excellent chlorine donor). Because N-haloamines are reactive sources 
of positive halogen, ionic products are also sometimes formed. The first example in Scheme 41 illus- 
trates a typical radical reaction and the basic mechanism. The products of such reactions are nitrogen 
mustards that can be used to form additional bonds through the intemediacy of aziridinium ions (some- 
times in situ). Recent work of Broka also shown in Scheme 41 illustrates how such combinations can 
lead to rapid construction of complex heterocyclic skeletons like the morphans.lsl 

Recent work by Newcomb has resulted in the emergence of a second method for the cyclizations of 
amminium radical cations that shows good synthetic potential.175*176 As illustrated in Scheme 42, N-hy- 
droxypyridine-2-thione carbamates can be generated and cyclized by analogy to the Barton method 
(which uses thione esters). In Scheme 42, the preparation of the precursors and two variants on the cycli- 
zation, reductive trapping and thiopyridyl trapping are illustrated. 

43.4.2 Oxygen-centered Radicals 

In contrast to aminyl radicals, alkoxyl (and acyloxy) radicals are highly reactive. As illustrated in 
equation (7), their cyclization reactions are extremely rapid and irreversible. However, the rapidity of 
such cyclizations does not guarantee success because alkoxyl radicals are also reactive in inter- and intra- 
molecular hydrogen abstractions, and @-fragmentations (see Section 4.2.5.2). This lack of selectivity 
may limit the use of alkoxyl radicals in cyclizations, but 5-ex0 cyclizations are so rapid that they should 
succeed in many cases, and other types of cyclizations may also be possible. 

Alkoxy1 radicals can be generated by a variety of methods including peroxide reduction, nitrite ester 
photolysis, hypohalite thermolysis, and fragmentation of epoxyalkyl radicals (for additional examples of 
alkoxyl radical generation, see Section 4.2.5.2). Hypohalites are excellent halogen atom donors to carb- 
on-centered radicals, and a recent example of this type of cyclization from the work of Kraus is illus- 
trated in Scheme 43.lg2 Oxidation of the hemiketal (57) presumably forms an intermediate hypoiodite, 
which spontaneously cyclizes to (58) by an atom transfer mechanism. Unfortunately, the direct applica- 
tion of the Barton method for the generation of alkoxyl radicals fails because the intermediate pyridine- 
thione carbonates are sensitive to hydrolytic reactions. However, in a very important recent development, 
Beckwith and Hay have shown that alkoxyl radicals are formed from N-alkoxypyridinethione~.~~~ Al- 
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though the only current example of a cyclization is the closure of the simplest precursor (59) to give 
methyl tetrahydrofuran (a), this method should allow access to Barton-like products in alkoxy1 radical 
cyclizations. Precursors are formed by 0-alkylation of N-hydoxypyridinethione salts, and a potential 
problem with such amibident nucleophiles is S-alkylation. In a related method, Fraser-Reid has recently 
shown that reductions of nitrate esters with tin hydride give products derived from akoxyl radicals.lMJ85 
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This is rather surprising because primary nitroalkanes (which would give more stable alkyl radicals) are 
not readily reduced by tin hydride. The third example in Scheme 43 illustrates a cyclization of an alkoxy1 
radical derived from a nitrate ester. 

r 1 

Scheme 43 

There is another standard method for formation of heterocyclic rings from nitrogen- and oxygen-cen- 
tered radicals that does not involve cyclization of a radical to a T-bond. Instead, &halo ethers or amines 
are formed by a chain reaction comprised of hydrogen and halogen atom transfer steps, and the ring clo- 
sure occurs by ionic (&I or sN2) substitution. Two recent examples of this broad class of reactions are 
provided in Scheme 44. 186~187 When nitrogen-centered radicals are involved, this transformation is 
usually called the Hofmann-Uffler-Freytag reaction. 188 

FoH 
A 

H - N .  
NO2 H * N, NO2 

77% - (3$k2 
Scheme 44 
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43.5 ADDITIONS TO CARBON-NITROGEN AND CARBON-OXYGEN MULTIPLE 
BONDS, AND p-FRAGMENTATIONS 

When constructing five-membered rings by radical cyclizations, it is required that the multiple bond 
acceptor be exocyclic to the forming ring. Thus, with C P  multiple bond acceptors, an exocyclic ring 
residue of at least one carbon atom is always produced. When this residue is not required, an alkyne ac- 
ceptor is often used, and the resulting alkylidene chain is excised by ozonolysis (see Scheme 13). A more 
direct route to rings that do not possess carbon substituents at the site of cyclization uses a carbon-ni- 
trogen or carbon-oxygen multiple bond as the acceptor. 

435.1 Carbon-Nitrogen Multiple Bonds 

Radical cyclizations to carbon-nitrogen multiple bonds resemble additions to carboncarbon multiple 
bonds in that they usually give products of irreversible exo cyclization. To date, the most useful ac- 
ceptors have been oximeslS9 and nitriles,Ig0 and one example of each type of cyclization is given in 
Scheme 45.191 Nitriles are useful because the intermediate imines are readily hydrolyzed by mild acid to 
ketones. Although this route to ketones is shorter than the two-step sequence of alkyne cyclization/om 
nolysis, nitriles are slightly poorer acceptors than terminal alkynes, and much poorer acceptors than acti- 
vated alkynes. Thus, when slow cyclizations are involved, the two-step protocol is preferable. 
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i. BusSnH 
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67% H 

H. ,OBn 

- 88% B n . 4  ,,,,,OBn 

..a' 
BnO OBn 

a$1:2 

Scheme 45 

4 3 5 3  Carbon-Oxygen Multiple Bonds 

Radical cyclizations to carbon4xygen multiple bonds are considerably different from cyclizations to 
C - C  and C-N double bonds. Indeed, before the recent discoveries of Fraser-Reid and T ~ a n g , ~ ~ ~ . ~ ~ - ~ ~  
cyclizations to C 4  multiple bonds were not considered generally useful, and only the reverse reaction 
(@-fragmentation of an alkoxyl radical) was common. However, a much better understanding of these re- 
actions is beginning to emerge. As illustrated in Scheme 46, the cyclizations of radicals to carbonyl 
groups are best interpreted in the framework of the Curtin-Hammett principle.195 A semiquantitative 
analysis of these reactions (introduced in a recent review)'% has been greatly facilitated by the recent 
rate studies of Beckwith and Hay.197 

Analysis of the behavior of the parent substrates for Sex0 cyclization (61a) and 6-exo cyclization 
(61b) is an instructive point of departure. As indicated in Scheme 46, these cyclizations are approximate- 
ly equal in rate,l" and both are more rapid than the cyclization of the hexenyl radical (see Scheme 2). 
The high rate of cyclization and the complete absence of endo products (which would be much more 
stable radicals) indicate the importance of Fh40 effects on rates: the carbonyl group has a low-lying 
LUMO with the large orbital coefficient on carbon. Unlike the hexenyl radical, the products of cycliza- 
tion (62a) and (62b) can revert to the starting radicals. Indeed, both reverse cyclizations are faster than 
the forward cyclizations; that is, the starting radicals (61a) and (61b) arc favored at equilibrium. That 
(614b) are more stable than (624b) is not surprising: the cyclization sacrifices a GtdI bond (which is 
much stronger than a G=C bond that is lost in a hexenyl radical cyclization) and generates an alkoxyl 
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radical (which is much less stable than the starting carbon radical). Becam of the increased strain in the 
cyclopentane ring relative to cyclohexane, alkoxyl radical (62a) fragments much more rapidly than 
(62b). 

(61a) n = 1 (6W 
(61b) n = 2 (62b) 

a t 8 0 ° C , n  = 1 ,  k c = 9 x 1 d s - '  n=2,&c=1x106s-1 
&, = 5 x 10s s-' k, = 1 107 s-l 
Kq 5 0.002 K, 5 0.1 

Scheme 46 Cyclization to carbonyls 

l., ..ether products derived from cyclization or fragmentation are isolated &pew, not 0n.j on the rata 
of forward and reverse cyclization, but also on the rates of trapping of the intermediate radicals to give 
(63a,b) or (64a,b). Several different scenarios are possible (the reader is referred to more quantitative 
discu~sions).~%J~~ If cyclization is the desired pathway, a reagent (RX) that reacts much more rapidly 
with alkoxyl radicals than with carbon radicals is required. As mentioned in Figure 4, tin hydride is just 
such a reagent (RX = B U ~ S ~ H ) . ' ~  When forming six-membered rings, it is often possible to trap cyclic 
radicals (62b) with tin hydride more rapidly than they revert to (61b). Even if partial equilibrium occurs, 
an excellent yield of cyclic product is still possible because tin hydride reacts about 100 times more 
rapidly with (62b) than with (61b). Therefore, (62b) will be selectively trapped at equilibrium provided 
that the equilibrium constant is not too low (that is kc is not too much smaller than k). The formation of 
five-membered ring products is more difficult because the reverse cyclization of (62a) is so rapid. When 
tin hydride is used, its concentration must be sufficiently low to allow most of (61a) to close before it is 
directly reduced to (63a). At such concentrations (<O.IM), most of (6%) will revert to (61a) before it is 
trapped to give (64a). The increased reactivity of tin hydride toward (62a) over (61a) will not be 
cient to offset the equilibrium constant, which strongly favors (ala) because of the magnitude of kc. 
Thus, both (63a) and (64a) will be produced. 

Even though there are no reaction conditions that can promote the high yield formation of (64a) in this 
simple example, the prospects for forming five-membered rings are far from hopeless. Most substituents 
along the forming ring should increase the equilibrium constant either by increasing kc or decreasing k, 
thus facilitating the trapping of cyclic products. The important experimental lesson from Scheme 46 is 
that cyclizations to aldehydes are fast, and low tin hydride concentrations are not necessarily required to 
obtain good yields of cyclic products. 

Because equilibrium constants often favor open products, fragmentation reactions of alkoxyl radicals 
are easy to conduct and are generally useful. The atom transfer method is excellent for fragmentations. 
Alkoxy1 radicals are formed from in situ generated hypohalites (RX = O-halogen). Hypohalite bonds 
are very weak, and thus oxygen-centered radicals (62) are not efficiently trapped, but carboncentered 
radicals (61) abstract halogen very rapidly to give (63) (X = halogen). Peroxides are also good pncursors 
for alkoxyl radical fragmentations. When radical-stabilizing groups are present, or when strained rings 
are involved, the fragmentation reactions are often so rapid that no reagent can trap the alkoxyl radical 
prior to its scission. Indeed, fragmentation reactions are especially valuable when conducted in sequence 
with other radical reactions because group transfers or ring expansions can result (see Section 4.2.6.2.1). 

In cases where the fragmentation reactions are not prohibitively rapid, it may be possible to conduct 
either cyclization or fragmentation by selection of appropriate reagents and conditions. Scheme 47 pro- 
vides an example where the same two intermediate radicals are involved.m*ml The cyclized product is 
formed in the presence of tin hydride, but the fragmented product is produced under the atom transfer 
conditions. 
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42.52.1 CycriLations to aldehydes and ketones 

Additions to carbonyls are probably restricted to aldehydes and ketones, and ketones will be less reac- 
tive than aldehydes because the extra alkyl group on a ketone is at the carbon that the radical is attacking. 
Carbonyl groups (like esters and amides) with resonance-stabilizing substituents are usually too unreac- 
tive to serve as acceptors. In contrast, fragmentations to give resonance-stabilized carbonyls will be very 
rapid. Two examples of cyclization to aldehydes from the work of Frasier-Reid and Tsang are presented 
in Scheme 48.193Jw There is good evidence to indicate that the first cyclization is not reversible; tin hy- 
dride traps the cyclic radical before it can revert.lg5 

OMe UMe 

2: 1 axial:equatorial 

Scheme 48 

4.2.5.22 Frngrncntathns of alkoxy1 radicals 

Fragmentation reactions of alkoxyl radicals have been extensively studied by the groups of Sugi- 
nome?02 Suarez203 and others. As shown in Scheme 49, they provide an excellent means for the prepara- 
tion of medium ring ketones (first example)20q and lactones (second example)20s by scission of a ring 
fusion bond. Schreiber has shown that alkoxyl radicals generated from peroxides can fragment, and the 
resulting radicals can be trapped by Cu". The ensuing copper hydride elimination often proceeds with 
very high regio- and stereo-selectivity (third example).206 The last example in Scheme 49 illustrates an 
important variant: when readily eliminated groups are present p to the cleaving bond, an additional frag- 
mentation occurs to introduce an alkene whose stereochemistry is dictated by the configuration of the 
precursor.207~2~ 
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4.2.6 SEQUENTIAL RADICAL REACTIONS 

Radical reactions are naturally suited to sequencing, because a new radical results from every radical 
addition, cyclization, or fragmentation. In a real sense, virtually every radical chain reaction (and many 
nonchain reactions as well) is a sequence of reactions in which several intermediate radicals are in- 
volved. However, for synthetic purposes, we define a radical sequence more narrowly as any reaction in 
which more than one radical transformation occurs in the substrate, excluding steps that involve radical 
generation and radical removal. By this definition, simple addition or cyclization reactions are not se- 
quences because only one reaction (the addition or cyclization) occurs between radical generation in the 
substrate and radical removal. Within this definition, we classify two groups of radical sequences: simple 
sequences and tandem (and higher) sequences. In simple sequences, there are two or more radical precur- 
sors present in the radical substrate(s), and the two radical reactions occur separately. In tandem (and 
higher) sequences, the radical reactions are intimately linked because the precursor for the second radical 
reaction is generated by the first reaction. Aspects of sequential radical chain reactions have been dis- 
cussed in a recent review.34 

43.6.1 Simple Sequences 

In simple sequences, reactions arc conducted by repeating at least once the three stages of a radical re- 
action: (i) radical generation, (ii) addition, cyclization, or fragmentation. and (iii) radical removal. This 
means that two (or more) radical precursors will be required, and the only difference between a simple 
sequence and a standard cyclization or addition is that one must control the timing and location of the 
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fmt  set of radical reactions relative to the second. Because the transformations occur individually, there 
is no requirement that the two reactions of a simple sequence be conducted in the same step rather than 
in separate steps; however, the potential to conduct two important synthetic transformations together is 
attractive. 

There are only a few examples of simple sequences in the literature, and the two provided in Scheme 
50 illustrate different ways in which the timing of the individual steps in the sequence can be controlled. 
The fmt example from Bellus sequences an addition reaction prior to a cyclization by using the atom 
transfer method.m Because the initial radicals for both the addition and the cyclization are generated on 
the same carbon atom, there is no problem with selective radical generation. Selection between the two 
alkenes for the initial addition step is interesting: the dichloroacetate radical adds to the terminal alkene 
(even though this alkene is electron deficient) rather than the disubstituted alkene. The second example 
from our laboratory2'0 illustrates the sequencing of an addition reaction, conducted by the Keck/Byers 
fragmentation method?'' with a cyclization reaction, conducted by the tin hydride method. To ensure 
that the radicals are generated in the correct order, a highly reactive alkyl iodide is used as the radical 
precursor for the first step while a less reactive vinyl bromide serves as the precursor for the second step. 
The two reactions of this sequence can be conducted either together in one pot, or individually. 

I 

Scheme 50 

43.6.2 Tandem (and Higher) Sequences 

Tandem sequences are far more common than simple sequences, and they are far more powerful. In a 
tandem sequence, the radical precursor for the second transformation is generated not from a standard 
precursor (like a halide3, but from the preceding transformation in the sequence. There is only one step 
that generates an initial radical and one step that removes a final radical. In effect, all of the transforma- 
tions that are conducted must occur during the solution lifetime of a single radical. General consider- 
ations for tandem sequences are shown schematically in Scheme 5 1. The radical generation step provides 
the initial radical As. This undergoes an inter- or intra-molecular reaction to form B., the precursor for 
the second step in the sequence. The final radical in the sequence, C., must be converted to a stable pro- 
duct. In many respects,-designing tandem sequences is no different from simple additions and cycliza- 
tions. All the reactions must be faster than radicalhadical reactions or radicalholvent reactions, and the 
final radical must be selectively removed from the radical pool (but now in the presence of two other 
substrate radicals rather than one). In principle, many reactions can be conducted between radical gener- 
ation and radical removal. The radical polymerization of alkenes is a prime example: thousands of addi- 
tion steps take place between radical generation and radical removal. The problem in synthesis is how to 
have several different intermediate radicals (A+, Be, C.), which are simultaneously present, avoid suffer- 
ing the same fate. 

The types of reactions that are sequenced and the order in which they occur often dictate the choice of 
an appropriate method. Thus, sequential radical reactions are classified by transformation, and they are 
presented below in roughly increasing order of difficulty. With careful substrate design and selection of 
an appropriate method and reaction conditions, a diverse collection of tandem radical reactions has been 
executed. Yet the known reactions only begin to show the potential of such radical sequences for the 
rapid assemblage of complex molecules. 
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Scheme 51 Sequential radical reactions 

42.62.1 Sequences involving only intremolccuhr tmnsfonnotions 

Sequences that involve all intramolecular transformations are by far the easiest to conduct, yet they arc 
among the most powerful. The requirements for success are similar to those for standard radical cycliza- 
tions. In general, the slowest intramolecular reaction must still be more rapid than the reaction that con- 
verts that radical to a nonradical product (this ensures that the initial and intermediate radicals are not 
intercepted prior to intramolecular reaction). The differentiation of the intermediate radicals is provided 
by the structure of the substrate itself: radicals A. and B. should have only one reasonably rapid intra- 
molecular option, and radical C. should have none. 

( i )  Cyclizationlcyclization 
The sequencing of two cyclizations is a simple but very powerful strategy to construct polycyclic 

rings. Any method that is useful for a single cyclization can be used for a tandem cyclization as well, and 
standard techniques are used to allow intermediate radicals to live long enough to cyclize (for example, 
in the tin hydride method, syringe pump additions or catalytic methods an common). Scheme 52 pro- 
vides just a sampling of the types of tandem cyclizations that have recently been conducted by the tin hy- 
dride method,192p212-216 hydrogenM and halogen133 atom transfer methods, oxidation by Mn1i1,217 and 
reduction by Sm12.218 Provided that the cyclizations are rapid, it should be possible to sequence more 
than two reactions, and there are already several examples of triple radical  cyclization^.^^^^^^^ 

( i i )  Intramolecular 1 J-hydrogen atom transferlcyclization (radical translocation) 
Intramolecular 1,5-hydrogen atom transfer reactions of radicals are well known and have often been 

used to introduce functional groups at unactivated centers. For example, the Barton photolysis of nitrite 
esters is a preparatively useful method to make and the Hoffman-Ldffler-Freytag and related 
reactions arc also important methods to construct heterocycles (see Scheme 44). These reactions use 
highly reactive alkoxyl or amminium radicals. 1,5-Hydrogen transfer reactions of alkoxyl radicals have 
also been used to generate radicals for subsequent cyclizationsZZ2 and additions.la 

We have recently introduced a variant of this cla3s of reaction, termed radical translocation, that will 
be especially useful because it operates within the confines of the commonly used tin hydride method.2u 
In this variant, the initial radical is generated at a remote location by standard halogen atom abstraction, 
and then translocated by a 1,5-hydrogen atom shift. The intermediate radical that results then undergoes 
standard cyclization. The two approaches illustrated in Scheme 53 have a common theme: the radical is 
translocated from a site where it is easily generated to another site where a standard radical precursor 
might be difficult either to prepare or to carry through a multistep synthetic sequence. In the fvst 
example, the initial radical center is in a ‘protecting group’, and in the second, it is on the alkene that is 
destined to become the acceptor. In an indirect way, this allows a simple C-H bond to be a radical pre- 
cursor in the tin hydride method. It is important that the 1,5-hydrogen transfer be as exothennic as 
possible so that it is sufficiently rapid to compete with direct tin hydride reduction. 

(i i i)  Cyclizationl’agmentation 

When a cyclization reaction precedes a fragmentation, carbon-carbon bonds are exchanged rather than 
created. Nonetheless, such sequences are very useful for reorganizing the carbon skeleton of a molecule, 
especially when easily fragmentable alkoxyl radicals are formed in the cyclization step. Depending on 



Radical Cyclizations ana' Sequential Radical Reactions 82 1 

0.02 M Bu3SnH 

65% 
H H 

Hirsutene 

MeO 

NHOMe 

0.06 M BujSnH 

71% NOMe 
H 

4:3 a$ 
0 

I 0.002 M Bu3SnH 

30% 
H 

2: 1 cis:rrans v 

CN " 

150 "C 

H H NC H 

45% 15% 

10% (Bu,SII)~ 

hv 
70% 

- 
6:l (E):(Z)  

Mn1",Cu(OAc)2 @ 
/ 73% %,, 

65% 

Scheme 52 



822 Nonpolar Additions to Alkenes and Alkynes 

OSiMqPh 
Bu3SnH. 

61% 

1 : 1.1 cis:trans 

Scheme 53 

the structure of the substrate, group migration or ring expansion can occur. Scheme 54 provides exam- 
ples from the work of Beckwith,ZU Dowd and Choi*u and Baldwin?26 In these sequences, a radical- 
stabilizing group often controls the direction of fragmentation, and thus the final radical is usually more 
stable than the starting radical. Methods like atom transfer will not be useful for such sequences, but the 
tin hydride method and the tidsulfur fragmentation method are appropriate. 

Bu3SnH, 

38% COzMe 

0 F! 

Bu3SnH 

syringe pump 
71% 

COzEt 

(65) R = H 
(66) R = Me (67) R = H, 86% or (68) R = Me, 89% 

Scheme 54 

The first example in Scheme 54 illustrates the migration of an acetyl group while the second example 
illustrates the expansion of a ring by one carbon atom (see also Scheme 21). As shown in the third 
example, rings can also be expanded by three and four atoms (but not two atoms because the 4-ex0 clo- 
sure is too slow). Thus, although medium size rings are not directly available by radical cyclization of an 
acyclic precursor, they are readily prepared by ring expansion of a standard small ring. In the second and 
third examples, the ester group not only controls the direction of fragmentation, but it also accelerates the 
initial cyclization to the carbonyl. Even so, syringe pump methods must be used to minimize direct re- 
duction of the starting halide. As usual, this difficulty ban be overcome by building the tin group into the 
precursor and conducting the cyclization by the fragmentation method, as shown in the last example of 
Scheme 54. One of the pitfalls of this approach is 1.5-hydrogen transfer. When (65) is heated with 
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AIBN, (67) forms in high yield because the initial radical abstracts the hydrogen a to the carbonyl (with 
concomitant elimination of Bu3Sn) more rapidly than it cyclizes. However, blocking this pathway re- 
sults in smooth ring expansion, as illustrated by the conversion of (66) to (68). The alkene stereochem- 
istry is dictated by the configuration of the precursor (see Scheme 49). 

(iv) Fragmentationlcyclization 
Very useful transformations can also be designed when the fragmentation precedes the cyclization, as 

shown in Scheme 55. Motherwell and Harling have demonstrated that the stereochemistry of a spirocy- 
clic ring can be controlled by a fragmentation of a cyclopropyl carbinyl radical, followed by cyclization, 
as illustrated by the first two examples.227 The hydroxy group ultimately dictates the stereochemistry of 
the spirocycle by directing the Simmons-Smith cyclopropanation. Such fragmentations of cyclopropyl 
carbinyl radicals are useful even when they are not conducted in a sequence?28 and the kinetic cleavage 
of a lateral bond of a fused cyclopropane is usually observed unless radical-stabilizing groups accelerate 
cleavage of the ring fusion bond. The third example, taken from the studies of Citemo, illustrates how a 
fragmentation/cyclization sequence conducted by a reductive method can result in ring contraction. 
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43.633 Sequences combining inter- and intra-molecular reactions 

Sequences that combine inter- and intra-molecular reactions are very powerful, but they require more 
caref’ul planning to ensure selectivity. The order in which such reactions are conducted has a significant 
impact on the design of substrates and the selection of a method. 

( i )  Cyclizationladdition 
When combining cyclizations and additions, design is simpler if the cyclization precedes the addition. 

The usual considerations apply for the success of the addition step (see the preceding chapter). Any cy- 
clization that is more rapid than a given addition can be sequenced before that addition. Thus, rapid cy- 
clizations are easily conducted prior to additions, but slow cyclizations may be problematic since the 
initial radical might competitively add to the acceptor. However, even slow cyclizations can probably be 
conducted by electronically mismatching the initial radical and the acceptor, or by using relatively unre- 
active acceptors like allylstannanes. Examples of cyclization/addition sequences conducted by the tin hy- 
dride r n e t h ~ d ? ~ ~ . ~ ~  the fragmentation method1231*232 and the reductive method168 are presented in 
Scheme 56. 
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(ii) Additionlcyclization 
Sequences in which addition precedes cyclization are not as straightforward to conduct as the reverse; 

however, they are very important because a net annulation results (that is, a new ring is formed by the 
union of two acyclic precursors in one experimental step). The intermediate radical is differentiated from 
the other radicals provided that the cyclization reaction is rapid, but it can be difficult to differentiate the 
initial radical from the final radical. As illustrated in Scheme 57, this is particularly true in the tin hydride 
method because many different types of radicals react with tin hydride at similar rates. Reaction of (69) 
under standard radical addition conditions produces (70), which results from a sequence of additiodcy- 
clizatio~Vaddition.?~~ That the last C--C bond is formed actually results from a lack of selectivity: the in- 
itial and fmal radicals are not differentiated and they must undergo the same reaction. Of course, this 
‘lack of selectivity’ is of no consequence if the product contains the desired skeleton and the needed 
functionality for subsequent transformations. Such sequences are very useful for forming three carbon- 
carbon bonds, and they can also be conducted by Barton’s thiohydroxamate method.234 Structural modi- 
fications are required to differentiate the initial and final radicals, and, as illustrated by the Conversion of 
(71) to (72), phenyl groups can provide the needed differentiation (probably by retarding the rate of addi- 
tion more than they retard the rate of hydrogen abstraction). Clive has demonstrated that phenyl-sub 
stituted vinyl radicals also provide the needed selectivity, as illustrated by the second example in Scheme 
57.235 

Work from our group has shown that the atom transfer methodB6*u7 and the fragmentation methcxl~* 
are especially useful for conducting these radical annulations. As illustrated by the first two examples in 
Scheme 58, atom transfer annulations can be designed by pairing nuclaophilic radicals with electrophilic 
acceptors, or by the reverse. In either case, the substrates are designed such that the least resonance stabi- 
lized radical appears last in the sequence. This radical rapidly abstracts iodide from either the starting 
iodide or from an intermediate iodide, thereby terminating the sequence before the final radical can 
undergo a second addition reaction. The last example in Scheme 58 illustrates that ftagmentation rc- 
actions should be especially powerful in controlling such annulations: whenever a p-stannyl radical 
arises, its rapid fragmentation will terminate the sequence and transfer the chain. In Contrast to other cy- 
c l i i o n  and addition reactions of vinylstannanes (see Scheme 25). the example in Scheme 58 provides a 
high level of inversion of alkene stemhemistry, and an explanation for this phenomenon has been pro- 

FeldmanB9m and Oshima and U t i m ~ t o ~ ~ ~  have introduced a very sophisticated sequence of redons 
that effects a radical annulation starting from a vinylcyclopropane. Scheme 59 provides two examples 
and a likely mechanism for this sequence, which involves fragmentation, addition and cyclization. The 

posed.238 
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R 

R 

rCN 
10 equiv. 

(69) R = M e  
(71) R = P h  

+ 
Ph 

(co2Me 

(70) 65% not formed 
not formed (72) 23% 

Bu3SnH 

44% 
C02Me 

qPh 
mixture of isomers 15 equiv. 

Scheme 57 

SO2Ph 
10% (Bu3Sn), 

hv (": + 68% 
2 equiv. 1 equiv. 

10% (Bu3Sn)* Me3Si COzMe 

Me02C hv -3 I CO2Me 

1 equiv. 2 equiv. 85: 15 cis:trans 

Me02C 71% 

SiBu'Mez 

SnMe3 i- [ico2Et 
Bu'Me2Si - 

C02Et & 10% (Bu3Sn), 

hv 
56% 

98:2 (E):(Z) 

Scheme 58 

c 
irreversibility of the addition and 5-ex0 cyclization steps drives the sequence forward, and a rapid frag- 
mentation reaction (of a P-phenylthio radical) plays a key role in terminating the sequence before the 
final radical can undergo another addition. 

With the goal of sequencing several addition reactions, Feldman and Lee have recently introduced a 
beautiful protocol, termed template-controlled oligomerization, that allows a controlled number of addi- 
tion reactions to take place prior to a radical macrocy~lization.~~~ As illustrated in equation (8), the num- 
ber of additions is dictated by the distance of the gap between the 'initiator' and the 'terminator' in this 
strictly controlled oligomerization. The requirement here is that the macrocyclization be more rapid than 
the bimolecular addition. A rapid fragmentation of a phenylthio radical is again used to terminate the se- 
quence, and this prevents the final radical from continuing to polymerize. When the oligomer is detached 
from the template, it appears as if four sequential additions (three to the external acceptor and one to the 
acceptor on the template) have occurred. This type of reaction is virtually impossible to conduct in a con- 
trolled fashion by sequencing addition reactions (see below). 
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PhSH 

BuO C q M e  
50 equiv. 82% 

Scheme 59 

43.6.23 Sequences involving only intermolccuhr reactions 

The sequencing of addition reactions is more difficult to design because polymerization is a natural 
outcome. Two addition reactions can be sequenced by alternating the reactivity of the radicals: one nu- 
cleophilic, the other electrophilic, or the reverse. This approach is reminiscent of radical copolymeriza- 
tion, except that reaction conditions 8n designed to intercept the radical after only one pair of additions. 
The first example in Scheme 60 provides a very slick example fmm the pioneering work of MinisciU3 in 
which two electronically reversed additions occur in sequence. Although the prior radicals are not sus- 
ceptible to oxidation, the final allylic radical is removed by oxidation (and the allylic cation lactonizes), 
thus preventing polymerization. The second example again shows the power of the fragmentation 
methd for conducting difficult sequences; when the p-stannyl radical arises, its rapid elimination shuts 
down the sequence.244 
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5 equiv. 1 equiv. 2 equiv. 

Scheme 60 

4.2.7 CONCLUSIONS 

Radical cyclization reactions offer a valuable synthetic tool with which to construct both carbocyclic 
and heterocyclic rings. The success and the diversity of recent advances have dispelled the old notion 
that radical cyclizations are only useful for making five-membered rings, and with poor stereoselectivity 
at that. With the exception of three- and four-membered rings, almost any ring size can be built either by 
direct radical cyclization or by ring expansion, and the design of highly stereoselective radical cycliza- 
tions is now possible. The general principles that have emerged from this work facilitate the planning of 
new radical reactions, whether individual or sequenced. Radical additions and cyclizations that are 
chemo- and regio-selective, and exhibit control of relative stereochemistry are now appearing regularly 
in synthetic journals; can the development of new radical reactions that control absolute stereochemistry 
be far behind? 
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43.1 INTRODUCTION 

43.1.1 Basic Reaction 

Organopalladium halides, acetates, Ma tes  and similar derivatives lacking p sp3-bonded hydrogens 
generally react easily with unhindered alkenes to form new alkenes in which an original, vinyl hydrogen 
is replaced by the organic group of the palladium reactant. The reactions occur in solution. Other Group 
VI11 metals are ineffective in bringing about this transformation in acceptable yields. In the palladium re- 
action the organopalladium(II) reactant is reduced to the zero valent state while the halide, acetate, tri- 
flate or other, initial anionic ligand is converted into the corresponding acid (equation 1). If alkyl groups 
are attached directly to the double-bond carbons, double-bond rearrangement may occur and allylically 
substituted products can be produced. Normally, substitution occurs before any double-bond rearrange- 
ment occurs in the reactant alkene and the substituent is placed on one of the initial double-bond carbons 
(equation 2). Rearrangement of the double bond along a hydrocarbon chain to positions more distant 
from the substituent than the allylic position is occasionally observed, most often when X is a halogen 
and the halogen acid produced by the reaction is not neutralized as it is formed by inclusion of a base. 

H R 
(1) h- h+ p d + H x  

RPdX + 

If two hydrogen atoms on a P-carbon atom are available for elimination, (E)-alkenes are strongly 
preferred. If only one hydrogen atom is present the product stereochemistry will be predictable on the 
basis of a syn addition of the organopalladium group to the double bond followed by a syn elimination of 
a palladium hydride group, provided the reaction is conducted under the proper conditions as described 
in Section 4.3.5.1.2.i. Yields of substituted alkenes from these reactions generally decline as the number 
and size of the substituents on the vinyl carbons increase. 

Other atoms or groups than hydrogen may be lost in the final elimination step. Chlorine (or bromine or 
iodine) especially is lost easily, in fact in preference to hydrogen when it occurs in positions P to the pal- 
ladium group. 

Some isolated organopalladium compounds, particularly cyclopalladated complexes, have been em- 
ployed in the vinyl substitution, but most often simple organopalladium compounds are unstable and 
must be formed in situ. Even then, alkylpalladium derivatives with P-hydrogens (on saturated carbon) 
generally decompose by elimination of Pd-H too rapidly to be useful except in some favorable intra- 
molecular examples. The situation is somewhat complicated by the fact that palladium(I1) compounds 
are usually four coordinate and the organopalladium derivatives will normally have two, two-electron 
donor ligands associated with them in addition to the organic group and the anionic ligand. These ligands 
may be various species such as solvent, halide ions, organophosphines or amines. The basic chemistry of 
the organopalladium derivatives is not usually greatly altered by the ligands but they can and do affect 
the stability of intermediates, reaction rates and selectivity. Under the proper conditions vinyl substitu- 
tion can be carried out with aryl, heterocyclic, vinyl and occasionally alkyl derivatives lacking P-hydre 
gens. A very few examples of vinyl substitution with acyl groups are known, also. 

Three methods are commonly employed for the in situ preparation of organopalladium derivatives: (i) 
direct metallation of an arene or heterocyclic compound with a palladium(I1) salt; (ii) exchange of the or- 
ganic group from a main group organometallic to a palladium(I1) compound; and (iii) oxidative addition 
of an organic halide, triflate or aryldiazonium salt to palladium(0) or a palladium(0) complex. 

The vinyl substitution reaction often may be achieved with catalytic amounts of palladium. Catalytic 
reactions are carried out in different ways depending on how the organopalladium compound is gener- 
ated. Usually copper(I1) chloride or p-benzoquinone is employed to reoxidize palladium(0) to palla- 
dium(I1) in catalytic reactions when methods (i) or (ii) are used for making the organopalladium 
derivative. The procedures developed for making these reactions catalytic are not completely satisfac- 
tory, however. The best catalytic reactions are achieved when the organopalladium intermediates are ob- 
tained by the oxidative addition procedures (method iii), where the halide is both the reoxidant and a 
reactant. Reviews of some aspects of these reactions have been published.la-le 
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Methods (i) and (ii) require palladium(I1) salts as reactants. Either palladium acetate, palladium 
chloride or lithium tetrachloropalladate(I1) usually are used. These salts may also be used as catalysts in 
method (iii) but need to be reduced in situ to become active. The reduction usually occurs spontaneously 
in reactions carried out at 100 'C but may be slow or inefficient at lower temperatures. In these cases, 
zero valent complexes such as bis(dibenzylideneacetone)palladium(O) or tetrakis(tripheny1phos- 
phine)palladium(O) may be used, or a reducing agent such as sodium borohydride, formic acid or hydra- 
zine may be added to reaction mixtures containing palladium(I1) salts to initiate the reactions. 
Triarylphosphines are usually added to the palladium catalysts in method (iii), but not in methods (i) or 
(ii). Normally, 2 equiv. of triphenylphosphine, or better, tri-o-tolylphosphine, are added per mol of the 
palladium compound. Larger amounts may be necessary in reactions where palladium metal tends to pre- 
cipitate prematurely from the reaction mixtures. Large concentrations of phosphines are to be avoided, 
however, since they usually inhibit the reactions. 

43.1.2 Chapter Coverage 

This chapter will be concerned only with substitutions of vinyl hydrogens with groups forming car- 
bon-carbon bonds to one of the vinyl carbons. Replacements of halogens or other heteroatom-bound 
groups at vinylic positions will not be included. Likewise, replacements of vinyl hydrogens by groups 
forming heteroatom bonds to vinyl carbons will not be covered. Substitutions at alkynyl carbons by any 
substituents and additions to alkynes also will not be discussed. 

43.13 Advantages and Disadvantages of the Various Procedures 

Normally, the most practical vinyl substitutions are achieved by use of the oxidative additions of or- 
ganic bromides, iodides, diazonium salts or triflates to palladium(0)-phosphine complexes in situ. The 
organic halide, diazonium salt or triflate, an alkene, a base to neutralize the acid formed and a catalytic 
amount of a palladium(I1) salt, usually in conjunction with a triarylphosphine, are the usual reactants at 
about 25-100 'C. This method is useful for reactions of aryl, heterocyclic and vinyl derviatives. Acid 
chlorides also react, usually yielding decarbonylated products, although there are a few exceptions. Like- 
wise, arylsulfonyl chlorides lose sulfur dioxide and form arylated alkenes. Aryl chlorides have been re- 
acted successfully in a few instances but only with the most reactive alkenes and usually under more 
vigorous conditions. Benzyl iodide, bromide and chloride will benzylate alkenes but other alkyl halides 
generally do not alkylate alkenes by this procedure. 

The main group organometallic exchange with palladium salts is useful for vinylic substitution with all 
types of groups: aryl, heterocyclic, vinyl and alkyl groups, but the only effective way to make the re- 
action catalytic is to use a stoichiometric amount of copper(I1) chloride with a catalytic quantity of palla- 
dium. This procedure is acceptable on a small scale but is a problem on a large scale because of the large 
quantities and thick slurry of copper(I1) salts involved. Other reoxidants, such as p-benzoquinone, silver 
salts, peracids or oxygen, are often not effective or give only low turnovers of the palladium. 

The direct palladation procedure is limited to substitution with aryl and heterocyclic groups. The met- 
allation is an electrophilic process and therefore does not work well with deactivated aromatics. When 
possible, mixtures of isomers may be obtained. Since the palladium salts employed for the metallation 
are moderately strong oxidizing agents, the reaction cannot be used with easily oxidizable alkenes or aro- 
matics. The only effective method for making this procedure catalytic is to reoxidize the palladium in 
situ with oxygen under pressure; an inconvenient and potentially dangerous procedure. 

Stable, cyclopalladated complexes sometimes may be used in vinyl substitution but these reactions 
cannot be carried out catalytically. A major limitation is that few cyclopalladated structures are available 
and only a few types of vinyl substitution products can be made by this procedure. 

43.2 VINYL SUBSTITUTION WITH ARENES AND HETEROCYCLES 

dium(I1) salts to produce vinyl substitution products (equation 3). 
A variety of arenes and heterocyclic compounds will react with alkenes in the presence of palla- 
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+ R% + Pd(0Ach - + 2AcOH + Pd (3) 

433.1 Mechanism 
Two mechanisms of reaction appear possible depending upon the reactants. Initial palladation of either 

the alkene or the arcne may occur: alkene palladation is proposed to occur initially in reactions of chlori- 
nated alkenes.23 Alkenes without strongly electron-withdrawing chloride substituents and moderately re- 
active arenes generally react via an initial arene palladation, and the reaction takes the route shown in 
Scheme l? 

1 PdOAc1 I 

R- 
+ Pd(0Ac)z - A 1 x - D  j - 

R 

Scheme 1 

433.2 Limitations 

The mechanism shown in Scheme 1 seems to be the one operating in most of the known examples of 
the reaction. The initial aromatic palladation is an electrophilic substitution, but unfortunately it is not a 
very selective one? Therefore, isomeric mixtures of products may be expected in cases where pallada- 
tion can occur at different aromatic positions. 

4 3 3 3  Reaction Scope and Conditions 

43.23.1 Stoichiometric reactions 
The majority of examples reported have been carried out in refluxing acetic acid with stoichiometric 

amounts of palladium acetate? Occasionally lower temperatures give higher yields, however. 
Several examples of the cyclization of indole derivatives with alkenic side chains in the 3-position 

have been reported? In these examples, palladium chloride in combination with silver tetrafluoroborate 
is the cyclizing agent. The palladium tetrafluoroborate, presumably formed, should be a very reactive 
palladating species and probably is the reason why these reactions proceed at mom temperature, al- 
though the mechanism is not yet completely clear. These reactions were worked up reductively (by addi- 
tion of sodium borohydride) in order to reduce the expected alkenic product or any relatively stable 
organopalladium complexes that may have been fonned (equation 4): 

+ PdClz + AgBFd - i* i i  60% U ( 4 )  

I Me 
i, Et3N, M e a ,  25 "C; ii, N a B h  
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Several other heterocyclic compounds have been used in the vinyl substitution. Quinones, for example, 
are readily substituted with a variety of heterocycles as well as with ben~ene .~  Heterocycles which react 
include 2-acetylfuran (5-position), furfural (5-position) (equation 5) methyl furoate (5-position), 2-ace- 
tylthiophene (5-position), N-benzenesulfonylpyle (2-position), N-benzenesulfonylindole (3-position), 
4-pyrone (3-position) and N-methyl-2-pyridone (3- and 5-positions). 

0 

AcOH @i$5 + 2AcOH + Pd (5) @ + 0''' + Pd(0Ach - A 

0 19% 0 

Acrylate esters have been substituted with N-methyl-2-pyridone (5-position), furfural (5-position) and 
2-thiophenecarbaldehyde (5-po~ition).~ Benzo[b]furan reacts similarly with alkenes (2-po~ition).~ Alkene 
substitutions with furan,l0 thiophene,1° benzothiophene'O and N-acetylindoles,loJ also, have been re- 
ported. Furan and thiophene yield mainly 2.5-dialkenylated prod~cts .~ a-Substituted chalcones with 
strongly electron-withdrawing substituents substitute with benzene. l2 Femocene13 and q4-cyclobuta- 
dienetri~arbonyliron'~ will substitute alkenes as well. 

43.23.2 Catalytic methods 

Silver acetate has a small catalytic effect on the alkene substitution reaction but 5 equiv. of the salt 
only give 140% of stilbene in the styrene phenylation, based upon p a l l a d i ~ m . ~ ~  The same reaction car- 
ried out at 80 "C under 300 lbf in-2 (1 lbf inw2 = 6.89 P a )  of oxygen gives stilbene in 248% yield, based 
upon palladiurn.l6 The best reoxidation reagent is f-butyl perbenzoate, which yields 10-14 turnovers of 
the palladium in the vinyl substitution of cinnamaldehyde and similar alkenes with benzene.I7 

Methyl acrylate and benzene under the above conditions give a mixture of methyl cinnamate and 
methyl 3,3-diphenylacrylate. l7 

4 3 3  VINYL SUBSTITUTION WITH CYCLOPALLADATED COMPLEXES 

A variety of isolable cyclopalladated complexes are readily available by direct reaction of palla- 
dium(I1) salts, usually the chloride or acetate, with aromatic derivatives. The aromatic compound needs 
only to have a side chain with a good coordinating atom, usually nitrogen (although sulfur, oxygen, ar- 
senic and phosphorus atoms also will work), in a position such that a five- or rarely a four- or six-mem- 
b e d  chelate ring can form when orthopalladation occurs.18 Reactions are slowed or even totally 
inhibited by strongly electron-withdrawing substituents in the ring being palladated. 

The cyclopalladated complexes have limited practical value in organic synthesis because of the high 
cost of the stoichiometric amount of palladium required. Some compensation for their expense may be 
obtained, however, if several steps can be saved compared with an alternate method and, of course, the 
palladium may be recovered relatively easily.la 

Vinyl substitutions with NJV-dialkylbenzylamine-cyclopalladated complexes have been studied most 
thoroughly. In the presence of triethylamine the substitution occurs quite selectively with styrene deriva- 
t i v e ~ * ~  and cr,p-unsaturated carbonyl compounds.20 For example, chloride-bridged cyclopalladated NJV- 
dimethylbenzylamine dimer and methyl vinyl ketone give 92% of o-dimethylaminomethylbenzalacetone 
in 1 h at 110 'C (equation 6). 

2 A 0 
,c1 

E N : : :  + 2 /)( + 2Et3N - 2 + 2 Et3NH'CI- + 2 Pd (6) 
92% \ 

0 
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43.4 VINYL SUBSTITUTION WITH MAIN GROUP ORGANOMETALLICS 
A variety of main group organometallics and some nonmetal organic derivatives have served as the 

source of organic groups, transferred via palladium to the vinyl carbons of alkenes. 

43.4.1 Organomercury Compounds 

Organomercury compounds are often obtainable from the reaction of Grignard reagents with mer- 
cury(1I) chloride or in the aromatic series by direct mercuration of the aromatic compound. They are air 
and water stable but have the disadvantages of being highly toxic, having high molecular weights and 
being relatively expensive. Some arylmercury(I1) chlorides also have quite low solubility in organic sol- 
vents, which may limit their reactivity. Exchange of the organic group from an organomercury species to 
a palladium salt (usually chloride or acetate) frequently occurs at or below room temperature, allowing 
vinyl substitutions to be canied out at or below 25 'C. 

4.3.4.1 .I Alkyhtion 

Vinyl substitution with aliphatic groups has been achieved with several menurials in which the or- 
ganic substituents are lacking sp3-bound hydrogens on a carbon one-removed from the mercury. Other 
aliphatic organomercury reagents generally yield intermediate palladium derivatives which eliminate 
palladium hydride faster than vinyl substitution takes place, except where favorable intramolecular re- 
actions can occur. Methyl?l alkoxycarbonyl,21 neopenty122 and neophy122 groups have been substituted 
for vinyl hydrogens by this reaction (equation 7). 

MeCN 
But-HgOAc + Pd(0Ach + &CO2Me - 

Usually, lithium tetrachloropalladate(I1) or palladium acetate have served as the palladium reagents 
because of their solubilities in organic solvents such as acetonitrile and methanol. This reaction has only 
been canied out with stoichiometric quantities of the palladium salt. The neophyl group has been ob- 
served to rearrange or partially rearrange in its reactions with methyl acrylate or styrene.22 The regio- 
chemistry of the addition of aliphatic groups to unsymmetrical alkenes is known in only a few cases 
where reactions are quite selective. The results are consistent with the general rule that vinyl substitution 
takes place (predominantly or exclusively) at the least-substituted vinyl carbon and/or at the vinyl carbon 
having the smallest substituents. Substitution, also, usually occurs B in a$-unsaturated esters and other 
a,&unsaturated carbonyl compounds. It is to be expected that vinyl substitution with electrondonating 
aliphatic groups on alkenes with electron-donating substituents will give mixtures of regioisomeric p 
ducts in the absence of significant steric effects. 

43.4.1.2 AryWon 

Vinyl substitution with arylmercury reagents is a very general reaction.21 Arylmercury(II) chlorides 
and acetates as well as diarylmercury compounds with various substituents - diethylamino, nitro, car- 
boxy, chloro, amide, hydroxy, and aldehyde groups - have been employed in the reaction. Naph- 
thylmercury reagents and very hindered compounds such as mesitylmercury(I1) chloride react normally. 
The regiochemistry of the arylation with arylmercury(I1) acetates follows the usual rules as stated in Sec- 
tion 4.3.4.1.1. (E)-Alkene products are strongly favored if two p-hydrogens on one carbon are available 
for elimination, while if only one is present the product sterochemistry is predictable on the basis of a syn 
addition of the organopalladium species followed by a syn elimination of the palladium hydride. 
Arylmercury(I1) chlorides, however, do not give very selective reactions. Both cis-trans isomerization 
and double-bond migration are seen in the chloride reactions.23 Quantitative data on regiochemistry for 
the p-methoxyphenylation of propene indicates solvent also can play a significant r0le.2~ 
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All of the organomercury reactions may be canied out catalytically in palladium by use of copper(lI) 
chloride as a reoxidant for the palladium. This modification, however, often reduces the yield of product 
and lowers the stereospecificity of the arylat i~n? ' .~~ 

43.4.1.3 Vinyl substitution of dienes 

Vinyl substitution occurs with conjugated dienes as well as with alkenes, employing aryl-, vinyl-, 
methyl-, alkoxycarbonyl- or benzyl-mercury reagents and lithium tetrachloropalladate(II), but the prod- 
ucts are usually Ir-allylpalladium complexes if the reactions are carried out under mild conditions (equa- 
tion 8) .24925  The wallylic complexes may be decomposed thermally to substituted dienes26 or reacted 
with nucleophiles to form allylic derivatives of the nucleophile. Secondary amines, for example, react to 
give tertiary allylic amines in modest yields, along with dienes and reduced dienes (equation 9).25 

(8) ..-.. + 2LiCl + HgCl2 
"'Pd"' 

PhHgCl + 7 + Lit[PdC141 - Ph 

30% 43% 

(9) 
+ Ph 

13% 

43.4.1.4 Formation of heterocyclic derivatives 

It is to be expected that organomercury reagents of all of the heterocycles that are employed in the pal- 
ladation-vinyl substitution reaction (Section 4.3.2.3. l )  could be used in the exchange palladation-sub- 
stitution, also. Few of. these organomercury reagents have been tried in the reaction, however. 
2-Chloromer~uriothiophen~~ and both chloromercurio- and 1,l -bischloromercurio-ferr~cene~~ react as 
expected with styrene and with a$-unsaturated carbonyl compounds. 4-Acetoxymercurio-N-methylisc+ 
carbostyril also yields the expected products with styrene and methyl acrylate.28 Pyrimidinylmercury(I1) 
acetates have found application in the synthesis of C-nucleosides in their reactions with chiral furanoid 
glycalsZ9 and other unsaturated cyclic ethers.30 

43.4.15 Vinylation 

In the absence of base, vinylmercury reagents and lithium tetrachloropalladate(I1) react with alkenes to 
form .rr-allylpalladium complexes arising from addition of the 'vinylpalladium chloride' to the alkene 
followed by palladium hydride elimination, a reverse readdition and wallyl formation (equation 

/ 2  
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In the presence of triethylamine, decomposition of the n-allylic complexes to conjugated dienes may 
occur, particularly when electron-withdrawing substituents are present on a methyl group in the 1- or 3- 
position of the n-allyl system.31 Cyclic alkenes and vinylpalladium chlorides also yield n-allylic com- 
plexes in the absence of an amine. If a tertiary amine is present, however, 1.4-dienes are obtained 
(equation 11).32 

43.4.2 Silanes and Silyl Enol Ethers 

43.4.2.1 Vinyl substitution with silanes 

One organic group is readily transferred from tetraorganosilanes (and some other silanes) to palla- 
dium(I1). Tetramethylsilane, lithium tetrachloropalladate(I1) and styrene at 120 ‘C in acetonitrile solution 
form 1-phenyl-1-propene in 65% yield along with cu. 1.5% 2-phenyl-l-propene.33 Trimethylphenylsil- 
ane transfers phenyl and with styrene under the above conditions gives trans-stilbene in 94% yield.)3 
Similar vinyl substitution reactions have been achieved with potassium (E)-alkenyl pentafluorosili- 
cates.34 

43.422 Vinyl substitution with sib1 enol ethers 

Palladium(I1) enolates are produced by the exchange reaction of trimethylsilyl enol ethers with palla- 
dium chloride or acetate. If P-hydrogens are present the enolates usually decompose by eliminating pal- 
ladium hydride, forming a,&unsaturated ketones (equation 12).35 p-Benzoquinone (50%) was added in 
this example as a reoxidant for the palladium. Palladium enolates have been isolated in cases where p- 
hydrogens are absent.” The isolated complexes react with ethylene to yield the a-vinylated ketones.” It 
may be presumed that palladium enolates possessing B-hydrogens do not successfully substitute alkenes 
intermolecularly, since no examples have been reported. Intramolecular examples are well known, how- 
ever, and these reactions provide a useful method for preparing five- and six-membered ring ketones 
(equation 13).37 

p-benzoquinone 

MeCN, 30 h, r.t. 
+ Pd(0Ac)z 

94% 5% 

0 

+ Pd(0Ac)z - 6 + AcOSiMe, + Pd + AcOH (13) 
OSiMe3 10 h. rut. 

87% \ 
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Bicyclic ketones, also, have been prepared intramolecularly from silyl enol ethers. Six-membered 
rings are formed more easily in these reactions than in the reactions forming monocyclic products, de- 
scribed 

The mechanism of the aimethylsilyl enol ether cyclization may involve formation of a palladium enol- 
ate which adds to the double bond. However, another mechanism is also possible involving attack of a 
palladium(IIwene complex upon the silyl enol ether double bond. 

43.43 Organothallium Reagents 

Thallation of aromatic compounds with thallium tris(trifluoroacetate) proceeds more readily than mer- 
curation and in many instances more selectively. Ortho derivatives are obtained frequently when func- 
tional groups with unshared electron pairs are present to direct the meta l la t i~n .~~ 

Several examples of the arylation of vinyl ketones with arylthallium bis(trifluoroacetate) and lithium 
tetrachloropalladate(I1) have been reported (equation 14).40 

THF 
PhTl(O2CCF3)2 + + Li2[PdC14] - (14) 

0 25°C ph 

Benzoic acid and its derivatives orthothallate. Reaction of o-carboxyphenylthallium bis(trifluoroace- 
tate) with palladium chloride and alkenes followed by base treatment yields isocoumarin derivatives 
(equation 15):' Cyclization does not occur until base is added in the second step. 

(15) 
i, ii 

+ Li2[PdC4] + ph/\\ - 
79% \ ph n(O2CCF3)2 

i, PdC12, MeCN, 25 OC; ii, Et3N, Na2C03 

oca", 
Several similar reactions have been carried out with other orthothallated derivatives to produce various 

oxygen and nitrogen  heterocycle^.^^ 

43.4.4 Vinyl Substitution with Other Organometal and Nonmetal Derivatives 

A very few examples of the use of aryl-tin?' -lead?' -lithium43 and - r n a g n e ~ i u m ~ ' . ~ ~ * ~  derivatives as 
the source of the aryl group in vinyl substitutions have been reported. Tin derivatives have been used 
with palladium dichloride bis(benzoniai1e) and a copper(I1) chloride reoxidant in a regioselective syn- 
thesis of oxygen heterocycles from unsaturated alcohols.45 

Organo-iron and -cobalt phthalocyanines are reported to transfer the organic groups to palladium salts, 
and they have been used to substitute alkenes.& 

There is one report of vinyl substitution with an organosodium derivative!' Organoboronic acids, also, 
have been used?* 

Triarylphosphines, which are often employed with palladium in catalysts, also can transfer aryl groups 
to the palladium and cause vinyl substitution reactions with  alkene^?^.^ Fortunately, this reaction is 
usually slower than other methods for generating arylpalladium derivatives so that it usually is not a 
problem, but there are exceptions (equation 16). 

HOAc 

60 'C, 123 h 
Ph- + [Pd(PPh3)2(OAc)z] c 

Ph 
28% 82% 
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4 3 5  VINYL SUBSTITUTION WITH ORGANIC HALIDES, DIAZONIUM SALTS, ACID 
CHLORIDES, SULFINATE SALTS AND " L A T E S  

These reactions are grouped together because they all involve replacement of a leaving group by palla- 
dium(0) to form the organopalladium reactant. The ease of replacement varies significantly with the 
leaving group. The diazonium group is most easily replaced and reactions of these salts may be carried 
out at room temperatures. Triflate esters are less reactive and generally q u i r e  temperatures of 50 'C or 
more to form the palladium derivatives. Under some conditions some vinyl iodides will react at room 
temperature, but generally higher temperatures (cu. 100 'C) are employed. Vinyl bromides and aryl 
iodides and bromides also are usually reacted at 100 'C. Carboxylic acid chlorides, sulfonyl chlorides 
and sulfinate salts also generally x e d  a higher temperature. 
These reactions do not require reoxidants since the organic compounds reoxidize the palladium(0) in 

the initial replacement step. Most results have been obtained with vinyl, aryl and heterocyclic iodides 
and bromides because of the easy and convenient availability of the required halides, and because this re- 
action was discovered for these reactants first. 

It is necessary to have a base present in all of these reactions since strong acids are formed in every 
case. Secondary or tertiary amines, bicarbonates, carbonates and acetates have been the usual bases em- 
ployed. 

Nonpolar Additions to Alkenes and Alkynes 

435.1 Vinyl Substitution with Alkyl, Aryl and Vinyl Halides 

435.1.1 Alkylation and bemyhtion of alkenes 

Alkyl halides with @-hydrogens generally undergo only elimination reactions under the conditions of 
the vinyl substitution (100 'C in the presence of an amine or other base). Exceptions are known only in 
cases where intramolecular reactions are favorable. Even alkyl halides without @-hydrogens appear not 
to participate in the intermolecular alkene substitution since no examples have been reported, with the 
exception of reactions with benzyl chloride and perfluoroalkyl iodides. 

Benzyl chloride reacts easily with methyl acrylate in the presence of tri-n-butylamine and palladium 
acetate (1 mol %) as catalyst.51 The product is a mixture of (E)-methyl 4-phenyl-3-butenoate (67%) and 
(@-methyl 4-phenyl-2-butenoate (9%), arising from elimination-addition reactions of the palladium hy- 
dride group which largely isomerize the initial elimination product. 

Several perfluoroalkyl iodides add to alkenes in the presence of 1 mol 96 of tetrakis(tri henylphos- 

hydride elimination is less favorable than substitution of the palladium by iodide in these examples. This 
is due to the reaction proceeding by an unusual radical chain mechanism (equation 17). 

phine)palladium(O) at room temperature in fair to good yields forming fluoroalkyl iodides. P Palladium 

I 
I 

r.t., 20 min 

Ph I 

r 

+ o  

Ph 
26% 41% 
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Several (N-alkeny1)iodoacetes undergo cyclization when they arc reacted with tetrakis(triphe- 
nylphosphine)palladium(O). The highest yields (which are generally only moderate) are obtained in DMF 
solution with 1,8dirnethylaminonaphthalene (Proton Sponge) to take up the hydrogen iodide f m e d .  
This reaction has been used to prepare piperidones, oxindoles, indolizidines, quinolizidines, pyrrolidines, 
indoles, quinoliness3 and pyrrolizidines (equation 18).” 

Similar reactions in which p-hydrogens are available in the presumed intermediate palladium complex 
also give cyclized products.ss Quite possibly these are radical chain reactions also, and that is why the 
hydride elimination is not observed (equation 19). 

COzEt 

(19) 
IPd(PP%)41 

HMPA, 65 ‘C, 15 min 
proton sponge I 

I 

COzPh 

o\ N dCOzEt 
COzPh 

433.13 Vinyl substitution with aryl halides 

( i )  Arylation of alkenes 
Alkene arylation has been the most-studied of the several vinyl substitution reactions. Not only is the 

reaction convenient to carry out but it is easily made catalytic in palladium, it is often quite regio- and 
stereo-specific and yields generally are good. 

(a)  Mechanism and catalyst formation. 
The many known examples of this reaction support a mechanism involving an oxidative addition of the 
aryl halide to the palladium(0) catalyst as the initial step. The catalyst actually added to the reaction mix- 
tures is often a palladium(I1) salt or complex. This must be reduced before the catalytic cycle can begin. 
Reduction usually occurs simply by heating the palladium salts with the alkene in the reaction mixture at 
about 8CL100 ‘C. The alkene is oxidized to a vinyl or allyl derivative of the anion of the salt and in the 
process the palladium is reduced. Alternatively, the catalyst may be reduced with reagents such as so- 
dium borohydride, formic acid or hydrazine. The use of an added reducing reagent sometimes allows the 
reaction to be carried out at lower temperatures than when reduction is achieved by reaction with an al- 
kene. Some aryl iodides add easily to unhindered alkenes even at room temperature when silver salts are 
added to remove the apparently inhibiting halide ion from the reaction mixture or when quaternary am- 
monium chlorides are introduced, especially if potassium carbonate is the base. In the second step of the 
reaction, the arylpalladium halide adds syn to the alkenic double bond. A final syn elimination of a hydri- 
dopalladium halide yields the arylated alkene, probably by way of an alkene wcomplex. A base must be 
added to neutralize the hydrogen halide produced by the reaction, if it is to be catalytic. The free hy- 
drogen halide appears to inactivate the palladium by keeping it in the hydridopalladium halide form. Pal- 
ladium(0) or (11) are normally tetracoordinated, but tri- and even di-coordinated complexes are known. 
Scheme 2 summarizes the proposed mechanism, presuming a dicoordinated palladium(0) complex to be 
involved in the catalytic cycle. 

RpdLzx PdLz + ArX - 

HPdLZX e HX + PdLz L = a ligand 

HX + base - salt 

Scheme 2 
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LigMds: The ligands associated with the catalyst arc a halogen anion, often added triphenyl-, or tri-o- 
tolyl-phosphim, possibly an amine, solvent, nactants or poducts. Arylphosphine ligands (two or more 
equivalents) 8 f e  generally mquircd when aryl bromides arc to be reacted, in order to keep the palladium 
metal from precipitating, while with iodides no special ligand needs to bc added. In the latter case, reac- 
tants, solvent or product(s), no doubt, function as ligands. The situation with aryl bromides is not clearly 
defined, however. In some examples at least, aryl bromide reactions proceed homogeneously without 
phosphines and with only sodium carbonate or bicarbonate as base!. In these d o n s ,  tetra-n-butylam- 
monium chloride is frequently added as a solid-liquid phase transfer agent. There is evidence that tetra- 
alkylammonium chlorides may have other beneficial effects upon palladium-catalyzed reactions than 
simply acting as phase transfer agents." The effect may be due to coordination of chloride ions with pal- 
ladium(0) keeping it in solution in catalytic reactions. The secondary amine, piperidine, is also capable 
of keeping palladium metal in solution in the absence of  phosphine^.^' 

Aryl chlorides: Aryl chlorides will substitute alkenes only under very special conditions, and then cata- 
lyst turnover numbers are generally not very high. Palladium on charcoal in the presence of triethylphos- 
phine catalyzes the reaction of chlorobenzene with styrene?* but the catalyst becomes inactive after one 
use?9 Examples employing an activated aryl chloride and highly reactive alkenes, such as acrylonitrile, 
with a palladium acetate-triphenylphosphine catalyst in DMF solution at 150 'C with sodium acetate as 
base react to the extent of only 51% or less.@ Similar results have been reported for the combination of 
chlorobenzene with styrene in DMF-water at 130 'C, using sodium acetate as the base and palladium 
acetate4iphos as a catalyst.61 Most recently, a method for reacting chlorobenzene with activated alkenes 
has been claimed where, in addition to the usual palladium dibenzilideneacetone-tri-o-tolylphosphine 
catalyst, nickel bromide and sodium iodide are added. It is proposed that an equilibrium concentration of 
iodobenzene is fonned from the chlmbenzene-sodium iodide-nickel bromide catalyst and the iodoben- 
zene then reacts in the palladium-catalyzed alkene substitution. Moderate to good yields were reported 
from reactions carried out in DMF solution at 140 oC.62 

The problem with aryl chlorides seems to be that they do not compete effectively with reactant alkenes 
or even many solvents as ligands or reactants at palladium(0). Even if the arylpalladium chloride is 
formed its equilibrium concentration under the usual reaction conditions is probably very low. 

The catalyst: The amount of catalyst required in an aryl bromide or iodide alkene substitution varies 
widely with the reactants and the reaction conditions. Most examples reported have used 1-2 mol 96 of 
palladium salt relative to the aryl halide, but much lower amounts are sufficient in some instances. In an 
extreme case, where very reactive p-nitrobromobenzene was added to the very active alkene, ethyl acry- 
late and sodium acetate was the base in DMF solution at 130 'C with a palladium acetate-tri-o-tolylphos- 
phine catalyst; in 6 h the palladium turned over 134 OOO times and ethyl p-nitrocinnamate was obtained 
in 67% ~ield.6~ 

The phosphorus ligand most often used with the palladium catalyst has been triphenyl- or tri-o-tol- 
ylphosphine. The second phosphine is more stable under the reaction conditions because it does not 
undergo the palladium-catalyzed arylation of the phosphorus as triphenylphosphine does.64 Reactions 
employing tri-o-tolyphosphine are often faster than the triphenylphosphine reactions, also. Other tri- 
arylphosphines, phosphites, trialkylphosphines and chelating diphosphines do not usually give as good 
catalysts. The molar ratio of the phosphine to the palladium is usually 2:l; however, larger amounts of 
phosphines are sometimes advantageous because this often prevents premature precipitation of the metal 
from the reaction mixtures. High concentrations of triarylphosphines are usually to be avoided, however, 
because they inhibit the reaction. 

The base: One equivalent, at least, of a base relative to the aryl halide must be present to achieve the 
alkene substitution catalytically. Most often a tertiary amine is employed. Secondary amines also appear 
to be suitable but primary amines usually are not. The base strength of the amine is important since only 
quite basic amines such as triethylamine work well. Acetate salts, carbonates and bicarbonates also are 
suitable bases but solubility may cause difficulties in some instances. The addition of a phase transfer 
agent such as a quaternary ammonium salt has often solved this problem. The inorganic bases, of course, 
may cause other problems such as ester hydrolysis, aldol condensations and other undesired side re- 
actions. 

Solvent and temperature: The alkene substitution may be carried out in a variety of solvents or without 
an added solvent if the reactants form a homogeneous solution. DMF and acetonitrile are the most popu- 
lar solvents but DMSO, HMPA, THF and methanol have also been used. 

Reaction temperatures range from room temperature to about 140 'C. Higher temperatures generally 
cause premature precipitation of the palladium and at lower temperatures than about 20 "C reactions are 
usually very slow. 
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(b) Regio- and stereo-chemistry. 
The regiochemistry of the alkene substitution reaction is primarily controlled by steric factors in noncy- 
clic cases. The aryl group of the organopalladium halide adds preferentially to the least-substituted al- 
kenic carbon. There is a secondary electronic influence which directs the aryl group to the most electron 
deficient vinyl carbon. Thus, a$-unsaturated carbonyl compounds usually react quite selectively at the 
@carbon, while terminal alkenes yield about 80:20 mixtures of 1- and 2-arylated alkenes in the absence 
of major steric influences. The regiochemistry is only slightly influenced by the substituents on the aryl 
halide. Aryl bromides and iodides give similar reaction mixtures and the substituents in any phosphines 
used with the catalyst have little influence on the regiochemistry of the reaction. Iodides are much more 
reactive than bromides in the substitution in the absence of phosphines, but the factor is usually less than 
about 10 when phosphines are present. 

Isomeric alkene mixtures are often obtained in the alkene substitution reaction when different hy- 
drogen atoms are available for the final elimination step. The factors controlling the direction of elimina- 
tion are obscure. It is clear that a syn palladium hydride elimination is much preferred over an anti 
elimination. In the arylation of cyclic alkenes, therefore, allylically arylated compounds are major pro- 
ducts. Rearrangements of the allylic isomers to 4-aryl-1-cycloalkenes also occur often, presumably be- 
cause the neighboring hydrogen atoms are relatively favorably placed for multiple palladium hydride 
elimination-readdition sequences. This isomerization may be prevented by performing the reactions at 
the lowest possible temperatures and by employing either potassium acetate6s or silver carbonateM as the 
base. The acetate anion or silver cation presumably decompose the intermediate product/hydridopalla- 
dium iodide complex before it has time to readd to the double bond and cause isomerization. Reactions 
of noncyclic alkenes generally do not yield rearranged arylated alkenes. In general, the conjugated al- 
kenes are favored in these cases with the (E)-isomer as the main or sole product, if there is a choice. The 
stereochemistry of the products is determined by the syn addition-syn elimination mechanism. However, 
more or less equilibration may occur by multiple hydride addition-elimination steps if the reaction con- 
ditions cannot be kept mild enough (equation 20):' 

Pd(OAc)t, PPh3 
PhI + 7 + Et3N * 

60 "C, 142 h Ph 

/=( + /=(" + ph)= 
Ph Ph Ph Ph 

80% 15% 5% 

(c)  Intermolecular reactions. 
The alkene arylation reaction is tolerant of a wide variety of substituents.lb A partial listing of substi- 
tuents which may be on the aromatic halide includes: carboxy, alkoxycarbonyl, formyl, nitrile, methyl- 
thio, alkyl, nitro, hydroxy, alkoxy, acetoxy, amino, dimethylamino, acetamido, aminocarbonyl, chloro, 
hifluoromethyl, acyl and methylenedioxy. These substituents may be in the 0-, m- or p-position and more 
than one or a combination may be present. A strong chelating effect of an 0-carboxy group inhibits re- 
actions of o-bromobenzoic acid but the methyl ester reacts normally.68 It should be noted that free car- 
boxy groups are not actually tolerated by the reaction since they are acidic, but an extra equivalent of 
base should be present to neutralize the acid and achieve catalytic reaction. Of course, if the reacting hal- 
ogen group is hindered the reaction rate will decrease, but even 2,5-diisopropylbromobenzene reacts nor- 
mally at 125 oC.68 As noted above, aryl halides with strongly electron-supplying substituents often do not 
undergo the substitution reaction in high yield. The use of tri-o-tolylphosphine with these halides elimi- 
nates the phosphine quatemization problemu but product palladation and oxidation, as well as dehaloge- 
nation of the aromatic reactant, are other problems that may be encountered. 

Very few examples of vinyl substitution with polynuclear aromatic halides have been reported but in- 
dications are that they generally react like the halobenzenes. 

Essentially the same substituents as listed above may be present in the alkene being substituted, with 
the possible exception of chloro, alkoxy and acetoxy groups on vinyl or allyl carbons. These groups, es- 
pecially chloro, may be lost or partially lost with palladium when the final elimination step occurs. For 
example, vinyl acetate, iodobenzene and triethylamine with a palladium acetate-triphenylphosphine 
catalyst at 100 'C form mainly (@-stilbene, presumably via phenylation of styrene formed in the first 
arylation step (equation 21).6? 
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52% 10% 

Trimethylsilyl groups also may be lost from vinylic or allylic positions in the arylation reaction?o 
Halide ion facilitates the desilylation as well as the loss of alkoxy and acetoxy groups. Inclusion of sol- 
uble silver salts in reactions where trimethylsilyl groups are lost prevents this reaction.7o The reaction in 
the absence of silver ion is useful for preparing styrene derivatives. However, they also may be prepared 
directly from aryl halides and ethylene in fair to good yields." 
The large difference in reactivity between aryl iodides and bromides in the absence of phosphines 

allows the iodo group to be reacted in the presence of a bromo group in the same molecule. Subsequently 
the bromide may be reacted with another alkene if a phosphine is added.n Aryl cbloride groups are 
usually inert in the presence of bromo or iodo substituents. 

Numerous methods for forming heterocycles and carbocycles by means of the alkene substitution re 
action have been published. There are a few examples of direct intermolecular ring-forming reactions. 0- 
Iodoaniline and dimethyl maleate, for example, form 4-methoxycarbonyl-2quinolone in 71% yield 
(equation 22).73 As a result of the syn addition of the organopalladium complex and the syn hydride 
elimination, the cis ester (maleate) yields the correct stereoisomer for cyclization. However, the ?runs 
ester, dimethyl fumarate, also gives the quinolone but only in 47% yield. Isomerization must be occur- 
ring at some stage of the reaction. 

Pd(0Ach m + Et3N D 

Me02C C02Me loo 'C 
"2 

C02Me C02Me 

[&FO2MJ a H I 0 

71 8 

Further examples of the vinyl substitution reaction with aryl halides are given in Table 1. 

(d)  Intramolecular reactions. 
Intramolecular vinyl substitutions are commonly used to form cyclic products. In a typical reaction, B-h- 
doleacetic acid has been prepared in up to 43% yield from an o-bromoaniline derivative, as shown in 
equation (23).74 

Pd(OAck, PPh3 
c 

Me$-m% 125 'C, 5 h 
af@ I + 

C0,Me 

Cyclizations occur with secondary amine derivatives, also. N-Allyl-o-iodoaniline produces 3-methyl- 
indole, for example, in high yield at 25 'C using sodium catbonate as the base with tetrabutylammonium 
chloride in DMF solution (equation Similar procedures have been applied to the synthesis of in- 
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dolines, oxindoles, quinolines, isoquinolines and isoq~inolones.~~ Some N-vinyl-o-bromoaniline deriva- 
tives cyclize to substituted indoles, also.76 

Similar reactions with 3-(o-bromoarylamino)yclohexenones yield carbazole derivatives.n Spim- 
pyrrolidinones are obtained from N-(cyclohexylcarbonyl)+-iodoaniline derivatives.66 The use of silver 
nitrate in reactions significantly reduces the amount of double-bond isomerization observed. This system 
is useful for preparing six- and seven-membered ring analogs, also. Even quaternary centers can be 

Table 1 Palladium-catalysed Arylations with Aryl Halides 

Aryl halide Alkene Product Yield (%) Ref. 

Br // 

Br 

CHO 

PhI 

I Q I 

PhBr 

e C N  

0 
Ph- 

I 

HO bm2 Ph- 

& \ 

OBr 6 \ 

CHO 

Ph 

78 

12 71 

79 63 

72 73 

p 
HO 5””’ 

23 

23 73 

50 68 
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Table 1 (continued) 

Aryl halide Alkene Product Yield (%) RI$ 

Br 
I 

52 73 

H H 
I 

Pd(OAc)z, B u " ~  NCl 

aTk DMF, 25 OC, 24 h 
97% 

Na2C03 

formed from tetrasubstituted double bonds. Carbocycles am formed by an analogous procedure (equation 
25).66v78 In this example, silver carbonate functions as both a base and a precipitant for the halogen to 
minimize double-bond isomerization. Another variation of this reaction permits the synthesis of bridged 
ring systems (equation 26).66 Other polynuclear systems have been prepared with the potassium carbon- 
ate-tetra-n-butylammonium chloride phase transfer ~ystem.7~ 

+ AgZC03 Pd(OAc)z, PPhj 9 & (25) 
MeCN, 30 h, 23 OC 

86% H 

Some success has been achieved in the tandem formation of two rings when two double bonds am a p  
propriately situated on an ortho side chain of iodobenzene (equation 27).80 

Pd(OAch, PPh3 

MeCN, r.t., 3 h 
86% 

\ \ + Ag2C03 

( i i )  Arylation of allylic and other unsaturated alcohols 
Vinyl substitution of primary or secondary allylic alcohols with aryl halides usually produces 3-aryl al- 

dehydes or ketones, respectively. The reaction is believed to involve an addition of the intermediate 
arylpalladium halide to the double bond, placing the aryl group mainly on the more distant carbon from 
the hydroxy group, followed by palladium hydride elimination, a reverse readdition and another elimina- 
tion with a hydrogen atom on the carbon bearing the hydroxy group. The product is probably a wcom- 
plex of the enol which ultimately either dissociates or collapses to a a-complex with palladium on the 



Vinyl Substitutions with Organopalladiwn Intermediates 849 

carbon bearing the hydroxy group. In the latter case, palladium hydride elimination with the hydroxy hy- 
drogen will yield the carbonyl product (Scheme 3). The procedure for this reaction is the same as that for 
the vinyl substitution of simple alkenes. Triethylamine, sodium bicarbonate or potassium carbonate are 
the usual bases employed. When the products are aldehydes with two a-hydrogens potassium carbonate 
may cause aldol condensations, so it probably should be avoided in these cases. 

Mixtures of regioisomers are frequently obtained in these reactions.80 The problem is most serious 
with primary allylic alcohols without a- or P-substituents. Even the 2-arylated products generally rear- 
range to saturated aldehydes. Allyl alcohol itself, when reacted with iodobenzene and triethylamine, with 
palladium acetate as catalyst, for example, produces a 7 1% yield of an 84: 16 mixture of 3-phenyl- and 2- 
phenyl-propanal (equation 28). 

ArX + PdL2 - h P & X  

A r T O H  - -L 
ArPdL2X + +OH - 

P d b X  

HPdLzX - HX + PdL2 

Scheme 3 

ph 
Pd(0Ach 

0.5 h, 100 "C 
-OH + PhI + Et3N * Ph- CHo + A,,, (28) 

Allylic alcohols also may be arylated in N-methylpymlidinone or DMF solution with sodium 
bicarbonate as the base.8' The use of this base improves the yields of aldehydes obtained compared with 
tertiary amine bases in the case of aryl bromides with electron-withdrawing substituents, where reduction 
to an arene is sometimes a problem, 

(iii) Arylation of dienes and trienes 

(a)  Arylation with elimination. 
As noted in Section 4.3.4.1.3, organopalladium halides add to conjugated (and some nonconjugated) 
dienes to give isolable mdlylpalladium halide dimers at room temperature. At higher temperatures (100 
'C) some of these complexes are stable and some eliminate palladium hydride to form dienes. The 
elimination does not appear to be base catalyzed since the presence of tertiary amines has little effect 
upon the reaction. The elimination is most facile in cases where three or more conjugated double bonds 
are formed in the reaction. Thus, arylated dienes may be prepared catalytically by the reaction of aryl 
halides with conjugated dienes, a tertiary amine and a palladium catalyst at about 100 'C (equation 29).82 
The reaction proceeds in better yield if an additional conjugating group such as a carboxy group is in the 
diene. Vinyl substitution generally takes place at the least-substituted end of the diene system. 1.3- 
Butadiene may be diarylated easily. In fact, l-phenyl-l,3-butadiene is more reactive than butadiene itself 
in the reaction. With a 1:2 ratio of butadiene to iodobenzene only 2% l-phenyl-l,3-butadiene is formed 
along with 43% 1 ,4-diphenyl- 1,3-butadiene, while if the ratio is 2.5: 1 only l-phenyl- and 1 ,Cdiphenyl- 
1,3-butadiene are obtained in 24% and 34% yields, respe~tively.~~ In this reaction it is necessary to use 
10 mol % palladium acetate and 20 mol % of tri-o-tolylphosphine as catalyst, since the reaction is very 
slow with the usual 1-2 mol 9%. Aryl halides with strongly electron-withdrawing substituents react with 
dienes much more readily and require only 1-2 mol % catalyst. They yield only 1,4-diarylated products 
even with a diene to aryl halide ratio of only 2: 1. Butadiene yields products with trans double bonds 
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while mixtures of isomers may be obtained from substituted butadienes. The phenylation of ( 0 3 -  
methyl-1 -phenyl-l,3-butadiem, for example, yields 37% ( E a -  and 9% (E,Z)-l,4diphenylisoprene. 

I 

Pd(OAC)z, PPh3 

18 h. 100 OC 
52% 

6 + 7 + Et3N 

1,3,5Hexatriene may be arylated similarly to 1,3-butadiene. Iodobenzene and aryl halides with elec- 
tron-donating substituents require more catalyst (as in the butadiene reactions) than aryl halides with 
electron-withdrawing substituents to give 1.6-diarylated hexatrienes in a reasonable time. 

(b)  Arylation with substitution. 
.rr-Allylpalladium complexes are well known to undergo nucleophilic attack at the terminal n-allylic car- 
bons. This reaction sometimes can be coupled with the catalytic vinyl substitution reaction of conjugated 
dienes. In these cases the nucleophile attacks the intermediate n-allylic complex forming the allylated 
nucleophile, and the catalyst is recycled. This variation is successful even with simple dienes not pos- 
sessing conjugating substituents which sometimes fail to react in good yield in the usual diene substitu- 
tion reaction. 

The reaction proceeds well with unhindered secondary amines as both nucleophiles and bases. The 
yield of allylic amine formed depends upon how easily palladium hydride elimination occurs from the 
intermediate. In cases such as the phenylation of 2,4-pentadienoic acid, elimination is very facile and no 
allylic amines are formed with secondary amine nucleophiles, while phenylation of isoprene in the 
presence of piperidine gives 29% phenylated diene and 69% phenylated allylic amine (equation 30)." 
Arylation occurs at the least-substituted and least-hindered terminal diene carbon and the amine attacks 
the least-hindered terminal  allyl carbon. If one of the terminal T-allyl carbons is substituted with two 
methyl groups, however, then amine substitution takes place at this carbon. The reasons for this unex- 
pected result are not clear but perhaps the intermediate reacts in a u- rather than a T-form and the tertiary 
center is more accessible to the nucleophile. Primary amines have been used in this reaction also, but 
yields are only low to moderate?5 A cyclic version occurs with o-iodoaniline and is0prene.8~ 

H 
I 

Pd(OAC)z, P(0-t0lyl)3 
c PhBr + 7 i- 0 

100 O C ,  48 h 

29% 69% 

Other nucleophiles than amines which have been employed in the reaction are malononitrile and 
cyanoacetic ester anions. Both of these anions undergo a preliminary reaction with the aryl halide to 
form the C-aryl derivatives before they attack the T-allylpalladium intermediate, so that diarylated pro- 
ducts are formed (equation 31).86 Phenylmalononitrile anion reacts with iodobenzene and butadiene to 
give the same product in 70% yield. 

62% 
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435.1 3 Vinyl substitdon with heterncyclic W e s  

A variety of N-, 0- and S-heterocyclic halides have been found to undergo the palladiumcatalyzed al- 
kene substitution reaction. Halogen derivatives of furan, thiophene, pyridine, pyrazine, uracil, indole, 
quinoline and isoquinoline, for example, undergo the reaction. Iodofermcene also reacts normally. 

435.1.4 Vinyl substitution with vinyl halides 

(i) Alkene reactions 

(a) Variations and mechanism. 
Alkenes generally are believed to react with viny.@ladium halides to form n-allylpalladium halide di- 
mers.*' This reaction also is proposed to occur in the vinylation of alkenes with vinyl halides and a palla- 
dium catalyst. The stability of the n-allylic complexes varies greatly with structure. In the vinylation 
reaction, if the thermal decomposition of the n-allylic intermediate to diene takes place easily, a useful 
catalytic diene synthesis occurs. In other cases the reaction may occur only very slowly or not at all. As 
described in Section 4.3.5.1.2.iii. the decomposition (elimination of palladium hydride) takes place easily 
when the diene formed in the reaction will have one or more additional groups conjugated with it, such 
as an aromatic ring or a carbonyl group. In other cases, the n-allylic complex may be decomposed by nu- 
cleophilic substitution analogously to the diene arylation reactions (Section 4.3.5. l .2.iii) and catalytic re- 
actions are produced. Unhindered secondary amines have usually been employed as the nucleophile and 
the base in these reactions, in which case allylic amines are the products. Even in reactions where de- 
composition of the w-allylic complex occurs thermally, inclusion of a secondary amine in the reaction 
mixture often leads to the formation of allylic amines as major products. The n-allylpalladium com- 
plexes formed under conditions giving catalytic reactions usually undergo equilibration of syn and anti 
isomers through a-allylpalladium derviatives and the stereochemistry of the starting vinyl halide or al- 
kene is not retained in the products. Generally, (EJ)-dienes or @)-allylic amines are the products of this 
reaction. However, it is sometimes possible to intercept the initial palladium hydride-diene complex be- 
fore it forms a n-allylic complex. Conducting the reactions at as low a temperature as possible increases 
the stereoselectivity, as does addition of triarylphosphines even at higher temperatures. Under favorable 
conditions the stereochemistry of the diene should be the same as that of the vinyl halide at one double 
bond and reflect the syn addition-syn elimination mechanism at the other. The reactions believed to be 
involved in the vinyl substitution with vinyl halides are summarized in Scheme 4. The scheme is shown 
with several substituents present but it should be remembered that, like other vinyl substitution reactions, 
steric effects are quite important and too many or too large substituents can inhibit the reaction or even 
prevent it entirely. 

Scheme 4 
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(b) Intermolecular reactions. 
Vinyl iodides are considerably more reactive than bromides in the vinylations. It may be presumed that 
chlorides are not generally useful, with one exception noted below, since they have not been employed in 
the reaction. The bromides are usually reacted with a palladium acetate-4iphenyl- or tri-0-tolyl-pb 
phine catalyst at about 100 'C. The reaction will occur without the phosphine if a secondary amine is 
present. Vinyl iodides will react in the absence of a phosphine even with only a tertiary amine pres- 
ent."837 The iodides are so reactive, in fact, that reactions occur even at room temperature if potassium 
carbonate is the base and tetra-n-butylammonium chloride is used as phase transfer agent in DMF solu- 
tion when palladium acetate is the catalyst.88 

The regiochemistry of the vinylation is quite structure dependent. Additions to alkenes with strongly 
electron-withdrawing substituents on one of the double-bond carbons causes addition of the vinyl group, 
regardless of structure, to the other double-bond carbon, in the absence of large steric effects. Additions 
to 1-alkenes and other alkenes with electrondonating substituents at the double bond may give mixtures 
of regioisomers. Vinyl bromide itself and 2-bromo-1-propene (and very probably other 2-bromo-l-al- 
kenes) add quite selectively to the terminal carbon of 1-hexene. 2-Alkyl-1-bromo-1-alkenes usually yield 
mixtures. Stereospecific vinylations of alkenes only have been reported for a,&unsaturated carbonyl 
compounds. If vinyl bromides arc used, elevated temperatures are needed and the bromide or the diene 
product may isomerize under the reaction conditions. Stereospecific reactions have been obtained with 
the 1 -iodo-1 -hexenes at low temperatures (1 8-27 'C) using the phase transfer DMF procedure mentioned 
above. Under these conditions even acrolein and methyl vinyl ketone, as well as methyl acrylate, give 
better than 95% stereospecific reactions with the 1-iodo-1-hexenes (equation 32).88 

Pd(OAC)7, Bu"4NCI - 
DMF. 18 'C, 5 h 

A* + &CHO + KZCO3 

CHO 

+ -  / CHO 

89% 1% 

2-Chlorotropone, apparently, is the only example of a vinyl-type chloride which is known to undergo 
the substitution reaction. This chloride and styrene with triethylamine gives a 25% yield of 2-styryltto- 
pone (equation 33).89 

[Pd(PPh3)41 

THF, 100 "C, 20 h 
+ ph/\\ + Et3N 

Vinyl substitutions on alkenes not having their double bonds conjugated with carbonyl groups often 
proceed more rapidly and give better product yields when the reactions are conducted in the presence of 
an unhindered secondary amine. Conjugated and nonconjugated dienes are usually only minor products 
in these cases. The major products normally are allylic amines obtained by nucleophilic attack of the sec- 
ondary amine upon the a-allylpalladium intermediates. Since allylic amines may be quatemized and sub- 
jected to the Hoffmann elimination, this is a two-step alternative to the direct vinyl substitution 
reacti0n.m 

As expected from the results obtained in the arylation of dienes with secondary amines (Section 
4.4.5.1.2.iii). the amine attacks the least-substituted (hindered) end of the a-allylic group. An exception 
to this behavior occurs in these reactions as it did in the diene arylation case where there are two methyl 
substituents on one terminal allylic carbon, in which case the amine attacks this tertiary carbon (equation 
34).s7 If groups larger than methyls are present on one terminal allylic carbon, steric hindrance to attack 
at that carbon causes reaction at the other end of the allyl system. 

Reactions of vinyl halides with acrolein acetals and secondary amines lead to the formation of minor 
amounts of dienal acetals and major amounts of aminoenal acetals (equation 35)?j The diene product re- 
tains the sterochemistry in the vinyl halide while the aminoenal acetal loses it through equilibration of 
the a-allylpalladium intermediate. 
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13% 15% 
0 

31% 

H 
Pd(0Ac)z. P(o-tolyl)3 I 

L 

100 "C, 8 h /-7Br + -OMe OMe + 0 

22% 73% 

(c)  Intramolecular reactions. 
Several bromodienes have been cyclized by use of the palladium-tri-o-tolylphosphine catalyst with a 
secondary amine as nucleophile and base. The regiochemistry of the substitution may be different from 
the intermolecular cases. For example, (a- 1-bromo-1 5hexadiene and piperidine form exclusively five- 
membered rather than six-membered ring products as might have been expected since they would arise 
from vinylation at the least-substituted double-bond carbon (equation 36).91 It is surprising that even 9% 
of the very hindered N-tertiary alkylamine is formed in this example. The ratio of products obtained 
varies significantly with solvent. In benzene solution, for example, the yield of the tertiary alkylamine is 
29% and the allylic isomer is 50%. Ring closure is not observed with 2-bromo-1.5-hexadiene and only 
polymers are formed. Six-membered ring products are obtained from 2-bromo-1.7-octadiene. along with 
a minor amount of a five-membered ring product (equation 37). In the absence of acetonitrile, the re- 
action in equation (37) gives a much lower yield (28%) of the six-membered ring amine. The origin of 
the five-membered ring product is not clear but it is proposed to be formed by a double-bond shift in the 
intermediate palladium complex followed by ring closure. An attempt to form a seven- or eight-mem- 
bered ring from 2-bromo-1 ,8-nonadiene and piperdine gave only 8% of the seven-membered ring amine 

+ 

68% 

Pd(OAc)z, P(O-tOlyl)3 - 
M e a .  100 "C. 2 h 

9% 
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and 4% of the m g e d  six-membered ring amine. The reaction, therefore, in the carbocyclic series ap 
pears to be useful for forming only five- and possibly six-membered rings. 

Br 

H 
Pd(0Ac)z. P(etolyl)3 I 

D + o  MeCN, 100 OC. 8 h 

8% 10% 12% 6% 

Further examples of the formation of carbocyclic and carbopolycyclic compounds from (2)-vinyl 
iodides with triethylamine as base have been reported and as noted in the related bromide reactions, 
double-bond isomerization is commonly observed.92 

The same reactions, canied out with potassium carbonate as base in place of a secondary amine, yield 
exocyclic dienes in good yield, although double-bond isomerization sometimes occurs (equation 38)P3 
Inclusion of tetra-n-butylammonium chloride in the reaction mixture stops the double-bond isomeriza- 
tion. Thus, the reaction in equation (38) with the chloride yields only the bis(exomethy1ene) product in 
45% yield in a slow reaction. Some N- and 0-heterocyclic products, also, have been prepad by the in- 
tramolecular vinyl substitution reaction.% A 16-membered ring lactone was made by the ring closure of a 
vinylic iodide group with a vinyl ketone group. The yield, based upon the reactant, was 55% but a stoi- 
chiometric amount of bis(acetonitri1e)palladium dichloride was employed. The ‘catalyst’ was preredud 
with formic acid so that the reaction proceeded at 25 ‘C (equation 39)?5 

F’d(OAc)2, PPh3, MeCN 
* 

30 O C ,  3.5 h 
+ K2C03 

EtO2C CO2Et 

EtO2C YPh CO2Et + EtO2C YPh C 4 E I  

24% 

[PdCl~(MecN)~l, HC02H 

McCN, 25 OC, 1 1  h 
+ Et,N 

55% 

(ii) Allylic alcohols ana‘ allylic amines 
Vinylation of allylic alcohols with only a tertiary amine as base is often a very slow reaction in which 

product (if any) decomposition may be a serious side reaction. Exceptions to this behavior occur when p- 
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halo-a,p-unsaturated esters (and other p-halo-a,p-unsaturated carbonyl compounds and nitriles if they 
are stable under the reaction conditions) are mted with allylic alcohols. The presence of the conjugat- 
ing substituent in the adduct is usually necessary to facilitate the hydridopalladium halide elimination. In 
most other cases, at least part of the reaction proceeds by way of a wallylpalladium complex and these 
complexes with the f3-hydroxy substituents are often unusually stable, probably as a result of coordina- 
tion of the hydroxy group with the palladium. In these cases, the reactions proceed easily if a nucleo- 
philic secondary amine is added to decompose the intermediate p-allylic complexes to amino enols. 
Usually, hydridopalladium halide elimination from the initial vinylpalladium adduct with the allylic alco- 
hol takes place in both possible directions and two products are formed. Elimination of the hydrogen 
atom on the carbon bearing the hydroxy group leads to formation of an enone, while elimination in the 
other direction gives a conjugated diene mcomplex which usually goes on to a wallylpalladium com- 
plex and finally reacts with the amine to yield an amino enol. The mechanism proposed is illustrated in 
Scheme 5 with the reaction between 2-bromopropene and 3-buten-2-01. where only one regioisomer is 
famed.% 

I -L 

Scheme 5 

(iii) Dienes and trienes 
Vinylation of dienes in the presence of piperidine or morpholine yields aminodienes as major pro- 

ducts. Sometimes trienes are minor products. The reaction is believed to proceed by way of a Ir-allylpal- 
ladium complex formed by addition of the vinylpalladium halide to the least-substituted diene double 
bond. Nucleophilic attack of the amine upon the r-allylic complex gives the aminodienes, while hydri- 
dopalladium halide elimination yields trienes (Scheme 6)?’ 

Scheme 6 
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Stgeochanistxy is largely lost in the d i m  vinylation, at least at 100 'C, as evidenced by the reaction 
of (Z,E)-3-methyl-2,4-ptadienoic acid shown in equation (40). 

16% 39% 

Many conjugated dienes react twice with methyl 3-bromo-2-propenoate and triethylamine, making this 
procedure convenient for preparing a variety of dimethyl 2,4,6,8decatetraenedi~tesdioates.9~ 1,3,5-Hexatriene 
and its substituted derivatives undergo vinylation also, to form tetmenes and pentaenes in low yields.83 

435.2 Vinyl Substitutions with Aryldiazonium Salts and Arylamines 

Aryldiazonium salts react with bis(dibenzy1ideneacetone)palladium to form arylpalladium salts and ni- 
trogen. Therefore, diazonium salts may be employed to catalytically arylate alkenes under mild condi- 
tions. Since many aryl halides are made from diazonium salts this variation could even be more 
convenient than using aryl halides. The reaction proceeds in good to excellent yields in nonaqueous sol- 
vents, using sodium acetate as the base at room temperature with terminal alkenes and cyclopentene.w 
Internal alkenes usually give poor yields, however. 

Palladium(I1) salts apparently oxidize arylamines to arylpalladium salts since alkenes are arylated by 
reaction with only an ammatic amine and a palladium salt. However, yields are generally low.'O0 Much 
better yields are obtained if t-butyl nitrite is added and, of course, this forms the diazonium salt in situ. 
This not only saves a step but some diazonium salts which are too unstable to be isolated may be used as 
well. The reactions are canied out in the presence of acetic or chloroacetic acid with 5-1096 bis(di- 
benzy1ideneacetone)palladium as catalyst (equation 41). IO1 6 

NO2 

4353 

[Pd(dba)z], AcOH *+I 
C I C H 2 a H ,  50 OC, 0.5 h \ 

02N 

+ 6 + Bu'ONO 

79% 

'inyl Substitutions with Carboxylic Acid Halides, Aryl Sulfinates and Arylsulfonj 
Chlorides 

4353.1 Vinyl acylation 

Carboxylic acid chlorides and chloroformate esters add to tetrakis(triphenylphosphine)palladium(O) to 
form acylpalladium derivatives (equation 42). lo2 On heating, the acylpalladium complexes can lose car- 
bon monoxide (reversibly). Attempts to employ acid halides in vinylic acylations, therefore, often result 
in obtaining decarbonylated products (see below). However, there are some exceptions. Acylation may 
occur when the alkenes are highly reactive and/or in cases where the acylpalladium complexes are resis- 
tant to decarbonylation and in situations where intramolecular reactions can fonn five-membered rings. 

MeCOCl + [Pd(F'Ph3)4] - [MeCOPd(PPh3)2Cll + 2PPh3 (42) 
25 O C  

PhH 
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Vinyl ethers yield acylated vinyl ethers when they are reacted with aroyl chlorides or 3-thienylaubo- 
nyl chloride, triethylamine and a palladium acetate catalyst at 60-70 'C (equation 43).lo3 The products of 
this reaction are useful 1.3-dicarbonyl equivalents. At higher temperatures the reaction yields arylated 
vinyl ethers. It is interesting that the acylations of vinyl ethers are regioselective while the direct aryla- 
tions are usually not.'@' 

0 

Homoallyl chlorofomtes cyclize catalytically to a-methylene-y-butyrolactones in moderate yields at 
130 'C with tetrakis(triphenylphosphine)palladium(O) (equation 44).lo5 This reaction only gives 1-2% of 
product when it is carried out intermolecularly. The presumed intermediate in the homoallyl chlorofor- 
mate cyclization has been isolated and kinetic measurements show that that c clization is inhibited by an 
excess of triphenylphosphine. A chelated walkene intermediate is proposed. I& 

(44) 
* 

[Pd(PPh3k19 PPh3 

xylene, 130 O C ,  16 h 
Buny + N d C 0 3  

0 O K C '  58% 
0 

Since vinylic iodides (and bromides) can be catalytically carbonylated with a palladium catalyst, inter- 
molecular acylations sometimes can be carried out with appropriate halodienes and carbon monoxide as, 
for example, is shown in equation (45).lo7 

[Pd(PPhs)al, 'I'W -d/ + CO + Et3N 60 "C, 18 h, 1.1 atm, 51 7% 

43.53.2 Atylation with carboxylic acid chlorides 

Aromatic acid chlorides are decarbonylated to aryl chlorides when they are heated to 3 W 3 0  'C with 
palladium on carbon. The reaction proceeds by way of an aroylpalladium chloride, then to an arylpalla- 
dium chloride and finally through a reductive elimination to the aryl chloride. If the reaction is conducted 
in the presence of a reactive alkene under mild conditions the aroylpalladium chloride intermediate will 
sometimes acylate the alkene, as noted in Section 4.3.5.3.1. More usually, however, decarboxylation is 
more rapid than acylation, especially at higher temperatures (>lo0 T), and decarbonylation occurs. The 

toluene, 10 a m  

100 O C ,  4 h, 48% M e 0  
$' + H,C=CH, + 

M e 0  

C o c l  I fNMe, 
Pd(0Ac)i - 0 + f i C N  + 0 130 O C ,  25 h, 

70% 
Br 

[ P d ( O A c k ~ - t o l ~ l h  t21 
NaOAc, C0,Et 

DMF, 130 "C, 3.5 h 
* 

Br 75% 
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arylpalladium chloride formed is relatively stable and usually will arylate the alkene. Many examples of 
this reaction are known (equation 46). ?he reaction only appears to go well with ethylene, styrene, vinyl 
ethers and a,@-unsaturated carbonyl compounds and nitriles. Since aromatic carboxylic acid chlorides 
are often more readily available than the corresponding aryl bromides or iodides this variation will be 
useful for some syntheses. Bromobenzoyl chlorides give aryl bromides as products which can be used in 
a subsequent vinyl substitution (equation 47).l" 

4 . 3 5 3 3  Aryhtion with su&nate salts and swonyl chlorides 

Sodium arylsulfinates and palladium salts react to form arylpalladium salts and sulfur dioxide. When 
carried out in the presence of some dienes, stable organopalladium complexes have been obtained. For 
example, 1.5cyc1ooctadiene and sodium p-toluenesulfinate with palladium chloride yields the o,n-com- 
plex shown in equation (48).lm 

SO2Na 

MeOH 

'/ 2 

Arylsulfonyl chlorides react similarly with palladium(0) catalysts, producing sulfur dioxide and 
arylpalladium chlorides. In the presence of activated alkenes, the combination forms arylated alkenes in 
modest yields (equation 49).lI0 

Pd(OAc)z, xylene 
? 

+ + 130°C.8h * 6 c1 48% 

rcoa + so2 
c1 

(49) 

435.4 Vinyl Substitution with Triflate Esters and Related Esters 

43.5.4.1 Aryhtion with aryl t rams 

Only a few examples of vinyl substitution with aryl fluorosulfonate esters have been reported but the 
reaction will surely turn out to be general.lll A tetrafluoroethoxytetrafluorocthanesulfonate ester was 
used in the example shown in equation (50) 

OSO2CF2CF2OCF2CF2H A u OMe 

b OMe 
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43.5.4.2 Vinylation with enol +es 

Many examples of the vinylation of alkenes with enol triflates have been reported. In general, the re- 
actions proceed in good yields under similar conditions to the vinyl iodide vinylations. Most examples 
have been carried out in DMF solution with triethylamine as base at 60-75 'C. At these temperatures re- 
duction of the palladium(II)-triphenylphosphine catalyst is sometimes slow and the use of tetrakis(tri- 
phenylphosphine)palladium(O) is preferred. The reaction appears to be relatively tolerant of steric 
congestion around the triflate group since 2,5,5-trimethyl-l-cyclopentenyl triflate reacts easily in good 
yields. The stereochemistry of the vinyl triflate is largely retained in the reaction while the second double 
bond of the product should have sterochemistry resulting from a syn addition of the vinylpalladium deri- 
vative followed by syn elimination of the palladium hydride group, although no reactions with 1,2disub- 
stituted alkenes have been reported to confirm this prediction. This reaction appears to be a very useful 
variation of the vinyl substitution since yields are generally good and the vinyl triflates are easily avail- 
able from ketones and trifluoromethanesulfonic anhydride. Examples of the reaction are shown in equa- 
tion (51) and Table 2. 



m 

Table 2 Vinvl Substitution with Vinvl Triflates 

T r w e  AIkem catalyst Product Yield(%) R d .  

TfD JdP 
Bun 

Me02C &' \ 

C02Me 
I 

Bun Jun 
Bun 

Bun f 

77 

82 

112 

r 

5 112 



Table 2 (continued) 

Product Yield (96) Rt$ Trijlate Alkene catalyst 

Arnf 
Bun Bun 

But Drnf 
m 

&CO2Me 

e C H 0  

0 

C02Me 

Bun dun 
But /o" cHo 

24 

86 

88 

83 

l I 2  3 
Y 

0 

1 z 
113 E 

I' [ 
113 t 2 
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4.4.1 INTRODUCTION 

Reactions which result in the addition of the carbon-metal bond of an organometallic (1) across a 
carbon-carbon multiple bond (2) leading to a new organometallic (3) are called cadxmetallation re- 
actions (equation Only those reactions in which the newly f o d  cahon-mtal bond of (3) can be 
used for further synthetic transformations will be considered here. Since the first carbometallation dis- 
covered by Ziegler and B M  in 1927 (equation 2), an ever-increasing number of additions of organome- 
tallics to carbon4arbon multiple bonds have been reported? To be synthetically useful, a 
carbometallation reaction must show good chemo-, regio- and stereo-selectivity. 

R-M + C E C  ___) R-CzC-M (1) 

(1) (2) (3) 

A- K+ (2) 
Ph 

+ PhMe2C- K+ - 
Ph P h P h  

Most organometallics which undergo additions to carbon-carbon bonds are polar reagents and they 
may react with several functional groups before they add to a relatively nonpolar carbon-carbon multiple 
bond. In practice, only a limited number of functional groups of low reactivity (such as ethers, sulfides, 
acetals, hydroxy and amino groups) can be present in the unsaturated organic substrate submitted to a 
carbometallation. Organometallics can also act as bases, especially organolithium and organomagnesium 
derivatives, abstracting acidic allylic, propargylic or alkynic protons. The deprotonation of terminal al- 
kynes, instead of their carbometallation, is a common side rea~tion.~ Furthennore, the addition of an or- 
ganometallic (1) to a multiple bond (2) affords a new organometallic compound (3; Scheme l), which 
can participate in a subsequent carbometallation if its reactivity is too similar to that of (1). In this case, a 
polymerization of the unsaturated substrate will result. In order to realize a controlled monoaddition, the 
carbometallation ability of (1) must be higher than that of (3). In the case of an intramolecular carbome- 
tallation, this does not necessarily have to be true because the entropy effect will favor the monoaddition 
even if the starting organometallic and the product have similar reactivities. 

. .. . . .. R ++ -- R-M + . - -  ___) .) 

M 
(1) (3) 

Scheme 1 

The carbometallation of an unsymmetrical alkyne or alkene can lead to two regioisomers (4) and (5) 
(equation 3). The ratio of (4) to (5) depends on the nature of the organometallic, the organic substrate and 
the reaction conditions used (presence of a catalyst, solvent, cosolvent, etc.). 

R 

R' 
R-M + = R1 - R ....... R1 + ) - -  (3) 

(4) (5) 
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The addition to an alkyne can either be syn or anti, leading respectively to the two stereoisomers (6) 
and (7) (Scheme 2). Most carbometallations of alkynes are syn additions and certain organometallics 
such as organocopper reagents show an almost perfect syn selectivity? With others, such as organomag- 
nesium derivatives, an anti addition is preferred in the case of some functionalized alkenes and alkynes. 
Since most C(sp3)-M bonds of polar organometallics are not configurationally stable, the syn or the anti 
character of the addition to alkenes often cannot be established. However, in the case of cyclopropenes, 
which leads, after carbometallation, to configurationally stable cyclopropyl organometallics, a syn addi- 
tion is always observed. 

More severe reaction conditions are required for the carbometallation of alkenes and dienes than for 
alkynes. Most carbometallations of alkenes strongly depend on the structure of the organic substrate, and 
generally show a narrow synthetic scope. More successful are additions to functionalized alkenes in 
which the heteroatom, by precoordination of the organometallic, directs the carbometallation reaction. 
Also, intramolecular carbometallation reactions proceed more readily and may show very high regio- 
and diastereo-selectivities. Alkynes, which are more reactive, are carbometallated with several organo- 
metallics under mild conditions. The carbocupration discovered by Normant3 has the largest synthetic 
possibilities. It shows an excellent chemo-, regio- and stereo-selectivity with nonfunctionalized alkynes. 
A very high regioselectivity and almost perfect stereoselectivity can be reached with functionalized alk- 
ynes by the fine tuning of the reaction conditions (solvent, ligand, cosolvent, etc.). Of special interest is 
also the zirconium-catalyzed carboalumination discovered by Negi~hi , ' -~ ,~  which complements the carbo- 
cupration reaction and allows the performance of methylaluminations with excellent regio- and stereo- 
selectivity. These carbometallations give an easy access to a wide range of stereodefined alkenyl-copper 
and -aluminum reagents, of great synthetic interest. Both alkenyl organometallics are able to form new 
carbon-carbon bonds with a variety of electrophiles and have found numerous synthetic  application^.'-^,^ 

4.4.2 THE CARBOLITHIATION REACTION 

4.4.2.1 General  consideration^^.^ 
Due to its high ionic character, the carbon-lithium bond is very reactive and adds under mild condi- 

tions to ethylene or dienes and under more severe conditions to other alkenes. Some functionalized al- 
kenes can be used, and high regio- and stereo-selectivity is usually observed in these carbolithiation 
reactions, especially if a precoordination of the lithium organometallic with the alkene is possible. Intra- 
molecular carbolithiations of alkenes proceed under mild conditions and allow the preparation of several 
stereochemically well defined mono- and bi-cyclic compounds. Alkynes are too reactive, and can lead, 
with organolithium derivatives, to several side reactions, and seldom afford the desired carbolithiated 
product in good yield. 

4.4.2.2 The Carbolithiation of Alkenes and Dienes 

4.4.2.2.1 Intermolecular reactions 

The controlled addition of organolithium reagents to isolated double bonds is of limited preparative in- 
terest. The carbolithiation of ethylene under pressure by primary lithium organometallics (e.g. BuLi, 
EtLi) leads to new lithium derivatives, RCHzCHzLi, which have a similar reactivity toward ethylene as 
their precursor, RLi, and thus low molecular weight polymers are formed.* In the presence of ligands like 
DABCO or TMEDA, which enhance the reactivity of organolithium derivatives by reducing their aggre- 
gation? extensive polymerization is observed, and alkyllithium reagents are in fact excellent initiators for 
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anionic polymerization, especially of styrene and conjugated dienes.I0 Secondary and tertiary alkylli- 
thium reagents are far more reactive toward addition to ethylene (Bu'Li is at least 106 times more reac- 
tive than BPLi), and afford primary alkyllithium compounds in good yields under mild conditions. 
These organometallics arc inert toward further addition of ethylene (equation 4).11 Other isolated al- 
k e d 2  like l-octene 81p: far less reactive and the addition will occur in moderate yield only at a higher 
temperature (80 T). At higher temperatures, allylic proton abstraction and decomposition of the lithium 
reagent (&hydride elimination) become important si& reactions. Noteworthy is the high regioseldvity 
of the carbolithiation. In the case of 1-octene, only the primary alkyllithium (8) is formed, in strong con- 
trast to the corresponding aluminum and magnesium organometallics, which afford the opposite regio- 
isomer (equation 3 . 1 2  

-25 'C, Et20 

100% 
- RLi + H2C=CH2 R- Li (4) 

R = But, Bu'. pr', cyclohexyl 

The addition to aryl-substituted alkenes and to dienes occurs readily in Eta or THF, but controlled re- 
action conditions have to be used in order to avoid p~lymerization.~~ Alkyllithium reagents are more re- 
active than all~llithiums,~~ and the fast addition of Bu'Li to butadiene16 provides a quantitative formation 
of 5.5-dimethyl-2-hexenyllithium (9). The subsequent addition of (9) to butadiene is more sluggish and 
occurs with low regioselectivity (Scheme 3). The addition of lithium organometallics to enynes15 is a 
useful reaction for the preparation of allenes. Strained alkenes such as n0rbornene,l7 methylcyclo- 
propene1* or nans-~yclooctene~~ react under moderate reaction conditions (Scheme 4). In the case of 

ii i 

95% 

-Li - But BdLi + - 
(9) 

(E):(Z) = 3:l 

But h / Li + B u t y L i  

40% 
60% 

i, pentane, -78 "C to 20 O C ,  0.5 h; ii, butadiene, 25 "C, 8 h 

Scheme 3 

86% 7% 7% 

i, BuLi, M D A ,  hexane, 25 OC, 36 h; ii, Bu'Li, Et20.25 OC, 18 h 

Scheme 4 
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But ButvBut But But 

i 

94% 
+ Bu'Li - 

> 48% 

< 92% 

(10) 
i, TMEDA, Et20, -78 "C 

32% 

+ &H 

6% Li 

+ Li&H 

62% 

869 

(6) 

i, BuLi, Et20, ii, BuLi, ButOK, THF, -80 "C to -60 "C, then LiBr 

Scheme 5 

norbornene, only the product of em attack is observed.17 The addition of Bu'Li to a cyclobutadiene deri- 
vativeZo occurs readily and affords the addition product (10) in a very high yield (equation 6). In some 
cases, such as that of norbomadiene,21 a proton abstraction can compete with the carbolithiation reaction 
and, depending on the reaction conditions, can become the predominant reaction pathway (Scheme 5).22 

The presence of a donor group at the proximity of the double bond of the alkene promotes the carboli- 
thiation reaction, as has been shown by Wittig?l Bi~kelhaupt?~ Klump? and their respective cowor- 
kers (equation 7). The precoordination of the lithium reagent with the heteroatom explains both the high 
rate of the carbometallation and the high regio- and stereo-selectivity (syn addition) observed in these re- 
actions. The addition proceeds well with several acyclic alkenyl ethers and regiospecifically 
affording the stabilized lithium derivatives of type (11) and (12) (Scheme 6). Similarly, the addition of 
organolithium compounds to P-substituted homoallylic sulfides provides an approach to y-lithiated sul- 
fides (13; equation 8).26 

The addition of organolithium compounds27 to allylic alcohols in the presence of TMEDA is a prep- 
aratively useful method which allows a high regio- and stereo-selective synthesis of alcohols. Several 
side reactions can be observed depending on the structure of the allylic alcohol (14; Scheme 7). If the 

i, petroleum ether, -20 O C  

i 

95-100% 
Lr-X-R 

X = OMe or NMe2 (11) (12) 

i, H L i  (1.5 equiv.), pentane/Et20,25 OC, 0.3 h; ii, RiLi (3 equiv.), no solvent, 0 "C, 2 h 
Scheme 6 
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i, Pr'Li, Et20/pentane. 25 OC, 2 h 

substituent R2 of (14) is a methyl group, then the carbolithiation is disfavored and an allylic deprotona- 
tion occurs, leading to the allylic lithium derivative (15)?8 If R1 or R3 is a phenyl group, another allylic 
deprotonation can occur, furnishing the dilithiated compound (16). Finally, if the carbolithiation leads to 
a B-lithioalcoholate of type (17), a fast elimination of lithium oxide will occur, affording the alkene (18; 
Scheme 7). This reaction pathway is the most important if R1 and R3 are part of a five- or six-membered 
ring, or if a bulky organolithium reagent is ~ s e d . 2 ~  Representative synthetic applications, as developed by 
Crandall and coworkers, are shown in Scheme 8. Felkin and coworkers27 demonstrated that these car- 

RLi TMEDA 

Li OLi 
I 

....... 

OLi R ~ = H  

-Li20 
R3 \ R1- 

R3 

OLi 
(18) 

. I A R 3  i 
RLI R2 =Me RI or R3 = ph (17) 

R' = R3 I H 

LOLi 
Scheme 7 

&OH ; 6 + BuLi(excess) 62% 

Bu 

i 
-OH + 2BuLi - 

6446% H 

i, TMEDA, pentane, 25 "C, then H30' 

Scheme 8 
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bolithiations can be highly diastemselective, and a chelate-type transition state (19) has been proposed 
to account for the observed stereochemishy (Scheme 9)F7 Other related compounds like allylic aminesB 
and a-amino- or a-hydroxyenynesM are also able to add various lithium organometallics across the 
double bond, but in moderate yields (30450%). The direct addition of organolithium reagents to aromatic 
compounds such as naphthalene or phenanthrene occurs only under severe reaction conditions (decalin, 
165 'C).31 

(19) >98% 4% 
Scheme 9 

4.4223 Intramolecular reactions 

Intramolecular carbolithiations proceed more readily than intermolecular ~arbolithiations.~~ Thus, 5- 
hexen- 1 -yllithium (2Q) is indefinitely stable at -78 'C, but undergoes a rapid cyclization upon warming 
to higher temperatures (at 23 'C, rln = 5.5 min; see Scheme 10). However, it has been estimated that the 
rate of cyclization of (20) is lo8 times slower than that of the corresponding radical.33 Bailey and cowor- 
kers showed that several intramolecular organolithium cyclizations occur in good yields and with very 
high diastereoselectivities, as indicated in Scheme 1 1 .M 

(20) 

i, Bu'Li (2 equiv.), pentane/EtzO, -78 "C, 5 min; ii, -78 "C to 25 "C 
Scheme 10 

I >99% < I %  

i, Bu'Li (2.2 equiv.), pentane/Et20, 5 min; ii, 5 h at -20 "C, then H30+ 

Scheme 11 

The ring closures can be reversible, as in the case of the diphenylcyclopropylcarbinyllithium species 
(21). which is stable in THF but completely undergoes opening to 4,4-diphenylbuten-3-yllithium (22) in 
ether (equation 9)?5 The equilibrium between unsaturated primary and secondary organolithium organo- 
metallics such as (23) and (24) proceeds via a reversible intramolecular carbolithiation reaction36 which 
favors the more stable primary organolithium (23) in over 99% (equation 10). Even the relatively unreac- 
tive aryllithium reagent (25) cyclizes to the corresponding indanyllithium (26) in good yield (Scheme 
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12).37 Chambcrlin and coworkers38 showed that vinyllithium reagents derived from ketone (2,4,6-trib 
pmpy1phenyl)sulfonylydramncs undergo intramolecular carbolithiation reactions with high dia- 
stereoselectivity (Scheme 13). 

Li 
I 

Major diastereoisomers 

70% 
c- 

58% 
f- 

58% 
c- 

___c i dLi - ii 

94% 

(26) 

i, Et20/T'MEDA, 23 "C, 0.5 h, ii, D20 

Scheme 12 

+zb Li Li 

Minor diastereomers 

Li. 

12% 

Scheme 13 

4.4.23 The Carbolithiation of Alkynes 

The carbolithiation of alkynes is of limited preparative value. Terminal alkynes are always deproton- 
ated by organolithium reagents and disubstituted alkynes are not readily carbolithiated since other re- 
action pathways, such as deprotonations at propargylic positions, occur more readily. The addition to 
1,2diphenylacetylene, however, has been studied in some detaiP9 and the structures of the mono- and 
di-lithiated products (27) and (28) (Scheme 14) have been elucidated.40 The carbolithiation proceeds in 
various solvents and is accelerated by the presence of TMEDA. An initial syn addition product (29) has 
been postulated, since it has been found that Bu'Li reacts with 1,24iphenylacetylene to afford mainly the 
syn addition product. A rapid isomerization of (29) leads to the only detectable trans isomer (27), which 
is again lithiated to afford (28). Ab initio calculations4' on the addition of lithium hydride to acetylene 
also predict a syn addition and support the postulated mechanism of Mulvaney (Scheme 14).39b Function- 
alized alkynes, such as 3-phenylpropargyl alcohol, readily add BuLi to provide, after hydrolysis, the 
stereoisomerically pure alcohol (30; Scheme 15).42 The addition of organolithium reagents to benzyne 
and benzyne derivatives is of preparative intere~t.4~ Meyers and coworkers44 showed that the reaction of 
the functionalized aryl chloride (31) with BuLi allows the in situ generation of the benzyneoxazoline 
(32), which undergoes a regioselective carbolithiation with lithium organometallics to afford mainly the 
aryllithium derivatives (33). The carbocupration of the benzyne (32) furnishes the opposite regioisomer 
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(34, Scheme 16). This regioisomer is also obtained in appreciable amounts if bulky lithium organomtal- 
lics arc used. Intramolecular carbolithiations have been reported, such as the cyclization of 5-alkynyl- 
lithium compounds to fumish the cyclized products in low yields? 

Ph 
I 

(29) (27) (28) 

i, BuLi, hexaneflMEDA or Et20, ii, fast isomerization 

Scheme 14 

Li 
I 

ii  i Ph = \ - 
OH Ph Bu Ph Bu 

(30) 
i, BuLi (2.5 equiv.), Et20, TMEDA (0.2 equiv.), -30 OC to 20 "C, 3 h, ii, HzO 

Scheme 15 

ic 
O Y "  BuLi 

-78 "C 

ic 
O Y "  

Scheme 16 

4.43 THE CARBOMAGNESIATION REACTION 

4.43.1 General  consideration^^^ 
The carbomagnesiation of alkenes has been extensively investigated in the last 40 years and several re- 

actions with high synthetic potential have been discovered. The addition of Grignard reagents to non- 
functionalized alkenes usually requires severe reaction conditions and only the zirconium-catalyzed 
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addition proceeds under mild conditions, but its scope seems limited. The introduction of a heteroatom in 
the proximity of the double bond considerably facilitates the addition by a precoordination of the Grig- 
nard reagent to the heteroatom. In these cases, high regio- and stereo-selectivity of the addition usually 
results. The intramolecular carbomagnesiation requires more severe conditions than the corresponding 
carbolithiation, but if the Grignard reagent is allylic the reaction proceeds well and is of high synthetic 
utility (see Volume 5, Chapter 1.2). In contrast to many carbometallations, the addition of Grignard re- 
agents to functionalized alkynes shows an anti selectivity. It is highly regioselective and leads to useful 
functionalized alkenyl organomagnesium derivatives. The addition of magnesium derivatives to alkynes 
can, in several cases, be catalyzed by salts of transition metals such as copper or nickel. 

4.43.2 The Carbomagnesiation of Alkenes 

4.4.3.2.1 Addition to nonfunctionalized alkenes 

(i) Intermolecular reactions 
Intermolecular and uncatalyzed additions of Grignard reagents to nonfunctionalized alkenes proceed 

only under very severe conditions and are of limited synthetic interest. In order to avoid polymerization 
reactions, the reactivity of the starting magnesium organometallic has to be higher than that of the c- 
magnesiated product. L e h m k ~ h l ~ ~  and coworkers have shown that secondary and tertiary alkyl$' 
benzylic$* and allylic49 magnesium derivatives add to alkenes, whereas the less reactive primary al- 
kylmagnesium compounds do not. In most cases, forcing reaction conditions have to be used. Ethylene 
reacts under pressure with allylic magnesium h a l i d e ~ ~ ~ s  in ether (4&70 atm, 20-80 'C, 2-100 h) to af- 
ford unsaturated Grignard derivatives of type (35; equation 11). Ether is the best solvent for these re- 
actions; stronger Lewis bases like THF or dioxane diminish the reaction rate. Lehmkuhl and coworkers 
have shown that the reaction is first order both for the alkene and the allylic Grignard reagent. A cyclic 
six-membered transition state of type (36) has been proposed since relatively high activation entropies 
have been observed (between -17 and -24 cal 'C-' mol-'; 1 cal = 4.2 J). The activation parameters (A!# 
= 20 kcal mol-' and AG* = 26-30 kcal mol-') are very similar to those of Diels-Alder or ene reactions.& 
The reaction usually proceeds with almost complete allylic rearrangement (Scheme 1 7).51 The reactivity 
of alkenes increases in the order: 1-alkene < styrene < butadiene < ethylene. Alkenes with an internal 
double bond do not react. Strained alkenes such as c y c l o p r ~ p e n e s ~ ~ ~ ~ ~  or n ~ r b o r n e n e ~ ~ ~  are exceptions 
and add readily to a variety of Grignard reagents under mild conditions and in good yields. The stereo- 
specific syn addition of 2-methylpropenylmagnesium chloride to 3,3-dimethylcyclopropene has been 
used by 

The regioselectivity of the carbomagnesiation of 1-alkenes depends strongly on the structure of the 
Grignard reagent." Primary organomagnesium halides attack the alkene preferentially at C-2, leading to 
a new primary organometallic, whereas secondary and tertiary magnesium derivatives give more C-1 at- 
tack (formation of a secondary Grignard reagent; see Table 1). These reactions require temperatures be- 
tween 70 and 120 "C and afford only moderate yields of the addition products.50 Allylic magnesium 
 halide^^^,^^ react with more than W% regioselectivity with butadiene (Mg at C-2) to afford the 2,6-hepta- 
dienylmagnesium derivatives (37) as the major products (Scheme 19). In the presence of an excess of bu- 

for a short and efficient approach to (3-chrysanthemic acid (Scheme 18). 

MgCl (11) 
i 

82% 
MgCl + H,C=CH, - 

(35) 
i ,  EtzO, 40-70 atm, 20-62 OC 

Scheme 17 
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i, Et20, 0-20 OC; ii, CIC02Et, Et2O; iii, H+ (cat.), dioxane 

Scheme 18 

tadiene, a second carbomagnesiation takes place leading to the 1:2 adduct (38), which undergoes a fast 
intramolecular ring closure to give the cyclic Grignard reagent (39). Isoprene shows a similar reactivity 
pattern, and the initial carbomagnesiation occurs predominantly at C-4 (Mg at C-3). Allene also reacts 
with 2-methylallylmagnesium chloride4' (10 atrn, Et20) to provide a cyclic 1:2 adduct in 44% yield 
(equation 12). Allylic magnesium compounds add across the double bond of enynes to afford mixtures of 
alkynes and the corresponding isomeric a l l e n e ~ . ~ ~  

Table 1 Proportion of Mg at C-2 (Formation of a Secondary Cahomagnesiation Adduct) in the Reaction of 
Organomagnesium Chloride with 1 -Octene 

Organo group M g  at C-2 (96) 

--CH$H=CH2 0 
-C!H2CMe=-=CH2 0.6 

4 H z P h  0 
4HMeC,H==CH2 31 

pr' 8 1-88 
But 98-99 

I i 

45% @.. R' 

MgCl 

i, IO atm, EtzO, 80-88 OC 

In strong contrast, the transition metal catalyzed carbomagnesiation occurs under much milder condi- 
tions. Dzhemilev and coworkerss6 have shown that EtzMg adds regiospecifically to terminal alkenes in 
the presence of a catalytic amount of CpzZrCl2 (equation 13). Several functional groups, such as a double 
bond, a dialkylamino, a ketal, a trimethylsilyl, an alkoxy or a hydroxy group, are tolerated under these 
mild reaction conditions (equation 14). The use of higher homologs of EtzMg, such as Pr2Mg or Bu2Mg, 
is complicated by the formation of appreciable amounts of elimination and dimerization products. Sev- 
eral other ethylmagnesium derivatives (EtMgX; X = alkyl, halide, NR2, SiMe3 or Cp) can also be used, 
but slower addition rates are observed. 
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Et '- + EtzMg R A M g E t  + R J  Et (13) 
90% 

95% 5% 
i, CpzZrCl2 (1 mol %), Et20.2-4 h 

i. CpzX12 (1 mol %), Et@, 4 h 

( i i )  Intramolecular reactions 
The intramolecular carbomagnesiations7 of alkenes has been extensively studied in the past 40 years 

and reversible intramolecular carbomagnesiation reactions have been postulated in isomerizations 
(Scheme 20)?* All cyclizations proceed by an exo-trig (or dig) modG9 leading to the smaller ring 
(Scheme 21).60.6' A similar preference has been observed in radical cyclizations.62 The ring closure rates 
can be modified by several factomS7 For example, the use of the more basic solvent THF in place of 
ether leads to slower cyclization rates by factors ranging from 2 to over 100. Hydrocarbon cosolvents, as 
well as aprotic solvents like HMPA, generally increase the reaction rate. Higher Grignard concentrations 
usually lead to a rate increase, possibly by formation of more reactive ate complexes.3sb In several rear- 
rangement studies, an increased rate has been observed with dialkylmagnesium derivatives (prepared by 
precipitation in di~xane)?~ The relative rates for the formation of various ring sizes follows the order C3 
> Cs > G > c6. The effects of substituents have been well studieds7 and substituents at the double bond 
lead to a rate decrease. Allylic and secondary Grignard compounds are more reactive than primary alkyl 
Grignard compounds, as shown in Scheme 22?7.60*63 Interestingly, the cyclized product (40) has a cis- 
configuration, whereas the cyclizations of secondary alkylmagnesium compounds mainly afford the 
rruns product (truns:cis > 10:l).57 The high stereoselectivity in the ring closure of allylic Grignard re- 
agents has been used by Oppolzer and coworkersu for the formation of five-, six-, and seven-membered 
rings (Volume 5 ,  Chapter 1.2). 

- D 
1' MgBr D 

Scheme 20 

L c 

- .c-- 

' e M g I 3 r  

d-M$X 

Scheme 21 
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- ; cMgBr- 0, MgBr 
H 
(40) k = 10-5 s-I (THF, io0 oc) 

CgBr 
k = l e  s-I (refluxing ether) 

Scheme 22 

4 . 4 3 3 3  Addib'on to funciionalized alkenes and dienes 

The presence of a neighboring hydroxy, alkoxy or amino group facilitates the addition of reactive 
Grignard reagents (allylic and benzylic) to alkenes. E i s ~ h , ~ ~  Felkin?7d,66 R i ~ h e y ~ ~  and coworkers found 
that allylic magnesium organometallics add in a syn fashion to alkenols and some unsaturated amines 
under mild conditions. The reaction proceeds by a precoordination of the organomagnesium derivative@ 
to the heteroatom followed by a syn addition (Scheme 23).65,67 The addition of diallylmagnesium to 3- 
cyclopentenol provides only cis-3-allyl~yclopentanol.6~ Felkin and  coworker^*^^*^ showed that a high 
diastereoselectivity can also be observed for open chain systems. The addition of allylmagnesium bro- 
mide to 3-buten-2-01 affords mainly (R*R*)-3-methyI-5-hexen-2-01. In this case, a different mechanism 
has been proposed. The allylic magnesium reagent adds in an anti fashion to the double bond (Scheme 
24). Functionalized enynes also react under mild conditions with allylic and vinylic magnesium bro- 
mides in ether to afford mixtures of isomeric allenes and alkynes in good yields.30 Oxygen and nitrogen 
heterocycles have been prepared by Klumpp and coworkers via an intramolecular carbomagnesiation re- 
action (Scheme 25).69 

Scheme 23 

A M g X  BrMg/;) -;"+? HO 

H e -  
7 6  MgBr 

MgBrz OH 
90% 10% 

Scheme 24 

Me Me Me 
I I I 

THF 
A M g B r  76% SnMe3 

MesSnCl 

Scheme 25 

4.4.33 The Carbomagnesiation of Alkynes 

4.4.3.3.1 Addition to nonfunctionalized alkynes 

Terminal alkynes are readily deprotonated by Grignard reagents, and no further addition occurs to al- 
kynylmagnesium halides. In the presence of transition metal complexes of titanium,70 iron,70 rhodium,71 
ni~kel,'~.~~ palladium70 or copper,73 the carbomagnesiation takes place in moderate yields. The regio- and 
stereo-selectivity of the additions are variable. In the presence of a copper(1) salt, however, only the syn 
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addition product is obtained (equation 15). As shown by R i ~ h e y ? ~  and Crandall and coworkers," the in- 
tramolecular carb~magnesiation~~ of alkynes proceeds more readily. Here also, the addition of a catalytic 
amount of a copper salt facilitates the reaction. In situ generated benzynes add to various organomagne- 
sium derivatives,'6 representing a useful method for the generation of a wide range of arylmagnesium or- 
ganometallics (Scheme 26). 

i 

39% 
n-C7H 15MgBr + HC CH C7H15 FMgBr (15) 

i, CuBr (5 mol %), EtzO, -10 OC, 1 h 

R = alkenyl, aryl, alkynyl 

Scheme 26 

4.4333 Addition tofunctionalired alkynes 

Propargylic alcohols react regiospecifically with allylic magnesium halides by an anti addition to fur- 
nish relatively unreactive cyclic magnesium compounds of type (41; R1 = allyl, R2 = alkyl) in good 
yields (equation 16).77 Other Grignard reagents add efficiently to propargyl alcohol and higher alkynols 
in the presence of a catalytic amount of copper(1) iodide. Only the anti addition product is obtained in 

Metallated propargylic a l ~ o h o l ~ ~ . ~ ~  is also able to add allylmagnesium bromide in the presence of 
a copper(1) salt, and leads to the 1.1-dimetallic alkenyl derivative (42) which undergoes a further carbo- 
magnesiation reaction leading to (43) in 50% yield (Scheme 27). The carbomagnesiation of propargylic 
amines proceeds less effectively.80 Functionalized propargylic derivatives8' add a wide range of Grig- 
nard reagents in an anti fashion (equation 17). The addition of the dimagnesium alcoholate of 2-butyne- 
1,4-diol and related derivatives has found several synthetic applications (equation 1 8).82,83 

excessR'MgBr + R~ = / OH i - "YR' (16) 
4540% Mg \o 

(41) 
R' = alkyl, aryl, allyl, benzyl 

RZ = H, alkyl, aryl, alkenyl, trimethylsilyl 
i. 10% CUI, EtzO, 0 "C, 1 h 

i, 10 mol % CUI, EtzO, 25 "C, 3h, ii, 5 h reflux; iii, D20 

Scheme 27 
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i, Et20, reflux 4-30 h 

- - 
+ BrMgO' 

59% 
OH 

i, THF, Et20, reflux, 5 h, then aq. NH,CI 

In contrast, the addition of allylmagnesium bromides to homopropargylic alcohols proceeds with low 
regio~electivity.6~,~~ Snider and coworkers found that methylmagnesium bromide adds to silylalkynes in 
the presence of a 1 : 1 mixture of nickel acetylacetonate and trimethylaluminum (10 mol %) to afford 
mainly the syn addition product. The use of ethylmagnesium bromide leads only to hydromagnesiation 
and coupling products.84 Utimoto and coworkers85 have described an intramolecular version of this re- 
action and have formed cyclic tetrasubstituted vinylsilanes in high yields (Scheme 28). The intramolecu- 
lar carbomagnesiation of an alkenylsilane is also possible.85 The reaction proceeds specifically in a 
suprafacial and 5-exo-trig manner and produces, after allylation, the silane (44) with complete control of 
the stereochemistry of the three adjacent chiral centers (equation 19). 

i ,  Mg, EtzO, reflux, 5 h; ii, allyl bromide 

Scheme 28 

i, Mg, THF, 67 'C, 6 h, then allyl bromide 

4.4.4 THE CARBOZINCATION REACTION 

4.4.4.1 General Considerationsw 

Di-t-butyl- and diallyl-zinc compounds are able to add to alkenes, whilst other types of organozinc 
derivatives are usually inert toward nonfunctionalized alkene addition. In strong contrast, allylic zinc 
halides add readily to alkenyl organometallics under mild conditions to give mixed 1,l -diorganometal- 
lics. Alkynes are more reactive toward carbozincation than alkenes, and dialkylzinc and allylic zinc 
halides add to alkynes in the presence of transition metal salts. The addition of allylic zinc halides to al- 
kynyl organometallics allows a unique approach to l ,  l ,  l-triorganometallics. Allylic zinc halides show a 
higher reactivity toward the addition to alkynes than any other main group allylic organometallic. 
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4.4.43 The Csrbozincation of Alkenes 

Nonpolar Additions to Alkenes and Alkynes 

4.4.4.2.1 Addition to no@nctionalized alkenes 

As shown by L e h m k ~ h l , ~ ~  the addition of di-r-butylzinc to alkenes and 1.3-dienes proceeds between 
-20 and 75 'C and affords the addition products in good yields (Scheme 29). the reaction showing a good 
regioselectivity. The addition to octene or propene furnishes a secondary dialkylzinc with over 90% se- 
lectivity?' Several diallylic zinc derivativesg8 add to ethylene, giving the corresponding dialk4enylzinc 
compounds in high yields (>!W%) and under mild conditions (20 'C, toluene, 3 6 %  h). The addition to 
octene is again highly regioselective (opposite regioselectivity than that with di-t-butylzinc) and fur- 
nishes primary dialk-4-enylzinc derivatives of type (45; equation 20). Diallylic zinc compounds add in a 
syn fashion to cyclopropenes in almost quantitative yields and under very mild conditions.g* In all these 
cases, the new carbon-carbon bond is formed from the most-substituted end of the allylic organometal- 
lic. The addition to various substituted styrenes proceeds with moderate regioselectivity. A Hammett 
correlation between the observed regioselectivity and substituent constant u* has been found.89 Dial- 
lylzinc and allylzinc bromide have only a moderate stability" and undergo a carbozincation reaction 
leading to 1,3diorganometallic compounds of type (46). The reaction of (46) with acetaldehyde fur- 
nishes, after @-hydride elimination, the corresponding addition product (Scheme 30). 

i, ethylene, 60 atm, 50-70 "C, 48 h; ii, butadiene, pentane, -20 to 10 "C, 21 h 

Scheme 29 

R' & + ( R 3  1 4 4 %  

dlyl-znq ___) 20 "C CHJCHO (2 equiv.) 

Zn allyl / zn zn*allyl 69% 

(46) \ 
allyl 

Scheme 30 

4.4.4.23 Addition to functionalized alkenes 

In 1971, Gaudemar9' discovered that allylzinc bromide was able to add to alkenylmagnesium bro- 
mides to furnish the mixed 1, l  -diorganometallics of zinc and magnesium of type (47). Knochel and co- 
workersg2 showed that this reaction was quite general and that various alkenyl organometallics of 
magnesium, lithium and aluminum showed similar reactivity. The reaction is believed to proceed 
through the formation of a mixed allylic, vinylic zinc compound of type (48) which then undergoes a 
3,3-sigmatropic shift (metallo-Claisen reaction; compare with Volume 5,  Chapter 1.2) to give the com- 
sponding 1,l-diorganometallic (47) in fair to good (60-9596) yields (Scheme 31). The substitution pat- 
tern of both allylic and alkenylorganometallics (49 and 50, respectively) can be quite varied and many 
new and, in some cases, highly functionalized mixed 1 , 1 -diorganometallics of zinc, lithium, magnesium 
and aluminum can be obtained. The compounds (51) to (56), which were all prepared in good yields, il- 
lustrate the synthetic potential of the method. The cyclic transition state leading to compounds of type 
(47; Scheme 31) confers a complete regioselectivity and a high stereoselectivity to this carbozincation 
r e a c t i ~ n . ~ ~ . ~ ~  Thus, the alkoxy-substituted allylic zinc compound (57) reacts with alkenylmagnesium bro- 
mides stereospecifically through chair transition state intermediates of types ( S h )  and (58b), in which 
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the configuration of both starting organometallics is retained. The diastereomeric diorganometallics 
(5%) and (5%) formed in this reaction can then be converted stereospecifically by a mild o x i d a t i ~ n ~ ~ + ~  
reaction into the aldol products (ma) and (ab), the ratio of (a) to (ab)  being the same as the ratio 
between the starting (E)- and (2)-octenylmagnesium bromides (Scheme 32). 

54 

MetX, 

R2,&ZnBr + R4MR6 60-9540 

R5 MetX, 
R3 R3 R2 R3 

(49) 

K Z n B r  

MgBr 

(50) (48) 

MetX, = Li, MgBr, AIR, 

Scheme 31 

(47) 

0-OMe / ei H e x G i ? H e x q i E t 3  ZnBr C g B r  ZnBr $ 
Ph 

(52) (53) (54) (55) (56) 

MgBr BrMg Ph MgBr 
ZnBr 

MgBr 
Ph 

E t o y M g B r  - i 

E t 0  -Mg Hex 
Br ZnBr H 

( 5 W  (59a) (6oa) 
overall yield 56% t 

fi + + Hex+ 
E t 0  ........in&. Hex MgBr 

MgBr (57) (Z):(E) = 8&12 

i 

MgBr 
E t 0  -Mg Hex Hex 

Br 

(58b) . (59a):(59b) = 88:12 (*):(ab) = 88: 12 

i, Me3SnC1 (1 equiv.), 4 to 0 "C, air (-15 O C ,  6 h) 

Scheme 32 
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The reactivity of the 1,ldiorganomtallics (61) has been extensively investigated by Knochel and co. 
Since the reactivity of a carbon-lithium or a carbon-magnesium txmd is considerably dif- 

ferent from that of a carbon-zinc bond, a selective reaction of (61) with two different electrophiles is 
often possible. The general reaction pathways are summarized in Scheme 33. The addition of allylic zinc 

Hex Hex / R 
H ( E  or Z) 

82% 

Hex 

75% 
I 

88-93% 

Hex 

vii 63% 

Hex 

Hex Ph 
D 

i, R' = Hex, R2 = H, MetX, = Li, *OH (1.01 equiv.), -70 to -30 OC, RCOCl(2.5 equiv.), [Pd(PPh3)4] 

(0.05 equiv.), 0 OC, 0.5-2 h; ii, R' = Hex, R2 = H, MetX, = MgBr, CuCN (1 equiv.), -35 OC, 0.25 h, RCOCl 

(3 equiv.), -10 OC, 2 h; iii, R' = H, R2 = Ph, MetX, = MgBr, CuCN (1 equiv.), -20 "C, 0.5 h, then Me3SnCl 

(2 equiv.), 4 0  to 0 OC; iv, R1 = Hex, R2 = H, MetX, = MgBr; MeSSMe, 4 0  to 25 O C ,  then AcOH; v, R' = H, 

R2 = Ph, MetX, = MgBr; Me3SnC1 ( I  equiv.), -40 to 0 "C, 0.3 h, then dry air, -10 to 0 "C, 0.5 h; 

vi, R' = Hex, R2 = H, MetX, = MgBr or Li; CuCN (1 equiv.), -35 "C, 0.25 h, then allyl bromide (excess), 

4 0  to 0 OC, 0.5 h; vii, R' = Hex, R2 = H, MetX, = Li; benzylideneacetophenone (1 .O equiv.), -78 to 0 OC, 

1 h. D,O+; viii, R' = Hex, R2 = H, MetX, = Li; MeOH (1 equiv.), -78 to 30 OC, then CuCN (1 equiv.), 4 0  "C, 

0.5 h, t-butyl bromomethylacrylate, -78 to 0 OC, 0.5 h; ix, R' = Hex, R2 = H. MetX, = Li; Me3SnC1 

(1 equiv.), 4 0  to 0 "C, 0.5 h, CuCN (1 equiv.), -30 OC, 0.5 h, allyl bromide (3.0 equiv.), -30 to -10 OC, 0.5 h; 
x, R' = Hex, R2 = H, MetX, = MgBr; Me3SnC1 (1 equiv.), -25 to 0 OC, 0.5 h, I2 (1 equiv.), -78 "C, 0.5 h; 

xi, R' = Hex, R2 = H, MetX, = Li, MeOH (1.05 equiv.), -70 to -30 "C, then I2 (1 equiv.), -78 to -40 "C, 0.1 h; 
xii, R' = Hex, R2 = H, MetX, = MgBr, BF3-0Et2 (1 equiv.), -90 OC, RCHO, -90 to -50 "C, 0.25 h (formation of 

the E-isomer in over 90% selectivity), or RCH=C(C02Et)2, -78 "C, 0.5 h (formation of the Z-isomer in over 
84% selectivity; R = alkyl) 

Scheme 33 
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bromides to a,&unsaturated esters proceeds, in the presence of [NiBr2(PPh3h], with moderate regio- 
selectivity?s 

4.4.43 The Carbozincation of Alkynes 

4.4.43.1 Addition to nonfunctionalized alkynes 

G a ~ d e m d ~ * ~ . ~ ' * %  found that allylic zinc bromides readily add to terminal alkynes. The first step in 
these reactions is always the deprotonation of the alkyne, leading to an alkynylzinc bromide (62), which 
subsequently adds the allylic zinc bromide, leading to vinylic 1,l-diorganometallics of type (63). De- 
pending on the reaction conditions and on the substitution pattern of the allylic zinc reagent, a further 
carbozincation can occur, leading to 1,l.l-triorganometallics of type (64). The deuterolysis of (64) af- 
fords trideuterated dienes of type (65; Scheme 34). Miginiac and  coworker^^^.^^ showed that these addi- 
tions are reversible, so that the amount of the thermodynamically more stable adduct (66) can be 
increased by longer reaction times (equation 21). Whereas disubstituted nonfunctionalized alkynes do 
not react, an intramolecular allylzincation reaction98 is possible and affords, after hydrolysis, the syn ad- 
dition product (67) stereospecifically (Scheme 35). R ~ L  i R A K R  ii R I R  

ZnBr - ZnBr - i i 
R-H - R-ZnBr - - 

ZnBr 
R R ZnBr R ZnBr 

(62) (63) (64) (65) 

i, allyl zinc bromide, THF; ii, D,O 

Scheme 34 

i, Zn, THF, 24 h, 65 O C ,  then H,O+ 

Scheme 35 

Although several less reactive organozinc derivatives add to alkynes, the scope of these reactions is 
more limited. Di-t-butylzinc, for example, adds only to phenylacetylene, affording the anti addition pro- 
duct, (Z)-3,3-dimethyl-l-phenylb~tene.~ More interestingly, zinc malonates of type (68) add to various 
alkyneslW in fair yields to give derivatives of type (69; Scheme 36). Propargylic zinc bromideslol add to 
terminal alkynes and afford 1.4enynes in good yields (equation 22). Negishi and coworkers5J02 showed 
that dialkylzinc reagents, in the presence of I2ZrCp2, add to terminal and internal alkynes in good yields 
to furnish the syn adducts with good regioselectivity (70-W%) and very high stereoselectivity (>98%). 
The reaction seems to involve a direct addition of the carbon-zinc bond across the alkyne (equation 23). 
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The zircoNum-pnnnoted addition of diethylzinc to an akynylzinc derivative is also possible,l~lm and 
allows for several interesting synthetic applications (Scheme 37).lM 

(69) 
(68) E = C02Et or CN 

i, THF, 4-24 h. 42 OC, then H2O 

Scheme 36 

i, THF. 24 h, 30 OC, then H,O+ 

75% 25% 

i, 12ZrCp2 (0.1 to 1 equiv.), CICH2CH2CI,20 OC, 3-48 h 

E ZnEt C, - i L7-m‘ - ii eaEt iii 

56% overall 
I 

i, BuLi, then EtznC1, CH2Cl2; ii. EtzZn, I2ZrCp2; iii, evaporation, then THF and I2 

Scheme 37 

4.4.4.33 Addition tofunctionaiized alkynes 

A number of functionalized alkynes containing halides or hydroxy, alkoxy and amino groups react 
with allylic80~m~%~97~105 and propargylic zinc halides,101.106 zinc malonates,lOO and di-t-butylzinc.* The 
presence of a functional group in the alkyne allows new synthetic possibilities, such as cyclization re- 
actions leading to the highly functionalized cyclopropanes (70)101J06 and (71)101J06 or to the unsaturated 
lactone (72; Scheme 38).lo0 The addition of zinc organometallics to enynes has also been extensively 
studied by Miginiac and cow~rkers .~~ The syn addition of allylic zinc bromides to l-trimethylsilylal- 
kynes has been reported by Molander,lo7 Negishi,lo7 Klumpp108 and coworkers and has led to several 
new cyclization reactions (Scheme 39).103~*M~1mJ08 

4.45 THE CARBOBORATION REACTION 

4.45.1 General Considerations 

Trialkylbonures generally show a low reactivity toward addition to alkenes and alkynes. Only trial- 
lylboranes react with alkynes under mild conditions. This reaction is often complicated by further intra- 
molecular carboboration reactions and has found only limited synthetic application. 
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i -\ + Et = \ -c 

Br ZnBr 
BrZn - Et 

BrZn 65% 

BrZn CN iii 

xC02Et 

OH - d + 3  

i, 40 "C, 24 h, T H F  ii, 65 "C, 1.5 h, T H E  iii, 42 "C, 23 h, THF 
Scheme 38 

yZnEt i- 

ii_ 86% br 
Me3Si 

OCH2Ph iii 

A Z n B r  + Me3Si 91% 

i, allylzinc bromide, T H F  ii, cyclization, then 12; iii, 100 O C ,  30 h, then [Pd(PPh&] (10 mol %), 24 h, 65 "C 

Scheme 39 

4.453 The Carboboration of Alkenes 

As has been shown by KiSster,'@' trialkylboranes react with alkenes and dienes at high temperatures 
(>140 'C) to give hydroboration adducts by a dehydroboration/hydroboration mechanism. It is only 
under special reaction conditions that carboboration reactions can be observed. Triethylborane adds 
slowly to 1-decene at 160-170 'C to give diethyl(2-ethylde~yl)borane.~~ In the presence of trialkylalu- 
minum, trialkylboranes react with ethylene at 150-170 oC.llo Under irradiation, trialkylboranes give a 
formal syn addition to cycloalkenes. ' I I  The highly strained rruns-cyclohexenes (73) have been assumed 
to be the reactive intermediates in this reaction (Scheme 40). The more reactive triallylboranes add at 
120-140 'C to alkyl enol ethers.' l 3  The reaction with 2-methyl-4,5-dihydrotetrahydrofuran (74) proceeds 
readily at 80 'C and affords, after hydrolysis, (E)-4-methylhepta- 1,4-dien- 1-01 (75) stereospecifically 
(Scheme 41). Strained alkenes like 1-methylcyclopropene react readily with trialkylboranes in two 
ways:114 syn addition of the organoborane leading to the cyclopropylborane (76 the predominant mode 
of reaction), and cleavage of the C(2)-4(3) bond of the cyclopropene ring leading to the allylic borane 
(77; equation 24). Triallylboranes also react with allenes at high temperatures.Il5 
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R' = H, Et; R2 = alkyl 
i, hv, xylene, benzene; ii, H202 

Scheme 40 

i i"j3. + (OJ- - 
(74) 

i, 80-100 "C, 5-10 min; ii, O H  
Scheme 41 

(76) 5 0 4 0 %  (77) 20-408 

i, -70 to 0 O C ,  heat 

4.4.53 The Carboboration of Alkynes 
Like alkenes, alkynes do not react readily with trialkylboranes. Under severe reaction conditions, only 

hydroboration products are obtained.l16 M i k h a i l ~ v ~ ~ ~  showed that triallylboranes react with various al- 
kynes (20 'C) to afford syn addition products of type (78) which rapidly cyclize (40-60 'C) to give the 
cyclic boranes of type (79; Scheme 42). In the case of trimethylsilylacetylene and ethoxyacetylene, the 
reaction affords compounds of type (78; R = Me3Si or OEt) which do not cyclize further.' l5 Recently, a 
transition metal silylboration reaction has been described by Oshima and coworkers.117 A fonnal syn car- 
boboration reaction leading to a variety of alkenylboranes has been reported by Suzuki and coworkers' l8 
(Scheme 43). Hexamethyldistannylacetylene (80) reacts readily with various trialkylborane~l~~ to afford 
syn addition products of type (81; equation 25). 

(q3B + R- b' - 

R R 
(78) (79) 

i ,  20 O C ;  ii, 4040 OC 

Scheme 42 
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i, CH2C12, -78 to 25 "C, 30 min; ii, [PdC12(PPh3)2] ( 5 mol %), 3 equiv. R'ZnCI 

Scheme 43 

- Me3snHsnMe3 (25) 
hexane, 20 OC, 30 min 

Me3Sn-SnMe3 + BR, 
100% R BR2 

(80) (81) 

4.4.6 THE CARBOALUMINATION REACTION 

4.4.6.1 General Considerations 

of nonfunctionalized alkenes and alkynes occurs generally under 
quite severe conditions. The reaction is of limited synthetic interest because of the low regioselectivity 
observed and the numerous side reactions, such as polymerization, oligomerization and dehydroalumina- 
tion, which can occur. The intramolecular carboalumination of alkenes is easier and good stereoselecti- 
vities may be observed. Transition metal catalyzed carboalumination of alkynes is far more useful. These 
reactions occur under mild conditions, are highly regioselective and stereoselective (syn addition), and 
represent a powerful synthetic tool, especially the zirconium-catalyzed methylalumination reaction. 

The uncatalyzed carboalumination 

4.4.6.2 The Carboalumination of Alkenes 

The reaction of organoaluminum compounds with alkenes was discovered and studied in great detail 
by Ziegler and coworkers.121,122 Triethylaluminum adds to ethylene to give a Poisson distribution122 of 
oligomeric trialkylaluminum organometallics (equation 26). A stepwise carboalumination reaction is not 
possible, and a clean synthesis of defined oligomers cannot be achieved by this method. However, with 
substituted alkenes, only monoaddition occurs. Carboaluminations of 1 -alkenes are regioselective, and 
the new carbon-carbon bond is formed in 90-9596 at the 2-positi0n.I~~ Secondary trialkylaluminum deri- 
vatives are very reactive toward addition to double bonds, but show a low regioselectivity.12 Tertiary 
aluminum organometallics are even more reactive, and, in this case, a selective monoaddition is observed 
(equation 27).lZ4 The addition of triphenylaluminum to conjugated dienes, styrenes and strained alkenes 
occurs more readily.Iz More synthetically useful is the intramolecular carboalumination of 1 ,5-dienes, 
which allows a high yield preparation of bicyclic  system^'^^,^^^ of type (82) or (83) under mild condi- 
tions. The dehydroalumination of (83) in the presence of ethylene affords the diene (84) in 90% overall 
yield (Scheme 44).'26 Since the elimination of EtzAlH occurs at similar temperatures as the carboalumi- 
nation step, a catalytic amount of this hydride can be used to promote cyclization reactions (equation 
28).12* Donor solvents like ether can prevent intramolecular carboal~minations,'~~ although excep- 
t i o n ~ ' ~ ~  are known. The presence of ether also may prevent the formation of dehydroalumination pro- 
d u c t ~ . ' ~ ~  If substituted 1,5-dienes are used, a very high diastereoselectivity is observed in the ring 
closure (Scheme 45).13' 

Et3Al + 3nH2C=CH, [E~(CHZCHZ)~A~ (26) 

50 atm, 20 "C (But 3 Al 
3HZC=CH2 + Bu'3Al - 

90% 
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89% 

e + EtzAIH - 
AIEt, 

H H H H 

(8211) 48% (82b) 52% 

i, EtZAIH, benzene, 24 h, heat; ii, ethylene, 70 am,  18 h, 50 OC 

Scheme 44 

i, Bui2AIH, mineral oil, 110 OC, 48 h 

53.1 % 45.6% 
cis:trans = 2.3~97.7 cis:rrans = 91.1:8.9 

i, EtZAlH, toluene, 24 h, 25 "C 

Scheme 45 

4.4.63 The Carboaluminatbn of Alkynes 

4.4.6.3.1 Addition tb nonfunctionolized alkynes 

Acetylene132 itself reacts readily with trialkylaluminum compounds and affords the syn addition pro- 
ducts in good yields and under mild conditions (20 to 60 'C compared to 150 'C if ethylene is the sub- 
strate; see equation 29). The reaction with higher alkynes133 is more complex. The metallation of the 
alkyne leading to an alkynylaluminum organometallic of type (85) is the major pathway. The reaction 
shows a low regioselectivity, and a mixture of the two regioisomers (86) and (87) is generally obtained 
(equation 30). Thus, the addition of triethylaluminum to phenylacetylene affords a 1:l mixture of the two 
possible regioisomers. 133 If an excess of alkyne is used, then the corresponding alkynylaluminum deriva- 
tive (85) can be obtained in excellent yields.lu Interestingly, the carboalumination reaction proceeds 



Carbometallation of Alkenes and Alkynes 889 

with retention of the configuration of the alkyl group (equation 31).IM Disubstituted alkynes react only at 
t e m p e r a w  higher than 80 'C, where the adducts of type (86) and (87) are no longer stable and give 
further r e a c t i o ~ ~ s . * ~ ~ ~ ~  Only diphenylacetylene gives a clean syn addition (equation 32). The reaction 
conditions required for the addition to disubstituted alkynes are sufficiently severe for the alkenylalumin- 
um reagent (88) to add again to the starting alkyne, leading to the dienylalane (89). The organometallics 
of type (89) can be funher elaborated into stereodefined 1,3dienes (Scheme &).I3' 

Z ( M 0  o c  

R = alkyl 

i, Et20,llO "C, several days, then H3O+ 

Ph-Ph + EtqAl 80-900c "XPh 
60% 

Et = Et + Et3AI 

(88) 

AIBU'~ 
Et 

i 
Et-Et - 

E( 'Et 

Et' AlEt, 

AlEtz 
Et 

Et - 
(89) 

- 
63% Et 

Et Et 
i. BdzAlH, 3-hexyne, 70 "C; ii, MeLi, -78 OC, then (CN)2, then H3O' 

Scheme 46 

The low chemo- and regio-selectivity of the carboalumination reaction can be dramatically improved 
by the use of transition metal catalysts. Negishi and coworkers135 showed that MeAlXlzTiCp2 reacts 
with diphenylacetylene to give a single organometallic species (90) which, after hydrolysis or iodolysis, 
affords, respectively, (2)- 1 ,2-diphenylpropcne and (E)- 1 -iodo- 1,2diphenylpropne (Scheme 47). The 
scope of this reaction is limited, and the use of other alkynes leads to the formation of side p r o d u c t ~ ~ ~ ~ J ~  
due to the high reactivity of the AI-Ti reagent. The corresponding AI-Zr reagent (Me3AlXlZrCpz) 
has been shown by Negishi to have much better synthetic utility. The reaction of phenylacetylene with 
Me3Al4lzZrCp2 gives 2-phenylpropene (91) and (E)-1-phenylpropene (92) in a %:4 ratio and a 98% 
overall yield (Scheme 48). The reaction can be performed in the presence of only a catalytic amount of 
ClzZrC (10 mol %), but the reaction then proceeds at a slower rate and a slight yield decrease is ob- 
s e r ~ e d . ~  A wide range of alkynes containing alkyl, aryl, conjugated alkenyl or isolated alkenyl groups 
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give the methylalumination products in excellent yields. The regioselectivity observed with terminal al- 
kynes is always better than %% and the syn stereoselectivity is always higher than 9896.'" Internal al- 
kynes such as 5decyne give a relatively smooth carboalumination with Me3AlXlzZrCpz and furnish 
syn addition products in good yields (equation 33)." 

i, Me3Al<lzTiCpz, CICH2CH2C1,20 to 25 OC 
ML, = -Ti(Cp)zCI or -AIMez 

Scheme 47 

b = = + i - i  i 
Me3Al<IzZrCpz + Ph-Ph - 

984% Ph Ph 

(91) (92) 

i, Me3AI (2 equiv.), ClZZrCpz (1 equiv.), 2&25 OC, 24 h, then H30+ 

Scheme 48 

(33) 
i 

89% 
Me3Al + ClzZrCpz + Bu-Bu - 

i, ClCHzCHzCl, 60 OC, 6 h, then H3O+ 

Higher homolog organoaluminum reagents can also carboaluminate alkynes, but the reaction is less 
regioselective, and the reagent R2AlCl has to be used instead of R3Al in order to avoid competitive hy- 
drometallations (equation 34). The mechanism of the reaction has been carefully studied by Negishi and 
coworkers.136 All data are consistent with a zirconium-assisted carboalumination reaction in which an in- 
termediate of type (93) is involved (Scheme 49). The Lewis acid-base interactions between the alumi- 
num and the zirconium reagent enhance the carbometallation ability of (93) and favor the addition to the 
alkyne. The following facts support this mechanism: the reaction of a 1:l mixture of Et3Al and 
Cl(Me)ZrCpz with 1 -heptyne affords, after hydrolysis, only ethylalumination products. No methylalumi- 
nation products were detected. Also, the reaction of 1-heptyne with CD3(Cl)ZrCpz and Me3A1 affords, 
after iodolysis, only nondeuterated products (less than 4% of deuterium incorporation; see equation 35). 
An aluminum-assisted carbozirconation has also been observed by Negishi and coworkers.138 The re- 
action of Cl(Me)ZrCpz with 1 -pentynyldimethylalane (94) gives the mixed vinylic 1,l-diorganometallic 
of zirconium and aluminum (95) which, after iodolysis, affords a 1,l-diiodoalkene in good yield 
(Scheme SO). 

i, CICH2CH2C1, r.t., 20 h, then H30' 
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R Y  R 
+ zlcpzclx 

McAI(Me)X ] - hAIMe 
R- 

* [ Me- $ M e ) . . . - . X . . . ~ h c ~  -6 
~~(X)zIcp2 

x 
(93) X = C1 or Me 

Scheme 49 

i C H  C H  
C5H11- + M e 4  + CD3(CI)ZtCpz - lkI + 11* (35) 

80% I 
98% 2% 

i, CICH2CH2CI,25 OC, 6 h, then -10 OC, I2 

Scheme 50 

Allylalanes and ben~ylalanes '~~ also react with terminal and internal alkynes in the presence of 
ClzZrCp2 to produce syn allylation products (>98% syn addition) with a moderate regioselectivity (equa- 
tion 36). Interestingly, in the case of substituted allylic alanes, the addition product (W), fonned without 
allylic rearrangement via a four-membered transition state, is obtained as the major isomer. This is in 
contrast with most allylmetallations, which afford the allylic rearrangement regioisomer of type (9'7)'"''' 
via a six-membered transition state (Scheme 5 1). 

Hex + B ~ ~ ~ A I -  - + BU$AI Hex3 (36) 
>95% 

75% 25 % 

i, ClzZrCpt (1 equiv.), ClCHzCHzCI, 25 OC, 1-2 h 

Hex Hex 

(96) 

[Hex,,, w ,,SiMe'] - I2 YiMe3 I 

-ZnBr + Hex-SiMe3 - 
\.?*Br 68% - 

...... : 
(!n)(E):(Z)  = 90: 10 

Scheme 51 
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4.4.63.2 Addition to functionalized alkynes 

The zirconiumcatalyzed carboalumination140 reaction can tolerate various functional groups such as 
hydroxy, OTBDMS, SPh, halogens, alkenes and arenes. The addition of MevU to phenyl propynyl sul- 
fide141 affords the syn addition product with excellent regie and stereo-selectivity (equation 37). The ad- 
dition to alkynols in the presence of ClzTiCpz proceeds in good yields with moderate regioselectivity. 
However, the dimethylaluminum alkoxide of 3-hexyn-1-01 undergoes a regie and stereo-specific carbo- 
titanation reaction and leads to the syn adduct (98 Scheme 52). The addition of various organoaluminum 
compounds to alkynylsilanes in the presence of titanium or zirconium complexes gives mainly the syn 
carboalumination products (equation 38). 136~144 A high yield regiospecific dialkylmagnesium-promoted 
carboalumination of alkynylsilanes has been reported by Oshima and coworkers.143 It was found that al- 
kynylsilanes furnish mainly the syn addition product. Negishi and coworkers demonstrated that the vi- 
nylic 1,l -diorganometallics obtained by carbometallation can participate in various cyclization 
reactions.lw The zirconiumcatalyzed methylalumination of 4haloalkynylsilanes gives cyclobutene de+ 
vatives in excellent yields (Scheme 53). Although three- and six-membered rings are formed by the same 
method, five-membered rings cannot be prepared dire~tly.~@'*'~~ An intramolecular carboalumination re- 
action of alkynylsilanes can also be used to produce five- and six-membered rings.*wJ46 Although the 
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PhS + Me3AI - C12ZrCp2 - i "r, + (37) 
15% -= 

95% 

L,AI 

5% 

80% 
HO 

i, Me3A1, CH2C12,O to 25 OC; ii, Tick, -78 "C, 6 h 

Scheme 52 

i HexHSiMe3 + HexHD 

85-959s R D R SiMe, 
Hex SiMe, + RzAICl - Cl2ZrCpZ - (38) 

R = Et, Me 95% 5% 

i, CH2Cl2,25 OC, 2 h, then &O/NaOD 

SiMe, < 
i, Me3A1, Cl2ZrCpz, CICHZCH2C1,25 O C ,  6 h 

Scheme 53 
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carboalumination of nonfunctionalized alkynylsilanes does not produce stereoisomerically pure a-silylal- 
kenylalanes of type (99, Scheme 54). since these are configurationally ~nstab1e. l~~ it is possible to 
achieve a highly stereoselective chelation-controlled cyclization by using the a-hydroxyalkynylsilane 
(100) as a substrate. 

AlBu'2 
iv 0.A 

OAIBU' 

i, Bui3A1, C12ZrCp2 (10 mol %), CH2C12, 0 "C, 2 h, then 25 OC, 18 h; ii, H,O+; iii, Bui3Al, 
CICH2CH2CI, 0 to 25 "C; iv, CI2ZrCp2 (5 mol %), 0 "C, 2 h, then 25 "C, 4 h 

Scheme 54 

4.4.6.4 Synthetic Applications of Alkenylaluminum Organometallics 

As mentioned in the previous section, alkenylaluminum reagents of type (101) obtained by methyl- 
alumination are synthetically very useful reagents which react with a variety of electrophiles. The carb- 
on-aluminum bond can be readily converted in good yields into carbon-hydrogen, Aeuterium, -iodine, 
-mercury, -boron, -zirconium and -carbon bonds107b.136.148 (Scheme 55). The initial reactivity pattern of 
organometallics (101) can be considerably increased by the transmetallation to more reactive derivatives, 
such as organozinc halides, which undergo a variety of cross-coupling reactions136 in the presence of pal- 
ladium(0) complexes. With other types of less reactive electrophiles the use of the corresponding ala- 
nates (102). prepared by the addition of one equivalent of an organolithium reagent to (101). is required 
and further expands their synthetic application (Scheme 56). Applications to the synthesis of a number of 
natural products such as geraniol,149 farnes01,~~~ monocyclofarnesol,lsl ocirnene,ls2 a-farnesene,lS2 den- 
drolasin (103),150 mokupalide (104),150 vitamin A (1O5),ls3 brassinolide,154 m i l b e r n y ~ i n , ~ ~ ~  v e r r ~ c a r i n ~ ~ ~  
and zoapatan01~~~ have been reported. 

4.4.7 THE CARBOCUPRATION REACTION 

4.4.7.1 General Considerations 

The c a r b o c u p r a t i ~ n ~ ~ ~ ~ ~ ~ ~ ~ ~  of isolated double bonds is generally not possible, but some strained al- 
kenes, as well as conjugated 1,2- and 1.3-dienes, react with several organocopper reagents. The carbocu- 
pration of alkynes is certainly the most versatile carbometallation reaction. It proceeds with very high 
stereoselectivity and affords the syn addition product (>99.5% syn) regardless of the substrate used. The 
regioselectivity of the addition is usually very good, but may be complicated by the presence of hete- 
roatoms at a- or P-positions to the triple bond. The scope of the reaction is very broad. Besides alkynyl- 
and, surprisingly, allyl-copper reagents, most organic groups can be added across alkynes by a carbocu- 
pration reaction. The best substrates are certainly primary alkylcopper derivatives; however, secondary, 
tertiary, akenyl and even the less reactive methylcopper can undergo carbocuprations. The alkenylcop 
per reagents formed after carbocupration have found a wide range of applications. They have proven to 
be very useful intermediates for the synthesis of a variety of natural p r o d u c t ~ ? J ~ ~ * ~ ~ ~  
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)-7 
R ' 
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0 \ xii 

R 
)-7 R. 

b X  
D 

i 

i, D,O+; ii, X = I, I,; X = Br, NBS or Br,; iii, CIC0,Et; iv, ally1 chloride or bromide, [Pd(PPh3)4] (5 mol %), 

0 to 25 "C, 3 h; v, HgCl, (1.5 equiv.), THF, 0 "C; vi, [ P ~ ( P R I ~ ) ~ ]  (5 mol %), ZnClz, (I)BrCH=CHR', 20-25 OC; 
vii, [Pd(PPh3)4] (5 mol %), ZnC12, R1+1,2O-25 "C; viii, ArCHzCl, [Pd(PPh3)4] (3 mol %), THF, 25 "C, 3 h; 

ix, B-methoxy-9-borabicyclo[3.3.l]nonane, hexane, 25 "C, 1 h; x, R'Li, THF, -78 "C, then 12, -78 to 25 OC; 

xi, BuLi, -78 "C, then ZnCl,, evawration, THF, P A .  ( 1  rnol %). RCOCl(1.2 euuiv.); xii, ArI, [Pd(PPh&l - -  ,. . 

(5 mol%). THF. 25 OC. 5 h 

Scheme 55 

R : R. I R 

R 

' )--=\--OMe 

R 

h ( C P h C l  

i, (CH,O),, THF, 25 "C, 3 h; ii, CI2ZrCpz, -78 to 25 "C; iii, 1,2epoxypropane, 
-30 OC; iv, MeOCH2CI, 0 O C ,  2 h; v, COz, -30 to -10 OC 

Scheme 56 
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4.4.7.2 The Carbocupration of Alkenes, 1,2 and 13-Dienes 

The addition of organocopper reagents to isolated double bonds does not occur readily and only some 
classes of transition metal-alkene complexes add copper organometallics in good yields (see Volume 4, 
Chapter 3.2).I6O Strained alkenes such as cyclopropenes are more prone to undergo addition reactions. 
The in situ generated cyclopropene derivative (106) adds PrCu.MgBr2 at -25 'C and affords, after hydro- 
lysis, the syn adduct (107) stereospecifically.161 Functionalized cyclopropenes can also be used and the 
cyclopropene ketal (108) adds a wide range of organocopper reagents162 in a syn fashion to afford stereo- 
defined cyclopropylcopper derivatives of type (lo!)), which can be trapped by various electrophiles with 
retention of configuration (Scheme 57). 

- - 

1 - C1 

K R1R2CuLi E+ K - x  5 4 9 6 %  R' E 

i, BuLi, Et20, -78 "C; ii, PrCuMgBr2, Et20, -25 "C, 1-2 h. then H20 

Scheme 57 

It has been shown that magnesium organocopper and cuprate reagents163 add to 1-methoxy- 1 ,2-propa- 
diene with low stereoselectivity. In strong contrast, Alexakis and NormantlM showed that lithium orga- 
nocopper and cuprate reagents allow a very high control of the newly formed double-bond 
stereochemistry. Thus, lithium diorganocuprates in ether furnish mostly the (@-substituted enol ethers 
(110), whereas lithium organocopper reagents in THF afford the corresponding (2)-substituted enol 
ethers (111; Scheme 58). The observed stereoselectivity has been explained by a delicate balance be- 
tween chelate and steric effects. In a solvent of low basicity like ether, the organometallic reagent will 
complex with the methoxy group of 1-methoxy- 1 ,Zpropadiene and will lead to a transition state like 
(112). In the more basic solvent THF, only steric effects are important and the attack of the organocopper 
will come from the less-hindered side (anti to the methoxy group), leading to a transition state like (113). 

Pulido and coworkers1@ showed that lithium bis(phenyldimethylsily1)cuprate adds readily to 1.2-pro- 
padiene to afford allylic copper reagents, which react with various electrophiles, leading to function- 
alized alkenylsilanes (Scheme 59). Normant and coworkersIM have shown that secondary and tertiary 
organocopper reagents (R2CuMgBr) readily add to butadiene in H M P m F  to afford regiospecifically 
the C-1 addition product (114). This allylic organometallic can be trapped in good yields with several 
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i OMe ii 

92% 92% 
=*d - f- 

OMe OMe 

i, heptylCu, LiX, THF, -30 "C, then H20, ii, heptyl2CuLi, E t 2 0 , 4  "C, 0.5 h, then H20 

Scheme 58 

X-Lf 
Cu OMe 

H H  

electrophiles (Scheme 60). The scope of the reaction seems to be limited, as primary copper reagents do 
not give an addition and 1 -substituted dienes such as 1,3-pentadiene are inert. 

[ PhMe2Si Acp PhMe Si 
E (PhMe2Si)zCuLi + =a= - 

i, THF, -78 OC, 1 h; ii, E', -78 to 0 "C, 1 h 

Scheme 59 

But do 7Ph 

1 ,.-. cu+ A -  
Bu'zCuMgBr - BU' - % B u ' y  

CO2H (114) 

i, butadiene (excess), HMPA, THF, -15 "C; ii, PhCH20CH2CI; iii, C02 

Scheme 60 

4.4.73 The Carbocupration of Alkynes 

4.4.73.1 Addition to nonfunctionalized alkynes 

In 197 1 Normant and Bourgain16' discovered that organwopper reagents were able to add in a syn 
fashion, with almost complete stereoselectivity (>99.5%) and very high regioselectivity, to terminal al- 
kynes and acetylene itself, leading to vinylcopper reagents of type (115; equation 39). The reaction was 
found to be quite general? and of very high synthetic utility. Several organwopper or organwuprate re- 
agents can be used, such as RCuMgX2, RKuMgX, RzCuLi or RCu.(X)Li (X = OBut, SPh, CN), but for 
each reagent the choice of the reaction conditions (solvent, cosolvents, ligands) is critical for the success 
of the reaction. Acetylene is the most reactive nonfunctionalized alkynelm and adds all types of copper 
reagents. Lithium cuprates react particularly well and insert two acetylene units to afford vinylcuprates 
of type (116; equation 40). 

A controlled o l i g ~ r n e r i z a t i o n ~ ~ ~ ~ ~ ~ ~ ~  of acetylene is possible by carefully controlling the reaction tem- 
perature and adding the two first equivalents of acetylene at -50 'C and the remaining acetylene at 0 'C. 
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R1CU*MgX2 + R2- - i "i, 
70-854b R1 Cu*MgBrz 

(115) 

i, addition at -35 O C ,  then w m  to -15 OC 

i 
RzCuLi + 2 - >EO% ( R q c * i  

897 

(39) 

i, Et20, -50 O C  to -20 O C ,  15 min 

Under these conditions, the (Z,Z)dienylcuprates (117) are formed in fair yields and can be happed by 
various electrophiles (Scheme 6 1). a-Substituted alkenylcuprates react even more readily with acetylene 
and dienylcuprates are obtained in high yields (Scheme 62).I7O 

E', HMPA 
RzCuLi*SMez (R*cuLi 2 r q y i  

2 46-7 1 % 

i, acetylene (2 equiv.), -50 O C ,  then 30 min at -25 "C; ii, acetylene (4 equiv.), 0 "C 

Scheme 61 

i,acetylene (2 equiv.), EtzO, 20 OC, 15 min 

Scheme 62 

Organocuprates in which the R group is phenyl, allyl, alkynyl or vinyl do not add to acetylene or to 
other alkynes. Phenylacetylene and propyne, although less reactive than acetylene, show a higher re- 
activity toward carbocupration than most higher alkynes and Vermeer17' showed that secondary and ter- 
tiary magnesium alkylcopper reagents and dialkylcuprates add in THF to phenylacetylene under very 
mild conditions, albeit with a low regioselectivity (equation 41). 

THF, -50 O C ,  5 min 

95% 
HzCuMgLi*LiBr + Ph-= 

68% 32% 

As indicated previously, higher terminal alkynes react with copper reagents derived from magnesium 
organometallics in ether and afford the syn addition products with high regio- and stereo-selectivity 
(equation 39). The first step in these carbocuprations seems to be the formation of a wcornplex between 
the alkyne and the copper reagent, since it has been found by Normant and coworkers172 that the stability 
of an alkylcopper in ether can be increased substantially by the presence of an alkyne. The presence of 
magnesium salts is also essential and no carbocupration takes place in their absence, indicating that 
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mixed magnesium-copper clusters are certainly the reactive species. Similarly, the addition of 
RMgWCuCl to terminal alkynes can only be achieved in the presence of an excess of The car- 
bocupration of terminal alkynes has also been improved and made more reproducible by the use of di- 
methyl sulfide-copper halide complexes instead of crude copper salts, which did not always have the 
required purity. Helquist and coworkers have used dimethyl sulfide as a cosolvent to achieve higher 
yields and a broader range of applicability (Scheme 63).174 Of special interest is that this procedure 
allows one to perform methylcupration reactions, which are usually difficult due to the low reactivity of 
methylcopper deri~atives?J~~ This gives access to trisubstituted alkenes which are of widespread occur- 
rence among natural products (Scheme 

iii i ii L C u [ M e z S 1 . M g B r z  --- 
EtMgBr - EtCu[MezS]*MgBrz - 

Hexyl 85% Hexyl 

i, CuBrMezS (1 equiv.), Et20:dimethyl sulfide (1:l). -45 "C, 2 h; ii, l-octyne (0.9 equiv.), -45 OC, 2 h; 
iii, HMPA, allyl bromide (1 equiv.), -78 OC to -30 OC, 12 h, then aq. NH4CI 

Scheme 63 

MeCu[MqS]*MgBr2 - y C u [ M e 2 S ] ~ M g B q  - ii V O H  
i 

Hexyl 75% Hexyl 

i, octyne (0.9 equiv.), Et20, dimethyl sulfide,-25 OC, 120 h; ii, 1-lithiopentyne (1 equiv.), HMPA 
(2 equiv.), EtzO, ethylene oxide (1 equiv.), -78 OC, 2 h. then -25 OC, 24 h, then aq. NH4Cl 

Scheme 64 

The addition of secondary alkylcopper derivatives often proceeds with low stereoselectivity. Only the 
magnesium diisopropylcuprate adds regioselectively to 1-0ctyne.l~~ A procedure developed recently by 
Periasamy, using RMgWCuCl in the presence of an excess of MgBrz in THF, seems to allow a regiospe- 
cific addition of secondary and tertiary alkylcopper reagents.173 While nonfunctionalized disubstituted 
alkynes usually do not undergo carboc~prations,~~~ the intermolecular reaction, as shown by Crandall 
and  coworker^?^^^^^ proceeds under mild conditions and with high yields (equation 42). Some function- 
alized organmopper reagents bearing various protected hydroxy and thiol functions have been added to 
acetylene and propyne. The optimum conditions for these reactions have been determined (equations 43 
and 44).177 Nomant and coworkers178 also showed that trimethylsilylmethylcopper adds, under forcing 

i, But2CuLi, PBu3, pentane:ether (7:l) 

i ,  CUI, then acetylene, -50 OC, warm to -30 OC, 0.5 h; ii, MeI, HMPA, 4 0  "C to 25 OC, then H3O+ 

i, CuBr*MqS, Et20, -35 OC, 0.5 to 1 h; ii, acetylene, -50 "C, then warm to -30 "c, 
0.5 h; iii, PhSCH2NEt2, THF, 20 OC, 2 h, then H30+ 
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i, R- , P(OEt)3, EtzO, -35 OC, 62 h 

Scheme 65 

conditions, to alkynes to afford functionalized copper derivatives of type (118) which react with a wide 
range of electrophiles to afford stereoisomerically pure allylsilanes (119 Scheme 65). 

In summary, lithium diorgano~uprates~ are the reagents of choice for the carbocupration of acetylene 
itself. For higher alkynes, the use of copper organometallics made from Grignard reagents3 (RCu. MgX2 
in ether and RzCuMgX in THF'") is recommended. The use of dimethyl sulfide'74 as a cosolvent signifi- 
cantly improves the yields. 

4.4.733 Addition to functionalized alkynes 

Whereas nonfunctionalized alkynes undergo carbocupration with high, predictable regioselectivity, the 
introduction of a heteroatom at the propargylic position, the homopropargylic position or directly at the 
triple bond has a strong influence on the regioselectivity of the carbocupration. It has been shown by 
Alexakis and Normant3 that the observed regioselectivity is determined by complexation and steric ef- 
fects. The use of a solvent of low basicity usually favors the complexation between the organocopper 
derivative and the heteroatoms present in the alkyne, whereas in a more basic solvent like THF steric in- 
teractions are more important. These points are illustrated in equations (45) and (46). The addition of Bu- 
CuMgBrz to the homopropargylic acetal (120) in ether is nonregioselective due to a partial 
complexation of the copper reagent to the acetal, and affords equal amounts of (121) and (122) (equation 
45). In THF, the copperreagent, already strongly complexed by the solvent, does not coordinate to the 
acetal function of (120) and steric effects lead to the formation of (121; equation 45). With the cyclic 
acetal (123), a better chelation of the copper reagent is possible, leading mostly to the regioisomer (125; 
equation 46). 

-> OMe 
Me0 

(120) 

(123) 

46% 

in Et20 
in THF 

BuCueMgBrZ 

64% 
c 

y " I . * w  

OMe 

Br 

(124) 
in Et20 13% 

H 
(125) 
87% 

For propargylic substrates, a similar rationale is possible to explain the regiochemistry of the carbocu- 
pration. A propargylic trimethylsilyloxy group does not seem to undergo any complexation with copper 
reagents, and steric interactions are dominant, leading to the formation of only one regioisomer (equation 
47). Propargylic ethers show a higher reactivity compared to nonfunctionalized alkynes and the addition 
of methylcoppel3 proceeds smoothly leading to the interesting reagent (126). In contrast, propargylic 
acetals give low regioselectivities with lithium- or magnesium-derived organocopper reagents, 
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RCu.h4Xn, but Alexakis and c o w o r k e r ~ ~ ~ ~ J ~ ~  showed that the chelate-controlled product (127) was ob- 
tained regiospecifically with lithium orgmocuprates, RzCuLi (equation 48). 

L/ 
i ClBrMgOCu OSiMe3 - 

OSiMe3 

i, MeCu-MgCIBr, THF, -25 OC, 24 h 

CuLi 
BuzCuLi + 2 = <""' EtzO, -50 O C ,  0.5 h * (BL(( 

OEt OEt 
Et0 

(127) 

(47) 

Secondary and tertiary dialkylcuprates, lithium dialkenyl-, and even diphenylcuprates, add in very 
good yields to the reactive propionaldehyde diethyl acetal. The syn addition products may be trapped 
with a variety of electrophiles such as alkyl, alkenyl, alkynyl and aryl halides. The method has been used 
for the synthesis of several natural products. Substituted alkynic acetals also react with lithium dialkyl- 
cuprates in ether to furnish stable dialkenylcuprates of type (128) which do not eliminate to the corre- 
sponding alkoxy allenes (129) if the temperature is maintained below -20 *C.164*179 

R 

OEt R' OEt 
e*=\ 

Heteroatom-substituted alkynes of type (130) react regio- and stereo-specifically with various organ* 
copper r e a g e n t ~ ~ , ~ 8 ~ J ~ l  to afford the regioisomer (131) if X = OR, NR2 or SiMes, and the regioisomer 
(132) if X = SR or PR2 (Scheme 66). Some adducts, (131) and (132). have limited thermal stability. 
Thus, the organocopper derivatives (131), where X = OR and NRz, undergo an elimination reaction at 
temperatures higher than -20 'C and +20 'C, respectively. However, the vinylic carbenoid (132), where 
X = SR, is stable up to 60 'C. Vermeer18' and coworkers showed that the alkenylcopper reagents derived 
from the addition to ethoxyacetylene are useful intermediates for the preparation of 1.4-diketones 
(Scheme 67). The addition of RCuaMgBrz to alkynylsi1anesls2 allows an easy access to various regio- 
and stereo-isomerically pure alkenylsilanes (Scheme 68). 

RCu - RCu * R y C U  X 
- x  

Cu h *  R X=SR.PRz X = OR, NR2, SMe3 x 
032) (130) (131) 

Scheme 66 

ii or iii - R& i Etoh 
E t O e  - 

R Cu 
0 

i, RCu*MgX2 (1 .O equiv.), THF, -50 OC, 1 h, several hours at -25 OC; ii, allyl bromide (1 .O equiv.), HMPA, 
-20 OC, 3 h, then 3 M HCI followed by Wacker oxidation (PdCI2, CuCI, O2 in DMF, HzO); 
iii, 2,3dibromopropene (1 .O equiv.), HMPA, -20 O C ,  4 h, then Hg(OAc)z, HC02H 

Scheme 67 
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R R RCu - - SIR', - 
'SiR', 'SiR', 

E = C1, Br, I, CN. SMe, Me, alkyl, allyl 

Scheme 68 

Finally, s i l ~ l , ' ~ ~ * ' ~  g e ~ m y l , ' ~ ~  and cuprations of alkynes have also been described. Flem- 
ing'83,1w and coworkers showed that silylcuprate reagents of type (133; R' = R2 = Me or R' = Me, R2 = 
Ph) add readily to various alkynes with high regioselectivity, affording the syn addition products. After 
reaction with electrophiles, such as the proton, iodine, acyl and alkyl halides, enones and epoxides, high- 
ly functionalized vinylsilanes of defined stereochemistry are formed in good yields. It is noteworthy that 
the regiochemistry of the silylcupration is opposite to that observed with other organocopper reagents 
(see Section 4.4.7.3.1 and Scheme 69). Oshima and coworkers'85 showed that germylcopper reagents 
add to alkynes, but that the regiochemistry of the addition depends on the nature of the copper reagent 
and of the alkynic compound (equation 49). Due to their rever~ib i l i ty , '~~ . '~~  some germylcuprations and 
stannylcuprations need to be performed in the presence of a proton source, such as an alcohol, in order to 
drive the addition to completion, as has been shown by Piers and With some reactive al- 
kynes, the syn addition proceeds even in the absence of a proton source, but shows only a moderate 
regioselectivity (equation 50). Related reactions have been developed by Fleming, Oshima and Oehlsch- 
lager and coworkers.Ig6 

EFsiR12R2 
SiRI2R2 E+ 

(R1,R2Si),Cu(CN)Li2 + -R - i ',>_/ ___c 

Ph 

Me3SnCu.Me2S 

R 

R1 = Me; R2 = Me or Ph 
i, THF, -50 "C to 0 'C, 15 min 

Scheme 69 

R 
W 9 4 8  

i 

+ (Et,Ge)2CuLi*Me2S - Phh + phh (49) 
82-9676 E GeEt, Et,Ge E 

7-17% 83-93% 

i, E+ = D20, MeI, or allyl bromide 

72-73% 27-28% 

R = THP, TBDMS 
i, THF, -78 OC, 6 h, then MeOH, aq.NH4CI 

4.4.7.4 Synthetic Applications of Alkenylcopper Organometallics 

The synthetic applications of alkenylcopper reagents have been reviewed in detail by Normant and 
Ale~akis .~ The high synthetic potential of these reagents has been summarized in Scheme 70. It is im- 
portant to notice that the reactivity of alkenylcoppers and dialkenylcuprates is not the same, the latter 
being more reactive. Thus, some electrophiles3 do not react readily with alkenylcoppers, but only with 
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R' 
X = I, Br, CI, CN 

R'h 
R' R2 X YR 

R'\ 

R2%oH 

i, thermal decomposition (10-20 "C) or 02, -20 "C (60-80s); ii, X = I: I,, -78 "C, 0.5 h (90-100%); 
X = Br: HgX2, HMPA, Br2, pyridine or NBS ( 5 0 4 9 % ) ;  X = CI: NCS, -45 "C (50-79%); 
X = CN: NCCl, NCS02Ph or NCS02Tol, -50 OC to -20 "C (90-97%); iii, Me3SiCI (80%); 
ClSnR3 or CIPPh2. 4 0  "C, 1.5 h (80-905); RSSR, HMPA, -50 "C to 25 "C, 3 4  h (58-84%); 
iv, SO2, -40 "C to 10 "C (70%); v, X=C=Y: X = 0, Y = NPh (50%); X = Y = S, 
then Me1 (R = Me) (98%); X = Y = 0 (R = H) (8@-100%); vi, allylic and benzylic halides, HMPA (80-98s); 
primary iodides and bromides, HMPA, P(OEt)3, -20 "C (77-85%); vii, for magnesium copper reagents: 
[Pd(PPh3)4] (5 mol %) (50-78%); for cuprates (R2CuM): ZnCI2 (1 equiv.), THF, [Pd(PPh3)4] (5  mol %), 

-10 "C to 20 "C, 30 min (80-94%);Ig8 viii, ZnC12, RCOC1, [Pd(PPh3)4] (5 mol %), 25 "C, 
1 h (70-100%);188~'89 ix, propiolactone,lW -70 "C to -10 "C, then 5 M HC1(40-95%); 

Scheme 70 
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x, 1,2epo~yisoprene,~~' -20 "C, 1 h (7&-90%), (E):(Z)  = 955; xi, epoxide,'" HMPA, 
-78 "C, 3 h, -33 OC, 24 h (6&-90%);3*'74*'92 xii, lithium cuprate, BF3*OEt2 (1 equiv.), 
aldehyde or ketone (0.7 equiv.) (60-70%);3,193 xiii, enone or a,p-unsaturated aldehyde (65-95%);3*'74*194 
xiv, R*X (X = Br or I), TMEDA (1.2 to 2 equiv.), -15 "C, 1-2 h, then H ~ O + ; ~ J ~ ~  xv. aryl iodide, ZnBr2, 
THF, [Pd(PPh3)4] (5 mol %), -15 "C to 20 OC, 0.5 h (65-85%);188 xvi, RYCH2X: (a) MeOCH2C13 or 

C1CH2SR1% (1  equiv.), HMPA or P(OEt),, 25 OC, 4 h, H30+ (60-!99%); (b) CICH2N(Me)CH0 or 

N-~hloromethylphthalimide,'~~ THF. 25 "C, 4 h, H30+ (50-89%) 

Scheme 70 (continued) 

dialkenylcuprates. The addition of polar cosolvents, such as HMPA, or of ligands, such as I-pentynylli- 
thium or magnesium salts, can often enhance the reactivity of an alkenylcopper. Of special interest is the 
transmetallation, described by Alexakis and  coworker^,^^^.^^^ from dialkenylcuprates to the correspond- 
ing zinc derivatives, since it is known that these alkenylzinc reagents react efficiently with alkenyl and 
aryl halides, as well as acid chlorides,198 under palladium(0) catalysis (equation 5 1). This method allows 
an easy access to a variety of dienes with defined stereochemistry, and has been used extensively by 
Alexakis and coworkers for the synthesis of insect sex pheromones.1w 

i ,  MgCh ( 1  equiv.), ZnBr2 ( 1  equiv.), [Pd(PPh3)4 I (5 mol a), -20 "C to 15 "C, 1 h 

4.4.8 OTHER CARBOMETALLATION REACTIONS 

4.4.8.1 General Considerations 

A number of transition metal complexes react with alkenes, alkynes and dienes to afford insertion pro- 
ducts (see Volume 4, Part 3). A general problem is that the newly formed carbon-metal bond is usually 
quite reactive and can undergo a variety of transformations, such as P-hydride elimination or another in- 
sertion reaction, before being trapped by an electrophile.200 Usually, a better stability and lower re- 
activity is observed if the first carbometallation step leads to a metallacycle. It is worthy to note that the 
carbometallation of perfluorinated alkenes and alkynes constitutes a large fraction of the substrates in- 
vestigated with transition metal complexes?Oob 

4.482 Addition to Alkenes and Dienes 

The organomercurial-mediated20' addition of organopalladium derivatives across alkenes is a common 
reaction (Heck reactionZ0lb). The new carbon-carbon bond is formed mainly from the less-hindered end 
of the double bond (Scheme 71).201 The initial carbopalladation product (134) is usually not stable and 
undergoes a P-hydride elimination, leading to the alkene (135). However, the syn adducts (134) can be 
isolated in certain systems where there are no P-hydrogens available for elimination, or where the palla- 
dium complex is stabilized by coordination with a neighboring wsystem or a heteroatom, as shown in 
Scheme 72.201,202 Besides arylpalladium compounds, the addition of wallyl, heterocyclic, alkenyl and 

Scheme 71 
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benzylic organopalladium compounds to bicyclic alkenes is well l~nown.202."~ 'Ihese syn palladium ad- 
ducts can undergo a variety of synthetically useful transformations which all occur with retention of the 
ex0 stereochemistry and complement the Diels-Alder approach to bicyclic systems (Scheme 73). 

& + ArHgCl Li[PdCl3] &tcI Li[AID41 

i, Li[PdCL& MeCN, 0 to 25 OC 

Scheme 72 

iii 

95% 

Li[PdC4] 

HgCl 898 

i, H2; ii, NaOMeh4eOH; iii, COFIeOHEt3N; iv, CuCN; v, MeLi, 2PPh3 

Scheme 73 

A functionalized mercury(I1) compound like ethyl (acetoxymercurio)acetate (136) allows an easy a p  
proach to prostaglandin endoperoxide analogs (equation 52)?w Several organomercury(I1) compounds, 
RHgCl (R = Me, aryl, benzylic), are able to add to 1,3-dienes in the presence of a stoichiometric amount 
of a palladium(I1) salt and afford .rr-allylpalladium compounds of type (137) in variable yields (equation 
53)?05 A related intramolecular carbomercuration has been reported by Snider.206 It allows a stereospe- 
cific approach to the chloromercury compound (138; equation 54). Similar palladium-mediated reactions 

0 

i, Li2[PdC141 (1  equiv.), H2C=CHCOC5H1 (10 equiv.), THF, 0 OC, 1 h, then 25 "C, 4 d 
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have been studied by Saegusa,"' Kende208 and coworkers. Of interest is also the carbometallation of 
enynes with stabilized organosilver209 compounds RAg2LiBr. These organometallics show a high tend- 
ency to add to the double bond of enynes (139) to afford, after hydrolysis, the allene (140), whereas the 
corresponding copper reagent mainly adds to the triple bond to give the 1.3diene (141; Scheme 74). 

LiPdCI3 PdCl 
RHgCl + * R& (53) 

(137) 

y C 0 2 M e  i 

(EtO),P'O 
(54) 

0 0 
(138) 

i, Hg(OCOCF3)2, MeN02, -20 "C, NaCl 

i, RAg2LiBr, THFRIMPA, 4 0  to -10 "C, 3-6 h; ii, H30+; iii, R2CuMgCl, THF, then H30+ 

Scheme 74 

4.4.83 Addition to Alkynes 

Drouin and Conia210 have shown that alkynic silyl enol ethers undergo a highly stereoselective +95% 
syn addition) carbomercuration, leading to five- or six-membered rings in high yields (72-90%). The in- 
termediate alkenylmercury derivative can be trapped by various electrophiles (Scheme 75). Several tran- 
sition metal complexes200b.21 I can effect the methylmetallation of alkynes in moderate yields, low 
selectivity and no special advantage compared with main group organometallics. Acylmetallation re- 
actions, however, which are very difficult with main group organometallics, proceed far more readily 
with transition metal complexes and are of some synthetic utility. Hoberg and coworkers212 showed that 
several symmetrical alkynes react with C02 in the presence of nickel(0) complexes to give five-mem- 
bered cyclic nickel complexes of type (142) in fair to good yields, which can be further converted into a 
variety of organic products (Scheme 76). DeShong and coworkers213 showed that the sequential insertion 
of carbon monoxide and alkynes into various alkylmanganese pentacarbonyl complexes of type (143) 

E = COMe, C02Me, Br 

i, HgCI,, CH2C12, hexamethyldisilazane, 30 "C, 0.5 h 

Scheme 75 
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proceeds readily at high pressures (2-10 kbar), and provides the manganacycles (144) in good yields. 
These manganese complexes are valuable intermediates for the preparation of organic compounds. By 
demetallation under acidic conditions, (E)cnones arc obtained. Alternatively, hydride reduction of com- 
plexes (144) affords the butenolides (145) by an intramolecular Reppe reaction (Scheme 77). The 
presence of an electron-withdrawing group in the alkyne makes the addition easier, but nonfunction- 
alized alkynes can also add with excellent regioselectivity. 

[Ni(COD),] + 
R-R RXR 0 

+ c02 R' CO2H 

R = Me (H, Ph); Lig = TMEDA, 1,2-bis(dicyclohexylphosphino)ethane or 2,2-bipyridine 

i, CO; ii, R'X, then H30'; iii, TMEDA, R'CCR'; iv, R'CHX2 

Scheme 76 

Scheme 77 
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45.1 INTRODUCTION 

The hydroformylation reaction - the addition of dihydrogen and carbon monoxide to an alkene or al- 
kyne to produce an aldehyde - is one of the most important industrial chemical reactions. It is remark- 
able in that it converts simple, inexpensive starting materials into useful products. A new carbon-carbon 
bond is formed along with a very useful and reactive functionality. 

The following discussion deals not only with this reaction, but related reactions in which a transition 
metal complex achieves the addition of carbon monoxide to an alkene or alkyne to yield carboxylic acids 
and their derivatives. These reactions take place either by the insertion of an alkene (or alkyne) into a 
metal-hydride bond (equation 1) or into a metal-carboxylate bond (equation 2) as the initial key step. 
Subsequent steps include carbonyl insertion reactions, metal-acyl hydrogenolysis or solvolysis and 
metal<arbon bond protonolysis. 

Reactions of alkenes and alkynes that generate a carbon-metal bond by nucleophilic addition to a met- 
al n-complex and subsequently undergo carbon monoxide insertion to yield a carbonyl product are 

913 
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covered in Volume 4, Chapter 3.1. Reactions of carbon monoxide with alkenes and alkynes generating 
quinones, cyclopentanones and their derivatives that proceed via a metal-assisted cycloassembly (Pau- 
son-Khand reaction) are discussed in Volume 5 ,  Chapter 9. l.  

The hydrofomylation of alkenes generally has been considered to be an industrial reaction unavailable 
to a laboratory scale process. Usually bench chemists are neither willing nor able to carry out such a re- 
action, particularly at the high pressures (200 bar) necessary for the hydrocarbonylation reactions utiliz- 
ing a cobalt catalyst. (Most of the previous literature reports pressures in atmospheres or pounds per 
square inch. All pressures in this chapter are reported in bars (SI); the relationship is 14.696 p.s.i. = 1 atm 
= 101 325 Pa = 1.013 25 bar.) However, hydroformylation reactions with rhodium require much lower 
pressures and related carbonylation reactions can be carried out at 1-10 bar. Furthermore, pressure 
equipment is available from a variety of suppliers and costs less than a routine IR instrument. Provided a 
suitable pressure room is available, even the high pressure reactions can be carried out safely and easily. 
The hydroformylation of cyclohexene to cyclohexanecarbaldehyde using a rhodium catalyst is an Or- 
ganic Synrheses preparation (see Section 4.5.2.5). 

Several excellent comprehensive reviews that include the hydrofomylation reaction and related re- 
actions of carbon monoxide have appeared in the past decade.'.? Because of the industrial importance of 
these reactions, much of the literature is process oriented and has focused on the carbonylation of simple 
alkenes derived from petroleum feedstock. 

45.2 HYDROFORMYLATION1-5 

The reaction of alkenes (and alkynes) with synthesis gas (CO + H2) to produce aldehydes, catalyzed by 
a number of transition metal complexes, is most often referred to as a hydroformylation reaction or the 
oxo process. The discovery was made using a cobalt catalyst, and although rhodium-based catalysts have 
received increased attention because of their increased selectivity under mild reaction conditions, cobalt 
is still the most used catalyst on an industrial basis. The most industrially important hydrocarbonylation 
reaction is the synthesis of n-butanal from propene (equation 3). Some of the butanal is hydrogenated to 
butanol, but most is converted to 2-ethylhexanol via aldol and hydrogenation sequences. 
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452.1 The Catalysts 
All Group VIII, IX and X transition metals show some catalytic activity for hydroformylation, al- 

though cobalt and rhodium are the most active, rhodium catalysts being 104 times more reactive. More 
recently, platinum catalysts containing the trichlorostannate ligand have been shown to be selective cata- 
lysts that effect hydroformylation under mild conditions.6 

The treatment of a cobalt@) salt with synthesis gas generates sequentially Co2(CO)8 then HCo(C0)4. 
This catalyst is generated only at 120-140 ‘C; for the carbonylation to proceed smoothly 200-300 bar is 
required to stabilize the catalyst. If the hydridocobalt catalyst is prepared separately and then introduced 
into the reaction, temperatures as low as 90 ‘C can be used for the hydrocarbonylation. An important 
consideration in industrial reactions is the normal to branched nlb ratio to give the desired straight chain 
aldehyde, the hydridocobalt catalyst providing an nlb ratio of -4 in the hydroformylation of propene 
under the lower temperature conditions. This catalyst will stoichiometrically hydroformylate 1 -alkenes 
under ambient conditions. 

Rhodium carbonyl catalysts effect hydrocarbonylation under very mild reaction conditions at higher 
rates and selectivity. Rhodium introduced as Rb(C0)12, for example, probably is converted to 
RhH(CO)n, but there is no direct evidence for such species. These rhodium carbonyls are not particularly 
attractive since they produce mostly branched aldehydes. 

Both cobalt and rhodium catalysts containing phosphine ligands have the advantages that they operate 
at lower pressures and are more selective. The cobalt catalyst is stabilized by phosphines, e.g. 
HCo(C0)3(PBu3), and therefore lower CO pressures (100 bar) can be utilized. The catalyst is less active 
for hydroformylation than HCo(C0)4 but gives an nlb ratio of 7 instead of 4 for HCo(C0)d. This phos- 
phine-stabilized catalyst is active for the hydrogenation of butanal, so instead of aldehydes, alcohols are 
generated under the reaction conditions. Propene can be hydroformylated under 10-20 bar at 100 ‘C with 
a rhodium catalyst, HRh(CO)(PPh3), to give predominately n-butanal (nlb = 9). In this case, little or no 
hydrogenation to butanol takes place. 

Until recently, the use of platinum complexes for hydroformylation reactions was less encouraging be- 
cause of the lower reaction rates and the tendency for the substrate to undergo competitive hydrogena- 
tion. However, the complex HPt(CO)(PPh3)zSnC13 hydroformylates alkenes under mild reaction 
conditions selectively without hydrogenating the alkene d i r e~ t ly .~ ,~  The function of the SnC13- is appar- 
ently to stabilize the ligand ?runs to it and to provide an easily dissociating ligand for coordination of an 

Indeed, the use of certain phosphine ligands in place of triphenylphosphine yields catalysts that 
give even higher reaction rates than HRh(CO)(PPh3) and provide nlb ratios of 99. lo Hydroformylations 
using HPt(CO)(PPh3)2SnCls generally give high yields of aldehyde (90%) at a 8 0  ‘C and 65-100 bar.7 

45.22 Mechanisms 

Although the overall reaction mechanisms (catalytic cycles) written for hydroformylation reactions 
with an unmodified cobalt catalyst (Scheme 1) and the rhodium catalyst (Scheme 2) serve as working 
models for the reaction, the details of many of the steps are missing and there are many aspects of the re- 
action that are not well understood. 

The key features of both catalytic cycles are similar. Alkene coordination to the metal followed by in- 
sertion to yield an alkyl-metal complex and CO ‘insertion’ to yield an acyl-metal complex are common 
to both catalytic cycles. The oxidative addition of hydrogen followed by reductive elimination of the al- 
dehyde regenerates the catalyst (Scheme 2 and middle section of Scheme l). The most distinct departure 
in the catalytic cycle for cobalt is the alternate possibility of a dinuclear elimination occumng by the in- 
termolecular reaction of the acylcobalt intermediate with hydridotetracarbonylcobalt to generate the al- 
dehyde and the cobalt(0) dirner.l1J2 In the cobalt catalytic cycle, therefore, the valence charges can be 
from + I  to 0 or +1 to +3, while the valence charges in the rhodium cycles are from +1 to +3. 

In both catalytic cycles none of the complexes exceed 18 electrons. In order to account for the effect of 
phosphine on the nlb ratio in rhodium catalysis (vide infra), an associative mechanism has been proposed 
in which alkene coordinates directly to the 18-electron HRh(C0)Az complex. Since this gives a 20-elec- 
tron complex, this mechanism is not particularly attractive. A number of the intermediates in the rhodium 
catalytic cycle have been verified by various spectroscopic techniques.13J4 

Much less is known concerning the platinum-catalyzed hydroformylations. However, a reasonable 
catalytic cycle can be constructed (Scheme 3) from the available information on the generation and re- 
actions of many of the intermediate complexes The ability of platinum to catalyze hydro- 
formylation reactions while palladium is not a good catalyst could be due to the ability of platinum to 
achieve the +4 oxidation state more readily. 
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+1 +1 (16 e-) 

In the unmodified catalyst system (Scheme l), the rate shows a first-order dependence on hydrogen 
pressure and an inverse first-order dependence on carbon monoxide pressure, so that the rate is nearly in- 
dependent of total pressure. The reaction is first order in alkene and first order in cobalt at higher CO 
pressures. With phosphine-modified cobalt catalysts, the ratedetermining step depends on the ligand and 
the alkene. 

Catalysis by phosphine-modified M u m  is even mom complex and the rate-limiting steps under dif- 
ferent conditions arc uncertain. Addition of excess phosphine to the system or a high CO presswe slows 
the rate, a result consistent either with the ratedetermining step being dihydrogen oxidative addition (6) 
+ (7) or alkene complexation (2) + (3), both steps requiring coordinatively umaturated species. At high 
alkene concentration the reaction is insensitive to alkene concentration, the d o n  being saturated with 
acyl complex (6). but at low alkene concentration or with highly substituted (unreactive) alkene, the rate 
is first order in alkene concentration, the rate-limiting step changing to the complexation of alkene (2) + 
(3). 

4.533 Regio- and Stereo-chemistry 

or branched metal alkyl, which ultimately determines the nlb ratio of aldehydes (equation 4). 
The direction of insertion of the alkene into the metal-hydride bond can take place to yield the normal 
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Scheme 3 
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Higher d b  ratios in cobalt-modified catalysts are apparently achieved as a result of the phosphine 
presenting more steric bulk to the insertion reaction of the alkene. The effect is predominately steric, 
since there is little correlation with regiochemistry and phosphine bacisity. A combination of electronic 
(xi) and steric (cone angle 0) effects provide a more rational explanation of the increase in nlb ratio with 
added phosphines. 16J7 

The addition of excess triphenylphosphine to rhodium catalysts can improve the nlb ratio to 9. The 
concentration of added phosphine and the partial pressure of CO may determine whether the species 
undergoing a reaction with the alkene is (2) (Scheme 2), containing two phosphine ligands and one car- 
bonyl, or HRh(C0)L Certainly with a more sterically hindered complex containing two phosphine li- 
gands (3). insertion could be expected to take place to provide the linear metal alkyl. At lower phosphine 
concentrations the alkene complex derived from HRh(C0)2L, containing only one phosphine ligand, 
should lead to more branched aldehyde. There are major uncertainties as to the numbers of phosphine 
and carbonyl ligands on rhodium and certainly mixtures of these complexes are present in the catalytic 
reaction leading to nlb mixtures of products. 

High nlb ratios (5.7-13) are obtained in the platinhcatalyzed hydroformylation reaction; d b  ratios 
as high as 99 have been obtained utilizing a chelating phosphine, trans- 1,2-diphenylphosphinoccyclo- 
butane.’O 

The nlb ratios are also affected by the alkene structure and are sensitive to steric hindrance. For 
example, dicobaltoctacarbonyl hydroformylates longer chain 1 -alkenes more slowly than the shorter al- 
kenes. Methyl substitution on the alkene chain not only slows the reaction as the methyl group is moved 
closer to the double bond, but the nlb ratio increases (Table 1). A quaternary carbon does not undergo 
e0 insertion and, as a result, the aldehyde is almost never attached at a fully substituted sp2 carbon of an 
alkene. 

Table 1 Hydroformylation of Alkenes: Relative Rate and Isomer Ratios 

Substitution (%) 
Alkene Relative rate constant Carbon I Carbon 2 

1 

0.97 

82 

86 

18 

14 

- 96 4 

0 
0.1 1 

0.088 

100 0 

Once metal hydride addition (alkene insertion) has taken place, for example (3) + (4). p-elimination 
(4) + (3) and readdition can occur (Scheme 2). Accordingly, alkene isomerization can take place in the 
hydroformylation process (equation 5). 

*A + M-H = M = + M-H ( 5 )  

This becomes especially apparent in hydroformylation reactions of internal alkenes, since not only 
does (E)@)-isomerization take place, but n-aldehydes are obtained. Thus, in the hydroformylation of 
(Q-4-octene by Co2(C0)8, n-nonanal (78%). 2-methyloctanal ( ~WO), 2-ethylheptanal (6%) and 2-pro- 
pylhexanal(6%) are obtained. This isomerization is supressed with the phosphine-modified catalysts, in 
the presence of excess phosphine and at high CO pressures. Both carbon monoxide and phosphine can 
react with a 16-electron complex to provide an 18-electron complex (e.g. 4 + 5; Scheme 2). the reverse 
p-hydride elimination is prevented, a requirement for this elimination being the presence of a vacant co- 
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ordination site (1 6-electron complex). Hydroformylation of 2,3-dimethyl-2-butene yields only 3.4-di- 
methylpentanal (equation 6). 

+ H2 + co +CHO 

The overall stereochemistry of the hydroformylation reaction exhibits syn addition of the hydride and 
the formyl groups, both with cobalt and rhodium catalysts. Thus in the hydroformylation of l-methylcy- 
clohexene, where (E)&!)-isomerization cannot occur, the predominate product is trans-2-methylcyclo- 
hexanecarbaldehyde (equation 7) resulting from the delivery of the aldehyde and the formyl groups from 
the same face of the alkene.I8 Similarly the hydroformylation of (Z)-3-methyl-2-pentene gives mainly the 
erythro-aldehyde (equation 8). I9 

+ H Z + C O  - &HO (7) 

H 

This stereochemistry is a result of syn metal hydride addition across the alkene followed by CO ‘inser- 
tion’ with retention of configuration at the carbon bound to the metal (e.g. steps 3 4 4 and 5 + 6 
Scheme 2). 

45.2.4 Hydroformylation of Unfunctionalized Alkenes 

The hydroformylation of 1-alkenes and some of the simpler alkenes has been discussed (vide supra). 
In many cases these aldehydes are commercially available or are not of particular interest as fine chemi- 
cals for organic syntheses. The hydroformylation of alkenes is especially useful when isomerization is 
difficult or only one regioisomer can be obtained. 

The hydroformylation of cyclohexene, as mentioned earlier, provides good yields of cyclohexanecarb- 
aldehyde (entry 1, Table 2). The regiochemistry of the hydroformylation of vinyl aromatics is strongly 
influenced by electronic effects, the formyl group being incorporated at the most electron-deficient carb- 
on. Consequently the hydroformylation of indene places the formyl group predominately at the carbon 
adjacent to the aromatic ring (entry 2). The indanealdehyde and aldehyde derived from acenaphthalene 
(entry 3) can be converted to P-phenylethylamines (8) and (9). respectively, that have interesting hypo- 
tensive properties. 

Similarly, hydroformylation of substituted styrenes yields the cornsponding aldehydes, the p-sub- 
stituted styrene providing the a-phenyl aldehyde (entry 4). This aldehyde can be converted to the phar- 
macologically active amine. 

(-)-a-Pinene (entry 5 )  from the cluster pine (Pinus pinasrer Sol.) is diastereoselectively hydroform- 
ylated to (-)-3-pinanecarbaldehyde. Hydroformylation of (+)-a-pinene from Aleppo pine (Pinus pinaster 
Mill.) yields the diastereomer. This selective hydroformylation takes place from the least-hindered al- 
kene face. Depending on the reaction conditions, selectivities as high as 85% can be achieved. 



\o 
N 
0 

Table 2 Hydrofonnylation of Alkenes 

Entry Alkene Catalyst Temperature ("C) Pressure (bar) Aldehyde Yield (96) R 4 .  

OCH0 82-84 20 Rh203 1 0 0  150 1 

CHO 
I 

\ 
2 700 

CHO 

3 700 c 54 22 6 

R- ~R 4 R - r "  160 83 22 

5 & 600 a 22-24 

UCHO 600 a 22 6 



k n. 
Table 2 (continued) 

EntV Alkene Catalyst Temperature (“C) Pressure (bar) Aldehyde Yield(%) R& 3 
3 

7 

8 

9 

[Rh(OAc)COD] 90 

130 

180 

600 

14 

100 

82 

150 

VCH0 
3 

37 22 s g. 
k 

b 

82 

21 

26 

oHcm’cHo 75 27 

67 28 

Y a 
2 . ~ i e ~ s  not pwidcd; conversions varied, depcndiig on reaction time. Conversion run to 5096 to determine rates. 
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The enantiomeric purity of the 3-pinanecarbaldehyde comsponds to the a-pinane utilized (7045%). 
Enantiomerically pure aldehyde can be obtained by the acidcatalyzed trimerization of the aldehyde, with 
only one enantiomer being preferentially cyclotrimerized to a crystalline compound.ub Cleavage of the 
trimer results in enantiomerically pure aldehyde. If cobalt catalysts are employed in the cyclization, re- 
arrangement to the bornane structure takes place (equation g).= 

110-120 "C L b 
205 bar, 65% 

+ CO + Hz 
205 bar, 65% 

Selective hydroformylation of nonconjugated dienes can be canied out such that the least-hindered 
double bond reacts. Thus citronellene (entry 6) and 2,6-dimethyl-l,5-heptadiene both undergo preferen- 
tial reaction at the least-substituted double bond, the hydroformylation of citronellene patterned after that 
of 3-methyl- 1-pentene (Table 1) and the hydroformylation of 2,6dimethyl-l,5-heptadiene to citronellal 
following that of 2-methyl-1-pentene, avoiding placing the formyl group at the quaternary carbon. The 
reaction of limonene (entry 8) shows similar behavior. 

Because the norbornene double bond of dic yclopentadiene is more strained, its selective hydroformyl- 
ation can be achieved under mild reaction conditions (entry 9). Under more vigorous reaction conditions 
both double bonds are hydroformylated. The e m  faces of both rings are the least hindered, accounting 
for the selectivity. 
The hydroformylation of conjugated dienes with unmodified cobalt catalysts is slow, since the inser- 

tion reaction of the diene generates an q3-cobalt complex by hydride addition at a terminal carbon (equa- 
tion The stable q3-cobalt complex does not undergo facile CO insertion. Low yields of a mixture of 
n- and iso-valeraldehyde are obtained. The use of phosphine-modified rhodium catalysts gives a complex 
mixture of C5 monoaldehydes (58%) and C6 dialdehydes (4296). A mixture of mono- and di-aldehydes 
are also obtained from 1,3- and 1.4-cyclohexadienes with a modified rhodium catalyst (equation 1 l).B 
The 3-~yclohexenecarbaldehyde, an intermediate in the hydrocarbonylation of both 1,3- and 1 ,4-cyclo- 
hexadiene, is converted in 73% yield, to the same mixture of dialdehydes (cis:truns = 35:65) as is pro- 
duced from either diene. 

L J 

I 
CHO 

1,3- 29% 5% 25 % 
1.4- 73% 7% 20% 

Phosphine-modified rhodium catalysts hydmformylate alkynes to saturated aldehydes.' The reaction 
most likely proceeds by a rapid hydrogenation to yield the alkene, followed by hydroformylation. 

4.5.2.5 Hydroformylation of Functionalized Alkenes 

The hydroformylation of alkenes containing a variety of functional groups can be carried out without 
poisoning the catalyst and without reaction of the functionality taking place. Exceptions are those in 
which the functional group reacts with the newly formed aldehyde. Alcohols, ethers, acetals and ketals 
are tolerated in hydroformylations. If the double bond is remote enough from the functional group, then 
the hydroformylation regiochemistry and rate are similar to the analogous alkene. If the double bond is 
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closer to the functionality, then alkene isomerization may be favored and the regiochemistry may be al- 
tered or even reversed. 

Hydroformylation of 2,6-dimethy1-6-hepten-2-01 produces hydroxycitronellal (equation 1 2).22 Subject- 
ing allyl alcohol to hydroformylation reaction conditions with HCo(C0)4 yields only propanal, isomer- 
ization taking place more rapidly than hydrofonnylation.2 Phosphine-modified rhodium catalysts will 
convert allyl alcohol to butane-l,4-diol under mild conditions in the presence of excess phosphine, how- 
ever (equation l 3).5730,31 When isomerization is blocked, hydroformylation proceeds normally (equation 
14). An elegant synthesis of the &log-Djerassi lactone has been accomplished starting with the hydro- 
formylation of an allylic alcohol (equation 15).32 

excess PPh3 

30 "C, 1.4 bar 
+OH + H2 + CO 

77% 19.5% 

* 6 e (14) 
HCo(C0)4 

CHO OH 
ToH + H2 + CO 

- PCC B n O b  + CO + H2 Rhz(OAc)4, 100 "C, 6 h  24 Ph3P bar [BnO* 1 - 
OH 

86% overall 

The electron-withdrawing ability of an ether oxygen alters the regiochemistry of hydroformylation. 
This effect is present even in allyl ethers such as ethyl allyl ether, which gives predominately 2-methyl- 
3ethoxypropanol.2 The reaction with vinyl ethers is regioselective (equation 16)5 or in some examples 
regiospecific (equation 17).22 The products of hydroformylation of phenyl vinyl ethers can be converted 
into pharmacologically active aryloxypropylamines by reductive amination. 

a O H  P O H  (16) 

CO~(CO), 

180 "C 
300 bar 

78% 8% 

The regiochemistry of hydroformylation of acrolein cyclic acetals can be controlled to some extent by 
the presence or absence of phosphine. Excess phosphine provides predominately the straight chain alde- 
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god + Hz + CO R- 
100 "C * R- goxo \ 
mbar 

(17) 
[RM31(mD)lz 

hyde with a number of catalysts (equation 18).5 In the absence of phosphine, the major product is the 
branched aldehyde (equation 19).n 

'cjt, 0 
+ H2 + CO - T L C H O  Tb (18) 

CHO 

c%(co)89 (CSH17)3P 81% 19% 
150 OC, 68-82 bar, 86% 

12% 

19% 

33% 

[RhCl(COD)]2,50 equiv. PF'h3 70% 
140 OC. 20 bar 

57% 

30% 

The hydroformylation of allyl and vinyl acetals yields some useful intermediates. Allyl acetate under- 
goes partial double bond migration prior to hydroformylation with a cobalt catalyst in the absence of 
phosphine (equation 20).25 Rhodium catalysts containing chelating phosphines are more selective to the 
linear aldeh~de.~' 

A~O-CHO 

-70% 

C*(CO)B 
Hz + CO L 

140 O C ,  180-200 bar 
8 5 4 %  

'CHO AcO 

+ A c O T  CHO + 

15-20% 15-20% 

Industrial (BASF') syntheses of vitamin A and vitamin A aldehyde have bear accomplished utilizing 
the aldehydes obtained from allyl acetate hydroformylation." Either aldehyde (10) or (11) reacts with 
the same phosphorus ylide to give vitamin A or retinal (Scheme 4). Hydroformylation of 3-methyl-2- 
butenyl acetate gives a high yield of 2-formyl-3-methylbutyl acetate. Elimination of acetic acid followed 
by isomerization provides trimethylaaylaldehyde, which is an intermediate in the synthesis of b s  
(Scheme 5). 
The hydroformylation of vinyl acetate has been accomplished by a number of different cata- 

lysts.3031*33*34 The branched isomer is the major product, the regioselectivity being attributed both to the 
electron-withdrawing effect of oxygen and the chelating effect of the ester carbonyl? High regio- 
selectivity can be achieved in a polar solvent with a rhodium catalyst (equation 21).33* Vinyl pivalate 
shows nearly a five times greater selectivity for the branched aldehyde.34 

Unsaturated aldehydes, ketones and esters undergo hydroformylation of the double bond without re- 
action at the carbonyl group. For example, dienes yield aldehydes in a stepwise fashion (vide supra); 
however, a,&unsaturated aldehydes and ketones undergo rapid hydrogenation to the saturated aldehyde 
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NpOAc, Bu(OH)z 
110 *c 

OAc OHC - RhCIS y+ 
' T O A c  + H2 + CO 

100 "C, 600 bar OAc 93% (10) 
%% conv. OAc 

75% 

OHC T O A c  

25% 
OAc 

e $Phg 

Scheme 4 

Pd cat. 

X H O  - X H O  

Scheme 5 

Me 

60 O C ,  200 bar, 83% 95% 

Rh(CO)z(acac), 15 equiv. Ph3P 86% 
DMSO or DMF, 8 bar, 86% 

5% 

14% 

or ketone instead of undergoing hydroformylation.lt*J Hydroformylation of an unsaturated ketone (in 
which the carbonyl is not conjugated) takes place selectively at the more reactive double bond to give an 
aldehyde that can be converted to guaiazulene (equation 22).22 

u,p-Unsaturated esters arc not hydrogenated as readily with hydroformylation catalysts, so aldehydes 
can be obtained (equation 23).5930J130J5J6 The regioselectivity is sensitive to substitution and reaction con- 
ditions. Formylation at the p-position is driven by conjugation of the double bond with the carbonyl, sub  
stitution at the a-position, and excess phosphine (equations 24 and 25). Similarly, the selectivity in the 
hydroformylation of dimethyl itaconate can be reversed by phosphine-modified catalysts (equation 26). 
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CHO 

- Rh(acac), Ph3P 
1 bar, 40 "C, 60% 100% 

RhH(CO)PPh,, Ph3P 
2 equiv. Ph2P(CHZ),PPhz 13% 34% 
4 bar, 100% conv. 

(53% -C02R) 

c e (25) 
OHC COzMe OHC 

/I + H2 + CO ' COzMe 

R~(C0)12,100 "C, 15 bar, 98% 6% 94% 
[Rh(nbd)C1]2,150 OC, 80 bar, 100% 53% 47% 
[Rh(nbd)Cl]z, Bu~P,  100 'C, 15 bar, 58% 82% 18% 

Acrylonitrile yields predominately the linear cyano aldehyde, although considerable double bond re- 
duction takes place (equation 27).37 The reaction has received considerable attention since it is a precur- 
sor to glutamic acid via a Strecker reaction.'.* 

NC L C N  - H02C =C02H 
(27) 

Nitro groups are tolerated in hydroformylation as are amines, provided they are protected. The reaction 
of o-nitrostyrene gives an intermediate for the synthesis of 3-methyliidole (equation 28).'* With a phos- 
phine-modified rhodium catalyst, the reaction is regioselective, placing the formyl group in the a-posi- 
tion. 

Vinylamides are not regioselectively hydroformylated but hodium catalysts tend to cause formylation 
at the carbon adjacent to the nitrogen (Table 3).2 N-Allylamides exhibit a regiochemistry that indicates 
some electronic influence of nitrogen even thou@ it is one methylene removed from the double bond. 
The aldehydes obtained from the regiosekctive hydroformylation of N-vinylamides ~IE of interest be- 
cause they represent intermediates for amino acid synthesis.4o 
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Although N-methyltetrahydropyridines are not selectively hydroformylated, an equal mixture of the 
two aldehydes being obtained from N-methyl- 1,2,3,6-tetrahydropyridine, N-methyltropidenes are selec- 
tively formylated at the 3-position (equation 29). The difference in the selectivity can be attributed to the 
substitution in tropidine (bridge head carbon). 

Me Me 

Fluoroalkenes such as trifluoropropene and pentafluorostyrene show unique regioselectivities in hy- 
droformylation reactions?' While cobaltoctacarbonyl catalysts give nlb ratios of about 9317 and %/lo 
for trifluoropropene and pentafluorostyrene, respectively, ruthenium and rhodium catalysts show select- 
ivities of about 3/97, regardless of the ligands (the exception being that a ruthenium carbonyl catalyst 
gave a nlb ratio of 26/74 for pentafluorostyrene). These selectivities are in marked contrast to those ob- 
tained for the unfluorinated alkenes: propene, Co2(CO)g, 80/20; Ru3(C0)12, 74/26; styrene, Co2(CO)s, 
41/59; Rh2C12(C0)4/PPh3,57/43. The hydroformylation of these fluorinated alkenes has been utilized in 
the synthesis of fluorinated amino acids (Scheme 6). 

C02H 
F 3 C 0 C H 0  -- F 3 C 7  

COZ(CO)S 

"2 

F3C 4 

mC02H F3cYcH0 -- CF3 NH2 

\ RhdCO),, ~ 

80 "C, I10 bar 
6 h, 97% 

CO2H 

* 
HRh(CO)(PPh3)2 A -- 

9O0C,80bar C6F5 CHO 
C6F5- 

F H  F H  
2 h, 100% 

Scheme 6 

4.5.2.6 Asymmetric H y d r ~ f o r m y l a t i o n ~ ~ ~  

The generation of a chiral center as a result of alkene hydroformylation can take place either by 
formylation or hydride addition at the prochiral carbon (equations 30 and 31). Kinetic resolution in the 
hydroformylation reaction of a racemic alkene containing a chiral center could also occur, but in this 
example the chiral center is not generated as a result of the hydroformylation reaction. 



Table 3 Hydroformylation of Unsaturatd Amides 

Products Yield(%) Ref Temperature ("C) Pressure (bar) 

0 

"- HRh(CQ(PPh3)J. 60 
DIPHOLa I 

COMe 

1 70 

34 

34 

700 

34 

34 

170 

-NHAc 
ow 

CHO 

46 54 
CHO 

78 38 

100 39 [ 
k 

100 39 
6 

: 
100 39 $- 

2 
70 39 

90 38 

6.7 1 
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Table 3 (continued) 
~~~ ~~ ~ 

Yield (96) Rd. Vinylimide Cutalyst Temperature ("C) Pressure (bar) Products 

46 54 

a See stmcture (13). 



930 Nonpolar Additions to Alkenes and Alkynes 

R I ?= + H2 + c o -  R &CHO 

The enantioselective step in rhodium-catalyzed hydroformylation reactions (refer to Scheme 2) can 
take place either in the formation of the alkene complex (3), at the insertion of the alkene to yield (4), or 
in the CO insertion step (9, since these steps are all reversible. For example, if the diastereomers (3), ob- 
tained from the complexation of the alkene re and si faces, are converted in a fast step to (4), then the ra- 
tios of the diastereomeric complexes (3) will determine the enantiomeric excess. If, however, one 
diastereomer (for example, the highest energy complex, present in a minor amount) undergoes the inser- 
tion reaction several orders of magnitude more rapidly than the other diastereomer, then it is possible, de- 
pending on the subsequent step, that the diastereomeric ratios of (4) are representative of the 
enantiomeric excess. This question has been addressed by carrying out the asymmetric hydroformylation 
of 1-butene, (a-2-butene and (E)-Zbutene, which yield the same product, 2-methylbutanol. This means 
that all three substrates must pass through a common alkylmetal intermediate (Scheme 7).45 Since with 
both rhodium and platinum catalysts, the prevailing chirality of the product and the enantiomeric ex- 
cesses depend on substrate structure, this suggests that the enantioselection occurs before or during the 
formation of the alkyl metal intermediate. 

i- (0) l l - M  
Et Et M 

/ 

Absolute 
S.M. M configuration %ee 

a Rh (R) 18.8 
I Pt fR) 46.7 

c Rh (S) 27.0 
Pt (S) 14.5 

Scheme 7 

By using a stereochemical model for the transition state of the insertion reaction with nonbonded inter- 
actions between a complex of given chirality and the alkene the enantiomeric excesses as well as the 
regioisomeric excesses of aldehydes from monosubstituted, and 1,l- and 1.2-disubstituted ethylenes can 
be predicted. The prediction is correct in more than 80% of the cases s t ~ d i e d . ~ . ~ ~  

Until recently, only moderate enantiomeric excesses of branched aldehydes had been realized in hy- 
droformylation reactions with rhodium and platinum catalysts. Utilizing the chelating ligand (4RSR)- 
2,2-dimethyl-4,5-bis(diphenylphosphinomethyl)- 1,3-dioxolane (12 (-)-DIOP) in the presence of the 
appropriate rhodium complex generates HRh(CO)[(-)-DIOP], which catalyzes the hydroformylation of 
styrene to hydrotropaldehyde in 25% ee?2943 Replacing the diphenylphosphino groups with dibenzophos- 
phole gives the (-)-DBP-DIOP ligand (13), which yields a rhodium catalyst that hydroformylates styrene 
in 33% ee."5 Other chelating ligands such as phosphinites, phosphines and phospholes of 1.2-di- 
methylene-cyclohexane and cyclobutane gave lower enantiomeric excesses (2-30%)?' Low enantie 
meric excesses (-25%) have also been obtained with the use of CHIRAPHOS (14)48 and EPHOS (15).49 
A variety of other alkene substrates have been hydroformylated but enantiomeric excesses have never 
been higher than about 50% with rhodium as a c a t a l y ~ t $ ~ * ~ v ~ ~  the highest enantiomeric excess being 
achieved in the hydroformylation of vinyl acetate with Rh/(-)-DBP-DIOP (equation 32).50 In a number 
of reactions, the optical yields were observed to be dependent on the temperature, as expected, and on 
the partial pressures of carbon monoxide and h y d r ~ g e n . ~ ~ * ~ ~  This reaction is particularly attractive since 
2-acetoxypropanol is a precursor for the Strecker synthesis of threonine. 

Until recently, the use of platinum complexes in asymmetric hydroformylation had been less en- 
couraging because of the lower reaction rates and the tendency for the substrate to undergo competitive 
hydrogenation. In addition, relatively high normal to branched (nlb) ratios have been observed in the 
hydroformylation of monosubstituted alkenes. Hydroformylation of 1- and 2-butenes in the presence of 
[(-)-DIOP]PtC12/SnClz was reported by two groups to give nonreproducible (and sometimes contradic- 
tory) results.53 In contrast, the use of the preformed [(-)-DIOP]Pt(SnC13)Cl complex as a catalyst precur- 
sor did give reproducible results.54 
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PhzP PPh2 

'x' 9 0  HHH 
Me 

51% ee 
75-9596 selectivity 

Although the enantiomeric excesses, selectivity and nlb ratios are dependent on such variables as the 
HdCO ratio, the total pressure, the substrate concentration and the ratio of phosphorus to platinum, no 
consistent pattern emerges to reveal much information as to the reaction mechanism.55 The hydroformyl- 
ation of a variety of substrates has been carried out, with enantiomeric excesses ranging from 20 to 
4496," usually with DIOP (12) or CHIRAPHOS (14) as ligands.48s The highest enantiomeric excesses 
(73% and 8596, respectively) obtained from the hydroformylation of styrene were with [(-)-DBP- 
DIOP]PtC12/SnC12 at 40-60 'C, 220 bar, HdCO = 2.457 and (RR)-2,3-bicyclo[2.2.2]octane- 
diylbis(methylene)bis(diphenylphosphine)PtC~SnCl~ (equation 33).58 

+ ph-CHo (33) 
4060 "C, 220 bar, 15-20 h 

P h n C H O  
&Ph + H2 + CO 

5:  1 

PtC124nC12 (13) 73% ee 

(16).PtC12*SnC12 85% ee 

(16) 

Thus the enantiomeric excesses obtained in the platinum-catalyzed hydroformy lation reactions of cer- 
tain alkenes were achieved at a level (75-85% ee) necessary for facile enrichment to optically pure com- 
pounds, presenting an opportunity to establish this reaction as a viable asymmetric synthesis of 
aldehydes. 

Some of the highest enantiomeric excesses in hydroformylation reactions of styrene (-70-8096 ee) 
have been obtained with a platinum catalyst containing the c h i d  ligand (2S,M)-4-(diphenylphosphino)- 
2-[(diphen ylphosphino)methyl]pymlidine (17; (-)-BPPM)?9 

t-BOC 
I 

Ph2Q 

PPh, 

(17) 

Styrene hydroformylation with [(-)-BPPM]PtC12 and added SnC12 to yield a mixture of 2- and 3-phe- 
nylpropanal has been carried out in benzene at different reaction pressures (100-180 bar), temperatures 
(50-95 'C) and reaction times (2-15 h; equation 34).59 The normal to branched ratio was relatively high 
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(nlb = 2), but the selectivity to aldehyde was high, less than 2% of ethylbenzene being obtained in each 
case. Branched aldehyde, 2-phcnylpropanal, was obtained in relatively high enantiomeric excess, par- 
ticularly when the reaction times were short and the temperature was low, 7840% ee being obtained at 
5 6 5 7  'C after 2-4 h, and low conversion. The lower enantiomeric excesses obtained at longer reaction 
times are a result of product racemization under the reaction conditions. 
The hydroformylation reaction of vinyl aromatics (Table 4)60 lends itself to the synthesis of a number 

of 2-arylpropionic acids in high enantiomeric excess that are nonsteroidal antiinflammatory agents.61 
Previous asymmetric syntheses of these acids required the use of stoichiometric amounts of chiral auxil- 
iaries, which in most cases are not easily recovered. The branched aldehyde was oxidized to (S)-(+)+a- 
proxen,6* in 84% yield. 

CHo (34) 
PtCI,*SnCI, (17) 

170 bar, 554%) "C P h n C H O  
&Ph + H2 + CO + Ph- 

1 :2 

An analgesic with greater antiinflammatory and antipyretic activity than Naproxen is a-methyl-4-(2- 
thienylcarbony1)benzeneacetic acid, S~profen.6~ This compound has been tested only as a racemic mix- 
ture, and any difference in the activity of the enantiomers is not known. Hydroformylation of 
4-(2-thienylcarbonyl)styrene (entry 5 ,  Table 4) to the 2-arylpropanal was achieved in 78% ee for the 
branched aldehyde [(+)-enantiomer in excess], which can be converted to Suprofen by oxidation. 

Hydroformylations of several other vinyl substrates were carried out (Table 4). Vinyl acetate is a par- 
ticularly interesting substrate, since, as mentioned earlier, it gives 2-acetoxypropanal, a precursor in the 
Strecker synthesis of threonine. The product can be converted to 2-hydroxypropanal, a useful intermedi- 
ate in the synthesis of steroids, pheromones, antibiotics and peptides. 

Hydroformylation of norbomene proceeds slowly in spite of the expected reactivity of the strained 
double bond. Racemization of the product aldehyde does not occur under the reaction conditions. The 
hydroformylation of methyl methacrylate gives only one isomer, which is a useful chiral synthon. Di- 
methyl itaconate also can be hydroformylated using (12) as the chiral ligand to give aldehyde product in 
82% ee accompanied by hydrogenated ester,64 

In the hydroformylation reactions of vinyl aromatics, racemization of the products takes place under 
the reaction conditions. Presumably racemization of the aldehydes also can take place in hydroformyla- 
tions carried out with substrates other than vinyl aromatics, although this was not verified in all exam- 
ples. 

The hydroformylation of styrene in triethyl orthoformate is slower than that observed in benzene, but a 
98% ee is obtained, since racemization of the product acetal does not occur. Hydrolysis of the acetal to 
the aldehyde can be accomplished without racemization. A number of other substrates are hydroformyl- 
ated in the presence of triethyl orthoformate. The reactions are slower, but with all substrates tried except 
norbomene, enantiomerically pure products can be obtained. 

The hydrocarboxylation reaction of alkenes and alkynes is one which utilizes carbon monoxide to p m  
duce carboxylic acid derivatives. The source of hydrogen is a protic solvent (equation 35); dihydrogen is 
not usually added to the reaction. There are a number of variations to this reaction, since the solvent can 
be water, alcohols, amines, acids, etc. The catalysts can be Group VIII-X transition metals, but cobalt, 
rhodium, nickel, palladium and platinum have found the most use. 

+ CO + HX - H q X  

X = OH, OR, SR, NR2, OCOR, CI 

(35) 

Industrially, low molecular weight acids can be made from water, carbon monoxide and an alkene, but 
higher molecular weight acids are produced as esters. In water a phase-transfer agent is required for the 

4.5.3    CARBOXYLATION1,2,65



Table 460 Hydroformylation of Alkenesa 
2 Entry Alkene Reaction rime (h) Solvent Product Conversion (96) d b  ee(%) ‘1 
B 
% 0 

Ph r 1 ph/\\ 

2 

4 

150 

PhH 

HC(0Eth 

50-90 3 
s ‘1 

2 80 

2 Etor Ph 
100 2 >% 

CHO 

M e 0  JXf PhH 90 1.4 81 3 
M e 0  

4 200 HC(OEt)3 55 1.4 >96 

M e 0  

OJJy 
0 

5 O q J -  9 PhH 73 2 78 

2.3b 82 

0 

CHO 

AcO& 
40 PhH 50 
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Table 4 (continued) 

Entry Alkene Reaction time (h) Solvent Product Conversion (5%) d b  ee(%) 

l 3  MeOzC ,!(,COzMe 45 PhMed" 
MeOzCL * 

a Entries 1-12: (17).PtC12*SnC12; HzKO = I ;  temperature = 60 O C  (except entry I ,  55 "C and entries 10 and I I ,  30 "C); pressure = 165-185 bar; selectivities > 98% except entry 8.85%. Linear 3 
aldehyde and acetal partially decomposed. Only one aldehyde (or acetal) obtained. H K O  = 3. e From tcf. 64. (12)=PtCI~-SnC12; H K O  = I; tempemure = 50 OC; pres- = 40 bar. ' 45% of product 
was McCH(C@Me)CHzC@Me, 35% ee. 8 

3 
k 
B a c 

8 a 
2 
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higher molecular weight alkenes. A problem with aqueous hydrocarboxylation is that most of the cata- 
lysts also effect the water gas shift reactian. 

453.1 Mechanisms66 
There are two different reaction mechanisms that are possible for the overall transformation shown in 

equation (35). It is not always apparent which of the two mechanisms may be operative, the mechanistic 
pathway apparently depending on the reaction conditions (particularly added acids or bases), the transi- 
tion metal and the substrate. 

The hydrocarboxylation can take place by insertion of the alkene into a metal-hydride bond followed 
by CO insertion and finally reaction of the acyl complex with solvent as illustrated in equation (36). Al- 
ternatively, a transition metal-carboxylate complex can be generated initially. Insertion of the alkene into 
the metal-carbon bond of this carboxylats complex followed by cleavage of the metal-carbon bond by 
solvent completes the addition, as shown in equation (37). Both sequences provide the same product. 

+ H-M - q M  cO 
H 

H@M HG X + MH 

M-CO + H-X - M-( - >=( M&x ___) HX '4 + MX (37) 
X 

The metal hydride mechanism has been written particularly for hydrocarboxylation reactions with a 
palladium ~atalyst.~'*68 In the reactions of propene in the presence of (PhsPhPdClz, the acyl complex 
(18) was isolated from the reaction mixture, and also shown to be a catalyst for the reaction. 

0 YPh3 
F P d - C I  I 

PI'' PPh3 

(18) 

Both mechanisms ~IE predicted to show syn addition of h y d d e  and cahxylate  to the alkene. In the 
metal hydride mechanism (equation 36) alkene insertion is syn and CO insertion proceeds with retention 
of configuration at carbon. In the metal carboxylate mechanisms (equation 37) alkene insertion is syn 
and cleavage of the metal-carbon bond can take place with retention at carbon. The palladiumcatalyzed 
hydroesterification reaction produces the erythro ester from (?)-3-methyl-2-pentene (equation 38) and 
the rhreo ester from (E)-3-methyl-2-pentene (equation 391.69 

(Ph,P)2PdCI, Et, Eh + CO + MeOH 100 o c ,  300 bar d O z M e  
(39) 
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In certain other systems, there is compelling evidence for the insertion into a metal-carboxylate com- 
plex (equation 37). For example, in the synthesis of a-methylene-y-lactones from alkynic  alcohol^,^^^^^ 
no double bond rearrangement to a butenolide occurs, a reaction shown to take place in the presence of 
transition metal hydrides. The source of the vinyl proton (deuterium) on the a-methylene group is indeed 
the alcohol function. Finally, palladium carboxylate complexes containing alkynic (equation 40) or vinyl 
tails (equation 41) can be isolated and the corresponding insertion reaction can be observed. 

The metal carboxylate insertion mechanism has also been demonstrated in the dicobaltoctacarbonyl- 
catalyzed carbomethoxylation of butadiene to methyl 3-penten0ate .~*~~ The reaction of independently 
synthesized cobalt-carboxylate complex (19) with butadiene (Scheme 8) produced q3-cobalt complex 
(20) via the insertion reaction. Reaction of (20) with cobalt hydride gives the product. The pyridine40 
catalyst promotes the reaction of methanol with dicobalt octacarbonyl to give (19) and HCo(C0)4. 

0 PMe 

(19) + C~H~NHCO(CO)~ 

Scheme 8 

Thus the catalytic cycles that have been written reflect these mechanistic findings. In the hydride 
mechanism, illustrated with cobalt (Scheme 9), the hydride is generated either by the alcohol vide supra 
or by adventitious hydrogen (e.g. from a water gas shift reaction). In the case of a palladium catalyst in- 
troduced as (Ph3P)2PdCIz, the palladium is first reduced to palladium(0). which then undergoes the rapid 
oxidative addition of HCl to yield (Ph3P)zPd(CI)H. Alkene insertion and carbon monoxide insertion steps 
are the characteristic sequence of events in such catalysis. The hydride HCo(C0)4 is acidic and readily 
decomposes as cobalt metal in the absence of carbon monoxide; high CO pressures are necessary to sta- 
bilize HCo(C0)4 and the intermediates in the catalytic cycle. 

The mechanism of the reaction of the alcohol (or water) with the acyl complex to produce ester (or 
acid) and regenerate the cobalt hydride complex is not known. Because the reaction of the analogous 
manganese complex with alcohols is known to proceed through a hemiacetal-like complex, this mechan- 
ism has been written for the carboxylation reaction (equation 42). 

The transition metal carboxylate mechanism (Scheme lo), illustrated with palladium, requires the 
generation of this t y p  of complex in the initial steps. This can occur by the alcoholysis of dicobalt octa- 
carbonyl (Scheme 6) or by, for example, the reaction of methanol with a palladium(I1) carbonyl (equa- 



938 Nonpolar Additions to Alkenes and Alkynes 

co 
Scheme 9 

0 
+ ROH - " O X O R  - + HCo(CO)3 (42) 

R Co(CO), 

tion 43). The palladium catalyst containing a trichlorostannate ligand, an excellent catalyst for the hydro- 
carboxylation, has been shown to proceed by the palladium carboxylate insertion 

Scheme 10 

O Y O R  
L2Pd(CO)SnC13+ + ROH - L-Pd-L + H+ (43) 

SnCI3 
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The final step in the catalytic cycle is the cleavage of the metal-alkyl bond with acid, which must take 
place faster in the hydrocarboxylation of alkenes than p-elimination. 

453.2 Catalysts and Products 

Nickel catalysts are utilized for the industrial synthesis of acrylic acid or esters either in a semicatalytic 
process with Ni(C0)4 or a catalytic process with NiBrz (equation 44).'3 The reaction is carried out in 
THF containing water or alcohol (to avoid acetylene detonation at 60 bar). 

COzH NiBrz 

200 "C, 60 bar 
* A  H-H + CO + HZO 

THF 

Most industrial carboxylation reactions utilize cobalt catalysts, which produce predominately linear 
acids or esters from 1-alkenes. The hydroesterification of 1 -pentene produces 70% methyl hexanoate and 
30% branched esters (entry 1, Table 5) .  Hydroesterification reactions utilizing the palladium catalyst 
(Ph3P)3PdCl~~~ take place under milder conditions than required for a cobalt catalyst. However, the bran- 
ched isomer is produced in larger amounts (entry 2, Table 5).  As in the hydrofonnylation reaction, the 
addition of excess phosphine improves the nlb ratio.75 The hydrocarboxylation reaction of styrene under 
these conditions yields the branched ester almost exclusively. Chelating phosphines such as 1 ,Cbis(di- 
pheny1phosphino)bute shift the nlb ratio for styrene to 1/1 .76 The addition of tin(I1) chloride to the pal- 
ladium catalyst shifts the isomer ratio dramati~ally.~~ Thus 87% selectivity to the straight chain product 
is achieved. This combined with the relatively mild conditions makes the palladiumcatalyzed hydroes- 
terification particularly attractive for the production of straight chain acids (entry 3, Table 5) .  It is likely 
that under these latter conditions a metal carboxylate mechanism is taking place, while without added 
tin(I1) chloride, the metal hydride mechanism is operative. Hydroesterification reactions of 
C&CH=CHz and CF3C.HdHz show approximately the same regioselectivities with these palladium 
catalysts?' 

Platinum also catalyzes hydrocarboxylation, under comparable reaction conditions (240 bar, 80 'C). 
The best ligand in this case is triphenylarsine and a 10-fold excess of tin(I1) chloride provides even 
higher selectivity to the linear ester (entry 4, Table 5).78 

Branched acids and esters are obtained from the palladium-catalyzed reaction in the absence of phos- 
phines, and in the presence of copper chloride and HC1.79 The mild reaction conditions and the regie 
specificity make this a very attractive carboxylation procedure (entry 5 ,  Table 5) .  Internal straight chain 
alkenes can be hydrocarboxylated, but the rates are slower and the reaction is not regiospecific. 

4533 Hydrocarboxylation of Alkenes 

Although the hydrocarboxylation of 1-alkenes is not of interest for the synthesis of more complex or- 
ganic molecules, the information obtained from the hydrocarboxylation reactions with various catalysts 
can be applied to the synthesis and reactions of other alkene substrates. 

The reaction with norbomene gives the ex0 acid (equation 45).2 Under mild conditions, vinylcyclo- 
hexene is carbonylated at the least-substituted double bond; higher temperatures (120 'C) are necessary 
to attain the diester (equation 46).74.80 

(Ph3P)*PdC12 

60 "C, 300-700 bar 
85-98% 

r' + CO + MeOH 



Table 5 Hydroesterification Reaction of 1 -Alkenes with Methanol 

Relative yield (96) Entry Alkene COlpressure (bar) Temperature ("C) Catalyst Yield (5%) Products 

3 - I38 80 

25 PdC12, lOCuCl2 100 
6. HCI 

87 1 
14 i 
98 

100 
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The reaction of nonconjugated dienes such as 1,4-pentadiene and 1 ,5-hcxdiene yields cyclopentanone 
derivatives, while 1,6-heptadiene gives only traces of ketone (equation 47).lAso The yields in these re- 
actions are low, 1.4-pentadiene giving only 10% of cyclic ketone product. 

(47) 
(Ph3P),PdC12, HCI C02Me /- / + CO + MeOH 

0 50% 

The hydrocarboxylation reaction of simple alkenes and alkynes in the presence of primary or second- 
ary amines or ammonia yields amides (equations 48 and 49). The fact that formamides can be used in 
place of amines suggests that a key intermediate in the reaction is the hydride metal carboxamide (20). 

0 

K HM NR, 

4.53.4 Alkenes and Alkynes Containing Functional Groups 

under mild conditions, to give the a-amino acid derivative (equation 50).39 
The hydrocarboxylation of N-vinylphthalimide catalyzed by palladium takes place regioselectively, 

+ CO + MeOH (Ph,P),PdCI, * g o N T M e  (50) 

70 OC, 94 bar 

0 @:3 0 27 h, 70% 

When either an alcohol or an amine function is present in the alkene, the possibility for lactone or lac- 
tam formation exists. Cobalt or rhodium catalysts convert 2,2-dimethyl-3-buten- 1-01 to 2,3,3-trimethyI- 
y-butyrolactone, with minor amounts of the &lactone being formed (equation 51L2 In this case, 
isomerization of the double bond is not possible. The reaction of allyl alcohols catalyzed by cobalt or 
rhodium is carried out under reaction conditions that are severe, so isomerization to propanal occurs 
rapidly. Running the reaction in acetonitrile provides a 60% yield of lactone, while a rhodium carbonyl 
catalyst in the presence of an amine gives butane-1 A-diol in 6670% (equation 52).81 A mild method of 
converting allyl and homoallyl alcohols to lactones utilizes the palladium chloride/copper chloride cata- 
lyst system (Table 6)?9-82783 

The synthesis of a-methylenelactones from alkynic alcohols can be effected in 84% yield utilizing 
HPt(SnCb)(PPh3)2 (equation 53).84 This is essentially the same a-methylenelactone synthesis elegantly 
developed earlier utilizing a palladium catalyst (Table 7).85 The starting truns alkynic alcohols are ob- 

CO*(C0)8 

125-250 OC 
'-OH + C o  

70-300 bar 
51% 
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TI& 6 Hyctrocrrboxylation of Akmls '  

Entry substrate Product Yield (%) cis:trans 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

O O  43 

O O  b 
O O  b 
O O  b 

O O  d 
O O  2J 
O O  h 
O O  h 
O O  lf 
O O  =h 

O O  a 
OQh 

35 

50 

35 

60 

70 

40 

15 

45 

65 I : I  

60 

42 I :2 

80 1 : l  
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Table 6 (continued) 

Entry Substrate Product Yield (%) cis:trans 

13 

14 

- OH x) 75 
0 

/- 50 2:3 
0 OH 

* PdC12:CuC12 (< 1 :5 or 1 : IO), HCI. e, 25 "C, 1 bar. 

Rh6(CO)l I 

10 bar, 60 "C 
&OH + CO + H20 - H O W O H  (52) 

EtO-OH 
Me,N - NMe, 

60-7096 

tained by the reaction of the corresponding epoxides with aluminum acetylides, the cis alcohols are ob- 
tained from the trans by an oxidation-reduction sequence (equation 54). The reaction does not work well 
for 3-butenol, only a 26% yield being obtained. 

HO 100 "C, 80 bar * d o  (53) 
HPt(SnC13)(Ph3)2 d/ + c o  

0 M e w ,  84% 

Allylamines cyclize readily with a dicobalt octacarbonyl catalyst (equation 55).'v2 Rhodium catalysis 
generally allows the carbonylative cyclization to be carried out under milder conditions.86 Application of 
this reaction to unsaturated amides yields the corresponding imides, the best yields arising when R' = H 
and R2 = allyl (equation 56).'i2 

/-"R + co - -0 N (55)  

C%(C0)8 

Rh(CO)(PPh3)2CI 

125-250 OC, 6&3CNl bar 

I 
R 120 OC, 136 bar 

R = H, alkyl, aryl R = Me, 78%; R = H, 68% 

CO,(CO), 
+ co 

2 0 0 T . 3 0 0 b a r  N 
I 0 
R2 
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Table 7 Synthesis of a-Methylenelactonesa 

Entry Substrate Phosphine Product Yield (96) 

1 PPh3 100 

2 PPh3 43 

P B u ~  3 77 

Br 

PPh3b 52 4 

PPh3' 5 

6 < 93 PPh3' 

PBu3 85 

P B u ~  

P B u ~  qo 83 
9 K 
a PdCI$PR3:SnC12 1:1:2 in MeCN, 7.8 bar CO, 75 OC. 5.1 bar CO. 5.7 bar CO, 65 'C. 
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4 5 3 5  Conjugated Diene Hydrocarboxylation 
The hydrocarboxylation of conjugated dienes such as butadiene can yield monocarboxylate, dicarbox- 

ylate or diene dimerized carboxylated products. The carboxylation reaction is important because it is a 
potential route to adipic acid. 

Palladium catalysts that are free of halide ions effect the dimerization and carboxylation of butadiene 
to yield 3.8-nonadienoate esters. Palladium acetate, solubilized by a tertiary amine or an aromatic amine, 
gives the best yields and selectivities (equation 57).87 Palladium chloride catalyzes the hydrocarboxyla- 
tion to yield primarily 3-penten0ates.~~ The hydrocarboxylation of isoprene and chloroprene is regio- 
selective, placing the carboxy function at the least-hindered carbon (82% and 71% selectively); minor 
amounts of other products are obtained (equation 58). Cyclic dienes such as 1,3-cyclohexadiene and 1.3- 
cyclooctadiene are similarly hydrocarbox ylated. 

Pd(OAC)z, ~PBu,  
2//\// + CO + piOH - /- ' Co2Ri (57) 

I10 "C, 48 bar, 18 h 
64% 

WCI, ,L + CO + EtOH LC02Et (58) 
100 "C, 98 bar 

R=H,%% 
R = Me, 82% 
R = C1.71% 

Cobalt is the catalyst of choice for the hydrocarboxylation of butadiene to adipic esters.w The reaction 
is carried out in two steps, the first of which yields methyl-3-butenoate. This product can either be iso- 
lated or carried on to dimethyl adipate at high temperatures (Scheme 11). The first hydrocarboxylation 
occurs by the metal carboxylate insertion mechanism (vide supra). 

CO,(C0)8 COZ(CO)~ 

4% selectivity 

/- + MeOH + CO - 
la)-140 "C, 200 bar C02Me 16&200"C,200bar - 

C02Me 
80% selectivity 

Scheme 11 

453.6 Asymmetric Hydrocarbo~ylat ion~~~ 

High enantiomeric excesses in the hydroesterification of alkenes have not been achieved. The reaction 
carried out with unbranched 1-alkenes or internal alkenes gives products in less than 20% enantiomeric 
excess (equation 59). The low enantiomeric excesses are due, in part, to the relatively high temperatures 
necessary to effect the reaction. 

(59) 
PdC12. diphosphine 

100-150 "C. 50-700 bar 
R+\ + ROH + CO 

Much higher enantiomeric excesses have been achieved in the hydroesterification of a-methyl- 
~ t y r e n e . ~ * ~ l  In this case, the asymmetric center is generated by hydrogen addition at the tertiary site. The 
reaction is sensitive to the alcohol, the highest enantiomeric excesses being obtained with isopropanol or 
t-butanol (equation 60). 
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R Solvent Diphosphine Temperature ("C) Pressure (bar) ee (46) 

But PhH DIOP(12) 100 4 S 4 m  58 

Pri 0-0 

'1 
100 220 52 

4.5.4 DICARBOXYLATION92 

Dicarboxylation reactions of alkenes can be carried out such that predominately 1,Zaddition of the 
two ester functions occurs (equation 61). The reaction takes place under mild conditions (1-3 bar, 25 'C) 
in alcohol. It is stoichiometric in palladium, since the palladium(I1) catalyst is reduced to palladium(0) in 
the process, but by use of an oxidant (stoichiometric copper chloride or catalytic copper chloride plus 
oxygen; equation 62 and 63) the reaction becomes catalytic in palladium. In the reoxidation process, 
water is generated and the build-up of water increases the water gas shift reaction at the expense of the 
carboxylation. Thus a water scavenger such as triethyl orthoformate is necessary for a smooth reaction. 

PdCI;? + H  + 2 c o  + 2ROH R 0 2 c 3 C 0 2 R  + Pdo + 2HC1 

45.4.1 Mechanisms 

The key palladium intermediate is a carboalkoxypalladium complex formed through the nucleophilic 
attack by alcohol on carbonyl coordinated to palladium. The addition of a base with the appropriate pK, 
[sodium butyrate; pKa = 4.82 (H20)] promotes the formation of the palladium carboxylate (22).93 The n- 
action is a general method for formation of inorganic alkoxycarbonyl derivatives. 

I 
I 

-Pd" - C02Me 

The sequence of events is: (i) the insertion of the alkene into the palladium-carboxylate bond; fol- 
lowed by (ii) CO insertion into the newly generated palladium-carbon bond; followed by (iii) the re- 
action with solvent to give a palladium hydride that undergoes reductive elimination to palladium(0) 
(Scheme 12). 

The formation of dimethyl succinates is stenospecific, syn addition of the two carhethoxy functions 
taking place, as illustrated by the dicarboxylation of (Q-2-butene to the meso diester and (@-2-butene to 
the (*)-diester (equations 64 and 65). This occurs since the alkene insertion to yield intermediate (23) is 
syn and the CO insertion (23) + (24) rakes place with retention of configuration at carbon. 
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Scheme 12 

(64) 

4.5.4.2 Dicarboxylation of Alkenes 

The catalytic dicarbonylation of ethylene to dimethyl succinate can be carried out in 90% conver- 
sion.% High reaction temperatures and low carbon monoxide pressures can lead to unsaturated esters as a 
result of a faster p-hydride elimination from the intermediate (23) than carbon monoxide insertion. This 
later reaction path has been termed oxidative carboxylation. 

The reaction of norbomene yields the cis ex0 diester (equation 66)?3 This ex0 isomer is not obtained 
directly by Diels-Alder chemistry. Other cyclic alkenes such as cyclopentene yield cis diesters, but 
isomers are obtained as a result of p-hydride elimination-readdition from intermediates such as (23) 
prior to CO insertion (equation 67). Thus the palladium walks around the ring to some extent, but always 
stays on the same face. The extent of rearrangement can be minimized by higher CO pressures since CO 
insertion becomes more competitive with pelimination. This rearrangement becomes a critical problem 
in the dicarboxylation of 1-alkenes, since a variety of diesters are formed and the reaction is not particu- 
larly useful. These reactions were carried out with catalytic amounts of palladium and stoichiometric 
amounts of copper chloride. 

(66) 
PdC12. HC(OEt)3 

+ CO + MeOH 
NaOCOR 

82% 

CuCl2 + 

I-- - 
'C02Me 

68% 27% 

C02Me 

Tertiary carbons are not carboxylated, however, so the rearrangement reaction can be of advantage for 
the synthesis of certain symmetrical glutaric esters (equation 68). 

0 - -  
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The dicarboxylation of 2-mthyl4penten-2-01 provides an interesting example in that palladium car- 
boxylate is generated from the pentenol alcohol function producing a y-lactone (Scheme 13)." 

C02Me 

- d o  
PdC12, CuClz 

MeC(OEt)3 
CHzClz 

MeOH + + CO 

I 
25 OC, 1 bar, 72% 

i 

Under these reaction conditions, 
in high yields (equations 69-71).% 

0 6 + MeOH + 

Scheme 13 

cyclopentenone, allyl acetate, and butenyl acetate are dicarboxylated 

0 

(69) 
PIC12 

co + cuc12 
HC(0Et)z. NaOCOR 

25 OC, 3 bar 
59% C q M e  

C02Me 
/ b O A c  - 95% Me02C&OAc 

C02Me 

/-OAc -!% Me02C& OAc 

(70) 

When the substrate contains two double bonds, either di- or tetracarboxylation can be achieved.% The 
reaction of 19-hexadiene at 5 bar CO gives the diester, while at 1-3 bar the tetraester is obtained (eqw 
tion 72). These somewhat surprising results are consistent with a pressuredependent competition of the 
alkene and carbon monoxide for coordination sites on palladium. Since 1.5-hexadiene is not easily dis- 
placed by CO, even at higher pressures, the carboxylation of one double bond is ensured. Competition of 
the resulting monoalkenic diester with carbon monoxide is dependent on the CO pressure, lower press- 
ures allowing monoalkene coordination and thus dicarboxylation. 

PdC12. HC(OEt)3 
CuCl, + MeOH + /- / + co - 

NaOCOF'r, 25 'C 

C02Me 

/-~02~e or M , , C J V y \  CO2Me (72) 

C02Me C q M e  

5 bar, 70% 1-3 bar, 60% 

Vinylcyclohexene can be dicarboxylated under these conditions at the more reactive vinyl double 
bond, which is 100 times more reactive than the internal one (equation 73). 
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C02Me 

Butadiene carboxylation requires somewhat higher reaction temperatures, producing (2‘)- and (E)di- 
methylhex3ene- 1,640ate (equation 74). 

//\// + MeOH + CO E Meo2c-c02Mc (74) 

Z E  = 3258 
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4.6.1 INTRODUCTION 

4.6.1.1 Scope of Chapter 

Cyclopropanes occur among several classes of natural products, they have a number of commercial 
applications, and they serve as useful synthetic intermediates leading to other classes of cyclic and acy- 
clic compounds. Methods for the synthesis of cyclopropanes have been the subject of several earlier re- 
views.’ The principal methods may be divided into two broad categories: (i) addition of a onecarbon 

95 1 
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unit (e.g. a carbene) to a two-carbon unit, most commonly an alkene; and (ii) 1,3coupling of difunc- 
tional compounds. Much rarer are examples of direct joining of three onecarbon units. 

The coverage of this chapter emphasizes category (i) reactions in which a simple methylene p u p  is 
transferred, or added, to an alkene substrate. Also covered is transfer of nonfunctionalized alkylidene 
groups when these reactions may be regarded as simple extensions of the methylene transfer nactions. 
Whenever appropriate, aspects of the stereoselectivity, enantioselectivity, regioselectivity and chemose- 
lectivity of these reactions will be emphasized by means of specific examples. 

Methods for cyclopropane formation which fall outside of the defined scope of this chapter and which 
are not specifically covered herein are the following: (i) transfer of 1,ldihalo-carbenes or carbenoids 
(see Volume 4, Chapter 4.7); (ii) transfer of other heterosubstituted alkylidene groups;* (iii) cyclopmpa- 
nations using diazocarbonyl compounds (see Volume 4, Chapter 4.8);3 (iv) transfer of other function- 
alized alkylidene groups when these reactions are dependent upon this functionalization (although 
reactions are included when the presence of a functional group in the alkylidene unit instcad emphasizes 
aspects of chemoselectivity); (v) direct 1,3coupling reacti~ns;~ (vi) intramolecular C-H insertions of 
carbenes (see Volume 3, Chapter 4.2);s (vii) ring contraction and other rearrangements; (viii) generation 
of vinyl- or divinyl-cyclopropanes as intermediates directed specifically toward the synthesis of cy- 
clopentenes or cycloheptadienes (see Volume 5,  Chapters 8.1 and 8.3);6 (ix) synthesis of alkylidenecy- 
clopropanes; (x) synthesis of cyclopropenes; and (xi) intramolecular alkylidene transfer, since most 
examples involve the use of diazocarbonyl compounds (see Volume 4, Chapter 4.8)? 

4.6.13 Stereochemical Definitions 

There are several aspects of stereochemistry that must be considered when cyclopropanes are pro- 
duced by the usual methods of alkylidene group addition to alkenic substrates. In turn, several terms have 
been devised to express the extent to which different types of stereoisomers are formed selectively, but 
unfortunately, the meanings of these terms have become confused because of their inconsistent usage in 
the literature. In the context of this chapter, the term stereoselectivity refers to the degree of selectivity 
for formation of cyclopropane products having endo versus exo or, alternatively, syn versus anti stereoc- 
hemistry of the substituents originating in the alkylidene group relative to substituents originating in the 
alkene substrate. The term stereospecificity refers to the stereochemistry of vicinal cyclopropane substi- 
tuents originating as double-bond substituents in the starting alkene, Le. a cyclopropane-forming reaction 
is stereospecific if the cisltrans relationship of the double-bond substituents is retained in the cyclopro- 
pane product. Diastereofacial selectivity refers to the face of the alkene to which addition occurs relative 
to other substituents in the alkene substrate. Finally, enantioselectivity refers to the formation of a spe- 
cific enantiomer of the cyclopropane product. These stereochemical principles are illustrated by general 
examples in equations (1) to (4). 

S tereoselectivity : 0 - d R 2  versus d R 1  
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R' H 

Enantioselectivity : versus 

H 

(4) 

4.63 USE OF SIMPLE DIAZOALKANES 

The most generally employed approach for the formation of cyclopropanes is the addition of a &ne 
or carbenoid to an alkene. In many cases, a free carbene is not involved as an actual intermediate, but in- 
stead the net, overall transformation of an alkene to a cyclopropane corresponds, in at least a formal 
sense, to cartme addition. In turn, the most traditional method for effecting these reactions is to employ 
diazo compounds, R ' R h N 2 ,  as precursors. Thermal, photochemical and metal-catalyzed reactions of 
these diazo compounds have been studied thoroughly and are treated separately in the discussion below. 
These reactions have been subjects of several comprehensive reviews? to which the reader is referred for 
further details and literature citations. Emphasis in the present chapter is placed on recent examples. 

In considering the possible use of diazoalkanes in synthetic applications, the prospective user must 
bear in mind that the handling of these compounds is very hazardous. They are highly toxic, and they are 
susceptible to undergoing violent explosions. Therefore, they must be handled with proper precautions 
and by properly informed laboratory personnel. 

4.6.2.1 Thermal Reactions 

The thermal reactions of diazo compounds with alkenes generally do not proceed via direct formation 
of cyclopropanes. Rather, the diazo compounds serve as 1,3-dipoles that first undergo [3 + 21 cycloaddi- 
tion to form 1-pyrazolines (1) that in a separate step undergo extrusion of nitrogen to give the cyclopro- 
pane products (Scheme 1).'h-8"8g.8i The extrusion may occur under thermal or under either direct or 
triplet-sensitized photochemical conditions. The initially formed 1 -pyrazolines may first undergo double- 
bond positional isomerization to give 2-pyrazolines (2), especially when a hydrogen substituent next to 
nitrogen is reasonably acidic due to the presence of electron-withdrawing substituents. In many cases, 
the pyrazolines are unstable under the conditions of their formation and am consequently not observed, 
but instead, the cyclopropanes are isolated directly from the two-step reaction sequence. 

R5\- + -  
C - N = N  

c 

Addition to simple, unstrained alkenes is usually quite slow, but these reactions become more useful 
when electron-withdrawing and electrondonating substituents are present on the double bond. On the 
other hand, the reactivity of d i m  compounds is reduced when they bear conjugating substituents (e.g. 
aryl or carbonyl groups). Acceleration of these reactions by high pressure has been reported? The initial 
cycloaddition is generally stereospecific and is considered to be concerted. The regioselectivity of these 
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dipolar additions is not as consistently pndictable, based upon substitution patterns, as other c y c l d i -  
tions such as the Diels-Alder reaction. However, this point is usually of little consequence in the overall 
transformation leading to cyclopropanes since the two possible regioisomers are converted into the same 
final product upon loss of nitrogen. Several types of side reactions of diazo compounds frequently com- 
pete with the cycloadditions. Insertions into various C-H and heteroatom X-H bonds are well known, 
but especially commonly encountered are insertions into 0-H bonds of alcohols and carboxylic acids, 
leading to ether and ester derivatives, respectively. 
The subsequent extrusion of nitrogen from pyrazolines to produce cyclapropsnes is also subject to 

complications. The cyclopropanes may be formed along with alkenes, resulting from rearrangements and 
eliminations, especially under thermal and direct photolysis conditions, whcrcas triplet-sensitized phob 
chemical conditions often lead to much smaller amounts of alkenes. Nitrogen extrusion and carbon-carb- 
on bond formation proceed largely with retention of configuration of the pyrazoline under direct 
photochemical conditions, but scrambling of stereochemistry occurs to a large extent in many cases of 
triplet-sensitized photochemical reactions and thermal reactions. Many examples of these d o n s  have 
shown evidence for the formation of singlet or triplet diradical intermediates upon extrusion of nitrogen, 
although zwitterionic intermediates have also been proposed. The formation of triplet diradicals, having 
longer lifetimes than their singlet counterparts, would explain the greater extent of stereochemical scram- 
bling in the triplet-sensitized photochemical reactions. 

A variation on the thermal reactions of diazo compounds with alkenes is the decomposition of salts of 
sulfonylhydrazones. This procedure, known as the Bamfor6Stevens reaction, is believed to occur via 
the formation of diazo compounds. Subsequent 1.2-hydrogen shifts generally lead to the formation of al- 
kenes as the final products. Cyclopropanes may also be formed as the result of intramolecular l ,3-C-H 
insertion reactions or when the original hydrazone substrate contains a remote alkenic group as a site for 
intramolecular cyclopropanation.lO 

Examples of the overall conversion of alkenes to cyclopropanes under the above sets of conditions are 
summarized in Table 1. 

4.6.23 Photochemical Reactions 

The reaction of diazoalkanes with alkenes under either direct or sensitized photochemical conditions 
has been investigated extensively.1h,8"~.8d-8f.8i~8t$ml~ These reactions proceed via formation of carbenes 
as reactive intermediates. Side reactions, such as C-H insertions, compete with the cyclopropanations. 
The relative reactivities of singlet and triplet carbenes have been studied. Direct photolysis generally pro- 
duces singlet carbenes, but these may in turn undergo intersystem crossing to produce lower energy tri- 
plet carbenes. Alternatively, triplet carbenes may be produced through use of sensitizers. Singlet 
carbenes add stereospecifically (equation 2) to alkenes, whereas triplet carbenes generally undergo non- 
stereospecific addition. Interesting stereoselectivity (equation 1) is seen in several cases in which there is 
at least a small predominance of the thermodynamically less stable syn (or cis or endo) product. Even 
though singlet carbenes are generally of higher reactivity than the triplets, there is evidence that, unlike 
the usual intermolecular reactions, certain intramolecular additions of arylcarbenes to alkenes occur more 
readily via triplets than singlets.m As is also true of thermal reactions (see previous section), hydrazones 
may be used as substrates in photochemical reactions. A brief compilation of examples, with emphasis 
on more recent work, is found in Table 2. 

4.6.23 Metal-catalyzed Reactions 

The use of metal catalysts for the addition of diazoalkanes to alkenes has become increasingly com- 
mon,1h,8'8e~8i.8k~8m80 while the use of thermal and photochemical reactions has waned. Many generaliza- 
tions have been made to describe several different aspects of the metal-catalyzed reactions, but one must 
bear in mind that many of the detailed studies of these reactions have involved primarily diazocarbonyl 
compounds and not necessarily the simpler diazoalkanes that pertain to the general topic of the present 
chapter. 

Both heterogeneous and homogeneous catalysts have been used in these reactions. These catalysts 
have consisted of compounds or complexes of many different metals, but the most common have been 
copper derivatives or metallic copper itself. In recent years, palladium and rhodium compounds have 
been shown to be particularly effective catalysts and have increased in popularity relative to many other 
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Table 1 (continued) 

Alkene Diazoalkane Method of pyrazoline decomposition Productp and yie& Ref: 

Me2CN2 110 "C 16 

OSiPh2Bu' 

O y y  

MezCNz Photolysis (direct) 
Me2CN2 Photolysis (sensitized) 

Me2CN2 Photolysis (sensitized) 

CH2N2 ? 

Me2CN2 Photolysis (sensitized) 

Me2CN2 80 OC 

(cktrans = 2 1) 
(cis:trans = 4 1) ca. 44% 
(cis:rrans = 0.251) ca. 44% 

O q  H 81% 

E Q C  V C 0 , E t  

OSiPh2But oy H 52% 

16 
16 

17 

18 

19 

20 
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Table 1 (continued) 

Alkene Diazoalkane Method of pyrazoline decomposition Product? and yields Ref. 

C02Me 

O2N 
PhCMeN2 25 "C 

(cktrans-diary1 = 9:29) 

+cN OAc 

H O z c ~ c o z H  NHCOPh 

phtr N*g C0,Et 

PhCMeN2 25 "C 

Photolysis 

25 "C 

NC OAc AcO CN 

&ph 81% (I.&,) 26 h, -t -?= 

NHCOPh &+ 73% 

N.O COzEt 

27 

28 

a Only thc cyclopropane products are shown. although alkenes and other side products may also have been produced. 



Table 2 Photochemical Reactions of Diazoalkanes with Alkenes 

Alkene Diazoalkane Method of photolysis Productsa Yield (96) ReJ 

CH2N2 Direct 

Sensitized (Ph2CO) 
CH2N2 Direct 

Sensitized (Ph2CO) 

p-MeOC6H4CHN2 Direct 

Ph 

PN2 Direct 

Sensitized (Ph2CO) 
Direct 

4 6  1 
1.9: 1 

0: 1 
Trace Major isomer 

A+A 
2.8: 1 

(trace) A+X + 

44:52:4 
47:38: 15 

63:91 

Not reported 30 

21 

31 

30 
31 

32 

a 
33 
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metals. Evidence has been reported for the intermediacy of metal carbene complexes in these reactions. 
(The discussion of well-defined examples of metal carbene complexes is reserved for Section 4.6.5.) 

The range of alkenes that may be used as substrates in these reactions is vast. Suitable catalysts may be 
chosen to permit use of ordinary alkenes, electron deficient alkenes such as a,&unsaturated carbonyl 
compounds, and very electron rich alkenes such as enol ethers. These reactions are generally stereospe- 
cific, and they often exhibit syn stereoselectivity, as was also mentioned for the photochemical reactions 
earlier. Several optically active catalysts and several types of chiral auxiliaries contained in either the al- 
kene substrates or the diazo compounds have been studied in asymmetric cyclopropanation reactions, but 
diazocarbonyl compounds, rather than simple diazoakanes, have been used in most of these studies. 
When more than one possible site of cyclopropanation exists, reactions of less highly substituted alkenes 
are often seen, whereas the photochemical reactions often occur predominantly at more highly sub- 
stituted double bonds. However, the regioselectivity of the metal-catalyzed reactions can be very depend- 
ent upon the particular catalyst chosen for the reaction. 

The Occurrence of competing side reactions is generally reduced when metal catalysts are employed 
instead of photochemical conditions. For example, insertions into C-H bonds are of diminished import- 
ance, although insertions into 0-H and other X-H bonds are still commonplace. The extent to which 
any of these other reactions compete with cyclopropanation is, however, again dependent upon the 
choice of catalyst. 

Examples of metal-catalyzed reactions are compiled in Table 3. 

4.63 USE OF CARBENES FROM OTHER PRECURSORS 

Carbenes may be generated by many other methods for use in cyclopropanation reactions. However, 
relatively few of these methods are used very commonly in actual applications in synthetic organic 
chemistry and, therefore, the discussion that follows is limited to just these few methods. 

4.63.1 a-Elimination Reactions 

Treatment of an appropriate substrate with a base can lead to a carbanionic intermediate that bears a 
leaving group on the carbanionic center. Upon loss of this group, a carbene may be formed, the net over- 
all process being called an a-elimination since both the hydrogen substituent and the leaving group are 
lost from the same carbon center (equation 5).  The resulting carbene may then participate in cyclopropa- 
nation reactions. 

\ 
base [ ;e-x ] -x-_ [ ;c:] /c\X 

Most often, the starting materials bear additional substituents, especially electronegative groups, on the 
prospective carbene centers. Consequently, there are only a small number of examples in which this ap- 
proach has been used to add a simple alkylidene group to an alkene (Table 4). 

A related approach is the treatment of geminal dihalides with metal reagents to give an intermediate a- 
haloalkylmetal species, from which halide may in principle be lost in a net overall aelimination of the 
two halide substituents (see Section 4.6.4.2). 

4.63.2 Carbenes from Other Sources 

nation reactions include the use of diazirines, epoxides, ketenes and N-nitrosoureas.1h,8e~8f.81.8m,8p 
Other methods for the formation of carbenes that have seen at least limited application in cyclopropa- 

4.6.4 USE OF GEMINAL DIHALOALKANES AND RELATED COMPOUNDS 

Geminal dihaloalkanes are very commonly used reagents for the addition of alkylidene groups to al- 
kenes. The simpler dihalides, especially the dihalomethanes, are readily available and are certainly much 
less hazardous to use than the corresponding diazoalkanes. Nevertheless, any reactive alkylating agent 
should be regarded as a toxic substance. 



N
onpolar Addirions to Alkenes and AlAyncs 

o
\
 

m
 

00 
m

 

m
 

00 
Y

) 
00 

I
0

 

8 

k 

C
I 

+
c

i
i

 
+

z
 

N
 

X
 

i
 + I N

 

f U 6 

3
3
 

E
 

6 B 



M
ethylene and N

onfunctiow
lized Alkylidene Transfer to Form

 C
yclopropanes 

963 

n
 

L 

r- 
cr, 

z 
3
 

8 
N

 
00 

N
 



N
onpolar Additions to Alkencs a

d
 A

lm
s

 

B 
- N a E x 

i
 

- 
u z 

< 
C

I
 

PI 

4 8 Y
 

Q 

k 



M
ethylene and N

onfunctionalized A
lkylidene Transfer to Form

 C
yclopropanes 

%
5 

8
 

- 

O
R

x
 

8 



z 
Table 4 Cyclopropanations via a-Eliminations 

AIkene Substrate Buse Productsa Yield(%) Ref. 

0 
0 

PhCH2Cl 

PhCH2Cl 

Bu"Li 

-ic)r Li 
2.2 1 

14b 

53 

52 

53 

1O:l 82 53 

0 PhCH20Ph Bu"Li 2= 54 

M e 0  

M e 0  
* 

MeLi 

87 

29 

53 

55 



Table 4 (continued) 

Alkene Substrate Base Product? Yield (96) Ref 

Ph php02cNMe2 K O B ~  

e 

>70 56 

a Only the cyclopropane products are shown, although alkenes and other side products may also have been produced. Ratio of isomers not reported. A 3:l mixture was obtained, but the isomers were 
not assigned. Generated as an intermediate from cyclopentadiene + CHS12 + MeLi. e Unstable - rearranges to an alkylidene cyclopropene. 
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4.6.4.1 SimmolgSmith Readion 
The Simmons-Smith naction has become a very popular method for the addition of a methylene oc 

certain other simple alkylidene groups to alkenes in the course of normal synthetic organic research a p  
plications.'*&J7 The originally developed procedure employed the reaction of diiodomethane with a 
zinc-copper couple in the presence of an alkene to give a cyclopropane as a methylene transfer product 
(equation 6). The mechanism of this reaction is not well understood, but an a-iodomethylmetal species, 
such as ICH2ZnI. is generally regarded as being a key intermediate. Similar species may be involved in 
reactions of diazoalkanes promoted by zinc halides and related salts (see Section 4.6.2.3). 

Nonpolar Additions to Alkenes and Alkynes 

)==( + 1-1 - zR/cu 7% 
Many modifications have been made in the SimmonsSmith reaction over the years. A disadvantage 

of the original procedure was that the preparation of the required zinc-copper couple was a rather messy 
operation. Therefore, some of the modifications have been directed at developing other metal reagents. 
Among the several that have been reported, d ~ t h y l z i n c ~ ~  and trialkylaluminumsN are quite useful, but 
these reagents are, of course, quite air and moisture sensitive. A disadvantage of using diiodomethane is 
its expense, but the much less expensive dibromomethane has been found to be a useful substitute under 
various conditions, including sonication with zinc-copper couple.60 A photochemical variant of the re- 
action using diiodomethane has also been reported which avoids the use of metal reagents altogether and 
which is less sensitive to steric hindrance.6' The extension of the Simmons-Smith reaction to transfer of 
alkylidene groups other than just the simple methylene group has been limited. Ethylidene and benzyl- 
idene transfers have been the most thoroughly studied extensions of the method. 
The Simmons-Smith reaction is stereospecific. Also, when other than just the simple methylene group 

is transferred, a low to modest level of syn stereoselectivity is typically seen. One of the most useful 
stereochemical features of the reaction is the directing effect of various heteroatomic functional groups. 
Experimental studies of this effect have been followed by theoretical studies.62 The effect has been stu- 
died most commonly for allylic hydroxy groups. In these cases, the general outcome is diastereoselective 
delivery of the incoming methylene or alkylidene group to the face of the double bond having the closer 
proximity to the hydroxy group. The diastereoselectivity can be reversed by introducing an appropriate 
blocking or protecting group on the free hydroxy function. Also, the effect of the hydroxy group can be 
exploited in cases of substrates containing more than one alkene unit; regioselective delivery of the in- 
coming group to a double bond having an associated allylic hydroxy function occurs in preference to 
double bonds not in close proximity to the directing group. Asymmetric versions of the Simmons-Smith 
reaction have also been studied, with the most common involving the use of alkene substrates containing 
chiral auxiliaries. 
The intermediates in the Simmons-Smith reaction show much more controlled reactivity than, for 

example, diazoalkanes. Competing side reactions are greatly reduced, and insertion reactions are gener- 
ally not seen. For example, the free hydroxy group is tolerated as indicated by the above discussion of di- 
recting effects. The reaction is also compatible with many other functional groups. 

A wide range of alkenes may be used as substrates. The reaction is most commonly performed with al- 
kenes of normal electronic nature, but electron deficient alkenes, such as a,@-unsaturated carbonyl com- 
pounds, and very electron rich alkenes, such as enol ethers and enamines, have also been used 
successfully. Not surprisingly, the cyclopropylcarbinyl ethers and amines that are formed in the latter re- 
actions (see Table 5 )  are subject to facile rearrangements. 

Examples of the Simmons-Smith reaction are presented in Table 5 ,  with emphasis on more recent 
work. For additional examples, the reader is referred to extensive tabulations in earlier, comprehensive 
reviews. 1 9 ~ 7  

4.6.4.2 Related Procedures 

Organomercury compounds such as ICH2HgI and Hg(CH2Br)z may be prepared by the reaction of me- 
tallic mercury with diiodomethane or by reaction of mercury(I1) salts with diazoalkanes. These mercury 
derivatives are related to the intermediate that has been proposed in the Simmons-Smith reaction, and 
likewise, they have been found to convert alkenes into  cyclopropane^.^^ 

A procedure which combines characteristics of the Simmons-Smith reaction with the previously dis- 
cussed a-eliminations (see Section 4.6.3.1) is the reaction of a geminal dihalide with an alkyllithium re- 



Table 5 Simmons-Smith Reactions and Modifications 
~~ ~ ~ _ _ _ _ _ _ _ _ ~  

Alkene Dihalide Reagent Products Yield(%) Ref. 

0 
0 
o=o 

A 
G-b H H 

Zn(Cu) (or Zn/CuCI) 

Zn powder 
Cu powder 

Zn/CuCI. sonication 

Me3AI 

hv 

Zn/CuCI. sonication 

Et2Zn 

3040% 10-15% 

86-92 

94 
69 

72 

96 

86 

100 

92 

63 

64 
65 

60 

59 

61 

66 

67 

68 
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Table 5 (continued) 

Alkene Dihalide Reagent Products Yield (%) Ref- 

C0,Me 
I 

CO2Me 
\ 

78 

.8: 1 

OH 

79 
100 

80 $ 1:1.6 
1 3  76 

3 OH OH 

63 81 

0 0 

6 b 80 82 
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976 Nonpolar Additions to Alkenes and Alkynes 

agent in the presence of an alkene. Halogen-lithium exchange occurs to give again an a-haloalkylmetal 
species as an apparent intermediate which then leads to alkylidene transfer to the alkene (equation 7). 

Finally, aldehydes have also been reported to serve as alkylidene transfer reagents.93 
Examples of these further cyclopropanation procedures are summarized in Table 6. 

4.6.43 Dialkylation of 1,2,-Dicarbanionic Species by Geminal Dihaloalkanes 

In principle, a vicinal or l,Zdicarbanion, as at least a formal intermediate, should be capable of under- 
going a double alkylation by an appropriate 1 ,I-difunctionalized electrophile to give a cyclopropane. In- 
deed, examples of this general strategy have been reported. In one case, a 1,2-bis(oxazolinyl)ethane 
derivative undergoes dilithiation followed by reaction with bromochloromethane to give the correspond- 
ing disubstituted cyclopropane (equation 8), although the stereochemistry was not explicitly reported.% 
A related asymmetric cyclopropanation occurs with optically active (-)-dimenthy1 succinate (equation 
9)?' Finally, a P-tosyloxya,P-unsaturated ketone undergoes a related cyclopropanation via an apparent 
double Michael addition pathway (equation This last reaction was said to produce only one stere- 
oisomer, but the endolexo stereochemistry was not stated explicitly. 

69% 

p;. (9) 
RO2C- CO R "N' Li CH,BrCI 

58%(99%dde) ROzC CO2R 
(R = (-)-menthyl) 

4.65 

Complexes containing carbenes formally coordinated to transition metals were first reported by E. 0. 
Fischer and his coworkers in the early 1 9 6 0 ~ . ~  The particular compounds that they studied were of the 
general structure [(OC)5M4(OR1)R] (M = Cr, Mo, W), having alkoxycarbenes coordinated to the 
Group VI metals. Note that the structures of these complexes are written with a double bond between the 
carbene center and the metal. This notation signifies the combination of donation of electron density 
from carbon to the metal to form a normal coordinative, or dative, o-bond and donation from a d-like or- 
bital of the metal to the empty p-orbital of the carbene, resulting in back-bonding to form a retrodative n- 
bond. 

Since the pioneering studies of Fischer, carbene complexes have become the subjects of very extensive 
investigations in several laboratories, and they have become known for a large number of the transition 
metals.'@' A fairly general statement about their chemistry is that these compounds usually are neither 
prepared directly from free carbenes nor are they to be considered as sources of free carbenes, Le. free 
carbenes are generally not in equilibrium with the carbene complexes. Instead, they are prepared by indi- 

USE OF TRANSITION METAL CARBENE COMPLEXES 



Table 6 Further Cvclourouanation Procedures Related to the Simmons-Smith Reaction 

Alkene Reagents Products Yield (8) Re& 

Br 

Me2CBrflu"Li 

CH2CII/MeLi 

0 

A+/& 
8.1:l 

+ diastereomer (>Sol)  

9 5 5  

Ph A O A c  + Ph "I#,/ OAc 
75:25 

64 92 

72 92 

55 32 

46' 

85 

60 

50 

94 

95 

93 

93 
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rect routes not proceeding via free carbenes. Furthermore, the vast majority of these complexes do not 
exhibit typical carbene-like reactivity. For example, relatively few of them to date have shown reactivity 
toward alkenes to give cyclopropanes. Rather, for the most part, these complexes behave as a distinctly 
new class of chemical species showing their own unique types of reactivity. 

Another broad class of compounds are the bridged carbene complexes. These compounds contain two 
identical or two different metal centers with the carbene centers bonded to both of the metal atoms in a 
bridging relationship. However, these binuclear complexes generally do not show classical carbene re- 
activity and will therefore not be discussed further, except to mention briefly the special case of the tita- 
nium-aluminum complex (3) developed by Tebbe and Grubbs and their coworkers.i0’ This, and related 
complexes, has proven to be particularly useful in organic synthesis, although its principal importance is 
in reactions other than cyclopropanations. 

A special note about nomenclature is in order. Both the terms ‘carbene’ and ‘alkylidene’ complex have 
come into use, and attempts have been made to use these terms to differentiate various types of reactivity 
of these species. However, the term ‘carbene’ complex is used throughout this chapter, primarily because 
of the emphasis on cyclopropanation reactivity. 

Several methods have been reported for the formation of carbene complexes, but three of these meth- 
ods have been used especially commonly. The first method, as used by Fischer in his original studies, in- 
volves the addition of an organolithium reagent to a transition metal carbonyl complex to give an anionic 
intermediate which upon 0-alkylation produces an alkoxycarbene complex (equation 11). In turn, the al- 
koxy group may undergo substitution by other heteroatomic groups. The second method involves the use 
of transition metal alkyls which bear a prospective leaving group on the carbon atom bonded to the met- 
al. Upon either direct loss of this group or upon its prior activation, a carbocationic species is formed for 
which a resonance structure can be written based upon reaodative .rr-bonding from the metal to the carb- 
on (equation 12). The resulting species may be regarded as a metal-stabilized carbocation or, in the con- 
text of this chapter, as a cationic metal-carbene complex. The third method to be discussed here involves 
addition of an electrophilic reagent, most commonly just a proton source (E+ = H+), to an alkenylmetal 
complex. The resulting adduct may again be regarded as a cationic carbene complex (equation 13). 

r 1 

L J 

Several carbene complexes prepared by the first route are sufficiently stable to be isolated and charac- 
terized. However, the cationic complexes prepared by the second and third methods are quite reactive 
species that usually cannot be isolated and for which only partial characterization has been possible 
through special spectroscopic techniques. Exceptions are those complexes bearing substituents R or R1 
that are good cation-stabilizing groups. Consequently, these cationic carbene complexes are most com- 
monly generated in situ from their precursors in the presence of the substrates desired for further re- 
actions. 
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Of the several carbene complexes that are presently known, only a relatively small fraction of them 
have shown synthetically useful reactivity in cycloprOpanations of alkenes. Comprehensive reviews of 
this aspect of their chemistry appeared in 1987 and 1989,iw*1m and the reader is referred to these ar- 
ticles for more detailed treatment of the topic than is given in the present chapter. 
The original Fischer-type carbene complexes react with electron deficient alkenes such as a,p-unsatu- 

rated esterslOZ and especially electron rich alkenes such as enol ethersim and enamines,iw but reactions 
with simple alkenes have been limited in their usefulness. F u r t h e m ,  because these particular carbene 
complexes most commonly contain hctewubstituted carbene units, they formally fall outside the scope 
of this chapter. A few nonheterosubstituted examples that have proven to be useful are benzylideneio5 
and diphenylcarbene'" complexes of tungsten. 

The most generally useful c&ne complexes for transfer of methylene and other simple alkylidene 
groups are the cationic complexes of the general types shown in equations (12) and (13). In particular, 
the complexes containing the cyclopentadienyldicarbonyliron group, commonly written as Cp(C0)sFe or 
simply Fp, have been the most useful to date. Also, derivatives of this system have been studied in which 
at least one of the carbonyl ligands has been replaced by another ligand such as a phosphine or a phos- 
phite. 

The first examples of these iron complexes arose from early work of Pettitio7 and Greenlo8 and their 
coworkers in the middle 1960s. A key finding was that the reaction of the methoxymethyliron complex 
(4) with acid in the presence of cyclohexene produced a modest yield of the cyclopropane norcarane 
(equation 14). The cationic methylene complex (5) was proposed as an intermediate. This species is very 
reactive and has not been studied by direct means in solution, although it has been detected in gas phase 
studies.'* 

(4) 

-M&k 

Since the time of this early work, many other investigators have studied the parent methylene complex 
(S), several substituted derivatives, and various precursors of these species.ioojJm The sulfonium salt (6) 
has proven to be particularly useful (equation 15) because of its unusually high stability. It is a highly 
crystalline solid that is stable in air and even in hot water.liO Substituted derivatives have also been de- 
veloped. In addition, several a-alkoxyalkyliron derivatives related to the parent compound (4) have been 
studied extensively. 

The reactions of these iron carbene reagents with alkenes to give cyclopmpanes are stereospecific. 
They also exhibit high syn stereoselectivity in many cases. Optically active derivatives have been re- 
ported that have chiral ligands on iron or chiral alkoxy groups on the prospective carbene center and 
which have been resolved with the iron itself as a chiral center. Resulting from this work have been some 
highly enantioselective cyclopropanations. 

The cyclopropanation reactions of the cationic iron carbene complexes occur most efficiently with al- 
kenes of normal electronic characteristics. Very electron deficient alkenes such as a$-unsaturated car- 
bonyl compounds are very poor substrates. Very electron rich alkenes such as enol ethers react rapidly, 
but the expected cyclopropanes generally cannot be isolated; if they are indeed formed, they apparently 
undergo further reactions, perhaps promoted by the metallic species present in the reaction mixtures. 

Specific examples of cyclopropanations using carbene complexes in general ae summarized in Table 
7, but the reader is referred to other recent reviews for much more extensive compilations.i('@*lOOk 

A recent modification of these reactions that appears to have significant potential in organic synthesis 
is a tandem sequence of alkyne insertion and cyclopropanation (Scheme 2).lI5 One particularly im- 
pressive, fully intramolecular case is shown in Table 7 (ref. 115). 



Table 7 Cyclopropanations Using Transition Metal-Carbene Complexes 

Alkene Corbene complex or precursor Products Yield (%) R 4  

- 2  CO Me 

e 0 E t  

Ph 

OSiMe2Bu' 

/ L O M e  

@OEt 

(CO)SW=CHPh 

(C0)s W=CPh2 

Me0 ph Ph *OMe 

60 "+, b C02Me 
+ 

"a,, 

C02Me 
2.5: 1 

b 
Me0 .Ph Ph *OMe 

+ 'OEt 61 
"'OEt 

3.2: 1 

Ph OMe 
V 

16 

67 

p A + A  60 
41:l 

F% H 

( f H  + ePh 50 

8: 1 P h P h  

OEt 
65 

102a 

103 

104 

11 1  

105 

105 

106 
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Table 7 (continued) 

Alkene Carbene complex or precursor Products Yield (%) Ref. 

COzMe C0,Me 

[Cp(C0)2FeCH2SMe2]+ BF4- 

m 
Et Et 

Ph- 

0 
Ph A 

Ph- 

[Cp(COhFeCH(OMe)Me], 
CF3SO3SiMe3 

[Cp(C0)2FeCH(SPh)Me]. 

Me3O+ BF4- 

1 

4.7: 1 

2.4: 1 

86 

58 

75 

73 

116 

117 

117 

118 

58 118 

5 
0 

T 

75 (cu. 90% ee) 119 

3 3 1  

(optically active) 



Table I (continued) P 
Alkne Carbene complex or precursor Products 

Ph/ \ l  
D 

Ph- 

4 

[Cp(COhFeCH(OMe)Me]. 
CF3SO3SiMe3 Ph A + phAD 

6.7: I 

Ar A,+ h A D +  

Ar J*, "D + Ar p.,,, 
6.8:2.2:6.7: 1 

Ph 

Not reported 120 

Not  ported 120 

45 

56 

9.4 1 

80 

121 

ii 
$ 
5 

121.122 

123 

124 



Table 7 (continued) 

Alkene Carbene complex or precursor Products Yield (%) R4. 

[Cp(C0)2FeCH2SPh2]+ BF4- 

[Cp(PPh3)NiCH2SMe2]+ BFL 

Ph A 

Ph 

n 
Ph A 
Ph 

t 

50 

85 

100 

Not reported 

16 

125 

1 26 

127 

128 

129 

50 130 

52 

49 

130 

131 

'? 

3 

a Product yield corrected for unreacted starting material. 
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* R2 QOR1 R3 

R2 R3 
L J 

Scheme 2 

4.6.6 TANDEM CARBANIONIC ADDITIONflNTRAMOLECULAR ALKYLATIONS 

A number of methods for forming cyclopropanes are based upon the general reaction sequence shown 
in Scheme 3. In the first step, a carbanionic intermediate (7) is formed which bears a substituent G. This 
substituent generally serves as both a carbanion-stabilizing group and, eventually, as a leaving group. 
The intermediate (7) then undergoes addition to an alkene double bond bearing an electron-withdrawing 
group (EWG). The resulting adduct (8) is another carbanionic species which undergoes intramolecular 
alkylation, with displacement of the group G, to produce a cyclopropane. 

[ RWCG ] base 
R I R Z C (  - 

G 
(7) 

G 
RIRZC( 

-c-C--EWG 
I I  

L -I 

(8) 
Scheme 3 

This set of methods is inherently related to some of the carbene-based approaches to cyclopropanes. 
The relationship is especially close to the a-elimination pathways (Section 4.6.3.1) with a principal dif- 
ference being the ordering of steps with respect to loss of the leaving group. 

Because of the stepwise formation of the two new carbon-carbon bonds of the cyclopropane product, 
and because of the intermediacy of the carbanionic adduct (8), the double-bond configuration of the al- 
kene substrate may be lost, depending upon the lifetime of the intermediate relative to carbon4arbon 
single-bond rotations. Consequently, the stereospecificity of these cyclopropanations varies from one 
case to another.132 

4.6.6.1 Use of Ylides 

With reference back to Scheme 3, the substituent G in these reactions is most commonly an onium 
group bearing a positive charge. Examples are sulfonium and phosphonium groups. The intermediates 
(7) are thus various types of ylides, and the adducts (8) are defined as being betaines. 
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4.6.6.1.1 Sulfur ylides 

Ylides based upon sulfur are the most generally useful in these cyclopropane-forming rea~t i0ns.I~~ 
Early work in this area was done with the simple dimethyloxysulfonium methylide (9) derived from di- 
methyl sulfoxide. The even simpler dimethylsulfonium methylide (10) was studied at the same time as a 
reagent primarily for the conversion of carbonyl compounds into epoxides.’” Somewhat later, other 
types of sulfur ylides were developed, among which the nitrogen-substituted derivatives such as (11) are 
particularly important.l35 

0 
I1 - 
+ Me2S - CH2 

+ -  
Me2S-CH2 

0 
II+ - 

MeS - CH, 
I 

NMe, 

Despite the stepwise pathway for these reactions, some cyclopropanations using ylides may be stereo- 
specific.’32 Successful efforts have also been reported for the development of enantioselective cyclopro- 
panations through use of, for example, optically active ylides related to (11)136 and of alkene substrates 
bearing chiral auxiliaries. 

The use of sulfur ylides has been covered by thorough reviews’33 to which the reader is referred for 
extensive listings of examples. A few representative cases are given in Table 8. 

The reactions are normally limited to the use of electron deficient alkenes as substrates. However, 
there have been some reports of copper-catalyzed reactions of sulfur ylides with simple alkenes, as 
exemplified in equation ( 16).’47 

+ -  
PhZS-CH? A 

I 41% 

4.6.6.13 Other ylides 

Ylides of other elements have been used much less commonly than sulfur ylides in cyclopropanations. 
Rather, other ylides are better known for their uses in other types of reactions, the best example being the 
use of phosphonium ylides in the Wittig reaction with carbonyl compounds to give alkenes. Nonetheless, 
some cases of cyclopropanations have been reported with phosphonium ylides and the related arsenic 
derivatives. Examples are given in Table 9. 

4.6.6.2 Addition of Other Carbanionic Species Bearing Leaving Groups 

Cyclopropanations are known for several other carbanionic intermediates of the general type (7), in 
which the substituent G is ultimately lost as an anionic leaving group in the last step of the ring-forming 
pathway (see Scheme 3 above). The substituent G is most often a functional group based upon sulfur, 
selenium or nitrogen. Halide-substituted derivatives probably react via the a-elimination pathway in 
most cases (see Section 4.6.3.1), but in some reactions with electron deficient alkenes as substrates, the 
normal order of steps may be altered (e.g. Table 10, ref. 162). 

Representative examples of these further carbanionic cyclopropanations are compiled in Table 10. 

4.6.7 CONCLUSION 

A large number of useful synthetic methods are available for the addition of methylene and other 
simple alkylidene groups to alkenes to give cyclopropanes. The methods that are most commonly used 
with alkenes of normal electronic characteristics are based upon the intermediacy of carbenes and related 
species. Very electron rich alkenes bearing electron-donating substituents are also good substrates for 
many of these carbene-based methods. Some of these same methods may be used with electron deficient 
alkenes, but the carbanion-based methods have been developed more specifically for these latter sub- 
strates. 
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With the wide choice of methods now available, typical cyclopropanations may be performed with ex- 
cellent stereospecificity, stereoselectivity , diastereofacial selectivity, regioselectivity and chemoselectiv- 
ity. Good progress has also been made with respect to enantioselective cyclopropanations, but much 
further work in this area during the coming years would be appropriate. Ideal methods would not only 
exhibit high enantioselectivity with a wide range of alkenes, but they would also use very readily avail- 
able and inexpensive starting materials as the sources of the methylene or alkylidene groups that undergo 
the alkene additions, and if catalysts are needed, they should be reasonably inexpensive, exhibit high 
catalytic turnovers and be readily recyclable. In terms of availability, aldehydes and ketones would ap- 
pear to be particularly ideal starting materials, but methods for their use in direct, deoxygenative alkyl- 
idene transfer reactions as suggested in equation (17) ate still relatively rare?3 Further studies of 
reactions of this type are surely justified, especially with recyclable, oxygenophilic metal species that are 
also chiral. 

(optically active) 
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4.7.1 INTRODUCTION 

In this chapter we will be concerned with only 1.1-dihalocyclopmpanes and these will be referred to as 
dihalocyclopropanes throughout the text. 

The first description of a dihalocyclopropane' was made nearly a century ago and the idea that dichlo- 
rocarbene is an intermediate in the basic hydrolysis of chloroform dates back to 1862.2 The pioneering 
work of Hine confirmed the existence of dichl~rocarbene~*~ and Doering then demonstrated its gener- 
ation and its addition to alkenes leading to the formation of dichlorocyclopropanes (Doering react i~n) .~ 
Undoubtedly, this work laid the foundation for dihalocyclopropane chemistry and has opened a new vista 
in organic chemistry. The formation and transformations of dihalocyclopropanes including synthetic a p  
plications have received considerable attention during the last three decades. Excellent reviews on as- 

999 
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pects of dihalocyclopropanes also have been published.610 Effort has been made to expose all the orig- 
inal work with special attention being paid to publications that have appeared during the last ten years. 

Dihalocyclopropanes containing all possible combinations of halogens have been synthesized. From 
the vantage point of the synthetic chemist, dibromo- and dichloro-cyclopropanes elicit the most useful 
and fascinating chemistry, and therefore this discussion will be centered around the formation and trans- 
formations of these two groups of compounds. For the sake of completeness, dihalocyclopropemes have 
been discussed where appropriate. To emphasize the synthetic potential, separate subsections are devoted 
to certain topics, e.g. formation of heterocycles. 

4.7.2 SYNTHESIS OF DIHALOCYCLOPROPANES 

Dihalocyclopropanes are generally prepared by the addition of dihalocarbenes to alkenic substrates. As 
indicated in the introduction, the first synthesis of a dihalocyclopropane was accomplished by Doering 
and Hoffmann by the addition of dichlorocarbene, generated from chloroform and potassium r-butoxide 
(BuQOK), to cyclohexene giving dichloronorcarane (l), as shown in qua t ion  (l)? 

Subsequently, other dihalocarknes (2) have been generated and their addition to alkenes investigated 
in varying detail. 

X = Y = F, CI, Br. I 
x X = F . Y = C I  :< X = C I , Y = B r  

X = F , Y = B r  
(2) X = F , Y = I  

4.73.1 Methods for the Generation of Dihalocarbenes 

The original procedure for the generation of dichlorocarbene from chloroform by BuQK (equation 2) 
still finds limited use.5 In one variation1' dichlorocarbene is generated by the reaction of an alkyllithium 
with bromotrichloromethane (equation 3). However, these procedures have largely been replaced by 
milder and synthetically more useful methods. Thermal decomposition of sodium trichloroacetate in di- 
methoxyethane has found extensive use in the generation of dichlorocarbene (equation 4).12 Similarly, 
difluorochloroacetate has been used as a convenient source of difluorocarbene (equation 5).13 Trichloro- 
acetic acid itself undergoes thermal decomposition to give dichlorocarbene (equation 6).14 

ButOK 
CHCh - :CCl2 + KCI + B ~ Q H  (2) 

A 
ClF2CC02Na - :CF2 + NaCl + C 0 2  (5 )  

The observation that phenyl(trichloromethy1)mercury undergoes dissociation at 150 'C to give phenyl- 
mercury(I1) chloride and dichlorocarbene has led to a wide range of organomercury compounds 
(PhHgCX3 - Seyferth reagents)15-18 which serve as efficient dihalocarbene transfer reagents (equation 
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7). Seyferth reagents are ideal for the dihalocyclopropanation of deactivated or base sensitive substrates 
such as allyl halides, allyl isocyanates, polychloroalkenes, a$-unsaturated ketones, esters, nitriles and 
sulfones.'g 

(7) 
A 

PhHgCXZY - :CX2 + PhHgY 

X = CI, Br or F, Y = C1 or Br 

Undoubtedly the most important and widely used procedure for the generation of dichlorocarbene in- 
volves the reaction of chloroform with aqueous sodium hydroxide under the conditions of phase transfer 
catalysis (PTC). introduced by Makosza.2G22 Under these conditions chloroform reacts with sodium hy- 
droxide to form sodium trichloromethylide which on exchange with a quaternary ammonium salt, 
usually benzyltriethylammonium chloride, is converted to the unstable quaternary ammonium methylide 
which dissociates in the organic phase to give dichlorocarbene. The dichlorocarbene irreversibly adds to 
the alkene (Scheme 1). 

N:cX3 + HzO HCX3 + NaOH - 
NaCX, + [R4NX] === [R4NCX3] + NaX 

- 
+- + -  +- 

+ -  
R & c X 3  - A :CX2 + [R4NX1 

- Ax :cx2 + 1 
X 

X = C1 or Br 

Scheme 1 

Although illustrated for the generation of dibromo- and dichloro-carbenes, the PTC method has found 
application in the generation of other dihalocarbenes. Indeed the PTC method has assumed great import- 
ance in recent years in the synthesis of a variety of organic compounds and the procedure is well doc- 
umented in excellent r e v i e ~ s ~ l - ~ ~  and The procedure has been used extensively21-28 for the 
addition of dihalocarbenes to a variety of substrates such as alkenes, alkynes, conjugated polyalkenes, al- 
lenes, a$- and y,a-unsaturated esters, imines, enamines, enol acetates, enol ethers, electron rich aro- 
matic compounds, sterically hindered arylated alkenes, ferrocene-substituted alkenes, methylfurans, 
thiophenes, indenes, strained alkenes such as bicyclo[2.2. llheptenes and a number of other m-systems. 
Dehmlow has i n v e ~ t i g a t e d ~ ~ v ~ ~ . ~ ~  the PTC method for the generation of dichlorocarbene in great detail 
and his prescription calls for the use of a 4 mol excess of CHCl3, 50% aqueous sodium hydroxide and 1 
mol 96 of the catalyst in proportion to the alkenic substrate. Quaternary ammonium salts such as benzyl 
triethylammonium chloride and tetra-n-butylammonium chloride are the most efficient catalysts. 

Improvements in the generation of dibromocarbene have also been r e p ~ r t e d . ~ ~ * ~  Although diiodocar- 
bene has been generated and added to alkenes under PTC conditions?' the CHIdBuOK procedure seems 
to be ~ u p e r i o r . ~ ~ . ~ ~  Dihalocarbenes carrying two different halogens, viz. :CBrF?''* :CClF?' 
:CCl136 and have been generated under PTC conditions. A number of modifications, such as 
solifliquid PTC involving CbCCOzNa/CHCl3/~atalyst,~ powdered NaOH/CHCl3/catalys~' with ultra- 
sonic have enhanced the usefulness of the PTC procedure. Tertiary amines have also been 
used as catalysts for the generation of dichlorocarbene from chloroform in two-phase systems consisting 
of aqueous organic s0lvents.~3M 

Dihalocarbenes generated by PTC exhibit enhanced reactivity which may be aaributed to the fact that 
the carbene is formed in the proximity of the substrate and a large excess of it is generated, albeit in 
small quantities at a time. In addition, the dihalocarbene generated in this fashion is completely 'free' 
and not associated with any metallic species, thereby attenuating the reactivity. The use of crown ethers 
and CHzCli has been shown to suppress halogen exchange during the generation of mixed dihalocar- 
benes.*36 

In comparison to other dihalocarbenes, difluorocarbene reactions are less well investigated. Invariably, 
difluorocarbene is generated thermally and a number of reagents have been investigated. 19,45 The method 
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of choice appears to be the reaction of PhHgCF3 with NaI, which gives excellent results with a variety of 
alkenes45 

The low valent titanium species obtained from Tic14 and LAH has been used46 to generate dichloro- 
carbene from CCL. Finally, it has been shown that certain dihalocyclopropanes dissociate thermallf7 or 
photochemical19'8 to generate the carbene. Such procedures may be useful under special circumstances. 

4.7.2.2 Addition of Dihalocarbenes to T-Bonds 

The electronic description and hybridization of dihalocarbenes (3) are similar to those of carbocations. 
Not surprisingly, therefore, dihalocarbenes behave as electrophiles in their reactivity towards alkenic 
substrates and this is discussed in the following sections. 

4.7.2.2.1 Alkenes 

By virtue of their electrophilic nature, dihalocarbenes add to alkenes smoothly. Predictably, the fol- 
lowing order of reactivity is observed: tetraalkyl- > trialkyl- > unsymmetrical dialkyl- > symmetrical di- 
alkyl- > monoalkyl-substituted alkenes. It has long been known that dihalocarbene addition to alkenes is 
stereospecific (equations 8 and 9)."950 The stereospecificity has its origin in the spin state of the carbene, 
a ground state singlet?' which allows concerted reaction. The ground state singlet is stabilized by the in- 
teraction of one of the nonbonding orbitals of the carbene with orbitals on the halogen. 

The general methods outlined (Section 4.7.2.1) are suitable for the dihalccyclopropanation of simple 
alkenes, although the PTC procedure is preferable in the vast majority of cases, with the exception of al- 
kenes carrying electron-withdrawing groups. Seyferth reagents are ideal in such cases, as illustrated by 
the conversion of acrylonitrile to 1 -cyano-2,2-dihalocyclopropane (equation Dihalocyclopropanes 
are generally stable compounds and are readily isolable. However, those resulting from the addition of 
dihalocarbenes to strained alkenes are unstable and often undergo rearrangements (equation 1 l).I0J3* 
Selected examples of the addition of dihalocarbenes to alkenes are given in equations (12) to (16). The 
addition of dichlorocarbene to methylenecyclopropane, giving a spiro compound (equation 12)?5 is simi- 
lar to the earlier work on the addition of dibromo- and dichloro-carbenes to cyclopropylidenecycloal- 
kenes?6 A monoadduct can be conveniently prepared from isotetralin by reaction with dihalocarbenes 
(equation 13).57 However, with a large excess of :CC12, the reaction gives a mixture of di- and tri-ad- 

Normally 1,3-dienes add dichlorocarbene to give the 1 ,2-adduct (equation 14),'9 but there are in- 
stances where both the 1.2- and the 1 ,Cadducts are obtained.60 Certain metal complexes of alkenes have 
been shown to add dichloroearbene (equation 1 5).6' Dichlorocarbene generated from sodium trichlo- 
roacetate adds to 2-bromovinyltrimethylsilane (equation 1 6).62 

* (10) 
: CC12/PhHgCC12Br 

78% 
NC 
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I 'CI C1 

:cx2 m-&) 
CI , ,CI 

Me3Si *c: (16) 
: CClz 

JL - Br 
Me3Si 

Predictably, with enynes dihalocarbene addition occurs preferentially with the double bond (equation 
17).63*64 The reaction of dichlorocarbene with allenes usually gives rise to spiro-linked dichlorocyclopro- 
panes (equation 18),65 but rearranged products are obtained in some cases (equation 19).65*66 Somewhat 
surprisingly, a measure of stereoselectivity has been observed in the formation of dichlorocyclopro- 
pylcarbinols from secondary allylic alcohols and dichlorocarbene (equation 2O).6' 

CI 
>.= - Ph 

H 
Ph 
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2 1 

4.7.2.23 Electron rich w-systems 

The electrophilic nature of dihalocarbenes makes them highly reactive towards enamines, enamides, 
enol ethers, vinyl sulfides, vinyl selenides and electron rich aromatic and heteroaromatic systems. Unlike 
in the case of simple alkenes, the products are often unstable and readily undergo rearrangement. The re- 
action of dichlorocarbene with the enamine of cyclohexanone (4a) affords an adduct (5a) which on hy- 
drolysis gives 2-chloromethylenecyclohexanone (Scheme 2).68 Subsequently, the reactions of 
dihalocarbenes with a variety of enamines have been The dichlorocarbene adduct of cyclo- 
hexanone enamine is stable, whereas the one resulting from cyclopentanone enamine (5b) undergoes 
ring expansion (Scheme 2).69 Such ring expansions are discussed in a later section (4.7.3.7.1). As with 
other substrates, the dihalocarbene is generated by PTC, by the thermal decomposition of sodium hi- 
haloacetate or from a Seyferth reagent. 

Scheme 2 

In addition to acyclic and monocyclic enamines, bicyclic and tricyclic enamines also undergo cycload- 
dition with dihalocarbenes. ‘Endocyclic enamines’, such as pymle and indole, add dichlorocarbene and 
the adducts rapidly undergo ring cleavage to afford 3-chloropyridine and 3-chloroquinoline, respectively, 
in moderate yields (cf. Section 4.7.3.9)?s77 

Although less reactive than enamines, enamides also undergo cycloaddition with dihalocarbenes and 
the adducts are usually  table.'^,^^ A variety of other nitrogen heterocycles, in which the nitrogen lone 
pair is in conjugation with a wsystem, have been shown to undergo dihalocyclopropanation leading to 
synthetically useful  intermediate^.^^ An example from isoquinoline alkaloid synthesis7* is shown in 
equation (21). 

OMe OMe 
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Like enamines, dihalocarbenes add smoothly to enol ethers and in many cases it is possible to isolate 
the dihalocyclopropyl intermediates which are valuable synthons for chloroenones (cf Section 4.7.3.7.1). 
The earliest example of the addition of a dihalocarbene to an enol ether was provided by Parhamp*79 who 
studied the addition of dichlorochne to dihydropyran (equation 22). An example which illustrates the 
synthetic potential of the process is the conversion of the cyclohexanone enol ether (6) to the dichlorocy- 
clopropane (7; equation 23).*O The latter served as a useful intermediate in a stereospecific synthesis of 
Prelog-Djerassi lactonic acid. 

:cc12 

HCCI@u'OK 

: cc12 

PTC 
___) 

Enol silyl enol  acetate^,^,^^ and enol lactonesg6 also undergo facile dihalocyclopropanation 
with dihalocarbenes generated by the thermal decomposition of Seyferth reagents or sodium trihaloace- 
tates. Ketene acetals give unstable dihalocarbene adducts which are synthons for a-haloacrolein and 
other valuable  intermediate^.^^^^^ Vinyl sulfidesg9 and selenidesg0 have been reported to undergo addition 
with dichlorocarbene. 

4.7.233 Alkynes 

Interest in the reaction of dihalocarbenes with alkynes has been limited. In comparison with alkenes, 
dihalocarbenes react sluggishly with alkynes (cf. equation 17) and the resulting dihalocyclopropenes are 
unstable (Scheme 3). These are, however, valuable precursors for cyclopropenones (equations 24 and 
25)?1-95 

-X H20 

Ph - A -  Ph Ph Ph Ph 

Ph-Ph 

Ph 

Scheme 3 

i, :CX2 

ii,  H2O HO 
BU'O - OBU' - 

0 
i,:CCI2 U - - COzEt 

i i ,  H20 
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4.733 Other Methods for tbe Formation of Dihalocydopropanes 

Indirect methods, which are primarily essentially of academic interest, nevertheless may find use 
under special circumstances. One of these, involving the brominative decarboxylation (Bodin-Huns- 
diecker reaction) of silver a-fluorocyclopropanecarboxylate, provides a convenient and stereospecific 
route to the synthesis of fluorobromocyclopropyl compounds (equation 26).% Another approach makes 
use of the Diels-Alder reaction between tetrachlorocyclopropene and dienes (equation 27).97*98 The ad- 
ducts can undergo facile dehydrohalogenation or ring opening. 

Nonpolar Additions of Alkenes and Alkynes 

F P Br7 I 

R R 

Ph Ph 

4.73 TRANSFORMATIONS OF 1,l-DIHALOCYCLOPROPANES 

The electronic and geometric features of dihalocyclopropanes make them susceptible to a variety of 
chemical transformations. Some of these are manifested in simple peripheral changes involving only the 
halogen atoms while others involve complex transformations resulting from highly reactive species - 
carbenes and carbenoids - unleashed by the removal of the halogens. Yet another set of reactions 
emerge from the electrocyclic opening of the cyclopropane ring attended by the departure of a halide ion. 
These transformations are described in the following sections with emphasis on synthetic utility. 

4.73.1 Reductive Dehalogenation 

Dihalocyclopropanes readily undergo reductive dehalogenation under a variety of conditions. Suitable 
choice of reagents and reaction conditions will allow the synthesis of monohalocyclopropanes or the par- 
ent cyclopropanes.19.w The ease of reduction follows the expected order: I > Br > C1 > F. In general, 
complete reduction of dibromo and dichloro compounds is accomplished by alkali metal in 
liquid ammonia’03 or tetrahydrofuran (equations 28 and 29).Io4 The dihalocyclopropanes can be reduced 
conveniently with LAH (equation 30). IO5 LAH reduction is particularly suited for difluoro compounds 
which are resistant to dissolving metal reductions. 199106 It is noteworthy that the sequence of dihalocar- 
bene addition to an alkene followed by the reduction of the dihalocyclopropyl compounds (equation 31) 
provides a convenient and powerful alternative to Simmons-Smith cyclopropanation, which is not al- 
ways reliable. 

-0 Na, EtOH 

-0 Na, THF 
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- P  - P': R 

reduction 

R R 

The selective or partial reduction of dihalocyclopropanes to monohalocycl~propanes~~~ can be 
achieved with LAHio8 or Bu3SnH (equations 32 to 34).'09J10 A number of other reducing agents also 
lead to partial red~cti0n.l~ Reduction of dihalocyclopropanes proceeds via radical intermediates and the 
cyclopropyl radical thus generated can be trapped by an adjacent homoallylic double bond leading to a 
bicyclo[3.1.0]hexane system (equation 35).1'131 l 2  

c1 C1 H 

2 1 

Br 

& Bu3SnH 

Br H 

3.6 1.4 

(33) 

Qr or Bu3SnH LiAlHI * 9 + 
Br 

Halogen-lithium exchange (cf. Section 4.7.3.2) at low temperatures with an alkyllithium followed by 
quenching with methanol or water results in stereospecific reduction of dihalocyclopropyl compounds. I I 3  
Stereospecific reduction has also been achieved by reaction with potassium diphenylphosphide (equation 
36).'14 

4.73.2 Lithiurn-Halogen Exchange and the Chemistry of l-Lithio-l-halocyclopropanes 

Dihalocyclopropanes undergo rapid metal-halogen exchange with alkyllithiums at low tempera- 
ture.19** Is The exchange is most convenient with dibromocyclopropanes and the resulting lithium carbe- 
n ~ i d s " ~ J ' ~  are versatile intermediates which can be trapped by electrophiles (equation 37). Alkyl 
halides,' I8-lZo aldehydes,121,'22 ketones,121,i22 iminium salts,124 trimethylsilyl ~ h l o r i d e , ' ~ ~ , ~ ~ ~  
trimethylstannyl chloride,12' carbon dioxide' 15,128 and sulfur dioxidelZ9 react smoothly giving the corre- 
sponding 1 -bromocyclopropyl derivatives (Scheme 4). In many cases the products themselves serve as 
valuable intermediates in synthesis by virtue of their ability to undergo a variety of substitution re- 
a c t i o n ~ . ' ~ ~ ~ ~ ~  For example, methanol reacts with 1 -bromo- l-methylthiocyclopropane (8) to give (9) and 
subsequently (10) with methanethiol (equation 38).13' Other nucleophiles react in an analogous manner 
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(equation 39) to provide useful synthetic intermediates. The lithio compound resulting from (8) on re- 
action with an aldehyde gives a carbinol which is a cyclobutanone ~ynthon.'~ 1-Bromo-1-trimethyl- 
silylcyclopropanes have been used in the synthesis of alkylidenecyclopropanes by Peterson alkenation 
(equation 40).126*132 A stereoselective cyclopropanol synthesis is based on the sequential reaction of 
lithiobromocyclopropane with catechol borane followed by alkaline hydrogen peroxide oxidation (qua- 
tion 41).133 With cyclopentenone, 1.2-addition occurs predominantly (equation 42) and the product is a 
precursor for fulvene derivatives.IW 

It was noted earlier that the lithium carbenoids on reaction with alkyl halides afford l-alkyl-l-halo- 
cyclopropanes. It is possible to effect endo selective monoalkylation, as illustrated with a benzobarrelene 

Br Br Br 

[XS02H Br 

viii \ 

[XSiMe3 Br 

[XR Br 

i 

ixLi Br 

2 OH 

Br 

iii 
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Br 

[XSR Br 

\ 
DCNMe2 Br 

t' 
i, RX; ii, R'CHO; iii, RR'CO iv, RSSR v, H2C=NM% X- , vi, Me3SiCl; vii, C q ;  viii, SO2 

Scheme 4 

wSMe MX, DMF 

Br 0 OC X 

X = 02CH, I, N3, SH 

(37) 

(38) 

(39) 

(40) 
i, BuLi BuQK 

Br ii. R'COR* or KF 
- wSiMe3 
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'Br 

derivative in equation (43). 135 Stereoselective dialkylation is also p o ~ s i b l e . ' ~ ~ J ~ ~  Dialky1aL.m with li- 
thium dialkylcuprate, involving copper carbenoids, is a synthetically useful reaction (Scheme 5),138J39 
and has been employed in the synthesis of sesquicarene and (*)-sirenin.118*136 An efficient conversion of 
dihalocyclopropanes to gem dialkyl compounds utilizes higher order organocuprates (equation 44). 140-142 
This procedure has been used for the introduction of gem dimethyl groups in the p h o h l  ske1et0n.l~~ 

- 
CuBu" 

Bu"2CuLi 

ether 
82% 

@Bun 

Me1 

Bu" - 2 0 0 ~  
82% 

Scheme 5 

- Br 
\ 

Br 

Br i ,  MepCu(SCN)Li2 

Br ii ,  Me1 
75% 

(43) 

Intramolecular alkylation of a lithiated species has been exploited in the synthesis of [l.l.O]- and 
[ 1.1 .l]-propellanes (equation 45).'4s145 In what appears to be a related reaction, the bis(dibr0mocarbene) 
adduct (11) on treatment with methyllithium undergoes a ring closure by 1,6-elimination, presumably via 
a four-center transition state, to give (12; equation 46), which was subsequently converted to a bis(ho- 
mobenzene).l& 

BuLi 

CH2Cl - 
-50 OC 

CHZCI 

4.733 DoerineMooreSkattebBI Allene Synthesis 

(45) 

Dehalogenation of dihalocyclopropanes with sodium or magnesium gives allenes (equation 47).'47 
Since the original observation, a number of reagents have been introduced for the allene synthesis via de- 
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halogenation of dihalocyclopropanes, but the greatest improvement has resulted from the use of alkylli- 
t h i ~ m s . ~ ~ ~ , ’ ~ ~  In general, methyllithium is the reagent of choice and the reaction is usually carried out in 
ether at low temperature. Dibromocyclopropanes are preferred over the dichloro analogs. The reaction 
can be viewed as a multistep process initiated by metal-halogen exchange to produce an a-haloalkylli- 
thium intermediate. The latter then eliminates lithium halide to generate a carbene which rearranges to 
allene by cyclopropane ring scission (Scheme 6). The overall process represents the most versatile and 
practical synthesis of acyclic mono-, di-, and ai-substituted allenes, cyclic allenes, allenes containing 
functional groups, and acyclic and cyclic cumulenes. An important feature of the reaction is the absence 
of alkynic side products, which beset other procedures for the synthesis of terminal allenes. 

Scheme 6 

Since the synthesis of allenes from dihalocyclopropanes has been r e ~ i e w e d , ~ ~ ~ ~ ~  only representative 
examples highlighting the process, along with the more recent results, are presented in this section. The 
formation of diallenes (equation 48) illustrates the usefulness of this p r ~ c e s s . l ~ ~ * ~ ”  Two other interesting 
examples are given in equations (49) and (50).15s157 

Cyclic allenes have been obtained in high yields, as illustrated by the synthesis of 1.2cyclononadiene 
from the dibromocarbene adduct of the readily available cyclooctene (equation 5 1)? The smallest 
stable cyclic allene known to date is (14): it was prepared from the dibromocyclopropane (13) in high 
yield.Is9 A small amount of the tricyclic compound (15) was also obtained (equation 52). The cyclic al- 
lene (14) did not undergo dimerization even on prolonged standing at ambient temperatures. In contrast, 
the unsubstituted analog was detected only at -60 ‘C by ‘H NMR. It should also be noted that cyclohexa- 
1 ,2-diene was generated by the reaction of methyllithium on dibromobicyclo[3.1 .O]hexane and trapped 
as the Diels-Alder adduct.Im 

R = Me, Et, Ph, But 

+=a MeLi Y -  Br Br 
(49) 

The conversion of dihalocyclopropane to allene can be extended to the synthesis of cumulenes by re- 
peating the sequence, as illustrated by the synthesis of 1,2,3cyclononatriene (Scheme 7).16’ 
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(50) 

Scheme 7 

The rigidity of the allene and its facile formation were imaginatively exploited in a synthesis of the vit- 
amin E side chain alcohol, in which an overall transfer of 1'4 to 1 3  'acyclic stereoselection process' was 
achieved (Scheme 8).'62 

Scheme 8 

Interestingly, the alkene to allene conversion can be carried out directly without isolation of the inter- 
mediate dihalocyclopropane. This process involves the treatment of the alkene with 1 equiv. of carbon 
tetrabromide and 2 equiv. of methyllithium in ether at -65 eC,163 Ultrasonic irradiation facilitates the for- 
mation of cyclo ropylidenes, and therefore the allenes, from dihalocyclopropanes under the influence of 

complexed with the chiral tertiary amine (-)-sparteine, leading to optically active allenes, seems to be of 
questionable value. 

It should be pointed out that while the dihalocyclopropane-allene conversion discussed here represents 
the best general synthesis of allenes, occasional problems due to the formation of side products have 
been reported. An example is the formation of the bicyclobutane (16) along with the expected allene 
(equation 53).la The method is especially unsuitable for the synthesis of tetrasubstituted allenes. Steri- 
cally demanding substituents on the dihalocyclopropanes are believed to be responsible for the change of 
course of the reaction. 

Endocyclic allenes which contain other double bonds lead to rearranged products. An example is the 
reaction of dibromobicyclononatriene (17) with methyllithium to form initially a carbenoid (18) which 

Li, Na or Mg.' 6g The reactions are usually complete in 5-15 min. A reporti65 on the use of n-butyllithium 
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Br 

rearranges to the nine-membered allenic triene (19). The latter rearranges to the bicyclic compound (20) 
and finally a [ 1,5] sigmatropic rearrangement of (20) yields indene (Scheme 9).la7 

r 1 

(20) 
Scheme 9 

4.73.4 Skattebel Rearrangement 

Vinyldihalocyclopropanes on treatment with methyllithium give rise to cyclopentadienes, formally re- 
sulting from a vinylcyclopropylidenexyclopentylidene rearrangement followed by a rapid 1 ,Zhydrogen 
shift (Scheme 10). This unique carbene-carbene rearrangement is known as the Skatteb01 rearrange- 
mentala It occurs in competition with the cyclopropylidene-allene rearrangement. The Skattebsl rear- 
rangement has been investigated t h o r o ~ g h l y ~ ~ ~ ~ ~  and the earlier results as well as the mechanistic 
interpretations have been the subject of critical  discussion^.^^^.^^^ It is now recognized that carbenoid 
species rather than free carbenes are intermediates in the rearrangement."7*'75 The conversion of the di- 
bromobicyclo[4.1 .O]heptene (21) to the norbomene derivative (22) is a good illustration of the Skattebsl 
rearrangement (equation 54).'@ Mechanistically the reaction is formulated as proceeding via the ionic re- 
arrangement of the carbenoid (23) to the ion pair (24). and the conversion of the latter by sequential re- 
action with methyllithium and methyl bromide (Scheme 11).175 The stereospecificity in the product 
formation is consistent with this interpretation and argues strongly against the involvement of free car- 
bene. Two other representative examples of the Skattebd rearrangement are given in equations (55)'76 
and (56).17' 

MeLi - R 1 W R 2  - 
-78 "C .. 

R' R' 

Scheme 10 
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Li 

2 MeBr 

-LiBr 

Scheme 11 

MeLi m -  
4.735 Other Carbenoid Reactions 

When the carbene or carbenoid resulting from - dihalocyclopmpane is unabl- to reamnge to the al- 
lene due to steric or other factors, insertion or addition reactions characteristic of carbenes take place. 
Thus dibromonorcarane on reaction with methyllithium gives a bicyclobutane derivative by insertion of 
the carbene into a @-C-H bond (equation 57).178 Allene formation is sterically unfavorable in this case. 
Similarly, dibromotetramethylcyclopropane gives 1,2,2-trirnethylbicyclo[ 1.1 .O]butane instead of tetra- 
methylallene (equation 58).17e181 An example involving a tricyclic dibromocyclopropane is given in 
equation (59).'8* 

Br 
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In general, tetrasubstituted dibmmocyclopropanes lead to bicyclobutanes predominantly, whereas mix- 
tures of bicyclobutanes and allenes result from trisubstituted dihalocyclopmpanes and those bearing 
bulky substituents (see also Section 4.7.3.3). 

In addition to insertion into p-C-H bonds, cyclopropylidenes can undergo other reactions such as al- 
kylation (cf. Section 4.7.3.2), dimerization, insertion into C-H bonds of the ether solvent (equation 
60)lE3 or reaction with alkenes to afford spirocyclopropanes (equation 61).Ia Addition of stoichiometric 
amounts of BuQK has been shown to promote the reactions of lithium carbenoids, even at -85 'C, with 
THF to give the insertion product (equation 62).lE5 Addition to alkenes is also promoted under these con- 
ditions. Intramolecular addition of the carbenoid t9 double bonds has been exploited in the synthesis of 
spirotricyclic compounds (equation 63).'% 

i, BuLi, THF, -85 OC; ii, BdOK 

Insertions into 0-H bonds, N-H bonds and C-H bonds adjacent to oxygen and nitrogen have 
found use in the synthesis of a number of heterocycles (see Section 4.7.3.9).187-189 The reaction of alco- 
hol (25) with methyllithium in ether, leading to the ketone (26), has been interpretedlm as involving the 
insertion of an intermediate carbenoid into a P-C-H bond followed by ring opening (equation 64). WpoH Br [y :Po 

- (64) - - 
(25) (26) 

4.73.6 Elimination and Elimination-Addition 

Elimination of hydrogen halide from dihalocyclopropanes occurs under the influence of strong bases, 
leading to halocyclopropenes. Simple halocyclopropenes are unstable but can be trapped by nucleophiles 
(Scheme 12).191.192 In situations where hydrogen migration is possible, isomerization of the chlorocyclo- 
propene to alkylidenecyclopropane takes place readily. Thus (27; equation 65) is an excellent precursor 
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for vinylmethylenecyclopropane. 193-195 The latter is a valuable synthon for methylenecyclopentene. The 
double-bond migration attending dehydrohalogenation by BuQK has been utilized in the synthesis of 
benzocyclopropene,I% a remarkably stable compound, and its analogs (equation 66). The dehydroha- 
logenation of (28) gives a mixture of (29) and (30) in a ratio of 3:2, presumably via a carbene intermedi- 
ate (equation 67).19' A related reaction occurs with (31), as shown in equation (68) (cf Section 
4.7.3.9).'98 

ii  

Pr'OK 
L \ '  SMe 

\ iii  

CH(CO,Et), 

i, PriOH; ii, MeSH; iii, -CH(CQEt)2 

Scheme 12 

i, Bu'OK, DMSO; ii, 80 O C ,  13 h 

In cases such as the one shown in equation (69), what appears to be displacement is more likely a 
multistep elimination-addition proce~s.3~ Carbonyl or sulfonyl groups in the 2-position greatly facilitate 
each of these two steps. Thus (32) on treatment with alkoxide or thiolate gave the cyclopropane acetal or 
thioacetal, respectively (equation 70).Iw In related work, tetrachlomcyclopropene, which has interesting 
synthetic potential, is formed from pentachlorocyclopropane by treatment with potassium hydroxide 
(equation 71).200 Certain 1,1,2-trihalocyclopropannes on reaction with methyllithium in ether at low tem- 
perature afford the corresponding halocyclopropenes by 1,2-dehalogenation (equation 72).201 Similarly, 
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2-bromo-2-trimethylsilyldibromocyclopropane on reaction with tetra-n-butylammonium fluoride under- 
goes elimination to give 1,2dibromocyclopropene (equation 73).*02 

MeONa 
(69) 

OMe OMe 
Ph Ph Ph 

'0 

(32) 

c1 Hfi: c1 

CI 

Me3Si 
Br 

98% '0 

c1 
KOH - 
90 O C  c1 

- Br)p MeLi, ether 

-40 o c  / 
But 

+ -  
ByN F, THF 

-30 "C / 
Br 

(72) 

(73) 

4.73.7 Electrocycllc Ring Opening 

Shortly after the advent of the Doering reaction, it was recognized that dihalocyclopropanes derived 
from certain cyclic alkenes can undergo facile thermal rearrangement to ring-opened prod~cts .6~~-*~ The 
first example of this rearrangement was the rapid conversion of the dichlomarbene adduct of indene to 
2-chloronaphthalene, observed by Parham (equation 74).69m3 A number of dihalocyclopropanes, how- 
ever, are thermally stable and the facility of the rearrangement depends on factors such as ring size, 
stereochemical disposition and the nature of the halogens. In addition to the thermal rearrangement, the 
cyclopropyl-allyl conversion can be facilitated by electrophiles such as silver ion, protic and Lewis 
acids, and by nucleophiles, On the basis of theoretical considerations, the rearrangement has been char- 
acterized as a concerted process proceeding via stereospecific disrotatory opening.wm The ring open- 
ing is concomitant with the departure of the leaving group, leading to a transition state where the positive 
charge is delocalized (equation 75). Important sterochemical consequences of the concerted nature of the 
rearrangement include the formation of the cis and trans allyl cations from the endo and e m  derivatives 
(33; equation 76) and (34, equation 77). respectively. The electrocyclic ring opening of dihalocyclopro- 
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panes has been exploited in the synthesis of one-carbon ring-expanded carbocycles and heterocycles and 
chain-extended compounds. 

dcl - 

(33) 

(CH*X -.... 

Y- 

(74) 

4.7.3.7.1 Ring expansionlchain extension 

It has been already noted (Section 4.7.3.7) that the facility of the dihalocyclopropane-allyl cation rear- 
rangement depends on a number of factors, including the stability of the allyl cation, which in turn is in- 
fluenced by electronic factors. The addition of dichlorocarbene to cyclopentadiene to afford 
chlorobenzene via the unstable adduct (35) and the relatively stable cation (36) is illustrative (equation 
78).210 In the absence of external nucleophiles, the departing halide ion is usually captured by the allyl 
cation to form a haloene. Alternatively, the cation loses a proton to form a halodiene. Even the substitu- 
tion product itself is thermally unstable and can lose hydrogen halide at higher temperatures to give the 
halodiene. For instance, when endo-6-chloro-exo-6-fluorobicyclo[3.1 .O]hexane is heated in quinoline at 
1 10 'C 3-chloro-2-fluorocyclohexene is obtained which at higher temperatures loses HCl to give 2-fluo- 
ro- 1,3-~yclohexadiene (equation 79).211 This example also illustrates the effect of stereochemistry and 
the nature of the halogens on the rearrangement. Not surprisingly, the cyclopropyl-allyl rearrangement 
of dihalocyclopropanes has found a number of synthetic applications. Selected examples are given in 
equations (80) to (92). The adducts resulting from the addition of a dihalocarbene to the internal double 
bond of bicyclic systems lead to rearrangement products via bridgehead alkenes. This process has been 
exploited in the synthesis of [6]- and even [5]-metacyclophanes (equation 80)?12213 The dibromocarbene 
adduct (37) on heating in acetonitrile gives (38), which has found use in the synthesis of 3-phenyl-5-bro- 
mooctavalene (equation 81)?14 The diadduct (39) on thermal rearrangement affords a mixture of dichlo- 
roazulenes (equation 82).215 Such rearrangements have been employed in a number of similar systems?16 

c1 WF llO"c ac* F 
1400c- o-, (79) 
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Br Br 

(80) 

(81) 

"0 - ' A  + c i a C 1  ' /  (82) 
c1 c1 

(39) 
'c1 

+ 
I 

ci 

Acidcatalyzed hydrolysis followed by ring opening of the dichiorocyclopropane adduct (7) proceeded 
smoothly on treatment with aqueous acetic acid buffered with sodium acetate to afford the chlorocyclo- 
heptenone (40), an intermediate in the stereoselective synthesis of Prelog-Djerassi lactonic acid (equa- 
tion 83).80 Similar ring expansion has been used in the synthesis of muscone and tropolones such as 
t h u j a p l i c i n ~ . ~ ~ ~ ~  A recent synthesis of a r - t r o p o l ~ n e ~ ~ ~ ~ ~ ~ ~  involves the ring expansion attended by the loss 
of hydrogen halide when a dihalocarbene adduct, such as (a), is subjected to Albright-Swern oxidation 
conditions (equation 84). The method is also quite suitable for the synthesis of open chain achloro- 
enones. An efficient and somewhat related cyciopentenone synthesis219 involves the acid-catalyzed rear- 
rangement of the dichlorocarbene adduct (42), as shown in equation (85). 

v'"' 'C1 NaOAc 
RO 

OR 

HO"~" Ho'"'tw:I - 

The silver ion assisted carbon-halogen bond cleavage and the unraveling of the cyclopropane ring by 
the cyclopropyl-allyl rearrangement was first noted in the formation of 2-bromocyclohexen-1-01 from 
dibromobicyclo[3.1 .O]hexane under solvolytic conditions (equation 86).2m The silver ion assisted solvo- 
lysis of the dihalocyclopropane adduct (43), derived from a Birch reduction product, smoothly rearranges 
to the tropone (equation 87).221 A number of other synthetic applications22z-226 have been reported 



Formation and Further Transformations of 1 ,I  -Dihalocyclopropanes 1019 

(85)  

recently. Analogous to the formation of a [5]meta~yclophane?'~.~~~ the dibromocarbene adduct (44) 
undergoes silver ion assisted solvolysis to give (45) in high yield (equation 88)?" Similarly, (46) has 
been reported22s to give (47), albeit in low yield (equation 89). It should be noted that (46) is thermally 
stable. 

I 
R R 

(44) R = t-BOC (45) 

Br 

Ph 
(46) 

Ph 

(47) 

In certain cases, the silver ion assisted solvolysis fails to initiate electrocyclic reaction to give ring-ex- 
panded compounds, leading instead to a cleavage product (equation 90).227 The dichlorocarbene adduct 
(48) on FeCl3-promoted cleavage in ether affords exclusively a-trichloromethylcyclohexanone, whereas 
in DMF a small amount of chlorocycloheptenone also was obtained (equation 91).228 
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Not much is known about the opening of dihalocyclopropanes by Lewis acids beyond reports on the 
reaction of dibromo- and dichloro-cyclopropanes with aromatic hydrocarbons under the influence of 
AlCb or F&b leading to indenes.*a1 
The cyclopmpyl-allyl rearrangement has been shown to proceed with nucleophilic a ~ s i s t a n c e , 8 ~ ~ 2 ~ ~  

and the intermediate allyl cation can be trapped by nucleophiles leading to synthetically useful deriva- 
tives. An example is the formation of an unsaturated acetal and the propiolic acid ortho ester (equations 
92 and 93).232 

R I   OR^ 
+;' c1 - RSOH ,J+T4 (92) 

c1 R'k R3  OR^ - R'$ R3  OR^ 

OR3 

A stereospecific synthesis of conjugated dienes involving the ring opening of difluorocyclopropanes 
has been reported.234 In an extension of this work, 1 -acetoxy-3-alkyldifluorocyclopropanes undergo ring 
opening with LAH to give P-fluoroallylic alcohols with high stereospecificity and in good yields (equa- 
tion 94).235 Similarly, chlorofluorocyclopropyl ethers undergo rearrangement to give a-fluor~acrolein~~~ 
via its acetal and chlorofluoro-2-(trimethylsilyl)methylcyclopropane gives 2-fluoro- 1,3-butadiene in high 
yield.a7 

The c-ring expansion of aporphines via the dichlorocyclopropane ring opening238 induced by LAH has 
been utilized in a synthesis of homoaporphine alkaloids (equation 95). Reductive cleavage of 2-silyloxy- 
dibromocyclopropanes gives a,&unsaturated ketones directly (equation 96).239 

LiAIh,  THF 
0 

L (95) 
78% 

M e 0  M e 0  
OMe OMe 

HPO(OEt)2 

Et3N 
90% 
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4.73.8 Solvolysis without Ring Opening 

It is clear from the discussion in the previous section that generally dihalocyclopropanes undergo sol- 
volysis with concomitant electrocyclic ring opening. However, dihalocyclopropanes with a barrier to 
ring opening have been shown to undergo silver ion assisted solvolysis to give both substituted cyclopro- 
panes and ring-opened products (equation 97)?1**212*240 The [4.4.1]propellane undergoes solvolysis with- 
out ring opening (equation 98). Similar results were obtained with [3.3.l]propellane~.”~ 
Dihalocyclopropanes that carry a P-TMS group undergo a unique solvolytic displacement of the halo- 
gens without rupture of the cyclopropane ring when treated with silver trifluoroacetate and alcohol 
(equation 99).242 Finally, it has been shown that halogens can be displaced by nucleophiles under photo- 
lytic conditions.243 A mixture of mono- and di-substitution products are obtained (equation 100). 

Z =  S or Se 

4.73.9 Formation of Heterocycles 

Although the use of dihalocyclopropanes in the synthesis of heterocycles has not been investigated in 
great detail, there are a number of examples which illustrate the usefulness in heterocyclic synthesis. The 
earliest example is the conversion of pyrrole to 3-chloropyridine with chloroform and strong base (6 
Section 4.7.2.2.2), a reaction now recognized as involving the formation and electrocyclic rearrangement 
of a dihalocyclopropane (equation 101).75,76*244.245 The yield of 3-chloropyridine is influenced by the 
source of dichlorocarbene and the formation of significant amounts of side products limits the usefulness 
of the reaction. The formation of 3-chloroquinolines from indoles by the reaction of chloroform and so- 
dium ethoxide can be considered to proceed in an analogous manner?5*77~w248 This reaction is also 
complicated by side products resulting from the Reimer-Tiemann reaction (equation 102).246 Pyrrole 
reacts with dichlorocarbene in the gas phase to give a mixture of 2-chloro- and 3-~hloro-pyridines?~~ 
Imidazole under similar conditions affords a mixture of chloropyrazine and 5-chloropyrimidine (equation 
103)?50 

r 

In what can be viewed as a heterocyclic version of the Skattebl rearrangement (cf. Section 4.7.3.4), 
the dibromocarbene adduct (49) on treatment with methyllithium affords the pyrrole (50), albeit in low 
yield (equation 104).B1 The propensity of the carbenoid species resulting from dihalocyclopropanes to 
insert into C-H bonds adjacent to oxygen and nitrogen was mentioned previously (Section 4.7.3.5). 
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This process has found occasional use in the synthesis of heterocycles. The major product resulting from 
the reaction of MeLi on the dibromocarbene adduct (51) is the tetrahydrofuran (52). as shown in equa- 
tion ( 105).189 In a novel approach to the synthesis of spiroacetal pheromones, carbene insertion into an 
acetal C-H bond was studied (equation Unfortunately, the reaction proceeds in low yield and 
the approach is further hampered by the lack of stereocontrol in the ring opening of the cyclopropane. 
Carbene insertions into N-H and C-H bonds adjacent to nitrogen have been shown to give azabicyclo 
systems, as shown in equations (107) and ( 108).188 

B"" 

(49) 

EtO' 
(51) (52) 

MeLi. -75 "C 4B;D Br 20% 

CY N 
I 

MeHN YBr - Me 

A crucial step in the synthesis of a methyleneaziridine involves the nucleophile-induced ring opening 
of a dibmmocyclopropane (equation lO9).Z3 Nucleophile-assisted opening of a dichlorocyclopropyl ke- 
tone leads to 2,2-dhethoxy-2,3dihydrofurans which are useful y-keto aldehyde synthons (equation 
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110).z4 The reaction of acyloxydihalocyclopropanes with hydrazine has been reported to yield py- 
razoles.2ss 

R = 1-adamantyl 

R - R e o M e  OMe 
0 

The allyl cation generated by the electrocyclic cleavage of dibmmocyclopropanes (cf. Section 
4.7.3.7.1) has been trapped by a carboxyl group in a highly efficient synthesis of furanones (equation 
1 1 1) and pyranones.2s6 Acid-catalyzed openings of dihalocyclopropanes also give similar results."' 

An elegant synthesis of the neurotoxic alkaloid anatoxin has exploited the electrocyclic opening of the 
dibromobicyclo[5.1 .O]octane followed by transannular cyclization (Scheme 13).=* Similarly, the thermal 
electrocyclic opening of the dichlorocyclopropane followed by intramolecular trapping of the developing 
allylic cation by a suitably positioned amine has been used in a homoaporphine syntheskD8 

Br 

Et3N 
__c 

H 

Scheme 13 

4.7.3.10 Miscellaneous Reactions 

Dihalccyclopropanes elicit a number of reactions which cannot be conveniently accommodated in the 
above categories and these are outlined in this section. Photolysis of the bis(dich1orocarbene) adduct (53) 
gave only the ring cleavage products (equation 1 12).2s9 The vinyldichlorocyclopmpane (54) has been 
shown to undergo thermal rearrangement to give the dichlorocyclopentene (55; equation 1 13).260 Elec- 
trolysis of dihalocyclopropanes has been reported to give ring-opened products (equation 1 14)F6' 

Dibromocyclopropanes with vicinal chloromethoxy or mesyloxymethyl substituents undergo 
[Ni(CO)4]-induced ring opening-carbonylation in the presence of alcohol or amine, leading to y,bun- 
saturated carboxylic acid derivatives selectively via intermediate nickel enolates (equation 1 15).262 Di- 
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200-275 ‘C * pc:l 

bromo-2chlorocyclopropanes also undergo a similar ring-opening carbonylation with [Ni(C0)4] to give 
a mixture of P,y-unsaturated esters, along with a small amount of the reduced cyclopropane derivative 
(equation 1 16).263 The same authors have shown that [Ni(CO)+induced reductive carbonylation of di- 
bromocyclopropanes is a versatile method for the synthesis of cyclopropanecarboxylic acid derivatives 
(equation 1 17).264 

RYH -- COYR (1 15) 
Ni(CO)&MF 

X 
Y = 0, NH, NR 

Brq 
X = CI, OMS 

c&Br  OH * 6 c02Pr + &02R + 
\ 

Ni(C0)4 

Ni(C0)4 

75 *c 
82% Br 

Vco2& 
In a somewhat intriguing sequence of reactions, the organometallic compound (56) on treatment with 

methyllithium afforded the rearranged product (57), as shown in equation (1 18).265 While the mechanism 
of this transformation is not known, it has been speculated that the initially formed carbene rearranges to 
a spirocyclopropene intermediate via a novel ring contraction. 

0 
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4.7.4 CONCLUSION 

It is abundantly clear from the preceding discussion that dihalocyclopropanes are versatile interrnedi- 
ates in organic synthesis. Although a wealth of chemistry has already been uncovered, prospects remain 
bright for interesting developments in the future. Areas such as the application of dihalocyclopropanes in 
heterocyclic synthesis via carbene insertion into C-H bonds adjacent to heteroatoms, reactions of diha- 
locyclopropanes with organometallics and the synthetic applications of metallated derivatives deserve 
further exploration. The chemistry of difluoro-, diiodo- and mixed dihalo-cyclopropanes can be expected 
to attract some attention. Finally, other heteroatom-substituted cyclopropanes derived from dihalocyclo- 
propanes will also invoke further investigation. 
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4.8.1 INTRODUCTION 

The reactions of keto-carbenes (1) or -carbenoids with C=C  bonds'-' offer a direct entry to highly 
functionalized cyclopropanes (2),8 which, due to their lability, are readily transformed to a range of pro- 
ducts (Scheme 1). The cyclopropanation is often highly stereoselective and further reaction can lead to 
products of defined stereochemistry, controlled by the compact arrangement of functionality within the 
cyclopropane ring. Although free carbenes undergo additions to alkenes, these reactions are unselective 
and competing carbene rearrangements tend to occur. Consequently, metal-stabilized ketocarbenoids, 
generally formed by catalyzed decomposition of diazo compounds, are of much greater synthetic utility 
and will be the emphasis of this chapter. 

Extensive synthetic developments have occurred recently in this field, primarily because of improve- 
ments in the catalysts used and the procedures for preparation of the carbenoid precursors. Consequently, 

1031 
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useful 

products 
2' =- synthetic + y x  - R- 

II 
R T  

Y Y 

previously inefficient yet intriguing carbenoid reactions can often now be carried out in synthetically 
viable yields. 

In order to outline the scope of this chemistry, Sections 4.8.2 and 4.8.3 will discuss the catalysts and 
carbenoid precursors used. This will be followed by reactions of carbenoids with w-systems, organized 
according to the Ir-system involved, alkenes (Section 4.8.4), alkynes (Section 4.8.5). benzenes and elec- 
tron-rich heterocycles (Section 4.8.6). Particular emphasis will be placed on the stereochemical outcome 
of these reactions with reference to applications in organic synthesis. 

48.2 GENERATION OF KETOCARBENOIDS 

Ketocarbenes (1) are usually generated from the corresponding diazo compounds (3)? Other sources 
which are occasionally used are a,a-dibromo compounds (S)? sulfur ylides (5)'O and iodonium ylides (6; 
Scheme 2)." The thermal or photochemical decomposition of diazo compounds in the presence of a- 
systems is often complicated by indiscriminate side reactions, such as Wolff rearrangements,'2 C-H in- 
sertions and hydride migrations. To avoid such problems, the use of metal-catalyzed decomposition of 
diazo compounds is generally prefemd.'.2 

(3) 

Scheme 2 

Up until quite recently, the most comtiionly used catalysts for decomposition of diazo compounds 
were copper based. Heterogeneous catalysts such as copper bronze, copper powder, copper halide and 
copper sulfate have been largely superseded by soluble copper complexes.' The most extensively used 
are based on the 1.3-diketone (7), salicylaldehyde (8) and iminosalicylaldehyde (9) ligands, and a wide 
range of complexes have been empl~yed,'~ including chiral systems. Other catalysts which are occasion- 
ally used are copper temfluoroborate, copper(1) and copper(I1) triflate,I4 and (trialkyl phosphite)cop 
per(1) iodide.I5 Even though copper sources ranging in oxidation state from zero to two have been used, 
it has often been foundI4 that the active catalytic species is copper(I), which is generated under the re- 
action conditions. [.gj cu2+ 

2 

(7) 

cu2+ 

2 
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The development of the dimeric rhodium(I1) carboxylates (10)l6 as extremely mild catalysts for de- 
composition of diazo compounds has greatly enhanced the whole field of carbenoid chemistry, and these 
have quickly become the preferred catalysts in most instances. Commercially available rhodium(I1) ace- 
tate (loa) has been most extensively used, but rhodium(I1) pivalate (lob) and rhodium(I1) hexanoate 
(1Oc) often offer advantages due to their greater solubility. The ligands can also be varied to fine tune the 
catalyst. Complexes with electron-withdrawing ligands such as trifluoroacetate (1Od) result in less back- 
bonding to the carbenoid, producing a more reactive electrophilic carbenoid.la Alternatively, the use of 
rhodium(I1) acetamide, Rhz(NHCOMeh, generates a carbenoid with greater back-bonding to the metal 
than in the case of rhodium(I1) acetate, resulting in a system with greater ~e1ectivity.l~ Sterically hin- 
dered ligands do not have a great effect on reactivity except in extreme cases, such as (10e)l8 and the 
porphyrin complex (ll).I9 Rhodium+arbonyl complexes such as Rk(C0)16 and [Rh(C0)2C1]2 are also 
effective catalysts.20 

0 
0; Rh!Ob R 

RJo I 0)-R 
R-(O-Rh!O 

0’ 

(10) a : R = M e  
b: R = But 
c: R = (CH2)4Me 

e: R = 2.4,6-triarylphenyl 
d: R = CF3 

R 

R 

(11) R = 2,4,6-trimethylphenyI 

The rhodium(I1) catalysts and the chelated copper catalysts are considered to coordinate only to the 
carbenoid, while copper triflate and tetrafluoroborate coordinate to both the carbenoid and alkene and 
thus enhance cyclopropanation reactions through a template effect.I4 Palladium-based catalysts, such as 
palladium(I1) acetate and bis(benzonitrile)palladium(II) chloride,’& are also believed to be able to coor- 
dinate with the alkene. Some chiral complexes based on cobalt have also been developed,21 but these 
have not been extensively used. 

4.83 CLASSES OF KETOCARBENOIDS 

One of the most attractive features about the application of carbenoid chemistry in organic synthesis is 
that their diazo precursors are readily prepared. Diazoacetates (12a) have been most extensively used, 
but a variety of other systems including diazoacetamides (12b),17.22323 diazo ketones ( diazomalo- 
nates (12d),25 diazoacetoacetates (12e) and others with two electron-withdrawing groups, diazopyruvates 
(120z6 and vinyldiazomethanes (12g),27 have also been exploited in useful synthetic processes. A par- 
ticular advantage of the diazocarbonyl compounds is that the presence of an electron-withdrawing group 
causes the system to be more stable than simple diazoalkanes. 

The diazo transfer reaction with sulfonyl azides has been extensively used for the preparation of diazo 
compounds with two electron-withdrawing groups (equation 1 ).28 Toluenesulfonyl azide ( 13a)29 is the 
standard reagent used, but due to problems of safety and ease of product separation, several alternative 
reagents have been developed recently. n-Dodecylbenzenesulfonyl azide ( 13b)30 is very effective for the 
preparation of crystalline diazo compounds, while p-acetamidobenzenesulfonyl azide (13~)~’ or naph- 
thalenesulfonyl azide ( 13d)30 are particularly useful with fairly nonpolar compounds. Other useful re- 
agents are methanesulfonyl azide (13e)32 and p-carboxybenzenesulfonyl azide (13f).33 

The diazo transfer reaction can be used to prepare, indirectly, Compounds with only one electron-with- 
drawing group because base-induced deacylation is very favorable (equation 2;28 Scheme 3*&). Diazo 
ketones are also conveniently prepared by reaction of acid chlorides with diazoalkanes (equation 3),34 
while diazoacetates are readily formed through reaction of the toluenesulfonylhydrazone (14)35 or the 
corresponding triisopr~pylphenylhydrazone~~ with alcohols (equation 4). Other classical methods for 
preparation of diazocarbonyl compounds include the nitrosation of amines and dehydrogenation of hy- 
drazones.28 
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0 2x 
Y 

(12) a:Y=OEt,  X - H  (13) P:  R = 4-Md36H4- 
b:Y=NR2. X = H  b R = d(C12H&&- 
c:Y=alkyl, X=H,Me C: R = 4-(MeCONH)C&- 
d:Y=OEt, X = C q E t  d: R = l-naphthyl- 
e:Y=OEt,  X=COMe e:R=Me- 

g : Y = OEt, 
f :Y=C&Et, X = H  f : R = 4-(H02C)C6&- 

X = CH=CHR 

RSQNfiasc 
c 0 

Y 
O = C E W G  

Y 

TosNfiase 

N2 
H 

Scheme 3 

i. PhNMe2 
ROH + T H S O ~ T O I  ii, NEt, 

(14) 

- 
H COCl 70-11% RO 

43.4 ADDITION OF KETOCARBENOIDS TO ALKENES 

4.8.4.1 Intermolecular Reactions 

The addition of carbenoids derived from alkyl diazoacetates to alkenes has been extensively studied. 
As two thorough reviews on the subject,1*2 dealing with a detailed comparison of the various catalysts, 
have recently appeared, only a general summary concerning regioselectivity , competing reactions, dia- 
stereoselectivity and enantioselectivity will be presented here. 
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4.8.4.1 .I Regwselectivity 

Rhodium(I1) acetate appears to be the most generally effective catalyst, and most of this discussion 
will center around the use of this catalyst with occasional reference to other catalysts when significant 
synthetic advantages can be gained. Cyclopropanation of a wide range of alkenes is possible with alkyl 
diazoacetate, as is indicated with the examples shown in Table 1.16c.37 The main limitations are that the 
alkene must be electron rich and not too sterically crowded. Poor results were obtained with truns-al- 
kenes. Comparison studies have been carried out with copper and palladium catalysts and commonly the 
yields were lower than with rhodium catalysts. Cyclopropanation of styrenes and strained alkenes, how- 
ever, proceeded extremely well with palladium(I1) acetate, while copper catalysts are still often used for 
cyclopropanation of vinyl ethers.3w 

Table 1 Yield of Cyclopropanation with Ethyl Diazoacetate 

Alkene Yield (8) 

PhCHPCH2 
E t O C H 4 H 2  
A c O C H 4 H 2  
Bu'CHPCH2 

CICH2CH=CH2 
Me2CPCMe2 

c i s - M e C W H ( C H z k M e  
trans-MeCHICH(CH2)4Me 

rruns-Me(CH2hCH~H(CH2)2Me 
M e 2 C 4 H C H 4 M e 2  

Cyclohexene 
C clohexadiene 

2 , l D  ihydropyran 

93 
88 
77 
87 
90 
70 
65 
24 
7 
81 
90 
90 
91 

Another series of experiments which nicely demonstrates the regioselectivity of cyclopropanation re- 
actions has been carried out with substituted dienes4' In general, cyclopropanation occurs at the least- 
substituted double bond with terminal dienes (equation 5 ) ,  but electronic factors control the position of 
cyclopropanation with 2-substituted dienes (equation 6). With the fluorodiene (15) the predominant pro- 
duct was (16a; equation 7), which arose through cyclopropanation at the fluorine-bound double bond.42 
This result and related observations have been rationalized by assuming a nonsynchronous cyclopropa- 
nation mechanism in which the adverse electron-withdrawing effect of the fluoride in the somewhat 
zwitterionic transition state is compensated by a mesomeric electron-releasing effect. Even though exten- 
sive studies of the rhodium-catalyzed cyclopropanation with diazoacetates have been similar 
studies with other carbenoids are less ~ ~ m m ~ n ~ ~ ~ , ~ ~  and most of the available information on regio- 
selectivity is based on earlier work using less efficient copper  catalyst^.^ 

The structure of the carbenoid has considerable effect on the outcome of the reaction with vinyl ethers. 
Unlike the case with diazoacetate, reaction with diazopyruvate resulted in the formation of a dihydrofu- 
ran (17) rather than a cyclopropane (equation 8)FM The reaction is a formal [2 + 31 cycloaddition but it 

89% 11% 

C02Et Rhz(OAC)4 c ,qEt 
N2 88% 

+ 
OMe 

M e 0  
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(16a) 56% (16b) 44% 

has been proposedzk that the mechanism involves a dipolar intermediate. Similar reactions were ob- 
served with diazoacetoacetates4 and also with diazo ketones reacting with ketene a~etals.4~ 

c u  

H 
(17) 

4.8.4.1.2 Competing reactions 

One of the main side reactions that can occur in cyclopropanation reactions is a competitive capture of 
the carbenoid with unreacted diazo compound rather than with the alkene, which results in the formation 
of dimeric products such as (18) and (19) (equation 9).',& This reaction is usually avoided by using a 
five- to ten-fold excess of alkene and ensuring that a low concentration of the diazo compound is main- 
tained. Indeed, Doyle has shown that by very slow addition of the diazo compound it is possible to obtain 
reasonable yields of cyclopropane even when stoichiometric quantities of the carbenoid precursor and al- 
kene were used?' 

0 0  
Cu(a~ac)~/lO 70% "C - P h v P h  + Ph$ N-N $Ph (9) 

Ph Ph Ph Ph 

Ph& Nz 

Ph 

(18) 86% (19) 14% 

Insertion into an O - H  bond is generally favored over cyclopropanation, and consequently protection 
of hydroxy functionality is normally required. The ease of 0-H insertion is nicely illustrated in a recent 
synthesis of chorismic acid derivatives, where the alkene functionality in (20) was totally unaffected by 
the carbenoid (Scheme 4)?* 

OH C02Me %% * O O ' Z M e  = O 0 A  C02Me 

o\ + N2 *COZMe RhZ(OAc)o 

(20) 

Scheme 4 

The carbenoid can also be competitively captured by halogens, as demonstrated in a series of experi- 
ments on allyl halides (Scheme 5).49 Capture of the carbenoid with the halide generated an ylide capable 
of a 2,3-sigmatropic rearrangement, forming (21). As would be expected, the order of reactivity was 
iodide > bromide > chloride, but the carbenoid structure was also crucial because halogen insertion was 
much more favorable with diazomalonate than diazoacetate. Other nucleophilic sites such as oxygen?O 
nitrogen and sulfur can also effectively compete for the carbenoid. 

Although C-H insertion reactions rarely occur in intermolecular reactions with diazoacetates, these 
are common side reactions with d i a z o m a l o n a t e ~ ~ ~ ~ ~ ~  (equation 10) and diazo ketones (with a-allyl vinyl 
ethers).s3 Several mechanistic pathways are available to generate the products of an apparent direct 
C-H insertion reaction and these include dipolar intermediates, .rr-allyl complexes and ring opening of 
cyclopropanes.' Oxidative problems due to the presence of oxygen are common with copper catalysts, 
but these are rarely encountered with rhodium catalysts except in systems where the carbenoid is ineffec- 
tively captured.54 
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X Y Yield (%) Ratio (21):(22) 

I H 98 1oo:o 
Br H 76 28:72 
CI H 95 295 
Br CO2Et 92 93:7 

Scheme 5 

cu o\ + N2=(c02Me - 
C02Me 

C02Me Me02C C02Me wMe C02Me + &C02Me + wMe C02Me + & (10) 
4.8.4.1 3 Diastereoselectivity 

Considering that the ring opening of cyclopropanes can proceed in a stereodefined manner, very valu- 
able synthetic sequences would be possible if the original cyclopropanation was also stereoselective. Cy- 
clopropanation of alkenes generally proceeds stereospecifically from the point of view of alkene 
geometry, although this is not the case with cobalt catalysis.2' The stereoselectivity with respect to the 
arrangement of the alkene and carbenoid, however, is not usually particularly impressive with ethyl dia- 
zoacetate, as can be seen in some representative examples shown in Table 2.3' A slight preference for the 
thermodynamically more stable trans isomer (23a) was observed. Further enhancement occurred when 
cis-disubstituted alkenes were used as substrates. This tendency was greater for copper catalysts than the 
rhodium(I1) salts, while palladium catalysts were less selective. Ligands on the catalyst do not exert a 
great effect but with extremely hindered systems such as (11)18 it was possible to change the distribution 
to slightly favor the cis isomer. 

Table 2 Stereoselectivity of Cyclopropanation Reactions with Ethyl Diazoacetates 

R' R2 Ratio (23a):(23b) 

H 
H 
H 
H 
H 

1.7 
1.4 
1.5 
2.0 
4.2 
3.8 
2. i 
6.5 

Some recent studies suggest that considerable improvement in the stereoselectivity of the cyclopropa- 
nation reaction may be possible by altering the carbenoid structure. For example, Doyle17 has shown that 
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the use of sterically bulky diazoacetates, such as (24a) and (24b) resulted in a much more selective cy- 
clopropanation, favoring the trans isomer (2%). particularly when rhodium(I1) acetamide was used as 
catalyst (Scheme 6). Unfortunately, (24b) may be of limited utility because cyclopropanation proceeded 
in low yield due to competing intramolecular C-H insertion. Entirely different carbenoid structures may 
be much more selective, as can be seen with the vinyldiazomethane (26), whose reaction with styrene 
under standard conditions produced an isomer ratio of 13: 1 (equation 1 l).55 

(24) (254 (2%) 

Substrate R L Yield (%) Ratio (25a):(256) 

(Ma) OCMePri2 OAc 95 

(24b) NPr', OAc 53 
(24b) NPf, NHCOMe 47 

(24a) OCMePri2 NHCOMe 87 

Scheme 6 

2.4: 1 
4.4: 1 
64: 1 

114:l 

The effect of the alkene is rather subtle and is not simply caused by steric factors. This is clearly dem- 
onstrated in the cyclopropanation of alkenes substituted with halide in the side chain, e.g. with (27) the 
predominant product was the thermodynamically unfavored cis isomer (28a; equation 12)? 

(28a) 85% (28b) 15% 

4.8.4.1.4 Enantioselectivity 

The development of asymmetric cyclopropanation protocols has been actively studied and in recent 
years remarkable progress has been made. The extent of chiral induction that can now be obtained in 
these reactions approaches the level of other classic catalytic asymmetric reactions on alkenes, such as 
catalytic hydrogenation and the Sharpless' ep~xidation.~' 

The use of ketocarbenoids with chiral auxiliaries has not been terribly effective at chiral induction. 
Menthol and borneol esters of diazoacetates resulted in very low enantio~electivity.~~ Some improve- 
ments were obtained by using the chiral amide (29; equation 13), but low overall yields were obtained 
due to competing intramolecular side reactions.59 Related studies with other types of carbenoids, how- 
ever, have resulted in high enantioselectivity.m 

In contrast, much more effective asymmetric reactions have been obtained by using chiral copper cata- 
lysts. Since the pioneering work of Nozaki and coworkers6' with a chiral salicylamide catalyst (30), a 
wide variety of other chiral complexes has been developed, the most significant of which are (31)-(34). 
Another useful catalyst is the cobalt complex (35). 
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64% 36% 
14% ee (1R,2R) 13% ee (1R,2S) 

CN 

(33) 

L J 3  

(31) 

The initial studies in the 1960s with (30) and Moser's catalyst (31)15 resulted in rather low levels of 
enantioselectivity. Great enhancements were obtained by Aratani and c o ~ o r k e r s ~ ~ ~ ~ *  using complex (32), 
which is closely related to Nozaki's catalyst except that the chiral ligand is tridentate. Much of Aratani's 
work was directed towards the enantioselective synthesis of pyrethroid derivatives and a representative 
example is shown in equation (14). The extent of enantioselectivity was dependent on the nature of the 
ester functionality and the highest value (90% ee) was obtained using the (lS,3SAR)-menthyl group. 
Even though (lR,3R,4S)-menthyl diazoacetate produced minimal chiral induction with achiral catalysts, 
the interaction between (36) and (32) significantly enhanced the selectivity. Further applications of (32) 
to the synthesis of pyrethroid derivatives62 and deuterated  cyclopropane^^^ have been reported. 

(36) 81% 19% 
R = (lS,3S,4R)-menthyl 90% ee (1R,3R) 59% ee (1R,3S) 

A remarkable complex (33) with a Cz-symmetric semicorrin ligand has been recently developed by 
Pfaltz and coworkers.64 A copper(I1) complex was used as a procatalyst, but (33) was shown to be the ac- 
tive cyclopropanation catalyst. As shown in Table 3, this complex resulted in spectacular enantioselecti- 
vities in the range of 92-97% ee. Once again, the (lS,3S,4R)-menthyl group attenuated the selectivity. 
Unfortunately, even though respectable yields were obtained with dienes and styrenes, the reaction with 
1 -heptene was rather inefficient. 

Another efficient chiral catalyst (34) has been developed by Mat l i r~ .~~  The only reaction of (34) re- 
ported so far has been between 2-diazodimedone (38) and styrene, which resulted in the exclusive pro- 
duction of only one enantiomer of (39) as determined by NMR (equation 15). An immobilized derivative 
of (34) was also found to be an effective catalyst, generating (39) in 98% enantiomeric excess (43% 
yield). These results are remarkable because they represent efficient chiral induction at the prochiral al- 
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Table 3 Asymmetric Induction with (33) 

R' R2 Yield (%) (37a):(37b) ee (96) (37a) ee (%) (3%) 

Ph (lR,3R,4S)-Menthyl 65-75 85:15 91 (1S,2s) 90 95 (lS,2R) 
Ph (lS,3S,4R)-Menthyl 60-70 82:18 97 (1S.W ( 1S.2R) 

C H e H  (lS,3S,4R)-Menthyl 60 63:37 97 (1S.M) 97 (1S.24 
M e w H  (lS,3S,4R)-Menthyl 77 63:37 97 (1S,M) 97 ( 1R,W 

CsHl I (IS,3S,4R)-Menthyl 30 82:18 92 ( 1 S,Z)  92 (1sm 
kene, rather than induction at the prochiral carbenoid, which occurs with all the other asymmetric cyclo- 
propanation systems. Further examination of the scope of this type of induction would be very valuable. 

Ph > "  
Although cobalt catalysts have been rarely used in cyclopropanation reactions, Nakamura and cowor- 

kers21 have developed the camphor-based complex (35) as a useful asymmetric catalyst, as shown in a 
typical example in equation (16). High yields were obtained with dienes and styrenes but cyclopropana- 
tion did not occur with simple alkenes. Studies with cis-&-styrene showed that, unlike other catalytic 
systems, the reaction was not stereospecific with respect to alkene geometry. 

70% 30% 
88% ee (1S,2S) 81% ee (1S,2R) 

4.8.4.2 Intramolecular Reactions 
The intramolecular cyclopropanation of alkenes has been extensively employed in the synthesis of 

natural products and molecules of theoretical interest. Reactions which generate [3.1 .0]-197**94 and 
[4.1 . O ] - b i c y c l i ~ ~ ~ ~ ~ ~ ~ ~  systems are the most common, while longer tethers tend to result in inefficient 
capture of the carbenoid (equation 17).99 The main side reactions are due to C-H insertions,lW but even 
these can be minimized by appropriate substitution, as shown in equation (l8).lo1 

With P,y-unsaturated a'-diazo ketones, the resulting [2.1 .O]-bicyclic systems (40) were quite unstable 
and underwent a [2 + 21 cycloreversion to generate ketenes (41), which were then trapped by nucleo- 
philes (Scheme 7). The overall scheme has been named a vinylogous Wolff rearrangement and offers a 
novel entry to products usually derived from a Claisen rearrangernent.lm A recent report describes its ap- 
plication for functionalized angular alkylation in fused ring systems.'03 In contrast, the intramolecular re- 

- H  
Cu(acach 

n = I ,  95% _ _  H n = 2.95% 
n = 3.20-9195 
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n =0, R = H; 58% 
n =  l , R = H ; 6 1 %  
n = 2, R = H; 0% % RhZ(OAc)4, @ n = 2. R = Me; 95% 
n = 3, R = Me; 95% 
n = 4, R = H; 0% 

(18) 

0 
-N2 

action to cyclopropenes such as (42) leads to the highly strained but isolable tricyclic ketone (43; equa- 
tion 19).'04 Other novel structures that have been derived through intramolecular cyclopropanations in- 
clude barbaralone and 4,4,4-pr0pellane.~ A recent example includes the rhodium(I1) acetate catalyzed 
decomposition of (44), which generated the novel structure (45; equation 2O).Io5 The reaction was con- 
sidered to proceed through an unusual 1,6-addition, although cyclopropanation followed by a 1.5-sigma- 
tropic rearrangement would be a reasonable alternative mechanism. 

r 1 

L 
(40) 

&" 

AcoToAc 
0 

(43) 

ACN 
Unlike their intermolecular counterparts, intramolecular cyclopropanations are stereospecific with re- 

spect to both alkene and carbenoid structure, as can be seen in equations (21) and ( W 8 '  The influence 
of other stereogenic centers can also be significant. Numerous examples are known where excellent 
stereocontrol is obtained when the stereogenic center is part of a tether constrained within a ring, as illus- 
trated in equation (23).% Stereocontrol is less certain in acyclic systems. With the extremely bulky 
grouping in (46) excellent stereocontrol was observed to generate only (47; equation 24).95a In the case 
of (a), which has a longer and more flexible tether, only moderate stereoselectivity was observed (equa- 
tion 25),95b while with (49) the methyl group has no influence on the product distribution (equation 26).66 
Only moderate asymmetric inductions by chiral catalysts93 or chiral auxiliariesw have been reported so 
far for intramolecular cyclopropanations. More effective chiral catalysts such as (33) and (34) are now 
available and it is reasonable to predict that high asymmetric inductions should be feasible in the near fu- 
ture, 
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cuso, 
1,111111 

0 
0 

0 *'N2 

84% 

Cu bronze/ I IO 'C 
- 

48% 

0 

NPht 

(47) 

COZMe 

Cu(acac)* 

35% 
c 

M e 0  NPht 
OMe 

(4) 

M e o e I O z M e  M e 0  NPht + Meo@:OzMe M e 0  NPht (25) 

OMe OMe 
84% 16% 

50% 50% 

A spectacular example showing the effect of catalyst on product distribution is shown in Scheme 8?2 
Palladium(I1) acetate catalyzed decomposition of (50) resulted in cyclopropanation to form (51). When 
rhodium(I1) acetate was used as catalyst, however, a different reaction occurred, whereby the carknoid 
was predominantly captured by the carbonyl to generate ultimately (52). 
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Cyclopropanes are present in a variety of natural products and the intramolecular cyclopropanation se- 
quence allows ready access to such compounds. The sesquiterpenoid antibiotic (f)-cycloeudesmol (53) 
was readily prepared from the monocyclic system (54 Scheme 9).91 Copper sulfate catalyzed decompo- 
sition of (54) generated the tricyclic system (55) with full control of stereochemistry. Further conversion 
of (55) to (f)-cycloeudesmol was achieved in four steps in 8 1 % overall yield. A second example shown 
in equation (27)73 allowed access to (sa), an important substructure of the antibiotic CC-1066. 

4.8.43 Further Transformations of Cyclopropanes 

Due to the strain associated with the cyclopropane system, a variety of ring-opening transformations 
can occur. As this material has been extensively reviewed in recent years,uJw108 this section will con- 
centrate only on the most useful synthetic processes by means of some illustrative examples. 

Cyclopropanes in rigid systems have been selectively cleaved by catalytic hydrogenations0 or li- 
thiumbiquid ammonia r e d u ~ t i o n . ~ ' . ~ ~ . ~ ~  Only the bond with greater overlap to the carbonyl was ruptured. 
A particularly attractive application of this transformation is the synthesis of spiro compounds such as 
(57) by cleavage of the tricyclic system (58; Scheme Alternatively, under acidic conditions, ring 
opening to the bicyclic system (59) was observed. The flexibility of this approach to spiro compounds 
has been nicely demonstrated through the synthesis of (f)-a-chamigrene (60) and (f)-acorenone (61)?8 
' The cyclopropane ring can also be cleaved by a retro-Michael reaction. By appropriate positioning of 
the carbonyl groups by means of an intramolecular cyclopropanation, controlled ring opening to spiro 
systems (62),M bicyclo[3.2. lloctanes (63)82 or bicyclo[2.2.2]octanes (64).82 has been achieved (equa- 
tions 28-30). 

a-Hydroxyalkylcyclopropanes readily ring open under elimination conditions. An example of this se- 
quence is the synthesis of (f)-hinesol (65). as shown in Scheme 1 1.83v84 Corey and coworkers have re- 
ported several elegant applications of this ring-opening sequence, as shown in the synthesis of 
(f)-cafestol(66; Scheme 12).71 An intramolecular cyclopropanation generated (67) stereoselectively. On 
conversion of (67) to the hiflate (68) a remarkable transformation occurred to generate the polycyclic 
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p-TosOWMeOH / 
Q 0 

(59) (60) 

Scheme 10 

L r n 3  
___) 

52% 

(57) 

0 Po -.Go 

system (69) which was then modified to cafestol (66). Variations of this strategy have been used for the 
synthesis of (f)-atra~tyligenin~~ and (f)-kahwe01.~~ 



Addition of Ketocarbenes to Alkenes, Alkynes and Aromatic Systems 1045 

i, N@H4 

ii, NaH/BzBr 
iii, LiAIH4 
iv, Tf20 

* 

r 1 

Y OBz 

Scheme 12 

Nucleophile-induced ring opening of cyclopropanes generally proceeds with inversion of configura- 
tion.8a Only very powerful soft nucleophiles will react with monoactivated cyclopropanes, but a much 
wider range of nucleophiles is possible if two electron-withdrawing groups are present. An early 
example of the use of this chemistry was reported by Corey and Fuchs (Scheme 13).85 Copper powder 
induced decomposition of the diazo compound (70) generated the tricyclic system (71). Nucleophilic 
ring opening of the doubly activated cyclopropane with divinylcuprate followed by decarboxylation 
generated the advanced prostanoid precursor (72). Another study in the prostaglandin field was carried 
out by Kondo and coworkers (Scheme 14).86 Copper(acety1acetonate)-catalyzed decomposition of (73) 
generated an inseparable mixture (2: 1) of (74a) and (74b). Fortunately, (74a) and (74b) were distinguish- 
able in their reaction with benzenethiol, because under controlled conditions only the desired isomer 
(74a) underwent ring opening with backside displacement to form (75  85% yield based on 74a in the 
mixture). In a series of further transformations (75) was converted to (+)-prostaglandin F2a (76). A key 
step in a recent synthesis of (+)-quadrone also involved a nucleophilic ring opening of a cyclopro- 
pane.8993 

Stereoselective synthesis of medium-sized rings was possible from compounds such as (77; Scheme 
15),*01a which were readily derived from intramolecular cyclopropanations (see equation 18). Treatment 
of (77) with 1 equiv. of ethanethiol in the presence of a catalytic amount of zinc chloride generated the 
hemithioacetal(78), which in the presence of boron trifluoride etherate formed the cycloheptane system 
(79), in which the two carbonyls are differentiated. 
Ring opening of cyclopropanes by nitrogen nucleophiles has been extensively used by Danishefsky 

and coworkers for the synthesis of alkaloids.1m The synthesis of (*)-hasmicine (80; Scheme 16)95a is 
described to illustrate the strategy. The stereodefined system (47) was obtained through an intramolecu- 
lar cyclopropanation (equation 24). Deprotection of the amine in (47) was achieved by treatment with 
hydrazine, which then opened the cyclopropane to form (81), in which the correct stereochemistry was 
obtained for further conversion to (80). A more ambitious target, based on the same overall strategy, was 
the synthesis of a potential mytomycine precursor.95b 

c u  

w 
b" - 50% 

THPO 

i, (vinyl)2CuLi 
ii, LiCl 

37% 

0 

H& 
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9 m FO2Me 

O+2 

I 
OR 

(73) 

PhSH/NEt, 

85% 
c 

R O  R 6  
(74a) 67% (74b) 33% 

(75) + recovered(74b) 

Scheme 14 

n 
HS SH 
cat. ZnCI, 

H S Z S  

0 0 
(77) (78) (79) 

Scheme 15 
:-- OH HO H 

=- OTHP 
H g  

Scheme 16 

Vinyl ethers are very efficiently cyclopropanated and the resulting donor-acceptor-substituted cyclo- 
propanes (82) have been widely used in organic synthesis.8&1M Ring opening can be achieved under very 
mild conditions resulting in a versatile approach to 1,4-difunctionalized compounds. On treatment with 
mild acid ring opening of (82) occurred to form 1,4dicarbonyl compounds (83),' lo which are useful pre- 
cursors for cyclopentenones (84)llO or furans (85),26s*b*1,10*111 Alternatively, treatment of (82) with phe- 
nylselenyl chloride,112 or bromine,'l3 generated the substituted systems (86) and (87), respectively. 
Another mild procedure involved treatment of (82) with a catalytic amount of trimethylsilyl chloride and 
bis(trimethylsilyl)amine, which resulted in the formation of the silylated product (88).l14 If (82) was first 
reduced to the corresponding alcohol (89), the resulting mild acid hydrolysis generated f3,y-unsaturated 
ketones (90; Scheme 17).I15 

Some recent studies have shown that the enolate of the cyclopropane (91) was readily formed, and the 
resulting aldol product (92) underwent a remarkable diversity of ring-opening reactions, as shown in 
Scheme 18.39 Treatment with acid generated the P,y-unsaturated ketone (93), which under more vigor- 
ous conditions cyclized to the furanone (94). On treatment of (92) with acidic methanol the tetrahydrofu- 
ran (95) was formed, which on thermolysis was converted to the dihydrofuran (96). 

Wenkert and coworkers have reported several applications of this chemistry to the synthesis of alka- 
loids and terpenes.110 A recent example, leading to the methyl ether of tetrahydropyrethrolone (97), is il- 
lustrated in Scheme 19.Il6 Reaction of l ,Zdimethoxypropene with l-diazo-Zheptanone (98) resulted in 
the formation of the labile cyclopropane (99), which was directly converted to the 1.4-diketone (100). 
Base-induced aldol condensation of (100) readily formed (97). Stereoselective syntheses of prostaglan- 
dins' and dicranenone All8 have also been developed using acid-induced ring-opening reactions. 
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'v H30' COZMe 

LDA Me3Si0 - 
Ph* 

P i  

Me,SiO 

Ph 
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Scheme 18 

2% NaOH 

M e 0  0 
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Scheme 19 



1048 Nonpolar Additions to Alkenes and Alkynes 

Reissig and coworkers recently reported a rather direct route to the intramolecular Diels-Alder precur- 
sor (101).l19 Alkylation of the enolate from (102) followed by fluoride-induced ring opening generated 
(101), which on standing underwent a smooth transfonnation to the cycloadducts (103a) and (103b) 
(Scheme 20). 

(103a) 14% (103b) 86% 

Scheme 20 

An elegant strategy for the synthesis of fused cyclopentanoids has been reported by Marino and co- 
workers (Scheme 21).38 Reaction of (104) with the phosphonium salt (105) generated the bicyclic system 
(106). Further conversion of (106) to (107) enabled the annulation sequence to be repeated to form tri- 
quinane derivatives such as (108). 

\ -  .SMe 

C02Et 

(105)/KF/18crown-6 

"H 60% 
CO2Et COZEt 

(107) (10s) 

Scheme 21 

Thermolysis of vinylcyclopropanes offers a direct approach to the synthesis of cyclopentenes and sev- 
eral imaginative applications have been d e v e l ~ p e d . ' ~ ~ J ~ ~  Hudlicky and coworkerss8 have used this chem- 
istry to synthesize a range of compounds, as demonstrated in Scheme 22.88a Decomposition of (109) by a 
mixture of copper salts generated (110) in 75% yield. This particular example of cyclopropanation is 
quite significant because it showed that dienes with electron-withdrawing groups were tolerated and also 
that two contiguous quaternary carbons were readily formed. Flash vacuum pyrolysis of (110) generated 
the tricyclic system (lll), which was further transformed to the triquinane derivative (112). This strategy 
has been applied to the synthesis of (f)-pentalene,88c (f)-sakromycin,88g a guaiane ring systemsEb and the 
plant hormone anthendiogen-An." 

The Cope reanangement of cis-divinylcyclopropanes is thermally allowed and offers an attractive 
stereoselective approach to cycloheptadienes. Cyclopropanation reactions can be used to prepare divi- 
nylcyclopropanes, as shown in Scheme 23.I2O Reaction of ethyl diazopyruvate with butadiene generated 
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CuSO&u(acac)2 
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$0 

C02Et 
\ 

FVP (580 "C) 

57% 

Scheme 22 

the rrans-cyclopropane (113). the dihydrooxepine (1 14; presumably derived from the corresponding cis- 
cyclopropane) and the dihydrofuran (115). The trans-cyclopropane (113) was readily converted to the 
trans-divinylcyclopropane (116) by a Wittig reaction. Pyrolysis of (116) led to the cycloheptadiene 
(117). presumably via initial isomerization of (116) to the cis-divinylcyclopropane. Further transforma- 
tions on (117) generated the tropone natural product, nezukone (118). 

(113) 54% (1 14) 40% (115) 6% 

Scheme 23 

An elegant application of this chemistry to the formal synthesis of (&)-quadrone has been reported by 
Piers and Decomposition of ethyl diazoacetate in the presence of the bicyclic structure 
(119) resulted in selective cyclopropanation to form (120). Further modification of (120) generated the 
trans-divinylcyclopropane (121). which on thermolysis followed by desilylation produced the tricyclic 
system (122). Conversion of (122) to the ketone (123) completed the formal synthesis because (123; 
Scheme 24) had been previously converted to (&)-quadrone.121b 

Recently, Davies and coworkers have shown that direct formation of cis-divinylcyclopropanes is 
possible by reaction of dienes with vinylcarbenoids, as illustrated in Scheme 25.*' The reaction of (26) 
with cyclopentadiene gave exclusively the cis isomer (124) which rearranged to the bicyclo[3.2. llocta- 
diene system (125) under the reaction conditions. The involvement of a divinylcyclopropane intermedi- 
ate in this reaction was confirmed by using more sterically congested vinylcarbenoids, as this enabled the 
presumed intermediate to be isolated. The remarkable cis selectivity for the cyclopropanation of vi- 
nylcarbenoids is in stark contrast to the poor selectivity that is generally observed in cyclopropanations 
with ethyl diazoacetate.lq2 The reaction has been applied to intramolecular examples and the results were 
dependent on diene ge~metry.'~ A system with a trans double bond nearest the tether (126) gave rise to a 
fused cycloheptadiene (127) via rearrangement of the cis-divinylcyclopropane intermediate (la), while 
the system with a cis geometry (129) gave exclusively the rrunsdivinylcyclopropane (131; Scheme 26). 



1050 Nonpolar Additions to Alkenes and Alkynes 

'0 

N 2 f o  Ph 

(126) 

Scheme 24 -yoj 
CO2Et 

L -1 

(124) 

Scheme 25 

4 8 5  ADDITION OF KETOCARBENOIDS TO ALKYNES 

The reaction of ketocarbenoids with alkynes is a direct method for the synthesis of functionalized cy- 
c l ~ p r o p e n e s . ' J ~ ~ J ~ ~  Until quite recently copper catalysis was generally used and the reactions proceeded 
in fairly moderate yields, except with terminal alkynes, which failed to generate cyclopropenes due to 
competing C-H insertions.' This limitation could be circumvented, however, by using trimethylsilyl 
derivatives. This approach is illustrated in the synthesis of (131), the unsaturated analog of l-aminocy- 
clopropanecarboxylic acid, the biosynthetic precursor to ethylene in plants (Scheme 27).'" The initial 
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cyclopropene (132) could be readily desilylated by stimng in aqueous potassium carbonate solution at 
room temperature. 

CO2Me 10% K$OflF/H,O 
b 

* Me3sb C02Me 85% 
r+ N2+COzMe 

Cu(acac)2 

SiMe3 Me3.% 
COzMe 33% 

(132a) 

Scheme 27 

Over the last few years it has become clear that rhodium(I1) acetate is more effective than the copper 
catalysts in generating c y c l ~ p r o p e n e s . ~ ~ ~ ~ ~ ~ ~  As shown in Scheme 28,125 a range of functionality, includ- 
ing terminal alkynes, can be tolerated in the reaction with methyl diazoacetate. Reactions with phenyl- 
acetylene and ethoxyacetylene were unsuccessful, however, because the alkyne polymerized under the 
reaction conditions. 

R' R1, 

R 1 =  Bun, Bu', c-C6H, I ,  MeC02CH2, MeOCH,, Et: RZ = H, Et, MeOCH, 

Scheme 28 

Depending on the carbenoid and alkyne used, furans rather than cyclopropenes may become the pre- 
dominant products. Indeed, copper salts are known to catalyze the thermal rearrangement of cycloprope- 
nyl esters to furans (equation 31).12' In systems where a dipolar intermediate is stabilized, furan 
formation is prevalent. Copper-catalyzed decomposition of ethyl diazopyruvate in the presence of 3-hex- 
yne generated the furan (133) in moderate yield (equation 32).26a With an unsymmetrical alkyne, a mix- 
ture of furans was formed. In contrast, carbenoids with two electron-withdrawing groups are more 
regioselective in their reaction with unsymmetrical alkynes. Reaction of ethyl diazoacetoacetate with 
phenylacetylene produced the furan (134). in which the keto carbonyl has been incorporated into the ring 
(equation 33).IZ8 Alternatively, fused furans (135) could be prepared from the copper-catalyzed decom- 
position of the dibromo compound (136) in the presence of alkynes (equation 34).9 The formation of fu- 
rans could conceivably be derived directly or via an unstable cyclopropene precursor and unless the 
cyclopropene has been observed or its stability under the reaction conditions determined, definitive con- 
clusions about the actual reaction pathway cannot be made. 

R = Ph, Bu", But 
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Et = Et 

Ph - 
w 

Cu bronze, 80 O C  

+ o  
C02Et 

+ C02Et 

51% Et +o+C02Et 

(133) 

0 

- cu R+ 
(34) 

48.6 ADDITION OF KETOCARBENOIDS TO AROMATIC SYSTEMS 

4.8.6.1 Benzenes 

The reaction of carbenoids with aromatic systems was first reported by Buchner and coworkers in the 
1890s.6 The reaction offers a direct entry to cycloheptatrienes and has been used to synthesize tropones, 
tropolones and azulenes.6 Neither the thermal nor copper-catalyzed reactions, however, proceed in good 
yield. The problems associated with these transformations were clearly demonstrated in a recent reexam- 
ination of the thermal decomposition of ethyl diazoacetate in excess anisole (137).129 A careful analysis 
of the reaction mixture revealed the presence of seven components (138-144) in 34% overall yield 
(Scheme 29). The cycloheptatrienes (138)-(142) were considered to be formed by cyclopropanation fol- 
lowed by electrocyclic ring opening of the resulting norcaradienes. A mixture of products arose because 
the cyclopropanation was not regioselective and, also, the initially formed cycloheptatrienes were labile 
under the reaction conditions. 

OMe OMe 

- 
34% 

(137) 
CO2Et 

(138) 44% (139) 23% (140) 3% 

(141) 6% (142) trace (143) 24% (144) trace 

Scheme 29 

A considerable improvement in the efficiency of the reaction of alkyl diazoacetates with benzenoid 
systems occurred with the development of rhodium(I1) carboxylates as catalysts.16d As can be seen in the 
reaction with benzene, rhodium(I1) salts with electron-withdrawing ligands were far superior (Scheme 
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30), which is presumably because a highly electrophilic carbenoid is required for good interaction with 
the aromatic system. A particular advantage of rhodium catalysis is that the reaction conditions are quite 
mild and sigmatropic rearrangement of the rather labile cycloheptatrienes (145) usually can be avoided. 
The carbenoid in these reactions was not particularly selective. With substituted benzenes mixtures were 
invariably formed (Scheme 3 1) and selectivity between electronically different aromatic systems was 
minimal. Alkyl, methoxy and halo substituents could be tolerated on the aromatic ring. Another interes- 
ting feature of this system is that steric effects on the carbenoid are significant because as the ester in- 
creases in size, from methyl to ethyl to t-butyl, a steady decrease in yield was observed. 

R Yield (%) 

CF3 100 

Ph 87 
MeOCH2 30 
Me 7 
B u1 5 

Scheme 30 

C02Me COzMe C02Me 

+ N 2 / C 0 2 M e  Rh2(02CCF3)4* 0 + dR+ 6" 
R 

(146a) (146b) (I@) 

R Yield (S) (146a):(146b):(l@) 
Me 95 58:24: 18 
OMe 73 60:9:3 1 
CI 72 80:15:5 
F 46 8012:8 

Scheme 31 

A similar transformation was observed with the rhodium trifluoroacetate catalyzed decomposition of 
diazo ketones in the presence of benzene (Scheme 32).I3O The cycloheptatrienes (147) formed in this 
case were acid labile and could be readily remanged to benzyl ketones (148) on treatment with TFA. 
The reaction was effective even when the side chain contained reactive halogen and cyclopropyl func- 
tionality, but competing intramolecular reactions occurred with benzyl diazomethyl ketone. A more 
exotic example of this reaction is the rhodium(I1) trifluoroacetate catalyzed decomposition of the diaze 
penicillinate (149) in the presence of anisole, which resulted in the formation of two cycloheptatriene 
derivatives (150) and (151) (equation 35).I3I 

Scheme 32 



1054 Nonpolar Additions to Alkenes and Alkynes 

OMe 

(150) 87% (151) 13% 

The products formed in these reactions are very sensitive to the functionality on the carbenoid. A study 
of Schechter and coworkers132 using 2-diazo- 1,34ndandione (152) nicely illustrates this point. The re- 
sulting carbenoid would be expected to be more electrophilic than the one generated from alkyl dia- 
zoacetate and consequently rhodium(I1) acetate could be used as catalyst. The alkylation products (153) 
were formed in high yields without any evidence of cycloheptatrienes (Scheme 33). As can be seen in 
the case for anisole, the reaction was much more selective than the rhodium(I1)-catalyzed decomposition 
of ethyl diazoacetate (Scheme 3 l) ,  resulting in the exclusive formation of the para product. Application 
of this alkylation process to the synthesis of a novel p-quinodimethane has been reported.133 Similar al- 
kylation products were formed when dimethyl diazomalonate was decomposed in the presence of aro- 
matic systems, but as these earlier studies134 were carried out either photochemically or by copper 
catalysis, side reactions also occurred, as can be seen in the reaction with toluene (equation 36). 

R Yield (%) (153a):(153b) 
H 95 
OMe 73 1oo:o 
Me 86 75:25 
CI 62 75:25 
Br 21 

- 

- 
- NO2 0 

Scheme 33 

hv 0 + N 2 4 0 2 M e  ___) 

COzMe 78% 

COzMe 
I 

&‘:&:Me+ \ \ & \ C02Me + .$ \ 

Me02C A C02Me 
C02Me 

33% 40% 4% 23% 
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The intramolecular reaction between diazo ketones and benzenes is an effective way to generate a 
range of bicyclic systems.' The earlier copper-based catalysts have largely been superseded by rho- 
dium(I1) salts. Unlike the case in the intermolecular reactions, rhodium(I1) acetate is the catalyst that has 
been most commonly used. Studies by M ~ K e r v e y , ' ~ ~ + ' ~ ~  however, indicated that hodium(I1) mandelate, 
which would be expected to generate a slightly more electrophilic carbenoid than rhodium(I1) acetate, 
often gave improved yields. 

Decomposition of 1 -diazo4-arylbutan-2-ones offers a direct entry to bicyclo[5.3.0]decatrienones and 
the approach has been extensively used by Scott and coworkers to synthesize substituted a~u1enes. l~~ Re- 
spectable yields were obtained with copper cata1ysis,l3' but a more recent showed that rho- 
dium(I1) acetate was much more effective, generating bicyclo[5.3.0]decatrienones (154) under mild 
conditions in excess of 90% yield (Scheme 34). The cycloheptatrienes (154) were acid labile and on 
treatment with TFA rearranged cleanly to 2-tetralones (155), presumably via norcaradiene intermediates 
(156). Substituents on the aromatic ring exerted considerable effect on the course of the reaction. With 
rn-methoxy-substituted systems the 2-tetralone was directly formed. Thus, it appeared that rearrangement 
of (156) to (154) was kinetically favored, but under acidic conditions or with appropriate functionality, 
equilibration to the 2-tetralone (155) occurred. 

R = H,~-M~,~-OM~,~-OAC,~-M~,~-OM~,~-OAC,~,~-(OM~)~, 3,4,5,-(OMe)3 

Scheme 34 

This methodology has been applied to the synthesis of the bicyclic system (157),135 an advanced inter- 
mediate previously used in the synthesis of ~ o n f e r t i n . ~ ~ ~  Reaction of the diazo compound (158) with rho- 
dium(I1) mandelate gave an equilibrating mixture of the norcaradiene (159) and the fused 
cycloheptatriene (160) in essentially quantitative yield (Scheme 35). The mixture of (159) and (160) was 
converted to (157) in six steps in 20% overall yield. 

AcO 

0 

(160) 

Rh2(mandelate)4 - & o -  - 
AcO 100% 

(159) 

6 steps 

___c - 
OSiBu'Me2 

20% -1- 

Scheme 35 
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Further extensions of this chemistry have been reported, leading to more complex aromatic systems. 
Decomposition of the biphenyl (161) led to the trienone (162; Scheme 36).'" Treatment of (162) with 
acid generated the fused cyclohcptanone (1631, but an alternative aromatization to (164) occurred on ex- 
posure of (162) to triethylamine. A similar reaction with the lower homolog efficiently generated a phe- 
nanthrol, but the higher homolog failed to produce a colchicine framework. Naphthalene derivatives 
have also been generated through intramolecular reactions. 139 

Rh2(mandelate) 
- 

95% 

g, 0 

(163) 

OH 

Scheme 36 

Intramolecular reactions using lower homologs invariably result in substitution products because com- 
petitive formation of bicyclo[5.2.0]nonatrienones is unfavorable due to the strained ring. Consequently, 
reaction of (165) with rhodium(I1) acetate cleanly generated (166) in 98% yield (equation 37).I4O Ali- 
phatic C-H insertion can be a competing reaction with aromatic substitution, and which reaction occurs 
appears to be very sensitive to steric and electronic effects.lW Alkylation also occurred with phenolic 
diazo ketones (167), leading to the formation of spirodienones (168; Scheme 37).14' Further reactions on 
(170) allowed ready access to (f)-solavetivone (169).I4Ib 

0 L N *  
G 0 0 
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The role of the catalyst is often crucial in determining the outcome of this chemistry and this is nicely 
illustrated in Scheme 38. Decomposition of (170) with rhodium(I1) acetate resulted in insertion into the 
benzene ring, forming (171). but with palladium(I1) acetate a different insertion occurred to give 
(172).'42 

0 L 

H 
\ 

H H 

!Et 

Scheme 38 

Cyclizations can occur with heteroatoms present in the tether as long as the groups are not strongly nu- 
cleophilic. Decomposition of a-diazo-P-arylmethanesulfonyl esters (173) resulted in the formation of 
1,3-dihydrobenzo[c]thiophene 2,2-dioxides (174 equation 38),143 which are valuable precursors to o- 
quinodimethanes. Reaction with N-aryldiazoamides (175) has been shown to be a useful method for pre- 
paring 2(3H)-indolinones (176; equation 39)FZa while reaction of a-diazo-&keto esters (177) has been 
developed as a process to synthesize 3-acetylbenzofuran-2(3H)-ones (178; equation 40).l4 

When the heteroatom is contained within a longer tether, fused cycloheptatrienes once again become 
viable products. Rhodium(I1) acetate catalyzed decomposition of N-benzyldiazoamides (179; X = H)22b 
formed cycloheptatrienes (180) in excellent yield as long as the R group was bulky such as t-butyl 
(Scheme 39). The carbenoid structure played an important role as reaction with N-benzyldiazoacetoace- 
tamides (179; X = COMeYzC resulted in an entirely different reaction pathway, generating p-lactams 
(181) by aliphatic C-H insertion. Subtle conformational effects were also shown to be significant in this 
reaction because with (182) the predominant product (183a) arose from capture of the carbenoid by the 
inherently less reactive benzene ring (equation 41)?2b Similar reactions have been canied out on systems 
with an oxygen tether145J46 and these generated a mixture of fused cycloheptatrienes and chromanones, 
formal C-H insertion products. 
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R 

R 

+ 

0 

+ 
p 

M e 0  
1 

Me0 0 
(183b) 26% (183c) 13% 

The overall mechanistic picture of these reactions is poorly understood, and it is conceivable that more 
than one pathway may be involved. It is generally considered that cycloheptatrienes are generated from 
an initially formed norcaradiene, as shown in Scheme 30. Equilibration between the cycloheptatriene and 
norcaradiene is quite facile and under acidic conditions the cycloheptatriene may readily rearrange to 
give a substitution product, presumably via a norcaradiene intermediate (Schemes 32 and 34). When al- 
kylated products are directly formed from the intermolecular reaction of carbenoids with benzenes 
(Scheme 33 and equation 36) a norcaradiene considered as an intermediate; alternatively, a mechanism 
may be related to an electrophilic substitution may be involved leading to a zwitterionic intermediate. A 
similar intermediate has been proposed143 in the intramolecular reactions of carbenoids with benzenes, 
which result in substitution products (equations 3740). It has been reported,144 however, that a consider- 
able kinetic deuterium isotope effect was observed in some of these systems. Unless the electrophilic at- 
tack is reversible, this would indicate that a C-H insertion mechanism is involved in the 
rate-determining step. 

4.8.6.2 Furans 

The reaction of carbenoids with furans usually leads to the unravelling of the hetemycle, resulting in 
the formation of differentially functionalized dienes in good yield.'47-151 A recent reexamination of the 
reaction between ethyl diazoacetate with furan revealed the formation of four products, a furanocycb 
propane (184), two isomeric dienes (185 and 186) and a trace of an alkylated product (187), in 65% over- 
all yield (Scheme 40).15* The furanocyclopropane (184) was unstable, however, and on prolonged 
standing rearranged cleanly to the (Z,E)-diene (185). Also, both the (Z,E)- and (ZZ)-dienes (185 and 
186) cleanly rearranged to the @E)-isomer (188) on treatment with iodine. Thus, the reaction could be 
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used to prepare predominantly the (Z,E)- or (E,E)-products (185 or 188) by appropriate choice of work- 
up conditions. Furans with electron-withdrawing groups such as esters and unsaturated esters could be 
tolerated, but with vinylfurans competing cyclopropanation of the vinyl group occurred.153 

CO2Et 

Rh2(0Ac)4 - (f + O H C T  
N2 - 65% 0 C02Et 

(184) 55% (185) 30% 

+ CO2Et + dco2Et 
(186) 12% (187) 3% 

OHC 
+ 

0 

+ (186) OHC -C02Et 

Scheme 40 

Numerous applications of this chemistry to the synthesis of leukotrienes have been reported, as illus- 
trated for the preparation of 12-hydroxyeicosatetraenoic acid (189 Scheme 41).’” Reaction of the carbe- 
noid precursor (190) with furan in the presence of rhodiurn(I1) acetate generated a furanocyclopropane, 
which on standing reverted to predominantly the (Z,E)-isomer (191). Reduction of the dicarbonyl com- 
pound (191) gave the diol (192), which was then selectively converted to the bromide (193). Sub- 
sequently, (193) was coupled with the alkynide (194), followed by Lindlar reduction and deprotection to 
produce (189). The overall procedure is quite general and has been ap lied to a range of related com- 
pounds (195-199)15s158 and useful synthetic fragments (200 and 201). 1 8  

r 1 

i lo- I i i  

iii-vii ButPh2Si0 Br Li 

cz7-co2H ButPh2Si0 

(189) 

i, Rh2(OAc),; ii, NaBH,, CeCI,; iii, @-(MeO)C6H4)Ph2CI, pyridine; iv, Bu‘Ph2SiC1, imidazole, DMF; 
v, Lindlar H2; vi, 80% AcOH; vii, DIPHOS, CBr,; viii, (194), CUI. THF, HMPA; ix, Bun4NF, THF; x, HO- 

Scheme 41 
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CO2H 
COZH 

oF--co2Et 
C0,Me 

(201) 

Reaction of vinylcarbenoids with furans offers another level of complexity because the furanocyclo- 
propanes in this case would be divinylcyclopropanes capable of a Cope rearrangement as well as electro- 
cyclic ring opening to  triene^.^^^,^ As illustrated in Scheme 42, the product distribution was dependent on 
the furan structure. With 2,5-disubstituted furans [3.2.l]-bicyclic systems (202) were exclusively formed, 
but with furan or 2-substituted furans, trienes (203) were also produced. 

R' C02Et 0 R2 CO2Et 
CO2Et 

a R 2  + "'> Rh2(0Ac)4 + 

R2 C02Et 
R' 0 

C02Et C02Et 

R' RZ (202) (%) (203) (%) 
Me Me 70 0 
H H 62 26 
Me H 8 74 
Me0 H 0 92 

Scheme 42 

A similar unravelling of the heterocyclic ring occurred in intramolecular reactions with f u r a n ~ , ~ ~ . ~ ~ "  
leading to cyclic 1,4-diacyl- 13-butadienes (204; equation 42)159 and (205; equation 43).79b The ideal 

size for the tether was five, but less efficient capture of the carbenoid was also possible with six- and 
seven-membered rings. With the 3-furanyl derivative (206). the acid labile structure (207) was formed, 
which readily rearranged to p-hydroxyphenylacetaldehyde (208; Scheme 43).16' 
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0 

0 
(204) 

phyJ \ 

OHC 

(205) -4 H+ 

1061 

(42) 

(43) 

Scheme 43 

4.8.6.3 Pyrroles 

The reaction of ketocarbenoids with pyrroles leads to either substitution or cyclopropanation products, 
depending on the functionality on nitrogen. With N-acylated pyrrole (209) reaction of ethyl diazoacetate 
in the presence of copper(1) bromide generated the 2-azabicyclo[3.1 .O]hex-3-ene system (210) and some 
of the diadduct (211; Scheme 44).1629163 On attempted distillation of (210) in the presence of copper(1) 
bromide rearrangement to the 2-pyrrolylacetate (212) occurred, which was considered to proceed 
through the dipolar intermediate (213). In contrast, on flash vacuum pyrolysis (210) was transformed to 
the dihydropyridine (214). A plausible mechanism for the formation of (214) involved rearrangement of 
(210) to the acyclic imine (215), which then underwent a 6n-electrocyclization. 

The reaction of N-alkylated pyrroles with carbenoids leads exclusively to substitution products. Due to 
the pharmaceutical importance of certain pyrrolylacetates, the reaction with alkyl diazoacetates (Scheme 
45) has been systematically studied using about 50 different ~ata1ysts.l~ Both the 2- and 3-alkylated pro- 
ducts (216) and (217) could be formed and the ratio was dependent on the size of the N-alkyl group and 
ester and also on the type of catalyst used. This has been interpreted as evidence that transient cyclopro- 
pane intermediates were not involved because if this were the case, the catalyst should not have in- 
fluenced the isomer distribution. Instead, the reaction was believed to proceed by dipolar intermediates, 
whereby product control is determined by the position of electrophilic attack by the carbenoid. Similar 
alkylations with dimethyl diazomalonate gave greater selectivity and yields. 164 

The intramolecular reaction of carbenoids with pyrroles is extremely effective and leads to the fonna- 
tion of heterobicyclic systems in high yield, as can be seen in the simple systems shown in equation 
(44).165 The reaction is so favorable that even an alkylcarbenoid capable of hydride migration could be 
utilized to generate a bicyclic system (218), but formation of (219) was a competing reaction in this case 
(equation 45).166 

Intramolecular carbenoid reactions of pyrrole derivatives have recently been applied in a total syn- 
thesis of ipalbidine (220 Scheme 46).16' The carbenoid generated from (221) was preferentially captured 
by the pyrrole ring, producing the indolizidinone (222) in 82% isolated yield, with only a trace of the in- 
danone side product (223) formed. In four steps (222) was readily converted to (220) in 13% overall 
yield. 
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ofcozEt 
C02Me C02Me 

I 
I 

(3-C02Et ocozEt 
Scheme 44 

C02Me 

- 
N 

Cu(acac)z L C 0 , M e  + 
N \L C02Me N 

I 
R 

R Yield (%) (216):(217) 

H 53 94:6 
Me 42 92:8 
But 34 0100 

Scheme 45 

0 N Cu powder 

y? n =  100% 1,2 

0 

(218) 55% (219) 45% 
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(222) 97% (223) 3% 

Scheme 46 

4.8.6.4 Thiophenes 

Usually, the initial reaction between ketocarbenoids and thiophenes is formation of a sulfur ylide 
(224).1*637*168-170 Further rearrangement of (224) may then lead to products which formally could have 
been considered to have been derived from direct interaction of the carbenoid with the wsystem. De- 
pending on the functionality, rearrangement of (224) to the thiophenocyclopropane (225),I7O the dihydro- 
thiopyran (226)168*171 or the substitution product (227; Scheme 47)lOa has been reported. Cross-over 
experiments have shown168 that the formation of (227) was by an intramolecular process and theoretical 
calculations have indicated169 that all three products were probably formed from the common intermedi- 
ate (228). 2-Alkenylthiophenes undergo competing cyclopropanation at the vinyl group.172 The ylide 
from 2,5-dichlorothiophene has been used as a carbenoid precursor,lO but depending on the carbenoid, a 
2,3-sigmatropic rearrangement to a 1,4-oxathiocine has been shown to be an alternative reaction path- 
way.173 A variety of carbenoid systems have been examined including a penicillin derivative.I3l 

X V 

Scheme 47 

In intramolecular reactions, direct interaction with the thiophene ring is possible by appropriate posi- 
tioning of the tether as shown for the 3-substituted thiophene (229), which resulted in alkylation to form 
(230) and (231) (equation 46).l6la In contrast, the rhodium(I1) acetate catalyzed decomposition of the 2- 
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substituted thiophene (232) resulted in the formation of a mixture of the fused dihydrothiopyran (233), 
presumably generated from an initially formed ylide, and the alkylated product (234, equation 47).*74 

(230) 87% (231) 13% 

- 
93% 

+ (47) 

(233) 73% (234) 27% (232) 

4.8.7 SUMMARY 

The novel and vaned chemistry of carbenoids has intrigued the practicing synthetic chemist for several 
decades. The development of rhodiurn(I1) salts as extremely mild catalysts for the generation of metal- 
stabilized carbenoids has made a nmarkable impact on this area of research because much more efficient 
synthetic pathways based on carbenoids have now become available. With the diverse range of rear- 
rangements possible for cyclopropanes whose generation can now be achieved with high enantioselectiv- 
ity, the future application of carbenoids to organic synthesis is assured to be an active field. 
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4.9.1 INTRODUCTION 

Cycloaddition reactions have figured prominently in both synthetic and mechanistic organic chem- 
istry.’V2 Current understanding of the underlying principles in this area has grown from a fruitful inter- 
play between theory and e~periment.~ The monumental work of Huisgen and coworkers in the early 
1960s led to the general concept of 1.3-dipolar cycloaddition.”’ Few reactions rival this process in the 
number of bonds that undergo transformation during the reaction, producing products considerably more 
complex than the reactants. Over the years this reaction has developed into a generally useful method of 
five-membered heterocyclic ring synthesis, since many 1.3-dipolar species are readily available and react 
with a wide variety of dipolarophiles. 1,3-Dipolar cycloadditions are bimolecular in nature and involve 
the addition of a 1,3-dipole (1) to a multiple wbond system (2) leading to five-membered heterocycles 
(3; equation 1). 

4.9
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4.93 NATURE OF THE DIPOLE 

A 1.3-dipole is basically a system of three atoms over which are distributed four welectrons, as in the 
allyl anion system. The three atoms can be a wide variety of combinations of C, 0 and N. Table 1 pro- 
vides a list of the more common 13dipoles possessing carbon, nitrogen and oxygen centers which are 
known to undergo the dipolar cycloaddition reaction. The dipolarophiles can be virtually any double or 
triple bond. The term 1,3-dipole arose because in valence bond theory such compounds can only be de- 
scribed in terms of dipolar resonance contributors, as shown for diazomethane (Scheme l). The extreme 
1,3-dipolar forms with their complementary nucleophilic and electrophilic centers readily explain the 
tendency to undergo addition to .rr-bonds. Indeed, it must be possible to write 1,3-dipolar forms for all 
such species that undergo this type of addition. Significant computational efforts have been directed to- 
ward characterization of 1,3-dipoles and the literature in this area has recently been reviewed by Houk 
and Yamaguchi.8 

- + -  + + 
H ~ c = N = N :  - H ~ ~ - N G N :  - H~c-N=N: - 

Scheme 1 

4.93 MECHANISTIC CONSIDERATIONS 

Huisgen and coworkers have systematically studied the mechanism of 1,3-dipolar  cycloaddition^.^^ In 
the majority of 1,3-cycloadditions, the reaction rate is not markedly influenced by the dielectric constant 
of the solvent medium in which the reaction is conducted. The independence of solvent polarity, the very 
negative entropies of activation and the stereospecificity and regiospecificity point to a highly ordered 
transition state.' In most 1,3-dipolar cycloaddition reactions, when two isomers are possible as a result of 
the use of unsymmetrical reagents, one isomer usually predominates, often to the exclusion of the other. 
The principal question that arises when considering the regiospecificity of the 1,3-dipolar additions is 
whether the two new a-bonds formed on addition of the 1,3-dipole to the dipolarophile are formed sim- 
ultaneously, or one after the other. The mechanism that has emerged from Huisgen's group is that of a 
single-step, four-center, 'no mechanism' cycloaddition, in which the two new bonds are both partially 
formed in the transition state, although not necessarily to the same e ~ t e n t . ~  A symmetry-nergy correla- 
tion diagram reveals that such a thermal cycloaddition reaction is an allowed process.'O A proposed alter- 
native mechanism is a two-step process involving a spin-paired diradical intermediate.] ! 

The controversy between Huisgen and Firestone concerning the mechanism for I ,3-dipolar cycloaddi- 
tion is l~ngstanding.~." For nitrile oxide cycloadditions, experimental data have been interpreted either 
as supportive of a concerted mechanism9 or in favor of a stepwise mechanism with diradical intermedi- 
ates.' I Theory has compounded, rather than resolved, this problem. Ab initio calculations on the reaction 
of fulmonitrile oxide with acetylene predict a concerted mechanism at the molecular orbital l e ~ e l , l * , ~ ~  but 
a stepwise mechanism after inclusion of extensive electron ~orrelation.'~ MNDO predicts a stepwise 
mechanism with a diradical intermediate.15 The existence of an extended diradical intermediate such as 
(4; Scheme 2) has been postulated by Firestone in order to account for the occasional formation of 1.4- 
addition products such as the oxime @).I1 Of course, the intermediates (4) and (5) for the Firestone 
mechanism do not correspond to the initial transition states in Firestone's theory. These are attained prior 
to the formation of, and at higher energy than, the intermediates. 
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Table 1 Classification of 1,3-Dipoles Consisting of Carbon, Nitrogen and Oxygen Centers 
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Nitrile ylides 

Nitrile imines 

Nitrile oxides 

Diazoalkanes 

Azides 

Nitrous oxide 

Azomethine ylides 

Azomethine imines 

Nitrones 

Azimines 

Azoxy compounds 

Nitro compounds 

Carbonyl ylides 

Carbonyl imines 

Carbonyl oxides 
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I 
Ph 

(4) extended 

L7: 
Ph 

P I '  Y N * O H  
(4) cyclo 

Scheme 2 

4.93.1 Stepwise Mechanism 

The stereospecificity observed in many 1.3-dipolar cycloadditions is often considered to be compell- 
ing, if not conclusive, evidence for concert in these reactionsag However, if the rate constant for rotation 
(kr) about bond 'a' in diradical intermediate, (7a) or (7b). was much smaller than the rate constant for cy- 
clization &), high stereospecificity would still be observed (Scheme 3)." The reported examples of 
stereospecific 1.3-dipolar cycloadditions involve di-, tri- or tetra-substituted alkenes. Barriers to rotation 
of simple primary, secondary and tertiary alkyl radicals are only 0-1.2 kcal mol-' (1 kcal = 4.18 kJ),16 
but more highly substituted radicals have bamers to rotation estimated to be as high as 4 kcal m01-l.~' 
The rate ratio of rotation to ring closure is highly dependent on the degree of substitution at the termini. 
A deuterium-labeled methylene rotor offers the highest chance to bring about an intermediate in the cy- 
cloaddition reaction. This was the reason why Houk and Firestone studied the 1.3dipolar cycloadditions 
of 4-nitrobenzonitrile oxide to cis- and trans-dideuterioethylene (Scheme 3; R = D).'* These experiments 
establish that the reaction is 298% stereospecific. If a diradical intermediate were formed, the barrier to 
rotation about bond a would have to be at least 2.3 kcal mol-' higher than the barrier to cyclization. Since 
the rotational barrier of bond a is that expected for a normal primary radical (Le. 10.4 kcal mol-'), there 
can be no barrier to cyclization for the predominant cycloaddition pathway. Thus, the most reasonable 
mechanism for 1,3-dipolar cycloadditions appears to be a concerted one. 

+ -  
Ar-N-0 

+ 
R R  
rn 

+ -  
A r e N - 0  

+ 

R J" 

............. 
k C  

___) -. 

R R  
(8a) 

- 
(7s) 

............ Ph p 4.. - Ar-g;* - kc 

R R  R R 
(7b) (8b) 

Scheme 3 
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4.9.4 FRONTIER MOLECULAR ORBITAL THEORY 

It was only through the application of frontier molecular orbital (FMO) theory that a coherent picture 
of a mechanism based on a concerted nonsynchronous process e ~ n e r g e d . ’ ~ . ~ ~  This theoretical solution to 
the mechanistic dilemma went far beyond the usual rationalization of steric and electronic effects in the 
transition state of a concerted process. The reactivity and regiochemical control in the [3 + 21 dipolar cy- 
cloaddition of 1.3-dipole to a substituted alkene can now be understood by consideration of the interac- 
tions of the corresponding molecular orbitals. Sustmann has categorized cycloaddition processes into 
three types.21 The first (Type 1, Figure 1) involves a dominant interaction between the highest occupied 
molecular orbital of the dipole [HOMO (dipole)] and the lowest unoccupied molecular orbital of the di- 
polarophile [LUMO (dipolarophile)]. The majority of Diels-Alder reactions are accommodated by this 
classification. A second possibility (Type 3) is dominated by the interaction between the LUMO (dipole) 
and the HOMO (dipolarophile). The ozonization of alkenes may be a reaction that fits this description.22 
In the case of a Type 2 cycloaddition reaction, the similarity of LUMO and HOMO energies in dipole 
and dipolarophile implies that both HOMO (dipole)-LUMO (dipolarophile) and LUMO (dipole)- 
HOMO (dipolarophile) interactions may be important in determining reactivity and regiochemistry. 

LUMO 

HOMO 

~ Dipole - Dipolarophile - 

TYPE 1 TYPE 2 TYPE 3 

Figure 1 Frontier molecular orbital classification of cycloaddition reactions 

The frontier orbital energies may be obtained from empirical ionization potential (IP) data to give the 
HOMO energies. The LUMO energies are derived from electron affinity (EA) data. The electron af- 
finities may be estimated by EA = IP - AE (ITIT*) - 4.5 eV.23 As the two addends in a cycloaddition re- 
action approach each other in proper orientation for reaction, an interaction occurs between the reactant 
frontier molecular orbitals. According to second-order perturbation theory, this interaction leads to a sta- 
bilization of the occupied molecular orbital that is inversely proportional to the energy separation be- 
tween the orbitals involved.24 The more proximate the orbitals are in energy, the more extensive the 
interaction. Additionally, the magnitude of interaction depends on the degree of overlap involved, the 
larger the overlap, the greater the interaction. When reactant HOMO-LUMO interactions occur, the re- 
sult of the process will be to stabilize the bonding orbital (HOMO) and to destabilize the antibonding or- 
bital (LUMO). When the interaction involves one filled HOMO and one vacant LUMO orbital, the result 
of the interaction will be to stabilize the system as a whole, since both electrons will enter the orbital of 
lower energy. Sustmann first applied FMO theory to the 1,3-dipolar  cycloaddition^?^ while Houk19 and 
Bastide and Henri-Rousseau26 used it to explain reactivity and regioselectivity of the reaction. In order to 
predict regioselectivity, it becomes necessary to determine the relative magnitudes of the coefficients in 
the HOMO and LUMO of the 1,3-dipole and dipolarophile. The favored cycloadduct will be that formed 
by union of the atoms with the largest coefficients. 

4.9.5 NONCONCERTED CYCLOADDITIONS 

Recently, Huisgen and coworkers have reported on the first unequivocal example of a nonconcerted 
1’3-dipolar cy~loaddition.~’ Sustmann’s FMO model of concerted cycloadditions envisions two cases in 
which the stepwise mechanism might compete with the concerted one.21 Two similar HOMSLUMO in- 
teraction energies correspond to a minimum of rate and a diradical mechanism is possible, especially if 
stabilizing substituents are present. A second case is when the HOMO (1,3-dipole)-LUMO (dipolaro- 
phile) is strongly dominant in the transition state. The higher the difference in IT-MO energies of reac- 



1074 Nonpolar Additions to Alkenes and Alkynes 

tant, the lower would be the energy contribution by the second HOMO-LUMO interaction. In the ex- 
treme case, the interaction of the LUMO of the dipole with the HOMO of the dipolarophile would no 
longer contribute to the attractive forces in the transition state. The unidirectional electron flow from 
HOMO (1,3-dipole) to LUMO (dipolarophile) would establish one bond between the reactants and a 
zwitterionic intermediate would result. 

Thiocarbonyl ylides are the 1,3-dipoles with the highest IT-MO energies.%Jg Huisgen described the cy- 
cloadditions of 2,2,4,4-t~tramethyl- 1 -0xocyc1obutane-3-thione S-methylide (10) and of adamantane- 
thione S-methylide (11) to dimethyl 2,3dicyanofumarate which proceed in a nonstereospecific manner 
(Scheme 4).27 The presence of four electron-attracting substituents in the dipolarophile significantly lo- 
wers the MO energy of the ethylenic dipolarophile. Thus, in this particular case, the pair of reactants ful- 

c A + R 
R r S - e H 2  (10) R =  0 

N = N  R 
(9) (10) and (11) 

(11) R =  

Me0,C Ncxco2Mel CN 

+ 
Rv/S\ 

+ 
Rv/S\ 

N C C N  
(14) cis 

0 

(16) 

Scheme 4 

+ Nc+(cN __f 0 %fJ C N  - 
NC C N  N C  t , , , ~  

C N  N C  
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fills the prerequisite of zwitterion formation with its extremely different wMO energies. Huisgen has 
also reported that the zwitterionic intermediate (17) derived from thiocarbonyl ylide (10) and tetra- 
cyanoethylene can also undergo competing cyclizations to give the normal cycloadduct (18) as well as a 
seven-membered ketenimine (19 Scheme 5) .  The existence of a discrete intermediate with these thiocar- 
bony1 ylide cycloadditions also testifies to the fact that normal stereospecific 1.3dipolar cycloadditions 
follow a fundamentally different mechanism that does not involve any intermediates. 

4.9.5.1 [4 + 31 Cycloaddition 

"be principles of orbital symmetry conservation provide a permissive, although not obligatory, theore- 
tical basis for the [3 + 21 concerted mechanism,1° as do the observations of [ds + ds]  to the exclusion 
of [ds + d s ]  dipolar cycloadditions in the reactions of 1.3-dipoles with trienes.30 In accordance with the 
orbital symmetry rules,'O 1.3-dipoles have been found to react with 1,3-dienes to give vinyl-substituted 
five-membered rings exclusively?' Corresponding [4 + 31 cycloadditions have only been observed in the 
ozonization of anthracenes?* and in one case as an intramolecular variant.33 Recent work by Mayr has 
uncovered the first example of a [4 + 31 cycloaddition of a 1,3dipole with a diene (Scheme 6)." The re- 
action of hexamethylcyclopentadiene (20) with C&-diphenylnitrone (21) afforded a mixture of dia- 
stereomeric [3 + 21 cycloadducts (22; 32%) as well as a [4 + 31 cycloadduct (23; 18%). If the 
applicability of orbital symmetry is taken for granted, then a concerted [ds + r4s] process cannot ac- 
count for the formation of (23). Mayr has suggested that the isolation of (23) requires the intervention of 
a diradical intermediate (Le. 24). He also claims that the activation energy for the stepwise mechanism is 
only 2-3 kcal mol-' greater than that of the concerted process. It remains to be seen whether other exam- 
ples of nonconcerted dipolar cycloadditions will be discovered in the future. 

Ph 

Ph 

(21) 

Ph 

Scheme 6 

+ 

Ph 

The aim of the present chapter is to review the characteristics of the dipolar cycloaddition reaction of 
the most common 1,3-dipoles. The scope, generality and limitations of the cycloaddition reaction will be 
summarized and the general outline and potential synthetic use for the cycloadditions noted. It is hoped 
that general and specific points in need of study will be revealed, stimulating further work in this field. 
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4.9.6 1J-DIPOLAR CYCLOADDITIONS 

4.9.6.1 Nitrones 

Nitrones represent a long-known and thoroughly investigated class of 1 ,3-dipole~.~~ Through the use 
of nitrone cycloaddition chemistry, numerous isoxazolidines have been prepared with excellent stereoc- 
hemical c ~ n t r o l . ~ ~ , ' ~  The 1,3-dipolar cycloaddition reaction of nitrones has attracted considerable atten- 
tion as a convenient tool for the rapid construction of widely varied classes of natural products (Scheme 
7)?8-43 The presence of a nitrogen atom within the isoxazolidine ring has made this heterocycle moiety 
especially attractive for the synthesis of the p-lactam ring (Scheme 8)?2943 The key feature of this ap- 
proach involves a reductive cleavage of the isoxazolidine ring to give a y-amino alcohol, which under- 
goes subsequent cyclization with a neighboring methoxycarbonyl group.- 

R' 
I 

R' 
I 

R 2 ~ N , 0  - 
I 

A-B 
+ A = B  - 

RZ 

(25) 

Scheme 7 

Scheme 8 

1,3-Dipolar cycloadditions of nitrones have been reported with a variety of alkenes, alkynes, iso- 
cyanates, isothiocyanates, thiocarbonyl compounds, phosphoranes, sulfenes and sulfinyl groups.3S All 
these reactions are usually carried out by heating the two reagents together in an inert solvent, and the 
products are often easily isolated in high yield. It should be pointed out that the cycloadducts are not 
stable in all cases and sometimes undergo interesting transformations. The regiochemical control ex- 
hibited by nitrone-alkene cycloadditions has been accommodated by the development of a FMO treat- 
ment.1%21 Nitrone cycloadditions are believed to be Type 2 processes (Scheme 9). As such, both possible 
FMO interactions may be significant. The interaction that dominates in a particular case will depend on 
the nature of both the dipole and the dipolarophile. Most dipolarophiles undergo cycloaddition to give 5- 
substituted isoxazolidines with high regioselectivity. As the ionization potential of the nitrone decreases 
or the electron affinity of the dipolarophile increases, an increasing tendency toward production of the 4- 
substituted isoxazolidines is f0und.4~ At some point, there must be a switch over from LUMO to HOMO 
control as one increases the electron-withdrawing power of the substituents on the alkene. That point is 
apparently approached with methyl acrylate, since regioisomeric mixtures of adducts are encountered 
with this dipolar0phile.4*,~~ 

(31) 4-regioisomer (30) 5-regioisomer 

Scheme 9 
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Monosubstituted alkenes react with nitrones to give rise to a diastereomeric ratio of cis- and trunsdis- 
ubstituted isoxazolidines (32) and (33). The exo approach gives the cis product, provided that the NR' 
and CR2 substituents are in a trans relationship; the endo approach gives the trans product (Scheme 10). 
Inspection of the available data tends to show that the exo approach is favored in most cases when sec- 
ondary orbital interactions are negligible. When X = C02Me, CN or Ph such secondary interactions 
could stabilize the transition state and give predominantly the trans adduct. These secondary interactions 
are analogous to those directing the endolexo approach in the Diels-Alder reaction. However, there are 
data available that are inconsistent with this Predictions are therefore unreliable, and it is 
advisable to determine structures thoroughly for every reaction. The unpredictable behavior of nitrones is 
demonstrated by the reactions of N,C-diphenylnitrone and N-methylnitrone with diethyl methylenemalo- 
nate; which in the former case gives only the 4,4-disubstituted regioisomer (34). and in the latter case the 
5,5-disubstituted regioisomer (35). 

R'. +i/ R2 ex0 Rl-Ns 
- 

- N i  0 .... 0 
H X  X 

(32) cis 

X H  X 
(33) trans 

Scheme 10 

Entropic factors allow the intramolecular version of the nitrone-alkene cycloaddition reaction to pro- 
ceed under milder conditions than the corresponding bimolecular e q ~ i v a l e n t . ~ ' . ~ ~  The regiochemistry of 
the internal reaction is complicated by a complex interplay of such factors as alkene polarity, ring strain 
and other nonbonded interactions. In general, the intramolecular situation can be assessed as a competi- 
tion between the bridged and fused modes of cycloaddition. Since LeBel first reported the facile intra- 
molecular cycloaddition of unsaturated nitrones to form bicyclic isoxa~olidines?~ there has been 
considerable interest in this reaction (Scheme 11). When the dipolarophile is substituted at the 2-position 
with an alkyl group and the nitrone is substituted at the a-position, there is a tendency for the predomi- 
nant formation of a fused bicyclic system (38) as opposed to the bridged ~ystem.~'J* The intramolecular 
cycloaddition of C-alkenyl-substituted nitrones represents an efficient and general route to five-, six- and 
higher-membered carbocyclic and heterocyclic rings. This methodology has been used to synthesize 
prostanoids, terpenoids, various bridged and condensed cycloalkanes, alkaloids, carbohydrates and mis- 
cellaneous natural products.51 Some typical examples are outlined in Scheme 12. 

Scheme 11 
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Scheme 12 

The utility of nitrone-alkene 13 + 21 cycloadditions in the total synthesis of natural products arises not 
from the presence of the isoxazolidine moiety in naturally occurring substances but from the various 
transformation products of this saturated heterocycle. The most important of these is the conversion of 
the isoxazolidine ring system to an N-substituted 1,3-amino alcohol by a reduction step (equation 2). The 
formation of these 1,3-amino alcohols from readily available aldehydes and alkenes represents a very 
powerful synthetic method. Since this transformation not only yields new carbon-carbon and carbon- 
oxygen bonds but also incorporates a nitrogen atom in the molecule, the obvious synthetic targets have 
been nitrogenous substances, particularly alkaloids. Applications of this method to nonnitrogenous tar- 
gets have also been reported.4a52 

NHR2 OH R~NHOH. 

* R 1 9 R 4  
R3CH=CHR4, H2, PdIC 

R~CHO 

R3 

(49) 

4.9.6.2 Nitrile Oxides 

1,3-Dipoles can be classified into two major types: (i) those with internal octet stabilization, where a 
mesomeric formula can be drawn such that the central atom of the dipole has a positive charge and all 
centers have completely filled valences; and (ii) those without internal octet stabilization, where each 
mesomeric form has an electron sextet! By far the more common group of dipoles is the former, mainly 
because the dipoles in the second group are all unstable and must be prepared in situ. In recent years a 
good deal of attention has focused on the chemistry of the octet-stabilized class of dipoles known as the 
nitrile Nitrile oxides readily cycloadd to a wide variety of alkenes to generate isoxazolines 
which represent an extremely useful class of heterocycles (Scheme 13). The presence of a nitrogen atom 
within the isoxazoline ring has made this heterocycle moiety especially attractive for the synthesis of a 
wide assortment of natural products. The key feature of this approach generally involves a reductive 
cleavage of the isoxazoline ring to give either a y-amino alcohol (52) or a P-hydroxy ketone (53) which 
can be further man ip~ la t ed .~~  Nitrile oxides are conveniently generated by the base treatment of hydrox- 
amic acid chlorides,% by the oxidation of a l d ~ x i m e s ~ ~  or by the dehydrogenation of primary nitroal- 
kane~.~ '  Most nitrile oxides (50) are highly reactive and, in the absence of added trapping agents, 
undergo rapid dipolar cycloaddition with themselves to give furoxans (54; equation 3) Steric bulk 
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increases the stability of the nitrile oxide. For example, t-butyl nitrile oxide is readily generated and 
handled in solution, whereas mesityl nitrile oxide is a normal crystalline organic compound that is indefi- 
nitely stable in the pure form. The cycloadditions of nitrile oxides with electron-rich and conjugated al- 
kenes are LUMO ~on t ro l l ed .~~  Union of the larger coefficients leads to 5-substituted isoxazolines. 
Electron-deficient dipolarophiles also react rapidly due to the influence of both dipole HOMO and 
LUMO interactions. With this class of dipolarophiles, regioselectivity is decreased, since the dipole 
LUMO tends to produce 5-substituted isoxazolines, whereas the dipole HOMO produces 4-substituted 
isoxa~oIines.5~ 

Scheme 13 

dimerize 

R R 

(50) (54) 

(3) 

Asymmetric induction has become one of the cornerstones in modern synthetic methodology, leading 
to a host of enantiomerically enriched compounds.60 The use of chiral auxiliaries to induce biased stere- 
ochemical changes has allowed investigators to form a variety of C-X bonds with high enantioselectiv- 
ity. Recently, the asymmetric Diels-Alder reaction has received a great deal of attention.6’ Some of these 
[4 + 21 cycloadditions proceed with very high, and sometimes near perfect, diastereoselection.62 In con- 
trast to the well-documented asymmetric Diels-Alder reactions, asymmetric 1,3-dipolar cycloadditions 
have not been extensively explored. There are, however, several reports of stereoselective cycloadditions 
involving nitrile oxides and nitrones. Nitrones which carry a chiral substituent on nitrogen often display 
high diastereoselectivity in dipolar cycloadditions with a variety of achiral d i p o l a r ~ p h i l e s . ~ ~ ~  In certain 
cases, the reaction of chiral dipolarophiles with nitrile oxides leads to reasonably high dia- 
stereoselectivity in the formation of the cycloadducts. Since the N-O bonds of the cycloadducts are 
readily cleaved to produce acyclic molecules, the diastereoselectivity displayed in the cycloadditions ser- 
ves as a means of controlling acyclic stereochemistry (equation 4).56 

C* = stereogenic center 

Curran and coworkers67 have reported high diastereoselectivity (9: 1) in the cycloaddition reactions of 
Oppolzer’s chiral sultam68 (55) with nitrile oxides (equation 5) .  The major diastereomer (56) results from 
‘top-side’ attack of the incoming nitrile oxide and it has been suggested that the a-oxygen atom of the 
sultam provides a steric or electronic encumbrance to ‘bottom-side’ attack. These results point the way to 
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the design of new c h i d  auxiliaries in which both the facial selectivity and the acrylate conformer are 
controlled in the transition state for cycloaddition. 

x Y o  
R 

The application of intramolecular dipolar cycloaddition reactions to the synthesis of complex natural 
products has recently come to be recognized as a very powerful synthetic tool, one equally akin to the in- 
tramolecular Diels-Alder reaction in its potential scope of application.@ This is particularly the case with 
nitrile oxides and the INOC reaction has been extensively utilized in total synthesis?0 The intramolecu- 
lar nitrile oxide cycloaddition (INOC) generally displays exceptional regio- and stereochemical control 
which undoubtedly accounts for the popularity of this reaction. Internal cycloadditions of nitrile oxides 
have been found to offer a powerful solution to many problems in complex natural product synthesis?8 
For example, Confalone and coworkers have utilized the INOC reaction for the stereospecific synthesis 
of the key amino alcohol (60). which was converted in five subsequent steps to (*)-biotin (61; Scheme 
14)." 

(61) Biotin 

Scheme 14 

Kozikowski's group has been particularly active in the application of the INOC reaction toward the 
construction of a variety of natural products. One of the many examples from his laboratory involves the 
synthesis of tetracyclic compounds possessing suitably functionalized C rings for elaboration to a diverse 
number of ergot alkaloids via the INOC reaction. A total synthesis of chanoclavine I (65) was accom- 
plished by this chemistry (Scheme 15). The key step in the synthesis involved the conversion of the nitro 
group of indole (62) into the corresponding nitrile oxide using the phenyl isocyanate procedure de- 
veloped by M~kaiyama.~' The major product corresponded to isoxazoline (64). The isoxazoline nucleus 
was converted into chanoclavine I (65) in a series of subsequent steps. The application of nitrile oxide 
cycloaddition chemistry to the construction of other natural products can be expected to be an active area 
in future years. 
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4.9.63 Nitrile Ylides 

One of the more interesting members of the nitrilium betaine family is the nitrile y l i d e ~ . ~ ~ - ~ ~  This class 
of dipoles has traditionally been prepared by: (i) treatment of imidoyl halides with base,75 (ii) thermal or 
photochemical elimination of phosphoric acid esters from 4,5-dihydro- l,3,5-oxazaphospholes~6 and (iii) 
photolysis of aryl-substituted a z i r i n e ~ . ~ ~ . ~ ~  Nitrile ylides have also been observed to be formed upon 
photolysis of carbene precursors in nitrile  solvent^.^^-^^ FMO theory correctly rationalizes the regio- 
selectivity of nitrile ylide cycloadditions (equation 6).3 When nitrile ylides are used as 1,3-dipoles, the 
dipole highest occupied and dipolarophile lowest unoccupied orbital interaction stabilizes the transition 
state. MNDO calculations of simple nitrile ylides indicate that the coefficient size in both the HOMO and 
LUMO is slightly greater at the unsubstituted carbon atom.8' The photoconversion of arylazirines to al- 
koxyimines in alcoholic solvents (Scheme 16) indicates that in the highest occupied orbital of the nitrile 
ylide, the electron density at the disubstituted carbon is greater than at the trisubstituted carbon atom.82 
The preferred regioisomeric transition state will be that in which the larger terminal coefficients of the 
interacting orbitals are united. With this conclusion, all of the regiochemical data found in the literature 
can be rationalized (Scheme 17).72-74 

Inductive effects exerted by substituents on the nitrile ylide also have an important effect on the regio- 
selectivity of the cycloaddition. BenzoniViliohexafluoro-2-propanide (73) and methyl acrylate yield 
products with inverse regioselectivity, as compared with the reactions of the related benzonitrilio-2-pro- 
panide (76; Scheme 18).83 The difference in regioselectivity has been attributed to the larger coefficient 

R ' y N )  (6) 
+ -  

R ' e N - C H ,  + A = B  A 

A-B 

hv, MeOD 

D A: R* 

Scheme 16 
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0' 
(70) 

, 
C02Me 

(69) 

Scheme 17 

at the trisubstituted carbon atom of the gem-trifluoromethyl-substituted nitrile ylide (73). This result also 
parallels the different mode of addition of alcohols to nitrile ylides (73) and (76). 

(74) major (75) minor 

* phf6 + ph* 

H2CICHC4Me 
, -E=&< 

C02Me M a & !  

(76) (77) major (78) minor 

scheme 18 

Among the possible geometric forms of a nitrile ylide, a carbene structure (79) can be envisaged? 
which makes conceivable a 1 ,I-cycloaddition of this 13dipole (Scheme 19). Molecular orbital cdcula- 
tions have shown that nitrile ylides exist preferentially in the bent form with an HCN angle of 114- 
116'.- The nitrile ylide HOMO is heavily concentrated at C-1, but still resembles the normal 
three-orbital, four-electron system pnsent in other 13-dipoles, so that concerted cycloaddition can still 
occur. In a series of papers, Padwa and coworkers have shown that there are two pathways by which ni- 
trile ylides react with multiple ~-bonds.8~ The most frequently encountered path involves a 'parallel- 
plane' approach of addends and can be considered to be an orbital symmetry allowed [4 + 21 concerted 

With this path, the relative reactivity of the nitrile ylide toward a series of dipolarophiles will 
be determined primarily by the extent of stabilization afforded the transition state by interaction of the 
dipole HOMO and dipolarophile LUMO orbitals. Substituents which lower the dipolarophile LUMO en- 
ergy will accelerate the 1.3-dipolar cycloaddition reaction. Bimolecular reactions of nitrile ylides with 
electron-rich alkenes have never been observed, thereby indicating that the dipole LUMO-dipolarophile 
HOMO interaction is never large. Because of their high nucleophilicities, nitrile ylides generally undergo 
reactions with their precursors, dimerize or isomerize faster than they undergo reactions with electron- 
rich alkenes.8e91 

The other path by which nitrile ylides react with a-bonds occurs only in certain intramolecular cases 
and has been designated as a l,lcycloaddition reaction.87 It occurs when the p-orbitals of the alkenic 
p u p  have been deliberately constrained to attack perpendicular to the nitrile ylide plane. Houk and Ca- 
ramella have suggested that the 1.1-cycloaddition reaction is initiated by interaction of the terminal carb- 



Intermolecular I $Dipolar Cycloadditions 1083 

+ R' P ~ - E = G ~ ~ '  1 and/or [ P ~ - ? - N $ ]  P h e N - ( -  f--) 

R2 R2 

(67) (79) 

Scheme 19 

on of the alkene with the second LUMO of the nitrile ylide.81 The second LUMO of the dipole is perpen- 
dicular to the ylide plane and presents a large vacancy at C-1 of the dipole for attack by the terminus of 
the neighboring double bond, without the possibility of simultaneous bonding at the C-3 carbon. In fact, 
the HOMO and second LUMO of the bent nitrile ylide bear a strong resemblance to the HOMO and 
LUMO of a singlet carbene. Placement of electron-releasing substituents on the n-bond will raise both 
the HOMO and LUMO orbital energies of the alkene, and consequently facilitate the rate of the 1.1-cy- 
cloaddition reaction.87 

As was clearly pointed out by Hui~gen$.~ 1,3-dipolar additions generally proceed via a two-plane 
orientation complex, in which the dipole and dipolarophile approach each other in parallel planes. In- 
spection of molecular models of the nitrile ylides (81) and (85) derived from azirines (80) and (&I), indi- 
cates that the normal two-plane orientation approach of the nitrile ylide and the allyl n-system is 
impossible as a result of the geometric restrictions imposed on the system. Consequently, the normal 
mode of 1,3-dipolar cycloaddition cannot occur here. Instead, attack of the carbene carbon on the neigh- 
boring double bond generates a six-membered ring trimethylene intermediate (Scheme 20). Collapse of 
this species results in the formation of the observed azabicyclohexene system (83) and (87). This se- 
quence proceeds in a nonconcerted manner and bears a strong resemblance to the stepwise diradical 
mechanism suggested by Firestone to account for bimolecular 1,3-dipolar cycloadditions." It is evident 
from the available data that, unless the dipole and dipolarophile approach each other in parallel planes, 
an alternative nonconcerted mechanism for dipolar cycloaddition can occur. 

Scheme 20 

4.9.6.4 Nitrilimines 

Nitrilimines represent a well investigated class of 1,3-dip0les?~ Access to this group of dipoles can be 
realized by: (i) treatment of hydrazonyl halides with base?2 (ii) thermal or photochemical decomposition 
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of te t raz~les?~-~  (iii) photolysis of sydnones,m and (iv) thermal elimination of carbon dioxide from oxa- 
diazolii-5-0nes.*~ 1.3-Dipolar cycloaddition of this class of 1.3-dipoles has been widely investigated, 
and in many cases has led to the synthesis of a variety of interesting heterocyclic compounds (Scheme 
21). The cycloadditions of simple nitrilimines with electron-rich dipolarophiles are LUMO (dipole>- 
HOMO (dipolarophile) ~ontrolled.~~ For conjugate dipolarophiles, both HOMO and LUMO interactions 
are important, but the greater difference in LUMO coefficients leads to a preference for 5-substituted A2- 
pyrazolines. With electrondeficient dipolarophiles, the regioselectivity is reversed since the cycloaddi- 
tion becomes HOMO (1,3dipole)-LUMO (dipolarophile) controlled, 

MeOzC 
(93) 

Ph 
(94) 

Scheme 21 

Scheme 22 
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During the past few years a large number of studies dealing with the intramolecular 1,3-dipolar cy- 
cloaddition reactions of nitrilimines have been rep~rted.~'  The reaction products are generally complex 
polycyclic, annelated and fused-ring molecules that are very difficult to prepare by other methods. A 
typical example involves the treatment of hydrazidryl chloride (95) with base to give a nitrilimine that 
can be readily intercepted by the adjacent alkynic functionality present in the molecule to give pyrazole 
(%)?8 Similarly, treatment of (97) with base affords cycloadduct (98) in high yield.* These ring clo- 
sures are particularly interesting in that they involve cycloadditions with unconjugated alkynes, sub- 
strates that are generally unreactive toward nitrilimines.lOO Furthermore, although the usual orientation of 
monosubstituted alkynes in the bimolecular cycloadducts with nitrilimines is such as to afford 5-sub- 
stituted pyrazoles,100-102 obtainment of the 4-substituted pyrazole (98) reveals that in a properly chosen 
substrate the regiospecificity of monosubstituted alkynes can be inverted (Scheme 22). 

MO calculations by Houk and Caramella suggest that nitrilimine is a flexible 1,3-dipole able to adapt 
its geometry according to the nature of the reaction.85 Electrophilic reagents tend to favor a planar nitril- 
imine structure possessing a relatively high-lying HOMO, whereas nucleophilic reagents promote the 
bent azo carbene-like form, which possesses a low-lying LUMO. Independent results by Garantilo3 and 
PadwalW have shown that the 1,l-cycloaddition of nitrilimines to .rr-bonds can occur when the p-orbitals 
of the dipolarophile have been deliberately constrained to attack perpendicular to the nitrilimine plane. 
Thus, treatment of o-vinylphenyl-substituted chloroglyoxylate phenylhydrazones with base leads to 
nitrilimines that undergo intramolecular 1.1 -cycloaddition to give cyclopropa[c]cinnolines (Scheme 23). 
The results with a set of cis and trans methyl-substituted chlorohydrazones indicate that complete reten- 
tion of stereochemistry about the n-bond has occurred in the cycloaddition reaction. 

1 I 
r 1 

(101) t 
Scheme 23 

4.9.6.5 Azomethine Ylides 

Azomethine ylides have represented attractive synthetic building blocks for pyrrolidine synthesis since 
the discovery that they can be generated by pyrolysis of a z i r i d i n e ~ . ~ ~ ~  The reaction of 1,2,3-triphenylazi- 
ridine with electron-deficient alkenes or alkynes to yield five-membered nitrogen rings was initially re- 
ported by Heinel% and similar findings were described by Padwalo7 and by Huisgenlo8 shortly thereafter. 
Due to the systematic investigations by Huisgen,log it is well known that the thermolysis of l-phenyl-2,3- 
bis(methoxycarbony1)aziridine involves conrotatory ring opening to the carbonyl-stabilized ylides (104) 
or (105; Scheme 24). Trapping products of the S-dipole (104) are obtained from the cis-aziridine (103), 
while adducts of the isomeric W-dipole (105) result from the tram-aziridine (106). The S-dipole (104) is 
trapped by several dipolarophiles without loss of dipole geometry. In contrast, the W-dipole (105) reacts 
cleanly only with the most reactive of trapping agents such as dimethyl acetylenedicarboxylate (DMAD). 
With less reactive dipolarophiles, products derived from the S-dipole (104) are also observed due to di- 
pole interconversion. These topics have been extensively reviewed, and the concepts have also been ex- 



1086 Nonpolar Additions to Alkenes and Alkynes 

tended to nonstabilized azomethine ylides.110-113 Many other examples of aziridine thermolysis have 
been reported in the literature.1M Although N-arylaziridines have been investigated most intensively, cy- 
cloadditions using N-alkyl, N-H and N-acyl derivatives have also been encountered. Other mutes to sta- 
bilized azomethine ylides include the thermolysis of benzaldirnine~,'~~ the related method of thermal 
N-alkylamino ester/aldehyde condensation1 1 5 v 1  l6 and carbene insertion into an imine nitrogen lone 
pair.' l7 

Ph Me0,C C0,Me Ph I 

ily'02M' ...... 

x-x 
' k % H  A M a z c y i y H  Me0,C ,,,, 

H N  
H C02Me I 

x x  Ph 

Ph Me0,C H Ph I 
,,.C02Me 52 ...... 

', Me0,C ,,,, X= &% C0,Me d_ Me02C y $ CO,Me 
H N  

H H  x x  
I 
Ph 

(106) (105) (108) cis 

Scheme 24 

In frontier molecular orbital terms, the reaction of an azomethine ylide with an electron-deficient d i p  
larophile is suggested to be a dipole HOMO controlled reaction.118 Thus, the dominant FMO involves 
the HOMO of the dipole and the LUMO of the dipolarophile, and factors that decrease the HOMO- 
LUMO gap increase the efficiency of the reaction. Generally, donor and/or conjugative groups (alkyl, al- 
koxy, aryl) on the dipole raise the HOMO energy, while acceptor groups on the dipolarophile lower the 
LUMO energy. This combination of effects facilitates the reaction. In the case of stabilized azomethine 
ylides, the dipole contains electron-deficient groups which tend to lower the HOMO and moderate the 
dipole reactivity. These stabilized dipoles are still reactive enough to participate in cycloadditions with 
highly electron-deficient dipolarophiles such as acrylate, DMAD and maleimide. 

Although ring openings of aziridines to azomethine ylides work well when the substituent groups are 
capable of stabilizing the dipole centers,lo5 the ring cleavage generally fails when simple alkyl substi- 
tuents are used. Recent studies by Vedejs and coworkers have shown that the desilylation of a-trimethyl- 
silylonium salts represents a convenient method for azomethine ylide generation. l9 Cycloaddition of 
these transient species with various dipolarophiles gives rise to dipolar cycloadducts in high yield 
(Scheme 25). The advantage of using cesium fluoride for these desilylations is related to its reasonable 
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thermal stability, which allows thorough drying under vacuum to remove water of hydration. Similar re- 
sults can be achieved more tediously with scrupulously dried KF/18-crown-6, but organic fluoride do- 
nors are less effective because they are contaminated with water. The presence of water results in the 
ready protonation of the nonstabilized ylides and the net result is protodesilylation. 

Generation of intermediates having azomethine ylide reactivity has also been achieved by the cesium 
fluoride-induced desilylation reaction of several immonium salts derived from amides, thioamides and 
vinylogous amides. A variety of dipolarophiles have been used to trap the azomethine ylide (Scheme 26). 
Methyl acrylate or a-chloroacrylonitrile are especially efficient trapping agents, and in both cases the 
more hindered product is formed.110 The same regiochemical preference is seen in virtually all of the 
trapping experiments as long as unsymmetrical dipolarophiles derived from acrylic acid are used. 

c1 EO 
R' I 

R2 

Scheme 26 

Imidate-derived dipoles have played a prominent role in the synthesis of the pyrmlizidine alkaloid 
retronecine (l2l).lI9 The imidate salt derived from lactam (118) was found to undergo a smooth desilyl- 
ation reaction to produce azomethine ylide (119). Trapping of this dipole with methyl acrylate affords 
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Scheme 27 



1088 Nonpolar Additions to Alkenes and Alkynes 

the conjugate enamine ester (120). This material was converted to retnrnecine in several additional steps 
(Scheme 27). 

Amidine-derived azomethine ylides can also be used in dipolar cycloaddition reactions. Livinghouse 
has applied the cycloaddition of this class of dipoles to the synthesis of eserethiole (lZ).lB The starting 
amidine (123) is made by coupling the imidate salt (122) with trimethylsilylmethylne. N-Alkylation 
followed by desilylation af€ords the azomethine ylide which readily undergoes inaun~lecular dipolar cy- 
cloaddition to give the natural product (Scheme 28). Other attempts to trap nonstabilized azomethine 
ylides by intramolecular cycloaddition across unactivated n-bonds using the desilylation technique have 
so far been unsuccessful. 

Me3SiCH2NH2 

EtO, 

EtoQ)+ 
N A NCH2SiMe3 
Me 

(123) 

i,MeOTf 

ii, F 

scheme 28 

There have been a number of additional approaches used for the synthesis of nonstabilized azomethine 
ylides. Padwa and Chen have reported that a-cyanosilylamines (126) are useful and convenient synthons 
for azomethine ylides.l2' The development of this strategy was based on literature reports that cyano- 
methylamines can function as convenient iminium ion precursors.122 The propensity of silicon to transfer 
to a s i l y l ~ p h i l e ~ ~ ~  when bound to an electronegative carbon strongly inferred that the treatment of a- 
cyanosilylamines with silver fluoride will generate azomethine ylides. Further reports by Padwa' '* and 
Sal~urai~~~ have described a mechanistically related method using the aminal (127) as starting material 
for TMSI-induced dipole generation (Scheme 29). 
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The examples of desilylation discussed so far all assume that the reactive intermediates are silicon-free 
azomethine ylides. It is conceivable, however, that pentacoordinated siliconcontaining intermediates 
may be able to mimic the reactivity of nucleophilic azomethine ylides. Two groups have probed this 
question and have reported evidence in favor of the dipole pathway. If silicon is still present as bond for- 
mation occurs, then it should matter which of the isomeric starting materials (131) or (132) is used in the 
desilylation experiment (Scheme 30). Work by Padwa and Dent has shown that treatment of either 
isomeric aminonitrile with AgF affords the same mixture of product regioisomers using methyl propio- 
late as the trapping agent.l18 Achiwa has observed that the deuterated ylide precursor (133) affords cy- 
cloadducts with complete scrambling of the label as expected in a silicon-free azomethine ylide.lZ 
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Scheme 30 

Finally, the LDA deprotonation of amine N-oxides has been reported to generate azomethine ylides 
that can be trapped in [2 + 31 cycloadditions with simple alkenes.126 For example, N-methylpyrrolidine 
N-oxide (137) reacts with LDA in the presence of cyclopentene to give adduct (139; Scheme 31). A var- 
iety of other N-oxides behave similarly. Interestingly, there are no examples published to date where 
nonstabilized azomethine ylides generated by the desilylation procedure can be trapped by simple, unac- 
tivated alkenes. It is not clear whether these discrepancies are due to some fundamental difference in the 
reactive intermediate being generated, or whether the differences in environment are responsible for dif- 
fering behavior. Further work is needed to establish this point. 

Scheme 31 

4.9.6.6 Carbonyl YIides 

In recent years there has been a growing interest in the use of carbonyl ylides as 13-dipoles for total 
s y n t h e ~ i s . ~ ~ ~ - ~ ~  Their dipolar cycloaddition to alkenic, alkynic and hetero multiple bonded dipolaro- 
philes has been well documentedS6 Methods for the generation of carbonyl ylides include the thermal and 
photochemical opening of ~ x i r a n e s , ~ ~ ~  the thermal fragmentation of certain heterocyclic structures such 
as A3-1,3,4-oxadiazolines (141) or 1,3-dio~olan-4snes~~~-~~ (142) and the reaction of carbenes or car- 
benoids with carbonyl Formation of a carbonyl ylide by attack of a rhodium carbenoid 
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intermediate onto the lone pair of electrons of the carbonyl group represents a particularly useful ap- 
proach to this dipole (Scheme 32).13' The regiochemistry of the cycloaddition reaction of carbonyl ylides 
can be successfully predicted by M O  theory. Of the three categories described by Sustmann,Z1 type 2 is 
particularly common for carbonyl ylides since they have one of the smallest HOMO-LUMO energy gaps 
of the common 1,3-dipoles. For carbonyl ylides, the HOMO of the dipole is dominant for reactions with 
electrondeficient dipolarophiles such as acrolein, while the LUMO becomes important for cycloaddition 
to electron-rich species such as ethyl vinyl ether. 

i\li 0 k"\x 
N = N  

Scheme 32 

Linn and Benson discovered in 1965 the ability of tetracyanoethylene oxide (145) to react with alkenes 
and alkynes at elevated temperatures in [3 + 21  cycloaddition^.'^^ The kinetics of the reaction of (145) 
with styrene revealed that the formation of (147) is preceded by a first-order step consisting of the 
electrocyclic ring opening to the carbonyl ylide (146, Scheme 33). 

Scheme 33 

1 ,ZDiaryloxiranes undergo a photofragmentation giving carbonyl compounds and a Do- 
Minh, Trozzolo and Griffin noticed an orange color on irradiation of (148) at -196 'C and ascribed it to 
carbonyl ylide (149; Scheme 34)141 Photogenerated carbonyl ylides can be captured in situ by a,P-un- 
saturated carboxylic esters as dipolar~philes.'~~ Disrotation predicted by orbital symmetry control a p  
pears to be the predominant mode involved in the photoconversion of oxiranes to carbonyl ylides. An 
investigation of the thermal behavior of a-cyano-trans- and a-cyano-cis-stilbene oxide revealed that the 
symmetry-allowed conrotation is the favored pathway of electrocyclic ring opening (Scheme 34); how- 
ever, steric hindrance can induce a partial switch to di~rotation.'~~ 

The reaction of dimethyl diazomalonate with an excess of benzaldehyde with or without metal catalyst 
furnished the diastereomeric 13-dioxolanes (156) and the oxime (155; Scheme 35). The reaction was 
proposed to proceed via the intermediacy of a carbonyl ylide dipole.135 Benzaldehyde plays a double role 
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here, first as a constituent of the carbonyl ylide and, subsequently, as a dipolarophile in the trapping of 
(154). 
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Scheme 35 

The intramolecular reaction of carbenes with a neighboring carbonyl group results in the formation of 
cyclic carbonyl ylides. This approach, pioneered largely by Ibata and coworkers,138 allows for the con- 
venient generation of various five- or six-membered carbonyl ylides which can be trapped by n-bonds. 
Generation of the carbene center involves treating a diazo compound with an appropriate transition metal 
catalyst. An interesting example of this involves the tandem cyclization+ycloaddition reactions of a- 
diazoacetophenone derivatives which occur upon treatment of 0-alkyl-2-enoxycarbonyla-diazoacetcb 
phenones (157) with rhodium(I1) acetate. Initial cyclization gives a six-ring carbonyl ylide which 
undergoes a subsequent intramolecular dipolar cycloaddition across the neighboring double bond. The 
process is illustrated by the conversion of diazoketone (157) with rhodium(I1) acetate to cycloadduct 
(159) in 87% yield (Scheme 36).*37 The initial work involved systems in which the ketorhodium carb- 
enoid and the remote carbonyl were attached in a 1,2-fashion on a benzene ring. This arrangement pro- 
vides interatomic distances and bond angles that are ideal for dipole formation. The conformationally 
unencumbered diazo ketone (160) was also found to undergo this same reaction when treated with a 
catalytic amount of rhodium(I1) acetate. The cycloaddition proceeded quite smoothly in the presence of 
DMAD and produced cycloadduct (161; Scheme 37). The intermediate carbonyl ylide could also be 
trapped with benzaldehyde and methyl propiolate. The orientation observed with these systems can read- 
ily be rationalized in terms of maximum overlap of the dipole HOMO-dipolarophile LUMO. MNDO 
calculations of the carbonyl ylide derived from (160) clearly indicate that the largest coefficient in the 
HOMO resides on the enolate carbon.137 This site becomes linked with the less-substituted carbon atom 
of the alkyne. 
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The cycloaddition chemistry of the 3-oxidopyrylium system (165; Scheme 38) has been studied in 
some detail by Sammes and coworkers.I2* Pyranulose acetate (164) is readily available from simple 
furan derivatives and thus a route is available for the preparation of a variety of substituted 3-oxidopyry- 
lium compounds.127 These reactive species can be trapped with a wide range of unsaturated materials in- 
cluding alkenes, which cycloadd across the 2,6-positions. 3-Oxidopyrylium (165) reacts sluggishly with 
electron-deficient dipolarophiles giving reasonable yields of adducts (i.e. 166) with only the most reac- 
tive traps (Le. acrolein). Both experimental studiesi4 and theoretical interpretationsZ1 have shown that 
1.3-dipoles can behave as ambident species, reacting faster with either electron-deficient or electron-rich 
alkenes than neutral, unsubstituted ones. Huisgen, for example, obtained U-shaped curves when plotting 

OEt 
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reaction rates of a given dipole with different dipolarophiles against the ionization potential of the lat- 
ter.14 Thus, the formation of adduct (167) when ethyl vinyl ether was used as a trapping agent is perfect- 
ly understandable. Ylides of type (165) are also expected to undergo pericyclic additions across other 
centers depending on electronic demands. 41r-Electron systems such as dienes would be expected to add 
across the 2,4-positions, as observed with certain 3-oxidopyridinium  derivative^.'^^ In fact, 2.3-dimethyl- 
butadiene reacted with (165) to give adduct (168) as the principal product. Sammes also studied the 
chemistry of oxidopyrylium ylides which contain an unsaturated side chain. These molecules (Le. 169) 
undergo an intramolecular dipolar cycloaddition reaction upon thermolysis to give bicyclic adducts 
which provide a simple entry into the perhydroazulene system (Scheme 39). This method was used to 
synthesize a number of natural products.'2* 

AcO &\A a\- & 
H 

(169) n = 3 or4 (170) (171) 

Scheme 39 

4.9.6.7 Thiocarbonyl Ylides 

The first recognition of the existence of the thiocarbonyl ylide appears to have been made by Knott in 
1955 in conjunction with considerations of the contributions of this segment to the electronic make-up of 
certain dyestuffs.'& Knott very likely generated the unstable thiocarbonyl ylide (173) via the route 
shown in Scheme 40. 

- 0 sz,+scHcOPh 
i, BrCH2COPh 

i i ,  base \ N  
Me Me 

(172) (173) 

Scheme 40 

The most flexible and general route to thiocarbonyl ylides involves the A3-1,3,4-thiadiazoline (177) 
ring system as the dipole precursor.28 Mild thermolysis of (177) releases nitrogen and produces the thio- 
carbonyl ylide (178). The principle involved is that of a retro-l.3-dipolar cy~loaddition.'~' Two gener- 
alized routes to the precursor (177) are shown in Scheme 41.148-150 The thiocarbonyl ylide (178) 
generated as a reactive and short-lived intermediate can be trapped by various dipolarophiles. Kinetic 
analysis of the reaction establishes unambiguously the transitory existence of intermediate (178). The 
predicted conrotatory ring closure occurs to give thiirane (180) in the absence of trapping agents. Cy- 
cloaddition of (178) proceeds with retention of configuration as predicted.l0 

Thiocarbonyl ylides can also be generated via the electrocyclic ring closure of divinyl sulfides. Schultz 
has studied this transformation in some detail.151 The formation of (182) from the irradiation of (181) has 
been rationalized in terms of an electrocyclic ring closure to generate thiocarbonyl ylide (183) which 
then undergoes a 1 ,Chydrogen shift to give (182; Scheme 42). The successful trapping of the dipole in- 
termediate with N-phenylmaleimide, to produce (184) provides strong support for the suggested mechan- 
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R + 

RYsTR R R  = R xsr-”, x-Y 
R R  

Scheme 41 

\ I 1,4-H shift 

Scheme 42 

Raney Ni 

Scheme 43 
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ism. A clever variation of the above reaction was used by Schultz for the preparation of 3-phenylcycb 
hex an one^.^^' Essentially the same reaction sequence was used here except that the final product was de- 
sulfurized. The overall effect is that an aryl group has been added in Michael fashion to an enone 
(Scheme 43). 

Another route which has recently been used to generate thiocarbonyl ylides involves the bromodesilyl- 
ation reaction of a-bromosilyl silyl sulfide (189). This process is related to the methodology first de- 
veloped by Padwa for the preparation of azomethine ylides. Thus, heating a sample of (189) generates 
thiocarbonyl ylide (190) which can be trapped with various dipolarophiles to give cycloadducts of type 
(191; Scheme 44). 

- +  Me,Si ,, S SiMe3 
CH,S = CHSiMe, 

Br 

Further work by the Achiwa group has demonstrated that this desilylation protocol can be used to 
generate the simple trimethylsilylthioaldehyde S-methylide ( 193).15, The strategy employed the release 
of disiloxane from bis(bimethylsilylmethyl) sulfoxide (192) through a pathway related to a sila-Pum- 
merer rearrangement. Heating a sample of sulfoxide (192) with a dipolarophile in HMPA at 100 "C gave 
the corresponding cycloadduct (195; Scheme 45) in 5 5 8 0 %  yield. Both alkenes and alkynes were used 
as dipolarophiles. 

0- 
I 

SiMe3 -: 
(192) 

1 -  + [ Me,SiCH,S=CH, OSiMe3 

(193) 

--& S 

(195) 

Scheme 45 

(194) 

4.9.6.8 Azomethine Imines 

Azomethine imines possess the two-nitrogen 4wdipolar system (196; equation 7) and therefore fall 
into the category of 1,3-dipoles without an orthogonal double bond.153 The resonance form (196a) is ex- 
pected to be more important as a result of the higher electronegativity of nitrogen relative to carbon. The 
condensation of aldehydes with N,N'-disubstituted hydrazines is a frequently employed method for 
generating azomethine imines.*54 Placing an acyl group on the nitrogen end of the dipole, as in (197), lo- 
wers both the HOMO and the LUMO of the unsubstituted azomethine imine. Reaction of (197) with con- 
jugated alkenes like styrene turns out to be a dipole LUMO-controlled process, thereby accounting for 
the preferential formation of cycloadduct (198; Scheme 46).lSs When unsaturated aldehydes are used, the 

R R 
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reactions first give the 1,3-dipole, and are then followed by an intramolecular dipolar cycloaddition. An 
interesting application of this method involves the conversion of (199) to the diaza[3.2.l]octane system 
(200, equation 8) in 69% overall yield.Is6 

Me Ph y o  
0 

\= QAR 
RK NHNHMe + CH2O - [=NLql-! 

Ph 

(197) (1%) 

Scheme 46 

Hydrazonzs have also been used as azomethine imine precursors to achieve  cycloaddition^.^^^ Proto- 
nated hydrazones act under suitable conditions as quasi-azomethine imines in polar [3+ + 21 cycloaddi- 
tions. Thus, :.netaldehyde phenylhydrazone (201) was found to react with styrene in the presence of 
sulfuric acid in a regiospecific manner to give pyrazolidine (203 Scheme 47) as a diastereomeric mix- 

The most commonly used azomethine imine has a phenyl group attached to one end of the dipole 
and hence has a raised HOMO relative to the unsubstituted system. Because the coefficients at the termi- 
nal atoms of the dipole are smaller in the LUMO than they are in the HOMO, the phenyl group does not 
lower the energy of the LUMO as much as it raises the energy of the HOMO. With electron-deficient di- 
polarophiles like methyl acrylate, the reaction is dipole HOMO-controlled, and mixtures can be ex- 
pected. In fact, a 1:l mixture of regioisomers was obtained in the reaction of (201) with acrylonitrile 
(equation 9).157 

H+ styrene 

[\!-NHPh] - MeCH=NNHPh === 
(201) 

MeCH = NNHPh 

(201) 

L J 

(202) 

Scheme 47 

I 
H 

(203) 

4.9.6.9 Mesoionic Ring Systems 
Mesoionic compounds have been known for many years and have been extensively utilized as sub- 

strates in 1,3-dipolar  cycloaddition^.^^^^^ Of the known mesoionic heterocycles, munchnones and 
sydnones have generated the most interest in recent years. These heterocyclic dipoles contain a me- 
soionic aromatic system (i.e. 206) which can only be depicted with polar resonance structures.158 Al- 
though sydnones were extensively investigated after their initial discovery in 1935,I6O their l ,3-dipolar 
character was not recognized until the azomethine imine system was spotted in the middle structure of 
(206). C-Methyl-N-phenylsydnone (206) combines with ethyl phenylpropiolate to give the tetrasub- 
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stituted pyrrole (208; Scheme 48). Kinetic studies revealed that the rate-determining cycloaddition to 
give the bicyclic intermediate (207) is succeeded by a fast elimination of C&.16' In the analogous re- 
action of N-phenylsydnone with styrene, the intermediate (209) suffers a 1,3-dipolar cycloreversion giv- 
ing a new azomethine imine (210), which is no longer stabilized by aromaticity as was the case with the 
sydnone. This species either undergoes a 1.4-hydrogen shift to give 2-pyrazoline (211; Scheme 49). or 
adds a second molecule of the dipolarophile.'62 

f Ph Ph 

(206) 
L 

1 A. 
Ph C0,Et 

Ph 

Ph 
(207) 

Scheme 48 

1 
Ph 

$2 0 

Ph 

Scheme 49 

When sydnones are used as 1,3-dipoles, the dipole LUMO and dipolarophile HOMO interaction has 
been suggested to be the controlling term.'63 Calculations by Houk indicate that the terminal coefficients 
of the azomethine imine system are almost identical in the LUMO.Ia Although LUMO control of re- 
activity will dominate, a decrease in regioselectivity of sydnone cycloaddition with respect to that ob- 
served with simpler azomethine imines is expected. In fact, sydnones do undergo regioselective 
reactions, but the degree of regioselectivity appears to be smaller than is observed with simpler azometh- 
ine imines.'63 For example, N-phenylsydnone is known to react with all three classes of dipolarophiles to 
give predominantly the products resulting from intermediate adduct (212).'65 Methyl propiolate gives a 
4: 1 mixture of adducts arising from (212) and the other regioisomer (213), respectively (Scheme 50). 

Huisgen and coworkers have also described the cycloaddition behavior of the 'munchnones', unstable 
mesoionic A2-oxazolium 5-oxides with azomethine ylide character.IM Their reactions closely parallel 
those of the related sydnones. These mesoionic dipoles are readily prepared by cyclodehydration of N -  
acyl amino acids (216) with reagents such as acetic anhydride. The reaction of munchnones with alkynic 
dipolarophiles constitutes a pyrrole synthesis of broad s c ~ p e . ' ~ * - ~ ~  1.3-Dipolar cycloaddition of alkynes 
to the A2-oxazolium 5-oxide (217). followed by cycloreversion of carbon dioxide from the initially 
formed adduct (218), gives pyrrole derivative (219; Scheme 51) in good yield. Cycloaddition studies of 
munchnones with other dipolarophiles have resulted in practical, unique syntheses of numerous function- 
alized monocyclic and ring-annulated heterocycles. 167-169 

Houk has suggested that unsymmetrically substituted azomethine ylides such as munchnones will react 
readily with both electron-deficient and electron-rich dipolarophiles due to the narrow frontier orbital 
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Scheme 50 

R* 
I 

R3YN,,' HO2C 0 

(216) 

X PN " 
I 
Ph 

(215) 

(217) 

1 DMAD 

(218) 

Scheme 51 

separation170 (i.e. Sustmann Type 2 classification).21 The regiochemistry of the cycloaddition should be 
controlled by asymmetry in the dipole frontier orbitals caused by the substituent grou s. Examples of di- 
polar cycloadditions of other mesoionic compounds can be found in several reviews.1fs16o 

4.9.6.10 Ozone 

Combination of an oxygen atom with the oxygen molecule yields the triatomic modification ozone. 
Despite the high oxidation potential of ozone, its reactions with organic compounds display considerable 
specificity. Reaction of ozone with alkenes has been formulated as a 1,3-dipolar cycloaddition? The 
basic mechanism that describes the ozonolysis of an alkene to produce a secondary ozonide evolved dur- 
ing the 1950s and is now well recognized as the Criegee mechani~m. '~ ' - '~~ It consists of a 1,3dipolar 
cycloaddition of ozone, a 1.3-dipolar cycloreversion to carbonyl oxide (221) and a carbonyl compound, 
followed by a renewed 1,3-cycloaddition producing the ozonide (Scheme 52). Criegee assumed a two- 
step cleavage of the 1,2,3-trioxolane (220) and formulated the carbonyl oxide as a zwitterion. Carbonyl 
oxides (Criegee zwitterions) have never been isolated, but indirect evidence for their existence is abun- 
dant. Although these species are usually generated by ozonolysis of a suitable alkene, evidence has been 
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presented for their formation by reaction of a carbene with oxygen.’76 Carbonyl oxide reactions are 
LUMO-controlled and cycloadditions should be facile only with electron-rich species. 

R 

R R  
+ MR - 

R R  

+0’6 0 

/AR + .AR c- 

R R 

Scheme 52 

Additional work by Criegee’s group has shown that the ozonolysis of 12disubstituted I-cyclopen- 
tenes (e.g. 223) containing different substituents in the 4-position of the ring produces carbonyl oxides 
such as (224) as reaction  intermediate^.'^^ This dipole undergoes intramolecular 1,3-dipolar cycloaddi- 
tion with each of the two functional groups present. Thus two different ozonides are formed, in the pres- 
ent case (225) and (226; Scheme 53). This reaction strategy was further pursued to evaluate the relative 
reactivity of nonequivalent carbonyls with the carbonyl oxide intermediate. In this way the 1,3-dipolaro- 
philic character of carbonyl groups was estimated to be formyl > acetyl > benz0y1.l~~ 

0 

W D C D 3  

+ 

0- 
(224) 

Scheme 53 

4.9.6.11 Azides 

The cycloaddition of azides to multiple n-bonds is an old and widely used reaction. Organic azides are 
well known to behave as 1.3-dipoles in thermal cycloaddition rea~t i0ns . l~~  The first example of this re- 
action was observed by Michael in 1893.179 Since then the addition of azide to carbon+arbon double 
and triple bonds has become the most important synthetic route to 1,2,3-triazoles, -triazolines and their 
derivatives.l8&IM The cycloadditions of simple organic azides with electron-rich dipolarophiles are 
LUMO ~ontrolled.~ Since the larger terminal coefficients are on the unsubstituted nitrogen in the azide 
and unsubstituted terminus in the dipolarophiles, the 5-substituted A2-triazolines are favored, in agree- 
ment with e ~ p e r i m e n t . ’ * ~ - ~ ~ ~  Reactions with electron-deficient dipolarophiles are HOMO controlled, and 
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union of the substituted azide N with the unsubstituted dipolarophile C leads to 4-substituted A2-tri- 
azolines (Scheme 54).178 Sustmann correlated the reactivity of 21 alkenes with phenyl azide by means of 
the alkene ionization potentials.188 The plot of the rate constants forms a curve, resembling a parabola, 
with a minimum at 9.8 eV. This is exactly what FMO theory predicts for a system in which the mechan- 
ism changes from dipole LUMO to dipole HOMO control. 

,CN 

=/ Ph 2 CN N - j  

N * N  RN3 - 
I 
R 

I 
R 

(227) 5-regioisomer (228) 4-regioisomer 

Scheme 54 

Simple carbon-carbon double bonds react slowly with azides and frequently take more than a week to 
react at 25 'C. Increasing the reaction temperature is restricted by the thermal lability of most triazolines. 
In fact, some classes of triazolines decompose spontaneously at room temperature with the extrusion of 
nitrogen.'89 The principal decomposition modes involve the formation of aziridines and imines and are 
outlined in Scheme 55. Usually, just a few of these modes operate in any particular system.lW 

N 7  

+ 

R 
(230) 

Scheme 55 

Alkynes add to azides to form 1,2,3-triazoles (equation 10). In contrast to the azide additions to al- 
kenes, the regioselectivity with alkynes is low and usually mixtures of triazoles are formed.178 Alkynes 
have HOMO energy levels lower than those of the corresponding alkenes, although the LUMOs are ap- 

R3 
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proximately at the same level. Consequently, most alkynes undergo simultaneously both azide LUMO- 
and azide HOMO-controlled cycloadditions. 

Although less reactive than C - C  triple bonds, C-N triple bonds are also known to undergo 1,3-di- 
polar cycloadditions with some organic azides. An interesting example of this reaction which occurs 
intramolecularly involves the conversion of 2’-azido-2-phenylcarbonitrile (236) into tetrazolophen- 
anthridine (237; equation 1 

The intramolecular 1.3-dipolar cycloaddition reaction of azides has become an increasingly useful pro- 
cess for the construction of natural products and molecules of theoretical i n t e re~ t . ’~**’~~  For example, 2- 
substituted azido enone (238) was prepared from the corresponding bromide by treatment with sodium 
azide. Thermolysis of this material afforded aziridinyl ketone (240) presumably via a transient dipolar 
cycloadduct (239).Ig3 Ketone (240) was subsequently converted to an intermediate previously used to 
prepare histrionicotoxin (241; Scheme 56). 

0 

A - 

Scheme 56 

A very interesting sequence of intramolecular dipolar cycloaddition-nitrogen extrusion retro-Diels- 
Alder reactions that lead to pyrrole (247) was uncovered by Shultz and Sha.l” These workers found that 
the thermolysis of azido dienone (242) in refluxing benzene gave triazoline (243) in high yield. Brief ir- 
radiation of (243) in methanol produced pyrrole carboxylic ester (247) in quantitative yield. The mechan- 
ism suggested for the formation of (247) involves homolytic extrusion of nitrogen from (243) to give 
diradical (244), from which recombination yields the bridged intermediate (245). Tricyclic (245) is for- 
mally an intramolecular pyrrole ketene Diels-Alder adduct and retro-Diels-Alder reaction of (245) 
would lead to the pyrrole ketene. Reaction of (246) with methanol nicely accounts for the formation of 
pyrrole carboxylic ester (247; Scheme 57). 

4.9.6.12 Diazoalkanes 

Apart from the significance of diazoalkanes for the generation of carbenes,l” these compounds also 
play a dominant role in dipolar cycloaddition ~hemistry. l%-’~~ Recent advances in the synthesis of di- 
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C0,Me 
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C02Me 
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Scheme 57 

azoalkanes have frequently led to new applications in cycloaddition chemistry.la The additions of dia- 
zoalkanes to alkenes are among the most thoroughly studied l ,3-dipolar cycloadditions. Tosylhydrazones 
are commonly used as precursors to generate diazoalkanes. The cycloadditions of simple diazoalkanes 
are HOMO (dipole)-LUMO(dipolarophi1e) controlled (equation 12).'% Both conjugating and electron- 
attracting groups accelerate reactions of dipolarophiles with diazoalkanes as compared to ethylene. With 
these dipolarophiles, 3-substituted A'-pyrazolines are favored, a result of the union of the larger diazoal- 
kane HOMO coefficient on carbon with that of the larger dipolarophile LUMO coefficient on the unsub- 
stituted carbon. Huisgen has shown that introduction of a methoxycarbonyl group into diazomethane 
shifts the 1,3-dipole to a Type 2 (Sustmann's classification)21 in methyl diazoacetate and further toward a 
Type 3 for dimethyl diazomalonate and methyl diazo(phenylsulfonyl)acetate.199 Electron-releasing sub- 
stituents in the diazoalkane, on the other hand, raise the HOMO energy and enhance the cycloaddition 
rate.2oo 3-Substituted pyrazolines are formed as the major products in the 1,3-dipolar cycloaddition of 
diazomethane with 1-alkenes?01*202 With these systems, the difference between the two frontier orbital 
interactions is quite small, but the nearly equal magnitude of the terminal coefficients in the diazometh- 
ane LUMO suggests that the diazomethane HOMO determines product regiochemistry. As is frequently 
observed for cycloadditions of diazo compounds to alkenes, the initial cycloadducts are unstable and 
readily undergo further reactions. Thus, the pyrazoline (248), generated from diazomethane and 3-cyanc~ 
propene, escapes isolation by undergoing a very facile hydrogen shift to give A2-pyrazoline (249; 
Scheme 58).'% 

R 

Scheme 58 

Elimination of nitrogen from the A1-pyrazoline to give cyclopropanes frequently occurs, even during 
the cycloaddition step.'% This reaction profits considerably from an increase in temperature. Thus, al- 
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though A'-pyrazoline (251), which arises from 9-diazoxanthene (250) and methyl acrylate at -20 'C, can 
be isolated, it is transformed into a mixture of A2-pyrazoline (252) and the spimyclopropane (253) on 
warming to room temperature (Scheme 59).203 

Q-Qy -20 "C 25 O C  

\ / 

N2 I ,  

)=N Me02C ' 

Scheme 59 

Although it has been established that the HOMO (diazoa1kane)-LUMO (alkene) controlled concerted 
cycloaddition occurs without intervention of any intermediate for the reactions of simple diazoalkanes 
with alkenes, Huisgen once proposed a mechanistic a l temati~e;~ namely an initial hypothetical nitrene- 
type 1.1 -cycloaddition reaction of phenyldiazomethane to styrene followed by a vinylcyclopropane-cy- 
clopentene-type 1,3-sigmatropic rearrangement. Control experiments, however, excluded this hypothesis 
for the bimolecular 1,3-dipolar cycloaddition reaction of diazomethane (Scheme 60).2w 

NN: 
Ph 

The hypothetical nitrene reactivity of the terminal nitrogen of diazomethane was simultaneously un- 
covered by MiyashiZo5 and Padwa.2M Various allyl-substituted diazomethanes generated by pyrolyses of 
the sodium salts of the corresponding tosylhydrazones were found to undergo a reversible intramolecular 
nitrene-type 1.1 -cycloaddition to give 1,2-diazabicycl0[3.1 .O]hex-Zenes (Scheme 61). Further work es- 
tablished that these allyl-substituted diazoalkenes undergo the intramolecular 1,l -cycloaddition with 
complete retention of configuration. It was concluded by both groups that the 1,l -cycloaddition reaction 
occurs concertedly without intervention of a zwitterionic intermediate, being controlled by the electro- 
philic LUMO energy of diazomethane. The results parallel the stereospecific addition of singlet ni- 
treneszW and the intramolecular 1,l-cycloaddition of nitrile ylidesS7 and nitrile imines.1w Formation of 
the 1,2-diazabicyclohexene ring seems to be limited to a-phenyl-substituted derivatives. 

a-Diazo ketones represent an interesting subclass of diazoalkanes since several discrete modes of bi- 
molecular cycloaddition are possible.208 Among these are those involving the diazoalkane moiety or a re- 
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Scheme 61 

active intermediate possessing the stoichiometry of a keto carbene species derived from an initial loss of 
nitrogen (Scheme 62). Much less common modes of addition involving the extended 6welectron 1,5-di- 
polar system are also observed with certain quinonoid a-diazo ketones.209 The use of extended diazoal- 
kanes with six or more electrons has not received much attention despite the obvious synthetic and 
theoretical interest in such processes. When the diazoketone moiety is incorporated into a heterocyclic 
ring, dipolar cycloaddition processes can provide ready access to more elaborate and rare heterocyclic 
ring systems (Scheme 63).210-213 

Scheme 62 

Scheme 63 

4.9.7 CONCLUSION 

The prominent role that 1.3-dipolar cycloaddition reactions play in the elaboration of a variety of or- 
ganic molecules has become increasingly apparent in recent years. The ease of the cycloaddition, the 
rapid accumulation of polyfunctionality in a relatively small molecular framework, the high stereochemi- 
cal control of the cycloaddition, and the fair predictability of its regiochemistry have contributed to the 
popularity of the reaction. In the realm of synthesis, in which a premium is put on the rapidity of con- 
struction of polyfunctional, highly bridged carbon and heteroatom networks, the dipolar cycloaddition 
reaction has now emerged as a prominent synthetic method. In the past decade, interest in the intramole- 
cular 1,3-dipolar cycloaddition reaction, where the dipole and dipolarophile are constrained in the same 
molecule, has increased exponentially. When the reacting components are themselves cyclic or have ring 
substituents, complex multicyclic arrays, such as those contained in drugs and natural products, can be 
constructed in a single step. Often the syntheses of molecules of this complexity are more difficult and 
lengthy by other routes. Future developments will no doubt continue to enhance the synthetic utility of 
the dipolar cycloaddition reaction. After a century of research in this field, there is no end in sight. 
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4.10.1 INTRODUCTION 

The most general approach to synthesis of five-membered heterocyclic compounds involves cycload- 
dition of a 1,3-dipole to an appropriate unsaturated substrate, the dipolarophile. Intermolecular cycload- 
ditions result in the formation of one new ring only. When the 1,3dipole and the substrate are past of the 
same molecule, cycloaddition is intramolecular and leads to a new bicyclic system. Thus, intramolecular 
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cycloadditions are amenable to the construction of inherently more complex products than intermolecu- 
lar cycloadditions. Markedly different regioselectivity, controlled by the geometric constraints of bring- 
ing the 1.3-dipole into correct internal alignment for reaction with the dipolarophile, is often observed in 
an intramolecular cycloaddition. Sometimes these geometric constraints overwhelm the normal regio- 
chemical preference dictated by electronic factors. The greater steric constraint inherent to intramolecu- 
lar cycloaddition often affords higher diastereofacial discrimination: accordingly, these reactions can 
exhibit very high stereoselectivity. Periselectivity can also be different for an intramolecular cycloaddi- 
tion, leading to formation of unusual bicyclic systems, containing other than five-membered hetero- 
cycles. 

With all of these advantages, intramolecular cycloaddition is certainly a powerful synthetic tool. How- 
ever, prior assembly of the 1.3-dipole and the dipolarophile within the same molecule is required. Care- 
ful consideration of transition state geometries is also essential: an accurate molecular model should 
always be constructed, preferably prior to carrying out the intramolecular cycloaddition. It is even better 
to do a calculational treatment prior to attempting the reaction. The recent development of routine mole- 
cular mechanics programs portends a much more accurate approach to predicting the outcome of an in- 
tramolecular cycloaddition. 

There is an excellent recent review on intramolecular dipolar cycloadditions.' Reviews on mechanistic 
aspects of intermolecular 1.3-dipolar cycloadditions abound2 and a treatise on intramolecular Diels- 
Alder cycloadditions is a~ailable.~ 

4.10.2 NITRONE CYCLIZATIONS 

4.10.2.1 General 

The earliest and to date most extensively studied class of intramolecular cycloadditions involves un- 
saturated n i t r~nes .~  These are most readily available from condensation of an unsaturated aldehyde with 
a hydroxylamine or an unsaturated hydroxylamine with an aldehyde. Another approach is simply to ox- 
idize an unsaturated hydroxylamine. Nitronic esters are nitrones containing an alkoxy substituent at- 
tached to the N-atom: they can be prepared from nitro compounds. Frequently an unsaturated nitrone can 
be isolated and purified, although much work has been done with the nitrone generated in situ; eventual 
cyclization can provide three new contiguous chiral centers, often with only one diastereomer actually 
formed. 

The outcome of cyclization depends on the intervening chain (bridge) separating the nitrone from the 
dipolarophile and whether this bridge is attached at C or N of the nitrone. Also important are the non- 
bonding interactions and entropic differences for competing cycloaddition pathways. Incorporation of 
the nitrone and/or dipolarophile in an existing ring system offers possibilities for the construction of a 
wide variety of polycyclics. 

4.10.2.2 Open-chain Alkenylnitrones 

4.10.2.2.1 C-(S-Alkenyl)nitrones 

Cyclization of C-(5alkenyl)nitrones typically produces an eight-membered 5,5-fused product and no 
bridged product as originally demonstrated by LeBel et ale4 As a recent example, cyclization of the ni- 
trone derived from aldehyde (1) led to isomeric fused isoxazolidines (2) and (3) in a 96:4 anti:syn ratio: 
no bridged isomers were detected (Scheme l).596 Similarly, aldehyde (4) afforded the fused isoxazol- 
idines (5) and (6) in a 92:8 anti:syn ratio. These results illustrate three other important features of intra- 
molecular nitrone cycloaddition. First, the stereochemistry of the alkenyl group is retained. Thus, (Z)-(l) 
led to cis products, whereas (E)-(4) led to trans products. Second, only cis-fused cyclization products 
were observed, presumably because a much higher energy transition state would be required to obtain 
frans-fused five-membered rings. Third, there was a high degree of asymmetric induction: the allylic 
chiral center, here outside of the incipient bicyclic system, controlled facial selectivity. 

Intramolecular cycloaddition of nitrone (7) led to the diastereomeric fused isoxazolidines (Sa) and (8b) 
in an 82: 18 ratio (Scheme 2).7a The authors suggested cyclization through competing conformational 
isomers A and B as a rationale of the cyclization outcome. Notably, absence of the trans-alkenyl methyl 



1114 Nonpolar Additions to Alkenes and Alkynes 

O-N O-N 

MeNHOH 

110 O C  0 

Me Me 

‘flCH0 71% 

(1) (2) 96% (3) 4% 

MeNHOH 

I10 O C  
64% 

(4) 

Me 
(5) 92% 

Me 
(6) 8% 

Scheme 1 

group led to lower diastereoselection. The major product, isoxazolidine (8a) was transformed in three 
steps to acosamine. Reductive cleavage of the N - O  bond is a very common transformation of isoxazo- 
lidines: y-amino alcohols are typically obtained. Here hydrogenolysis over P d - C  was employed and 
concomitant debenzylation was accomplished. Nitrones are easily derived from sugars. For example, lac- 
to1 (9) was prepared from D-ribose; reaction of (9) with N-methylhydroxylamine afforded the nitrone 
which cyclized in situ to the 5,5-fused bicyclic isoxazolidine 

4.102.2.2 C-(6-Alkenyl)nitrones 

Cyclization of C-(6-alkeny1)nitrones leads to competitive formation of the nine-membered 6,5-fused 
ring system and bridged bicyclo[4.2. llnonyl system. For example, NMR analysis of nitrone-derived pro- 
ducts obtained from ketone (11) indicated a 62:38 mixture of fused isoxazolidine (1%) and bridged isox- 
azolidine (12b), respectively (Scheme 3).8 The preference for the 6J-fused ring system is typical: it is 
entropic in nature. Frontier MO theory suggests a more developed C - C  bond than C-0 bond in the 
typical nitrone cycloaddition transition state. Formation of the fused product occurs through a six-mem- 
bered carbocyclic transition state, whereas the bridged product is formed via a seven-membered carbocy- 
clic transition state. This factor is usually, but not always, more important than opposing factors. Thus, 
nitrones (13a) and (13b) gave the 6,5-fused isoxazolidines (14a) and (14b) as the only detectable cycli- 
zation  product^.^ Conversely, nitrones (15a) and (15b) gave the bridged 7-aza-8-oxabicyclo[4.2. llnon- 
anes (l6a) and (16b) as the only detectable products. The major reason for the abrupt change in 
regiochemistry is presumably steric: the phenyl substituent in (15a-b) would interact unfavorably with 
the larger nitrone terminus, the substituted C- rather than the unsubstituted 0-atom. Another contributory 
factor (with 15a only) should be the electronic preference: nitrones prefer to cycloadd to alkenes affor- 
ding five-rather than four-substituted isoxazolidines. 

Whether cis or rruns fusion is observed in nitrone cycloadditions can depend on reaction conditions as 
first determined by LeBel et aL8 At lower temperature where cycloaddition is irreversible, kinetic control 
prevails and this usually favors cis fusion. However, at higher temperature equilibration can occur 
through retrocycloaddition and the more stable product will predominate (i.e. thermodynamic control). 
The nitrone may also undergo (@/(a isomerization, particularly at elevated temperature, and this com- 
plicates the analysis: a different kinetically favored ratio might prevail. A recent example of temperature 
dependence involves formation of isoxazolidines (18) and (19) from aldehyde (17a; Scheme 4). At 90 ‘C 
cis-fused (18) and trans-fused (19) were formed in 74% and 9% yield, respectively. At 140 ‘C, however, 
(18) and (19) were formed in 3 1% and 34% yield. 

The isoxazolidines derived from aldehydes (17a-b) were converted to eudesmane sesquiterpenes. 
Thus, quatemhtion of isoxazolidine (18) was followed by ring expansion via a Stevens rearrangement. 
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Quaternization of the resulting tetrahydro- 1,3-oxazine (20) and subsequent hydrogenolysis with lithium 
in liquid ammonia provided the nitrogen-free (&)-5-epi-a-eudesmol. 

4.10.2.2.3 N-(Alkcnyl)nihones 

N-(Alkeny1)nitrones must always cyclize to give a new bridged bicyclic system. For example, nitrones 
(2la-b) gave the l-aza-2-oxabicyclo[2.2. llheptanyl derivatives (22a-b) in 76% and 85% yield, respec- 
tively (Scheme 3." Regioselectivity depends heavily on the length of the intervening bridge. Thus, ni- 
trones (2384) gave regioisomeric l -aza-8-oxabicyclo[3.2.l]octanyl derivatives (Ma-b) in 95% and 
69% yield, respectively. In all of these cases, only one isomer was detected. Formation of (22a-b) oc- 
curred via a six-membered cyclic transition state avoiding angle strain inherent to formation of the other 
regioisomer. Formation of (24a-b) occurred via six-membered transition state A, entropically favored 
over seven-membered transition state B leading to the regioisomer. These rationalizations are predicated 
on the assumption that C - C  bond formation is further developed in the transition state than C - 0  bond 
formation, in agreement with frontier molecular orbital theory. Accordingly, nitrone (25) with a longer 
bridge afforded a 7525 mixture of isomers through competing seven- and eight-membered transition 
states, respectively. 

Relatively low stereoselectivity in the cyclization of N-(alkeny1)nitrones (26) and (27) has been re- 
ported (Scheme 6).Ih Cyclization of (26) led to an 8 0  11 :9 ratio of the exo,exo-, exo,endo- and endo,exo- 
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isoxazolidines. A very similar ratio was obtained for cyclization of nitrone (27). These results do not 
arise from product interconversion: the ex0,exo product gave none of the isomers on heating. Perhaps in- 
terconversion of (26) and (27) occurred while heating via an aza-Cope rearrangement. The modest stere- 
oselectivity could also have arisen simply from nitrone (Z)/(E) isomerization and competing 
cycloaddition, although in this case the nearly identical results are coincidental. 

A synthesis of (f)-lasubine I1 was carried out by an analogous nitrone cyc1ization.l2. The exo,exo, 
exo,endo and endo,exo ratio was 84:106 and the exo,exo product (28) was isolated pure in 60% yield. 
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Reduction of (28) with zinc-acetic acid provided the all-cis-piperidinol which was converted in several 
steps to (*)-lasubhe 11. 

A very recent synthesis of (*)-pumiliotoxin C employed the nitrone cyclization product (29), obtained 
in 74% overall yield from the nitrone precursors. lZb Reduction of (29) with zinc-acetic acid provided a 
trisubstituted piperidine which was converted in several steps to (f)-pumiliotoxin C. 

4.10.2.3 Cyclic Alkenylnitrones 

Cyclic substrates incorporating alkenyl and nitrone functional groups also undergo intramolecular cy- 
cloaddition. Examples of three simple types are known: the alkene may be part of a ring, the bridge only 
may include a ring or the nitrone may be part of a ring. Cyclizations involving complex combinations 
where more than one of the three elements are part of a ring are also numerous, including a case where 
all three elements are in rings. Typically, nonbonded interactions tend to be more severe in these cyclic 
substrates, often leading to greater selection of competing isomers and occasionally to unexpected pref- 
erences. 

4.10.2.3.1 C-(Cycloalkenyl)nitrones 

Cyclization of C-(cycloalkeny1)nitrnes has been extensively investigated. 13-15 For example, the cy- 
clohexenylnitrone (30) (an equilibrated 2: I (E)/@) isomer mixture) afforded (31) in 56% yield (Scheme 
7).13 Presumably the (2)-nitrone cyclized exclusively based on the strained transition state required for 
cyclization of the (&-nibone. None of the isomeric bridged [4.2.1] product (32) was formed: this is at- 
tributed to unfavorable nonbonded interaction between the carbonyl group and a ring methylene group in 
the required transition state. 
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The nitrones derived from dienes (338-b) cyclize exclusively at the disubstituted double bond to give 
the isoxazolidines (Ma-b) in 78% and 90% yield, re~pective1y.I~ Chemoselection here arises from the 
marked rate difference in cycloaddition to di- vs. tri-substituted alkenyl double bonds. 

and to thio- 
phenes. ISb 

Nitrones have been reported to undergo intramolecular cycloaddition to 

4.10.2.3.2 N-(Cyclwlkeny1)nitrones 

Intramolecular cycloaddition of W(cycloaIkeny1)nitrones has also been extensively investigated. Thus, 
stepwise oxidation of the amine (35) and cyclization of the ensuing nitrone provided isoxazolidine (36) 
in 64% overall yield as the only observed regioisomer (Scheme 8).16 Isoxazolidine (36) was then desul- 
fonated with buffered sodium amalgam and further reduced with zinc-acetic acid to provide the corre- 
sponding y-amino alcohol; subsequent dehydration provided (-)-hobaxtine. 

H 0- 

i, Na-Hg 
CF3COzH 

c 

i i ,  Zn, HOAc 77% 
96% I 

H 

(-)-Hobarthe 

Scheme 8 

The N-(bicycloalkeny1)nitrone (37) afforded the tetracyclic isoxazolidine (38) in 67% yield: none of 
the regioisomeric isoxazolidine was observed (Scheme 9).17 The authors attributed this to non-bonded 
C-H interactions as shown, but the observed isoxazolidine was also entropically favored, forming via a 
six-membered, as opposed to a seven-membered, carbocyclic transition state. The N-(bicycloalkeny1)ni- 
trone formed from (39) and furfural cyclized in 45% yield predominantly to the tetracyclic product 
(40b), but some (41b) was also produced (955  ratio).'* Reaction of (39) and formaldehyde gave a mix- 
ture of (4Oa) and (41a) (62:38 ratio). The authors attribute the somewhat higher regioselectivity for (ab) 
in part to non-bonded interaction of the 2-fury1 substituted methylene with the C-8 endocyclic C-H 
bond. 

4.10.2.3.3 Aryl-bridged alkenylnitrones 

Many intramolecular nitrone cycloadditions have been camed out on substrates containing a cyclic in- 
tervening bridge. Perhaps the simplest possibility here is an o-disubstituted aromatic substrate, as, for 
example, the nitrone derived from aldehyde (42), which cyclizes to the 5,6-fused isoxazolidine (43; 
Scheme lO).I9 There are many additional possibilities: the nitrones derived from biphenyl aldehyde 
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and indolyl nitrile (45)2' cyclize uneventfully to fused isoxazolidines. Isoxazolidine (46) has been 
converted to (f)-chanoclavene I in a multi-step synthesis. 

4.1 063.4 Alicylic-bridged alkcnylnitrones 

The isoxazolidines (47) and (48) were obtained by cyclization of the corresponding ketone-derived 
exocyclic nitrones (Scheme 1 1)F2 Such reactions have been used for natural product sysnthesis, as in the 
conversion of isoxazolidine (49) to (*)-hirsutene. Methylation and catalytic hydrogenolysis provided a y- 
dimethylamino alcohol, which underwent Cope elimination to provide an alkenyl alcohol in a key step. 
A related synthesis of (f)-7,12-sechoishwaran-l2-01 is also reported. 

4.10335 Cyclic nih.ones 

Cyclic nitrones also undergo intramolecular cycloaddition to an alkenyl group with very high regio- 
selectivity. For example, (*)cocaine was synthesized via cyclization of the cyclic nitrone (50), obtained 
from reduction of a nitroacetal or from thermolysis of an isoxazolidine, to isoxazolidine (51; Scheme 
12).23 Sequential methylation, reductive N-O cleavage and benzoylation of (51) provided (*)cocaine. 

Cyclic nitrone (52) has a cyclic bridge and cyclic enol ether dipolarophile: thus all three elements are 
present in rings (Scheme 13).% Models show that direct cyclization of (52) is not possible because of the 
relative positions of the dipole and dipolarophile. However, a pentacyclic cage isoxazolidine was formed 
by heating (52); presumably epimerization at the phenyl-bearing bridgehead carbon preceded cycloaddi- 
tion. 

4.10.2.4 Oxime Cyclization Reactions 

Unsaturated oximes can be cyclized simply by heating.24b It has been suggested that nitrone intermedi- 
ates are involved in this process. Thus, oxime (53) on heating at 180 'C cyclized to a pyrrolizidine in 
60% yield: presumably tautomerization to nitrone (54) first occurred followed by [3 + 21 cycloaddition 
(Scheme 14). Likewise, quinolizidine (55) was obtained in 69% yield from the corresponding oxime. 
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4.10.2.5 Tandem Michael-Nitrone Cyclization Reactions 

Nitrones can be generated by Michael reaction of oximes with appropriate conjugated substrates.25 If a 
generated nitrone has a built-in dipolarophile, cyclization can ensue (Scheme 15). There are three syn- 
thetic variations on this theme.25a*b First, the oxime may contain the dipolarophile as in (56). Reaction of 
(56) with phenyl vinyl sulfone provided a quantitative yield of the tandem product as one stereoisomer. 
Alternatively, the dipolarophile can reside in the Michael substrate as in (57). Reaction of (57) with cy- 
clohexanone oxime produced two isoxazolidines from competitive cyclization of the intermediate ni- 
trone through six- and seven-membered carbocyclic transition states. It is also possible to cany out an 
intramolecular Michael addition followed by an intramolecular nitrone cyclization as in thermolysis of 
(58) to produce a tricyclic isoxazolidine. Very recently several examples of a tandem Diels-Alder, Mi- 
chael addition, nitrone cyclization sequence have been reported.25c 
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4.10.2.6 Tandem Diels-Alder-Nitronic Ester Cydization Reactions 
Allylic nitro compounds containing a suitable dipolarophile undergo Diel+, L r  cycloaddition to al- 

kenes in the presence of tin(1V) chloride affording cyclic nitronic esters (Scheme 16).- Nitronic ester 
(59) could not be isolated but spontaneously cyclized to the 5,S-fused cyclic product (60). isolated in 
68% yield. The nitronic esters (61a) and (61b) were isolated from the Diels-Alder reaction and could be 
separated. Heating (ala) in refluxing benzene afforded the 5,6-fused dipolar cyclization product (62a) in 
93% (68% overall) yield; (61b) likewise afforded (62b) in 62% (11% overall) yield. Either (62a) or 
(62b) could be converted to the tricyclic lactam (63) by catalytic hydrogenolysis followed by lactamiza- 



Intramolecular 1 $Dipolar Cycloadditions 1123 

Ph [-43---ph] 0 ;  - y@ - N  

= Ph 0- 
Ph 

Scheme 13 

NOH 

(53) 

180 "C 

sealed 
tube 
m 

- 
-0.6, H 

d: 
(54) 

H 

eHo 

H 

tube N 
69% 

Scheme 14 

I40 O C  & + &SO2Ph - quant. 

(56) 

165 O C  

56% 
___) 

(57) 

C02Me 

NH20H 

140 "C 
82% 

- 
0 

C02Me 

67% 33% 

- 1 
:- C0,Me 

% 
=- C0,Me 

(58) 

Scheme 15 



1 I24 Nonpolar Additions to Alkenes and Alkynes 

tion. Nitronic ester (64) did not undergo intramolecular 1.3-dipolar cycloaddition, presumably because 
formation of the 5,7-fused product would be less favorable. 
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4.10.2.7 Alkynylnitrones and Allenylnitrones 

In constrast with intermolecular nitrone cycloadditions to alkynes and allenes, very little work has 
been done on the corresponding intramolecular cycloadditions. The bicyclic isoxazolidines (65a-b) were 
reported as products from reaction of an alkynone with methylhydroxylamine in ethanol.26b Presumably 
the initial strained bridgehead C - C  double bond of the A4-isoxazoline added ethanol under the reaction 
conditions. Cyclization of an allenyl ketone with methylhydroxylamine in ethanol solution also led to 
isoxazolidines (65a-b) as the major products and isoxazolidine (66) as a minor product.26b Thus, pref- 
erential cyclization to the internal C - C  double bond of the allene occurred followed by addition of etha- 
nol to the exocyclic C - C  double bond of the methyleneisoxazolidine intermediate. 

4.103 NITRILE OXIDE CYCLIZATIONS 

4.103.1 General 

Intermolecular nitrile oxide cycloadditions have been known for a very long time?' However, it was 
not until the mid- 1970s that intramolecular nitrile oxide cycloaddition (INOC) reactions were studied.28 
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Successful INOC reactions have typically been run on nitrile oxides generated in situ. It is necessary to 
avoid strong halogenating reagents to generate the nitrile oxide because of the presence of the dipolaro- 
phile. Consequently, an INOC procedure typically utilizes an isocyanate to generate the nitrile oxide 
from a nitro compound29 or sodium hypochlorite to generate the nitrile oxide from an oxime.30 

The entropically enhanced cycloaddition rate of an intramolecular cycloaddition permits alkenyl nitrile 
oxides to cyclize in the presence of free amino groups, in contrast to intermolecular reactions. Since ni- 
trile oxides have a wide spectrum of possible intermolecular reactions, they also react well in macro- 
cyclic cyclizations. 

INOC reactions are occasionally synthetic alternatives to nitrone cyclizations. The isoxazolines pro- 
duced can substitute for isoxazolidines in a number of further transformations. Thus, isoxazolines, like 
isoxazolidines, can be converted to y-amino alcohols.31 Isoxazolines can be converted to isoxazolidines 
and vice versa.32 

Nitrile oxides are linear as opposed to nitrones which are planar with an approximately 120" C-N-0 
bond angle. Consequently, the cycloaddition transition states are rather different for these two dipoles. 
The nitrone usually, although not always, offers more promise of stereoselective cyclization; the nitrile 
oxide can offer more promise of regiospecific cyclization, especially in forming 56- ,  5,7- and larger 
fused bicyclic systems. 

4.10.3.2 Open-chain AIkenyl Nitrile Oxides 

4.10.3.2.1 5-Alkenyl nitrile oxides 

Cyclization of nitrile oxides with a three-atom intervening chain to the alkene always leads to 5 3 -  
fused bicylic isoxazolines possessing a bridgehead C-N double bond. Thus, the alkenyl oximes (67) 
and (68) cyclized exclusively to fused bicyclic isoxazoline products (Scheme 1 8)?3 These reactions illus- 
trate other important features of nitrile oxide cyclizations. Like nitrone cyclizations, the C - C  double 
bond stereochemistry is retained. Thus, (2)-(67) gave only C(4)-C(5) cis products, while (0- gave only 
C(4)-C(5) trans products. Yields in these reactions are moderate, and this is attributed to some diffi- 
culty in the dipole reaching the dipolarophile. The stereoselectivity of these reactions was moderate, 
determined by the chiral center which remains exocyclic to the developing ring system. Similar results 
were obtained using nitro compounds as the nitrile oxide precursors. 

Higher stereoselectivity has been observed where the chiral center is included in the developing ring 
system. Thus, cyclization of (3-nitroalkene (69) led solely to anri isomer (70 Scheme 19).34 This was 
explained based on the differing degree of Ai*3-strain in the transition state A leading to (70) and transi- 
tion state B leading to the unobserved syn isomer. The much more severe Me-Me interaction in B pre- 
cluded formation of the syn isomer. 

Cyclizations of the nitrile oxide derived from nitroalkene (71) also led to bicyclic isoxazoline (72) as 
one stereoisomer, presumably through a transition state that minimized A1*3-strain (Scheme 20).35 Re- 
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ductive cleavage of (72) under hydrolytic conditions afforded a &hydroxy ketone which underwent 
elimination to give (f)-sarkomycin on treatment with mesyl chloride. 
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4.10.3.2.2 6-Alkenyl nit& oxides 

Cyclization of nitrile oxides with a four-atom intervening chain to the alkene always leads to 5d-fused 
bicylic isoxazolines possessing a bridgehead C-N double bond. This is in contrast to nitrone cycliza- 
tions where competition to form bridged bicyclic isoxazolidines is observed. The alkenyl oximes (73) 
and (74) cyclize in typical fashion via nitrile oxide intermediates (Scheme 21).33*36 The stereochemistry 
of cyclization here was studied both experimentally and by calculation. The higher stereoselectivity ob- 
served with the (2)-alkene is typical. (2)-Alkenes cycloadd much slower than (&alkenes in intermole- 
cular reactions: this is amibuted to greater crowding in the transition state. Thus, intramolecular 
cycloaddition of (2)-alkenes depends on a transition state that is heavily controlled by steric factors. 
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MM2 calculations suggest that transition state A where the small group (H) is on the ‘inside’ is favored 
for cyclization of (73); attack is then anfi to the benzyloxy group. (E)-Alkenyl ethers in general undergo 
cycloaddition with the alkoxy group preferentially on the ‘inside’ arising from an electronic effect; it is 
suggested that transition state B is favored for cyclization of (74), although MM2 calculations were un- 
able to substantiate this without modification of a torsional parameter.33a The additional transition state C 
with the benzyloxy group ‘outside’ was predicted to be second most stable (C also minimizes overlap of 
uta* overlap with TC--C, a major problem if the benzyloxy group were anti3’) resulting in the lower 
stereoselectivity observed with (74) compared to (73). 
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4.10.3.2.3 Long-chain alkenyl nitrile oxides 

Macro carbocyclic rings can be constructed by cyclization of nitrile oxides derived from o-nitro-l-al- 
kenes (Scheme 22). If the intervening bridge is not longer than seven atoms, only fused bicyclic products 
are obtained. Thus, the nitrile oxide derived from nitro compound (75a) is cyclized in 44% yield to the 
5,9-fused bicyclic isoxazoline (76a).38 10-Nitro- 1 -decene (75b) also cyclized to (76b) in unspecified 
yield.39 It should be noted that these results go counter to the usual regiochemistry of an intermolecular 
nitrile oxide cycloaddition where the five-substituted isoxazoline is usually?7 although not always,40 
heavily preferred from reaction of a terminal alkene. Thus, geometric constraints have won out over the 
normal electronic control. 
In the case of a longer intervening chain, a bridged bicyclic isoxazoline will form. Cyclization of the 

nitrile oxide derived from nitro compounds (77a-b) afforded only the bridged products (78a-b) in 67% 
and 50% yield, re~pectively.~~ None of the isomeric fused products were detected. Here the intervening 
chain has 13 atoms. Cases where the chain has 12 and 10 intervening atoms have also been studied: a 
mixture of bridged and fused bicyclic isoxazolines was obtained with the bridged product predominating 
in both cases. Isoxazoline (78b) was converted to an enone lactone and eventually to racemic antitumor 
agent A2677 1B. 

4.10.3.3 Cyclic Alkenyl Nitrile Oxides 

Intramolecular cycloaddition can be carried out on a variety of cyclic nitrile oxide substrates. Two 
simple possibilities exist: either the alkene may be part of a ring or the intervening bridge may include a 
ring. Both possibilities may also coexist. 
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4.1 033.1 Cycibalkenyl nitrile oxides 

Cyclizations of nitrile oxides derived from the nitro compounds (79) and (80) are typical examples 
where the dipolarophile is part of a ring (Scheme 23).4l In both cases only a fused polycyclic system was 
formed, typical of most nitrile oxide cyclizations. Nitro compound (79) led to tricyclic isoxazoline (81). 
which possesses a new 5.5-fused bicyclic system, doubly fused to the existing seven-membered ring. 
Isoxazoline (81) was the sole diastereomer obtained: all ring fusions were cis. Reductive cleavage of (81) 
afforded a y-amino alcohol, which was converted to (*)-biotin in several additional synthetic steps?Ia 
Nitro compound (80) led to tricyclic isoxazoline (82), which possesses a new 5,7-fused bicyclic system, 
doubly fused to the existing five-membered ring. Again, only one diastereomer, the all-cis-fused product, 
was obtained: models suggest that the transition state leading to rruns fusion at the carbocyclic 5,7-ring 
junction would involve considerable nonbonded interaction absent in the transition state leading to cis 
fusion. Reductive cleavage of (82) with Raney nickel in the presence of water afforded a P-hydroxy ke- 
tone, which was dehydrated to provide a conjugated ketone in 80% yield. This procedure provides a 
good alternative to aldol strategies leading to polycyclic conjugated ketones.4Ib 

LiAIH4 

H H 

Me02C 

O2N 0 

i, PhNCO added dropwise at 80 ‘C, cat. Et3N; ii, 03, -78 OC then TsOH, MeOH 

Scheme 23 

The hexahydronaphthalene ring system of compactin has been constructed by a nitrile oxide cycliza- 
tion strategy (Scheme 24).4* Thus, cyclization of either (83) or (84) via nitrile oxide intermediates led to 
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the corresponding tricyclic isoxazoline in which a new 5.6-fused bicyclic system was appended to the 
existing six-membered ring. Again, the all-cis-fused diastereomer was obtained exclusively. These new 
isoxazolines were reductively cleaved with Raney nickel in the presence of water and the ensuing @-hy- 
droxy ketones were dehydrated to provide conjugated ketones (8Sa-b). 1 ,ZReduction then provided 
allylic alcohols that underwent dehydration to provide hexahydronaphthalenes (86) and (87). Using 
alumina for the dehydration provided dienes (86a-b) as major products, whereas other dehydrating 
agents gave more of the isomeric dienes (87a-b). The diene (86b) obtained from oxime (84) was con- 
verted in several steps to compactin. 
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Scheme 24 

The spirocyclic alkaloid sibirine was prepared from the nitrile oxide cyclization product (88; Scheme 
25).43a Here the intervening bridge of the nitrile oxide precursor is attached directly to the cycloalkenyl 
C - C  double bond: cyclization to the new 5,6-fused bicyclic system afforded the azacarbocyclic ring at- 
tached spiro to the former cycloalkenyl ring. The furanylnitrile oxide (89). generated from the corre- 
sponding nitro compound, cyclized to (90) in 79% overall yield!3b Furan is typically sluggish in nitrile 
oxide cycloaddition reactions. Cycloaddition to the more substituted double bond of furan derivatives is 
highly atypical: therefore, the INOC reaction of (89) must be entropically driven. 

4.1 0.3.3.2 Alicyclic-bridged nitrile oxides 

Many substrates containing a cyclic bridge have been investigated in intramolecular nitrile oxide cy- 
cloadditions. Typical examples include cyclization of the nitrile oxides derived from nitro compounds 
(91) and (92; Scheme 26).44 MM2 calculations are consistent with these results: a chair-like transition 
state led to formation of the 5,6-fused product (93). Cyclization of (92) occurred through a more flexible 
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transition state, affording both syn and anti products. Cyclization of the nitrile oxide (94) (generated 
from nitro and oximino precursors) also led to a mixture of syn and anri products with the additional ob- 
servation that only products with phenyl cis to methyl were obtained, although a 1:l mixture of dia- 
stereomers was present in the precursor in both cases. It was suggested that A'htrain present in the 
transition state leading to syn product (95) was responsible for the preferred formation of anri product. 
Presumably, the cis phenyl-methyl relationship arose from a severe nonbonded interaction between phe- 
nyl and one of the azetidine C(4F-H bonds. Interestingly, calculations based on product geometries 
were essentially equivalent to calculations based on transition state geometries: this is in accordance with 
a late transition state. 
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The cis-dioxane (97) underwent cyclization to afford a single tricyclic isoxazoline in which the new 
53-fused bicyclic system formed rapidly at 0 'C (Scheme 27)." The isomeric transdioxane also gave a 
single tricyclic isoxazoline (%) as product but only at 20 'C. The results were rationalized as follows: 
cyclization of the nitrile oxide derived from (%) occumd with the vinyl group equatorial, while the cis 
isomer required an axial vinyl group in the transition state. The isoxazoline (96) was converted in several 
steps to a known PGFza precursor. 
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Scheme 27 

4.1 0.3.3.3 Aryl-bridged nitrile oxides 

The indolyl nitro compound (98) was converted to the corresponding nitrile oxide, which cyclized to 
afford an inseparable mixture of isoxazolidines (99) and (100; Scheme 28).& These were acetylated and 
the THP group replaced by a mesyl group at which point the desired f3-isomer could be separated. Elimi- 
nation via a selenide intermediate provided the alkenylisoxazoline (101). which was converted to an 
isoxazolinium salt and reduced with LAH to give an N-methylisoxazolidine. Reductive cleavage with 
aluminum amalgam provided (+)-paliclavine, 
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In an early example of the INOC reaction, the oxime (102) with an 0-aryl five-atom intervening bridge 
was cyclized to a tricyclic isoxazoline (Scheme 29).4' The macrocylic bisisoxazolim (103) was fonned 
as a byproduct, apparently via a tandem intermolecular-intramolecular cycloaddition sequence. The h e  
mologous oxime with a four-atom intervening bridge gave only intramolecular cycloaddition whereas 
from reaction of the homologs with six- and seven-atom intervening bridges, only the macrocyclic pro- 
ducts corresponding to (103) were isolated. The effect of high-dilution conditions on cyclization was ap- 
parently not studied. 
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Scheme 29 

Confalone and KO have reported formation of the macrocyclic INOC product (104) in 50% yield from 
cyclization of an aryl-bridged nitrotriene containing a 17-atom intervening bridge.48 Cyclization to the 
conjugated diene system did not occur, presumably because of geometric constraints and the fact that the 
more accessible double bond is trisubstituted. Isoxazoline (104) is a potential maytansine precursor. 

4.103.4 Tandem Reaction Sequences Involving Nitrile Oxide Cyclizations 

4.103.4.1 Tandem Dieis-Alder-INOC reactions 

Nitrodienes undergo intermolecular Diels-Alder reactions with appropriate dienophiles. The resulting 
nitro compounds can then be cyclized via a nitrile oxide intermediateP9 Thus, the 2chloroacrylonitrile 
Diels-Alder adduct of 8-nitro-1.3-octadiene was prepared and cyclized to give (105) as a 3:l mixture of 
diastereomers (Scheme 30). The Diels-Alder adduct of dimethyl acetylenedicarboxylate and 8-nitro- 1,3- 
octadiene cyclized exclusively at the conjugated double bond, activated by the ester groups. Similarly, 
the quinone Diels-Alder adduct (106) cyclized at the conjugated double bond: reduction of the con- 
jugated double bond permitted cyclization on the cycloalkenyl double bond. 

4.103.4.2 Tandem Michael-INOC reactions 

Allylic stannanes condense with nitro dienes in the presence of titanium tetrachloride to give alkenyl 
achlorooximes; treatment of the a-chlorooximes with base then affords bicyclic isoxazolines.sO Thus, 
cyclization of the intermediates (107a-c), obtained from appropriate 1 -nitro- 1.5-hexadienes and (3- 
propenyl)trimethyltin, gave bicyclic isoxazolines (Scheme 3 1). Cyclization occurred exclusively on the 
double bond with the longer (three-atom vs. two-atom) intervening bridge, even when that double bond 
was trisubstituted. 
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(107a) R' = R2 = H 
(107b) R '  = H; R2 = Ph 
(107c) R '  = R2 = Me 

Scheme 31 

4.10.3.5 Alkynyl Nitrile Oxides 

The reactions do proceed well, as 
for example, cyclization of the alkynyl nitrile oxide (108), derived in situ from the corresponding 
oxime?' The oxime itself was formed in situ by reaction of an a-bromosilyloxime with propargyl alco- 
hol, presumably via a vinylnitroso intermediate (Scheme 32). The alkynyl acylnitrile oxide (109) also cy- 
clized to afford a bicyclic i soxa~o le .~~  

Only a few INOC reactions have been run on alkynyl 
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4.10.4 AZOMETHINE YLIDE CYCLIZATIONS 

4.10.4.1 General 

Azomethine ylides are not typically isolable but must be used in siru. They undergo cycloaddition re- 
actions that produce highly functionalized pyrrolidines, dihydropyrroles and pyrroles. The success of 
these reactions often depends on a judicious choice of dipole and dipolarophile. Azomethine ylides are 
reluctant to cycloadd to nonactivated alkenes, in large part owing to electronic considerations. The 
LUMO of most azomethine ylides is high in energy and there is a large gap with the HOMO of a non- 
activated alkene. 

Intramolecular cycloaddition of an azomethine ylide was first documented in 1977?3 One frequently 
employed method for in siru generation of the azomethine ylide involves thermolysis of an aziridine, a 
reaction demonstrated to occur exclusively in a conrotatory fashion.% Other methods involve deprotona- 
tion of an iminium salt, either directly with base or preferably indirectly via d e s i l y l a t i ~ n . ~ ~ ~  Oxazolium 
salts can be converted to 4-oxazolines, which undergo ring opening to afford azomethine y l i d e ~ . ~ ~ ~  Tau- 
tomerization of the imines of a-amino acid esters also gives azomethine ylides, presumably at low con- 
centration.s6 Very recently it has been found that nonstabilized azomethine ylides can be generated by 
deprotonation of amine N - o ~ i d e s . ~ ~ ~  The ylides are formed in the absence of imines and have a wide re- 
activity range in intermolecular cycloadditions. This generation procedure has not yet been applied to in- 
tramolecular cycloadditions. Tandem Michael addition-intermolecular azomethine ylide cycloaddition to 
a tetrahydropyrazinone has also been camed 

4.10.4.2 Alkenyl Azomethine Ylides 

4.1 0.4.2.1 Open-chain C-alkenyl azomethine ylides 

Independent thermolysis (80 ‘C) of the aziridines (110a) and (110b) led to the same 5.5-fused bicylic 
pyrrolidine (Scheme 33).58 This was rationalized as follows: stereospecific conrotatory aziridine ring- 
opening afforded the doubly-stabilized azomethine ylides (llla-b). These azomethine ylides were in 
equilibrium but only ( l l l a )  was able to cyclize. The aziridines (110~) and (11Od) underwent cis-trans 
isomerization, quite possibly via (lllc-d), but gave no dipolar cyclization products. This was attributed 
to the lower reactivity of the unactivated dipolarophile. The doubly stabilized azomethine ylide (112). 
generated by thermolysis (140 ‘C) of the corresponding imine, did cyclize, affording a mixture of cis- 
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and rransJJ-fused bicyclic pyrrolidines.s6 An attempt to form a homologous 5.6-fused bicyclic p y m  
lidine was unsuccessful. 

0 Pr' 

(110a) R = C02Me 
(110~) R = H 

(1 lob) R = C02Me 
(11Od) R = H  

(llla,c) >= 11 

(1 11 b,d) 

(112) 

Scheme 33 

cis 87% 
truns 13% 

Unactivated dipolarophiles readily participate in intramolecular azomethine ylide cycloadditions with 
a more reactive azomethine ylide. Thus, flash vacuum pyrolysis of aziridine (113) afforded a 67% yield 
of the 5,5-fused bicyclic pyrrolidine (Scheme 34).s9 A singly stabilized azomethine ylide was the appar- 
ent intermediate. Similarly, cyclization of the azomethine ylides derived from (114a-c) gave the com-  
sponding cis-fused 6,6-bicyclic pyrrolidines in 69%, 26% and 16% yield, respectively; the original 
double bond stereochemistry was retained in the latter two cases. 

c, 16% 

(114a) R = H 
(114b) R = Et trans 

(114c) R = Et cis 

R1 = R2 = H from (114a) 
R1 = H, R2 = Et from (114b) 
R1 = Et, R2 =H from (114) 

Scheme 34 
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Confalone and Earl have reported a series of intramolecular azomethme ylide cyclizations employing 
a-dithiolanyl aldehydes (Scheme 35).60 Thus, reaction of the aldehydes ( 1 1 5 d )  with ethyl sarcosinate 
at 140 'C provided the 5.6-fused bicyclic pyrrolidines (116a-b), presumably via cyclization of the singly 
stabilized azomethine ylides. The dithiolanyl group could be removed by standard reactions: this route 
then provides bicyclic pyrrolidines which cannot be prepared directly from enolizable aldehydes. 

I Me" -CO,Et 
* 

140 O C ,  H+ 
k C H 0  
s s  
U 

(115a) R = H 
(115b) R = Ph 

?- CO2Et 

I : * M e  

v 
(116a,b) 

I - *; -C02Et s S I  
I I Me 
U 

Hg2+ 

4 
NaBH4 

___c 

a. 68% 
b, 51% 

CO2Et 

0 

Scheme 35 

4.10.4.2.2 Cyclic C-alkenyl azomethine ylides 

A variety of cyclic azomethine ylides undergo cyclization. The intervening bridge may be part of an 
aryl ring system in the most common case. In principal, the alkene can be part of a ring, but there are no 
known examples. The azomethine ylide itself may also be cyclic. 

A number of aryl-bridged azomethine ylides have been shown to undergo intramolecular cyclization. 
Thus, the imine (117a) was converted to a triflate salt and then desilylated to provide an azomethine 
ylide (Scheme 36).61a The ylide cyclized under high dilution to provide (f)-eserethole. Reaction of 
(117b) with benzoyl fluoride provided a similar cyclization product. These desilylation approaches to 
azomethine ylide generation show much promise for adaptation to intramolecular cycloadditions. The 
imine (118). containing an a-ester group, affords a tricyclic pyrrolidine on strong heating?6 Presumably 
(118) tautomerizes to the corresponding azomethine ylide which then cyclizes. In similar fashion, the 
azomethine ylide (119) is presumably an intermediate in the formation of (120a), formed as a mixture of 
two isomers in 50% overall yield from the aldehyde and aminomethylphosphonate.61b Cycloadduct 
(120a) was converted to the corresponding lactam (120b) by sequential reaction with butyllithium and 
oxygen. 

Cyclization of the azomethine ylide derived from aziridine (121) gave two diastereomeric pyrrolidino- 
metacyclophanes (Scheme 37).62a Here an 1 1 -atom chain separated the dipole from the dipolarophile. 
The homologous aziridine with an eight-atom intervening chain afforded (122) in 5% yield. Larger ho- 
mologs were also studied: when a 17-atom chain was present, a small amount of bridged product accom- 
panied the fused product. The stabilized cyclic azomethine ylide (123), formed via the desilylation route, 
afforded a pyrrolidine cyclization product in 70% yield as a single ~tereoisomer.6~~ This product pes- 
sesses an erythrinane skeleton. 
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4.10.4.3 Tandem MichaeCAzomethine Ylide Cyclization Reactions 

Very recently examples of tandem Michael-azomethine ylide cyclization reactions have been 
presented.62b Thus, divinyl sulfone reacted with imine (124) in the presence of lithium bromide and ni- 
ethylamine to give (126) in 40% yield (Scheme 38). Presumably formation of Michael adduct (125). tau- 
tomerization to an azomethine ylide and ensuing intramolecular [3 + 21 cycloaddition afforded (126). 
Indeed, (125) could be independently synthesized and converted to (126) under the reaction conditions. 
The preference for initial Michael addition, rather than cycloaddition, was variable. When (124) and di- 
vinyl sulfone were treated with silver acetate and triethylamine in DMSO, intermolecular azomethine cy- 
cloaddition occurred giving (127) in 27% yield. 

4.10.4.4 Munchnones 

reacti0ns.6~ The alkenyl moiety can be attached at carbon or at nitrogen. 
The mesoionic heterocycles called munchnones function as cyclic azomethine ylides in cycloaddition 
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4.10.4.4.1 C-AIRenyl munchnone ozomethine ylides 

Acetylation of the amide (128) produced a fused tricyclic pyrrole in 17% yield (Scheme 39).64 A 
munchnone intermediate was postulated and could be trapped via intermolecular cycloaddition with di- 
ethyl acetylenedicarboxylate. Presumably the direct cyclization product lost carbon dioxide, a known re- 
action of munchnone cycloadducts.6s An homologous munchnone with an o-(propeny1)phenyl group, 
rather than o-(buteny1)phenyl group, failed to cyclize, although it could again be trapped with diethyl 
acetylenedicarbox y late. 

HOZC Ph )- ~ 0 M e  NPh __L 55 AczO "C I : , - - y o M e ]  ___) 

- - 

(128) 
r 1 

Scheme 39 

4.1 0.4.4.2 N-Alkenyl munchnone azomethine ylides 

Munchnone (129a), prepared from the corresponding formamide and cyclized in situ, afforded a 75% 
yield of one product (Scheme 40).66 Trifluoroacetylmunchnone (129b). formed directly from the corre- 
sponding amine via trifluoroacetylation, similarly gave a 70% yield of one cyclization product. The 
munchnone (130a) gave a mixture of two regioisomeric cyclization products in 92% yield, indicating the 
importance of substituent effects in determining regioselectivity. Munchnone (130b), presumably formed 
via in situ trifluoroacetylation of (Ma),  gave a 33% yield of one cyclization product, the opposite re- 
gioisomer to the one preferred from (Ma) .  The homologous munchnones with a vinylic, rather than 
allylic, dipolarophile failed to undergo cyclization. However, munchnone (131), also with a vinylic dipo- 
larophile but a one-atom longer bridge, did cyclize in 85% yield to afford two regioisomers. 

4.10.4.5 Alkynyl and AUenyl Ammethine Ylides 

reactions of the alkenyl azomethine ylides. There is also one report of cyclization with an allene. 
Intramolecular cycloaddition can be carried out on a variety of alkynyl azomethine ylides analogous to 

4.10.4.5.1 Open-chain C-alkynyl womethine ylides 

Flash vacuum pyrolysis of aziridine (132) led to a 35% yield of the bicyclic 2.5-dihydropyrrole, ac- 
companied by varying amounts of the pyrrole and traces of a fused tricyclic pyrrole (Scheme 41).59 The 
dihydropyrrole was easily converted to the pyrrole simply on exposure to oxygen. The homologous azi- 
ridine with a one-atom longer bridge directly afforded the aromatized product (133a) in 63% yield. 
Pyrrole (133b) was formed analogously but only in 34% yield. Very recently the generation of azometh- 
ine ylide (135) from oxazole (134) and its ensuing intramolecular cycloaddition have been rep0rted.6~~ 
Thus, (134) was converted to the isoxazolium salt with methyl triflate. Reaction of the crude salt with tri- 
methylsilyl cyanide/cesium fluoride afforded a mixture of ( M a )  and (136b); treatment with tetrabutyl- 
ammonium fluoride prior to isolation afforded (136b) in 68% overall yield from (134). 
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4.1 0.452 Cyclic C-alkynpl azomcthinc y W s  

Alkynyl azomethim ylides containing an aryl bridge have been shown to undergo cyclization. Thus, 
tautomerization of imine (137) afforded an azomethine ylide which cyclized to give two diastemeric 
dihydropymles and traces of aromatized product (Scheme 42).%The activated cyclic ylide (138), gener- 
ated via the desilylation mute, underwent cyclization to afford dihydropyrrole (139) in 42% yield.67b The 
structure of (139) is closely related to erythramie. The structurally related non-stabilized azomethine 
ylide (140) did not cyclize, tautomerizing to the comsponding enamine instead. 

4.10.453 C-Allenyl azomethinc ylidcs 

Azomethine ylide (141), formed from condensation of the corresponding aldehyde with ethyl sarcosi- 
nate, gave a mixture of the regioisomedc cyclization products (Scheme 43).a The major product has two 
of the three aliphatic rings of lycorenine. 
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4.10.5 NITRILE YLIDE CYCLIZATIONS 

4.10.5.1 General 

Nitrile ylides are not readily isolable but must be used in situ. They are typically bent, not linear like 
nitrile oxides.68 As bent species containing six welectrons, nitrile ylides have some carbene character. 
Consequently, they undergo both intramolecular 1,3- and 1,l -cycloaddition reactions. These lead to a 
variety of bicyclic dihydropyrroles, pyrroles and cyclopropanes. The LUMO of most azomethine ylides 
is high in energy. Consequently, the dipole LUMO-dipolarophile HOMO gap is large, leading to poor 
reaction with nonconjugated alkenes. Electron-attracting groups on the dipolarophile permit successful 
intermolecular cycloaddition. 

Intramolecular azomethine ylide cycloaddition to the C - 0  double bond of an aldehyde was reported 
in 197369 and cycloaddition to the C - C  double bond was first reported in 1975.'O Competition between 
1,l- and 1,3-~ycloaddition is observed in intramolecular reactions, although intermolecular reactions 
give only 1,3-~ycloaddition. Photolysis of 2H-azirines is one generation method of nitrile ylides applic- 
able to intramolecular cycl~addition.'~ Another method involves the base-catalyzed 1.3-elimination of 
hydrogen halide from alkenyl imidoyl halides. Still other procedures involve thermolytic and photolytic 
cycloreversions of oxazolinones and dihydrooxazaphospholes. 



1142 Nonpolar Additions to Alkenes and Alkynes 

M e 0  Me0 

i, Me3SiCH20Tf 

ii, CsF, 65 "C 
___) 

42% 

r 1 

Scheme 42 

+ 

60% 40% 

Scheme 43 

4.10.53 Alkenyl Nitrile Ylides 

carbon. 
Nitrile ylides can have the alkenyl group attached at either end, at the disubstituted or monosubstituted 
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4.10.5.2.1 Open-chain nitrile ylides 

Open-chain intramolecular systems have been examined with the chain attached at the disubstituted 
carbon. If the intervening bridge is sufficiently long (three atoms), only 1,3cycloaddition is observed.7l 
Thus, photolysis of azirine (142) gave a 5,5-fused bicyclic dihydropyrrole in 81% yield (Scheme 44). 
This result is rationalized based on the normal concerted cycloaddition of an intermediate azomethine 
ylide. Proof for the intermediate dipole was obtained by trapping as a pyrrole with dimethyl acetylenedi- 
carboxylate. Approach of the dipole to the dipolarophile on parallel planes is geometrically possible. 
However, the regiochemistry normally dictated by electronic factors (which should favor a bridged pro- 
duct) was reversed, presumably by geometric constraints. 

(142) 
i, medium pressure Hg arc, Corex filter 

hv I 
phT 

// 
(143) 

L . 
/ I*" 

Ph Ar Ph 

octane 80% R' 

R' 

(147) R1 = 90% Me, 10% CD3 
R2 = 10% Me, 90% CD3 

Ar= +CY 

Scheme 44 

The homologous azirine (143) with a one-atom bridge gave quite different results?O Photolysis led to 
the 3S-fused bicyclic dihydropyrrole (144). The isomeric azirine (145) also led to (la), although the in- 
itial products included dihydropyrrole (146) which apparently converted to (144) as photolysis conti- 
nued. Azirines (143) and (145) were shown to not interconvert and the postulated two discrete 
azomethine ylides were trapped with methyl trifluoroacetate. Formation of dihydropyrrole (144) was ex- 
plained based on a two-step cycloaddition process involving a common diradical intermediate. The ob- 
servation of (146) from photolysis of (145) but not (143) can be explained based on extinction coefficient 
differences. Azirine (145) has a high extinction coefficient as does (146). The initial product (146) can 
then be optically pumped to (144) with a low extinction coefficient. Azirine (143) also has a low extinc- 
tion coefficient and any (146) that formed from it would be optically pumped to (144) before observa- 
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tion. It has also been suggested that the cycloaddition is concerted: according to this viewpoint the di- 
radical is a secondary photoproduct, only formed from photolysis of (146) and (144).n 

The complete change in periselectivity can be explained based on geometric constraints. The azometh- 
ine ylide generated from (142) can undergo approach of the dipole to the internal dipolarophile in paral- 
lel planes, the required geometry for a concerted [457 + 2571 process.1a However, the azomethine ylides 
generated from (143) and (145) cannot undergo approach of the dipole to the dipolarophile in parallel 
planes. Instead, it has been suggested that the dipolarophile HOMO must approach perpendicular to the 
nitrile ylide plane, interacting with the second LUMO, and resulting in a step-wise proce~s.7~ 

The 1.1-cycloaddition process also occurs in nonphotolytic reactions involving azomethine ylides. 
Thermolysis of oxazolinone (147) led to a 3.5-fused bicyclic dihydropymle in 80% yield.72 The alkene 
stereochemistry was maintained in the product, although subsequent photolysis scrambled the methyl 
and trideuteromethyl groups. Nondeuterated oxazolinone gave the cyclization product which was con- 
verted to a dihydropyridine on warming with acid.74 

4.105.2.2 Aryl-bridged nitrile ylides 

The only cyclic nitrile ylides reported to undergo cyclization have been aryl-bridged species. The in- 
tervening bridge has typically been attached at the monosubstituted nitrile ylide carbon. Attachment at 
this site pennits a large variation in the substituents attached at the disubstituted carbon. Changes in these 
groups lead to changes in periselectivity: the 1,l- vs. 1.3-cycloaddition ratio is altered. 

The azomethine ylide (148a). formed by photolysis of the corresponding azirine, cyclized exclusively 
to the 1,3-cycloaddition product, obtained in 75% yield (Scheme 45).75 The ylide (148b) cyclized exclu- 
sively to the 1,l-cycloaddition product, isolated in 55% yield as the amine. The azomethine ylide (148c) 
gave a 1: 1 mixture of 1,l- and 1,3-cycloaddition products. These results apparently arise from electronic 
effects: electron-releasing groups at the disubstituted ylide carbon increase the amount of 1.1 -cycloaddi- 
tion while electron-attracting groups favor 1,3-~ycloaddition. Thus, azomethine ylides (148d-e). gener- 
ated from an imidoyl chloride and a dihydrooxazaphosphole, gave only the corresponding 
1,3-~ycloaddition products in 64% yield and quantitative yield, respectively. When the cyclization result 
for ( l a b )  is compared to (la), it is apparent that periselectivity was primarily controlled by electronic 
rather then steric factors. 

The electronic effect has been rationalized based on the degree of linearity of the azomethine ~l ide.7~ 
Electron-donating groups should make the dipole more bent while electron-attracting groups should 
make it more linear. It has been reasoned that the more linear the dipole, the better the concerted 1 . 3 ~ ~ -  
cloaddition process. An electron-attracting group on the dipolarophile terminal carbon also favors 1,3- 
cycloaddition, presumably by speeding up the concerted process. Thus, azomethine ylide (149a) gave 
1,l-cycloaddition while azomethine ylide (149b) gave 1,3-~ycloaddition.~~ 

4.1033 Alkynyl Nitrile Ylides 

yield of a fused tricyclic pyrrole (Scheme 
in 6% yield. 

Cyclization of the nitrile ylide generated from amide (15Oa) v i a  an imidoyl chloride led to an 18% 
Similarly, the nitrile ylide derived from (150b) cyclized 

4.10.6 AZOMETHINE IMINE CYCLIZATIONS 

4.10.6.1 General 

Azomethine imine cycloadditions provide access to pyrazolidines, pyrazolines and pyrazoles. Intra- 
molecular cyclizations were first reported in 1970.78 The main method for generation of azomethine im- 
ines involves reaction of a 1 ,Zdisubstituted hydrazine with an aldehyde or an aldehyde precursor. 
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4.10.63 Alkenyl Azomethine Imines 

nitrogen. 
Azomethine imines can have the alkenyl group attached at carbon, the terminal nitrogen or the internal 

4.1 0.6.2.1 Open-chain azowtethine imines 

The azomethine imine (El), having the alkene attached to the terminal dipole nitrogen, was generated 
in situ from the corresponding hydrazine by reaction with benzaldehyde (Scheme 47).79 As is typical in 
these reactions, condensation at the more basic benzyl-substituted nitrogen occurred, rather than at the 
acyl-substituted nitrogen. Cyclization of (151) afforded the V-fused pyrazolidine and no bridged pro- 
duct. 

0 cn PhCHO 
___) 

14oT 

Bn 1 Bn 

&kCOMe 

,COMe -& 4w 

,COMe 
__c 

69% 

Cyclization of ammethine imines substituted at the internal nitrogen with an alkenyl group must give 
bridged products. Thus, imines (152) and (153) cyclized to bridged pyrazolidines with a different regie 
isomer obtained as the sole reported product in each case: (152) cyclized with the dipole bonding 
through nitrogen to the terminal dipolarophile carbon whereas (153) cyclized in reverse fashi0n.7~ The 
imine corresponding to (153) but derived from benzaldehyde gave a mixture of regioisomers. 

4.10.6.2.2 Aryl-bridged azomethine imines 

Azomethine imines which contain an intervening aromatic ring between the dipole and dipolarophile 
are accessible from aryl aldehydes and readily undergo cyclization. Thus, imine (154). where the dipola- 
rophile is attached at the carbon of the dipole, afforded cis- and trans-fused tricyclic pyrazolidines in 
which the alkene stereochemistry was retained (Scheme 48).'*. 

4.10.6.23 Cycloalkenyl azomethine imines 

The ammethine imine (155), containing a cyclic dipolarophile, cyclized to a tetracyclic pyml id ine  in 
48% yield.78P Aldehyde (156), containing a furan ring, reacted with N-methyl-N'-(phenylacety1)hydra- 
zine to afford an azomethine imine; the imine cyclized to one product, probably with the two new rings 
cis fused.80 
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Jacobi et al. have reported the preparation of azomethine imines (157a-b) by the acid-catalyzed re- 
action of the corresponding hydrazines with acetals (Scheme 49).*' The imine (157a) cyclized to a single 
product as did (157b). The stereochemistry of cyclization is apparently controlled by nonbonded interac- 
tions between the benzyl group and R group. The pyrazolidine obtained from (157a) was converted in 
several steps to (160) and hence to (&)-saxitoxin. First, it was necessary to epimerize the methoxycarbo- 
nyl group (thermodynamic control) which was then reduced in situ affording (158). Direct cleavage of 
the pyrazolidine ring of (158) could be accomplished with sodium in liquid ammonia. However, to com- 
plete the synthesis, it was found necessary first to prepare (159). Reductive cleavage of the pyrazolidine 
ring and in situ thioacylation afforded (160) with the requisite six-membered ring of saxitoxin. 

4.10.6.3 Alkynyl Azomethine Imines 

Azomethine imines can cycloadd to an internal C-C triple bond producing new bicyclic pyrazoline 
systems. Thus, imine (lal),  prepared in situ from the corresponding aldehyde, cyclized to a tricyclic py- 
razoline (Scheme 50).78a 
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4.10.6.4 Hydrazone Cyclization Reactions 
Alkenyl hydrazones undergo cyclization to pyrazolines on heating, presumably via an azomethine 

imine tautomer, cyclization to a pyrazolidine is presumably followed by in situ Thus, (162b) 
afforded a 36% yield of the tricyclic pyrazoline (163b Scheme 51). Several similar cyclizations have 
been r e p ~ r t e d . ~ ~ ? ~ ~  However, a synthetically more useful procedure is to treat the hydrazone with strong 
acid."*82 Under these conditions (16%) was converted to a mixture of pyrazoline (163a) and pyrazo- 
lidine (Ma),  which could be completely converted at 140 'C to the corresponding pyrazole. Hydrazone 
(165) cyclized to a hicyclic pyrazolidine under similar conditions. In these acid-catalyzed reactions, a 
protonated azomethine imine, rather then the free azomethine imine, is the likely intermediate and the 
process is formally a [3+ + 21 cycloaddition. 

Aldehyde (166) reacted with excess hydrazine hydrochloride to afford a pyrazoline in 63% yield: a 
mixture of pyrazoline and pyrazolidine was obtained under an inert atm0sphere.8~ This reaction presum- 
ably involves the hydrazone and protonated azomethine imine as intermediates. Using (166) in excess af- 
forded a bisintramolecular adduct in 87% yield. 
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4.10.6.5 Azomethine Imine Cyclizations Employing Sydnones 

The mesoionic compounds known as sydnones serve as cyclic azomethine imines. Thus, sydnone 
(167), isolable after preparation from the corresponding nitrosamine, underwent cyclization as an am- 
methine imine at 2&35 'C (Scheme 52).86 Photolysis of sydnones also results in cyclization but through 
nitrile imine intermediates (vide infra). 

4.10.6.6 Tandem Sydnone Intermolecular-Intramolecular Cycloadditions 

The products derived from intermolecular cycloaddition of sydnones readily lose carbon dioxide. If the 
original cycloaddition is carried out on a diene, the resulting azomethine imine intermediate can be 
trapped intramolecularly. Thus, 1,5-~yclooctadiene cycloadded to a sydnone to afford the cycloadduct 

It is theorized that the intermolecular monocycloadduct (169) was formed, lost carbon dioxide, 
and cycloadded as a cyclic azomethine imine to the remaining C-C double bond. Conjugated dienes 
have been shown to undergo a similar seq~ence.~' 
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4.10.7 NITRILE IMINE CYCLIZATIONS 

4.10.7.1 General 

Nitrile imine cycloadditions provide access to pyrazolines and pyrazoles. Intramolecular cyclizations 
to alkynes were first reported in 1974.88 Perhaps the mod useful method for generation of nitrile imines 
involves 1,3-elirnination of hydrogen chloride from an a-chlorohydrazone. Tetrazoles and sydnones are 
also precursors to nitrile imines. 

4.10.7.2 Alkenyl Nitrile Imines 

Nitrile imines can have the alkenyl group attached at either end of the 1,3-dipole, through carbon or ni- 
trogen. Predominantly l ,3-cyclizations have been observed although a few l ,1 -cyclizations have been re- 
ported. 

4.10.7.2.1 Open-chain nitn’le imines 

The nitrile imines (IlOa-b), having the alkene attached to carbon, were generated in situ from the 
corresponding chlorohydrazone by reaction with triethylamine (Scheme 53).89 Cyclization afforded the 
5.5-fused pyrazolines and no bridged product. Alkene stereochemistry present in (170b) was retained in 
the cyclization product. It is noteworthy that nitrile imines typically fail to cycloadd intermolecularly to 
unactivated alkenes. The nitrile imine (171), presumably formed by reaction of the corresponding chloro- 
hydrazone with base, failed to cyclize, probably owing to a reduced entropic advantage. The nitrile imine 
(172) also failed to cyclize, presumably because the dipole and dipolarophile could not approach on par- 
allel planes.w Nor did (172) give a 1.1-cycloadduct, although it did undergo intermolecular cycloaddi- 
tion. 

4.1 0.7.2.2 Aryl-bdged nitrile imines 

A large number of nitrile imines which contain an intervening aromatic ring between the dipole and di- 
polarophile have been cyclized. Thus, the nitrile imines (173a-b), where the dipolarophile is attached at 
the nitrogen of the dipole, afforded tricyclic pyrazolines (Scheme 54).89*86 Imine (173a) was generated 
from the chlorohydrazone, while (173b) was generated by photorearrangement of a sydnone. Nitrile im- 
ines (174a-c), where the dipolarophile is attached at the carbon of the dipole, also afforded tricyclic py- 
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razolines?I Nitrile imine (174a) was formed from a tetrazole9Ib and (174)  by lead tetraacetate oxidation 
of a sulfonyl hydrazone.91c Other hydrazones also afford nitrile imines on lead tetraacetate oxidation but 
oxidation of the pyrazoline products to pyrazoles is a side reaction.92 

Nitrile imines can cyclize to 1,l -cycloadducts if the dipole-dipolarophile parallel plane approach is 
unfavorable. Thus, cyclopropanes (175a-b) were independently obtained on short-term reaction of the 
chlorohydrazone precursors with silver carbonate (Scheme 55)?3 Longer reaction times afforded a 3: 1 
b:a ratio from either precursor: the products were shown to equilibrate. Heating of cyclopropanes (175a- 
b) afforded a benzodiazepine. 

4.10.7.2.3 Cycloalkenyl nitrile imines 

The nitrile imine (176), containing a cyclic dipolarophile, cyclized to a tricyclic pyrazoline in 73% 
yield.89 

4.10.7.3 Alkynyl Nitrile Imines 

preparation of pyrazoles (177) and (178; Scheme 56).90*" 
Numerous alkynyl nitrile imines have been shown to undergo cyclization. Typical examples are the 

4.10.8 CYCLIZATION OF DIAZO COMPOUNDS 

4.10.8.1 General 

Diazomethane and its simple analogs undergo cycloaddition to unsaturated compounds both directly 
and after conversion to carbenes. The direct cycloadditions are 1,3-dipolar for the most part and provide 
access to pyrazolines and pyrazoles. Intramolecular cyclizations were recognized as early as 1965? The 
two main methods used in generation of diazo compounds for subsequent intramolecular cycloaddition 
include thermolysis of tosylhydrazone salts and thermolysis of iminoaziridines. Decomposition of nitros- 
amines has also been employed. 

4.10.8.2 Cyclization of Diazoalkenes 

Diazoalkenes always have the intervening chain attached on carbon. The dipole HOMO-dipolarophile 
LUMO interaction is usually dominant in intermolecular cycloadditions. Consequently, nonactivated al- 
kenes which have a relatively high-energy LUMO react poorly. Nevertheless, intramolecular cycloaddi- 
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tion of nonactivated alkenes does occur; indeed, activated alkenes have been largely ignored in intra- 
molecular diazo cycloadditions. 

Diazo compounds can often be isolated, although many intramolecular cycloadditions occur at room 
temperature. Thus, the diazo compounds have typically been treated as reactive intermediates. Both 1.3- 
cycloaddition and 1.1 -cycloaddition reactions have been observed, depending on the substrate geometry. 

4.10.8.2.1 Open-chain diawalkencs 

Open-chain diazoalkenes can conceivably cyclize to give either fused or bridged bicyclic products. 
Only fused products have been reported. Thus, the diazoalkene (179a) cyclized to a 5,5-fused bicyclic 
pyrazoline in 76% overall yield when (179a) was formed from an iminoaziridine precursor (Scheme 
57).% A tosylhydrazone salt was also cyclized in unstated yield via (179a). The analogous diazoalkene 
(179b). formed from a tosylhydrazone precursor, cyclized in 69% overall ~ield.9~ The homolog (180) 
with a two- rather than three-carbon intervening chain did not cyclize at mom temperature: it was stable 
unless exposed to air. The homolog with a four-carbon intervening chain cyclized in only 16% yield. 
Longer intervening chains have not been investigated, but the reduced entropic activation would make 
these compounds unattractive candidates for high-yield cyclization. 
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The diazo compound ( M a ) ,  prepared from the nitrosamine, cyclized to a pymlopyrazoline in 80% 
yield?8 The diazo compound (181b). prepared from diethyl diazomalonate and allylamine, cyclized 
similarly but at a much more rapid rate. This is consistent with the lowered LUMO of the dipole of 
(181b), substituted with an ester group: here the dipole LUMO-dipolarophile HOMO is the likely domi- 
nant interaction. The N-N double bond of the pyrrolopyrazoline products was readily isomerized to af- 
ford A2-isomers. 
In contrast to the above results, the diazo compounds (182a-b) with a onecarbon intervening chain 

underwent exclusive 1,l cycl~addition.~~ These cyclizations were stereospecific: the alkene stereochem- 
istry was retained?7.w 

4.10.8.2.2 Aryl-bridged dirrzwlkenes 

A number of aryl-bridged diazoalkenes have been shown to undergo cyclization. "Is, (183a) cy- 
clized to pyrazoline (184s) and (183b) cyclized to (184b; Scheme 58).% The alkene stereochemistry was 
retained in these cyclizations as in 1,l-cyclizations. The pyrazolines (184a-b) undergo nitrogen extru- 
sion to afford cyclopropanes: this reaction, however, is nonstereospecific. Both (184a) and (184b) gave 
mixtures of the endo- and exo-methylcyclopropanes, although the product ratios differed (1 :3 endo:exo 
from 184b and 6: 1 endo:exo from 184a). These different ratios presumably reflect the rapid closure of 
the diradical intermediates and require a preference for inversion. 
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4.1 0.8.2.3 Diazocycloalkenes 

A variety of cyclic diazo substrates have been shown to undergo cyclization. Thus, the diazodiene 
derived from thermolysis of iminoaziridine (185) underwent intramolecular 1,3cycloaddition in 43% 
yield (Scheme 59).100 A nitrile side product was formed by elimination of diphenylaziridine from (185). 
The cycloaddition product was converted in a number of steps to (-)-longifolenee The bicyclic tosylhy- 
drazone salt (186) afforded a tetracyclic pyrazoline in 8 1% yield from which nitrogen could be extruded 
to afford (-)-cyclocopacamphene.lol The diazocyclopentene (187), with a one-carbon intervening chain, 
underwent intramolecular 1 ,l-cycloaddition affording a tricyclic pyrazoline in 73% yield.w The cyclo- 
hexenyl and cycloheptenyl homologs of (187) reacted similarly to give 1,lcycloadducts. Presumably the 
1,l-cycloadduct (188) was formed from cycloheptatriene (189), but the actual product, isolated in 6696 
yield, was i ~ o m e r i c . ~ ~ * . ~ ~  It was hypothesized that (188) underwent a 3,3-sigmatropic rearrangement and 
a subsequent 1,3-hydride shift. 
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4.1033 Cyclization of 3-Diazoalkenes 

3-Diazoalkenes have been known to cyclize to pyrazoles since 1935. This reaction has been ration- 
alized as another variation of intramolecular 1,3-dipolar cycloaddition. IO3 The 3-diazoalkenes, derived 
from nitrosamines (19Oa-b), gave typical results: cyclization afforded pyrazoles in 89% and 87% yield, 
respectively (Scheme 60). 
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4.10.8.4 Cyclization of Diazoalkynes 

Intramolecular cycloaddition of diazoalkynes has been little studied. Cyclization of tosylhydrazone 
salt (191) illustrates the potential of these reactions (Scheme 60).'04 The actual product was isomeric 
with the expected 1,3-~ycloadduct: presumably a 1,3-hydride shift followed the initial cyclization. 

4.10.8.5 Acid-catalyzed Cyclization of Tosylhydrazones 

A number of tosylhydrazones containing an alkene have been shown to undergo intramolecular cy- 
cloaddition in the presence of acid.105.96 Boron trifluoride etherate appears to be the acid of choice.lo5 
Bridged, rather than fused, bicyclic pyrazolines are formed under these conditions. The mechanism al- 
most certainly involves cationic intermediates. Thus, tosylhydrazone (192a) cyclized in 87% yield to the 
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bridged bicyclic pyrazoline. Tosylhydrazone (192b), which lacks a methyl group on the C-C double 
bond, cyclized in only 14% yield while tosylhydrazone (193) cyclized in 43% yield. 

4.10.9 AZIDE CYCLIZATIONS 

4.10.9.1 General 

Azides undergo both 1.3-dipolar cycloadditions and nitrene cycloadditions after loss of nitrogen. Tri- 
azolines and triazoles are the products of 1.3-dipolar cycloaddition. Triazoles are readily isolable, but 
triazolines differ markedly in stability as a function of substituents: their isolation sometimes provides an 
insurmountable challenge. Triazolines frequently lose nitrogen, giving aziridines: thus, the formal pro- 
duct of a nitrene cycloaddition can be obtained indirectly. Intramolecular cyclization of an azide to a ni- 
trile was reported as early as 1958,'06 although it was not until 1965 that intramolecular azide-alkene 
cycloadditions (IAAC) were recognized. IO7 

Azides are normally stable compounds and can be isolated prior to cycloaddition. Occasionally, intra- 
molecular cycloaddition is so favored, however, that the azide cannot be isolated. 

Azide cycloaddition to electron-deficient dipolarophiles is normally HOMO-dipole LUMO-dipolaro- 
phile controlled, whereas the reverse is true for electron-rich dipolarophiles. Products with an electron- 
deficient group at the 5-position or an electron-rich group at the 4-position are favored electronically; in 
intramolecular cycloadditions, steric constraints can be expected to outweigh these considerations. 

4.10.9.2 Azidoalkenes 

tions have been observed with azides, typically giving fused bicyclic systems. 
The alkenyl group of an azidoalkene is always attached to the end of the 1.3dipole. Only 1.3cycliza- 

4.10.9.2.1 Open-chin azidoalkenes 

Relatively few examples of aliphatic open-chain azide cyclizations have been reported in which the 
triazoline was isolated. In one example, the azidoalkene (194a) cyclized at 50 'C to give the 5.5-fused bi- 
cyclic triazoline (195a; Scheme 61).'07 At 80 'C, triazoline (195a) extruded nitrogen, affording a cyclic 
imine and a lesser amount of a bicyclic aziridine. The azidoalkene (194b) cyclized similarly, giving a 
diasteromeric mixture of (195b-c), which, however, was of very limited stability.IM Silica gel chromato- 
graphy converted (195b-c) to diastereomeric bicyclic aziridines. Thermolysis of (195b-c) at 80 'C af- 
forded a A3-oxazoline. A zwitterionic intermediate (1%) was presumably responsible for formation of 
the A3-oxazoline; the authors suggested a silica gel coordinated zwitterion as the intermediate in bicyclic 
aziridine formation. 

4.1 0.9.2.2 Aryl-bridged aridwlkenes 

Aryl azides to which an alkenyl group is attached can be readily cyclized. Thus, the azide (197a) af- 
forded the tricyclic triazoline (198a) at 60 'C, which could be isolated in 12% yield by chromatography 
(Scheme 62).IW Silica gel chromatography converted (198a) to diazo compound (199). used to syn- 
thesize a 1.2dihydroisoquinoline. Azide (197b) was more reactive than (197a), cyclizing at 0 'C upon 
formation from bromide (197b).I1° At 50 'C, triazoline (198b) extruded nitrogen to afford a conjugated 
alkene. 

The bromomethylindole (2OOa) cyclized on treatment with sodium azide to give a tetracyclic tri- 
azo1ine.I' I Treatment with a catalytic amount of p-toluenesulfonic acid afforded 2,4dihydropyrrolo[3,4- 
blindole (201), presumably via loss of diethyl diazomalonate by cycloreversion and subsequent 
tautomerization. 

Kozikowski et al. have described a synthesis of clavicipitic acids where a key step involved prepara- 
tion of the imine (202).11* Azide cyclization at 190 'C presumably afforded a triazoline which, however, 
was nonisolable affording (202) in 62% yield. 
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4.1 0.9.2.3 Alicyclic-bridged azidoalkenes 

There have been a number of reports where alicyclic-bridged precursors underwent an IAAC reaction. 
Thus, the dioxolane (203b), formed from triflate (203a), cyclized in situ to a tricyclic triazoline (Scheme 
63).'13 Treatment of this triazoline with sodium ethoxide converted it to a diazopyrrolidine in 86% yield, 
which underwent smooth catalytic hydrogenation in 89% yield. The (a-azidoalkene (204), bridged by a 
f3-lactam, cyclized at 20 'C to triazoline (2O5).lI4 The triazoline (205) extruded nitrogen at 80 'C provid- 
ing a tricyclic aziridine. The (E)-isomer of (204) did not cyclize to a triazoline but instead produced an 
azirine, presumably via a nitrene intermediate. 

4.1 0.9.2.4 Cycloalkenyl azides 

Azides undergo intramolecular cycloaddition to C - C  double bonds present in rings to provide a var- 
iety of novel products. Schultz et al., for example, reported thermolysis of azide (206) at 110 'C to afford 
an isolable triazoline as a single diastereomer (Scheme 64).1'5 A related reaction, however, gave an 
isomer mixture. Photochemical nitrogen extrusion from the triazoline provided a dihydropyrrole in 97% 
yield. 

Treatment of the bromide (207a) with sodium azide led to a mixture of the bicyclic products (209) and 
(210).' I6 It was postulated that tricyclic triazoline (208) was formed via an IAAC reaction: cleavage of 
the strained system to a common zwitterion followed by competing rearrangement paths might then be 
responsible for product formation. The bromide (207b) presumably gave similar triazoline and zwitterion 
intermediates but extruded nitrogen to afford the tricyclic aziridine (211) without rearrangement. An a p  
proach to (f)-desamylperhydrohistrionicotoxin based on this chemistry was also presented. 

The (azidofuranosy1)uracil (212) cyclized at 110 "C to afford a mixture of mostly a tricyclic triazole 
and lesser amounts of a tricyclic pyrimidine."' A triazoline intermediate was hypothesized; indeed, the 
triazoline could be intercepted by DDQ-effected aromatization to afford the corresponding tetracyclic 
triazole. Evidence was presented that the major product was in equilibrium with the triazoline at the re- 
action temperature. 

4.10.9.3 Azidoalkynes 

Intramolecular azide cycloaddition to an alkyne produces a triazole. Triazoles are typically much more 
stable than triazolines and are most often directly isolable. Thus, azide (213) cyclized in 89% yield to a 
triazole (Scheme 65). The azido enyne (214) presents an interesting case: intramolecular cycloaddition 
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afforded the triazole where the C-C triple bond served exclusively as the dipolarophile, presumably be- 
cause of geometric constraints.lI9 The alkynyl p-lactam (215) cyclized to afford triazolocephem (216) in 
49% yield and an azirine in 12% The authors suggested that (216) was derived from (?)-isomer 
(215a), while the azirine was derived from (E)-(215b) via a nitrene. A triazolopenam was synthesized in 
similar fashion. 

4.10.10 CARBONYL YLIDE CYCLIZATIONS 

4.10.10.1 General 

Carbonyl ylides were first reported to undergo intramolecular 1,3-dipolar cycloaddition to C-C 
double bonds in 1980.121 New polycyclic ring systems containing a tetrahydrofuran are formed. Dipola- 
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rophiles activated by an electron-attracting group are somewhat more succesful than nonactivated dipola- 
rophiles. 

Carbonyl ylides are highly reactive and must be used only in situ. There are a number of procedures 
applicable to their generation. The most extensively studied approach involves thermal or photochemical 
cleavage of ene oxiranes, predominantly those with a cyano group on the ring. Rhodium acetate cata- 
lyzed decomposition of a-diazo ketones containing an additional carbonyl group can afford cyclic carbo- 
nyl ylides and has been applied to intramolecular cycloadditions. Oxazolin-4-ones are mesoionic 
carbonyl ylides: they have also been generated from a-diazo ketones containing an additional carbonyl 
group. Oxidopyrylium ylides can also be classified as carbonyl ylides and are available from pyranones. 

4.10.10.2 Open-chain Carbonyl Ylide-Alkene Cyclizations 

fords fused bicyclic tetrahydrofurans, although with large rings bridged products have been observed. 
An alkenyl group can be attached at either carbon atom of the carbonyl ylide. Cyclization normally af- 

4.10.106.1 Open-chain dipolarophiles 

Cyclization of aryl carbonyl ylides substituted in the orrho position with an openchain alkenyl group 
has been systematically studied. Thus, the exo,exo-carbonyl ylide (217), generated by thermal conrota- 
tory opening of an oxirane precursor, cyclized at 175 "C to afford the tricyclic tetrahydrofuran (218) as a 
single stereoisomer (Scheme 66).12'*122 Despite the presumed entropic advantage, (217) cycloadded only 
well above the temperature of its formation: when N-phenylmaleimide was added, intermolecular cy- 
cloaddition occurred at 120 "C in preference to formation of (218). The homologous carbonyl ylide with 
a one-carbon shorter chain gave a mixture of cis- and trans-fused (219a-b). The homolog with a one- 
carbon longer chain underwent cycloaddition only at higher temperature (240 'C) where the stereointe- 
grity of the carbonyl ylide was lost: only 21% yield of a mixture of (22Oa-b) at 60% conversion was 
observed. A trace (1 %) of the cis-fused isomer of (220a) was also noted. 

A wider range of cyclizations occurred to conjugated ester dipolarophiles. Thus, (221) underwent ther- 
molysis to the corresponding carbonyl ylide, which cyclized to give mainly bridged cycloadduct. Iz2 The 
homologous oxirane with a five-carbon chain was also studied and gave only the trans-fused product 
(222) in 73% yield at 55% conversion. 



1162 Nonpolar Additions to Alkenes and Alkynes 

r 7 

\ "ItCN 

0 ph 66% yield at 

H 30%conversion 

(219a) -H 66% 
(219b) 111111 H 34% 

(220a) R' = Ph, R2 = CN 88% 
(2Mb) R' = CN, R2 = Ph 11% 

230 OC 

H O E  40% conversion 
IO 

91% E = C02Me 9% 
I 

C02Me 

ph+ph 
C02Me L/ 

Scheme 66 

Photolysis of ene oxiranes not possessing an a-cyano group has also led to intramolecular carbonyl 
y,lide cycloaddition, but in low yield.123 Thus, bicyclic tetrahydrofuran (223) was formed in 35% yield by 
photolytic disrotatory opening of the corresponding trans-diphenyloxirane. Thermolytic conrotatory 
opening of the isomeric cis-oxirane also afforded tetrahydrofuran (223) in 25% yield accompanied by an 
aldehyde byproduct. 

4.10.10.2.2 Cyclic dipolarophiles 

The diasteromeric teaacyclic products (2%-b) were formed from a cyclohexenyloxirane precursoi 
(Scheme 67).124 Similar cyclizations were carried out on cyclopentenyl, cycloheptenyl and cyclooctenyl 
substrates giving rise to diastereomeric mixtures in all cases. Interestingly, the cycloheptenyl substrate 
gave mostly (225b), corresponding to the minor product (224b). 

4.10.10.3 Cyclic Carbonyl Ylide-Alkene Cyclizations 

molecular cycloaddition. 
A variety of cyclic carbonyl ylides and related mesoionic species have been found to undergo inIra. 
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4.10.103.1 Oxidopyrylium ylide cycloadditions 

Rhodium acetate catalyzed cyclization of the diazo compounds (226a-b) led to the tetracyclic tetrahy- 
drofurans (227a-b) in high yield (Scheme 68).125 It was suggested that the reaction to produce (227a-b) 
involved a tandem carbene addition+arbonyl ylide intramolecular cycloaddition sequence. The carbonyl 
ylide here is actually an oxidobenzopyrylium ylide, formally a carbonyl ylide. The oxidobenzopyrylium 
ylide intermediate formed from (226b) was trapped by intermolecular cycloaddition to dimethyl acetyl- 
enedicarboxylate. A related tandem carbene addition-carbonyl ylide intramolecular cycloaddition se- 
quence has been reported where the dipole is present in a five- rather than six-membered ring.126 

Thermolysis of the pyranyl acetate (228) gave rise to the isomeric perhydroazulenes (22%-b), pre- 
sumably via intramolecular cycloaddition of an intermediate oxidopyrylium ~ 1 i d e . I ~ ~  A similar cycliza- 
tion occurred for the pyran-4-one (230), leading to (231a), which was isolated as the acetate (231b).Iz8 
No evidence was presented for an oxidopyrylium intermediate and the timing of carbonyl+nol tauto- 
merization is unknown. Thus, another mechanism may apply. 

4.10.103.2 Oxazolin-4-one (isomunchnone) cycloadditions 

A number of appropriate diazo precursors have been subjected to tandem carbene cyclization-iso- 
munchnone intramolecular cy~loaddi t ion .~~~ Thus, (232a) was cyclized with rhodium acetate to provide 
a tricyclic tetrahydrofuran; (232b) cyclized similarly and produced just one stereoisomer. 

4.10.10.4 Carbonyl Ylide-Alkyne Cyclizations 

Dihydrofurans are valuable synthetic compounds. Nevertheless, little is known about intramolecular 
cycloaddition of carbonyl ylides to alkynes. In one example, alkynyl pyran-4-one (233) was cyclized to 
dihydrofuran (234; Scheme 69).128 Possibly this reaction proceeds via an oxidopyrylium ylide intermedi- 
ate as shown. 

4.10.11 THIOCARBONYL YLIDE CYCLIZATIONS 

There are two mesoionic sulfur heterocycles which have been shown to undergo intramolecular cy- 
cloaddition as thiocarbonyl ylides: 1.3-dithiolone~~~~ and 1.3-thia~olones.~~' Thus, the alkenyl 1.3-di- 
thiolone (235) gave a 90% yield of cyclization product (Scheme 70). The analogous alkynyl 
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1,3-dithiolone gave thiophene (236) in 92% yield, presumably formed from the corresponding cyclo- 
adduct after extrusion of carbonyl sulfide. The 1.3-thiazolone (237) reacted with 3-bromocyclohexene to 
afford pentacyclic (238) in 23% overall yield as a single isomer.131 The intermediate alkylation product, 
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tethered at the thiazolone 2-position, was partially cyclized to (238) during preparation. Similarly, thia- 
zolone (239), tethered at the 5-position and generated from an a-hydroxy acid, also partially cyclized 
during preparation affording a 33% overall yield of (240). The thiazolone (241), tethered at the N-atom 
(3-position), was obtained pure: cyclization to (242) occurred only after eight days in refluxing xylene. 
Transition state analysis was consistent with the observed difference in reactivity depending on the posi- 
tion of the tether: 2-substituted > 5-substituted >> 3-substituted. q -  \ %(.+ )I Ph - 120 "C 

+ 

0 

Qc-$ 
OH 
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K2C03 
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4.10.12 NITRILE SULFIDE CYCLIZATIONS 

Intermolecular nitrile sulfide cycloadditions have been known for some time but the first intramolecu- 
lar cycloadditions have just been rep01ted.I~~ The oxathiazolone (243) gave (244a) in 70% yield when 
heated in refluxing xylene (Scheme 7 1). Extrusion of carbon dioxide presumably afforded the nitrile sul- 
fide as an intermediate. The oxathiazolone (245) gave (244b) when heated in refluxing xylene; here, are 
matization of the initial cycloadduct presumably occurred. 
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SRN 1 reactions, 472 
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palladium complexes, 835 

Acid halides 
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synthesis 
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heterocyclic compounds, 837 
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tandem vicinal difunctionalization, 247 
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addition reactions 
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Acrylonitrile, 2-(N-methylanilino)- 

with enolates, 100 
with organolithium compounds, 79 
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radical cyclization, 733 
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synthesis 
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addition reactions, 1 13- 1 15 
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Acyl halides 
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Ac ylmetallation 

alkynes, 905 
Acyloxymercuration 

demercuration 

Acyloxy radicals 

Acyl radicals 

via cyclofunctionalization of cycloalkene, 373 

alkenes, 3 14-3 16 

cyclization, 8 12 

addition to alkenes, 740 
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photolysis 

radical addition reactions, 749 
Adamantane, adamantylidene- 

reaction with bromine, 330 
kinetics, 344 

Adarnantanethione S-methylide 

Addition reactions 
cycloadditions, 1074 

electrochemical, 129 
radicals, 727-73 1 
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synthesis 
via conjugate addition, 21 8 

via Michael addition, 29 
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synthesis 
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via cyclofunctionalization of cycloalkene, 373 

Alanes, alkenyl- 
conjugate additions 

a,f3-enones, 141 

carboalumination, 89 1 

carboalumination, 891 

addition to activated alkynes, 48 
addition to alkenes 

palladium(I1) catalysis, 553 
.rr-allylpalladium complexes from, 588 
hydrobromination, 282 
reactions with alkenes, 297-316 

synthesis 

Alanes, allyl- 

Alanes, benzyl- 

Alcohols 

Alcohols, 1,3-amino- 

via 1.3-dipolar cycloadditions, 1078 
Alcohols, y-amino- 

synthesis 
via 1,3-dipolar cycloadditions, 1078 

Aldehydes 
acyclic 

a-alkylation, 260 
alkylidene transfer, 976 
asymmetric synthesis 

enolates 

tandem vicinal difunctionalization, 243-245 

hydroformylation, 93 1 

addition reactions with alkenic wsystems, 59-105 
arylation, 466 

radical cyclizations, 8 17 
reactions with arynes, 510 
tandem vicinal difunctionalization, 242-246 
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addition reactions with organozinc compounds, 95 
conjugate additions, 183,208-212 
hydrobromination, 282 
hydroformy lation, 924 
imine protection, 252 
reaction with organolithium compounds, 72 

Aldehydes, a-bromo- 
synthesis 
via haloborane addition to alkynes, 358 

Aldimines 
a,gunsaturated 

addition reactions with organomagnesium 
compounds, 85 

Alditols, amino- 
synthesis 

Aldol reactions 
radical cyclization, 791 

via cyclization of allylic substrates, 404 
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Aldoximes 
oxidation 

nitrile oxides from, 1078 
Alkaloids 

synthesis 
via 1,3-dipolar cycloadditions, 1077 

Alkanes, bis(5-deazaflavin- 10-yl)- 
synthesis, 435 

Alkanes, difluoro- 
synthesis, 271 

Alkanes, gem-dihalo- 
cyclopropanation, %I-976 
dialkylation with 

1.2-dicarbanionic species, 976 
Alkanes, fluoro- 

synthesis, 270 
Alkanes, nitro- 

aryl radical traps, 472 
Michael addition, 12 
tandem vicinal difunctionalization, 259 

reaction with alkenes 
Alkanes, polyhalo- 

radical addition reactions, 753 
Alkanethiolates 

Alkanoic acids 
reactions with aryl halides, 475 

a$-disubstituted 

activated 

synthesis via conjugate addition to sultams, 204 
Alkenes 

conjugate additions catalyzed by Lewis acids, 
139-164 

acyloxymercuration-demercuration, 3 14 
addition reactions 

carbon-centered radicals, 735-765 
carbon nucleophiles, 571-583 
dihalocarbenes, 1002-1 004 
ketocarbenoids, 1034-1050 
nitrogen nucleophiles, 559-563 
oxygen nucleophiles, 552-559 
reactive carbanions, 69-130 

alkoxymercuration+iemercuration, 309 
alkylation 

palladium complexes, 842 
palladium(I1) catalysis, 571-580 

wallylpalladium complexes from, 587 
amination, 29CL297 
aminomercuration-demercuration, 290 
arylation by palladium complexes, 843-848 

mechanism, 843 
regiochemistry, 845 
stereochemistry, 845 

palladium complexes, 842 

hydrochlorination, 273 

radical addition reactions, 758 

benzy lation 

bicyclic 

capto-dative 

carboalumination, 887 
carboboration, 885 
carbocupration, 895 
carbolithiation, 867-872 
carbomagnesiation, 873,874-877 
carbometallation, 865-906 
carbozincation, 879,880-883 
conjugate additions 

catalyzed by Lewis acids, 140 

alkyl diazoacetate, 1035 
c yclopropanation 

dicarboxylation, 946-949 
electron deficient 

asymmetric nucleophilic addition, 199-232 
stabilized nucleophiles and, 1-58 

X-Y reagents, 329-359 

carbolithiation, 869 
carbomagnesiation, 877 
hydroformy lation, 922-927 

hydrobromination, 279-287 
hydrocarboxylation, 932-946 
hydrochlorination, 272-278 

hydroiodination, 287 
hydrox ymercuration-demercuration, 300 
hydrozirconation, 153 
intramolecular carbomagnesiation, 876 
isomerization 

metal-activated 

'electrophilic addition 

esterification, 3 12 
functionalized 

stereochemistry, 272 

hydroformylation, 91 8 

addition reactions, 55 1-565 
nucleophilic attack, 55 1-568 

perox ymercuration-demercuration, 306 
radical addition reactions, 715-772 
radical cyclizations, 779 

carbon-centered radicals, 789 
reactions with alcohols, 307 
reactions with 7r-allylpalladium complexes 

regioselectivity, 644 
reactions with arynes, 510 
reactions with carbon monoxide, 913-949 
reactions with dialkyldithiophosphoric acids,.3 17 
reactions with dienes 

transition metal catalysis, 709-712 
reactions with HX reagents, 269-319 
reactions with hydrogen peroxide, 305,306 
reactions with ketocarbenes, 1031-1064 
strained 

trisubstituted 

unfunctionalized 

vinylation 

vinyl substitution with palladium complexes, 

reaction with .rr-allylpalladium complexes, 602 

synthesis from thiols and activated alkynes, 50 

hydroformylation, 9 19-922 

stereospecific, 852 

851-854 
mechanism, 85 1 

t-butyl carbonates 
cyclization, 386 

Alkenes, f3-(alkylthio)- 
addition reactions, 126 

1-Alkenes, 1 -alkynyl-2-halo- 
synthesis 

Alkenes, 2-alkyl-4-hydroxy- 

via haloborane addition to alkynes, 358 
Alkenes, a,a-difluoro- 

Alkenes, 1,l -diiodo- 
addition reactions, 127 

synthesis 
via carboalumination. 890 



1248 Subject index 

Alkenes, disubstituted 
synthesis 
viu tandem vicinal difunctionalization, 250 

Alkenes, fluoro- 
hydroformy lation, 927 

Alkenes, 1 -halo-Zbromo- 
synthesis 
via haloborane addition to alkynes, 358 

Alkenes, whydroxy- 

Alkenes, 3-methyl-5-hydroxy- 

stemselectivity, 380 

Michael acceptors, 262 
Michael additions, 12, 18 

chiral enolates, 2 18 
tandem vicinal difunctionalization, 253 

addition reactions 

cyclization 
palladium(iI) catalysis, 557 

cyclizations 

Alkenes, nitro- 

Alkenes, a-nitro- 

with enolates, 100 
with organolithium compounds, 77 
with organomagnesium compounds, 85 

n-allylpalladium complexes from, 589 
conjugate additions 

Lewis acids, 142 
synthesis 
via addition to 2-nitroallyl pivalate, 78 

Alkenes, tetrasubstituted 
synthesis 

via tandem vicinal difunctionalization, 250 
Alkenes, trisubstituted 

synthesis 
via tandem vicinal difunctionalization, 250 

2-Alkenolides, 2-sulfinyl- 

2-Alkenones 

p- Alkenylamines 

Alkenyl groups 

conjugate additions, 213 

tandem vicinal difunctionalization, 242 

sulfenoamination, 401 

addition reactions 

conjugate additions 
with alkenic n-systems, 72-99 

catalyzed by Lewis acids, 140-158 

tandem vicinal difunctionalizations, 260 

aromatic nucleophilic substitution, 437 
reaction with n-allylpalladium complexes 

tandem vicinal difunctionalization, 257 
Alkox ymercuration 

demercuration 

Alkenyl halides 

Alkoxides 

stereochemistry, 622 

alkenes, 309-312 
Alkoxy radicals 

cyclization, 8 12 
fragmentation reactions, 816,817 

arenes, 426 
intramolecular 

organomercury compounds 

Alkylation 

tandem carbanionic addition, 986 

palladium complexes, 838 
a- Alkylation 

enhancement, 260 

addition reactions 

conjugate additions 

Alkyl groups 

with alkenic wsystems, 72-99 

catalyzed by Lewis acids, 140-158 
Alkyl halides 

a-functionalization, 260 
vinyl substitutions 

palladium complexes, 842-856 
Alkylidene transfer 

cyclopropane synthesis, 95 1-994 
Alkyl iodides, perfluoro- 

reaction with alkenes 
palladium complexes, 842 

Alkyl radicals 
heterocyclic formation 

substituted 
radical reactions, 792 

carbocycle formation via cyclization, 791 
Alkyl radicals, dichloro- 

Alkyl sulfides 

Alkyne insertion 

radical cyclizations, 792 

reactions with n-allylpalladium complexes, 599 

metal carbene complexes 
cyclopropanation, 980 

Alkynes (see also specific compounds under Acetylene) 

conjugate additions catalyzed by Lewis acids, 
activated 

139-164 
acyloxymercuration, 3 15 
addition reactions 

carbon-centered radicals, 735-765 
carbon nucleophiles, 57 1-583 
dihalocarbenes, 1005 
ketocarbenoids, 1050-1052 
reactive carbanions, 69-130 
alkoxymercuration, 3 12-3 16 

alkylation 
via cationic iron complexes, 582 

aminomercurationdemercuration, 292 
carboalumination, 888 

regioselective. 890 
carboboration, 884,886 
carbocupration, 896901 
carbolithiation, 872 
carbomagnesiation, 877-879 
carbometallation. 262,865-906 
carbozincation, 883 
conjugate additions 

cyclizations 

electron deficient 

electrophilic addition 

electrophilic heteroatom cyclizations, 393-397 
functionalid 

Lewis acid catalyzed, 164 

nitrogen nucleophiles, 41 1 4 1 3  

stabilized nucleophiles and, 1-58 

X-Y reagents, 329-359 

carboalumination, 892 
carbomagnesiation, 878 
carbozincation, 884 

hydration, 299 
hydrobromination, 285 
hydrocarboxylation, 932-946 
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hydrochlorination, 277 
hydrofluorination, 27 1 
hydroformylation, 922 
hydroiodination, 288 
hydrozirconation, 153 
intermolecular addition 

carbon nucleophiles, 4 1 4  
heteronucleophiles, 47-53 

carbon nucleophiles, 46 
heteronucleophiles, 53 

intramolecular addition 

mercury-catalyzed hydration, 303 
metal-activated 

heteroatom nucleophilic addition, 567 
nucleophilic attack, 55 1-568 

carbozincation, 883 
nonfunctionalized 

radical addition reactions, 7 15-772 
radical cyclizations 

carboncentered radicals, 789 
reactions with alcohols, 309 
reactions with carbon monoxide, 913-949 
reactions with carboxylic acids, 313 
reactions with HX reagents, 269-3 I9 
reactions with ketocarbenes, 1031-1064 
wsystems 

addition reactions, 128 
nucleophile addition, 41-53 

tandem vicinal difunctionalization, 242,249 
thiylation, 317 

Alkynes, amino- 
cyclization 

Alkynes, aryl- 
hydrobromination, 285 

Alkynes, diaryl- 
hydrobromination, 286 

Alkynes, dihydroxy- 
intramolecular oxypalladation, 3p1 

1 -Alkynes, 1 -halo- 
hydrobromination, 286 

Alkynes, phenyl- 
hydration, 300 

Alkynes, silyl- 
carbomagnesiation, 879 

Alkynes, 1 -trimethylsilyl- 
carbozincation, 884 

Alkynic alcohols 
cyclofunctionalization, 393 

Alkynoic acids 
hydrobromination, 285 

1 -Alkyn-3-ones 
hy drobromination 

palladium(I1) catalysis, 567 

stereochemistry, 285 
Alkynyl groups 

addition reactions 

conjugate additions 
with alkenic r-systems, 72-99 

catalyzed by Lewis acids, 140-158 

tandem vicinal difunctionalizations, 260 

hydrochlorination, 277 

hydrobromination, 285 
hydrochlorination, 277 

Alkynyl halides 

Allene, tetrachloro- 

Allene, tetrafluom- 

Allenes 
acyloxymercuration, 3 15 
addition reactions 

akoxymercuration, 3 1 1 
?r-allylpalladium complexes from, 587 
aminomercuration, 292 
carboboration, 885 
carbomagnesiation, 875 
conjugated 

thiylation, 317 
cyclic 

synthesis via dihalocyclopropanes, 1010 
cyclizations 

nitrogen nucleophiles, 41 1413 
electrophilic heteroatom cyclizations, 393-397 
hydration, 299 
hydrobromination, 284 
hydrochlorination, 276 
hydroxy lation-carbonylation 

palladium(I1) catalysis, 558 
mercury-catalyzed hydration, 303 
radical cyclization 

carbon-centered radicals, 789 
reactions with alcohols, 308 
reactions with .rr-allylpalladium complexes, 601 
reactions with carboxylic acids, 3 13 
synthesis, 868 

wsystems 

tandem vicinal difunctionalization, 253 
vinylic 

carbon-centred radicals, 765 

via Doering-Moore-Skattebd reaction, 1009-1 01 2 

nucleophile addition, 53-58 

hydrobromination, 285 
Allenes, o-amino- 

minocarbony lation 
palladium(I1) catalysis, 562 

Allenic acids 
hydrobromination, 285 

Allethrolone 
synthesis 

Allyl acetal 

Allyl acetate, 2-(trimethylsilylmethyl)- 

via Michael addition, 10 

hydroformylation, 924 

cycloaddition 
palladium catalysis, 593 

Allyl acetates 
allylic transposition 

dicarboxylation, 948 
oxidation 

rearrangements 

palladium(I1) catalysis, 576 

palladium(I1) catalysis, 553 

palladium catalysis, 5% 
Allyl alcohols 

wallylpalladium complexes from, 590 
arylation 

carbolithiation, 869 
hydrocarboxylation, 94 1 
hydroformylation, 923 
vinylation 

via palladium catalysts, 848 

palladium complexes, 854 
Allyl alcohols, p-fluoro- 

synthesis 
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via cyclopropane ring opening, 1020 
Allyl alcohols, nitro- 

synthesis 

Ally lamines 
via acetoxyselenation, 340 

addition reactions 

carbolithiation, 87 1 
hydrocarboxylation, 941 
oxidation 

vinylation 

Allyl arsenites 
n-allylpalladium complexes from, 590 

Allyl borates 
n-allylpalladium complexes from, 590 

Allyl bromide 
hydrobromination, 280 

Allyl carbamates 
n-allylpalladium complexes from, 589,592 
Claisen-type rearrangement 

nitrogen nucleophiles, 562 

palladium(I1) catalysis, 559 

palladium complexes, 854 

palladium(II) catalysis, 564 
Allyl carbonates 

n-allylpalladium complexes from, 589 
palladium enolates 

allylation, 592 
Allyl carbonates, 2-(cyanomethy1)- 

palladium catalysis, 593 
cycloaddition 

Allyl carbonates, ethyl-24 sulfonylmethyl)- 

Allyl carbonates, (methox ycarbonyl)methyl- 

cycloaddition 
palladium catalysis, 593 

cycloaddition 
palladium catalysis, 593 

Allyl chloride 
hydrobromination, 280 
hydroiodination, 288 

metal complexes 
Allyl compounds 

nucleophilic addition, 585454 
Allyl esters 

rearrangements 
palladium(I1) catalysis, 563 

Allyl ethers 

Allyl halides 

Allylic alkylation 

hydroformylation, 923 

n-allylpalladium complexes from, 588 

palladium catalysis 
nucleophiles, 590-600 

13-Allylic hydrogen transfer 

Allylic transposition 

Allylimidates 

heptenyl radicals, 786 

palladium(I1) catalysis, 563 

n-allylpalladium complexes from, 590 
Claisen-type. rearrangement 

palladium(I1) catalysis, 564 
Aluminum, alkenyl- 

in synthesis, 893 
Aluminum, trialkyl- 

conjugate additions 

Aluminum, trialkynyl- 
a,&unsaturated ketals, 209 

conjugate additions 
a,B-enones. 143 

Aluminum, trimethyl- 
conjugate additions 

a$-enones, 140 
Aluminum, tris(trimethylsi1yl)- 

regioselectivity, 642 
stereochemistry, 625 

Aluminum chloride, dialkyl- 
conjugate additions 

a,&enones, 140 
Aluminum cyanide, diethyl- 

conjugate additions 

reactions with n-allylpalladium complexes 

Lewis acid catalyzed, 162 
Amidation 

Amides 
alkenes, 292 

addition reactions 
alkenes, 559 

chiral 
conjugate additions, 202 

enolates 
addition reactions, 106-1 11  
arylation, 466 

addition reactions, 125 

regioselectivity, 639 

synthesis via haloborane addition to alkynes, 358 

~-haba,~-unsaturated 

nucleophilic addition to n-allylpalladium complexes 

N-phenyl-f3-bromos,B-unsaturated 

reactions with alkenes, 292-295 
reactions with .rr-allylpalladium complexes, 598 

synthesis 
stereochemistry, 623 

via hydration of alkynes, 300 
via hydroformylation, 941 

tandem vicinal difunctionalization, 246-249 
a,a-unsaturated 

tandem vicinal difunctionalization, 257 
Amides, acyclic 

tandem vicinal difunctionalization, 247-249 
Amides, akynic 

tandem vicinal difunctionalization, 249 
Amides, N-allyl- 

hydroformylation, 926 
Amides, cyclic 

tandem vicinal difunctionalization, 249 
Amides, vinyl- 

hydroformylation, 926 
Amidomercuration 

alkenes, 741 
demercuration 

alkenes, 294 
Amidyl radicals 

cyclizations, 812 
Amination 

alkenes, 2W297 
Amine nucleophiles 

nucleophilic addition to n-allylpalladium complexes 
regioselectivity, 638-640 
stereochemistry, 622424 

azomethine ylide generation, 1089 

Amine N-oxides 
deprotonation 

Amines 
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addition reactions 
alkenes, 559 

aromatic nucleophilic substitution, 433 
nucleophilic addition to r-allylpalladium complexes, 

598 
regioselectivity, 638 
stereochemistry, 622 

reaction with alkenes, 290-297 

radical cyclizations, 812 

alkylation 

Amino acids 
fluorinated 

Amino alcohols 
synthesis 

Amines, N-halo- 

Amines, homoallylic 

palladium(I1) catalysis, 573 

synthesis via hydroformylation, 927 

via cyclization of allylic substrates, 406 
Aminocarbonylation 

alkenes 
palladium(II) catalysis, 561 

Aminomercuration 
demercuration 

alkenes, 290-292 
Amino radicals 

cyclizations, 795 
Amino sugars 

synthesis 
via palladium catalysis, 598 

Aminotelluration 
alkenes, 343 

Aminyl radicals 
cyclizations, 81 1 
metal complexes 

cyclizations, 8 12 
Amminimium radicals 

cyclizations, 8 12 

SRN 1 reactions, 460 

silylmethy1)- 
desilylation, 430 

reaction with activated alkynes, 49 

aryl halides, 434 

synthesis 

cations 

Ammonium compounds, piodophenyltrimethyl- 

Ammonium halides, benzyldimethyl(trimethy1- 

Ammonium salts, trialkyl- 

Ammonolysis 

Anatoxin 

via dibromocyclopropyl compounds, 1023 
Anilides, N-alkyl- 

a,$-unsaturated 
photoinduced cyclization, 477 

Aniline, N-acyl-o-chloro- 

Aniline, o-alkyl- 
photoinduced cyclization, 477 

metal complexes 

Aniline, 2,3-dinitro- 

Aniline, 4-n-butylnitm- 

Aniline, 2,4,6-trimethyl- 

addition reactions, 534 

reaction with piperidine, 423 

synthesis, 433 

synthesis 
via SRN 1 reaction, 472 

Anilines 
ortho alkylation, 430 
synthesis, 434 

Anisole 
meta-acylation, 532 

Anisole, (mcyanoalky1)- 
metal complexes 

addition-protonation reactions, 543 
Anisole, dihydro- 

Anisole, p-iodo- 

Anisole, 2-phenyl- 

reactions with iron carbonyls, 665 

reaction with phenylselenides, 454 

synthesis 

Annulation 

ad-Annulation 

Antheridiogen- An 

via benzyne, 5 10 

Michael ring closure, 12 1,260 

bicyclic ketoester synthesis, 8 

synthesis 

Antheridiogens 
synthesis 

via vinylcyclopropane thermolysis, I048 

via cyclofunctionalization of cycloalkene, 373 
Anthracene, 9-bromo- 
SRNI reaction, 461 

Anthracenes 
ozonization 

Anthracy cline 
synthesis 

[4+3] cycloadditions, 1075 

via Michael addition, 14,27 
Anthraquinone antibiotics 

synthesis 

Anthraquinones 
synthesis 

via arene-metal complexes, 546 

via arynes, 497 
via Michael addition, 27 

Antibiotic CC-1066 
synthesis 

Aphidicolin 
synthesis 

Aplasmomycin 
synthesis 

Aporphines 

via cyclopropanation, 1043 

viaconjugate addition, 215 

via organocuprates, 176 

1 I-substituted 

synthesis 
synthesis via arynes, 513 

via arynes, 504 
Arenecarbonitriles 

synthesis, 457 
via SRN 1 reaction, 47 1 

Arenediazonium salts 
generation 

radical cyclizations, 804 
vinylation 

radical addition reactions, 757 

palladium complexes, 835,842, 856 
Arenes 

q5-cyclohexadienyl complexes 
addition reactions, 531-547 
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electron-deficien t 

metal complexes 
nucleophilic addition, substitution by, 423-447 

cine-tele substitution, 527 
cyclization, 524 
nucleophilic addition reactions, 5 17-547 
nucleophilic substitution, 521-53 1 
synthesis, 519-521 

diaryne equivalents, 496 

palladium complexes, 835-837 

polyhalogenated 

vinyl substitutions 

Arenes, nitro- 
addition reactions 

with organomagnesium compounds, 85 
Arenes, thiocyano- 

synthesis, 443 
Arenesulfenyl sulfamates 

synthesis 
via oxosulfenylation of alkenes, 335 

Aromatic compounds 
radical addition reactions, 766-770 
reaction with ketocarbenes, 1031-1064 

Aromatic compounds, fluoro- 
synthesis, 445 

Aromatic compounds, vinyl- 
hydroformylation, 932 

regioselectivity, 9 19 
Aromatic substitution 

Arsenic ylides 

Arsenides 

Arsine, triphenyl- 

electrochemically induced, 453 

cyclopropanation, 987 

SRN 1 reactions, 474 

platinum complex 
in hydrocarboxylation, 939 

Arylamide ions 

Arylamine, N-nitrosoacyl- 

aryne generation, 487 

arylation, 470 

rearrangement 

Arylamines 
aromatic nucleophilic substitution, 433 
synthesis 

vinylation 
via SRNI reaction, 472 

palladium complexes, 856 
Aryl anions 

Arylation 
aryne generation, 486488 

carbon nucleophilies, 429 
intramolecular homolytic, 476 
organomercury compounds 

palladium complexes, 838 
Aryl chlorides 

vinyl substitutions 
palladium complexes, 835 

Aryl groups 
addition reactions 

conjugate additions 
with alkenic wsystems, 72-99 

catalyzed by Lewis acids, 140-158 
Aryl halides 

ammonolysis, 434 
deprotonation 

aryne generation, 486 

palladium complexes, 842-856 

reaction with phenoxides, 469 
vinyl substitutions 

Aryl radicals 
coupling with cyanides, 471 
cyclizations, 796-798 
nucleophilic coupling, 45 1-480 

radical nucleophilic substitution, 454 

vinyl substitutions 

Arylsulfonyl chlorides 
vinyl substitutions 

Aryl scrambling 

Aryl sulfinates 

palladium complexes, 856 

palladium complexes, 835,856 
Aryne, oxazolinyl- 

Arynes 
reaction with alkyllithiums, 494 

chemoselectivity, 492 
Diels-Alder reaction, 512 
1.3-dipolar additions, 512 
generation, 4 8 5 4 9 0  
metal complexes, 485 
nucleophilic addition, 491-5 13 

regioselectivi ty, 492-495 
nucleophilic coupling, 483-5 13 
reaction with ambident anions, 492 
soft acids, 491 
soft electrophiles, 484 
zirconium complexes, 485 

Arynic substitution 
in synthesis, 495-5 13 

Aspidosperma alkaloids 
synthesis 

via cyclohexadienyl complexes, 680 
Aspidospermine 

synthesis 
via cyclohexadienyl complexes, 679 

Atisine 
synthesis 

via Michael addition, 30 
Atom transfer reactions 

radical addition reactions, 751-758 
radical cyclizations, 801405,824 
radicals, 726 

Atracty ligenin 
synthesis 

Avermectin Ai, 
synthesis 

Avermectin B I. 
selective hydrobromination, 356 

Aza-aromatic compounds, amino- 
synthesis, 434 

Azabic yclohexene 
synthesis 

via cyclopropane ring opening, 1044 

via heteronucleophile addition, 34 

via nitrile ylide cycloaddition, 1083 
2-Azabicyclo[3.1 .O]hex-3-enes 

synthesis 
via ketocarbenoids and pyrroles, 1061 

Am-Cope reactions 

Azaenolates 
palladium(I1) catalysis, 563-565 

addition reactions 
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with alkenic r-systems, !99-113 

conjugate additions, 221-226 
chiral 

Azahexenyl radicals 
cyclizations, 81 1 

4-Azaindoles 
synthesis 
via SRN 1 reaction, 478 

1 -Aza-2-oxabicyclo[2.2. llheptane 
synthesis 
via nitrone cyclization, 11 15 

7-Aza-8-oxabicyclo[4.2. Ilnonanes 

1 -Aza-8-oxabicyclo[3.2. Iloctane 

via nitrone cyclization, 11 15 
1 -Aza-4-silacyclohexae, N-aryl- 

bridged 
synthesis via nitrone cyclization, 1 114 

synthesis 

synthesis 

Azaspirocycles 
synthesis 

via aminomercuration of allylic substrate, 405 

via cyclohexadienyl complexes, 679 
via palladium catalysis, 598 

Azasulfeny lation 
alkenes, 332 

2-Azasulfides 
synthesis 

from alkenes, 337 
Azepine, dihydm- 

synthesis 
via intermolecular addition, 48 

Azepines 
acylation 

synthesis 
via tncarbonyliron complex, 707 

via heteronucleophile addition, 36 
Azides 

cyclizations, 1157-1 159 
nucleophilic addition to r-allylpalladium complexes, 

reactions with alkenes, 295-297 

598 
regioselectivity, 640 

1,3-dipolar cycloadditions, 1099-1 101 
Azides, cycloalkenyl 

cyclizations, I158 
Azidoalkenes 

alicyclic-bridged 

aryl-bridged 

cyclizations, 1 157 
open-chain 

Azidoalkynes 
cyclizations, 1158 

Azidomercuration 
demercuration 

alkenes, 297 
Aziridine, methylene- 

cyclizations, 1 158 

cyclizations, 1157 

cyclizations, 1157 

synthesis 
via dibromocyclopropyl compounds, 1022 

Aziridine, 1 -phenyl-2,3-bis(methoxycarbonyl)- 
ring opening 

azomethine ylide generation, 1085 
Aziridine, 1,2,3-triphenyl- 

reactions with alkenes 
synthesis of heterocycles, 1085 

Aziridines 
addition to activated alkynes, 48 
pyrolysis 

synthesis 
azomethine ylide generation, 1085 

via bromine azide addition to alkene, 349 
Azirine 

reaction with arynes, 510 
Azirines, aryl- 

photolysis 
nitrile ylides from, 108 I 

Azobisisobutyronitrile 
radical initiator, 725 

Azo compounds 
radical initiators, 725 

Azomethine imines 
aryl-bridged 

cyclizations, 1144-1 150 

1,3-dipolar cycloadditions, 1095 
open-chain 

intramolecular cycloadditions, 1 146 

sydnones, 1149 

intramolecular cycloadditions, 1 146 
Azomethine imines, alkenyl 

Azomethine imines, alkynyl 

Azomethine imines, cycloalkenyl 

Azomethine ylides 

intramolecular cycloadditions, 1 146 

cycloadditions, 1 147 

intramolecular cycloadditions, 1 146 

cyclizations, 1134-1 141 
1,3-dipolar cycloadditions, 1085-1089 
tandem Michaekyclization reactions, 1 137 

cyclic 
cycloadditions, 1136 

cyclizations, 1134-1 136 
open-c hain 

Azomethine ylides, alkenyl 

cyclizations, 1134-1 137 
Azomethine ylides, alkynyl 

cyclic 
intramolecular cycloadditions, 1 140 

intramolecular cycloadditions, 1139-1 141 
open-chain 

intramolecular cycloadditions, 1 139 

intramolecular cycloadditions, 1 139-1 141 

synthesis 

Azomethine ylides, allenyl 

Azulene, dichloro- 

via dihalocyclopropyl compounds, 1017 
Azulene, perhydro- 

Azulenes 

synthesis 
via carbonyl ylides, I093 

synthesis 
via o-alkyliron complexes, 579 
via ketocarbenoid reaction with benzenes, 1052 
via ketocarbenoids, 1055 

Baldwin’s rules 
intramolecular addition 

BamfordStevens reaction 
heteronucleophiles, 37-41 

sulfonylhydrazone decomposition, 954 



1254 Subject Index 

Barbaralone 
synthesis 

via cyclopropanation, 1041 
Barbiturates, alkylidene- 

addition reactions 
with organozinc compounds, 95 

Barton method 
thiohydroxamate esters 

radical addition reactions, 747-750 
radical cyclizations, 799,824 

Benzalacetone, odimethylaminomethyl- 
synthesis, 837 

Benzalacetophenone 
addition reactions 

conjugate addition 
with organomanganese compounds, 98 

with aryl metallics, 70 
Benzazepines 

synthesis, 446 
via S R N ~  reaction, 479 

Benzene 
one nucleofuge 

solvent 

two nucleofuges 

S R N ~  reactions, 459 

radical reactions, 721 

S R N ~  reactions, 459 
Benzene, bis(dialky1amino)- 

aromatic nucleophilic substitution, 429 
Benzene, p-bis(pheny1thio)- 

synthesis, 460 
Benzene, bromo- 

reaction with phenoxides, 469 
Benzene, 4-t-butoxynitro- 

synthesis, 437 
Benzene, chloro- 

synthesis 
via dichlorocarbene, 1017 

Benzene, 1 -chloro-2,4-dinitro- 
sulfodechlorination, 443 

Benzene, m-chloroiodo- 
S R N ~  reactions, 460 

Benzene, o-dibromo- 
S R N ~  reactions, 460 

Benzene, nitro- 
amination, 436 

Benzene, 1 -(trimethylsilyl)-2-methoxy-3-(2-hexenyl)- 
metal complexes 

reactions, 539 
Benzene, tris(dialky1amino)- 

Benzeneacetic acid, a-methyi-4-(2-thienyIcarbonyl)- 
aromatic nucleophilic substitution, 429 

synthesis 
hydroforrny lation, 932 

Benzenediazonium-2-carboxylates 
aryne precursors, 487 

Benzenes 
reactions with ketocarbenoids, 1052-1058 

Benzenesulfinic acid, 2-amino- 
aryne precursor, 488 

Benzenesulfonyl azide, p-carbox y- 
diazo transfer reaction, 1033 

Benzenesulfonyl azide, n-dodecyl- 
diazo transfer reaction, 1033 

Benzensulfonyl azide, p-acetamido- 
diazo transfer reaction, 1033 

Benzhydrylamine, 4,4'-dimethoxy- 
reactions with ~-aIlylpaIiadium complexes, 598 

stereochemisuy, 623 
1,2-Benzisoxazoles 

synthesis, 439 
2,1-Benzisoxazoles, 3-amino- 

synthesis, 436 
1,2-BenzisoxazoIes, 3-phenyl- 

synthesis, 439 
Benzocyclobutene 

synthesis 
via arynes, 500 

Benzocyclooctatetraene 
tricarbonyliron complexes 

reaction with tetracyanoethylene, 7 10 

via dihalocyclopropyl compounds, 1015 

Benzocyclopropene 
synthesis 

Benzodiazepine 
synthesis 

Benzofuran 
synthesis 

via nitrile imine cyclization, 1 15 1 

via palladium(I1) catalysis, 557 
Benzofuran, dihydro- 

synthesis 
via a,@-unsaturated ester, 73 

Benzofuran, 3-methylenedihydro- 
metal complexes, 526 
synthesis 

via arene-metal complexes, 526 
Benzofuran-2(3H)-one, 3-acetyl- 

synthesis 

Benzofurans 
synthesis 

Benzoic acid 

Benzoic acid, o-alkyl- 

via benzyne, 5 10 
Benzoic acid, dihydro- 

via ketocarbenoids, 1057 

via sequential Michael ring closure, 262 

thallation, 841 

synthesis 

dianions 
conjugate addition reactions, 1 1  1 

Benzoic acid, mercapto- 

Benzoic acid, poly(a1kylthio)- 

Benzoic acid, poly(methy1thio)- 

Benzoic esters, dihydro- 

Benzonitrile, 4-alkoxy- 

Benzonitrile, 4-chloro- 

synthesis, 444 

synthesis, 441 

synthesis, 441 

reactions with iron carbonyls, 666 

synthesis, 438 

electrochemically induced SRN 1 reactions, 469 
reaction with phenoxides, 469 

oxide 
Benzonitrile, 4-nitro- 

1,3dipolar cycloadditions, 1072 

reaction with methyl acrylate, 1081 

reaction with methyl acrylate, 1081 

Benzonitrilohexafluoro-2-propanide 

Benzonitrilo-2-propanide 

Benzo[c]phenanthridine 
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synthesis 
via arynes, 505 
via S R N ~  reaction, 479 

Benzo[c]phenanthridones 
synthesis 

via S R N ~  reaction, 479 
Benzophenone, 4-bromo- 

reaction with phenoxides, 469 
Benzo[e]pyrene, 1 1, 12-dihydro- 

functionalization 
with N-bromoacetamide, 356 

1,3-Benzothiazole, 2-methyl- 
synthesis 

via S R N ~  reaction, 477 
Benzothiazole, 2-vinyl- 

addition reactions 
with organolithium compounds, 76 

aromatic nucleophilic substitution, 432 
tandem vicinal difunctionalization, 252 

Benzothiazolones 
synthesis, 444 

Benzo[c]thiophene, 1,3-dihydro- 
2.2-dioxide 

Benzothiazoles 

synthesis via ketocarbenoids, 1057 
Benzo[b]thiophenes 

synthesis 
via sequential Michael ring closure, 262 
via SRN 1 reaction, 479 

Benzotriazole, 1 -amino- 
aryne precursor, 488 

Benzoxepines 
synthesis 

via SRN 1 reaction, 479 
Benzoyl xanthate 

photolysis 
radical addition reactions, 749 

Benzylamine, N-acyl-o-chloro- 

Benzyl bromide 
photoinduced cyclization, 477 

vinyl substitutions 
palladium complexes, 835 

reaction with methyl acrylate 
palladium complexes, 842 

vinyl substitutions 
palladium complexes, 835 

Benzyl chloride 

Benzylic anions 
trimethylsilyl-stabilized 

Michael donors, 259 

transition metal complexes 
Benzylidene 

reaction with alkenes, 980 

Simmons-Smith reaction, %8 

vinyl substitutions 

Benzylidene transfer 

Benzyl iodide 

palladium complexes, 835 
Benzyl xanthate 

photolysis 
radical addition reactions, 748 

Benzyne, 4-chloro- 

Benzyne, 3.6-dimethoxy- 

Benzyne, 3-isopropyl- 

reaction with ammonia, 494 

reactions with acetonitrile, 492 

addition reactions 
lithium piperidide, 493 

ah initio calculations, 483 
carbocupration, 872 
carbolithiation, 872 
cyclization, 499 
double cyclization 

in synthesis, 505 
electrophilicity, 484 
enthalpy of formation, 484 
infrared spectrum, 483 
microwave spectrum, 484 
relative reactivity 

structure, 483 
substituent effects 

substituted 

Benzynes 

towards nucleophiles, 491 

kinetic stability, 492 

generation, 489 
nucleophilic addition, 494 
regioselective generation, 489 

tandem vicinal difunctionalization, 250 

nucleophilic substitution 

synthesis 

Biaryls, amino- 
synthesis 

Biaryls 

organometallic compounds, 427 

via SRN 1 reaction, 47 1 

via SRN 1 reaction, 469-47 I 
Biaryls, hydroxy- 

synthesis 
via SRN 1 reaction, 4 6 9 4 7  1 

Bicyclo[ 1.1 .O]butane, 1,2,2-trimethyl- 
synthesis 

via dihalocyclopropanes. 101 3 
Bicyclo[5.3.0]decatrienone 

synthesis 
via ketocarbenoids. 1055 

Bicyclo[4.4.0]decen-3-one 
synthesis 

via Lewis acid allylation, 155 
Bicyclo[6.4.0]dodecen-3-ones 

synthesis 
via organosilanes and qp-enones, 99 

Bicyclo[2.2. I Iheptanones 
synthesis 

via tandem Michael reactions, 121 
Bicycio[2.2. Ilhept-2-ene 

Bicyclo[4. I .O]heptene, dibromo- 

norbomene derivative, 101 2 

electrophilic attack, 330 

rearrangement 

Bicyclo[3.1 .O]hexane 
synthesis 

via reductive cyclization, 1007 
Bicyclo[3. I .O]hexane, dibromo- 

Bicyclo[4.2. I Inonane 
cyclopropyl-allyl rearrangement, 101 8 

bridged 
synthesis viu nitrone cyclization, I 1 14 

Bicyclo[3.3. I Inonanes 
synthesis 

via Michael addition, 27 
Bicyclo[4.3.0]nonan-3-ones 
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synthesis 
via organosilanes and a,bcnones, 98 

Bicyclo[5.2.0]nonatrienones 
synthesis 

via ketocarbenoids, 1056 
Bicyclo[4.3.0]nonen-3-one, vinyl- 

synthesis 
via organosilanes and a$-enones, 99 

Bicyclo[3.2. lloctadiene 
synthesis 

via cyclopropanatiodcope rearrangement, 1049 
Bicyclo[2.2.2]octanes 

synthesis 
via cyclopropane ring opening, 1043 

Bicyclo[3.2. lloctanes 
synthesis 

via cyclopropane ring opening, 1043 
Bicyclo[2.2.2]octanones 

synthesis 
via Michael addition, 30 
via tandem Michael reactions, 121 

Bicyclo[2.2.2]octenes 
synthesis 

via organosilanes and a,b-enones, 99 

addition reaction with 2-nitrobut-2-ene. 102 

synthesis 

Bicyclo[3.3.O]octenone 

Bicyclo[5.4.0]undecen-3-one 

via Lewis acid allylation, 155 
Bicyclo[6.3.0]undecen-3-ones 

synthesis 
via organosilanes and a,P-enones, 99 

Binaphthyl, (hydroxymethy1)- 
synthesis, 427 

Binaphthyls 
chiral synthesis, 427 

2,2’-Binaphthyls, hydroxy- 
synthesis 

via S R N ~  reaction, 477 
Biotin 

synthesis 
via INOC reaction, 1080, 1128 

Biphenyl, amino- 
synthesis 

via S R N ~  reaction, 471 
Biphenyl, 4-halo- 

Biphenyls 
S R N ~  reaction, 461 

chiral synthesis, 427 
unsymmetrical 

synthesis, 429 
Bis-annulation 

aromatic nucleophilic substitution 
competing reaction, 432 

Bislactim ether 
Michael additions 

unsaturated esters, 222 
Bislactones 

synthesis 
via cyclization of cycloalkeneacetic acids, 370 

9-Borabicyclo[3.3.1 Inonane, B-( 1 -alkenyl)- 
conjugate additions 

a$-enones, 147 

conjugate additions 
a,B-enones, 147 

9-Borabicyclo[3.3. llnonane, B-( 1 -alkynyl)- 

9-Borabicyclo[3.3. llnonane, B-l-(2-ethoxy- 
2-iodoviny1)- 
conjugate additions 

a,b-enones, 147 
9-Borabicyclo[3.3. llnonane, B-iodo- 

reactions with alkynes and allenes, 358 
Boracyclanes, B-alkyl- 

conjugate additions 
alkenes, 146 

Borane, trialkyl- 

Borane, triallyl- 

Borane, triethyl- 

Borane, vinyloxy- 

alkenes, 145 

reaction with alkenes, 884 

reaction with alkynes, 886 

reaction with alkenes, 885 

conjugate additions 

Boranes, B-( 1-alkeny1)alkoxyfluoro- 
conjugate additions 

a$-enones, 147 
Boranes, B-alkyldiphenyl- 

conjugate additions 
alkenes, 146 

Bornane- 10,2-sultams 

Bornane- 10,2-sultams, N-enoyl- 
conjugate additions, 204 

conjugate additions 
hydrides, 23 1 

1 -Borneol 

Bornylene 

Bomyl propenoates 

Borodin-Hunsdiecker reaction 

Boron bromides 

Boron fluoride 

reaction with bromine and dihydropyran, 345 

reaction with hydrofluoric acid, 270 

reaction with benzenesulfenyl chloride, 33 1 

brominative decarboxylation, 1006 

reactions with alkenes, 357 

hydrofluorination 
alkenes, 27 1 

catalyst 
Boron trifluoride etherate 

tandem vicinal difunctionalization, 255 
Botryodiplodin 

synthesis 

Brassinolide 
synthesis 

Brefeldin A 
synthesis 

via conjugate addition, 2 1 1 

via carboalumination, 893 

via cr-alkyliron complexes, 579 
via conjugate addition, 21 1 

em-B rev icomin 
synthesis 

via cyclofunctionalization of cycloalkene, 373 
Bridged carbocyclic systems 

synthesis 

Bridged rings 
synthesis 

via palladium(I1) catalysis, 573 

via radical cyclizations, 791 
Bromides 

vinyl substitutions 
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palladium complexes, 835 
Bromine 

conjugate enolate trap, 262 
reaction with alkenes, 344-346 

Bromine fluoride 
reaction with alkenes, 347 

Bromolactonization 
cycloheptadienes 

palladium catalysis, 687 
Bursem 

synthesis 

1,3-Butadiene 
via conjugate addition, 2 1 1 

carbocupration, 895 
carbomagnesiation, 874 
diarylation 

dicarboxylation, 949 
hydration, 299 
hydrobromination, 283 
hydrocarboxylation, 945 
hydrochlorination, 276 
reaction with t-butyllithium, 868 
reaction with ethyl diazopyruvate, 1048 

1,3-Butadiene, bis-2,3-chloromethyl- 
synthesis 

palladium catalysts, 849 

via palladium(I1) catalysis, 566 
1,3-Butadiene, 1 -bromo- 

hydrobromination, 283 
1,3-Butadiene, 2-1-butyl- 

reaction with .rr-allylpalladium complexes, 
1,3-Butadiene, 1.4diacyl- 

cyclic 
synthesis via ketocarbenoids and furans, 

1,3-Butadiene. 2.3-dimethyl- 
hydrobromination. 283 

1,3-Butadiene, 2-fluoro- 
synthesis 

via cyclopropane ring opening, 1020 
1.3-Butadiene, 1 -phenyl- 

arylation 

hydrobromination, 283 

synthesis 

palladium catalysts, 849 

Butadiene-2-carboxylate, 1 -amino- 

via enamines and alkynic esters, 45 
Butanal 

synthesis 

2-Butanone 
enolates 

via hydrocarbonylation, 914 

arylation, 466 
I-Butene 

asymmetric hydroformylation, 930 
hydroformy lation, 930 

aminomercuration, 290 
asymmetric hydroformylation, 930 
dicarboxylation, 946 
hydroformylation, 930 

2-Butene, 2.3-dideutero- 
hydrochlorination, 272 

1 -Butene, 3,3-dimethyl- 
amidomercuration, 294 

2-Butene, 2,3-dimethyl- 
hydroformylation, 919 

2-Butene 

1-Butene, 4-nitro- 
addition reaction with enolates, 104 

3-Butenoic acid 
hydrobromination, 282 

3-Buten-1 -01,2,2-dimethyl- 
hydrocarboxylation, 94 1 

Butenolide 
synthesis 

via hydrocarboxylation, 937 
3-Buten4olides 

synthesis 

y-Butenolides 
tandem vicinal difunctionalization, 249 

y-Butenolides, 4-substituted 
tandem vicinal difunctionalization, 249 

Butenyl acetate 
dicarboxylation, 948 

2-Butenyl acetate, 3-methyl- 
hydroformy lation, 924 

Butenyl radicals 
cyclizations, 785 

r-Butyl alcohol 
solvent 

2-Butyne, 1,4dichloro- 

via cyclofunctionalization of alkynoic acids, 393 

radical reactions, 721 

reaction with bromine, 346 
reaction with selenenyl halides, 342 
reaction with sulfenyl halides, 336 

2-Butyne, hexafluoro- 

2-Butyne- 1.4-diol 
601 hydrobromination, 286 

carbomagnesiation, 878 

conjugate additions 
1060 3-B utynone 

trialkylboranes, 163 
Butyric acid, 2-amino-4-phosphono- 

synthesis 
via intramolecular ester enolate addition reactions, 

i l l  
Butyric acid, 3-trichloromethyl- 

synthesis 
via conjugate addition to a$-unsaturated 

carboxylic acid, 202 
y-Butyrolactone 

P-substituted 
synthesis via conjugate addition to oxazepines. 206 

y-Butyrolactone, 2,3,3-trimethyl- 

via hydrocarboxylation, 94 1 
synthesis 

But yrolac tones 
bicyclic 

synthesis via Michael addition, 24 

Cafestol 
synthesis 

via cyclopropane ring opening, 1043 
California red scale pheromone 

synthesis 
via conjugate addition to a,@-unsaturated acetal, 

via conjugate addition to a$-unsaturated 
209 

carboxylic acid, 202 
Calonectrin 

synthesis 
via cyclohexadienyl complexes, 680 
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Camphene 

Camphor 
reaction with hydrofluoric acid, 270 

chiral enoates 
conjugate additions, 202 

Camphor- IO-sulfonyl chloride 
conjugate additions 

enoates, 201 
Camptothecin 

synthesis 
via activated allene, 54 

Canadine 
synthesis 
via 6-exo-trig cyclization, 39 
via tandem vicinal difunctionalization, 25 1 

Cannivonine, dihydro- 
synthesis 

Carbacyclin 
synthesis 

Carbanions 

via dienyliron complexes, 673 

via cycloalkenyl sulfone, 79 

a-heteroatom stabilized 

nitrogen stabilized 

nucleophilic additionlelectrophilic coupling, 237-263 
oxygen stabilized 

phosphorus stabilized 

SRNI reactions, 471 
silicon stabilized 

sulfur stabilized 

addition reactions, 115-1 17 

addition reactions, 116 

addition reactions, 116 

addition reactions, 115 

addition reactions, 1 16 

addition reactions, 115 
Carbapenem 

synthesis 
via intramolecular ester enolate addition reactions, 

110 
Carbazole 

synthesis 
via intramolecular vinyl substitution, 847 

Carbene, dichloro- 
generation, IO00 

Carbene, difluoro- 
generation, lO00,1001 

Carbene, diiodo- 
generation, 1001 

Carbene, diphenyl- 
transition metal complexes 

reaction with alkenes, 980 
Carbenes 

generation, 961 
reaction with alkenes, 953 
transition metal complexes 

use in synthesis, 976-986 

addition to .rr-bonds, 1002-1005 
electronic configuration, 1002 
generation, 1OOO-1002 
structure, lo00 

addition to alkenes, 1031-1064 

a, p-unsaturated 

Carbenes, dihalo- 

Carbenes, keto- 

Carbenes, vinyl- 

addition reaction with enolates, 104 
Carbenoids 

Carbenoids, keto- 
reaction with alkenes, 953 

addition to alkenes, 1034-1050 

addition to alkynes, 1050-1052 
generation, 1032 

alkenes, 887-893 

catalysis 

internal alkynes, 890 
intramolecular, 887 

Carboboration 
alkenes, 884-887 
alkynes, 886 
intramolecular, 884 

Carbocations, a-fluoro- 
in fluorination of alkenes, 344 

Carbocupration 
alkenes, 893-903 
intramolecular, 898 
Wittig alkenation 

regioselectivity, 1035 

Carboalumination 

regioselectivity, 887 

transition metal complexes, 889 

diene synthesis, 262 
Carbohydrates 

fused 

synthesis 
synthesis via radical cyclization, 792 

via 1.3-dipolar cycloadditions, 1077 
via 5-em-trig cyclization, 38 

Carbolithiation 
alkenes, 867-873 
intramolecular, 871 
regioselectivity, 868 

Carbomagnesiation 
alkenes, 873-879 

alkynes, 877-879 
catalysis 

heterocycle synthesis, 877 
intramolecular 

alkenes, 876 
Carbomercuration 

alkynes, 904 
Carbometallation 

alkenes, 865-906 
chemoselectivity, 866 
definition, 866 
heteroconjugate addition reactions, 120 
reaction conditions, 867 
regioselectivity. 866 
stereoselectivity, 867 

Carbomycin B 
synthesis 

Carbon dioxide 

regioselectivity, 874 

transition metal complexes, 875 

via cycloheptadienyliron complexes, 686 

conjugate enolate trapping, 261 
reactions with wallylpalladium complexes, 601 

regioselectivity ,643 

1.3-dipolar cycloaddition, 1101 
Carbonitriles, 2’-azido-2-phenyl-, 

Carbon monoxide 
addition reactions 
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alkenes, 9 13-949 

regioselectivity, 643 
stereochemistry, 625 

reactions with wallylpalladium complexes, 600 

Carbon-nitrogen bonds 
radical additions 

Carbon nucleophiles 
aromatic nucleophilic substitution, 426433 

Carbon-oxygen bonds 
radical additions 

Carbonyl compounds 
addition reactions 

a$-alkynic 

a-arylated 

polyalkenic a,&unsaturated 

polycyclic a,fi-unsaturated 

a$-unsaturated 

cyclizations, 8 15-8 18 

cyclizations, 8 15-8 18 

carbon-centred radicals, 765 

conjugate additions, 185-187 

synthesis via SRN 1 reaction, 466-468 

reaction with organocuprates, 18 1 

reaction with organocuprates, 181 

conjugate additions, 228 
Michael additions, 217 
oxidation, palladium(.U) catalysis, 553 
reaction with organocuprates, 179-187 
Simmons-Smith reaction, 968 
synthesis, palladium catalysis, 61 1 
tandem vicinal difunctionalization, 253 

Carbonyl compounds, a-arylsulfinyla,@unsaturated 
homochiral 

conjugate additions, 213 
Carbonyl compounds, a-nitroaryl 

Carbonyl compounds, cy-oximino- 
synthesis, 429 

synthesis 
via nitrosochlorination of alkenes, 357 

Carbonyl oxides 
existence, 1098 

Carbonyloxy radicals 
cyclizations, 798 

Carbonyl sulfide 
conjugate enolate trapping, 261 

Carbonyl ylides 
alkyne cyclizations, 1 163 
cyclic 

cyclizations, 1159-1 163 
1,3-dipolar cycloadditions, 1089-1093 
open-chain 

photogeneration, 1090 
Carbonyl ylides, aryl 

cyclizations, 1161 
Carbopalladation 

alkenes, 903 
Carbosulfeny lation 

alkenes, 33 1 
Carboxylates 

reaction with wallylpalladium complexes 
stereochemistry, 622 

alkenes, 932-946 
catalysts, 939 

alkene cyclizations, 1162 

alkene cyclizations, 1161 

Carboxylation 

mechanism, 936-939 
Carboxylic acid chlorides 

arylation 
palladium complexes, 857 

Carboxylic acid halides 
vinyl substitutions 

palladium complexes, 856 

palladium(I1) catalysis, 553 

conjugate additions, 202 

Carboxylic acids 
addition to alkenes 

homochiral B-branched 

reactions with alkenes, 312-316 
a-(trimethylsilyl)a,B-unsaturated 

a$-unsaturated 
reaction with organolithium compounds, 74 

diastereoselective additions, 200-208 
hydrobromination, 282 
hydroiodination, 288 

a,O-Carboxylic dianions 
conjugate addition reactions, 11 1-1 13 

Carbozincation 
alkenes, 879-884 
alkynes, 883 
stereoselectivity, 880 

Catharanthine 
synthesis 

Cephalosporin 
bicyclic 

Cephalotaxine 
synthesis 

via palladium catalysis, 598 

synthesis via cyclization of enol thioether, 410 

via arynes, 502 
Cerium ammonium nitrate 

decomplexation, 674 
Cesium fluoroxysulfate 

reaction with alkenes, 347 
Chamigrene 

synthesis 

Chanoclavine I 
synthesis 

cyclohexadienyliron complexes 

via cyclopropane ring opening, 1043 

via INOC reaction, 1080 
via nitrone cyclization, 1120 

Chelidonine 
synthesis 

via arynes, 500 
Chinchona alkaloids 

catalysts 
conjugate additions, 230 

Chlorine 
reaction with alkenes, 344 

Chlorofluorocarbons 
synthesis, 270 

Chloroform 
reaction with nitroarenes, 432 

Chloromethoxylation 
alkenes, 355 

Chlorosulfamation 
alkenes, 347 

Chlorothricin 
synthesis 
via tandem vicinal difunctionalization, 243 

Cholestane. 3-halo- 
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Michael addition, 130 
Chorismic acid 

synthesis 
via cyclopropanation, 1036 

Chroman-4-one, 2-alkyl- 
synthesis 

Chromanones 
synthesis 

Chromium, (alky1benzene)tricarbonyl- 
substitution reactions, 538 

Chromium, (aniso1e)tricarbonyl- 
addition-protonation reactions, 543 
addition reactions, 538 

addition-oxidation reactions, 531-541 
tandem vicinal difunctionalization, 253 

addition-oxidation, 532 
reaction with 2-lithio-l,3-dithiane, 545 

Chromium, (ch1orobenzene)tricarbonyl- 
nucleophilic addition reactions, 5 19 
reaction with lithioisobutyronitrile, 526 

Chromium, (q4-cyclohexadienyl)tricarbonyl- 
reaction with benzyl bromide, 7 12 

Chromium, (diphenyl ether)tricarbonyl- 
nucleophilic substitution, 527 

Chromium, (fluorobenzene)tricarbonyl- 
reaction with diethyl sodiomalonate, 526 
synthesis, 523 

halide exchange, 527 
nucleophilic substitution, 522-524 

Chromium, (indo1e)tricarbonyl- 
substitution reactions, 539 

Chromium, (N-methyltetrahydroquino1ine)tricarbony l- 
addition reactions, 534 

Chromium, (naphtha1ene)tricarbonyI- 
addition reactions, 536 

Chromium, (styrene)tricarbonyl- 
addition reactions, 546 

Chromium, (o-(trimethy1silyl)anisole)tricarbonyl- 
metallation, 539 

Chromium(I1) perchlorate 
radical cyclizations 

via conjugate addition. 215 

via ketocarbenoids, 1057 

Chromium, (q-arene)tricarbonyl- 

Chromium, (q6-benzene)tricarbonyl- 

Chromium, (ha1oarene)tricarbonyl- 

nonchain methods, 808 
Chrysanthemic acid 

synthesis 
via carbomagnesiation, 874 

Cine substitution 

Cinnamamides, Nd-dialkyl- 
in synthesis, 496 

addition reactions 
with organomagnesium compounds, 84 

reaction with lithium dimethylcuprate, I7 1 

synthesis 

Cinnamates 

Citronellal 

via conjugate addition to crotonaldehyde 
N,O-acetal, 210 

Citronellal, hydroxy- 
synthesis 

Citronellene 
via hydroformy lation, 923 

hydrofonny lation, 922 

Citronellic acid 
synthesis 

Citronellol 
synthesis 

via organocopper mediated additions, 152 

via conjugate addition to u,p-unsaturated 
carboxylic amides, 203 

Clavicipitic acids 
synthesis 

Cobalt, allyl- 
via diazoalkene cyclization, 1157 

fragmentation 
radical reactions, 746 

Cobalt, tetracarbonylhydrido- 
catalyst 

hydroformylation, 9 15 
Cobalt, tricarbonylhydrido(tributy1phosphine)- 

catalyst 
hydroformylation, 91 5 

Cobalt complexes, dienyl- 
synthesis, 691 

Cobalt hydride 
elimination 

alkene synthesis, 805 
Cobalt phthalocyanines 

vinyl substitutions 
palladium complexes, 841 

Cocaine 
synthesis 
via nitrone cyclization, 1120 

Codling moth constituent 
synthesis 

Compact in 
synthesis 

via tandem vicinal difunctionalization, 250 

via cyclofunctionalization of cycloalkene, 373 
via nitrile oxide cyclization, 1128 

Computer programs 

arenes, 425 
nucleophilic reactivity 

Confertin 
synthesis 
via conjugate addition, 229 
via ketocarbenoids, 1055 

Conjugate addi tion-enolate trapping 
definition, 238 

Conjugate addition reactions 
chiral catalysts, 230 
organocuprates, 169-1 95 

stereoselectivity, I87 
Conjugate enolates 

definition, 238 
Cope rearrangements 

palladium(I1) catalysis, 576 
Copper, alkenyl- 

in synthesis, 901-903 
Copper, gennyl- 

reaction with alkynes, 901 
Copper, trimethylsilylmethyl- 

carbocupration, 898 
Copper aldimines 

conjugate additions 
a$-enones, 162 

tandem vicinal difunctionalization, 257 
Copperdilithium, cyanobis(dimethylphenylsi1yl)- 

Copper hydride 
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elimination 
radical cyclizations, 807 

Coppermagnesium dihalides, alkyl- 

Copper(I), alkyl- 

Copper(I), dicyclohexylamido- 

tandem vicinal difunctionalization, 255 

tandem vicinal difunctionalization, 254 

conjugate additions 
nontransferable ligand, 177 

Copper(I), diphenylphosphido- 
conjugate additions 

nontransferable ligand, 177 
Copper(I), hexynyl- 

tandem vicinal difunctionalization, 256 

tandem vicinal difunctionalization, 256 

copper alkynide synthesis, 176 

tandem vicinal difunctionalization, 256 

tandem vicinal difunctionalization, 254-256 

tandem vicinal difunctionalization, 256 

conjugate additions 
acrylonitrile, 148 

Copper(I), pentynyl- 

Copper(1) cyanide 

Copper(1)metal compounds, alkyl( heteroalky1)- 

Copper(1)metal compounds, dialkyl- 

Copper(1)metal reagents, alkylalkynyl- 

Copper(1) methyltrialkylboronates 

Copper(1) salts 
catalysts 

halogen atom transfer addition reactions, 754 
Copper(I1) chloride 

cyclohexadienyliron complexes 
deceomplexation, 674 

Coriolin 
synthesis 
via organocuprate conjugate addition, 194 

p-Cresol 
arylation, 469,470 

synthesis 
Croomine 

via iodocyclization of allylic substrate, 404 
Crotonamides, Nfl-dialkyl- 

addition reactions 
with organomagnesium compounds, 84 

Crotonates 
conjugate additions 

amines, 23 1 
Crotonic acid, P-phenylseleno- 

via alkoxyselenation, 340 
synthesis 

Crotyl cyanide 
Michael additions 

chiral imines, 221 
Cryptausoline 

synthesis 

Cryptowoline 
synthesis 

via arynes, 504 

via arynes, 504 
Cularine alkaloids 

synthesis 

Cumulenes 
cyclic 

synthesis 

via arynes, 505 

synthesis via dihalocyclopropanes, 1010 

via dihalocyclopropanes, 1010 
a-Cuparenone 

synthesis 

P-Cuparenone 
synthesis 

via conjugate addition, 215 

via addition with organozinc compounds, 95 

properties, 170 

via transmetallation, 175 

Cuprates 
higher order 

synthesis 

Cuprates, dialkenyl- 
transmetallation to alkenylzinc reagents, 903 

Cuprates, dialkyl- 
reactions with dienyliron complexes, 670 

Cuprates, phosphino- 
conjugate additions 

enones, 177 
Cuprates, silyl- 

conjugate additions, 23 1 
reaction with alkynes, 901 

Curcumene 
synthesis 
via conjugate addition, 21 1 

Curtin-Hammett principle 
radical cyclizations, 815 

Cyanides 
aromatic nucleophilic substitution, 433 
Michael donors, 259 

Cyanohydrin anions 
addition reactions 

alkenes, palladium(I1) catalysis, 572 
Cyanohydrins 

addition reaction 

Michael addition, 12 
C yanoselenenylation 

alkenes, 341 
Cyanosulfeny lation 

alkenes, 337 
Cyclitols, amino- 

synthesis 

with a$-enones, 113 

via cyclofunctionalization, 375,400 
Cyclization-carbonylation 

carboxylate ions 
palladium(I1) catalysis, 558 

Cyclization-induced rearrangement 
palladium(I1) catalysis, 563 

Cyclizations 
electrophilic heteroatom, 3 6 3 4  14 
5-endo 

alkenyl systems, 377 
5-endo-trigonal 

intramolecular addition, 40 
6-endo-trigonal 

intramolecular addition, 40 
5-exo 

alkenyl systems, 377 
5-em-trigonal 

intramolecular addition, 38 
6-exo-trigonal 

intramolecular addition, 39 
nitrogen heterocycles, 397413 
SRN 1 reactions, 476-480 
sulfur compounds, 41 3 
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[4+3] Cycloaddition reactions 
nonconcerted, 1075 

Cycloadditions 
1 ,3-dipolar 

intermolecular, 1069-1 104 
intramolecular, 11 11-1 166 

1 -Cycloalkanepropionate, 2-alkoxycarbony l- 
synthesis 

C ycloalkanes 
bridged 

condensed 

via ester enolate addition, 107 

synthesis via 1,3dipolar cycloadditions, 1077 

synthesis via 1,3dipolar cycloadditions, 1077 
Cycloalkanone, 2-formyl- 

Michael addition, 5 
Cycloalkanones 

synthesis 
via Michael addition, 14 

Cycloalkanones, alkylidene- 
Grignard additions 

copper catalyzed, 9 1 
2-Cycloalkenone, 2-(arylsulfinyl)- 

addition reaction 
with Grignard reagents, 86 

2-Cycloalkenone, 2-sulfinyl- 
conjugate additions, 2 13 

2-Cycloalkenones 
dimerization 

Grignard additions 

tandem vicinal difunctionalizaiion, 242,245 

addition reaction with enolates, 108 
tandem vicinal difunctionalization, 245 

alkenes, 332 

S-methylide 

base initiated, 239 

copper catalyzed, 91 

2-Cycloalkenones, 2-arylsulfinyl- 

Cycloazasulfeny lation 

Cyclobutane-3-thione, 2,2,4,4-tetramethyl- 1 -oxo- 

cycloadditions, 1074 
C yclocopacamphene 

synthesis 

1 ,2-Cyclodecadiene 
hydrobromination, 284 

Cy clceudesmol 
synthesis 

via diazoalkene cyclization, 1 154 

via cyclopropanation, 1043 
Cyclofunctionalization 

electrophile-initiated 

heteroatom, 363-414 
oxygen nucleophiles, 367-397 
regioselectivity ,367 
stereoselectivity, 366,379-385 

Cycloheptadiene 
alkylation 

mechanism, 365-367 

stereocontrolled, via iron carbonyl complexes, 58 1 
2,4Xycloheptadieneacetic acid 

Cycloheptadienes 
lactonization, 371 

multiple functionalization 
stereochemistry, 685 

synthesis 
via Cope rearrangement, 1048 

Cycloheptane 
synthesis 

Cy cloheptatrienes 
via Michael addition, 6 

synthesis 

1057 

synthesis 

via ketocarbenoid reaction with benzenes, 1052, 

Cycloheptenone, chloro- 

via dihalocyclopropyl compounds, 1018 

via dihalocyclopropanes, 1010 

addition-protonation reactions, 542 
alkylation 

hydration, 299 
hydrobromination, 284 
hydrocarboxylation, 945 
multiple functionalization 

stereochemistry, 685 
synthesis 
via hydroformy lation, 922 

1,2-Cyclohexadiene 
synthesis 

1,3-Cyclohexadiene 

stereocontrolled, via iron carbonyl complexes, 581 

1 ,rl-Cyclohexadiene 
synthesis 

via hydroformy lation, 922 
via radical cyclization, 8 10 

1,3-Cyclohexadiene, 2-fluoro- 
synthesis 
via dihalocyclopropyl compounds, 1017 

1,3-Cyclohexadiene, 5-methyl- 
synthesis 

via dienetricarbonylmanganese anions, 704 
2,4-Cyclohexadieneacetic acid 

cyclofunctionalization, 37 1 
2,5-Cyclohexadienone, 2,4,4,6-tetrabromo- 

6-endo-cyclization.377 
Cyclohexadienones 

synthesis 
via Robinson annulation, 43 

C yclohexadienyl radicals 

Cyclohexane 
synthesis 

radical addition reactions 
aromatic compounds, 766 

via Michael addition, 27 
Cyclohexanecarbaldehyde, 2-methyl- 

via hydroformylation, 9 19 
synthesis 

Cyclohexane- 1,3dione, 2-methyl- 

Cyclohexane- 1,3-dione, 4-pentyl- 

via Michael addition, 6 

Michael addition, 20 

synthesis 

Cyclohexane- 1.3-diones 
synthesis 
via Knoevenagel and Claisen condensations, 2 

Cyclohexanone, 4,4-bis(ethoxycarbonyl)- 

Cyclohexanone, 2-chloromethylene- 

via dichlorocarbcne, 1004 

enamine 
Michael addition, 8 

synthesis 

Cyclohexanone, 2-methyl- 
enamine 
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Michael addition, 6 
Michael addition, 6,20 

Cyclohexanone, 3-phenyl- 
synthesis 

via thiocarbonyl ylides, 1095 
Cyclohexanone enamine 

Cyclohexanones 
reaction with dichlorocarbene, 1004 

4,4-disubstituted 
synthesis via Michael addition, 26 

Cyclohexene 
hydrobromination, 279 
hydroformylation, 914 

synthesis 
Cyclohex-2cne, cis- 1 -acetoxy-4-chloro- 

via palladium(I1) catalysis, 565 
Cyclohex-2-ene, trans- 1 -acetoxy4trifluoretoxy- 

synthesis 
via palladium(I1) catalysis, 565 

Cyclohexene, 4-t-butyl- 1 -phenyl- 

Cyclohexene, 3-chloro-2-fluoro- 
hydrochlorination, 273 

synthesis 
via dihalocyclopropyl compounds, 1017 

Cyclohex-2-ene, cis- 1 ,r)-diacetoxy- 

via palladium(I1) catalysis, 565 
synthesis 

Cyclohex-2-ene, trans- 1 ,Cdiacetoxy- 
synthesis 

via palladium(I1) catalysis, 565 
Cyclohexene, 1 -methyl- 

Cyclohexene, 1 -phenyl-cl-t-butyl- 

Cyclohexene, vinyl- 

hydroformylation, 919 

hydrobromination, 280 

dicarboxylation, 948 
hydrocarboxylation, 939 

1 -Cyclohexeneacetic acid 
y-lactones from, 371 

1 -Cyclohexeneacetic acid, 2-methyl- 
butenolides from, 371 

3-Cyclohexenecarbaldehyde 
hydroformy lation, 922 

Cyclohexenocycloalkanones 
synthesis 

via copper catalyzed Grignard addition, 91 
Cyclohexen- 1-01,2-bromo- 

synthesis 
via dihalocyclopropyl compounds, 101 8 

2-Cyclohexenone 
addition reaction 

y-alkylation, 674 
enantioselective alkylation 

organocuprates, 172 
Grignard additions 

copper catalyzed, 92 
reactions with Grignard reagents, 254 
reactions with lithium dialkylcuprates, 173 
synthesis 

with organomagnesium compounds, 89 

via Robinson annulation, 6 
2-Cyclohexenone, 4,4-disubstituted 

synthesis 
via cyclohexadienyliron complexes, 675 

2-Cyclohexenone, 3-methyl- 
Grignard additions 

copper catalyzed, 92 
Michael addition, 17 

conjugate addition 
2-Cyclohexenone, 5-methyl- 

organocuprates, 187 
2-Cyclohexenone, 5-substituted 

synthesis 
via arene-metal complexes, 543 

2-Cyclohexenone, 5-trimethylsilyl- 
reaction with Grignard reagents 

fused 

synthesis 

tandem vicinal difunctionalization, 245 

addition to methyl acrylate, 736 

hydrobromination, 284 
hydrochlorination, 276 
synthesis 

copper catalyzed, 2 1 1 
Cyclohexenones 

synthesis via ketone enolates. 99 

via Michael reaction, 2 

Cyclohexyl radicals 

1 ,2-Cyclononadiene 

via dihalocyclopropanes, 1010 
1,2,3-Cyclononatriene 

1,2,6-CycIononatriene 

1,3-Cyclooctadiene 

synthesis 
via dihalocyclopropanes, 1010 

hydrobromination, 284 

hydrocarboxylation, 945 
oxidation 

Cyclmtane 
synthesis 

palladium(I1) catalysis, 559 

via Michael addition, 6 
Cyclopalladated complexes 

NN-dialky lbenzy lamine 
vinyl substitutions, 837 

vinyl substitutions, 835,837 
1,3-Cyclopentadiene 

hydrochlorination, 276 
Cyclopentadiene, hexamethyl- 

cycloaddition with Cfl-diphenylnitrone, 1075 
Cyclopentadiene, phenyl- 

chromium tricarbonyl complex, 527 
Cyclopentane 

synthesis 
via Michael addition, 24 

Cyclopentane, (iodomethy1em)- 

via radical cyclization, 803 
synthesis 

Cyclopentanoids 
fused 

synthesis via cyclopropane ring opening, 1048 
Cyclopentanol, 3-allyl- 

synthesis 
via carbomagnesiation, 877 

Cyclopentanol, cis-2-propargyl- 
cyclofunctionalization, 393 

Cyclopentanone, 3-vinyl- 
synthesis 

reaction with dihalocarbenes, 1004 

via conjugate addition, 2 15 
Cyclopentanone enamine 

Cyclopentanones 
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synthesis 
via Michael addition, 18 

Cyclopentene, dichloro- 
synthesis 
via dichlorocyclopropyl compounds, 1023 

Cyclopentene, 1,2dimethyl- 
hydrochlorination, 272 

Cyclopentene, 1 -methyl- 
hydrochlorination, 272 

2-Cyclopenteneacetic acid 
cyclofunctionalization, 370 

2-Cyclopentenedicarbox ylates 
synthesis 

95 
Cyclopentenes 

via addition reactions with organozinc compounds, 

hydrocarboxy lation 

synthesis 
dicarboxylation, 947 

via Michael addition, 16 
via vinylcyclopropane thermolysis, 1048 

1 -Cyclopentenes, 1,2-disubstituted 

Cyclopentenocycloalkanones 
ozonolysis, 1099 

synthesis 
via copper catalyzed Grignard addition, 91 

2-Cyclopentenol, 4-OXO- 
acetate 

conjugate additions, 21 1 
2-Cyclopentenone, 4,4-dimethyl- 

dimerization 
base catalyzed, 239 

2-Cyclopentenone, 4-hydroxy- 
conjugate additions 

Lewis acids, 143 
2-Cyclopentenone, 5-methoxy- 

2-Cyclopentenone, 2-methyl- 
reaction with Gilman reagents, 21 1 

conjugate additions 
chiral organocopper compounds, 227 

tandem vicinal difunctionalization. 245 

addition reactions 

dialkylation, 255 
dicarboxylation, 948 
synthesis 

Cyclopentenones 

with a-silyl ester enolates, 107 

via conjugate addition to a-nitroalkenes, 143 
via cyclopropane ring opening, 1046 
via dihalocyclopropyl compounds, 101 8 

tandem vicinal difunctionalization, 245 

synthesis 
Cyclophanedienes 

via arynes, 507 
[m.m]-meta-Cyclophanediones 

via S R N ~  reaction, 477 
synthesis 

Cyclopropa[c]cinnolines 
synthesis 
via nitrilimine 1,l -cycloaddition, 1084 

Cyclopropanation 
acry laldehyde 

alkenes 
via enolate alkylation, 239 

alkyl diazoacetate, 1035 
intramolecular, 1040-1043 

asymmetric, %1,1038 
cobalt catalysts, 1040 
diastereoselectivity, 1037 
enantioselective, 980,987 
sequential Michael ring closure, 262 
via conjugate addition, 258 

Cyclopropane, 1 -acetoxy-3-alkyldifluoro- 
ring opening, 1020 

Cyclopropane, 1-alkyl-1 -halo- 
synthesis 
via lithium carbenoids, 1008 

Cyclopropane, alkylidene- 
synthesis 
via lithium-halogen exchange, 100s 

Cyclopropane, chlorofluoro-2-(trimethylsilyl)methyl- 

Cyclopropane, 1 -cyano-2,2-dihalo- 

via dihalocarbene. 1002 

rearrangement 
2-fluoro- 1 &butadiene. 1020 

synthesis 

Cyclopropane, deutero- 
synthesis 
via cyclopropanation, 1039 

Cyclopropane, gemdialkyl- 
synthesis 
via organocuprates, 1009 

Cyclopropane, dibromo- 

Cyclopropane, dibromotetramethyl- 
lithium-halogen exchange, 1007-1 009 

rearrangement 
1,2,2-trimethylbicyclo[ 1.1 .O]butane, 1013 

Cyclopropane, dichloro- 
synthesis, lo00 

Cyclopropane, difluoro- 
ring opening, 1020 

Cyclopropane, divinyl- 
Cope rearrangement, 1048 
synthesis 
via cyclopropanation, 1049 

Cyclopropane, a-hydroxyalkyl- 

Cyclopropane, lithiobromo- 

Cyclopropane, methylene- 

ring opening, 1043 

reaction with catechol borane, 1008 

addition to dichlorocarbene, 1002 
wallylpalladium complexes from, 587 

Cyclopropane, 1 -silyloxy-2-carboalkoxy- 
ring cleavage 

m-allylpalladium complexes from, 590 
cycloaddition 

radical annulation, 824 
thermolysis, 1048 

Cyclopropane, vinyldihalo- 
rearrangement 

via homoenolates, 120 
Cyclopropane, vinyl- 

palladium catalysis, 593 

cyclopentadienes, 1012 
Cyclopropane, vinylmethylene- 

via dihalocyclopropyl compounds, 1015 
Cyclopropanecarboxylic acid, 1 -amino- 

synthesis 

synthesis 
via ketocarbenoid addition to alkynes, 1050 

Cyclopropanedicarboxylates, 1 -alkyl-2-halo- 
synthesis 
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via addition with organozinc compounds, 95 
Cyclopropane ketal 

synthesis 

Cyclopropanes 
cleavage 

enantioselectivity, 952 
from A'-pyrazolines, 1102 
functionalized 

optically active 

stereochemiscry, 952 
substituents 

synthesis, 951 

via dihalocyclopropyl compounds, 1015 

catalytic hydrogenation, 1043 

synthesis, 103 1 

synthesis via conjugate addition to oxazepines, 206 

stereospecificity, 952 

via alkylidene transfer, 95 1-994 
via Michael reaction, 2 
via reductive dehalogenation, 1006 

electrocyclic ring opening, 1016-1020 
elimination/addition reactions, 1014-1 0 16 
elimination reactions, 10 14-10 16 
ring expansion, 101 7-1 020 
solvolysis, 1021 
synthesis, 999-1025 
transformations, 1006 

Cyclopropanes, monohalo- 
synthesis 

Cyclopropanes, dihalo- 

via reductive dehalogenation, 1006 
Cyclopropane-1 ,1,2-tricarboxylic acid 

synthesis via Michael reaction, 2 
triethyl ester 

Cyclopropene, 1,2-dibrorno- 
synthesis 

via dihalocyclopropyl compounds, 101 5 
Cyclopropene, halo- 

Cyclopropene, 1 -methyl- 
carboboration, 885 

Cyclopropene, tetrachloro- 
synthesis 

synthesis 
via dihalocyclopropyl compounds, 101 5 

via dihalocyclopropyl compounds, 1015 
Cyclopropem, vinyl- 

Cyclopropenes 
Ir-allylpalladium complexes from, 587 

m-allylpalladium complexes from, 587 
carbocupration, 895 
carbomagnesiation, 874 
carbozincation, 880 

synthesis 
Cyclopropenones 

via dihalocarbene, 1005 
Cyclopropyl compounds, 1 -bromo- 

synthesis 
via lithium-halogen exchange, 1007 

Cyclopropyl compounds, fluorobmmo- 
synthesis 

via brominative decarboxylation, 1006 
1 ,ZCyclotridecadiene 

hydrobromination, 284 

Darzen's condensation 
aromatic nucleophilic substitution 

competing reaction, 432 
Daunomycin, Mimethoxy- 

synthesis 

5-Deazaflavins 
synthesis, 435 

cis-Decalindione 
synthesis 

trans-Decalone 
synthesis 

via arynes, 497 

via Michael addition, 27 

via Michael addition, 27 
1-Decene, 10-nitro- 

cyclization 
via nitrile oxide, 1 127 

dienyliron complexes, 668 

acyloxy mercuration 
alkenes, 314-316 

alkoxymercuration 
alkenes, 309-3 12 

amidomercuration 
alkenes, 294 

aminomercuration 
alkenes, 290-292 

azidomercuration 
alkenes, 297 

hydroxymercuration 
alkenes, 300-305 

perox ymercuration 
alkenes, 306 

Dehydration 

Demercuration 

Dendrolasin 
synthesis 

via carboalumination, 893 
1,4-DiacetoxyIation 

cycloheptadienes 
palladium catalysis, 686 

palladium(I1) catalysis, 565 

synthesis 

Dialkylation 

2,3-Dialkylation 

2,6-Dialkylation 

cis-Dialkylation 

Diallenes 

Dialkyl arylphosphonates 

via SRN 1 reaction, 473 

1,2-dicarbanionic species, 976 

alkadienoates, 253 

alkadienoates, 253 

Michael acceptors, 243 

synthesis 

Diamination 
alkenes 

Diary lamines 
synthesis, 434 

Diaryne 
polyhalogenated arenes as equivalents, 4% 

Diastereofacial selectivity 
cyclopropanes, 952 

Diastereoselective addition 
achiral carbon nucleophiles 

chiral alkenes, 20&218 
1,2-Diazabicyclo[3.1 .O]hex-2-ene 

via dihalccyclopropanes, 1010 

palladium(I1) catalysis, 560 
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synthesis 
via diazoalkane cycloaddition, 1103 

Diaza[3.2.1 ]octane 
synthesis 

via azomethine imine, 1096 
Diazirines 

Diazoacetates 

Diazoacetoacetates 

Diazoalkanes 

carbene precursors, 961 

ketocarbene precursors, 1033 

ketocarbene precursors, 1033 

cyclopropane synthesis, 953-%1 
13-dipolar cycloadditions, 1101-1 104 
photochemical reactions with alkenes, 954 
reactions with alkenes 

metal-catalyzed, 954-%I 
Diazoalkenes 

aryl-bridged 
cyclizations, 1153 

cyclization, 1151-1 155 
open-chain 

cyclizations, 1152 
3-Diazoalkenes 

cyclization, 1156 
Diazoalkynes 

cyclization, 1156 
Diazo compounds 

cyclization, 1151-1 157 
decomposition 

ketocarbenes from, 1032 

cyclizations, 1 154 

ketocarbene precursors, 1033 

ketocarbene precursors, 1033 

cycloaddition with styrene, 1103 

ketocarbene precursors, 1033 

catalysts, 1032 

Diazoc ycloal kenes 

Diazo ketones 

Diazomalonates 

Diazomethane, phenyl- 

Diazomethane, vinyl- 

Diazonium salts -see Arenediazonium salts 
Diazopyruvates 

ketocarbene precursors, 1033 
Diazo transfer reaction 

sulfonyl azides, 1033 
9-Diazoxanthene 

cycloaddition with methyl acrylate, 1103 
a,a-Dibromo compounds 

ketocarbenes from, 1032 
Dicarbacondensation 

definition, 238 
1 ,2-Dicarbanionic compounds 

dialkylation, 976 
B-Dicarbonyl compounds 

aromatic S R N ~  reactions, 467 
a-arylated 

Dicarboxylation 
synthesis via S R N ~  reaction, 467 

alkenes, 946-949 
mechanism, 946 

Dicranenone A 
synthesis 

via cyclopropane ring opening, 1046 
Dicyclopentadiene 

hydroformy lation, 922 
oxidation 

palladium(II) catalysis, 559 
Diels-Alder reactions 

asymmetric, 1079 
radical cyclizations, 791 

2,4-Diene-l,64iones 
synthesis 

via dienetricarbonyliron complexes, 701 
Dienes 

acyloxymercuration, 3 15 
addition reactions 

alkoxymercuration, 3 1 1 
alkylation 

amidomercuration, 295 
arylation 

carboalumination, 887 
carbolithiation, 867-872 
conjugated 

carbon-centred radicals, 765 

via iron carbonyl complexes, 580-582 

palladium complexes, 849 

alkoxymercuration, 3 1 1 
aminomercuration-demercuration. 29 1 
hydrobromination, 283 
hydrocarboxylation, 945 
hydrochlorination, 276 
hydroformy lation, 922 
Ritter reaction, 293 
stereospecific synthesis, 1020 
thiylation, 3 17 

[4+3] cycloadditions, 1075 
cyclopropanation 

regioselectivity, 1035 
dialkoxy lation 

palladium(I1) catalysis, 565 
from .rr-allylpalladium complexes, 608410 
functionalized 

hydrofluorination, 27 1 
hydroidination, 288 
hydroxymercuration-demercuration, 303 
metal-activated 

heteroatom nucleophilic addition, 565 
nonconjugated 

alkoxymercuration, 3 1 1 
aminomercuration-demercuration, 29 1 
hydrobromination, 283 
hydrochlorination, 276 
hydroformylation, 922 
reactions with hydrogen sulfide, 317 
Ritter reaction, 293 

peroxymercuration-demercuration, 307 
radical cyclization 

reactions with .rr-allylpalladium complexes 

reactions with carbon electrophiles 

reactions with carboxylic acids, 313 
1.4-transfer of chirality 

vinylation 

carbomagnesiation, 877 

carbon-centered radicals, 789 

regioselectivity, 643 

transition metal catalysis, 695-7 12 

palladium(I1) catalysis, 576 

palladium complexes, 839,855 
1,2-Dienes 

chloropalladation, 565 
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1,3-Dienes 
.rr-allylpalladium complexes from, 587 
carbocupration, 895 
conjugated 

reaction with wallylpalladium complexes, 601 
reaction with dihalocarbenes, 1002 
synthesis 

1 PDienes 
synthesis 

1 >-Dienes 

heteroatom nucleophilic addition, 565 

via carboalumination, 889 

via Ir-allylpalladium complexes in, 595 

addition reactions 

carboalumination, 887 

synthesis 

nitrogen nucleophiles, 562 

lJ-Dienes, I-nitro- 

via electrophilic nitration, 356 
Dienolates 

addition reactions, 106-1 1 1  
Michael additions, 30 

Robinson annulation, 8 

synthesis 

Dienones 

a,P,&y-Dienones 

via conjugate additions, 147 
Diethyl phenylphosphonate 

via SRN 1 reaction, 473 
synthesis 

Dihalocyclopropanation 

a-Diketones 
alkenes, 1002 

monoketals 
reactions with arynes, 496 

Dimedone 
synthesis 

via Michael addition, 6 
Dimenthyl succinate 

Dimethy lamine 
asymmetric cyclopropanation, 976 

reaction with n-allylpalladium complexes 
stereochemistry, 623 

reaction with benzaldehyde 
Dimethyl diazomalonate 

carbonyl ylide intermediate, 1090 
Dimethyl itaconate 

Dimethyl succinate 
hydrofomylation, 925,932 

synthesis 

Dimsyl anions 
S R N ~  reactions, 472 

Diorganocuprates 
properties, 170 
structure, 170 

oxidation, 882 
synthesis 

via dicarboxylation, 947 

1 , I  -Diorganometallics 

via carbozincation, 879 
1,2-Dioxanes, trans-3,6-disubstituted 

synthesis 
via mercuricyclization of hydroperoxides, 390 

Dioxinone 
conjugate additions 

dialkylcuprates, 207 

1.2-DioxoIams, cis-3.5-dialkyl- 
synthesis 

via mercuricyclization of hydroperoxides, 390 
1,3-Dioxolan-4-ones 

addition reactions with nitroalkenes, 109 
Michael additions 

thermolysis 

Diphenylamine 
synthesis 

nitroalkenes, 218 

carbonyl ylide generation, 1089 

via S R N ~  reaction, 471 
Diphenylidonium-2-carboxylates 

aryne precursors, 488 
1,3-DipoIar additions 

regiospecificity, 1070 
1,3-Dipolar cycloadditions 

frontier molecular orbital theory, 1073 
intermolecular, 1069-1 104 
intramolecular, 11 11-1 166 
mechanism, 1070-1072 
nitrones, 1076-1078 
nonconcerted, 1073-1075 
stepwise mechanism, 1072 
stereospecificity, 1072 

[3+2] Dipolar cycloadditions 
regiochemical control, 1073 

1,3-Dipoles 
classification, 1071 
cycloaddition reactions, 730 
structure, 1070 

synthesis 
Disaccharides, furanosyl 

stereoselec t iv i ty , 3  84 
Disilane, 1 , 1 , 1 -trichloro-2,2,2-trimethyl- 

reaction with n-allylpalladium complexes 
stereochemistry, 626 

Dissolving metal conjugate reduction 
synthesis 

a-alkylated ketones, 254 
Disulfides 

Diterpene alkaloids 

via arynes, 500 
1,3-Dithiane, 2-aryl- 

metal complexes 

1,3-Dithiane, 2-lithio- 

1,3-Dithiane, 2-methyl- 

tandem vicinal difunctionalization, 262 

synthesis 

substitution reactions, 539 

reaction with nitroarenes, 428 

metal complexes 
addition reactions, 535 

1,3-Dithiane, 2-@-substituted)aryl-2-lithio- 
reactions with r-butylbenzene, 537 

1,3-Dithianes 
addition reactions, 113 
metallated 

Michael addition 
tandem vicinal difunctionalization, 258 

kinetic vs. thermodynamic results, 10 

tandem vicinal difunctionalization, 258 

conjugate additions 

Dithianylidene anions, vinylogous 

Dithioacetals, a-oxoketene 

organocuprates, 19 1 
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Dithiocarbnates, S-allyl 

regioselectivity, 641 
nucleophilic addition to a-allylpalladium complexes 

Dithiocarbonates, 0-allyl S-alkyl- 
nucleophilic addition to a-allylpalladium complexes 

regioselectivity, 641 
stereochemistry, 624 

Dithiocarbonates, 0-allyl S-methyl 
Claisen-type rearrangement 

palladium(I1) catalysis, 564 
Dithioenolates 

addition reactions, 106-1 11 
1 ,ZDithiolane, 4-methylthio- 

synthesis 

1,3-Dithiolones 

Diynes 

via bromine addition to alkene, 345 

intramolecular cycloadditions, 1163 

conjugated 

Dodecahedrane 
synthesis 

hydration, 300 

via cyclofunctionalization of cycloalkenes, 373 
Doering-Moore-Skattewl reaction 

allene synthesis, 1009-1012 
Doering reaction 

dichlorocarbene addition, lo00 
@-Dolabrin 

synthesis 
via tricarbonyl( tropone)iron complex, 707 

Eicosatetraenoic acid, 12-hydroxy- 
synthesis 
via ketocarbenoids and furans, 1059 

Electrochemical oxidation 
alkenes 

palladium(I1) catalysis, 553 
Electron transfer reactions 

Electrophilic coupling 
radicals, 726 

nucleophilic addition 
carbanions, 237-263 

Michael acceptors, 261 

cycloaddition with dihalocarbenes, 1004 
tandem vicinal difunctionalization, 249 

reactions with Grignards reagents, 257 

addition of carbene complexes, 980 
ally lation 

palladium catalysis, 654 
chiral 

conjugate additions, 22 1-226 
Michael addition, 5 
reactions with alkynic esters, 45 
reactions with arynes, 510 
reactions with dihalocarbenes, 1004 
Simmons-Smith reaction, 968 
synthesis 

Enals 

Enamides 

Enamides, NJ-dialkyl- 

Enamines 

via palladium(I1) catalysis, 560 
Enamines, a-cyano- 

addition reactions 
with cycloalkenones, 117 

Enamines, nitro- 

addition reactions, 124 

synthesis 

Enaminones 
addition reactions, 123 

Enantioselective additions 
achiral carbon nucleophiles 

Enamines, N-tosyl- 

via palladium(I1) catalysis, 561 

achiral substrates, 228-23 1 
Endoperoxides 

synthesis 

Ene diones 
synthesis 

via mercuricyclization of hydroperoxides, 390 

via palladium catalysis, 61 1 
Enoates 

conjugate additions 
isopropylmagnesium bromide, 172 

Enol acetates 

Enolates 
dihalocyclopropanation, 1005 

addition reactions 
carbon-centred radicals, 765 
with alkenic ?r-systems, 99-1 13 

regioselectivity, 632 
stereochemistry, 616-618 

C-alky lation 
tandem vicinal difunctionalization, 240 

chiral 
conjugate additions, 217-221 

equivalents 
uses, 238 

Michael addition, 258 
reactions with arynes, 496 

addition of carbene complexes, 980 
reaction with dihalocarbenes, 1005 
Simmons-Smith reaction, 968 

dihalocyclopropanation, 1005 

conjugate additions 
alkenes, 158-162 

dihalocyclopropanation, 1005 
Enol stannanes 

reaction with a-allylpalladium complexes, 591 
Enol triflates 

vinylation 

addition to a-allylpalladium complexes, 591-594 

Enol ethers 

Enol lactones 

Enol silyl ethers 

palladium complexes, 859 
Enones 

acyclic 
tandem vicinal difunctionalization, 243 

anti-Bredt’s bridgehead 
evidence for, 3 1 

conjugate additions 
organocuprates, 179 

cuprate complex 
spectroscopy, 171 

cyclic 
conjugate additions with chiral sulfinyl anions, 226 

@$-disubstituted 
Michael addition, 17 
tandem vicinal difunctionalization, 244 

epoxidation, 35 
photochemical addition to alcohols 
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radical reactions, 753 
a,$-Enones 

addition reactions 
with organomagnesiurn compounds, 83 
with organozinc compounds, 95 

addition reactions with organomagnesium 
alicyclic 

compounds, 89 
conjugate additions 

trimethylaluminum, 140 
vinyl groups, 14 1 

copper catalyzed, 91 
Grignard additions 

y.6-Enones 
synthesis 

via conjugate additions, 147 
Enones, y-acetoxy- 

Enones, $-alkoxy- 
reaction with lithium dimethylcuprate, 171 

cyclic 
synthesis via Michael addition, 44 

a$-Enones, j3-alkylthio- 
addition reactions, 126 
conjugate additions 

organocuprates, 190 
Enones, chloro- 

synthesis 
via dihalocarbene, 1005 
via dihalocyclopropyl compounds, 1018 

Enones. a-fluoro- 
synthesis 

Enones, P-halo 

Enones, P-iodo- 

via electrophilic fluorination, 344 

addition reactions, 125 

conjugate additions 
organocuprates, 173 

a$-Enones, 6-(iodoacetoxy)- 
intramolecular cyclization 

via silyl ketene acetals, 161 
Enynes 

carbornagnesiation, 875 
functionalized 

reaction with lithium organometallics, 868 

hydroiodination, 289 

synthesis 

carbomagnesiation, 877 

Enynes, halo- 

Ephedrine 

via conjugate addition, 227 

@substituted a$-unsaturated 
Ephedrine amides, N-methyl- 

addition reactions with organomagnesium 
compounds, 85 

5-Epi-a-eudesmol 
synthesis 

via nitrone cyclization, 11  15 
Epoxides 

carbene precursors, 961 
synthesis 

via cyclofunctionalization of allylic alcohols, 
367 

Epoxides, vinyl 
n-allylpalladium complexes from, 589 

Equilenin, 1 1 -oxo- 
methyl ether 

synthesis via conjugate addition, 215 
Ergot alkaloids 

synthesis 

Erythramine 
via INOC reaction, 1080 

related structure 
synthesis via azomethine ylide cyclization, 1140 

Erythrinane 
skeleton 

synthesis via azomethine ylide cyclization, 1136 
Erythronolide B 

synthesis 
via cyclofunctionalization of cyclohexadienone, 

372 
Erythro-fhreo diastereoselectivity 

Eserethole 
Michael addition, 21 

synthesis 

Ester enolates 
via azomethine ylide cyclization, 1088, 1136 

addition reactions 
alkenes, palladium(I1) catalysis, 572 

Esters 
acyclic 

tandem vicinal difunctionalization, 247-249 
P-alkoxy *$-unsaturated 

addition reactions, 125 
p-(alky lthio)-a,P-unsaturated 

addition reactions, 126 
alkynic 

tandem vicinal difunctionalization, 247 
allenic 

hydrochlorination, 277 
tandem vicinal difunctionalization, 249 

synthesis via palladiurn(I1) catalysis, 560 

diastereoselective additions, 200-202 

tandem vicinal difunctionalization, 249 

Michael addition, 17 

addition reactions, 106-1 1 1  
arylation, 466 

p-halo-a$-unsaturated 
addition reactions, 125 

homochiral &hydroxy 
synthesis via conjugate addition to sultams, 204 

a-hydroxyalky la,P-unsaturated 
synthesis via heteronucleophile addition, 34 

polyunsaturated 
tandem vicinal difunctionalization, 253 

synthesis 
via hydration of alkynes, 300 

tandem vicinal dialkylations, 261 
tandem vicinal difunctionalization, 246-249 
a$-unsaturated 

p-amino 

chiral 

cyclic 

P,P-disubstituted 

enolates 

addition of carbene complexes, 980 
conjugate additions, 184 
Grignard additions, copper catalyzed, 91 
hydrobromination, 282 
hydrofomylation, 925 
Michael acceptors, 261 
reaction with organolithium compounds, 72 

P,y-unsaturated 



1270 Subject Index 

synthesis via tandem vicinal difunctionalization, 
249 

Estrogenic steroids 
synthesis 

via arynes, 501 
Estrone methyl ether 

synthesis 
via conjugate addition, 215 

Ethane, 1,2-bis(oxazolinyl)- 

Ethane, nitro- 

Ethers 

dilithation, 976 

addition reaction with enolates, 104 

~-allylpalladium complexes from, 588 
bridged-ring 

hydkbromination, 282 
reactions with arynes, 507 

Ethers, allyl 
oxidation 

synthesis via cyclofunctionalization, 373 

palladium(I1) catalysis, 553 
Ethers, aryl 4-cyanophenyl 

Ethers, aryl fluoroalkyl 

Ethers, bomyl bromotetrahydropyranyl 

Ethers, chlorofluorocyclopropyl 

synthesis, 439 

synthesis, 438 

synthesis 
via bromine addition to alkene, 345 

rearrangement 

Ethers, 4-nitrophenyl 
synthesis, 438 

Ethers, phenyl vinyl 
hydroformy lation, 923 

Ethers, vinyl 
cyclopropanation, 1035, 1046 
reactions with arynes, 510 

Ethylamine, 1 -phenyl- 
conjugate additions 

Ethylamine, P-phenyl- 

to a-fluoroacrolein, 1020 

methyl vinyl ketone, 221 

synthesis 
hydroformylation, 919 

Ethylene 
carboalumination, 887 
carboboration, 885 
carbolithiation, 867 
carbomagnesiation, 874 
carbozincation, 880 
dialkylation 

dicarboxylation, 947 

reaction with ketones 

via o-alkyliron complexes, 576 

Ethylene, 1 ,I -bis(benzenesulfonyl)- 

addition, 102 
Ethylene, cyclopropyl- 

hydroiodination, 287 
Ethylene, I ,  1 -dicyano-2,2-bis(trifluoromethyl)- 

reaction with tricarbonyl(cyc1oheptatriene)iron 

reaction with tricarbonyl(cyc1ooctatetraene)iron 
complexes, 710 

complexes, 709 
Ethylene, 1,2-dicycIopropyl- 

Ethylene, 1,l -dimethoxy- 
hydration, 298 

reactions with arynes, 510 

synthesis 
Ethylene, 2-nitro- 1 -(trimethylsilyl)- 

via nitryl iodide, 357 
Ethylene, tetrahalo- 

hydrobromination, 280 
Ethylene, tribenzoyl- 

hydrobromination, 282 
Ethylene, trichloro- 

synthesis, 270 
Ethylene oxide, tetracyano- 

reactions with alkenes 
via carbonyl ylides, 1090 

SimmonsSmith reaction, 968 
Ethylidene transfer 

a-Famesene 
synthesis 

via carboalumination, 893 
Farnesol 

synthesis 

Fatty acids 
via carboalumination, 893 

unsaturated 
hydrofluorination, 27 1 

9-Fluorenyl anions 

Fluorides, 1,2-nitro- 
aromatic nucleophilic substitution, 429 

synthesis 
via electrophilic nitration, 356 

Fluorine 

Fluorodesulfony lation 

Formaldehyde 

Formy lation 

Forskolin 

reactions with alkenes, 344 

arylfluorosulfonyl fluorides, 445 

conjugate enolate trapping, 261 

aromatic nucleophilic substitution and hydrolysis, 432 

synthesis 
via 6-exo-trig cyclization, 40 

Fragmentation reactions 

P-Fragmentations 

Frenolicin, deoxy- 

radical cyclization, 824 

alkoxy radicals, 8 15-8 18 

synthesis 
via arene-metal complexes, 539 

Frontier Molecular Orbital Theory 
1.3-dipolar cycloadditions, 1073 
radical reactions, 727 

reaction with acetylene 
Fulmonitrile oxide 

ah initio calculations, 1070 
Fulvenes 

synthesis 

tandem vicinal difunctionalization, 242,253 

dimethyl ester 

via lithium-halogen exchange, 1008 

Fumaric acid, 2,3-dicyano- 

cycloadditions, 1074 
Furan, 2-alkenyldihydro- 

synthesis 
via cyclization of y-allenic ketones, 397 

Furan, 2-alkenyltetrahydro- 
synthesis 
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via cyclization of y-allenic alcohols, 395 
Furan, dihydro- 

synthesis 
via cyciopropanation, 1035, 1046, 1049 

Furan, 2,2dimethoxy-2,3-dihydro- 
synthesis 

via ring opening of dichlorocyclopropyl 
compounds, 1022 

Furan, hydroxydihydro- 
synthesis 
from benzoin and DMAD, 52 

Furan, 4-methyl- 
synthesis 

via activated allene, 54 
Furan, 2-methyl-4.5dihydrotetrahydro- 

Furan, tetrahydro- 
carboboration, 885 

cis-2,5-disubstituted 

cis fused 

conjugate additions 

spirocyclic 

synthesis 

synthesis, stereoselectivity, 383 

synthesis via cyclization, 37 1 

organocuprates, solvent effects, 178 

synthesis, stereochemistry, 390 

via cyclopropane ring opening, I O 4 6  
palladium(I1) catalysis, 558 

synthesis via cyclization of r-alkenyl alcohols, 378 
trans-2,5-disubstituted 

FUI& vinyl- 
cyclopropanation. 1059 

Furanocyclopropane 
synthesis 

via ketocarbenoids and furans, 1058, 
Furanones 

synthesis 
via cyclopropane ring opening, 1046 
via dibromocyclopropyl compounds, 

L-ido-Furanosides 
synthesis 

059 

023 

via vinylmagnesium bromide addition to 
a-nitroalkenes, 85 

Furans 
reactions with ketocarbenoids, 1058-1061 
synthesis 

via activated alkynes, 52 
via alkynes, palladium(I1) catalysis, 557,567 
via a-alkyliron complexes, 576 
via cyclopropane ring opening, 1046 
via ketocarbenoid addition to alkynes, 105 1 

Furoxans 
synthesis 

Fused rings 
via 1,3-dipolar cycloadditions, 1079 

radical cyclizations, 791 

Gabaculine 
synthesis 

via cyclohexadienyl complexes, 682 
Geraniol 

synthesis 
via carboalumination, 893 

Germanium hydride, tributyl- 

radical reactions, 738 
hydrogen donor 

Germy lcupration 
alkynes, 901 

Gibberellins 
synthesis 

Giese method 
via cyclofunctionalization of cycloalkene, 373 

radical addition reactions 
alkenes, 735-742 

conjugate additions 

tandem vicinal difunctionalization, 253 
Ginkolide B 

synthesis 

Glutamic acid 
enantiomers 

Gilman reagents 

N-enoylsultams, 204 

via tandem vicinal difunctionalization, 256 

synthesis via conjugate addition, 222 
Glutarates 

2.3-disubstituted 

erythro 
synthesis via ester enolate addition, 107 

synthesis via Michael addition, 21 
Glutaric esters 

synthesis 
dicarboxylation, 947 

Glycinoeclepin A 
synthesis 

via cyclofunctionalization of cycloalkene, 373 
via tandem vicinal difunctionalization, 245 

Glycosides, 2-deoxy- 
synthesis 

via alkoxyselenation, 339 
via heteroatom cyclization. 39 1 

Grignard reagents 
allylic 

carbomagnesiation, mechanism, 874 
intramolecular carbomagnesiation, 876 

aromatic nucleophilic substitution, 427 
carbomagnesiation, 874 
nucleophilic addition to wallylpalladium complexes, 

5% 
regioselectivity, 635-637 
stereochemistry, 620 

tandem vicinal difunctionalization, 257 
Griseofulvin 

synthesis 
via Michael addition, 27.44 

Group transfer reactions 

Guaiane 
radicals, 726 

synthesis 
via vinylcyclopropane thermolysis, 1048 

Halides 
aromatic nucleophilic substitution, 445 
vinyl substitutions 

palladium complexes, 842 
Haloamides 

reactions with alkenes, 355 
Haloamination 

alkenes, 355 
Halogen atom transfer addition reactions 

radical reactions, 753-755 
Halogen atom transfer reactions 

radical cyclizations, 802-804 
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Halogen azides 

Halogen exchange 

Halogen isocyanates 

Halogen nitrates 

Halogens 

reactions with alkenes, 349 

hydrogen fluoride, 270 

reactions with alkenes, 351 

reactions with alkenes, 350 

nucleofuge 

reactions with alkenes, 344-348 

reactions with alkenes, 35 1 

synthesis 

Hastanicine 
synthesis 

in aromatic S R N ~  reactions, 457 

Halogen thiocyanates 

Halolactonization 

p-lactones, 368 

via cyclopropane ring opening, 1045 
Heck reaction, 903 
1 ,dHeptadiene 

hydrocarboxylation, 941 
1,5-Heptadiene, 2,6-dimethyl- 

hydroformylation, 922 
1 ,CHeptadienol, 4-methyl- 

synthesis 
via carboboration, 885 

Heptanal, 2-ethyl- 
synthesis 
via hydroformylation, 91 8 

6-Hepten-2-01,2,6-dimethyI- 
hydroformy lation. 923 

Heptenyl radicals 
cyclizations, 785 

stereoselectivity, 789 
Heteroaromatic systems 

S R N ~  reaction, 462 
Heteroarynes 

in synthesis, 503 
intermediates 

nucleophilic substitution, 485 
Heterocyclic compounds 

organomercury compounds 

synthesis 

vinyl substitutions 

palladium complexes, 839 

via dihalocyclopropanes, 1021-1023 

palladium complexes, 835-837 
Heteronucleophiles 

addition reactions 
allenes, 55 

conjugate addition 
intermolecular, 30-37 

1.5-Hexadiene 
dicarboxylation, 948 
hydrocarboxylation, 941 

hydrobromination, 283 

synthesis 

2.4-Hexadiene 

Hexanal, 2-propyl- 

via hydroformy lation, 9 18 
Hexanol, 2-ethyl- 

synthesis 
via hydrocarbonylation, 9 14 

1,3.5-Hexatriene 

arylation 

vinylation 

5-eXo-trig closure 

palladium catalysts, 850 

palladium complexes, 856 
1 -Hexene, 6-bromo-3-methyl- 1 -trimethylsilyl- 

via Grignard reagents, 120 
5-Hexenoic acid, 3-(N-acylamino)- 

stereoselectivity, 382 
5-Hexenoic acid, 2-alkyl- 

stereoselectivity, 383 

iodolactonization 

cyclization 

5-Hexenoic acid, 3-hydroxy- 
selenolactonization 

stereoselectivity, 382 
4-Hexenoic acid, 5-methyl- 

hydrobromination, 282 
5-Hexenoic acid, 3-methyl- 

iodolactonization 
stereoselectivity, 382 

5-Hexen-2-01,3-methyI- 
synthesis 

carbomagnesiation, 877 
5-Hexenyl radical 

Hexenyl radicals 
cyclizations, 78 1-783 

cyclizations, 78 1-785 
accelerating substituents, 783 
decelerating substituents, 783 
stereoselectivity, 787-789 
substituent effects, 783 

Hexenyl radicals, 3-methyl- 
cyclization 

stereoselectivity, 787 
Hinesol 

synthesis 
via cyclopropane ring opening, 1043 

Hirsutene 
synthesis 
via conjugate addition, 226 
via nitrone cyclization, 1120 

Hirsutic acid C 
synthesis 
via intramolecular addition, 46 
via Michael addition, 25 

Histrionicotoxin, deamylperhydro- 
synthesis 
via diazoalkene cyclization, 1158 

Histrionicotoxin, perhydro- 
synthesis 
via cyclohexadienyl complexes, 679 
via palladium catalysis, 598 

Hobartine 
synthesis 
via nitrene cyclization, 11  19 

Hofmann-Uffler-Freytag reaction 

nitrogen-centered radicals, 8 14 

palladium complexes, 857 

1,3-asymmetric induction, 386 

cyclization 

Homoallyl chloroformates 
cyclization 

Homoallylic alcohols 
cyclization 

Homoaporphine alkaloids 
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alkenes 
asymmetric, 945 

Hydrofluorination 

Hydroformy lation 
alkenes, 270-272 

alkenes, 913-949 
asymmetric, 927-932 
catalysts, 915 
functionalized alkenes, 922-927 
mechanism, 915 
regioselectivity, 916-919 
stereoselectivity, 9 16-91 9 
unfunctionalized alkenes, 9 19-922 

Hydrogen atom transfer reactions 
intramolecular cyclization. 820 
radical addition reactions, 752 
radical cyclizations, 801 

pyridine complex 

trialkylamine complex 

Hydrogen fluoride 

hydrofluorination, 27 1 

hydrofluorination, 27 1 

addition to propiolic acid, 51 
reactions with alkenes, 270-290 

alkenes 

radical reactions 

Hydrogen halides 
3 

Hydrogermy lation 

radical addition reactions, 770 

rate, 738 
Hydroiodination 

alkenes, 287-290 
H ydromagnesiation 

silylalkynes. 879 
Hydroperoxides 

mercuricyclization, 390 
H ydrostanny lation 

alkenes 

radical cyclization, 796 
Hydroxamic acid chlorides 

base treatment 

radical addition reactions, 770 

nitrile oxides from, 1078 
H ydrox ylation-carbony lation 

allenes 
palladium(I1) catalysis, 558 

Hydroxymercuration 
demercuration 

Hypofluorous acid 

Hypohalites 

alkenes, 300-305 

reaction with alkenes, 347 

alkoxy radicals from, 812 
reaction with alkenes, 347 

Ibogamine 
synthesis 

via palladium catalysis, 598 
Imidazole, dihydro- 

synthesis 
via cyclization of methylisourea, 388 

addition reactions with nitroalkenes, 109 

conjugate additions, 207 

1,3-Imidazolidin-4-0nes 

Imidazoline 

2-Imidazoline, 2-alkenyl- 

1273 

synthesis 
via cyclopropane ring opening, 1020 
via dichlomyclopropyl compounds, 1023 

Homocuprates, trialkylsilylmetal- 

Homoenolates 
tandem vicinal difunctionalization, 255 

addition reactions, 117-120 
conjugate additions, 163 

Homopropargylic alcohols 
carbomagnesiation, 879 

Hydration 
alkenes, 297-3 16 

Hydrazines, N,”-disubstituted 
azomethine imines from, 1095 

Hydrazone, triisopropylphenyl- 
reactions with alcohols 

diazoacetate synthesis, 1033 

azomethine imine precursors, 1096 
cyclizations, 1148 
cyclopropanation, 954 
Michael additions 

reactions with 7r-allylpalladium complexes, 60 

Hydrazones 

unsaturated esters, 222 

regioselectivity, 644 
Hydrazones, sulfonyl- 

decomposition 

Hydrazones, tosyl- 
cyclopropanation, 954 

acid-catalyzed cyclization, 1 156 
diazoalkanes from, 1101 

Hydrazonyl halides 
base treatment 

Hydride abstraction 
nitrilimines from, 1083 

dienyliron complexes 
directing effects, 667 
steric effects, 669 

frontier molecular orbitals 
dienyliron complexes, 667 

P-Hydride elimination 

Hydrides 
hydroformylation, 9 18 

aromatic nucleophilic substitution, 444 
tandem vicinal difunctionalization, 254 

Hydrindanone 
synthesis 

via Michael addition, 24 
H ydrindenediones 

synthesis 

Hydrindenones 
synthesis 

H ydroboration 
alkenes, 357 

H ydrobrom ination 
alkenes, 279-287 

Hydrocarbox y lation 
alkenes, 939-941 
asymmetric, 945 
conjugated dienes, 945 

Hydrochlorination 
alkenes, 272-278 

Hydroesterification 

via intramolecular addition, 46 

via Michael addition, 24 

stereochemistry, 279 
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addition reactions 
with organolithium compounds, 76 

Imidazo[4,5-b]pyridines, 3-aryl-2-methyl- 

Imides 
synthesis, 436 

chiral 
conjugate additions, 202 

Imidoyl halides 
base treatment 

nitrile ylides from, 1081 
Imines 

chiral 

tandem vicinal difunctionalization, 252 

synthesis 

conjugate additions, 210 

Incensole 

via cyclofunctionalization of cycloalkene, 373 
I-Indanone, 2-alkyl- 

alkylations 
via Michael addition, 230 

Indene 
anions 

phenylation, 472 
hydrobromination, 280 
synthesis 

via dihalocyclopropanes, 1012 
Indole 

metal complexes 

reaction with dihalocarbenes, 1004 
Indole, 3-alkyl- 

synthesis 

addition reactions, 535 

via S R N ~  reaction, 478 
Indole, 2.3-diphenyl- 

synthesis 
via benzyne, 5 10 

Indole, S-methoxydihydro- 
synthesis 

via arene-metal complexes, 523 
Indole. 3-methyl- 

synthesis 
via hydroformy lation, 926 
via intramolecular vinyl substitution, 846 

P-Indoleacetic acid 
synthesis 

Indole alkaloids 
pentacyclic 

via intramolecular vinyl substitution, 846 

synthesis via Michael addition, 25 
Indoles 

cyclization 

synthesis, 429 
palladium catalysts, 836 

via alkynes, palladium(I1) catalysis, 560,567 
via cyclization of f3-aminoalkynes, 41 1 
via S R N ~  reaction, 478 

Indoline, N-methyl- 
metal complexes 

addition reactions, 535 
2-Indolinones 

synthesis, 429 
via ketocarbenoids. 1057 

Indolizidine 
synthesis 

Indolizidinone 
via cyclization of P-allenylamine, 41 1 

synthesis 

Indolmycin 
synthesis 

low temperature 

via ketocarbenoids and pymks, 1061 

via conjugate addition to oxazepines, 206 
Initiators 

radical reactions, 721 
INOC reactions (see also ‘intramolecular 

cycloaddition’ under Nitrile oxides and derivatives) 
intramolecular nitrile oxide cycloaddition, 1080, 1124 
tandem Diels-Alder, 1 132 
tandem Michael reactions, 1132 

synthesis 

Interhalogens 

Intramolecular addition 

Insect sex pheromones 

via carbocupration, 903 

reaction with alkenes, 347 

Baldwin’s rules 
heteronucleophiles, 3 7 4  1 

Iodides 
vinyl substitutions 

palladium complexes, 835 
Iodine 

conjugate enolate trap, 262 
reaction with alkenes, 346 

Iodine atom transfer reactions 
radical cyclizations, 803 

Iodine fluoride 
reaction with alkenes, 347 

Iodocarbonyl compounds 
radical cyclizations, 802 
reactions with alkenes 

radical addition reactions, 754 
Iodonium salts, aryl- 

arene substitution reactions, 425 
lodonium tosylate, alkynylphenyl- 

tandem vicinal difunctionalization, 260 
Iodonium ylides 

ketocarbenes from, 1032 
Ionom ycin 

synthesis 
stereoselectivity, 384 

Ipalbidine 
synthesis 

via ketocarbenoids and pyrroles, 106 1 
Ireland-Claisen rearrangement 

Iridodiol, dehydro- 
ring formation, 791 

synthesis 
via conjugate addition, 218 

Iron, acyl complexes 
reactions with n-ally lpalladium complexes 

a$-unsaturated 
regioselectivity, 642 

conjugate additions, organolithium compounds, 
217 

Iron, alkoxycyclohexadienyl- 
nucleophilic addition 

regiocontrol, 674 
Iron, (arene)cyclopentadienyl- 

addition-oxidation reactions, 54 1 
synthesis, 521 

Iron, ($“%ezene)cyclopentadienyl- 
addition-xidation reactions, 54 1 
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Iron, (benzocyc1ooctatetraene)tricarbonyl- 
reaction with tetracyanoethylene, 710 

Iron, (benzy1ideneacetone)tricarbonyl- 
reactions with dienes, 665 

Iron, butadienetricarbonyl- 
acetylation, 697 
synthesis, 663 

Iron, cyclobutadienetricarbonyl 
synthesis and reactions, 701 

Iron, cyclohexadienyl- 
nucleophilic addition 

regiocontrol, 674 
synthesis, 663 

via nucleophilic addition, 664 
Iron, cyclohexadienylmethoxycarbonyl- 

Iron, cyclopentadienyl(q6-o-dichlorobenzene)- 
nucleophilic substitution, 529 

Iron, cyclopentadieny I(fluoroarene)- 
nucleophilic substitution, 530 

Iron, cyclopentadienyl(ha1obenzene)- 
nucleophilic substitution, 529-53 1 

Iron, cyclopentadienyl(q6-nitrobenzene)- 
nucleophilic substitution, 530 

Iron, dicarbonylcycloheptadienyl(tripheny1phosphine)- 
nucleophilic addition, 673 

Iron, dicarbonylcycloheptadienyl(tripheny1 phosphite)- 
hexafluorophosphate 

nucleophilic addition 
regiocontrol, 674 

synthesis and reactions, 674 
Iron, dicarbon y lc yclohexadiene( tripheny1phosphine)- 

electrophilic substitution, 698 
Iron, dicarbonylcyclopentadienyl- 

alkene complexes 
reactions with nucleophiles, 562 

nucleophilic addition 
alkenes, 576 

Iron, dodecacarbonyltri- 
reactions with dienes, 665 

Iron, nonacarbonyldi- 
reactions with dienes, 665 

Iron, pentacarbonyl- 
reactions with dienes, 665 

Iron, tricarbonyl(cyc1oheptatriene)- 
formylation, 706 
reactions with dienophiles, 710 
reaction with acyl tetrafluoroborates, 707 
reaction with phosphoryl trichloride, 706 

Iron, tricarbonyl(q4-cyclohexadiene)- 
reactions with carbanions, 580 

Iron, tricarbonylcyclohexadienyl- 
reactions with nucleophiles, 670 
synthesis, 665470 

Iron, tricarbonyl(cyc1ooc tatetraene)- 
formylation, 706 
Friedelxrafts acetylation, 706 
reaction with tetracyanoethylene, 709 

Iron, tricarbonyl(2,4,6-cyclooctatrienone)- 
reaction with tetracyanoethylene, 7 10 

Iron, tricarbonyl(q4-diene)- 
reactions with carbon electrophiles, 697-702 

Iron, tricarbonyldienyl- 
oxidative cyclization, 670 

Iron, tricarbonyl(heptafulva1ene)- 
reaction with tetracyanoethylene, 7 10 

Iron, tricarbonyl(heptafu1vene)- 

reaction with phosphoryl trichloride, 707 

derivatives 
reaction with tetracyanoethylene, 710 

Iron, tricarbonyl( 1,3,5-heptatriene)- 

Iron, tricarbonyl( 1 -hydroxymethylcyclohexadiene)- 
synthesis, 669 

Iron, tricarbonyl(N-methox ycarbony1azepine)- 
reaction with tetracyanoethylene, 71 1 

Iron, tricarbonyl( 1 -rnethylcyclohexadienyl)- 
synthesis, 669 

Iron, tricarbonyl(rruns-pentadiene)- 
hydride abstraction, 663 

Iron, tricarbonylpentadienol- 
reaction with acid, 664 

Iron, tricarbonyl(q4-tetraene)- 
acylation, 706-709 
alkylation, 706-709 
electrophilic reactions, 706 

acylation, 706-709 
alkylation, 706-709 
electrophilic reactions, 706 

Iron, tricarbonyl(tr0pone)- 
reaction with tetracyanoethylene, 710 
synthesis 

Iron, tricarbonyl(q4-triene)- 

via tricarbonyl(tropone)iron complex, 707 
Iron, tricarbonyl(vinylcyc1obutadiene)- 

derivatives 

Iron chloride 
reaction with tetracyanoethylene, 710 

cyclohexadieny liron complexes 

Iron complexes, cycloheptadienyl- 

Iron complexes, cyclohexadienyl- 

decomplexation, 674 

hydride abstraction, 686 

nucleophilic addition 
steric hindrance, 675 

trimethylsilyl substituted 
enolate nucleophilic addition, 677 

Iron complexes, dienetricarbonyl- 
ac ylated 

cleavage, 702 
formylation, 701 

Iron complexes, dienyl- 
addition of chiral nucleophiles, 688 
enantiomerically enriched 

nucleophilic additions, 670-674 
resolution, 687 
stability, 664 
symmetrical 

synthesis, 665-689 
trimethylsilyl substituted 

X-ray crystallography, 664 

Michael acceptors 

synthesis, 687 

reaction with chiral nucleophiles, 689 

hydride abstraction, 667,669 

Iron complexes, a,&unsaturated acyl- 

tandem vicinal difunctionalization, 243 
Irones 

synthesis 

Isoalloxazines 
synthesis, 436 

Isocoumarins 
synthesis 

via hydroformy lation, 924 
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via bromoc yclization of phenylethynylbenzoate 

via orthothallatiodpalladium catalysts, 841 
via palladium(II) catalysis, 558 
via Swl  reaction, 479 

ester, 395 

Isocyanides 
addition reactions 

reactions with wallylpalladium complexes, 600 
carbon-centred radicals, 765 

regioselectivity, 643 
Isoindoles 

synthesis 
via arynes, 503 
via 5-exo-trig cyclization, 38 

Isolineatin 
synthesis 

Isomunchnones 

Isophorone 

via cyclofunctionalization of cycloalkene, 373 

cycloadditions, 1163 

conjugate addition 

reaction with organocuprates, 180 
synthesis 

with alkylmagnesium halides, 70 

via Michael reaction, 2 
Isoprene 

hydrobromination, 283 
hydrocarboxylation, 945 
hydrochlorination, 276 

cyclohexadienyliron complexes 
Isopropoxy group 

directing effect, 675 
Isoquinoline, 1 -alkyl- 

regioselective synthesis, 446 
Isoquinoline, 3-bromo- 

S R N ~  reaction, 462 
Isoquinoline, 6-chlorotetrahydro- 

synthesis 
via arene-metal complexes, 523 

Isoquinoline, 1 -cyano- 

Isoquinoline, dihydro- 
synthesis, 433 

synthesis 
via diazoalkene cyclization, 1157 
via Ritter reaction, 293 

Isoquinoline alkaloids 
synthesis 

via dihalocarbene, 1004 
Isoquinolinephosphonates, dimethyl- 

synthesis, 446 
Isoquinolines 

synthesis 
via S R N ~  reaction, 478 

3(2H)-Isoquinolinones, 1 ,4-dihydro- 
synthesis 

via SRN 1 reaction, 477 
Isoquinolone, dihydro- 

synthesis 

Isoquinolones 
synthesis 

via S R N ~  reaction, 479 

via arynes, 503 
Isotetralin 

Isourea, allyl- 
reaction with dihalwarbenes, 1002 

a-allylpalladium complexes from, 590 

Isoxazole, amino- 
synthesis 

via activated allene, 56 
Isoxazolidine, N-methyl- 

synthesis 

Isoxazolidines 
bicyclic 

bridged 

fused 

synthesis 

Isoxazolines 

via nitrile oxide cyclization, 1 13 1 

synthesis via 1.3-dipolar cycloadditions, 1077 

synthesis via nitrone cyclization, 11 14 

synthesis via nitrone cyclization, 1 11 3, 1 1 14 

via 1,3-dipolar cycloadditions, 1076 

5,9-fused bicyclic 

in tetrahydropyran cyclization 

5-substituted 

synthesis 

synthesis via nitrile oxide cyclization, 1127 

stereoselectivity, 383 

synthesis via 1,3-dipolar cycloadditions, 1079 

via 1,3-dipolar cycloadditions, 1078 
Ivalin 

synthesis 
via conjugate addition to a$-unsaturated imine, 

21 1 

Jasmonate, methyl- 
synthesis 

Jones’ reagent 
via conjugate addition, 215 

cyclohexadienyliron complexes 
decomplexation, 674 

Joubertiamine, O-methyl- 
synthesis 

via cyclohexadienyliron complexes, 674 

Kahweol 
synthesis 

via cyclopropane ring opening, 1044 
Kessanol 

synthesis 
via cyclofunctionalization of cycloalkene, 373 

Ketals 
chiral 

conjugate additions, 208-210 
Ketene, diphenyl- 

reaction with .rr-allylpalladium complexes, 602 
reaction with tricarbonyl(cyc1oheptatnene)iron 

carbene precursors, %1 
dithioacetal monoxide 

hydration, 299 
reactions with dienes 

silyl acetals 

thioacetal monoxides 

complexes, 710 
Ketenes 

addition reaction with enolates, 100. 109 

transition metal catalysis, 709-7 12 

reaction with nitroarenes, 429 

Michael addition, 10 
P-Keto acids 

wallylpalladium complexes from, 592 
reaction with allyl carboxylates 
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palladium catalysis, 61 8 
a-Ketoamides, y-amino- 

synthesis 

y-Keto esters 
synthesis 

via palladium(I1) catalysis, 560 

via ester enolate addition reactions, 109 
Ketone, bis(phenylethyny1) 

MichaeVanti-Michael addition 
with ethyl acetoacetate, 46 

Ketone, ethynyl methyl 
Robinson annulation, 43 

Ketone, ethynyl phenyl 
Michael addition, 41 

Ketone, methyl vinyl 
Robinson annulation 

phenol synthesis, 8 
Ketone enolates 

addition reactions 
alkenes, palladium(I1) catalysis, 572 

Ketones 
y-acetoxy-a, P-unsaturated 

acyclic 

y-alkoxy-a,P-unsaturated 

a-alkylated 

254 
a-alkylation, 260 
arylation 

regiochemistry. 465 
bicyclic 

synthesis via palladium catalysts, 841 
cyclic 

tandem vicinal difunctionalization, 245 
P-cyclopropy la,$-unsaturated 

reaction with cuprates, 180 
enolates 

addition reactions with alkenic vsystems, 99-105 
polyunsaturated 

tandem vicinal difunctionalization, 253 
radical cyclizations, 8 17 
reactions with arynes, 510 
reactions with dienes 

transition metal catalysis, 709-7 12 
$-substituted a$-unsaturated 

reaction with cuprates, 180 
tandem vicinal difunctionalization, 242-246 
$-tosy lox y-a,$-unsaturated 

cyclopropanation, 976 
a,$-unsaturated 

addition reaction with Grignard reagents, 83 
conjugate additions, 208-212 
conjugate reduction, 239 
hydrobromination, 282 
hydrofonny lation, 924 
Michael acceptors, 261 
reaction with organolithium compounds, 72 
synthesis via cyclopropane ring opening, 1020 

Michael addition, 6 

reaction with cuprates, 179 

tandem vicinal difunctionalization, 243-245 

conjugate additions, organocuprates, 179 

synthesis via dissolving metal conjugate reduction, 

unsymmetrical 

Ketones, f3-alkoxy- 
synthesis 
via palladium(I1) catalysis, 553 

Ketones, alkoxyethynyl vinyl 

Ketones, alkynic 

Ketones, alkynyl trifluoromethyl 

Michael addition, 44 

tandem vicinal difunctionalization, 245 

conjugate additions 
organocuprates, 194 

Ketones, allenic 
tandem vicinal difunctionalization, 245 

Ketones, a-aryl 
preparation 
via SRN 1 reaction, 463466 

Ketones, aziridinyl 
synthesis 
via 1.3-dipolar cycloaddition, 1101 

Ketones, dialkenyl 

Ketones, heteroaryl 

Ketones, P-hydroxy 

Ketones, methyl 

selenocyclization, 390 

synthesis 
via SRN 1 reaction, 468 

synthesis 
via 1.3-dipolar cycloadditions, 1078 

photostimulated ring closure, 476 
synthesis 
via palladium(I1) catalysis, 552 

Ketones, a-(trialkylsi1yl)vinyl 
reaction with enolates, 100 

Ketones, vinyl 
arylation 

orgnothalliurn compounds, 841 
Ketyls 

Kharasch method 

Kolbe coupling 

radical cyclizations, 809 

radical addition reactions, 751-758.770 

radical addition reactions, 759 
radical cyclizations, 805 

Kushimone 
synthesis 
via conjugate addition, 218 

Lactams 
synthesis 

P-Lactams 
via Ritter reaction, 293 

P-allylated 

bicyclic 

homoc hiral 

synthesis 

synthesis via radical addition reactions, 745 

synthesis via cyclization of allenic amines. 410 

synthesis via conjugate addition, 23 1 

via cyclization of P,y-unsaturated amides, 398 
via 1,3-dipolar cycloadditions, 1076 
via ketocarbenoids, 1057 
via palladium(I1) catalysis, 563 
via radical cyclization, 795 
via tandem vicinal difunctionalization, 243 

Lactams, iodo- 
synthesis 
via iodocyclization of allylic imidates, 403 

Lactones 
bridged-ring 

synthesis via cyclofunctionalization, 373 
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tandem vicinal difunctionalization, 249 
unsaturated 

567 
synthesis, from alkynes, palladium(II) catalysis, 

P-Lactones 
synthesis 

y-Lactones 
synthesis 

via cyclization of $,y-unsaturated acids, 368 

stereoselectivity, 381,382 
via a-alkyliron complexes, 576 
via cyclization of cycloalkeneacetic acids, 369 
via cyclization of $,y-unsaturated acids, 376 
via iodolactonization of benzoic acids, 374 

&Lactones 
synthesis 

stereoselectivity, 381,382 
via cyclization of 4,5-hexadienoic acid, 396 
via cyclofunctionalization, 372 
via lactonization of 5,7dienoic acids, 378 

y-Lactones, y-alkylidene- 
synthesis 
via cyclofunctionalization of alkynoic acids, 393 

&Lactones, 6-alkylidene- 
synthesis 
via cyclofunctionalization of alkynoic acids, 393 

Lactones, 2-(arylsulfinyl)-a,$-unsaturated 
addition reaction with enolates, 108 

Lactones, a-methylene- 
synthesis 
via a-alkyliron complexes, 576 
via hydrocarboxylation, 937,941 

Lasubine I1 
synthesis 

Lead, aryl- 
via nitrone cyclization, 11 16 

vinyl substitutions 
palladium complexes, 841 

radical addition reactions, 768 

synthesis 

Lepidine 

Lignans 

via conjugate addition, 258 
via tandem vicinal difunctionalization, 249 

Limaspermine 
synthesis 
via cyclohexadienyl complexes, 680 

Limonene 

Lithium, alkyl- 
hydroformylation, 922 

enone additions, 243 
reactions with dienylcobalt complexes, 69 1 
tandem vicinal difunctionalization, 257 

reaction with dienes, 868 

vinyl substitutions 

Lithium, allyl- 

Lithium, aryl- 

palladium complexes, 841 
Lithium, (2-carbamoylallyl)- 

Michael reactions, 121 
Lithium, 5,5-dimethyl-2-hexenyl- 

synthesis 
via carbolithiation, 868 

Lithium, diphenylcyclopropylcarbinyl- 
ring opening, 872 

Lithium, J-hexen-l-yl- 

cyclization, 87 1 
Lithium, [methoxyl(phenylthio)(trimethylsilyl)methyl]- 

tandem vicinal difunctionalization, 259 
Lithium, 3-methyl-3-methoxy-1 -butynyl- 

conjugate additions 

Lithium, l-pentynyl- 
nontransferable ligand, 176 

conjugate additions 
nontransferable ligand, 176 

Lithium, phenyl- 
addition reactions 

Lithium, trialkylstannyl- 

Lithium, trimethylsilyl- 

Lithium, tris(pheny1thio)methyl- 

Lithium, tri-n-stannyl- 

Lithium, vinyl- 

Lithium alkenyltrialkylalanate 

alkenes, palladium(I1) catalysis, 572 

tandem vicinal difunctionalization, 257 

tandem vicinal difunctionalization, 257 

tandem vicinal difunctionalization, 259 

sequential Michael ring closure, 262 

intramolecular carbolithiation, 872 

conjugate additions 
a,$-enones, 142 

Lithium alkynylboronates 
conjugate additions 

Lithium dimethylcuprate 

Lithium diphenylthiophosphides 

alkylideneacetoacetates, 148 

reaction with dienyliron complexes, 673 

reactions with P-allylpalladium complexes 
regioselectivity, 642 
stereochemistry, 625 

Lithium-halogen exchange 

Lithium phenylthio(2-viny1cyclopropyl)cuprate 

Locopodine 
synthesis 

Locorenine 

dihalocyclopropanes, 1007-1009 

conjugate additions 
P-iodoenone, 173 

via conjugate addition, 240 

related structure 
synthesis via azomethine ylide cyclization, 1140 

Loline 
synthesis 

Longifolene 
synthesis 

Ly copodine 
synthesis 

via transannular cyclization, 398 

via diazoalkene cyclization, 1 154 

via heteronuclcophile addition, 3 1 
Lycoranes 

synthesis 

Lycoricidine 
synthesis 

Lysergic acid 
synthesis 

via arynes, 502,503 

via aryllithium addition to a-nitroalkane, 78 

via arynes, 501 

Macrocyclization 
radical reactions, 79 1 
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Macrolide antibiotics 
synthesis 

via cycloheptadienyliron complexes, 686 
Magnesium, aryl- 

vinyl substitutions 

Magnesium, diallyl- 
palladium complexes, 84 1 

carbomagnesiation 

Magnesium amides 
reactions with Ir-allylpalladium complexes, 598 

Magnesium bromide, allyl- 
reaction with homopropargylic alcohols, 879 

Magnesium bromides, alkenyl- 
allylzincation, 880 

Magnesium halides, allyl- 
carbomagnesiation, 874 

Malonate, diethyl 
reaction with Ir-allylpalladium complexes, 590 

Malonate, 5-methyl (5R)-methoxycarbonyl- 
(3E)-decenyl- 
cyclization 

allylic alcohols, 877 

palladium catalysis. 650 
Malonates 

Michael addition, 3 
Malonates, alkylidene- 

addition reactions 
with organomagnesium compounds, 89 
with organozinc compounds, 95 

Malonates, isopropylidenemethylene- 
addition reaction 

with organomagnesium compounds, 89 
Malononitriles, alkylidene- 

tandem vicinal difunctionalization, 25 1 
Malyngolide 

synthesis 

Manganacycles 
synthesis 

via carbomanganation, 906 
Manganese, alkylpentacarbonyl- 

reaction with alkynes, 905 
Manganese, arenetricarbonyl- 

addition-oxidation reactions, 542 
nucleophilic reactions, 689 
synthesis, 520 

Manganese, butenetetracarbonyl- 
anion 

via conjugate addition to a$-unsaturated 
carboxylic amides, 202 

synthesis, 703 
Manganese, dicarbonyldienylnitrorosyl- 

Manganese, tricarbonylcycloheptadienyl- 

Manganese, tricarbonylcyclohexadiene- 

synthesis, 689 

synthesis, 689 

anion 
reaction with methyl iodide, 704 
synthesis, 702 

Manganese, tricarbonyl(q4-diene)- 
anions 

reactions with carbon electrophiles, 702-705 
Manganese, tricarbonyl(halobenzne)- 

Manganese, tricarbonyl( 1 -methylbutadiene)- 
nucleophilic substitution, 53 1 

anion 
synthesis, 704 

Manganese, tricarbonyl(q4-polyene)- 

Manganese, tricarbonyl(q6-(6-substi~~~yclo- 

anion 
synthesis. 703 

hexadieny1)- 
addition-oxidation reactions, 542 

radical addition reactions, 763 
radical cyclizations 

nonchain methods, 806 

Manganese acetate 

Manganese complexes, dienyl- 
synthesis, 689691 

Maytansine 
precursor 

synthesis via nitrile oxide cyclization, 1132 
Meerwein arylation 

atom transfer reactions 

intramolecular, 804 

conjugate additions 

radical addition reactions, 757 

Menthol, 8-phenyl- 

organocuprates, 201 
Menthyl crotonate 

addition reaction 
phenylmagnesium bromide, 200 

Mercury, bis(bromomethy1)- 
addition to alkenes, 968 

Mercury, iodo(iodomethy1)- 
addition to alkenes, 968 

Mercury hydride 
radical addition reactions 

alkenes, 741 
radical cyclizations, 799 

use in 1,3dipolar cycloadditions, 1079 

1,3-dipolar cycloadditions, 1096-1098 

synthesis 

Mesityl nitrile oxide 

Mesoionic compounds 

[3.3]Metacyclophane 

via arene-metal complexes, 540 
5-Metacyclophanes 

synthesis 

Metal amides 

Metal complexes 

via dihalocyclopropyl compounds, 101 7 

tandem vicinal difunctionalization, 257 

cationic pentadienyl 

dienyl 
nucleophilic addition, 663-692 

nucleophilic addition, stereocontrol, 685 
Metal hydrides 

radical addition reactions 

Metallo-Claisen reaction, 880 
a-Methacrylothioamide, NJV-dimethyl- 

alkenes, 735-742 

addition reactions 
with organomagnesium compounds, 85 

Methane, bromochloro- 
reaction with 1,2-bis(oxazolinyl)ethane, 976 

Methane, dibromo- 
SimmonsSmith reaction, 968 

Methane, diiodo- 
SimmonsSmith reaction, 968 

Methane, tris(pheny1thio)- 
reaction with nitroarenes, 432 

Methanesulfinic acid, aminoimino- 
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diary1 disulfide reduction, 443 
Methanesulfonyl azide 

diazo transfer reaction, 1033 
Methanesulfony 1 bromide, bromo- 

reaction with alkenes, 359 
Methyl acrylate 

synthon 
tandem vicinal difunctionalization, 247,256 

Methylalumination 
zirconium catalysis, 890 

Methylamine, cyano- 
iminium ion precursors, 1088 

Methylcupration 
alkynes, 898 

Methylene transfer 
cyclopropane synthesis, 95 1-994 

Methyl iodide 
a-functionalization, 260 

Methyl jasmonate 
synthesis 

via palladium catalysis, 6 12 
Methyl lithioacetate 

Methyl methacrylate 
reaction with cycloheptadienyliron complexes, 674 

hydroformy lation, 932 
tandem vicinal difunctionalization, 247 

synthesis 
Methyl shikimate 

via cyclohexadienyl complexes, 684 
Methyl a-D-tetranitroside 

synthesis 
via iodine isocyanate addition to alkene, 351 

Mevinolin 
synthesis 

via cyclofunctionalization of cycloalkene, 373 
via organocuprate conjugate addition, 194 

Michael acceptors 
conjugate enolate anion addition, 261 

Michael addition 
abnormal, 4 
antiparallel addition, 23 
closed transition state model 

stereochemistry, 21 
definition, 258 
dienolate double, 30 
intermolecular, 3-23 

diastereoselectivity, 18 
intramolecular, 24-30 
mechanism, 1 
open transition state model 

stereochemistry, 21 
radical cyclization, 791 
sequential, 261 
stereochemistry 

tandem, 121 
under aprotic conditions, 10 

Michael ring closure 
annulation, 260 
sequential, 262 

Milbemycin 
synthesis 

solvent effect, 20 

via carboalumination, 893 
Minisci reaction 

Mitosane 
nucleophilic radical addition reactions, 768 

synthesis 

Modhcphenc 
synthesis 

Mokupalide 
synthesis 

via selenoamination of allylic arylamines, 403 

retrosynthetic analysis, 732 

via carboalumination, 893 
Monensin 

synthesis 

Monic acid C 
synthesis 

stereoselectivity, 384 

via carbosulfenylation of alkenes, 331 
Monocyclofamesol 

synthesis 
via carboalumination, 893 

Morphans 
synthesis 

via radical cyclization, 8 12 
Morphine 

synthesis 
via cycloalkenyl sulfone, 79 
via vinylic sulfones, 25 1 

Moth pheromones 
synthesis 

via dienetricarbonyliron complexes, 701 
Munchnone, trifluoroacetyl- 

Munchnones 
cyclization, 1 139 

cycloaddition reactions, 1137-1 139 
1,34ipolar cycloadditions, 10% 

Munchnones, C-alkenyl 
azomethine ylides 

Munchnones. N-alkenyl 
azomethine ylides 

synthesis 

Mustard gas 
synthesis 

cycloadditions, 1139 

cycloadditions, 1139 
Muscone 

via dihalocyclopropyl compounds, 101 8 

via electrophilic addition, 330 

Nagata’s reagent 

1 -Naphthaldehyde 

Naphthaldehydes 

Naphthalene, 1 -alkyl-2-nitro- 

Naphthalene, 3-butyl-2-methyl- 1 -nitro- 

Naphthalene, 2chloro- 

Naphthalene, dihydro- 
metal complexes 

metal complexes 

Michael addition, 23 

imines 
tandem vicinal difunctionalization, 252 

tandem vicinal difunctionalization, 243 

synthesis, 429 

synthesis, 428 

synthesis 
via dichlorocarbene, 1016 

addition reactions, 546 
Naphthalene, 1 &dimethoxy- 

addition reactions, 536 
Naphthalene, 1 ,84imethylamino- 
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proton sponge 

Naphthalene, halo- 
Swl  reaction, 461 

Naphthalene, iodo- 
coupling with naphthoxides, 470 

Naphthalenephosphonate, dimethyl- 
synthesis, 446 

Naphthalenes 
carbolithiation, 871 
synthesis 

cyclization reactions, 843 

via ketocarbenoids, 1056 
via sequential Michael ring closure, 262 

Naphthalenesulfonyl azide 

Naphthalin, 1,2-dihydro- 
diazo transfer reaction, 1033 

synthesis 
via conjugate addition to oxazolines, 206 

1 ,ZNaphthalyne 
addition reactions, 493 
coupling reactions 

selectivity, 492 
generation, 489 

oxazolines from 
Naphthoic acids 

tandem vicinal difunctionalization, 252 
Naphthoxides 

arylation, 470 
coupling with iodonaphthalenes, 470 

Naphthylamines 
amine-amine exchange reactions, 435 

Naphthylimine, N-cyclohexyl- 
addition reactions 

Naproxen 
with organolithium compounds, 76 

synthesis 

p-Necrodol 
synthesis 

via hydroformylation, 932 

via conjugate addition to sultam, 204 
Neuraminic acid, N-acetyl- 

2a-glycoside 
synthesis via carbosulfenylation of alkenes, 33 1 

Nezukone 
synthesis 

Nickel, acyl- 
via cyc1opropanatiordCope rearrangement, 1049 

reactions with millylpalladium complexes 
regioselectivity, 642 

alkoxy radicals from, 8 13 

addition reactions 
with alkenic wsystems, 99-1 13 

conjugate addition reactions, 1 11-1 13 

alkoxy radicals from, 812 

ary 1-bridged 

cyclizations, 1150 
open-chain 

Nitrate esters 

a-Nitrile anions 

Nitrile esters 

Nitrile imines 

cyclizations, 1150 

cyclizations, 1150 
Nitrile imines, alkenyl 

cyclizations, 1150 
Nitrile imines, alkynyl 

cyclizations, 1 15 1 

cyclizations, 1 15 1 

alicyclic-bridged 

Nitrile imines, cycloalkenyl 

Nitrile oxides 

cycloadditions, 1129-1 131 

cycloadditions, 1 13 1 
cyclizations, 1124-1 134 
1,3-dipoiar cycloadditions, 1070, 1078-1081 
intramolecular cycloaddition, 1 124 
tandem reaction sequences 

aryl-bridged 

cyclizations, 1132 
Nitrile oxides, alkenyl 

cyclic 

cyclization, 1125, 1126 
long-chain 

cyclization, 1127 
openc hain 

cyclization, 1125-1 127 

intramolecular cycloaddition, 1127-1 132 

Nitrile oxides, alkynyl 
INOC reactions, 1133 

Nitrile oxides, t-butyl 
use in 1,3-dipolar cycloadditions, 1079 

Nitrile oxides, cycloalkenyl 
intramolecular cycloadditions, 1 128 

Nitrile oxides, furanyl- 
cyclization, 1129 

Nitriles 
allenic 

hydrochlorination, 277 
a-aryl 

synthesis via Swl reaction, 468 
radical additions 

alkoxy radicals, 8 15 
reactions with arynes, 497 
tandem vicinal difunctionalization, 25 1 
unsaturated 

a.&unsaturated 
hydrobromination, 282 

tandem vicinal difunctionalization, 25 1 
Nitrile stabilized anions 

addition reactions 
alkenes, palladium(I1) catalysis, 572 

Nitrile sulfides 

Nitrile ylides 
cyclizations, 1165 

aryl-bridged 
intramolecular cycloadditions, 1 144 

cyclizations, 1141-1 144 
1,3-dipolar cycloadditions, 1081-1083 
open-chain 

intramolecular cycloadditions, 1 143 
structure, 1082 

Nitrile ylides, alkenyl 
intramolecular cycloadditions, 1142-1 144 

Nitrile ylides, alkynyl 
intramolecular cycloadditions, 1144 

Nitrilimines 
1,3-dipolar cycloadditions, 1083-1085 

Nitrites 
trapping 

aryl radicals, 453 
Nitroacetamidation 

alkenes, 356 
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Nitro compounds 
aromatic 

alkylation, 428 
Nitrogen-centered radicals 

cyclizations, 81 1-814 
Nitrogen nucleophiles 

addition reactions 
alkenes, 559-563 

aromatic nucleophilic substitution, 433437 
reactions with a-allylpalladium complexes, 598 

Nitro groups 
arenes 

Nitronates 
nucleophilic addition, substitution by, 425 

addition reactions 

Nitrone, N,C-diphenyl- 
reactions with diethyl methylenemalonate, 1077 

Nitrone, N-methyl- 
reactions with diethyl methylenemalonate, 1077 

Nitrones 
cyclic 

cyclizations, 11 13-1 124 
tandem Michaekyclization reactions, 1121 

alicyclic-bridged 

carboncentred radicals, 765 

intramolecular cycloaddition, 1 120 
synthesis via cyclization of Gallenylamine, 412 

Nitrones, alkenyl- 

cyclization, 1120 

cyclization, 11 19 

cycloaddition, 11 17-1 120 

cyclizations, 11 13-1 117 

wl-bridged 

cyclic 

open-chain 

Nitrones, C-(5-alkeny1)- 
cyclization, 1 113 

Nitrones, G(6-alkenyl)- 
cyclization, 11 14 

Nitrones, N-(alkeny1)- 
cyclization, 1 11 5-1 1 17 

Nitrones, alkynyl- 
cycloadditions, 1 124 

Nitrones, allenyl- 
cycloadditions, 1 124 

Nitrones, C-(cycloalkeny1)- 
cyclization, 11 17-1 119 

Nitrones, N-(cycloalkeny 1)- 
intramolecular cycloaddition, 1 1 19 

Nitronic esters 
tandem Diels-Alder-cyclization reactions, 

1122-1 124 
Nitronium tetrafluoroborate 

Nitrosyl halides 

Nitryl halides 

Nonanal 

reactions with alkenes, 356 

reactions with alkenes, 357 

reactions with alkenes, 357 

synthesis 
via hydroformylation, 91 8 

8-Nonenoate, (R)-3-oxo-7-(methoxycarbnyloxy)- 

Norbomadiene 

palladium complex 
chirality transfer, 649 

carbolithiation, 869 

hydmbmination, 283 
hydrochlorination, 276 
oxidation 

Norbomanone 
synthesis 

Norbomene 

palladium(II) catalysis, 559 

via sequential Michael ring closure, 262 

hydrocarboxylation, 939 
hydroformylation, 932 
reaction with lithium organometallics, 869 

Norcarane, dibromo- 
rearrangement 

Norcarane, dichloro- 
bicyclobutane derivative, 1013 

synthesis 

Norpectinatone 
synthesis 

via dichlorocarbene, lo00 

via conjugate addition to a$-unsaturated 
carboxylic acid, 202 

Norpinane, 2cthylidene- 
mallylpalladium complexes from, 587 

Nucleophilic/electrophilic carbacondensation 
definition, 238 

Nucleophilic addition 
arene-metal complexes, 5 17-547 
electrophilic coupling 

carbanions, 237-263 

diasteroselectivity, 426 
enantioselectivity ,426 
regioselectivity, 426 
solid-state, 445 

Nucleophilic coupling 
aryl radicals, 451-480 
arynes, 483-5 13 

C-Nucleosides 
synthesis 

Nucleophilic aromatic substitution 

via organomercury compounds, 839 

Ocimene 
synthesis 

Octalinediones 
synthesis 

Octalin- 1 -one 
synthesis 

via carboalumination, 893 

via intramolecular addition, 46 

via homoenolate addition reaction, 120 
Octalone 

synthesis 
via Robinson annulation, 7 

Octanal, 2-methyl- 
synthesis 

via hydroformylation, 918 
Octavalene, 3-phenyl-5-bromo- 

synthesis 
via dihalocyclopropyl compounds, 1017 

1-Octene 

4-Octene 

Octenyl radicals 

Oligomerization 

carbolithiation, 868 

hydroformylation, 918 

cyclization, 786 
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template-controlled, 825 

synthesis 
Oligosaccharides 

via heteroatom cyclization, 391 

reactions with nitrile oxides, 1079 

synthesis 

Oppolzer’s chiral sultam 

Orantine, O-methyl- 

via iodine azide addition to alkene, 350 
Organoaluminum compounds 

conjugate additions 
alkenes, 140-144 

nucleophilic addition to r-allylpalladium complexes, 
595 
regioselectivity, 635 
stereochemistry, 620 

tandem vicinal difunctionalization, 257 

group transfer 
Organoboranes 

radical addition reactions, 756 
Organoboron compounds 

conjugate additions 
alkenes, 144-148 

Organoboronic acids 
vinyl substitutions 

palladium complexes, 841 

with alkenic r-systems, 98 

Organocadmium compounds 
addition reactions 

Organocobalt complexes 
radical cyclizations 

nonchain methods, 805 
Organocopper compounds 

conjugate additions, 228,240 
alkenes, 148-153 

from chiral carbanions 
conjugate additions, 227 

tandem vicinal dialkylation, 254-257 

conjugate addition reactions, 169-195 
Organocuprates 

alkenes, 148-153 
Lewis acid effects, 179 
mechanism, 170 
reagent variations, 173 
solvent effects, 178 

nontransferable ligands, 175-1 77 
organozinc compounds in synthesis, 175 
synthesis, 170 
triorganotin groups 

transfer, 174 

vinyl substitutions 
Organoiron phthalocyanines 

palladium complexes, 841 
Organolithium compounds 

addition reactions 

aggregation, 257 
aromatic nucleophilic substitution, 427 
conjugate additions, 229 
cyclization, 87 1 
nucleophilic addition to r-allylpalladium complexes, 

with alkenic r-systems, 72-83 

5% 
regioselectivity, 635-637 
stereochemistry, 620 

Organomagnesium compounds 
addition reactions 

copper catalyzed, 89-93 
with alkenic r-systems, 83-89 

Organomanganese compounds 

Organomercury compounds 
addition to alkenes, %8 
reaction with r-allylpalladium complexes 

stereochemistry, 620 
vinyl substitutions 

palladium complexes, 838 

addition reactions 
with alkenic r-systems, 98 

Organometallic compounds 
aromatic nucleophilic substitution, 427429 

Organometallic compounds, alkenyl- 
cabzincation, 880 

Organopalladium compounds 
synthesis, 834 
vinyl substitutions, 833-861 

addition reactions 
with alkenic r-systems, 98 

conjugate additions 
alkenes, 155-158 

Organosilver compounds 

Organosilanes 

carbometallation 
enynes, 905 

vinyl substitutions 
Organosodium compounds 

palladium complexes, 841 
Organostannanes 

conjugate additions 
alkenes, 155-158 

Organothallium compounds 

vinyl ketones, 841 
arylation 

reactions with r-allylpalladium complexes, 595 

nucleophilic addition to r-allylpalladium complexes, 
Organotin compounds 

594 
regioselectivity, 633 
stereochemistry, 619 

Organozinc compounds 
addition reactions 

conjugate additions, 229 
nucleophilic addition to r-allylpalladium complexes, 

595 
regioselectivity, 634 
stereochemistry, 619 

Organozirconium compounds 

with alkenic r-systems, 93-97 

conjugate additions 
alkenes, 153-155 

nucleophilic addition to r-allylpalladiurn complexes, 
595 
regioselectivity, 635 
stereochemistry, 620 

tandem vicinal difunctionalization, 257 

tandem vicinal dialkylations, 261 

Michael donors, 259 

synthesis 

Ortho esters 

Orthothiofonnates 

4H-1,3,4-Oxadiazinium salts 

via iodocyclization of allylbenzohydrazides, 391 
A3- 1,3,4-Oxadiazolines 

thermolysis 
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carbonyl ylide generation, 1089 
Oxadiazolin-5-ones 

carbon dioxide elimination 
nitrilimines from, 1084 

Oxah ydrindene 
synthesis 

Oxamination 
vicinal 

via heteronucleophile addition, 34 

palladium(I1) catalysis, 560 
Oxaphospholene, methylene- 

from activated allene, 57 
Oxaspirolac tone 

synthesis 

synthesis 
via cyclofunctionalization of hydroxyoctynoic 

acid, 394 
1.4-Oxathiocine 

synthesis 
via ketocarbenoids and thiophenes, 1063 

1,3,5-Oxazaphospholes, 4,Sdihydro- 

Oxazepines 
nitrile ylides from, 108 1 

addition reaction 

Michael additions, 206 
1,2-0xazepines, dihydro- 

synthesis 

with organomagnesium compounds, 89 

via cyclization of e-allenic oximes, 397 
1,3-Oxazine, 2-styryldihydro- 

addition reactions 
with organolithium compounds, 76 

Oxazines, dihydro- 
synthesis 

via cyclization of methylisourea, 388 
via iodocyclization of pentenol imidates, 408 

Oxazines, tetrahydro- 
synthesis 

via cyclization of pentenol derivatives, 408 
via allylic systems, 6-endo cyclization, 386 
via iodocyclization of unsaturated amine oxides, 

391 
Oxazinone, tetrahydro- 

Oxazolidine, 4.5dialkyl- 

synthesis 
via bromocyclization of allylamine carbamates, 387 

synthesis 
via heterocyclization of acylaminomethyl ethers, 

407 
Oxazolidine, a$-ethylenic 

conjugate additions 

methyl ester 

Oxazolidines 
synthesis 

organocopper compounds, 210 
1,3-Oxazolidine-4carboxylic acid 

addition reactions with nitroalkenes, 109 

via cyclization of amidals, 408 
Oxazolidinium salts 

synthesis 
via bromocyclization of dialkylaminomethyl 

ethers, 407 
Oxazolidinones 

synthesis 
via bromocyclization of allylamine carbamates, 387 
via bromocyclization of thiocarbamidate, 406 

via cyclization of allylamines, 389 
Oxazolidone, N-(a,B-unsaturated acyl)- 

conjugate additions 
Lewis acids, 140 

Oxazoliie, 4Jdialkyl- 
Synthesis 

via stereoselective cyclization, 386 

via cyclization of propargylamine amides. 387 

1,2-0xazoline, 5-methylene- 
synthesis 

Oxazoline, 1 -naphthyl- 
vicinal dialkylations. 257 

Oxazoline, a-@henylthio)vinyl- 
addition reactions 

Oxazoline, 3-pyridyl- 

Oxazoline, 4-pyridyl- 

Oxazoline, vinyl- 

with organolithium compounds, 76 

reaction with organometallic compounds, 427 

ortho-metallation, 428 

addition reactions 
with organolithium compounds, 76 

Oxazoline anions 
addition reactions 

alkenes, palladium(I1) catalysis, 572 
1,3-0xazoline-4carboxylic acid 

methyl ester 
addition reactions with nitroallrems, 109 

Oxazolines 
arene substitution reactions, 425 
chiral 

conjugate additions, 204-206 
synthesis 

via Ritter reaction, 293 
tandem vicinal difunctionalization. 252 

1,2-0xazolines 
synthesis 

1,3-Oxazolines 
synthesis 

methyl ester 

Oxazolines, aryl- 
vicinal dialkylations, 257 

Oxazolinium salts, N-methyl- 
electrochemical addition reactions, 130 

Oxazolin4ones 
cycloadditions, 1163 

Az-Oxazolium 5oxides 
azomethine ylides from, 1097 

Oxazolones 
Michael addition, 12 

Oxepine, dihydro- 
synthesis 

Oxetanes 

via cyclization of allylic amides, 386 

via iodocyclization of trichloroacetimidates, 407 

addition reactions with nihpalkenes, 109 

1,3-0xazoline4carboxylic acid 

via Cope rearrangement, 1049 

via cyclofunctionalization of allylic alcohols, 368 

nucleophilic displacement of hydrogen by, 423 

synthesis 

Oxidation 
arenes 

Oxidative cyclization 
dienyliron complexes 

stereocontrol, 686 
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N-Oxides 
reactions with arynes, 508 

Oxidobenzopyrylium ylides 
cycloadditions, 1 163 

Oxidopyrylium ylides 
cycloadditions, 1163 

Oxime ethers 
nucleophilic radical addition 

tin pinacolate, 765 
Oximes 

addition reactions 

cyclization, 1120 
radical additions 

carbon-centred radicals, 765 

alkoxy radicals, 8 15 

via Sml reaction, 477 

Oxindole, 3-alkylidene- 
synthesis 

Oxindoles 
synthesis 

via Swl  reaction, 477 
Oxiranes 

ring opening 
carbonyl ylide generation, 1089 

Oxiranes, 1.2-diaryl- 
photofragmentation 

carbonyl ylide generation, 1090 
Oxocenone 

synthesis 

Oxo process 
hydroformylation of alkenes, 914 

Oxosulfen y lation 
alkenes, 335,337 

Oxosulfonium ylides 
addition reactions, 115 

Oxy-Cope reactions 
palladium(I1) catalysis, 563-565 

Oxygen 
triplet 

radical reactions, 720 
Oxygen-centered radicals 

cyclizations, 81 1-814 
Oxygen nucleophiles 

addition reactions 

aromatic nucleophilic substitution, 437-440 
nucleophilic addition to n-allylpalladium complexes, 

via activated alkynes, 53 

alkenes, 552-559 

596-598 
regioselectivity, 637 
stereochemistry, 621 

Oxy mercuration 
alkenes, 741 

a-Oxy radicals 
addition reactions 

tin hydride catalysis, 739 
Oxy radicals 

cyclizations, 8 1 1 
Oxytelluration 

alkenes, 343 
Ozone 

reactions with alkenes 
13-dipolar cycloadditions, 1098 

Paliclavine 
synthesis 

via nitrile oxide cyclization, 1 13 1 
Palladation 

Palladium(O), bis(dibenzi1ideneacetone)- 
vinyl substitutions, 835 

catalyst 
vinyl substitutions, 835 

Palladium(O), tetrakis(tripheny1phosphine)- 
catalyst 

vinyl substitutions, 835 
Palladium acetate 

Palladium chloride, bis(benzonitri1e)- 

Palladium complexes, n-allyl- 

diazo compound decomposition catalyst, 1033 

diazo compound decomposition catalyst, 1033 

addition of carbon nucleophiles 
functional group effects, 629 
ligand effects, 631 
regioselectivity, 627-632 
stereochemistry, 615-621 
substituent effects, 627-629 

addition of enolates 
regioselectivity, 632 

chemoselectivity, 587-614 
diastereoselectivity, 614-627 

mechanism, 614 
in synthesis, 585-654 
nucleophilic addition reactions, 610 

chirality transfer, 649-651 
enantioselectivity, 649-654 
regioselectivity, 6 2 7 4 9  

regioselectivity, 645 
stereochemistry, 625 

oxidation, 603 

photochemistry, 610 
precursors, 587-590 
reactions, 6G0-614 

reduction, 604-606 
regioselectivity, 643-649 

regioselectivity, 646 
stereochemistry, 626 

transformation to dienes, 608-610 
umpolung, 606-608 

regioselectivity, 647-649 
stereochemistry, 626 

Palladium complexes, oxa-r-allyl- 
reactions, 611-614 

Palladium enolates 
allylation, 592 

Palladium salts 
catalysts 

oxidative addition to allyl acetate, 614 

dehydrogenation 

Penicillinate, diazo- 
decomposition 

alkene addition reactions, 551 

Paraffins 

nitrile oxides from, 1078 

rhodium(I1) catalyzed, 1053 
1,3-Pentadiene 

1,4-Pentadiene 

1,3-Pentadiene, 5-amino- 

phenylation, 472 

hydrocarboxylation, 941 

synthesis 
via palladium catalysis, 598 

1,3-Pentadiene, 2-methyl- 
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hydrobromination, 283 

synthesis 
Pentalene 

via conjugate addition, 226 
via vinylcyclopropane thermolysis, 1048 

Pentanal, 3,4-dimethyl- 
synthesis 
via hydroformylation, 919 

I-Pentene, 3,3.4,4,5,5,5-heptafluoro- 
hydrobromination, 280 

1-Pentene, 2-methyl- 
hydroformylation, 922 

1 -Pentene, 3-methyl- 
hydroformylation, 922 

2-Pentene, 3-methyl- 
hydroesterification, 936 

3-Pentenoic acid 
hydmbromination, 282 

4-Pentenoic acid 
hydmbromination, 282 

Pentenoic acid, 2-alkyl-3-methyl- 
iodolactonization, 380 

4-Pentenoic acid, 2-amino- 
iodolactonization 

stereoselectivity, 382 
4-Pentenoic acid, 2,4dimethyl-3-hydroxy- 

cyclofunctionalization 
stereoselectivity, 379 

3-Pentenoic acid, 4-methyl- 
hydrobromination, 282 

4-Penten-2-01,2-methyl- 
dicarboxylation, 948 

3-Pentenone 
addition reaction 

with organomagnesium compounds, 89 
3-Penten-2-one 

conjugate addition reactions, 169 
Robinson annulation, 18 

3-Penten-Zone, 4-methyl- 
addition reactions 

Pentenyl radicals 
cyclizations, 785 

4-Pentynoic acid 
hydroiodination, 289 

Perchlorates, 1,2-nitro- 
synthesis 

with organomanganese compounds, 98 

via electrophilic nitration, 356 
Perchlorocarbony 1 compounds 

radical cyclizations, 802 
Perhalo-substituted radicals 

radical cyclizations, 802 
Perlolidine 

synthesis 
via arynes, 505 

Peroxide, allyl t-butyl 

Peroxides 

reaction with methyl propionate 
radical addition, 753 

alkoxy radicals from, 8 12 
radical initiators, 725 
reactions with alkenes, 305-307 

Perox y mercuration 
demercuration 

alkenes, 306 
Peterson reagent 

aromatic nucleophilic substitution, 429 
Phase transfer catalysis 

alkene oxidation 
palladium(II) catalysis, 553 

nucleophilic substitution, 426 
Phenanthrene 

carbolithiation, 87 1 
Phenanthrene, 9-bromo- 

SRN 1 reaction, 46 1 
Phenanthridine 

synthesis 

Phenanthrol 
synthesis 

via arynes, 505 

via ketocarbenoids, 1056 
9,lO-Phenanthryne 

relative reactivity 
towards nucleophiles, 491 

Phenazine- 1 -carboxylic acids 
synthesis, 435 

Phenol, o-allyl- 
cyclization 

Phenol, 2.6di-tert-butyl- 
aromatic nucleophilic substitution, 429 

Phenol, 2,4-dimethoxy- 
arylation, 470 

Phenol, p-methoxy- 
arylation, 470 

Phenolates 
reaction with .rr-allylpalladium complexes 

palladium(I1) catalysis, 557 

stereochemistry, 622 
Phenols 

electrochemical reduction, 439 
orrho alkylation, 430 
synthesis 
via nitroarenes, 438 
via radical cyclizations, 807 

Phenoxides 
arylation, 495 
reactions with arynes, 492 

2-Phenylcarbonitrile. 2’-azido- 
1,3dipolar cycloaddition, 1 101 

Phenyl radicals 
addition reactions 

tin hydride catalysis, 739 
Phenylsulfonyl groups 

alkenes, 77 1 
p-Phenylthio radicals 

radical cyclization, 825 
Mus musculus pheromone 

synthesis 

Phosphanions 
arylation, 473 

Phosphine, p-anisyldiphenyl- 
synthesis 
via Swl  reaction, 473 

reaction with alkynes, 51 

synthesis 

vinyl substitutions 

radical addition reactions 

via cyclofunctionalization of cycloalkene, 373 

Phosphine, triallcyl- 

Phosphine, triaryl- 

via Swl reaction, 473 

palladium complexes, 841 
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Phosphine, triphenyl- 
palladium complexes 

reactions with dienyliron complexes, 672 
synthesis 

palladium complexes 

vinyl substitution reactions, 835 

via S w l  reaction, 473 
Phosphine, tri-o-tolyl- 

vinyl substitution reactions, 835 
Phosphines 

w-allylpalladium complexes, 588 
reactions with w-allylpalladium complexes 

enantioselectivity, 65 1-654 
reactions with arynes, 508 

synthesis 
Phosphinothricin 

via intramolecular ester enolate addition reactions, 
111 

Phosphites 

Phosphites, triphenyl 

Phosphonates 

reactions with m-allylpalladium complexes, 599 

reaction with dienyliron complexes, 673 

a$-unsaturated 

Phosphonates, vinyl- 
addition reaction with enolates, 102 

dialkyl esters 

Michael addition, 15 
Phosphonium bromide, vinyltriphenyl- 

Michael addition, 18 
Phosphonium salts, vinyl- 

Michael addition, 18 
tandem vicinal difunctionalization, 252 

addition reactions, 115 
cyclopropanation, 987 
tandem vicinal difunctionalization, 259 

Phosphonothionates, 0-allyl 
rearrangements, 642 

Phosphonyl anions 
chiral 

tandem vicinal difunctionalization, 252 

Phosphonium ylides 

conjugate additions, 226 
Phosphorane, formyl- 

Michael addition, 16 
Phosphoranes, acyl- 

chargedirected conjugate addition, 243 
Phosphoric acids, dialkyldithio- 

reactions with alkenes, 3 17 
Phosphorus nucleophiles 

aromatic nucleophilic substitution, 446 
Phthalides 

reactions with arynes, 497 
Phthalimide, N-vinyl- 

hydrocarboxylation, 941 
Phyltetralin 

synthesis 

Picolyl anions 
phenylation, 472 

Picrotoxin 
synthesis 

via conjugate addition to oxazolines, 206 

via cyclofunctionalization of cycloalkenes, 373 
3-Pinanecarbaldehyde 

synthesis 
via hydroformylation, 919 

aPinene 

Piperidine, 2-alkenyl- 
hydrofoxmylation, 919 

synthesis 

Piperidines 
synthesis 

via cyclization of 8-allenylamines, 412 

via 6-excr-cyclization, 404 
via solvomercuration of amines, 290 

Piperidinol 
synthesis 
via nitrone cyclization, 1 116 

Pipitzol 
synthesis 
via organocuprate conjugate addition, 191 

Pivalate, 2-nitropropenyl- 
Michael addition, 14 

Pivalic acid 
2-nitroallyl ester 

addition reactions with organolithium compounds, 
78 

Platinum, carbonylhydrido(trich1orostannate)- 
bis(tripheny1phosphine)- 
catalyst 

hydroformylation, 91 5 
Podophy lotoxin 

synthesis 

Podorhizon 
synthesis 

via arynes, 501 

via conjugate addition, 215 
Polycyclic arenes 

Polyenes 
SRN 1 reaction, 46 1 

alkoxymercuration, 3 1 1 
reactions with carbon electrophiles 

transition metal catalysis, 695-712 
Poly gl y mes 

aromatic nucleophilic substitution 
sulfur nucleophiles, 443 

Polyketide aromatic compounds 
synthesis 
via Michael addition, 14 

Polynuclear aromatic halides 
vinyl substitution 

palladium complexes, 845 
Poly( 1,4-phenylene sulfide) 

Porphyrins, 2-alkoxy-5,10,15,20-tetraphenyl- 

Pregna-5,16dien-20-0ne, 3p-acetyloxy- 

synthesis, 461 

synthesis, 437 

dienyltricarbonyliron complexes 
asymmetric synthesis, 688 

Prelog-Djerassi lactone 
synthesis 
via cycloheptadienyliron complexes, 686 
via dichlorocarbene, 1005 
via hydroformy lation, 923 

Prelog-Djerassi lactonic acid 
synthesis 

Prolinol amides 
via dihalocyclopropyl compounds, 1018 

addition reactions 
with organomagnesium compounds, 85 

1,2-Propadiene 
hydrochlorination, 276 



1288 Subject Index 

1.2-Propadiene, 1 -phenyl- 
hydrochlorination, 276 

Propanal, 2-acetoxy- 
synthesis 
via hydroformy lation, 932 

Propanal, 2-hydroxy- 
synthesis 
via hydroformy lation. 932 

Propane, 2-nitro- 

Propanol, 2-methyl-3-ethoxy- 

Propargylic acetals 
carbccupration, 899 

Propargylic amines 
carbomagnesiation, 878 

[3.3.1 Jhpellane 
solvolysis, 1021 

[4.4.1]Propellane 
solvolysis, 1021 

[4.4.4]-Propellane 
synthesis 

Propellanes 
synthesis 

aromatic nucleophilic substitution, 429 

synthesis 
via hydroformy lation, 923 

via cyclopropanation, 1041 

via dihalocyclopmpanes, 1009 
Propene, l-bromo- 

Propene, l-phenyl- 
hydroiodination, 288 

hydrobromination, 280 
synthesis 
via palladium catalysts, 840 

Propene, 1.1 ,2-trichloro- 
synthesis, 270 

Propene, 3,3,3-trifluoro- 
hydrobromination, 280 
hydroformylation, 927 

hydrobromination, 280 

addition of hydrogen halides, 5 1 
hydrobromination, 285 

Propiolic acid, phenyl- 
hydrobromination, 286 

Propionaldehyde diethyl acetal 
carbocupration, 900 

p-Propionaldehydes 
anion equivalent 

Propene, 3,3,3-trifluoro-2-trifluommethyl- 

Propiolic acid 

addition reactions, 117 
Propionamide, p-aroyl-N-alkyl- 

addition reactions 

Propionc acid, 2-aryl- 
with organomagnesium compounds, 84 

synthesis 
via hydroformylation, 932 

Propionic acid, p,@-dialkyl- 
optically active 

synthesis via conjugate addition to oxazoliies, 204 
Propionic acid, 2-phenyl-2-(t-butylthio)- 

synthesis 
via arene-metal complex, 527 

Propionic acids 

Propyne 
synthesis, 429 

hydroiodination, 288 

P r o p p .  3,3,3-t1’ifl~or0- 
hydrobmmination, 285 
hydroiodination, 288 
synthesis, 271 

Propynoate esters 
conjugate additions 

Prostacyclin 
Lewis acid catalyzed, 164 

via cyclofunctionalization of 
synthesis 

propargylcyclopentanol, 393 
Prostaglandin, 59x0- 

synthesis 
via hydration of alkynes, 300 

Prostaglandin El 
synthesis 
via Michael addition, 13 

Prostaglandin €72. 
synthesis 

Prostaglandins 
via cyclopropane ring opening, 1045 

stereoselective synthesis 

synthesis 
via cyclopropane ring opening, 1046 

via addition reactions with organozincates, 97 
via carbomercuration, 904 
via conjugate addition to a,Benones, 141, 142 
via copper catalyzed Grignard additions, 91 
via cyclopropane ring opening, 1045 
via Michael addition, 10 
via organoborane Michael addition, 145 
via organocuprate conjugate addition, 187 
via tandem vicinal difunctionalization, 245 
via vinylic sulfones, 25 1 

Prostanoids 
synthesis 
via 1,3dipolar cycloadditions, 1077 

Pschorr reaction 
radical cyclizations, 8 11 

Pseudocumene, iodo- 
reaction with amides, 452 

Pseudohalogens 
reactions with alkenes, 348-356 

Pseudomonic acid C 
synthesis 
via alkoxyselenation, 339 

Pule gone 
dieny ltricarbon y liron complexes 

asymmetric synthesis, 688 
Pumiliotoxin C 

synthesis 

Purine, 9-alkyld-iodo- 
S R N ~  reaction, 462 

Push-pull alkenes 
addition reactions, 122-128 

Pyran 
synthesis 

Pyran, 2-alkenyldihydro- 

Pyran, 2-alkenyltehahydro- 

via nitrone cyclization, 11 17 

via palladium(II) catalysis, 557 

via cyclization of Gallenic ketones, 397 

via cyclization of 8-allenic alcohols, 3% 

synthesis 

synthesis 

Pyran, dihydro- 
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reaction with dichlorocarbene, 1005 

synthesis 
Pyran, tetrahydro- 

Pyranones 

Pyranulose acetate 
synthesis, 1092 

Pyrazine 
amination, 436 

Pyrazine, chloro- 
S R N ~  reaction, 462 
synthesis 

stereoselectivity, 381,384 

synthesis 
via dibromocyclopropyl compounds, 1023 

via dichlorocarbene insertion, 102 1 
m o l e ,  amino- 

synthesis 
via activated allene, 56 

Pyrazoles 
synthesis 

Pyrazolines 
via dihalocyclopropyl compounds, 1023 

nitrogen extrusion 
cyclopropane formation, 954 

1 -Pyrazolines 
synthesis 

2-Pyrazolines 
via diazo compounds, 953 

5-substituted 
synthesis via nihilimine cycloaddition, 1084 

1 -Pyrazolines, 3-substituted 
synthesis 

via diazoalkane cycloaddition, 1102 
Pyrazolin-5-one 

synthesis 

Pyrethroids 
via intermolecular addition, 5 1 

enantioselective synthesis 
via cyclopropanation, 1039 

Pyrethrolone, tetrahydro- 
methyl ether 

synthesis via cyclopropane ring opening, 1046 
Pyridazine, 4-nitro-, 1 -oxide 

ammonia adducts 
oxidation, 434 

ammonia adducts 
oxidation, 434 

Pyradizines 

Pyridine, alkyl- 
synthesis, 428 

Pyridine, 4-alkyl- 
regioselective synthesis, 446 

Pyridine, 2-aryl- 
synthesis, 430 

Pyridine, 4-aryl- 
synthesis, 428 

Pyridine, bis(alkylsulfony1)- 
synthesis, 443 

Pyridine, bis(alky1thio)- 
synthesis, 443 

Pyridine, 3-bromo- 
dehydrohalogenation 

S R N ~  reaction, 462 

S R N ~  reaction, 462 

pyridyne generation, 489 

Pyridine, 4-bromo- 

Pyridine, 3-chloro- 
synthesis 

via dichlorocarbene insertion, 1021 
via dihalocarbene, 1004 

Pyridine, 2,3dehydro- 

Pyridine, 2,Uibromo- 
generation, 489 

reaction with carbanions 
via S R N ~  reaction, 468 

mridine, dihydro- 
oxidation, 428 
synthesis 

via conjugate addition, 215 
via conjugate addition to oxazolines, 206 
via ketocarbenoids and pyrroles, 1061 

Pyridine, 2-halo- 

Pyridine, 3-hydrox y-N-phenyl- 
S R N ~  reaction, 462 

betaine 
reaction with alkynes, 48 

Pyridine, 3-iodo- 
S R N ~  reaction, 462 

Pyridine, mercapto- 
synthesis, 441 

Pyridine, N-methyltetrahydro- 
hydroformylation, 927 

Pyridine, 6-methyl-2-vinyl- 
Michael addition, 10 

Pyridine, 4-nitro- 
aromatic nucleophilic substitution, 432 
N-oxide 

aromatic nucleophilic substitution, 432 
Pyridine, pentafluoro- 

Pyridine, vinyl- 

Pyridines 

alcohol protecting group, 439 

Michael addition, 10 

reactions with alkyl radicals, 768 
regioselective cyanation, 433 
synthesis 

via tandem vicinal difunctionalization, 25 1 
Pyridine-2-thione, N-hydroxy- 

carbamates 
radical cyclization, 8 12 

alkoxy radicals from, 8 12 

arene substitution reactions, 425 
reactions with alkyl radicals, 768 

Pyridinium salts, N-(aryloxy)- 
rearrangement, 430 

Pyridinium salts, azo- 
arene substitution reactions, 425 

Pyridinium salts, N-(2,6-dimethyl-4-oxopyridin-l-yl)- 
aromatic nucleophilic substitution, 430 

Pyridin- 1 -yl, 2,6-dimethyl-4-oxo- 
arene substitution reactions, 425 

Pyrido[2,3-d]benzopyran, 10-hydroxy- 1 O-methyl- 
6-nitro- 
synthesis, 430 

Pyrido[3,2-djcoumarins 
synthesis, 430 

2,3-Pyridynes 
nucleophilic addition, 494 

3,4-Pyridynes 
nucleophilic addition, 494 

Pyridinethiones, N-alkoxy- 

Pyridinium salts 
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Pyrimidine 
N-oxides 

cyanation, 433 
Pyrimidine, 2-chloro- 

S R N ~  reaction, 462 
Pyrimidine, 5-chloro- 

synthesis 

Pyrimidine, 4methoxy- 

cyanation, 433 
5-Pyrimidinecarbonitriles, 2-aryloxy-4-amino- 

synthesis, 440 
Pyrimidinediones 

isoalloxazines from, 436 
mne-3-carboxylate 

synthesis 

F'yrOneS 

via dichlorocarbene insertion, 1021 

1 -oxide 

via Michael addition, 41 

synthesis 
via activated alkynes, 53 
via Michael addition, 41 
via tandem vicinal difunctionalization, 25 1 

a-Pyrones 

y-Pyrones 

Pyrrole, N-alkyl- 

Pyrrole. 3-hydroxy- 

synthesis 
via organocuprate conjugate addition, 192 

via palladium(I1) catalysis, 557,558 
synthesis 

reactions with carbenoids, 1061 

synthesis 
via activated alkynes, 52 

Pyrrole, nitro-N-alkyl- 

Pyrroles 
aromatic nucleophilic substitution, 432 

reaction with dihalocarbenes, 1004 
reactions with ketocarbenoids, 1061-1063 
synthesis 
via alkynes, palladium(II) catalysis, 567 
via anilino ketones and activated alkynes, 52 
via cyclization of p-aminoalkynes, 41 1 
via dipolar cycloadditions with munchnones, 1097 
via Michael addition, 16 
via palladium catalysis, 598 

via aminomercuration of dienes, 291 

via cyclization of 3-methyl-4-pentenylamine. 403 

azomethine ylides from, 1089 

via cyclofunctionalization, 401 
Pymlidine amides, 2-( 1 -hydroxy- 1-methylethyl)- 

with organomagnesium compounds, 85 

via cyclization of y-allenylamines, 412 
via cyclization of vinylic substrates, 398 
via Michael addition, 24 

Pyrroles, dihydro- 

Pyrrolidine, cis-dimethyl- 

synthesis 

synthesis 

Pyrrolidine, N-methyl- 
N-oxide 

Pymlidine alkaloids 
synthesis 

addition reactions 

F'yrrolidines 
synthesis 

via solvomercuration of amines, 290 
Pyrrolidines, 2,5-disubstiNted 

F'y mlidinometac yclophanes 

molidone, N-methyl- 
reaction with arynes, 495 

Pyrrolidones 
synthesis 

synthesis 
via cyclization of allylic substrates, 403 

via azomethine ylide cyclization, 1 136 
s ynthwis 

via cyclization of vinylic substrates, 398 

via Michael addition, 16 

Pyrrolines 
synthesis 

3-Pyrrolines 
synthesis 

Pyrrolizidine 
synthesis 

via cyclization of a-aminoallenes, 41 1 

via nitrone cyclization, 1120 
Pyrrole[ 3,441 indole, 2,4-dihydro- 

synthesis 
via diazoalkene cyclization, 1157 

Pyrrolopyrazoline 
synthesis 
via diazoalkene cyclization, 1153 

Pyrrolo[2,3-b]pyridines 
synthesis 
via Swl reaction, 478 

1 H-Pyrrole[ 3.2-blpyridines 

via SRN~ reaction, 478 
Pyrrolo[2,3-6]pyridines, 2-alkyl- 

via S R N ~  reaction, 478 
Pyrrolo[2,3-c]pyridines, 2-alkyl- 

via S R N ~  reaction, 478 
Pyrrolo[3,2-c]pyridines, 2-alkyl- 

via Swl  reaction, 478 
Pyrrolothiophene 

synthesis 

synthesis 

synthesis 

synthesis 

synthesis 
via 5-em-trig cyclization, 38 

Pyrrolozidine alkaloids 
synthesis 
via cyclization of 8-allenylamine, 412 

via ketocarbenoids and pyrroles, 1061 

2-Pyrrolylacetate 

dyrrorn ycinone 

synthesis 

synthesis 
via cyclofunctionalization of cycloalkene, 373 

F'yrylium salts, 3-oxido- 
cycloaddition 

unsaturated side chain 

carbonyl ylide intermediate, 1092 
Pyrylium ylides, oxido- 

dipolar cycloaddition, 1093 

Quadrone 
synthesis 
via cyclopropanation/Cope rearrangement, 1049 
via cyclopropane ring opening, 1045 
via palladium(II) catalysis, 573 
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Quassinoids Quinoxaline, 2chloro- 
synthesis S R N ~  reaction, 462 

via cyclofunctionalization of cycloalkene, 373 
Ouinaldine - 

reaction with alkyl radicals, 770 
Quinazoline, 4-chloro- 

S w l  reaction, 462 
p-Quinodimethane 

synthesis 
via ketocarbenoids, 1054 

Quinoline, 2-bromo- 
S R N ~  reaction, 462 

Quinoline, 3-bromo- 
S R N ~  reaction, 462 

Quinoline, 2-chloro- 
S R N ~  reaction, 462 
reactions with benzyl sulfides, 475 

Quinoline, 3-chloro- 
synthesis 

via dihalocarbene, 1004, 102 1 
Quinoline, 5-chloro-7-iodo- 

S R N ~  reactions, 460 
Quinoline, 2-cyano- 

synthesis, 433 
Quinoline, 2-halo- 

S w l  reactions, 458 
Quinoline, 2-iodo- 

S R N ~  reaction, 462 
Quinoline, mercapto- 

synthesis, 441 
Quinoline, 6-methoxytetrahydro- 

synthesis 
vio arene-metal complexes, 523 

Quinoline, 4-naphthyl- 
synthesis, 428 

Quinoline, &nitro- 
aromatic nucleophilic substitution, 432 

Quinolinediones, tetrahydro- 
synthesis 

via conjugate addition, 222 
Quinolines 

regioselective cyanation, 433 
synthesis 

via sequential Michael ring closure, 262 
via tandem vicinal difunctionalization, 25 1 

2-Quinolinethiol 
synthesis 

Quinolizidine 
synthesis 

via Swl reaction, 475 

via nitrone cyclization, 1 120 
2-Quinolone, 4-methoxycarbonyl- 

synthesis 

Quinolones 
synthesis 

via intermolecular vinyl substitution, 846 

via activated alkynes, 52 
Quinones 

addition reactions 
carbon-centred radicals, 765 

intramolecular cycloaddition 
nitrones, 11 19 

vinyl substitutions 
heterocyclic compounds, 837 

Quinonoid a-diazo ketones 
dipolar cycloaddition, 1104 

Radical addition reactions 
alkenes, 7 15-772 
alkynes, 715-772 

Radical cyclizations 
acyl radicals, 798 
chain methods, 790-799 
fragmentation method, 799 
manganese(II1) acetate 

nonchain methods, 806 
nonchain methods, 805-809 
stereoselectivity, 787-789 
via alkene addition, 779-827 

cyclizations 
nonchain methods, 805 

nonchain methods, 758-762 

chain, 724 
initiation, 724 

elementary, 726-73 1 
fragmentation method, 742-747 
methods, 724 
nonchain methods, 725,758-765 
propagation, 725 
protecting groups, 721 
rate constants, 722 
reaction concentrations, 722 
sequential, 8 18-827 

intramolecular transformations, 820 
tandem, 8 19-827 

Radical-radical coupling 

Radical reactions 

Radicals 
ambiphilic 

reactions, 730 
bond dissociation energies, 7 17 
carbon-centered 

addition reactions, 735-765 
addition to multiple bonds, 765-770 
cyclizations to aromatic rings, 809-8 1 1 
cyclizations to carbon-carbon multiple bonds, 

789-809 
carbonyl-substituted 

addition reactions, 740 
cyclizations, 785 

electrophilic 
reactions, 729 

elimination, 721 
ether-substituted 

cyclizations, 795 
fragmentation, 72 1 
heteroatom-centered 

addition reactions, 770-772 
reactions, 731 

initiators, 721 
nitrogen-centered 

nucleophilic 
cyclizations, 81 1-814 

addition to alkenes, 755 
reactions, 728 

ox ygen-centered 
cyclizations, 81 1-814 

persistent, 717 
reactions 

in synthesis, 720-722 
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with solvents, 7 19 
selective coupling, 718 
stereochemistry, 719 
structure, 719 
transiency, 7 17-7 19 

Radiopharmaceuticals 
synthesis, 445 

Redox reactions 
radical addition, 726,762-765 

Reductive dehalogenation 
dihalocyclopropanes, 1006 

Reserpine 
synthesis 

Retronecine 
synthesis 

via cyclofunctionalization of cycloalkenes, 373 

viu azomethine ylide cycloaddition, 1087 
via cycloazasulfenylation of alkenes, 333 

Retrosynthetic analysis 
radical reactions, 731 

Rhodium, dodecacarbonyltetrakis- 
catalyst 

hydroformylation, 9 15 

dimeric 
diazo compound decomposition catalysts, 1033 

Ritter reaction 
alkenes, 292-294 
amination 

alkenes, 290 

Rhodium carboxylates 

Robinson annulation 

Ruthenium, cyclopentadienyltris(dimethy1 sulfoxide) 
cyclohexenone synthesis, 2 ,6  

nucleophilic substitution, 53 1 

Saccharides 
coupling 

Salicy lamides 
synthesis, 434 

Samarium iodide 
radical cyclizations 

via heteroatom cyclization, 391 

nonchain methods, 809 
Sarkomycin 

synthesis 
via a-alkyliron complexes, 579 
via nitrile oxide cyclization, 1126 
via tandem vicinal difunctionalization, 259 
via vinylcyclopropane thermolysis, 1048 

Saxitoxin 
synthesis 

via azomethine imine cyclization, 1147 
7.12-Sechoishwaran- 12-01 

synthesis 

Selenadiazole 
aryne reactions, 509 

Selenenyl halides 
reactions with alkenes, 339-342 

Selenenyl pseudohalides 
reactions with alkenes, 339-342 

Selenides 
addition to alkynes, 50 
reactions with alkenes, 317-319 

tandem vicinal difunctionalization, 257 

via nitrone cyclization, 1120 

Selenides, aryl 

Selenides, aryl alkyl 
synthesis, 447 

Selenidw, diary1 
synthesis, 443,447 

via S R N ~  miction. 476 
Selenides, diphenyl 

synthesis 
via Swl reaction, 476 

Selenides, 4-nitmphenyl methyl 

Selenium compounds 
synthesis, 447 

reactions with arynes, 508 
tetravalent 

reaction with alkenes, 342 
Selenium nucleophiles 

Selenium tetrabromide 

Selenium tetrachloride 

Seleno- 1,3-dienes,l-phenyl- 

aromatic nucleophilic substitution. 447 

reactions with alkenes, 342 

reactions with alkenes, 342 

synthesis 
via methoxyselenation, 339 

Selenols 
radical additions 

alkenes, 770 
Selenophenols 

conjugate additions 
enones, 23 1 

Selenosulfonation 
alkenes, 341 

Seychellene 
synthesis 

Shikimic acid 
synthesis 

via radical cyclization, 7% 

via cyclofunctionalization of cycloalkene, 373 
via cyclohexadienyl complexes, 683 

Sibirine 
synthesis 

via nitrile oxide cyclization, 1 129 
Silane, tris(trimethylsily1)- 

halide chain reductions 
propagation, 739 

Silanes 
vinyl substitution 

palladium complexes, 840 

carbomagnesiation 
intramolecular. 879 

synthesis 
carbocupration, 900 

carboalumination, 892 

a-allylpalladium complexes from, 588 
conjugate additions to a,@enones 

Silanes, alkenyl- 

Silanes, alkynyl- 

Silanes, allyl- 

Lewis acid catalyzed, 155 
Silanes, aryl- 

Silanes, vinyl- 

defluorosily lation 
aryne generation, 487 

conjugate addition 

Silylamine, a-cyano- 
azomethine ylides from, 1088 

organocuprates, 191 
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Silyl enol ethers 
reaction with nitroarenes, 429 
vinyl substitution 

palladium complexes, 840 
Silyl ketene acetals 

conjugate additions 
alkenes, 158-162 
a,b-enones, 162 

Silylmethyl radicals 
cyclizations, 794 

Silylonium salts, a-trimethyl- 
desilylation 

asymmetric, %8 

heterocyclic version, 1021 
vin y lcy clopropy lidenbcyclopenty lidene compounds, 

azomethine ylide generation, 1086 
Simmons-Smith reaction, %8 

SkatteMl rearrangement 

1012 
a-Skytanthine 

synthesis 
via conjugate addition to a,&unsaturated 

carboxylic acid, 202 
Solavetivone 

synthesis 

Solvent effects 
radical reactions, 720 

Solvents 
radical reactions, 720 

Sommelet-Hauser-type rearrangement 
ylides, 430 

Sorbamide, Nfldialkyl- 
addition reactions 

via ketocarbenoids, 1056 

with organomagnesium compounds, 84 
Sorbamide, Nfl-diethyl- 

conjugate additions 
organomagnesium reagents, 183 

Southern corn rootworm pheromone 
synthesis 
via conjugate addition to a$-unsaturated 

carboxylic acid, 202 
Spiroacetal pheromones 

synthesis 

Spiroacetals 
synthesis 

via dihalocarbene insertion, 1022 

via cyclization of enol ethers, 390 
Spiroannulation 

conjugate additions 
bisorganocuprates, 192 

Spiro compounds 
synthesis 
via cyclopropane ring opening, 1043 
via radical cyclizations, 79 1 

Spir0[5S]cyclohexadiene 
synthesis 
via arene-metal complexes, 541 

%-allylpalladium complexes from, 587 

synthesis 

Spirodienones 
synthesis 

Spirocyclopentanes 

Spirocyclopropanes 

via dihalocyclopropanes, 1014 

via ketocarbenoids, 1056 

Spiropyrrolidinones 
synthesis 

Spirothiazines 
synthesis 

Spirovetevanes 
synthesis 

via intramolecular vinyl substitution, 847 

via thiol addition to alkenes, 3 17 

via tandem vicinal difunctionalization, 242 
Squalene 

synthesis 

Squalenoids 
oxacyclic 

Stannane, allyl- 

via arynes. 507 

sbnthesis via ex0 alkene cyclization. 378 

%-allylpalladium complexes from, 588 
conjugate additions to a,$-enones 

radical cyclizations, 799 
radical reactions 

Stannane, allyltributyl- 

Stannane, allyltrimethyl- 

Lewis acid catalyzed, 155 

fragmentation methods, 743-746 

allylation, 743 

radical reactions 

Stannane, y-hydroxy- 
fragmentation methods, 744 

synthesis 
via sequential Michael ring closure, 262 

Stannane, vinyl- 
radical cyclizations, 799 
radical reactions 

fragmentation methods, 743-746 
Stannylcupration 

alkynes, 901 
Steroids 

unsaturated 

Steroids, 1 1-keto 
homochiral 

hydrofluorination, 27 1 

synthesis, 2 18 
Stevens rearrangement 

benzy ldimethyl(trimethy lsilylmethy 1)ammonium 
halides, 430 

Stibides 

Stilbene 
S R N ~  reactions, 474 

synthesis 
via palladium catalysts, 840 

Stilbene oxide, a-cyano- 
ring opening 

Styrene, a-methyl- 

Styrene, p-nitro- 

carbonyl ylide generation, 1090 

hydroesterification, 945 

conjugate additions, 224 
synthesis 
via nitryl iodide to alkene, 357 

Styrene, o-nitro- 

Styrene, pentafluoro- 

Styrene, 4-(2-thienylcarbonyl)- 

Styrenes 

hydroformy lation, 926 

hydroformy lation, 927 

hydroformylation, 932 
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carboalumination, 887 
cyclopropanation, 1035 
hydration, 298 
hydroformylation, 919,930-932 

reactions, 463-476 
aromatic substrates, 458 
association, 453 
cyclizations, 476-480 
definition, 452 
fragmentation, 454 
intramolecular 

ring closure, 476 
mechanism, 452-462 
nucleofuges, 457 
photostimulated, 452 
propagation, 453 
reviews, 452 
solvents, 456 
termination, 455 

Succinaldehyde 
3-substituted esters 

Substitution, radical nucleophilic, unimolecular 

synthesis via conjugate addition to imidazoline, 
207 

methyl esters 
Succinaldehyde, 3-alkyl- 

synthesis via copper catalyzed Grignard additions, 
93 

Sugars, amino 
synthesis 
via cyclofunctionalization, 375,400 

tandem vicinal difunctionalization, 262 

reactions with alkenes, 330-337 

y-lithiated 
synthesis, 869 

reactions with alkenes, 316 
reactions with wallylpalladium complexes 

stereochemistry, 624 
tandem vicinal difunctionalization, 257 

Sulfides, B-acetamidinovinyl 
synthesis 

Sulfenyl chlorides 

Sulfenyl halides 

Sulfides 

via alkynes, 336 
Sulfides, alkoxyaryl alkyl 

synthesis, 4 4 1  
Sulfides, alkyl aryl 

synthesis, 444 
via S w l  reaction, 474 

radical addition reactions 
Sulfides, allyl 

irradiation, 745 
Sulfides, aryldiazo phenyl 

Swl reactions, 471 
Sulfides, bis( P-chloroethyl) 

synthesis 
via electrophilic addition, 330 

Sulfides, bis(trimethylsily1) 

Sulfides, a-bromosilyl silyl 
reaction with bromine, 331 

bromo-desilylation 
thiocarbonyl ylide generation, 1095 

Sulfides, dialkyl 

Sulfides, diary1 
reactions with arynes, 507 

synthesis, 457 

unsymmetrical 

Sulfides. divinyl 

Sulfides, pfluoro 

Sulfides, homoallylic 

via S R N ~  reaction, 474 

synthesis, 443 

electrocyclic ring closure 

synthesis 

thiocarbonyl ylide generation, 1093 

from alkenes, 331 

alkylation 
palladium(II) catalysis, 573 

Sulfides, B-ketophenyl 
synthesis 
via alkynes, 336 

Sulfides. trimethylsilyl alkyl 
reactions with a-allylpalladium complexes 

regioselectivity, 642 
Sulfinates 

arylation 

vinyl substitutions 
palladium complexes, 858 

palladium complexes, 842 
Sulfinates, phenyl- 

reaction with p-allylpalladium complexes 
stereochemistry, 624 

Sulfinyl anions 
chiral 

conjugate additions, 226 
Sulfinyl chorides 

Sulfites 

Sulfonamides 

tandem vicinal difunctionalization, 262 

aromatic nucleophilic substitution, 443 

amidomercuration, 295 
reactions with a-allylpalladium complexes, 

598 
Sulfones 

hydrobromination, 282 
hydroiodination, 288 
tandem vicinal difunctionalition, 25 1 

millylpalladium complexes from, 589 
radical cyclizations, 799 

synthesis 

synthesis, 439 

polycondensation, 439 

addition reaction 

Sulfones, allyl 

Sulfones, P-azidovinyl 

via iodine azide addition to alkene, 350 
Sulfones, bis(aryloxynitropheny1) 

Sulfones, bis(4chloro-3-nitrophenyl) 

Sulfones, y-brom0a.p-unsaturated phenyl 

with organomagnesium compounds, 89 
Sulfones, chloromethyl phenyl 

aromatic nucleophilic substitution, 432 
reaction with quinoxaline, 432 

Sulfones, cycloalkenyl 
addition reactions 

Sulfones, cyclopentyl 
conjugate additions 

organocuprates, 192 
Sulfones, p-halovinyl 

addition reactions, 127 

with organolithium compounds, 78 



Sulfones, y-hydroxya,p-unsaturated 
addition reaction 

Sulfones, a-iodovinyl 
with organomagnesium compounds, 89 

synthesis 
via iodine azide addition to alkem. 350 

Sulfones, thiomethyl 

Sulfones, a-( trimethylsily1)vinyl phenyl 

with organolithium compounds, 79 

Michael addition, 18 

addition reactions 

Sulfones, vinyl 
addition reaction with enolates, 102 
Michael acceptors 

tandem difunctionalization, 25 1 
Michael addition, 13 
tandem vicinal difunctionalization, 257 

cyclopropanation, 987 

cyclopropanation, 987 

reactions with alkenes, 337 

reactions with alkenes, 337 

reactions with alkenes, 337 

addition reactions, 1 15 

arylation 

Sulfonium methylide, dimethyl- 

Sulfonium methylide, dimethyloxy- 

Sulfonium salts 

Sulfonium salts, chloro- 

Sulfonium salts, oxy- 

Sulfonium ylides 

Sulfonyl chloride 

palladium complexes, 858 
Sulfoxide, bis(trimethylsilylmethy1) 

thiocarbonyl ylide generation, 1095 
disiloxane release from 

Sulfoxide, dimethyl 
anion 

Sulfoxides 
conjugate additions, 177 

tandem vicinal difunctionalization, 25 1 
a,&unsaturated 

addition reactions with organomagnesium 
compounds, 86 

Sulfoxides, allyl 
Michael addition, 12 

Sulfoxides, silyl 
thermolysis 

Sulfoxides, vinyl 
aryne generation, 488 

addition reaction with enolates, 100, 102 
chiral 

conjugate additions 

Michael addition, 13 

conjugate additions, 213 

silyl ketene acetals, 161 

asymmetric synthesis, 251 
USe 

Sulfoximine ylides 
addition reactions, 115 

Sulfur compounds, vinylic 
chiral 

conjugate additions, 21 3-2 17 
Sulfur dioxide 

Sulfur nucleophiles 
reaction with Ir-allylpalladium complexes, 601 

aromatic nucleophilic substitution, 441444 
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nucleophilic addition to n-allylpalldium complexes, 
599 
regioselectivity, 640-642 
stereochemistry, 624 

Sulfur ylides 
cyclopropanation, 987 
ketocarbenes from, 1032 
tandem vicinal difunctionalization, 258 

Sultam, 1 -cyclohexenoyl- 
conjugate additions 

organocupmtes, 204 
Sultams 

Sultams, N-enoyl- 
tandem vicinal difunctionalization. 249 

addition reactions 

chiral 

conjugate additions 

with organomagnesium compounds, 85 

conjugate additions, 204 

Grignard reagents, 204 
Suprofen 

synthesis 
via hydroformylation, 932 

S ydnone, C-methyl-N-phenyl- 
1,3dipolar cycloadditions, 1096 

Sydnone, N-phenyl- 
dipolar cycloaddition reaction with styrene, 1097 

Sydnones 
azomethine imine cyclizations, 1 149 
1,3-dipolar cycloadditions, 10% 
photolysis 

tandem intermolecular-intramolecular 
nitrilimines from, 1084 

cycloadditions, 1 149 

Talaromycin A 
synthesis 
via radical cyclization, 794 

a$-unsaturated ketal derivatives 
Tartaric acid diamide, NJV,N’JV’-tetramethyl- 

conjugate additions, 209 
Tellurides 

addition to alkynes, 50 
aromatic 

synthesis, 447 
Tellurides, aryl phenyl 

synthesis 
via SRN 1 reaction, 476 

Tellurides, diary1 
symmetrical 

synthesis 
synthesis, 447 

via SRN 1 reaction, 476 
Tellurides, diphenyl 

synthesis 
via SRNI reaction, 476 

reactions with alkenes, 343 

reactions with alkenes, 343 
reactions with arynes, 508 

Tellurium nucleophiles 
aromatic nucleophilic substitution, 447 

Terpenoids 
synthesis 

Tellurinyl acetates 

Tellurium compounds 

via 1,3-dipolar cycloadditions, 1077 
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Tetracyclic triterpems 
synthesis 

q4-Tetraenes 
via arynes, 501 

transition metal complexes 
reactions with electrophiles, 706 

tricarbonylmanganese complexes, 7 12 

synthesis 

2-Tetralones 
synthesis 

Tetralones 

via enolate addition/cyclization, 258 

via ketocarbenoids, 1055 
Tetrazoles 

amination, 436 
photochemical decomposition 

nitrilimines from, 1084 
Tetrazolophenanthridine 

synthesis 

Tetrolic acid 

5-Thiabicyclo[2.1. llhexane, 2-bromo- 

via 1,3-dipolar cycloaddition, 1101 

hydrobromination, 286 

synthesis 
via bromine addition to alkene, 346 

Thiadecalin, B-hydroxy- 
synthesis 

via ketone enolate addition to sulfones, 102 
A3- 1,3,4-Thiadiazoline 

thiocarbonyl ylides from, 1093 
Thianthrene, 2,7-dinitro- 

synthesis, 443 
Thiaprostacyclins 

synthesis 
via sulfur heterocyclization, 413 

Thiazole 
amination, 436 

Thiazole, 2-bromo- 
S R N ~  reaction, 462 

Thiazole, 2-chloro- 
S R N ~  reaction, 462 
reaction with pinacolone enolates, 464 

intramolecular cycloadditions, 1 163 

synthesis 

1,3-Thiazolones 

Thiirane, 2,3-bis(trimethylsilyl)- 

via thiocyanogen addition to alkene, 349 
Thiiranes 

synthesis 
from alkenes, 33 1 

Thioacetal monoxides 
Michael addition, 10 

Thioacetanilide, o-iodo- 
ring closure 

via S R N ~  reaction, 477 
Thioacetates 

conjugate additions 

Thioacetonitrile, phenyl- 

Thioalkoxides 

Thioamides 

Thioamides, NJV-dialkyl- 

enones, 23 1 

conjugate addition reactions, 11 1 

aromatic nucleophilic substitution, 443 

tandem vicinal difunctionalization, 257 

a,@-unsaturated 

addition reactions with d t e s ,  100 
addition reactions with organomagnesium 

compounds, 85 
Thio anions 

Thiobenzanilide, 0-iodo- 
aromatic nucleophilic substitution, 441 

ring closure 
via S R N ~  reaction, 477 

cyclizations, 1163-1 165 
1,3-dipolar cycloadditions, 1074, 1093-1095 

Thiocyanates 
aromatic nucleophilic substitution, 443 

Thiacyanogen 
reactions with alkenes, 348 

Thioenamides 
tandem vicinal difunctionalization, 249 

Thioenamides, NAN-dialkyl- 
reactions with Grignards reagents, 257 

Thioesters 
enolates 

synthesis 

Thiocarbonyl ylides 

Michael donors, 259 

via hydration of alkynes, 300 

radical addition reactions, 747-750 

Claisen-type rearrangement 

Thiohydroxamate esters 

Thioimidates, S-allyl- 

palladium(I1) catalysis, 564 
Thioimidates, N-phenyl- 

addition reactions 
with organomagnesium compounds, 85 

Thioiminium salts 

Thioketones, 4-alkyl- 
aromatic nucleophilic substitution, 443 

synthesis 

Thiolactones 
synthesis 

via conjugate addition, 258 

via iodocyclization of yb-unsaturated thioamides, 
413 

a-Thiolation 

Thiols 
difunctionalization, 262 

addition to alkynes, 50 
conjugate additions 

enantioselectivity, 23 1 
radical additions 

alkenes, 770 
reactions with alkenes, 316 

3-Thiophenamine 
synthesis 

via S R N ~  reaction, 473 
Thiophene, 2-acetamide- 

synthesis 
via iodocyclization of y&unsaturated thioamides, 

413 
Thiophene, 2-acetyl-3-hydroxy- 

synthesis 
via activated alkynes, 52 

Thiophene, 2-alkenyl- 
cyclopropanation, 1063 

Thiophene, 2-bromo- 
SRN 1 reaction, 462 

Thiophene, 3-bromo- 
SRN 1 reaction, 462 
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reaction with acetone enolates, 464 
Thiophene, 2-chloro- 
S R N ~  reaction, 462 

Thiophene, 2-iodo- 
S R N ~  reaction, 462 

Thiophene, 2-lithio- 
conjugate additions 

nontransferable ligand, 176 
Thiophene, nitro- 

Thiophene, tetrahydro- 
aromatic nucleophilic substitution, 432 

synthesis 

Thiophenes 
vio tandem vicinal difunctionalization, 25 1 

intramolecular cycloaddition 

reactions with ketocarbenoids, 1063 
synthesis 

nitrones, 11 19 

via activated alkynes, 52 
via hydrogen sulfide and polyynes, 3 17 

Thiophenocyclopropane 
synthesis 

Thiophenol 
via ketocarbenoids and thiophenes, 1063 

electrochemical reduction, 439 
synthesis, 441 

Thiophenoxides 
arylation, 495 
reactions with arynes, 492 

a-Thiophenylenones 
Michael addition 

Thiopyran, dihydro- 
phenol synthesis, 8 

synthesis 
via ketocarbenoids and thiophenes, 1063 

Thiosorbamide, Nfl-dimethyl- 
addition reactions 

with enolates, 100 
with organolithium compounds, 76 

Threonine 
synthesis 

p-Thujaplicin 
synthesis 

Thujaplicins 
synthesis 

via hydrofonny lation, 932 

via tricarbonyl(tr0pone)iron complex, 707 

vio dihalocyciopropyl compounds, 10 18 
Tin, aryl- 

vinyl substitutions 
palladium complexes, 841 

Tin, hexabutyl- 
photolysis 

radical addition reactions, 754 
Tin, hexabutyldi- 

radical addition reactions 
irradiation, 745 

Tin chloride 
catalyst 

hydrocarboxylation, 939 
Tin chloride, tributyl- 

radical reactions, 738 
Tin chloride, triphenyl- 

transmetallation 
conjugate enolates, 260 

Tin hydride 

radical addition reactions 
alkenes, 735-740 
syringe pump addition, 738 

radical cyclizations, 790 
catalytic, 790-796 
syringe pump addition, 790 

radical reactions, 738 

nucleophilic radical addition 

radical addition reactions, 760 

reaction with pentacarbonyliron, 668 

alcohol protecting group, 439 

nucleophilic addition to a-allylpalladium complexes 

Tin hydride, tributyl- 

Tin pinacolate 

oxime ethers, 765 

Toluene, dihydro- 

Toluene, perfluoro- 

p-Toluenesulfonates 

regioselectivity, 640 
p-Toluenesulfonylacetonitrile 

Michael donor, 259-262 
Toluenesulfonyl azide 

diazo transfer reaction, 1033 
o-Toluidine, Nfl-dirnethyl- 

metal complexes 
addition reactions, 535 

Topological rule 
Michael addition 

stereochemistry, 21 
Tosamides 

addition reactions 
alkenes, 559 

Transition metal complexes 
q4-diene 

reaction with electrophiles, 697-705 
Transition metal nucleophiles 

Trialkylamines 

Triarylamines 

1.2,4-Triazine 

reactions with r-allylpalladium complexes, 600 

addition to activated alkynes, 48 

synthesis, 434 

aromatic nucleophilic substitution, 432 
reaction with nitronate anions, 424 

nitrobenzene amination, 436 

synthesis 

1,2,4-Triazole, 4-amino- 

Triazoles 

via azide cyclization, 1 157 
via hydrazoic acid and alkynes, 2% 

1,2,3-Triazoles 
synthesis 

Triazolines 
synthesis 

via 1,3-dipolar cycloadditions, 1099, 1100 

via azide cyclization, 1 157 
via 1,3-dipolar cycloadditions, 1099 

A2-Triazolines, 5-substituted 
synthesis 
via 1,3-dipolar cycloadditions, 1099 

Triazolocephem 
synthesis 

Triazolopenam 
synthesis 

via diazoalkene cyclization, 1 159 

via diazoalkene cyclization, 1 159 
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Trichodermol 
synthesis 

Trichodiene 
synthesis 

Trichothecenes 
synthesis 

via cyclohexadienyl complexes, 680,682 

via cyclohexadienyl complexes, 682 

via cyclohexadienyl complexes, 680,681 
Tricyclodecanes 

dihetero 
synthesis via cyclofunctionalization, 373 

Tricyclo[3.2.1 .@-']octan-6-one 
synthesis 
via tandem Michael reactions, 121 

Tric y clooctanones 

via Michael addition, 18 
Tricycl0[5.4.0.@~~]~ndecane 

synthesis 

synthesis 
via bromomethoxylation of alkene, 355 

Trienes 
arylation 

vinylation 
palladium complexes, 849 

palladium complexes, 855 
q4-Trienes 

transition metal complexes 
reactions with electrophiles, 706 

tricarbonylmanganese complexes, 7 12 

Robinson annulation, 8 

reaction with arynes, 505 

vinyl substitutions 

Trienones 

Triethylamine 

Triflates 

palladium complexes, 835,842,858 
Trimethylamine 

N-oxide 

674 
cyclohexadienyliron complexes, decomplexation, 

Trimethylsilylthioaldehyde S-methylide 
thiocarbonyl ylide generation from, 1095 

Triorganocuprates 
properties, 170 

1 , 1 , 1 -Triorganometallics 
synthesis 

Triquinacene 
via carbozincation, 879 

substituted derivatives 

complexes, 7 10 
synthesis via tricarbonyl(cyc1ooctatetraene)iron 

Triquinane 
synthesis 
via cyclopropane ring opening, 1048 
via vinylcyclopropane thermolysis, 1048 

Tris(3,6-dioxaheptyl)amine 
catalysts 
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