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

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

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

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

The Volume Editors have spent great time and effort in considering the format of the work. The inten- 
tion is to focus on transformations in the way that synthetic chemists think about their problems. In terms 
of organic molecules, the work divides into the formation of carbon+arbon 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 +bonds. However, 
the vastness of the field leads it to be subdivided into components based upon the nature of the bond- 
forming $ocess. Some subjects will undoubtedly appear in more than one place. 

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

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

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

ix 
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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 pnparing 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- 
e n d  investigators who want to leam 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 Wehard Winterfeldt. 

The substance of the work was cwited 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, Califolnia 
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Abbreviations 
The following abbreviations have been used where relevant. All other abbreviations have been defined 
the first time they occur in a chapter. 
Techniques 
CD circular dichroism 
CIDNP 
CNDO 
CT charge transfer 
GLC gas-liquid chromatography 
HOMO highest occupied molecular orbital 
HPLC high-performance liquid chromatography 
ICR ion cyclotron resonance 
INDO incomplete neglect of differential overlap 
IR infrared 
LCAO linear combination of atomic orbitals 
LUMO lowest unoccupied molecular orbital 
MS mass spectrometry 
NMR nuclear magnetic resonance 
ORD optical rotatory dispersion 
PE photoelectron 
SCF self-consistent field 
TLC thin layer chromatography 
uv ultraviolet 
Reagents, solvents, etc. 

chemically induced dynamic nuclear polarization 
complete neglect of differential overlap 

Ac 
acac 
AIBN 
Ar 
ATP 
9-BBN 
9-BBN-H 
BHT 

Bn 

BSA 
BSTFA 
BTAF 
Bz 
CAN 
COD 
COT 

biPY 

t-BOC 

CP 
CP* 
18-crown-6 
CSA 
CSI 
DABCO 
DBA 
DBN 
DBU 

acetyl 
acety lacetonate 
2,2’ -azobisisobutyronitrile 

adenosine triphosphate 
9-borabicyclo[ 3.3.1 Inonyl 
9-borabicyclo[ 3.3.1 Inonane 
2,6-di-t-butyl-4-methylphenol (butylated hydroxytoluene) 
2,2’-bipyridyl 
benzyl 
t-butox ycarbonyl 
N,O-bis(trimethylsi1y 1)acetamide 
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aryl 
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Oxidation by Chemical Methods 
ROBERT H. CRABTREE and AFROZE HABIB 
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1.1.1 INTRODUCTION 
In this chapter, functionalization reactions are emphasized which are of genuine practical utility, but 

others that are noteworthy and of potential synthetic significance are also discussed. Apart from alkane 
reactions, some intermolecular functionalization reactions which operate on unactivated C-H bonds, 
e.g. the side chain of a steroid, are examiqed. Intramolecular cases are covered elsewhere, and general re- 
views of the area are available.*I2 

1 
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1.1.2 ORGANIZATION OF SECTIONS 

Examples of alkane functionalization reactions of the type shown in equation (1) are first considered, 
in which the atom X to which the new C-X bond is formed comes from metals in Group I, followed by 
subsequent p u p s  in the Periodic Table. Within each section, radical, electrophilic and carbenoid mech- 
anisms are discussed. 

Oxidation of Unactivated C-H Bonds 

R-H + X - R-X (1) 

1.13 GENERAL PROBLEMS IN ALKANE FUNCTIONALIZATION 

Alkanes have no lone pairs nm low-lying empty orbitals, but only the C-H and C-C u- and u*- 
levels. It is therefore relatively hard either to attack the former with an oxidizing agent or to attack the 
latter with a reducing agent or base. This means that vigorous conditions and reactive reagents often have 
to be used. It will almost always be the case that the product of an allcane functionalization reaction is 
more reactive than the starting material and so reacts faster with the functionalizing reagent. This in turn 
means that overoxidation can be a severe problem. To take a simple case, it is very Micult to stop the 
air oxidation of methane at the methanol stage. This means that many of the reactions in this section can 
only be run to low or very low conversion in order to obtain a satisfactory selectivity. This may be toler- 
able if the substrate is methane, but not so with valuable substrates. Low conversions should be assumed 
in the cases discussed below unless specifically mentioned. 

A second important selectivity issue arises when there are several different types of C-H bond in the 
molecule, typically, primary, secondary and tertiary C-H bonds. Since tertiary radicals and carbonium 
ions are more stable than their secondary or primary analogs, many functionalization processes have an 
intrinsic selectivity pattern: tertiary > secondary > primary. Steric effects favor attack at primary posi- 
tions, which is seen for very bulky reagents or in reactions in which the C-H bond to be broken is 
brought side-on to the functionalizing group, and therefore makes the transition state very sensitive to 
steric effects. The best example is oxidative addition to a transition metal complex. 

There are three general classes of mechanism most often encountered in alkane reactions: (i) radical, 
(ii) ele~trophilic;~ and (iii) carbenoid. The C-H bond-breaking steps in (i) and (ii) m shown in equa- 
tions (2) and (3). Carbenoid reactions can go either by direct insertion into the C-H bond (equation 4). 
which tends to happen when the carbene in question has singlet character, or by a two-step process 
(equations 5 and 6). in which H-atom abstraction precedes collapse of the radical pair, a pathway which 
is characteristic of triplet carbenes. 

C-H + Q. - C- + Q-H (2) 

C-H + E+ - C+ + E-H (3) 

I 

:Q + C-H - C-Q-H (4) 

:Q + C-H - H-Q. + C* (5) 

H-Q. + C* - C-Q-H (6) 

These three mechanistic pathways do not differ very markedly in selectivity. The usual pattern is ter- 
tiary > secondary > primary for C-H bonds, because this is the order of increasing stability both of the 
radical and of the carbonium ion. The concerted carbene route (equation 4) can show the reverse or- 
dering (primary > secondary > tertiary) when the carbenoid in question is very bulky. This is notably the 
case for transition metal reagents undergoing oxidative addition of a C-H bond. The organometallic lit- 
erature tends to look at this reaction from the point of view of the metal, as implied by the name ‘oxida- 
tive addition’, but from the point of view of alkane chemistry these reagents arc carbenoids, perhaps 
having singlet character, which insert into an alkane C-H bond. 

1.1.4 FORMATION OF R-M BONDS (M = GROUP I AND JI METAL) 
s-Butylpotassium (formed in situ from RzHg and K) reacts with alkanes to give the terminally mono- 

and di-substituted organopotassium compounds. Treatment with C02 gives the terminal carboxylic acid 
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and the corresponding n-alkylmalonic acid. This selectivity for primary attack is probably the result of 
deprotonation being the C-H activation step (equation 7)! 

coz 
n-CSHll-Me Bu'K n-csH11-K + n-CSHII* - 

K 

COzH 
n-CSHIl -C02H + n-C5H11-( 

C02H 
(7) 

WD exchange in alkanes is catalyzed by a number of heterogeneous catalysts, such as NUalumina? 

1.1.5 FORMATION OF R-M BONDS (M = GROUP III METAL AND THE LANTHANIDES 
AND ACTINIDES) 

Watson6 was the first to show that methane could be attacked by a Group I11 metal reagent, in a re- 
action termed 'a-bond metathesis'. This reaction probably proceeds via electrophilic attack on the C-H 
bond by the reagent (equation 8). Marks' described a nondegenerate example (equation 9)  and Wolczan- 
ski* has shown that a zirconium imidate (Z-NR) can also activate methane, the basic amine group re- 
ceiving the proton released from methane (equation 10). 

Cp*zLuMe + '3CH4 - cp*~Lu('~CH3) + MeH (8) 

Me 

Cp* = q5- C5Me5 

(R3SiNH),Zr = NSiR, + CHq - (R3SiNH)2Zr(Me)NHSiR3 (10) 
R = But 

1.1.6 FORMATION OF R-M BONDS (M = TRANSITION METAL) 

The area of alkane activation is of current interest in organometallic chemistry and several examples of 
electrophilic C-H bond activation and of insertion of a carbenoid metal fragment into an alkane C-H 
bond have now been observed.' The acetone complex (1) shown in Scheme 1 is extremely reactive 
thanks to facile loss of acetone. A number of cyclopentanes react to form cyclopentadienyl (Cp) com- 
plexes? For example, cyclopentane itself gives (2). The hydrogen removed from the alkane is transferred 
to the hydrogen acceptor BuY3H4Hz to give BuTH2Me. If a quaternary center is present,1° as in 1.1- 
dimethylcyclo-pentane or -hexane, then a diene complex can be formed, which in the cyclopentane case 
may undergo C - C  cleavage by a Green-Eilbracht" migration of the methyl group to the metal to give 
(4). Other transformations are shown in Scheme 1. Evanescent intermediates containing M - C  bonds are 
thought to be important in a variety of catalytic alkane conversions, e.g. dehydrogenation reactions, and 
are described in a later section. 

Bergman,lz Graham13 and Jones14 and their coworkers observed a series of reactions, of which the 
examples shown in equations (1 1) and (12) are typical. The alkyl groups could be functionalized suc- 
cessfully with mercury salts to give the corresponding organomercurial, but most reagents led to eiimina- 
tion of alkane from the metal. The interesting feature of the reaction from a synthetic perspective is that 
attack at the primary C-H bonds is favored both kinetically and thermodynamically. This is also the 
case for the catalytic alkane conversions, which are discussed in a later section, which use oxidative ad- 
dition in the first step. Liquid Xe has been used as a reaction solvent for the iridium system (equation 11; 
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Scheme 1 

L = PMe3) to allow the use of rare, gaseous and solid alkanes. These studies show that methane gives the 
methyl hydride, cubane the cubyl hydride (without C-C bond breaking) and adamantane the secondary 
adamantyl 

CpbJ-3 

(Cp = CsHs; L = PMe3, R = C,jHll) 

Strained alkanes, such as cyclopropane and cubane, react much more easily with transition metal com- 
pounds.16 Ban metal atoms also m c t  with alkanes under metal vapor synthesis conditions to give syn- 
thetically useful uantities of alkane derivatives. For example, W atoms, cyclopentane and PMe3 give 
[ c p w 0 I L 3 7  while rhenium atoms react with benzene and propane to give [(q6-=MQ(p 
MezC)(p-Hh].18 Related msfonnationsl in mass spectroscopic and ion cyclotron resonance experi- 
ments do not have preparative value. 

S h i l ~ v ~ ~  found that a methylplatinum complex, [MePtcl3(PPh3)zlr was fonned from methane and 
HgtCb at 120 ‘C, followed by reaction with PPh3. 

1.1.7 FORMATION OF R-C BONDS 

In this section, not only alkane isomerization and dehydrodimerization (equation 13) are consideredr 
but also the dehydrogenation of alkanes to alkenes, as in this case, two adjacent C-H bonds am replaced 
by a w-type C-C bond. Other C-C bond-forming reactions arc also mentioned. 

2 R-H - R-R + H2 (13) 
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R wR + H2 

R R  R R  

1.1.7.1 Alkane Isomerization 

Acid catalysts are required for alkane isomerizations and all the reactions of this type probably involve 
carbonium ions.20 Optically active tertiary alkanes can be racemized by sulfuric acid at mom temperature 
or by fluorosulfonic acids at -80 ‘CJ1 

Skeletal isomerization also occurs readily with acid catalysts. If a tertiary C-H is present a less 
powerful acid (e.g. conc. HzS04) is capable of catalyzing the reaction, otherwise something more power- 
ful (e.g. aluminum halides or superacids) is used. More recent examples of acid catalysts are: 
H2S04/ri02?2 SbF~/A1203~~ and HzS04SbFdZrOz.” The reactions are driven thermodynamically, so, 
for example, tetrahydrodicyclopentadiene gives adamantane while higher n-alkanes arc subject to crack- 
ing, and cyclohexane gives both methylcyclopentane and n-hexane.= 

1.1.73 Alkane Dehydrodimerization 

The mercury-photosensitized dehydrodimerization reaction has been known for many years,% but it 
has only been made preparatively useful very re~ently.~’ The key feature of the process is that the system 
is only active in the vapor phase, so that after condensation the product is protected from further conver- 
sion. This implies that the reaction can be run to essentially quantitative conversion without a fall-off in 
yield. In order to run on a gram scale to tens of grams, all that is needed is a quartz flask and a low pres- 
sure mercury lamp. Heating the substrate or substrates in the quartz flask with a small drop of mercury 
leads to smooth formation of the products. Aspects of the process are shown in equations (15) to (18). 

oAo’+H* (16) 

dimerization disproportionation 

It might have been anticipated that this reaction would not work well because alkyl radicals tend to 
disproportionate to give alkenes (equation 17). In fact, the H-atoms produced in the initial homolysis 
rapidly readd to any alkene that forms to produce the alkyl radical (equation 18). 

The reaction is also applicable to the dimerization of alcohols to glycols and amines to diamines (equa- 
tion 19). The alcohol dimerization is important from the point of view of alkane functionalization be- 
cause the cross dimerization of alkanes (RH) and alcohols (MeOH) gives the carbinol RCH2OH as the 
major product. This product is very easy to separate from the glycol by washing with water and from the 
alkane homodimer, R2, using column chromatography. By altering the liquid phase ratio of the two re- 
agents there is a corresponding change in the vapor phase ratio. This use of vapor pressure bias can give 
a different ratio of products. For example, if the alkane were expensive, then an excess of methanol 

MeOH HO-OH 
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could be used in the vapor and only RCHzOH and R2 would be formed. The yield based on alkane will 
exceed 905% and the mixture can be separated by solvent extraction. 

Dehydrodimerization is also possible by an electrophilic route using superacids, but a substantial de- 
gree of rearrangement of the alkyl skeleton is often observed. For example, using HS03FSbFs at 140 'C 
methane gives Me3C+, as does neopentane, the former via C - C  bond formation, the latter by C - C  
cleavage.z8 The alkylation of alkenes by alkanes can also be brought about in a similar way, but alkene 
oligomerization is seen as a competing reaction (equations 20 to 23). 

H2C=CH2 + H+ - MeCH: (20) 

H2C=CH2 + Me+ - A+ 

1.1.73 Transition Metal Catalyzed Alkane Dehydrogenation and Carbonylation 

The groups of F ~ l k i n , ~  Crabtree30 and Tanaka3I have demonstrated that alkane dehydrogenation via 
oxidative addition is possible (equations 24 and 25). Attack at primary C-H bonds is favored, probably 
for steric reasons, but the stabilities of the catalysts are not yet sufficient for the reaction to be practically 
very useful. Tanaka's [RhCl(CO)(PMes)z~hv system also carbonylates alkanes (equations 26 and 27).b 
LinjZ has applied the iridium system to more complex alkanes (equation 28). 

C&12 D C&IO + H2 (24) I r " ( O 2 c ~ S ) k  hv 

ReH7I-Z n-C8H 18 - (Bu"CH=CHCH=CHz)ReH3b + (Pr"CH=CHCH=CHMe)ReH3b + 

(25) 
P(OMe)3 

(EtCH=CHCH=CHEt)ReH3L, - 1-Octene 

* C&,,CHO + caI1\/oH (1.7t.o.) + Cal1C02H (26) 
co, RhCl(CO)L'2. hv 

ca12 

CO, RhCl(CO)L2, hV L n-CaIICHO + ">- CHO n-C5H12 

L = PPh,; L = PMe3 

1.1.7.4 Dehydrogenation and Aromatization 

The [~Hz(Me?COh(PPhs)z]PFa/Bu'C"? system, mentioned above, has also been used for the 
aromatization of cy~lohexane.~~ Photolysis of pyridine N-oxide in an alkane leads to dehydrogenation of 
the alkane." The formation of by-products in the reaction, as a result of photorearrangement of the N- 
oxide, can be partially suppressed by the addition of BF3.35 The classic reaction involving heating with 
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elemental S or Te is a synthetically useful method of aromatization: for example, decalin is converted to 
naphthalene with Te at 200 eC?6 

1.1.75 Cracking and Reforming 

Thermolysis of alkanes at ca. 750-800 'C gives dehydrogenation, skeletal rearrangement, cracking 
and even aromatization in some cases.37 Catalysts are available which favor one or other of these routes, 
which are all important in the petroleum-refining industry.38 Pyrolysis of various alkanes in H2 can lead 
to the epitaxial growth of a diamond phase on a suitable substrate.39 Superacids bring about alkane rear- 
rangements even at 25 'C.@ Alkylation of alkanes with alkenes under acidic conditions is also well 
known (equation 29). 

1.1.7.6 Other Reactions 

Oxalyl chloride yields COCl radicals on photolysis and this reaction has been used to directly sub- 
stitute alkanes with the chloroacyl group (equation 30).41 Similarly, biacetyl reacts with alkanes in a ben- 
zoyl peroxide-initiated chain reaction to give ketones in ca. W70% yield (equation 31).42.43 Cyanogen 
chloride affords nitriles under similar conditions with a strong tertiary > secondary > primary selectivity 
pattern in 50-95% yields (equation 32);44 MeOzCCN is also reported to be an alternative reagent for the 
transformationsP5 

hv 

63% 
C6H12 + ( c w l ) 2  - C& lC0Cl (30) 

peroxide 

peroxide 

66% 
- C a 1 2  + ClCN C6HI ICN 

A radical addition reaction has been used to functionalize cyclopentane. The chain carrier, Cl., was 
generated and regenerated by a @-elimination process (equation 33).& Other activated alkenes, such as 
maleic anhydride, furanone and acrylonitrile, have also been added to cyclohexane in 1 5 4 5 %  yield in a 
reaction initiated by B u W H  or light.47 

c1 

Alkane functionalization by electrophilic addition reactions is also possible; for example, the particu- 
larly stable tertiary adamantyl cation must be involved in equation (34), a reaction which gives an excel- 
lent 75% yield of adduct.48 In a similar way, a variety of alkenes49 and arenesS0 can be alkylated by 
alkanes, or alkanes acylated by RCOCl/AlBr3.51 

AdH + H2C = CH2 
AIBq, -10 'C 

Ad - Br (34) 
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In the Koch-Haaf reaction, a SuperacidKO mixture leads to carbonylation of the alkane.52 A variety of 
products were obtained, e.g. Bu'CaH, WCHCOMe and PriCH2COBut, from isobutane using this prad- 
uct. Usually the method is only useful for alkanes containing a tertiary C-H bond,12 but Sommer has in- 
troduced a modification that allows secondary C-H bonds to be functionalized, although only with 4% 
conversion (equation 35).53 

In the Benson process54 CWC12 mixtures are heated to 700-1700 "C and rapidly quenched. Ethylem, 
acetylene and benzene are formed by decomposition of the methyl chloride intermediate!. 

Several electrochemical methods for alkane oxidation have been used by Fleischmann and his cowork- 
e r ~ . ~ ~  These proceed via carbonium ion intermediates and, as expected, extensive rearrangement can be 
observed; for example, cyclohexane in FS03H gives 1 -acetyl-2-methyl- 1 -cyclopentene as major prod- 
uct!56 

Carbene reagents also functionalize alkanes.57 Triplet :CH2 adds unselectively to alkane C-H bonds. 
The product mixture obtained from n-pentane was found to be 48% n-hexane, 35% 2-methylpentane and 
17% 3-methylpentane, so that addition to a primary C-H bond appears to be favored.58 Monochloro- 
methylcarbene, CHCl, is less reactive and more electrophilic and so the normal tertiary > secondary > 
primary selectivity pattern was observed.59 Ethoxycarbonylcarbene, formed on photolysis of the corre- 
sponding diazo compound, inserts rather unselectively in to alkane C-H bonds to give the ethoxycarbo- 
nylmethyl derivatives in ca. 50% yield. Transition metals, such as ~ ~ p p e r ( I I ) ~  or rhodiurn(I),6' also 
usefully catalyze the insertion of carbenes into alkane C-H bonds. 

1.1.8 FORMATION OF R-X BONDS (X = Si, Ge, Sn, Pb) 

So far, only the mercury-photosensitized chemistry, discussed above, allows direct functionalization of 
alkanes with a Si substituent under mild conditions (equation 36).19 

(36) Hg* R,Si-H + R-H - R-SiR, + H2 

1.1.9 FORMATION OF R-N BONDS 

Free radical nitration of alkanes has been carried out with nitric acid and related reagents at relatively 
high temperatures and has been used for the industrial synthesis of MeN02 from methane. Hydrogen 
radical atom abstraction from the alkane is thought to be followed by trapping of the radical with NOz. A 
mixture of products tends to be formed in these cases, of which the nitroalkane and alkyl nitrite are most 

Aminooxidation of cyclohexane 
with NH3/02 takes place at 180 'C and 30 atm with copper or cobalt naphthenoate catalysts to give good 
yields of adiponitrile.64 

A recent radical-based system, shown in equations (37) to (40), has been developed by Hill et al.65 The 
catalyst in this process is a manganese(II1) porphyrin, which is oxidized by PhIO to give what is believed 
to be an oxomanganese(V) intermediate. This is thought to abstract an H-atom from the alkane to give 
the alkyl radical. The resultant R. radical can then abstract either OH or X from the Mn catalyst to give 
the two chiefly observed products, ROH and RX (X = N3, C1, Br, I). In the case of X = N3, the azide RN3 
is the major product, over 8 catalyst turnovers being observed (i.e. 800% yield based on Mn), accompa- 
nied by ROH (1.2 turnovers) and ketone (0.4 turnovers). The X = I example also works well, ca. 8 tum- 
overs of RI being formed. The X = C1 and Br cases work less well and only ca. 1 turnover of RX and ca. 
2 turnovers of ROH are formed, but an alternate approach is available.% 

Nitrogen oxides have been used for the same 

Mn(TPP)X + PhIO - O=Mn(TPP)X (37) 

RH + O=Mn(TPP)X - R* + HO-Mn(TPP)X (38) 

Re + HO-Mn(TPP)X - ROH + Mn(TPP)X (39) 

R* + HO-Mn(TPP)X - RX + Mn(TPP)OH (40) 
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Also developed by Hill6’ is a photochemical system (equations 41 to 48) based on a polyoxoacid, 
H3PW12040 (P). The excited state of the acid probably oxidizes the alkane in the first step. The radical 
can then either attack the solvent to give an iminium radical, which leads to ketone on hydrolysis, or it 
can be oxidized to the carbonium ion, in which case attack on the solvent leads instead to the N-alkyl- 
acetamide. If the substrate has two adjacent tertiary C-H bonds, then alkenes tend to be formed. The 
Barton reaction, normally known as an intramolecular C-H activation, can give some intermolecular re- 
action in some examples. Thus, when n-octyl nitrite is photolyzed in heptane, some nitrosoheptane is ob- 
served.68 

Po, + hv - P*ox (41) 

0 
+ 

[C~HII-N-]  + H2O - C 6 H I I ~ N ~  (48) 
I 

H 

A mixture of hydrazine and zinc oxide aminates cyclohexane in ca. 40% yield on phot~lys is .~~  Pos- 
sibly, the hydrazine is dissociated by ZnO photosensitization and .NH2 radicals both abstract an H-atom 
from the alkane and quench the resultant carbon radical. 

A number of functionalization reactions in which C-N bonds are formed depend on the initial forma- 
tion of a carbonium ion from the elkane. This cation is quenched by the acetonitrile solvent and an amide 
or related species is obtained after hydrolysis. In the example shown in equations (49) to (51) Br2 was 
used to generate the carbonium ion. Adamantane is a particularly favorable substrate as the carbonium 
ion is so easily formed and resists elimination. A 92% yield of amide was obtained in this process.70 In a 
related reaction, HCN gives amine products (equation 52).” 

Ad-H + Br2 - Ad+ + HBr + Br- (49) 

+ 
Ad+ + MeCN - [Ad-N-] (50) 

+ HCN 
Bu‘OH, HzSO4 

b +H2 
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Another electrophilic reaction employs AlCb/NCb, in which case the aluminum reagent generates the 
carbonium ion which is then quenched by NClr. The amine is the final product of this reaction after hy- 
drolysis. The system is selective for tertiary C-H bonds, e.g. methylcyclohexane gives an 82% yield of 
the tertiary amine compound. Arenes are also efficiently aminated.72 NaPF6 reacts with alkanes at 
25 "C to give nitmalkanes, but skeletal rearrangements can occur and the yields are often poor.73,74 

Carbenoid reagents can also introduce C-N bonds into alkanes. For example, cyanogen azide, N3CN. 
decomposes at ca. 50 'C to give cyanonitrene, the ground state electronic structure of which is believed 
to be .N==C==N-. Nevertheless, it reacts as :N-CN and gives insertion products with a variety of al- 
kanes, selectively attacking the tertiary C-H bonds (equation 53). Reduction of the initial product can 
give the amine. Ethoxycarbonylnitrene reacts ~imilarly.~5 

CN 

H 
R-H + :N-CN - R-N, (53) 

1.1.10 FORMATION OF R-X BONDS (X = P, AS, Sb) 
In the presence of 0 2 ,  Pcb reacts readily with alkanes even at 25 'C to give alkylphosphonyl chlorides 

in yields up to 6 0 % ~ ~ ~  Surprisingly little use of this reaction has been made in synthesis. No examples of 
similar reactions have been reported for the analogous As and Sb halides. 

1.1.11 FORMATION OF R - O  BONDS 

1.1.11.1 A~toxidation~~ 

Autoxidation, or air oxidation, is one of the simplest functionalization reactions of alkanes. In general, 
hydroperoxides are the first-formed products, but these can decompose under the conditions of the re- 
action to give the ketone and alcohol?8 The reagents used to initiate the reaction are usually 0-centered 
radicals or even 0 2  itself. These can efficiently start a chain reaction of the sort shown in equations (54) 
to (56), because the 0-H bond energy is usually greater than the C-H bond energy and so both the in- 
itiation (equation 54) and the chain-carrying steps (equations 55 and 56) are favorable. The selectivity 
observed in the liquid phase, tertiary > secondary > primary, is consistent with the radical mechanism 
proposed. For example, n-decane gives ketones fonned by attack at all the secondary positions along the 
chain.79 Alkyl hydroperoxides have been used as initiators.80 The ROT radical appears to be a more se- 
lective abstractor than RO., and good selectivity for the formation of the tertiary hydroperoxide can be 
obtained (equation 57).8' 

R-H + Q' - Re + Q-H (54) 

R - 0 - 0 .  + R-H - R* + R - 0 - 0 - H  (56) 

02, peroxide b * 6'"" 
* 0 "" 02, peroxide 

(57) 

A special situation occurs if two tertiary centers are in a 13-relationship to each other. In this case, the 
intermediate peroxy radical tends to abstract an H-atom from the f3-C-H bond to give the bis-l.3- 
hydroperoxide as the final product. The key steps are shown in equation (58).82 
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Air oxidation of n-butane to maleic anhydride is possible over vanadium phosphate and, remarkably, a 
60% selectivity is obtained at 85% conver~ion .~~ In the gas phase oxidation, in contrast to the situation 
found in the liquid, n-alkanes are oxidized more rapidly than branched chain alkanes. This is because 
secondary radicals are more readily able to sustain a chain; for branched alkanes the relatively stable 
tertiary radical is preferentially formed but fails to continue the chain process. Vanadium(V)/ 
manganese(II)/AcOH has been used as a catalyst for the autoxidation of cyclohexane to adipic acid, 
giving 25-30% yields after only 4 h.84 

1.1.11.2 Hydroxylation and Related Reactions 

The classical Fentons reagent,8s H202/FeZ+, hydroxylates alkanes by producing hydroxyl radicals in 
solution.86 This reagent is relatively unselective and inefficient since much of the peroxide reagent is 
wasted by catalytic decomposition to 02. Fenyl radicals, FeOz+, have sometimes been invoked as inter- 
mediates by analogy with P-450 chemistry, but conclusive evidence is still lacking. Metal peroxide com- 
plexes are also known to hydroxylate alkanes.87 

Alkane hydroxylation is canied out in nature by a variety of enzymes, but the ones that have attracted 
most attention are the cytochrome P-450 dependent systemsE8 found, for example, in mammalian liver. 
In the liver they serve to detoxify lipid soluble species, such as drugs, by making them more water sol- 
uble and hence more easily eliminated. For some substrates, such as certain arenes, the hydroxylation in 
fact makes these substrates more toxic, by converting them to epoxides which then alkylate liver DNA. 
The ultimate source of the O-atom used in the hydroxylation is 02, but only one of the two O-atoms of 
the 0 2  is incorporated in the substrate, the other is reduced to H2O. This means two reducing equivalents 
are also required. Because they introduce only one O-atom from 02 into the substrate, these enzymes are 
called monooxygenases (equation 59). 

R-H + 02 + 2e- + 2H+ - R-OH + HzO (59) 

In cytochrome P-450, an iron(II1) coordinated to protoporphyrin IX is bound at the active site of these 
enzymes by a cysteine thiolato group in the fifth coordination position. In the first step, the iron(II1) is re- 
duced to iron(II), which then binds 02. By a process still not completely elucidated, the distal oxygen is 
lost as HzO, leaving the active form of the cofactor, which is believed to be an oxoiron species, probably 
best described as O-Felv(P+.) (P = porphyrin). The oxo group has the reactivity of an oxene, and can 
either transfer oxygen to a double bond (e.g. forming an arene oxide from an arene) or insert into a C-H 
bond (e.g. to hydroxylate an alkane). In the case of alkane hydroxylation, the oxo group first abstracts an 
H-atom from the alkane, and the resulting alkyl radical abstracts an OH group from the metal (equations 
60 and 61). 

(60) 
+ 0=FeIv(P-) + R-H - HO-Fe'"(P) + R* 

The early functional models for this oxidation chemistry were rather simple: UdenfriendE9 used 
iron(I1). EDTA, ascorbic acid (as the reducing agent) and 02 to hydroxylate arenes, while Hamiltongo 
showed that the same system hydroxylates unactivated C-H bonds (e.g. androsten-3-01- 17-one is con- 
verted to androsten-3,7diol-17-one). Mimoun91 developed the use of an iron(II)/PhNHNHPh/ 
PhC02H/02 system which is also active for alkane hydroxylation. Curiously, other metals [copper(II), 
manganese(II), vanadium(II), cobalt(II)] are also active. In the hydroxylation of arenes, an arene oxide is 
believed to be the intermediate in P-450 dependent systems, because a 1,2-shift of a proton in the arene, 
the 'NIH shift' is often observed. Neither the Udenfriend nor Mimoun models show such a shift, 
however. 

More physiologically relevant models have been studied by the groups of Groves and of Hill. 
[Fe(TPP)Cl] (TPP = tetraphenylporphyrin) was used as the catalyst, but instead of the 02 and reducing 
agent, iodosobenzene was used as the O-transfer reagent. This reagent is also effective in the enzyme 
system itself, where it also obviates the need for 0 2  and the reducing agent. Conversions are low because 
the alkane is always used in excess, but yields of 5-25% have been reported with respect to the oxi- 

In the presence of the bromine atom donor BrCC13, the radical intermediates could be converted 
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in part to the corresponding bromide, RBr. The tertiary to secondary selectivity was found to be 1 M  1, 
depending on the substrate used. 

Although less relevant as a model, [Mn(TPP)ClI is a better reagent for alkane oxidation and up to 70% 
conversion has been reported for cyclohexane in CHm2.” Rearrangements were observed for noxa- 
rane, which led to 7 products, including ones in which the CHzC12 solvent had been incorporated. 
Meunier was the first to show that the far cheaper reagent, hypochlorite, could also be used to oxidize the 
manganese system.w 

The chief problem with these systems from the synthetic point of view is the relatively rapid oxidation 
of the catalyst. Traylor et aLM have introduced tetraphenylpoxphyrins bearing chloro substituents at the 
ortho positions, which make the system much more robust, and 440 turnovers have been observed with 
cyclohexane, for example. Unfortunately, these catalysts are not yet commercially available. A metal- 
catalyzed acctoxylation of cyclohexane has been reported which utilizes EtsNO/iron(II)/CF3COdi.% 

In the chromate oxidation of (+)-3-methylheptane to the corresponding tertiary alcohol, there was 70- 
80% retention of configuration, which is a useful synthetic Iridium and ruthenium salts also 
have been shown to catalyze this 

Hydroxylation is also induced in good yields by the photolysis of alkanes in nitrobenzene. Using a 
high pressure mercury lamp, the tertiary > secondary > primary selectivities observed have been 
300:19:1 (pyrex filter) and 110:7: 1 (vycor filter). No retention of configuration was observed in these re- 
actions; consequently, a free radical mechanism was invoked.w 

An interesting reagent, cTo2Cl~c2C!-CHMe, has been described, which is said to oxidize the 
methyl group of methylcyclohexane to CHO without affecting the tertiary C-H bond (equation 62).’O0 
This reaction is worth further investigation. 

* CYCH0 i, CQ$2lz/alkene 

ii, H20 
25% 

Other chromium(V1) reagents are known to attack at tertiary C-H bonds. For example, Cr0dAcOH 
appears to be a general reagent for the introduction of an OH group at the 14-position of steroids (qua- 
tion 63).lo1 Yields depend critically upon the amount of water present, l-2% being best. Cr02X2 (X = C1 
or OAc) also reacts with alkanes to give oxidized pr0d~cts . l~ 

AcO’ 
Br 

m ‘i 
Br 

Basic Kh’h0.1 has been found to hydroxylate tertiary C-H bonds in certain cases (equation 64).lo3 
The tertiary alcohol functionality in the starting material seems to be essential in the reaction, and so an 
intramolecular reaction of a manganate ester is highly likely as an intermediate step. Alternatively, the 
hydroxy group may simply be required to improve the phase transfer into the aqueous medium, since the 
organic soluble reagent benzyltrimethylammonium permanganate readily attacks alkanes. Truns-decalin 
affords both the tertiary alcohol (37%) and trans-ldecalone (43%).lM Overoxidation of the products 
with C-4 bond cleavage can be a problem with manganese(VI1) reagents, however.lM KMn04 in triflu- 
oroacetic acid reacts with alkanes at 25 ‘C with a tertiary > secondary > primary selectivity ratio of 
2100:60:1; k d k ~  is 4.3 at 25 C106  

basic 
KMn04 

OH 

Cobalt(1II) perchlorate in aqueous MeCN oxidizes alkanes at room temperature with an apparent sec- 
ondary > primary > tertiary selectivity pattern. This pattern may not be real, however, because the prod- 
uct of tertiary attack may be much more sensitive to further oxidation. 2-Methylpentane was 
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hydroxylated relatively selectively at the 4-position (74%); the minor products have OH groups at the 5- 
(13%). 1- (6%). 3- (2%) and 2-position (5%).Io7 Co(OCOCF3)3 is a related reagent which has been re- 
ported to acetoxylate alkanes.los 

Lead tetraacetate reacts poorly with acyclic alkanes, even 3-methylpentane,10g although cyclohexane is 
readily converted to the corresponding acetate at 80 'C or with irradiation at room temperature.Il0 The 
yield of acetate is increased IO-fold by the addition of BuOH, under which conditions BuO. is thought 
to act as H-atom abstractor."l The more reactive lead(1V) reagent Pb(OCOCF3)4 has been used to intro- 
duce the trifluoroacetate group. Hexafluorobenzene or CF3C02H are satisfactory solvents and hydrolysis 
to the alcohol is easily accomplished with NaOH, with an overall yield of ca. 45%. The secondary C-H 
bonds are attacked in n-alkanes and arenes also react under these conditions.'12 

A similar reagent is thought to be formed from Ag202 and trifluoroacetic acid. Here, the silver oxide 
reacts as Ag1[Ag11'02] and forms Ag(OCOCF3) in situ, which is believed to be the active oxidant. With 
adamantane, the normal tertiary substitution product, AdOCOCF3, was obtained in 98% yield. This oxi- 
dation could be made catalytic using 

Alkyl peroxycarbonates, which give CO2R radicals on thermolysis, function in chain reactions to give 
good yields of the corresponding carbonates from alkanes (equation 65).Il4 

as cooxidant and AgOCOCF3 as catalyst.Il3 

0 

The 'Gif' system, discovered by Barton and coworkers at Gif-s~r-Yvette,~'~ consisting of air, 
iron powder, sulfide, organic solvent, acid and water, smoothly hydroxylates alkanes. The sulfide 
was found to be unnecessary if the reaction temperature exceeded 40 OC,l16 and the basic acetate 
[Fe11Fe11120(0Ac)6py3] was shown to be active in the presence of a reducing agent. Adamantane afforded 
up to 11 % yield of adamantanone after 18 h. The system does not seem to fall into any of the usual 
mechanistic categories. Secondary C-H bonds appear to be attacked more readily than either primary or 
tertiary C-H bonds, but the selectivity is artificially elevated as a result of side reactions which the ter- 
tiary products undergo. The intrinsic secondary to tertiary selectivity of cu. 1:l is still much higher than 
expected for radical or oxometal oxidations,' l7 and is therefore of synthetic value. In addition, such 
species as diphenyl sulfide are not oxidized under the reaction conditions. Ketones, not alcohols, are the 
major products from cycloalkanes, but the ketones appear to be formed directly, not by oxidation of an 
alcohol intermediate. Nitrogenous bases, such as pyridine, are essential and Shilov118 has suggested that 
the active oxidant may be pyridine-derived, e.g. C5H4NO+.. This suggestion is made more plausible by 
the fact that the iron can be replaced by other metals.'l9 The same paper reports turnovers exceeding 
3000 for the most recent version of the Gif system. A reagent which may operate by a related mechanism 
is iron(II)/Et3NO/CF3CO2H, which gives trifluoroacetates from alkanes also without overoxidation. IZo 

Peracids can react with alkanes to give hydroxylated products,12' as shown in equation (66). This may 
be an electrophilic reaction because the rate increases with increasing acidity of the peracid. Radical side 
reactions were thought to be inhibited by added CF3CO3H is also an effective oxidant.123 The re- 
action of trans- 1,2-dimethylcyclohexane with PhC03H is reported to be 97% stereoselective (retention) 
and 97% regioselective for tertiary hydro~ylation.~~ 

69% 
H H 

98% regioselectivity 

Dioxiranes, generated by the oxidation of ketones with KHSOs, insert an oxygen atom into alkane 
C-H bonds with retention of configuration by an oxenoid mechanism related to that found for peracids. 
Tertiary C-H bonds are hydroxylated and react faster than secondary CH2 groups, which are complete- 
ly oxidized to the ketone. Conversions of up to 50% have been 0 b ~ e r v e d . l ~ ~  CF3(Me)C02 is a more re- 
cently developed reagent of the same type.125 These easily prepared reagents have considerable promise 
for organic synthesis. 
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Ozone on silica gel has been used to hydroxylate alkanes and unactivated C-H bonds.'26 The 
example shown in equation (67) illustrates the application to a steroid, which was achieved in 51% yield 
at a respectable 1 1 % conversion with regard to 0z0ne.l~~ 

W 

A c O y  Br 

4 

silica gel 

Br 

Ozone on silica gel at -78 'C is also a convenient form of the reagent and is especially useful for ter- 
tiary C-H bonds.128 Ozone and HS03FSbFa at -78 'C react with alkanes, but skeletal rearrangement 
often occurs; for example, methane gives a~e t0ne . I~~  Oxygen atoms (in the 3P-state), formkd from C02 
in a microwave discharge at low pressure react with alkanes, to give, for example, the 1.2-epoxides and 
the tertiary alcohol from 2,3-dimethylbutane; 0 3 ,  in contrast, gives the tertiary alcohol and PrCOMe.lm 

Methane may be oxidized to formaldehyde by N2O at 600 'C over Mo03. At 5% conversion, 3.5% 
yield of CH2O and MeOH are also obtained.131 These reactions are not especially useful for laboratory 
scale experiments. 

1.1.12 FORMATION OF R-X BONDS (X = S, Se, Te) 

Photolysis of CsFsSC1 in cyclohexane leads to formation of both arylthio- and chloro-cyclohexane by 
a radical pathway.132 Sulfuryl chloride in pyridine can chlorosulfonate alkanes by a radical mute under 
photolytic conditions, the chloride being a minor product (equation 68).133 SO2 and C12 also gives the 
sulfonyl chloride by the route shown in equations (69) to (72).134 

R-H + SQClZ - R-SOzCl + R-CI , (68) 

The synthesis of MeSOzCl on an industrial scale has been achieved directly from methane by the Elf 
Aquitaine Company. This is notable not only in being a practical conversion of methane, but also in that 
it is a photochemical process.135 

Lead tetraacetate in CF3C02H, followed by RSH, affords the introduction of the SR group (R = Bun) 
into adamantane and bicyclo[3.3.1]nonane in high ~ i e 1 d s . l ~ ~  

Photolysis of alkane/SOz mixtures leads to the formation of alkylsulfonic acids,'37 the Hostapon pro- 
cess utilizing SO2/02/hv.138 It is curious that this reaction seems to be so efficient, given the low e for al- 
kane and SO2 at the wavelengths used, and an efficient chain reaction is presumably involved. The Reed 
reaction uses SOdCldhv to convert alkanes to the corresponding sulfonyl ch10rides.l~~ Alkanes also re- 
act with so3 to give alkyl sulfonates, sulfones and sulfates.140 

Methane reacts with elemental sulfur above 700 'C or at lower temperatures in the presence of a cata- 
lyst to give good yields of CS2, a reaction that has been used for the commercial synthesis of the disul- 
fide. 

The addition of (PhSe)2 to the Gif system, mentioned above, leads to trapping of the radical intermedi- 
ates with the formation of products with C - S e  bonds, for example, 12% of 2-adamantyl phenyl selenide 
is formed from adan1ank3ne.l~~ 

n-Butane, however, gives alkenes, dienes and thiophene under similar conditions. 
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1.1.13 FORMATION OF R-F BONDS 

Fluorination is one of the few useful methods of preparing fluorocarbons. These materials have im- 
portant physical and biological properties and are often high value chemicals. The problem with the re- 
action stems from the very large heat production in the overall process, thanks to the very weak bond 
strength of F2, but the very high bond strengths of both H-F and C-F.143 Nevertheless, by the use of 
diluted F2 and appropriate choice of temperatures, a number of organic compounds can be successfully 
fluorinated (equation 73).’& 

(73) 

Barton and coworkers145 have shown how elemental fluorine can be used in nitrobenzene to obtain a 
selective fluorination of a steroid, a reaction of importance in drug synthesis (equation 74). A variety of 
transition metal fluorides, such as CoF3, are milder fluorinating agents for alkanes.14 

PhN02 

AcO 50% AcO 

Another method that has proved useful involves photolysis of MeOF, which produces a methoxy radi- 
cal and an F-atom. Substantial amounts of the fluoroalkane are produced via H-atom abstraction by 
MeO. and F., and quenching the carbon radical with Fa. This route was thought to be particularly useful 
for the synthesis of compounds with useful biological activity (equation 75). 14’ 

hv 
C6H,z + MeOF - C6H11F + MeOH 

44% 
(75) 

1.1.14 FORMATION OF R-X BONDS (X = C1, Br, I) 

The radical chain halogenation of alkanes is a well-known process and is even commercially practised. 
The thermodynamics of this process are sufficient to allow the chain to progress for C12 and Br2, but not 
for iodine. These halogenations are easy to control and the selectivity of chlorination has been carefully 
studied.14* 

Photochlorination has been recommended for the preparation of choice of cyclodecene from cyclode- 
cane via the intermediate chloride. 149 Bromine is a rather weak brominating agent for alkanes and only 
unusually favorable substrates, like adamantane, react at a reasonable rate. The mixture H g O h  is much 
more reactive than bromine itself, as shown by the facile bromination of 1,1,3,3-tetramethylb~tane.~~~ 
Silver hexafluoroantimonate has also been used to activate bromine for this type of reaction.27 Iodine is 
normally ineffective in functionalizing alkanes, but use of y-irradiation of a solution of 12 in alkanes 
leads to unselective formation of all possible iodoalkanes. l5 

Rather than using the halogens themselves, other halogen radical donors are more commonly used in 
laboratory scale synthesis. One of the simplest of these is CC4, which can chlorinate alkanes by a free 
radical chain mechanism.152 The chain lengths are not very long (equations 76-78), because of their 
slightly endothermic nature and in part because the reaction is also kinetically rather slow. Elevated tem- 
peratures are therefore normally required.l” Nitrosylchloride at 100 ‘C has also been used for these re- 

Trichlorobromomethane appears to be an efficient bromination reagent because of kinetic rather than 
thermodynamic factors, and fairly long radical chain reactions result. 155 1,2-Dibromotetrachloroethane is 

BC tions. 154 
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Q = initiator 

a useful reagent for the bromination of alkanes. The intermediate halocarbon radical spontaneously 8- 
eliminates to afford a further bromine radical (equation 79). 

Trichloromethanesulfonyl chloride has also been used as a chlorination reagent for alkanes, but this re- 
action requires a peroxide initiation step (equation 80).IM 

CI3CSO2Cl + R-H R-CI + SO2 + HCCl3 (80) 

N-bromosuccinimide (NBS) is, however, one of the best known bromine donors. For example, it can 
brominate cyclohexane to give a 30% yield of the corresponding bromide.lS7 NBS/dibenzoyl peroxide is 
not very selective, giving mixtures with methylcy~lohexane,~~~ although decalin gives tetrabromides in a 
reasonably well-defined manner (equation 8 1). lS9 

NBS, peroxide 

Br Br 

A useful degree of selectivity for attack at the w-1 position has been reported in the photochlorination 
of a variety of linear alkyl compounds, such as n-hexyl chloride, with Pr’zNCl. The selectivity arises 
from the fact that many electron-withdrawing groups deactivate adjacent C-H bonds for abstraction by 
a chlorine radical. By the ‘polar’ effect, an electronegative atom, such as a chlorine radical, is better able 
to abstract a hydrogen atom from the most donor C-H bond available. The usual secondary > primary 
selectivity pattern prevents the terminal methyl group from being the preferred site of attack, hence the 
next methylene (i.e. at the 0-1 position) is attacked preferentially with selectivities of cu. 905% being re- 
ported.1~ Intramolecular versions of the reaction are also known. 161 

A similar reagent, benzeneiodonium chloride, is also effective under photolytic conditions. A 90% 
yield of the chloride has been reported for cyclohexane, for example, using this reagent.162 A recent im- 
provement to the use of PhIClz employs a trialkylboron as coreagent. n-Alkanes are converted to the 
chlorides in 99% yield under conditions which give no conversion in the absence of the borane cata- 
1 y ~ t . l ~ ~  In all these cases, the reaction is believed to go via chlorine radicals and PhICl radicals. 

Iodine monochloride, ICl, is another reagent which is useful for the chlorination of alkanes. It was 
known in the 1950s that ICI was unstable in alkane solution,164 but the use of irradiation to accelerate the 
reaction to useful rates was reported later.lM The chaincarrying step is shown in equation (82). 

R* + IC1 - R-Cl + I* (82) 

Similarly sulfuryl chloride, S02CI2, has been employed in this type of reaction, using a peroxide- 
initiated chain reaction to give chlorocarbons from alkanes. The reaction is rather unselective; for 
example, n-heptane gives 15% primary attack and 85% secondary attack. The hydrogen atom abstractor 
in this chain process is believed to be SOCl., rather than the chlorine radical. The monochlorinated 
species is more reactive than the alkane and consequently multiple chlorination takes place. Electron- 
withdrawing p u p s  destabilize a radical center and so subsequent chlorination events tend to take place 
at a site remote from the fmt point of amk.lM In sulfolane, the same reagent apparently reacts by an 
electrophilic pathway, and adamantane gives almost exclusively the tertiary halide, compared to the mix- 
ture formed during radical reactions. Norbornane gives largely 2-exo-chloronorbomane, as the result of 
the steric bulk of the reagent leading to attack on the least-hindered site.167 Sulfuryl chloride is also a 
useful halogenating agent for nonalkane substrates. la 
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tButylhypochlorite has been used to chlorinate alkanes with either peroxide or light initiation.’@ 
BuOI, made from BuW1 and Hg12. has also been used for iodination in CC4 under photolytic condi- 
tions. The secondary to primary selectivity in these reactions is good (cu. 301). Indeed the reaction is 
only preparatively useful for secondary iodides (yields 3040%) since the tertiary iodides, although 
formed, decompose rapidly under the reaction conditions.170 This process is an example of an apparent 
secondary > tertiary > primary selectivity pattern resulting from subsequent reaction, and may explain 
other anomalous selectivities occasionally reported by other workers. 

A reagent which may operate by hydrogen atom abstraction from the alkane by the intermediate alkyl- 
ammonium radical cation is iron(1I)/RzNCl/cF3CO~H, which affords secondary chlorides in good yield 
from n-alkanes without overoxidation.171 

Chemistry reported by allows chlorination of alkanes at the expense of a platinum(IV) 
halide as the chlorination reagent, but catalyzed by a platinum(I1) species. Methane and ethane give the 
chlorides together with some of the conesponding alcohols. Propane gives a 3:l mixture of M I  and 
P&l, and n-pentane gives a ratio of normal to secondary halides of 56:44, while cyclohexane leads to 
benzene as the major product. The addition of copper(II) makes the reaction catalytic by reoxidizing the 
platinum with air as the ultimate oxidant system, although only 5 turnovers were obtained.173 

AgSbFdCldCHzClz at -15 to +35 ‘C is reported to be a convenient and effective reagent for the elec- 
trophilic chlorination of tertiary alkanes and cy~loalkanes.~~~ Adamantane was sufficiently reactive to 
undergo uncatalyzed electrophilic bromination at 80 0C.175 Substrates with adjacent tertiary C-H bonds 
produce a,P.y,&tetrabromides by a series of brominatioddehydrobnation Alkanes also 
can be chlorinated by an electrophilic route using heterogeneous catalysts such as TaOFdAlzO3 at 18& 
250 ‘C: S O %  yield is obtained at 1040% conversion.177 CldSbFdSOzClF has been used for electro- 
philic chlorination, but, not surprisingly, skeletal rearrangements are often observed, and less than 20% 
of products are found from n-butane, for example.178 S ~ h w a r t z ’ ~ ~  has shown that [Rh(allyl)s] may be 
supported in molecular form on alumina, and that the resulting material can be used to chlorinate meth- 
ane. 80 
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1.2.1 INTRODUCTION 

Nitrenes are monovalent, neutral, electron deficient nitrogen species. Although a few nitrenes are suf- 
ficiently long lived to enable spectroscopic detection and measurements at low temperature, for synthetic 
purposes, nitrenes can be considered as highly reactive intermediates which have to be generated in situ 
in the presence of the substrate from a suitable stable precursor (see Section 1.2.2.1). The generation and 
reactivity of nitrenes are discussed in two books and in several reviews, and for general information on 
specific classes of nitrene, the reader is referred to the appropriate review: alkylnitrenes,1.2 vinylni- 
trenes,3s4 arylnitrene~,~-~ acylnitrenes,g-12 cyanonitrenes l3  and sulfonylnitrenes. l4 In addition there are 
relevant reviews on the nitrenes in heterocyclic ~ y n t h e s i s , ' ~ ~ ~  photoaffhity labeling using nitrenes,l* 
and on the decomposition and synthetic uses of a z i d e ~ , l ~ - ~ ~  

Although this chapter is primarily concerned with the functionalization of unactivated sp3 C-H bonds 
by nitrene insertion, other relevant aspects of nitrene chemistry are included. Thus the brief section on ni- 
trene reactivity highlights the rearrangement reactions which often compete with C-H insertion, and the 
final section covers insertion into s$ C-H bonds, since many of these reactions have found wide use in 
recent years in the synthesis of natural products. 

21 
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13.2 NITRENE GENERATION AND REACTIVITY: A BRIEF OVERVIEW 

1.23.1 Generation 

The main methods of nitrene generation are summarized in Scheme 1, although it should be borne in 
mind that the isolation of nitrene-type products does not necessarily imply that the reaction involves a 
free nitrene. Azides are the most convenient precursors to nitrenes, since, for the most part they arc easily 
prepared, and can be decomposed under ‘reagent-free’ conditions by the action of heat, light or a suitable 
catalyst to give the nitrene and molecular nitrogen. The thermal stability of azides varies greatly, with 
some such as cyanogen azide being notoriously unstable, whilst others require tempcrams in excess of 
200 ‘C to initiate decomposition. However, for handing purposes, all azides should be considered poten- 
tially explosive. Other reagent-free sources of nitrenes are isocyanates, ylides, small ring heterocycles 
such as aziridines and oxaziridines, and five-membered ring heterocycles such as 1,3,edioxazol-2-ones, 
e.g. (1), and 1,3,2,4-dioxathiazole 2-oxides which can eliminate C02 and SOZ respectively, although 
none of these are widely used. More commonly used nitrene precursors are nitro compounds, which are 
deoxygenated by tervalent phosphorus reagents, and compounds which can undergo base-mediated a- 
elimination reactions such as N-chloro compounds and N-sulfonyloxy compounds, although of these 
only N-arenesulfonyloxy carbamates, e.g. (2). have found wide use as a source of ethoxycarbonylni- 
trenes. Finally amines can be oxidized using reagents such as lead(IV) acetate to give nitrene intermedi- 
ates. 

RNHX 
x = Cl,OSO2Ar 

i, heat, hv, or catalyst; ii, heat or hv ; iii, base.; iv, Pu* reagent; v, oxidant 

Scheme 1 

13.2.2 Reactivity 

The high reactivity of nitrenes stems from the fact that the nitrogen has only six electrons in its outer 
shell. Of these, two are bonding electrons, two are the ‘normal’ nitrogen lone pair, and the remaining two 
can either be in the same orbital with their spins paired or in separate orbitals with unpaired spins, lead- 
ing to the possibility of singlet and triplet (diradical) states. Although Hund’s rule predicts that nitrenes 
should have a triplet ground state, many reactions of nitrenes are characteristic of the singlet state. 
The four main characteristic reactions of nitrenes are summarized in Scheme 2. All of these reactions 

have parallels in carbene chemistry; for example, a full discussion of the C-H insertion reaction of car- 
benes is given in Volume 3, Chapter 4.2. The first reaction, the addition to an alkene to form an aziridine, 
is covered in detail in Volume 7, Chapter 3.5. The C-H insertion reaction, the subject of this chapter, 
can, in principle, occur by several mechanisms. However most of the reactions are believed to involve 
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direct insertion of the singlet nitrene into the C-H bond, rather than a stepwise hydrogen abstraction- 
recombination mechanism involving the triplet, or stepwise ion pair mechanisms. On the other hand, 
some reactions of nitrenes which lead to products with a new C-N bond that are the result of a formal 
C-H insertion proceed by an entirely different mechanism. Therefore, although we are largely con- 
cerned with the preparative aspects of nitrene C-H insertions, the mechanistic detail cannot always be 
ignored since it may well impinge on other factors such as the stereoselectivity of the insertion process. 

Aziridination 
G: + H2C=CH2 - 4 

C-H Insertion 

R% + RiC-H L R'SC -"R 

Rearrangement 

R' 

Reaction with nucleophiles 
- +  

R k  + x: * RN-X 

Scheme 2 

Nitrenes in common with other electron deficient intermediates are prone to rearrangement by migra- 
tion of an atom or group from the adjacent carbon to the electron poor center. This type of rearrange- 
ment, which often competes with C-H insertion reactions, is particularly favorable in two cases: the 
decomposition of alkyl azides to give imines, and of acyl azides to give isocyanates (the Curtius rear- 
rangement). Indeed, in the first case, the rearrangement is so facile that the C-H insertion reaction of 
simple alkylnitrenes is not a synthetically useful process. The final characteristic reaction of nitrenes 
(Scheme 2) is that with nucleophiles containing a heteroatom lone pair such as sulfides and phosphines 
to give ylides. Although we are not concerned directly with this reaction, it does have important conse- 
quences for C-H insertion reactions that are carried out in heteroatom-containing solvents such as 
ethers. 

1.23 INSERTION INTO S$ C-H BONDS 

1.23.1 Intermolecular 

The C-H insertion reaction of nitrenes is a potentially useful way of functionalizing unactivated 
C-H bonds, converting hydrocarbons into amine derivatives. In its intermolecular form the synthetic 
utility of the reaction is highly dependent on the substituents on the nitrene, and on the manner in which 
it is generated. To exemplify these effects, the results for the functionalization of cyclohexane by inser- 
tion of various nitrenes (equation 1) are summarized in Table 1. 

a"" 0 -  Rk: 

Several features are immediately apparent. The yields from simple alkylnitrenes are exceedingly poor 
because of the facile rearrangement by hydrogen migration. Polyfluorinated alkylnitrenes give higher 
yields, but the reaction is not generally useful. Intermolecular insertion reactions of arylnitrenes are rare, 
and generally give poor yields, the major reaction being formation of anilines by hydrogen abstraction by 
the triplet nitrene. Further evidence for triplet involvement in these cases comes from results of phenylni- 
trene insertion into the tertiary C-H bond of 2-methylpropane and its 2-deuterated analog." The ob- 
served isotope effect of 4.1 was considered too large for a concerted C-H insertion reaction of the 
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Table 1 Functionahtion of Cyclohexane by Nitrene Insation (equation 1) 

R Conditions of generation Yield (%) R4. 

Me 
CF3CHFCF2 
Ph 
Teeafluoropyrid-4-yl 
BuCO 

Azide, A 
Azide, hv 
Azide, A 
Azide, A 
Azide, hv 
Azide, hv 
(11, hv 
Azide, A 
Azide, hv 
(2). base 

Azide, A 
Azide, hv 
Azide, A 
Azide, A 
Azide, hv 
Azide, hv 

(3): hv 

0.4 
1 8’ 
b 
45 
20 
4046 
23 
52-76b 
51.78 
13-20 
21 
60-73c 
18 
54 
58 
88 
67 

22 
23 
24 
25 
26 
27.28 
28. 
29.30 
31; 32 
33,34 
35 
36 
37 
38 
38 
39 
39 

‘After hydrolysis to cyclo-C& INHCOCHFCF3; GLC suggests yield is ca. 30%. Gives mainly aniline; yield of 
cyclo-C&~NHPh not quoted. Yield increased in presence of ‘additives’ such as 1,3dinitrobenzene; sa Section 1.2.3.1. 

singlet. Relatively poor yields of C-H insertion products are also obtained from acyl azides; again the 
problem is a competing reaction, Curtius rearrangement to the isocyanate which in the case of photolysis 
of benzoyl azide was isolated in 57% yield.” 

Ethoxycarbonylnitrene, however, gives a synthetically useful yield of the C-H insertion product, N- 
cyclohexylurethane, the carbamate group of which can subsequently be hydrolyzed or modified. The 
thermal reaction is carried out by simply heating a dilute solution of ethyl azidofonnate in cyclohexane, 
although the yield can be improved by carrying out the reaction in the presence of ‘additives’ such as 
1,3dinitrobemene, sulfur or hydroquinone.29 The C-H insertion process is a singlet nitrene reaction, so 
the role of these additives, all of which are potential radical traps, is not completely clear. One possibility 
is that any radicals assist the singlet to triplet nitrene interconversion process, and since the triplet does 
not insert, yields are higher in the presence of radical traps. Likewise the yield of insertion product is in- 
creased in the presence of hexafluor~benzene.~~ Photochemical generation of ethoxycarbonylnitrcm 
from ethyl azidoformate also gives a useful yield of the insertion p r o d ~ c t , ~ ’ . ~ ~  but the alternative nitrcne 
precursors such as the N-arenesulfonyloxy carbamate (2) and the sulfimide (3) are less ~at isfactory,3~~~ 
the latter precursor giving largely triplet nitrene on irradiation. When the decomposition of the N-arene- 
sulfonyloxy carbamate (2) was carried out in cyclohexanedn, an isotope effect of about 1.5 was ob- 
served.33 This small effect is consistent with a concerted C-H insertion of the singlet nitrene. Octadecyl 
azidoformate also gives a good yield of the insertion product on heating in cyclohexane, although a small 
amount of intramolecular insertion occurs to give a mixture of five- and six-membered ring productsP6 
Again, the yield of the N-cyclohexyl carbamate is improved in the presence of 1,3dinitrobenzene. Fi- 
nally, some sulfonyl- and phosphonyl-nitrenes give good yields of the corresponding cyclohexylamine 
deri~atives.3”~ 

133.1 .I Chemoselectivity 

The insertion reactions into cyclohexane C-H bonds (Table 1) give some idea of which nitrenes give 
synthetically useful yields. However, since most other substrates will contain more than one sort of 
C-H bond, it is important to know the selectivity of nitrenes for different types of C-H bond. Several 
studies of nitrene selectivity towards tertiary, secondary and primary unactivated C-H bonds have been 
made, although attempts to study allylic C-H insertion reactions are complicated by the competing ni- 
trene addition to the double bond. In cyclohexene it has been estimated that the allylic C-H bond is 
only about three times more reactive than the homoallylic C-H bond towards insertion of ethoxycarbo- 
ny ln i t~ne .~*J~  However, the reaction is totally unsatisfactory as a means of allylic functionalization 
since, as shown in Scheme 3, the yields are so low. 

The standard hydrocarbon substrate that has been used to determine the relative selectivities of ni- 
trenes for tertiary, secondary and primary unactivated C-H bonds is 2-methylbutane, and the results of 
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81% 29% 

Scheme 3 
13% 4% 

several studies are summarized in Table 2. For all nitrenes, the order of reactivity is tertiary > secondary 
> primary C-H bonds, but there is a considerable variation in the degree of selectivity. Phenylnitrene is 
the most selective, although as has already been described, the overall yield of C-H insertion is very 
poor. The selectivity is thought to arise from stabilization of the nitrene by electron donation from the 
aromatic ring.40 Pivdoylnitrene is also very selective in its insertion reactions, with benzoylnitrene being 
less so, although the yields are less than 25% because of the competing isocyanate f~rmation?~*~'  In the 
latter case, the C-H insertion selectivity is apparently dependent on the nitrene precursor?8 

Table 2 Relative Reactivity of Tertiary, Secondary and Primary C-H Bonds in 2-Methylbutane towards Nitrene 
InSertiOnl 

R Conditions of generation Tertiary Secondary Primary Ref. 

Ph 
BuCO 
Phco  
EtO2C 
E W  
E W  
EtozC 
Ms 

Azide, A 
Azide, hv 
Azide, hv 
Azide, hu 
Azide, hv 
Azide, A 
(2). base 
Azide, hv 
Azide, A 
Azide, hv 
Azide, hv 
Azide, A 

140-280 
120-200 
58 
43 
34 
32 
27 
9.6 
5.8 
6.0 
3.4 

67 

>7 
9 
7 
6.6 
9 

10 
11  
4.2 
2.2 
4.3 
1.2 

1 
1 
1 
1 
1 
1 
1 
1 
lb 
1 
1 
lC 

40 
26 
41 
42 
33 
36 
33 
37 
43 
39 
39 
46 

' Statistically copcted for number of C-H bonds. Substrate is 2,4-dimethylpentane. Substrate is 2.3-dimethylbutane. 

?he much studied ethoxycarbonylnitrene is somewhat less selective, although tertiary C-H bonds are 
still about 30 times more reactive than primary ones towards the nitrene. The selectivity varies slightly 
according to which nitrene precursor is used, and is also influenced by the reaction ~ o l v e n t . ~ ~ * ~ ~  In the 
presence of dioxane, the selectivity for tertiary C-H insertion over primary decreases with increasing 
dioxane concentration.M The results are explained by formation of a complex (4) between dioxane and 
the singlet nitrene, hence the 'nitrene' is more sterically demanding and exhibits lower selectivity to- 
wards tertiary C-H bonds. The relative reactivity of axial and equatorial C-H bonds towards ethoxy- 
carbonylnitrene has been determined using cis- and rrans- l ,4-dimethylcyclohexane as substrate. Results 
show that insertion into equatorial C-H bonds is favored over axial by a factor of about 1.3." Sulfonyl- 
and phosphonyl-nitrenes are significantly less selective in their insertion reactions, although the reactions 
involving the phosphonylnitrenes are particularly high yielding.37,39.43 The relative lack of selectivity 
compared to acylnitrenes is explained by the fact that both S-0 and P d  bonds are considerably less 
effective than the c--O bond in stabilizing the electron deficient nitrogen. Cyanonitrene, which has been 
studied in a number of systems, is highly selective and high yielding, although the instability of the pre- 
cursor, cyanogen azide, detracts from the synthetic utility.46 

702Et 

''0 Et02CNH 
...e N .... 

9-1 
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With polycyclic hydrocarbons such as norbornane, bicyclo[2.2.2]octane and adamantane, nitrene in- 
sertion can occur at a tertiary bridgehead C-H bond or at a CH2 group. With the exception of norbor- 
nane, the tertiary C-H is more reactive; for example, in adamantane the selectivity of 
ethoxycarbonylnitrene for the tertiary C-H over the secondary is about 6: 1 Similarly, ethoxycarb 
nylnitrene inserts selectively at the ring junction tertiary C-H bond in bicyclic hydrocarbons such as de- 
~ a l i n ? ~  although in one experiment a CIDNP effect was observed, suggestive of triplet involvement.m 

Two groups of insertion substrates that require special mention are ethers and chloroalkanes. In ethers, 
the nitrene inserts selectively OL to the oxygen atom, and although the reaction has only been thoroughly 
investigated for ethoxycarbonylnitrene and cyclic ethers, the effect does seem to be general?1-56 The 
chemoselective insertion a to the ring oxygen of cyclic ethers is synthetically useful, since the resulting 
insertion products can subsequently be transformed into a,o-amino alcohol derivatives as shown in 
Scheme 4.51 

i, EtO2CN3, hv; ii, LiAlI& 

Scheme 4 

The relative reactivity of C-H bonds a to ring oxygens have been estimated, and the results are sum- 
marized in Scheme 5. The results are rationalized by invoking stabilization of the nitrene by prior coordi- 
nation to the ring oxygen. Dioxane with two oxygen atoms is particularly effective at stabilizing nitrenes, 
and the formation of complex (4) has been proposed to explain the pronounced solvent effect that diox- 
ane has on a number of insertion reactions of ethoxycarbonylnitrene. Nitrene insertion reactions in chlo- 
roadcanes tend to occur away from the chlorine atom; with truns-l,2-dichlorocyclohexane as substrate, 
the insertion product (5) is formed in good yield.57 

Scheme 5 

In summary, most nitrenes exhibit some chemoselectivity in their intermolecular C-H insertion re- 
actions, with the order of reactivity being tertiary > secondary > primary C-H bonds. Hence the ease of 
homolysis of the C-H bond in question would appear to be a good guide to its reactivity towards ni- 
trene insertion, despite the fact that the reaction almost certainly involves a concerted reaction of the sin- 
glet nitrene and not a radical process. 

1.23.13 Stereoselectivity 

The stereochemistry of nitrene insertion into unactivated C-H bonds has been studied using sub- 
stituted cyclohexanes as substrates. For arylnitrenes which usually exhibit triplet reactivity, the reaction 
is nonspecific,u but most other nitrenes undergo stereospecific C-H insertion. For example, benzoylni- 
trene inserts selectively into the tertiary C-H bond of both cis and truns-l,4dimethylcyclohexane with 
retention of ~0nfiguration!~1~* Similarly with cis- and trans- l,2-dimethylcyclohexane as substrate, 
ethoxycarbonyl-?9 methan~sulfonyl-~~ and cyano-nitrenes4@’ all insert with retention of configuration at 
the tertiary C-H bond. 

When optically active hydrocarbons have been used as substrates, a similar pattern of insertion re- 
activity emerges. Phenylnitrene inserts with a maximum of 30% retention into the tertiary C-H bond of 
optically active 2-phenylbutane implying a high degree of triplet involvement,” whereas ethoxycarbo- 
nylnitrene inserts stereoselectively with 98-10096 retention into the tertiary C-H of (S)-(+)-3-methyl- 
hexane.61 The result is independent of the method of nitrene generation, and of concentration, and lends 
support to the view that only singlet ethoxycarbonylnitrene inserts into unactivated C-H bonds. 
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1.2.33 Intramolecular 
Although intermolecular nitrene insertion reactions can be a useful way of functionalizing unactivated 

C-H bonds, it is the intramolecular version of the reaction that has found the widest use in synthesis. 
Most types of nitrene will undergo intramolecular C-H insertion, and the following discussion is or- 
ganized in terms of type of nitrene, scope and selectivity of the reaction, and, finally, specific uses in 
synthesis. 

1.2.3.2.1 Scope and selectivity 

Alkylnitrenes are very poor in functionalizing C-H bonds, even if the insertion is intramolecular. 
Earlier claims that pyrrolidines (6) could be formed by insertion of alkylnitrenes derived from simple 
alkyl azides have subsequently been disproved,62 and the only apparently genuine example of a reaction 
of this type involves the azidosteroid 6P-azido-5a-pregnane (7), which leads to functionalization of the 
19-methyl group upon irradiation, albeit in very poor ~ i e l d . 6 ~  - n 

hv 

6% 

A 
N3 

(7) 
The decomposition of vinyl azides often leads to products of formal C-H insertion reactions, al- 

though in many cases the mechanism does not involve a genuine nitrene insertion. Some examples, 
which also include insertion into more activated C-H bonds, are shown in Scheme 6.- The yields of 
fused pyridines, formed by aromatization of the initial ‘insertion’ product, are variable, but the reaction is 
a useful way of constructing polycyclic systems such as the azafluoranthene (8) from, in this case, a rela- 
tively simple fluorene derivative. The formation of the azepinoindole (9) by ‘insertion’ into the unacti- 
vated methyl group of the ethyl substituent rather than into the activated CH2 group is particularly 
interesting, although the reaction is solvent dependent with the alternative ‘insertion product’, ethyl 1- 
methyl-~-carboline-3-carboxylate being formed in competition in other solvents.% 

Arylnitrenes, generated by thermolysis of aryl azides or by deoxygenation of the corresponding nitro 
compounds, readily undergo intramolecular insertion into the C-H bonds of ortho alkyl substituents. 
With azides as precursor, the reaction is often cleaner and higher yielding in the vapor phase than in sol- 
ution. The reaction is a route to indolines, which may be dehydrogenated to indoles, and, in general, the 
formation of the five-membered ring indoline is preferred to the six-membered ring tetrahydroquinoline 
by a factor of about 4: 1 .67-70 Some examples are shown in Scheme 7; again the reaction has been applied 
in the steroid field, the 1-azidoestrone (10) giving the C-1 1 functionalized product in good yield.71 

The intramolecular insertion reaction of arylnitrenes proceeds with retention of configuration at carb- 
on. For example, heating the (S)-aryl azide (11; X = N3) in the vapor phase gives 2-ethyl-2-methylin- 
doline in 5 0 4 0 %  yield in cu. 100% optical The optical purity of the product is lower if the 
azide is heated in solution, or if the nitrene is generated from the corresponding nitro compound (11; X = 
NO2) with triethyl phosphite.73 

The intramolecular reaction of acylnitrenes suffers from the same competing Curtius rearrangement as 
the intermolecular reaction, and therefore the yields of insertion product are often low. In general, the 
formation of 6-lactams is preferred to y-lactams by a factor of about 2: 1, where the possibility for com- 
peting intramolecular insertion into similar C-H bonds exists. Thus irradiation of the azides (12; R = 
Me, Pr) gives a mixture of 6- and y-lactams in a ratio of 2:l in lowish overall yield of 30-3596 (Scheme 
8).8*74.75 The reaction proceeds stereoselectively at the C-H bond, the nitrene derived from the optically 
pure @)-azide (13) inserting with cu. 98% retention of stereochemistry, although in poor chemical 
yield?6 
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COzEt 

4 xylene, I* 
* 

2&24% 

A, DMF 

60% 
- 

.J Me0 / 
(9) 

Scheme 6 

*a 350 OC, 0.1 mmHg 

55% N 
H 

- 350 OC, 0.1 mmHg 

H H 

30% 8% 

(10) 
Scheme 7 
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(4) 

0 OR + O G R  H 
H 

Nitrenes derived from azidofomates, however, do not suffer from competing Curtius rearrangement, 
and undergo intramolecular C-H insertion in good yield. Thus irradiation of t-butyl azidofomate re- 
sults in cyclization by insertion into the unactivated C-H bond of the methyl group to give the oxazo- 
lidinone (14) in good ~ield.7~ When the optically active (S)-azidofonnates (15; R = Me, Ph) were 
irradiated, the corresponding oxazolidinones were formed with >97% retention of stere~chemistry,'~*~~ 
confirming once again that high stereoselectivity is a feature of nitrene insertion reactions. 

o+ hv 

75% 
A 

O N3 
H 

(14) 

C 

0 
H 

(15) 

Sulfonylnitrenes also undergo intramolecular C-H insertion to give six-membered s u l ~ u n s . ~ ~  In the 
series of sulfonyl azides (16; n = 0, l), the sultams were formed in low yield: no five-membered sultams 
were observed. 

1.2.3.23 Use in synthesis 

Although the functionalization of unactivated C-H bonds by intramolecular nitrene insertion has 
been applied to the synthesis of diterpene alkaloids and in the modification of steroids as described 
below, it has also been used to good effect in simpler systems. For example, 1-adamantyl azidofomate, 
readily prepared from ,l-adamantanol, gives the oxazolidinone (17) on irradiation in cyclohexane by in- 
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tramolecular C-H insertion. Hydrolysis of (17) gives the otherwise inaccessible 2-amino- l-adamanta- 
no1 (Scheme 9).80 

0 
OH 0 4 

(17) 
Scheme 9 

A similar nitrene insertion reaction was used in the synthesis of 6"-aminogentamycin C2 by function- 
alization of the garosamine moiety of the antibiotic.*l The key steps of the sequence are shown in 
Scheme 10; heating the azidoformate (18) to 130 'C in dichloromethane results in the desired intramolec- 
ular nitrene insertion and functionalization of the unactivated methyl group, although some cyclization to 
the five-position is also observed. The synthesis was completed by hydrogenolysis of the oxazolidinone 
and removal of the protecting groups. 

0 

(18) 

0 

k0 -- H2:+ HO "Wm2 
H:M* H 0 0 T s 2 ? N H 2  H2N 

6"-Aminogentamycin C2 
0 "i- 

Scheme 10 

The use of acylnitrene cyclizations in the synthesis of diterpene alkaloids goes back to the early 1960s. 
and although much of the early work has been reviewed,1° selected examples are included here. The acyl 
azide (19), readily prepared from podocarpic acid, was irradiated to give the 8-lactam (20, 20%). which 
has the azabicyclononane ring system of the diterpene alkaloids such as atisine.82 

The azabicyclononane system is a common structural feature in diterpene alkaloids, and the nitrene in- 
sertion route to the ring system has been studied in detail in model decalins as well as in steroids 
(Scheme 11). Thus irradiation of the trans-acyl azide (21) gave, in addition to isocyanate (3&35%). a 
mixture of the y- and b-lactams (22) and (23). The y-lactam (22) predominated, although the overall 
yield was poor.83984 The corresponding cis-azide (24), however, gave the 8-lactam (25) as the major pro- 
duct, again in low yield. One elegant application of this type of intramolecular niane insertion naction 
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was used as a key step (26) + (27) in Masamune's synthesis of the diterpene alkaloid garryine, although 
again the reaction was dogged by poor yields.85 

hv 

(22) 14% (23) 9% 

hv O X "  -F 18% 

(25) 

hv 

CX. 5-108 T%E32 H 

(27) 

Scheme 11 

Much of the remaining synthetic work in this area has been concerned with attempts to functionalize 
the 4,4-dimethyl groups in lanosterol, a process of considerable biosynthetic relevance and importance. 
For example, in a reaction that has also been studied in model truns-decalin~,8~,*~ thermal decomposition 
of 3P-lanost-8-enyl azidoformate (28) gives rise to a mixture of y- and &lactams ( 2 9  55%) and (30 
25%) resulting from nitrene insertion into the 2-CH2 and the &-methyl group respectively.88 Both inser- 
tions occur from the a-face of the steroid, and the overall yield of insertion products is excellent. The 
good yield of insertion products obtained from nitrenes derived from azidoformates is in contrast to the 
poor yields obtained from acylnitrenes derived from acyl azides. The nitrene derived from the related 
7a-azidoformate derivative (31) of lanosterol undergoes selective C-H insertion at the 6a-C-H bond 
to give the modified steroid (32) in 52% ~ ie ld .8~  

(29) 55% 

+ 

(30) 25% 

0 4 - 4 c 8 H ' 7  
I I >  A I l l  

1.2.4 INTRAMOLECULAR INSERTION INTO ~ f l  C-H BONDS 
Intramolecular nitrene insertion reactions into sp2 C-H bonds have found wide use in recent years in 

the synthesis of indole alkaloids and related natural products. In general, the reactions are of two types, 
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and involve either vinylnitrenes or arylnitrenes inserting into an aromatic or vinylic q? C-H bond to 
give an indole or a fused indole (Scheme 12). Although the indole is the product of a ‘formal’ C-H in- 
sertion reaction, the mechanism probably involves a six electron electrocyclic ring closure of the nitrene 
to give a 7aH-indole, followed by an aromatizing hydrogen shift. 

... 

...... 
........ 

* ). . .  

...... 

. . .  ,,.. ’%.. 

............. [I ; 
Scheme 12 

H 

Simple 3-substituted indoles can be formed in high yield by heating P-azidostyrenes in solution. Thus 
heating Ph2C=CHN3 in toluene gives 3-phenylindole in 82% yield.g0 The reaction has recently been ex- 
tended to the preparation of 3,4-bridged indoles (Scheme 13)?* and since the precursor azides are pre- 
pared from readily available cyclic ketones, the nitrene route represents a useful entry to these somewhat 
inaccessible bridged indoles. 

+ 
i, Me,S(O)CH2-; ii, NaN,; iii, MsCl, py; iv, A, mesitylene 

Scheme 13 

The formation of 2-substituted indoles from P-azidostyrenes can suffer from competing reactions of 
the azide and/or nitrene. However the discovery in 1970 that azidocinnamates (33; R = Me or Et) give in- 
doles in excellent yield on heating in xylene?2 together with further development in our own laboratories 
in collaboration with C. W. Rees (see below), has formed the basis of a versatile synthetic method. The 
azidocinnamates are readily prepared in a single step by base-mediated condensation of benzaldehydes 
with methyl (or ethyl) azidoacetate, and the reaction has been extended to heteroaromatic aldehydes to 
give the corresponding fused pyrroles.93.” 

X - r n  CO2R (1 1) 
CO2R A, xylene ‘-m (33) gCL98%- H 

We have used the reaction extensively to prepare the indole moiety of several natural products. For 
example, the key step in the synthesis of the bacterial coenzyme methoxatin (36) is the formation of the 
indole (35) by intramolecular nitrene ‘insertion’ from the azide (M), readily prepared from commercially 
available 4-aminosalicyclic acid.95 The third ring was annelated onto the indole (35) using conventional 
chemistry to give, after oxidation to the ortho-quinone, the natural product (36). 

Similar nitrene-mediated cyclizations have been used in the synthesis of the indoles (38) and (40). key 
intermediates in the synthesis of the carbazole quinone alkaloid murrayaquinone B (39) and the unnatu- 
ral cyclopropamitosene (41), an analog of the aziridinomitosene ring system, In the first 
example, heating the azidocinnamate (37), prepared from 4-hydroxybenzaldehyde, in boiling toluene re- 
sulted in sequential indole formation and regioselective Claisen rearrangement to give the 7-isoprenylin- 
dole (38). the 2-ester group of which was elaborated to the third ring of the natural product.“ The second 
example illustrates the value of the nitrene route to indoles, in that the polysubstituted indole (40). which 
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contains all the functionality for the A-ring of the final product, is constructed from a relatively simple 
benzaldehyde in just two steps?' 

C02Me 
A, toluene HO 

c 

53% 

(37) 

0 H& 

N 
I 

0 
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The most impressive example of the use of nitrene cyclizations in natural product synthesis is the Im- 
perial College formal synthesis of the potent antitumor antibiotic CC-1065 (42)?8*w In this synthesis, all 
six ‘ p p l e ’  rings were formed using nitrene insertion. Thus 0-benzylbromoisovanillin was converted 
into azidocinnamate (a), heating of which gave the indole (44) in essentially quantitative yield. After 
removal of the unwanted ester, the 4-bromoindole was converted into the aldehyde (45) and hence the 
azide (46). The second nitrene cyclization proceeded in 97% yield to give the key tricyclic indole (47), 
which was subsequently converted into the naturally occurring phosphodiesterase inhibitors PDE-I (48) 
and PDE-I1 (49), and by the coupling together of appropriate pyrroloindoles, into the ‘dimer’ (So), the 
combined central and right-hand unit of CC-1065. In a separate series of experiments, the left-hand unit 
of CC- 1065 was also assembled using nitrene cyclization reactions. 5-Benzyloxy-2-bromoacetophenone 
was converted into the azide (51), heating of which in mesitylene, followed by reaction with benzenesul- 
fonyl chloride, gave the indole (52; 53% over two steps). After introduction of the second azide (53). the 
tricyclic indole (54) was formed in 42% yield. Finally, following known chemistry, the indole (54) was 
converted into the cyclopropapymloindole (55). Since the left-hand unit (55) had previously been 
coupled with the ‘dimer’ (50) by workers at the Upjohn Company, this constituted a formal synthesis of 
CC-1065. A similar nitrene cyclization was also used by Boger in his total synthesis of CC-1065 to form 
the second pyrrole ring of the pyrroloindole subunits.lW 

CHO 
COzMe 

+N3 

OMe 
OMe 

C02Me 

A, xylene 

ca. 100% 

w 

OMe 

OMe 
(45) 

OMe 
(46) 

Me02C 4 ’ I -- H O d  
N / OBn 0 N / OH 

OMe H OMe 

(47) \ 
\ 

(48) R = NH2 
(49) R = Me 

H I 
OMe 

Scheme 14 
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The intramolecular reaction of vinylnitrenes is not limited to formation of five-membered rings. For 
example, heating the azide (56) results in C-H insertion adjacent to the methoxy group to give (57), ox- 
idation of which gave the tetracycle (58). a potential precursor to the marine alkaloid amphimedine.’O1 
Heating the azidocinnamate (59) results in formal intramolecular nitrene C-H insertion, followed by 
hydrogen shift, to give the benzazepine (60), a key intermediate in the synthesis of the alkaloid lennox- 
amine (61).Io2 

C02Me C02Me C02Me 

&OMe A’:; &OMe 

&o / (16) 

(56) (57) (58) 

COzMe 

- (OG -- ‘‘‘Me A, xylene 

55% 0 0 

A i  (a) 

OMe 
(17) 

Ar = Me02C fQ OMe 
OMe 

Indoles can also be formed by arylnitrene cyclizations. Thus nitrenes derived by heating or irradiating 
2’-azidostyrenes (62; X = N3) or by deoxygenation of the corresponding nitro compounds (62; X = NO2) 
cyclize to 2-substituted indoles in moderate to good yield (equation 18),103.104 although a detailed study 
of the reaction has confirmed that the mechanism dues not involve a genuine C-H insertion.1o5 The 
corresponding reaction of the azidcquinone (63) has been used as a key step in the synthesis of the in- 
dolequinone (64). a precursor to the mitosene analog (65).IM 

The intramolecular cyclization of the arylnitrenes derived from azido- or nitro-biphenyls to the ad- 
jacent aromatic ring has been well The reaction is a useful route to carbazoles, two recent 
examples of which are shown in Scheme 15. In Raphael’s elegant approach to the indolocarbazole fam- 
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- O p R  

K R  X=N3;Aorhv 

X N@; (Et0)aP 
50-80% H 

(62) R = Me, R, Ph. PhCO 

ily of antibiotics, the dinitro terphenyl(66), readily prepared by dehydrogenation of the Diels-Alder ad- 
duct of the appropriate 1,4-diarylbutadiene with maleimide, was deoxygenated with biphcnylphosphine 
in collidine to give the ‘double nitrcne insertion’ product, the indolocarbazole (67; 65%). demethylation 
of which gave arcyriaflavin B (68).107 In the second example, the azide (as), constructed in 10 steps from 
2,5-dimethylacetanilide, cyclized to the antitumor alkaloid ellipticine (70) in excellent yield on heat- 
ing.lM 

H n  H 

(67) R = Me 
(6E)R=H 

Scheme 15 

Thus the intramolecular reaction of nitrems with sp2 C-H bonds, although it may not involve a ge- 
nuine C-H insertion mechanism, is a useful synthetic method, which extends and complements the ni- 
trcne insertions into unactivated sp) C-H bonds discussed in earlier sections. 
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13.1 INTRODUCTION 

13.1.1 Topics Covered 

‘Oxidation’ is not a well-defined concept in organic chemistry. It hardly ever involves simply the 
removal of electrons, and when covalent bonds are being made and broken some arbitrary choices must 
be made. When a C-H bond is converted to a C-OH bond, we say that the C-H bond has been ox- 
idized. Similarly, the conversion of ethane to ethylene is generally considered to be an oxidation, and hy- 
drogenation of an alkene is generally considered a reduction. However, if these conversions are indirect 
we must specify in which step the oxidation or reduction occurred. 

As a simple case, the chlorination of a C-H bond, converting it to C - C I ,  is certainly an oxidation. 
The chloride can be solvolyzed to an alcohol, which is an oxidation product of the original C-H bond, 
and no one would think of the solvolysis as the oxidation step. Thus we will consider as an oxidation any 
conversion of a C-H bond to a derivative in which the hydrogen has been replaced by a more electro- 
negative element. Furthermore, conversion of a saturated carbon to an unsaturated one will be considered 
an oxidation of that carbon. In principle the double bond could be hydrated so as to leave the hydroxy 
group on that carbon, and addition of water to an alkene is not an oxidation step. 

The insertion of a carbonyl group into a C-H bond is also an ‘oxidation’ by this reasoning. The re- 
sulting C - C - O H  unit can in principle be dehydrated towards the original carbon, converting it to an 
unsaturated carbon, and dehydration of an alcohol is not an oxidation step. If the insertion was at a ter- 
tiary carbon such a simple dehydration would of course be impossible, but it is hard to imagine that car- 

39 
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bony1 insertion into the C-H bond of a secondary carbon be considered an oxidation, but insertion at a 
tertiary carbon not be. Thus this chapter will discuss reactions that functionalize a C-H bond such that it 
is either directly oxidized or can be converted, by further nonoxidative step, into an oxidized carbon. 
The focus will largely be on cases in which the functionalization or oxidation is performed with ge- 

ometric control, and in which that control permits ‘selective attack at various predetermined positions 
remote from any functional groups of the substrate. Those methods in which oxidations, using geometric 
direction, occur in the near neighborhood of substrate functional groups will also be discussed briefly. 
Such methods were an important source of inspiration for the more remote functionalization procedures, 
and they perform many useful transformations. 

Controlled functionalization of unactivated positions can also be achieved by putting the substrate into 
an inhomogeneous environment and then attacking it with an otherwise random reagent.’ Good examples 
include hydroxylation with ozone on silica,ss halogenation of substrates bound in zeolite cavities: and 
reactions in solid inclusion complexes? Some chemically selective reagents can also perform useful con- 
versions of steroids, for instance, to more or less single  product^."^ Methods that do not involve ration- 
alizable geometric control will not be included in this review. 

13.1.2 Biomimetic Chemistry 
An important inspiration for this field also comes from a consideration of the selective oxidations com- 

monly performed by enzymes. It is commonplace for an oxidative enzyme to convert an isolated methyl 
group to a carboxy group while leaving double bonds and carbinols alone;I2 this is done by geometric 
control within the enzyme!-substrate complex. The outstanding regioselectivity and stenoselectivity of 
enzymatic processes led to the coining of the term ‘biomimetic’ to describe selective chemical function- 
alizations of unactivated positions similarly directed by geometric ~onstraints.’~ In this chemistry the in- 
trinsic reactivity of the substrate is ovemdden by the geometric preference of the reagent-substrate 
combination. The tern ‘biomimetic’ has now been enlarged in scope, to refer to chemistry that mimics 
biochemical processes or pathways in any aspect. 

133 INTRAMOLECULAR FUNCTIONALIZATIONS IN THE VICINITY OF EXISTING 
SUBSTRATE FUNCTIONAL GROUPS 

Free radicals can undergo 1 &hydrogen shifts. When the initial radical site is a heteroatom, the 1.5- 
shift leads to functionalization of the carbon four bonds away. There are many examples of such pro- 
cesses. 

An early version was the Hofmann-hffler-Freytag reaction (Scheme I).l4 Irradiation of a chloramine 
in acid leads to formation of the aminium radical, which can abstract a hydrogen to generate a carbon 
radical. Then the resulting carbon radical abstracts chlorine from another protonated chloramine, produc- 
ing a chlorinated carbon and regenerating the chaincarrying radical. On treatment with base, the product 

OH- 0 
N 
Bun 

7040% 

- 
I 

>+.H A 

YNH2 - 
T 

/N.cl 

I 
hv 1 Chloraminium ion I 

Bun Bun 

Scheme 1 
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S-chloroamine can cyclize to form a pyrrolidine. More recently phosphoramidate radicals have been used 
to perform similar hydrogen  abstraction^.^^ 

A related reaction occurs on irradiation of a hypochlorite (Scheme 2).16 The alkoxyl radical can again 
abstract a hydrogen atom in a 1 $shift, and the final chloro alcohol can be cyclized to form a tetrahydro- 
furan. Some processes lead directly to the cyclic product. For instance, an alcohol with an accessible 6- 
hydrogen can be directly converted to a tetrahydrofuran on refluxing with lead tetraa~etate.'~ In a related 
reaction, treatment of an alcohol with silver carbonate and bromine can lead to the cyclic ether by initial 
formation of a hypohalite.'* The cyclization occurs when the rearranged radical is converted to a cation, 
either by oxidation with Pb(OAc)4 or by silver-assisted loss of halide ion. Hypoiodites are also frequent- 
ly used, generated in situ.1g 

80% 

Scheme 2 

A particularly nice conversion is the reaction of a cyanohydrin with I2 and Pb(OAc)4 (the Heusler- 
Kalvoda reaction; Scheme 3).20 After the abstraction of a &hydrogen the cyano group migrates to the re- 
sulting radical. The final product has a ketone in place of the original cyanohydrin, which was of course 
formed from that ketone, and a cyano group on the carbon y to the ketone. 

Scheme 3 

A functionalization that converts C-H bonds to C-NO bonds occurs when nitrite esters are photo- 
lyzed (the Barton reaction; Scheme 4)?l Again an alkoxyl radical abstracts a &hydrogen, and the result- 
ing carbon radical picks up NO. The product nitroso compounds convert easily to oximes. Particularly 
valuable examples have been studied in the steroid field.22 If the photolysis is performed in the presence 
of copper(I1) acetate the intermediate carbon radical can be oxidized to an alkene, rather than capture 
NO.u If the alcohol whose nitrite ester is photolyzed is part of a cyanohydrin, then the Heusler-Kalvoda 
reaction occurs, and the product is a ketone with a migrated cyano group (Scheme 

Scheme 4 

Photolysis of ketones can also lead to 1.5-hydrogen shifts, nsulting in functionalization of the y-carb- 
on. The resulting 1 ,4-diradical can then fragment or cyclize to form a cyclobutanol (Scheme 6)?5 Exam- 
ples are also known in which hydrogen abstraction involves a seven-membered26 or a five-membered 
ring transition ~tate.2~ This photochemical Type I1 process has been shown to involve the intermediacy of 
an excited triplet state, with an electron promoted from an unshared pair into the w-system. Hydrogen 
abstraction occurs by attack of the half-vacant nonbonding orbital on the electrons of the nearby C-H 
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NC, O h  

Y02 hv - 
0 w 0- 

Scheme 5 

bond. Thus the geometric requirement is accessibility of the hydrogen to the plane of the carbonyl group, 
not the a-system. 

O H  hv 0- H 
P h U  - P h a  - 

Scheme 6 

Related photochemistry has also been examined with other functional groups such as phthalimides, 
which also abstract nearby hydrogens with the photoexcited carbonyl g r o u ~ . ~ * ~  Furthermore, since the 
hydrogen abstraction is performed by the half-vacant nonbonding orbital of a photoexcited ketone carbo- 
nyl, related chemistry is observed if the electron is removed electrochemically, not just photoexcited into 
a a*-orbital. Electrochemical functionalization of nearby carbons has been reported in which, after hy- 
drogen atom abstraction by an oxidized ketone, the resulting radical is electrochemically oxidized further 
to the carbon cation, which reacts with solvent (Scheme 7).3031 

0 -e 

w 

MeCN, HzO 
m 2  3 4 5  6 
% 45 25 15 10 5 

Scheme 7 

In all these examples functionalization of unactivated carbons occurred, but at positions only a few 
carbons removed from a substrate functional group. The rest of this chapter shall consider cases in which 
this restriction is removed. 

1 3 3  OXIDATIONS REMOTE FROM EXISTING SUBSTRATE FUNCTIONAL GROUPS 

133.1 Remote Photochemical Functionahation 

In 1969 the general principle of this field was enunciated in a papeS2 reporting the photochemical in- 
sertion of a benzophenone carbonyl group into the CH2 groups of long alkyl chains (Scheme 8). It was 
pointed out that, as in biochemical reactions, the intrinsic reactivity of a substrate can be ovemdden by 
the geometric preferences imposed by a suitably oriented reagent. Specifically, the dodecyl ester of ben- 
zophenone-4-carboxylic acid (1) underwent photoinsertion into carbons 10 and 11 on irradiation; only 
minimal insertion occurred at carbon 9, and essentially none in carbons 1 to 8. The results were as ex- 
pected for the geometry of (1) but the distribution of attack sites means that this is not a useful pnp- 
arative method for a single product. Work with related compounds also gave a distribution of products, 
reflecting the flexibility of an alkyl chain.33 

Good selectivity was seen with a flexible substrate immobilized by double ion-pair binding to a benzo- 
phenone dication (Scheme 9)" The insertion product could be dehydrated, and the resulting alkene fur- 
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q / $ Z  0 q n 

m m 

(1) m + n = 9  m = 0,58%; m = 1,30%; all others, 12% 

Scheme 8 

ther oxidized to furnish a keto diacid product with excellent selectivity. The high selectivity is restricted 
to substrates that are of the correct length to stretch out along the benzophenone reagent. 

93% at C-5 
Scheme 9 

Photochemical functionalizations with synthetic potential have been achieved using benzophenone es- 
ters of steroids (Scheme 10). In some cases attack occurs on several hydrogens; for instance, a mixture of 
AI4- and A16-alkenes is produced on irradiation of (2).35 However, with compound (3) photolysis pro- 
duces only (4) as a new steroid.36 The yield of 55% involves some photoreduction of the benzophenone 
unit by solvent, so the other significant product is starting material with a reduced ketone group. Many 
other photolyses of benzophenone steroid esters have been ~tudied;~'"~ they lead to useful information 
about conformations, but not the directed single-site functionalizations that would make them syntheti- 
cally useful. 

Irradiation of nitro aromatics produces excited states in which the nitro group oxygen can remove an 
accessible hydrogen. The resulting diradical can then undergo hydroxyl transfer to the substrate carbon. 
This process has been used to hydroxylate dammarane terpenes related to steroids, by preparing appro- 
priate nitrophenyl esters of the substrates and then photolyzing (Scheme 1 l).40.41 In the steroid series a 
related reaction led to remote dehydrogenation, not hydr~xylation.~~ Oxygenation of C-H bonds can 
also be achieved by photolysis of nitroxides (Scheme 12)p3q4 but so far only at nearby carbons, not 
remote ones.44 

13.3.2 Template-directed Epoxidation 

Although epoxidation reactions are treated in detail elsewhere in these volumes, it should be men- 
tioned here that a template ester attached to a steroid alkene can direct epoxidation to remote double 
bonds using the general concepts of remote f~nctionalization."~ Steroidal diene (5) underwent the epoxi- 
dation shown (Scheme 13) with excellent regiochemical and stereochemical The product was 
formed in quantitative yield, although the reaction was carried through to only 25% conversion. 

1.333 Directed Chlorinations 

The major work to date on synthetic applications of remote functionalization has involved free radical 
chlorination. The earliest involved the direct attachment of aryliodine dichloride units to the 
steroid substrates, then intramolecular free radical chain chlorination in benzene or chlorobenzene solu- 
tion (Scheme 14). Yields were only in the 50% region, but fairly good selectivities were observed; com- 
pound (6) afforded chiefly the 9-chloro derivative, while compound (7) produced the 14-chloro steroid. 
The yields and selectivities were considerably improved when it was realized that aromatic solvents pro- 
mote intermolecular random processes by forming complexes with CI., and when the radical relay 
method was developed. 
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In radical relay chlorination (Scheme 15), a substrate carries a template that can weakly bond to a 
chlorine atom and hold it near an appropriate substrate hydrogen!8 A chlorine atom donor in solution, 
such as PhICI. or SOrCl. or C1. itself, puts the chlorine atom on the bonding atom of the template. After 
the hydrogen atom is removed, under geometric control, the resulting substrate radical picks up a 
chlorine from the reagent (PhIC12, SW12, or C12) to produce a chlorinated substrate and regenerate the 
chlorine donor species. Under some conditions the resulting free radical chain process can have a chain 
length of 20 or so. With substrate concentrations of the order of l e 3  to l e 2  M there is normally little 
competition from intermolecular nondirected processes. 

Scheme 15 Radical relay chlorination 

Iodoaryl esters of stemids can serve as templates for radical relay chlorination. For instance (Scheme 
16), refluxing l e 2  M (8) in CC4 with 1.2 equiv. Sac12 and 10 mol % benzoyl peroxide for 5 h, then 
basic hydrolysis and dehydrochlorination, afforded the Ag(ll)-alkene product (9) in 75% yield along with 
15% of recovered cholestanol and only 10% of other product~!~J~ These are polar materials derived 
from further chlorination of alkenes formed in situ, and easily separated from the desired product. No 
isomeric alkenes were detected. As another example, the single template in compound (10) catalyzes and 

1 3  

c PhICI, 
c 9x1 steroid 

100% yield 
80% conversion sivl 

Scheme 16 
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directs the chlorination of three steroid substrates at C-9 under similar conditions, in quantitative yield 
and ea. 80% conversi~n.~~ This is possible since the template is regenerated after each functionalization, 
and the selectivity is so good that once a steroid is chlorinated it does not get attacked in another posi- 
tion. 

Longer templates promote chlorination over greater distances. In compound (11; Scheme 17) the bi- 
phenyl template promotes chlorination of C- 17 with good selecti~ity.~~*~* Dehydrochlorination forms the 
A%lkene (12) in reasonable (66%) yield; this has been used in an indirect scheme to remove the side 
chain of cholesterol and of sitosterol to afford the 17-keto steroid. Under other conditions the 17chloro 
steroids can be dehydrochlorinated toward C-20, and the resulting A17(20)-alkenes directly oxidized to af- 
ford the 17-keto s t e r ~ i d . ~ ~ ? ~  

56% conversion 

(11) 

(12), 66% overall 

t 

Scheme 17 

The selectivity of the radical relay chlorination is striking. In the case of the enone (13; Scheme 18), 
and in related compounds with A-ring dienones, the m-iodobenzoate template at C-17 directs chlorination 
to C-9 and not to the preexisting functional groups of (13).m The selective chlorination of C-9 seems to 
be quantitative, although in the first reports0 the Aql')-alkene (14) was isolated in only 77% yield. Later 
work has shown that the overall introduction of this double bond can have yields in the 9&95% range, 
and good yields for this reaction have also been reported from another laborat~ry.~~ Template-directed 
radical relay chlorination on the a-face of steroids has also been successful in the A/B cis-coprostanol ste- 
roid series,J6 and in the cholestanol series with iodophenyl templates linked by amide, ether, or sulfonate 
functions rather than carboxylic esters.57 

0 0 

Scheme 18 
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Limited studies have been &ne on template-directed chlorination on the @face of steroids. Compound 
(13 Scheme 19) was designed so that the template could c w e  around the angular C-18 methyl group 
and direct chlorination to C-20.58 Reaction with an excess of PhICiz led to cu. 40% chlorination of C-20 
with 25% unfunctionalized steroid. The 2O-chloro steroid was converted in part to the Am22)-allrene, 
which was ozonized to form the 17-acetyl steroid (16). A similar result was obsewed with the i-steroid 
derivative (17)?8 The selectivities and yields are not yet up to those of other examples of the radical 
relay reaction. 

53% yield 
75% conversion 

Scheme 19 

Diary1 sulfide templates have also been used to direct  chlorination^?^ The selectivities indicate that the 
chlorine atom is bound to the sulfur, but the yields are not as good as those with aryl iodide templates. 
The problem is that the sulfur gets oxidized under the reaction conditions. As expected, a thiophene ring 
is more stable to oxidation and its sulfur atom can still bind chlorine in a radical relay process.@ The best 
sulfur template so far examined is the thioxanthone system (Scheme 20).61 Thus with 3 equiv. PhIC12 
compound (18) undergoes directed C-9 chlorination in 100% conversion, affording a 71% yield of the 
Axll)-alkene after base treatment, along with some polar products from excessive chlorination. The 
thioxanthone template can be recovered unchanged. 

c1 

Scheme 20 
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Binding of C1. to an aryl iodide may well involve sdd hybridization at iodine to accommodate the 
ninth electron, but the involvement of a d-orbital in bonding at sulfur is more controversial. Recently it 
was discovered that even first row elements can form C1. complexes; the evidence indicates that these 
complexes utilize three-electron bonds, not d-orbitals.62 Best explored are templates for radical relay 
chlorination using nitrogen atoms. 

As a striking example, photo-initiated chlorination (Scheme 21) of 3 mM (19) with 1.5 equiv. PhIC12 
led to the 9-chloro derivative (20) in >98% yield; with Ag+ this was converted to the A~1*)-a&ene.63 
Again the template-directed reaction overcomes the normal reactivity of the substrate, but at 21 mM (19) 
undirected reactions start to compete and some 6chloro steroid is also formed. A pyridine N-oxide tem- 
plate, that can use three-electron bonding to complex a chlorine to the oxygen atom, seems to be almost 
as effective.64 Furthermore, an imidazole template in compound (21) directs chlorination at C-9 with 
similar efficiency to the templates previously examined,s and (21) is particularly easily prepared using 
carbon y ldiimidazole. 

0 d O A C  

(20) >98% yield 

Scheme 21 

13.4 SELECTIVE REACTIONS IN MOLECULAR COMPLEXES 

There is no good reason that a catalytic template, which directs remote functionalization reactions, 
need be covalently attached to the substrate. Indeed, it would be preferable to use catalytic amounts of 
such a template that could bind temporarily to a substrate, perform its reaction, and then move on. 

A good example of such a process is the template-directed chlorination of an aromatic ring by p-cyclo- 
dextrin (Scheme 22).- Hydrophobic forces hold the complex together temporarily, and within the 
complex the chlorination is catalyzed and directed by a hydroxy group of the cyclodextrin. An electro- 

c1 
‘0 

OH I ......A CI 

Scheme 22 
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chemical version of this has been devised, in which the cyclodextrin is chemically linked to an electrode 
and the chlorinating species is generated by anodic oxidation of chloride ion.@ Other related reactions 
have also been observed in which cyclodextrin binding is used to direct functionalization chemistry.7o 
The shape-selective metallopoqhyrincatalyzed oxidations of hydrocarbons studied by Suslick are 

also relevant,”*72 although the binding forces and geometry are less obvious. Groves’ recent hydroxyl- 
ation of steroids in a bilayer containing a metalloporphyrin (Scheme 23) is also clearly in the spirit of 
biomimetic chemistry.’3 In this case hydrophobic binding produces a complex with predictable gca- 
metry. 

0 
II 

HO 

HO 4 
, , I  I 

Scheme 23 

Template-catalyzed remote chlorination reactions have also been examined in molecular complexes. 
In one early study (Scheme 24). ion pairing was used to hold a charged template near a charged sub- 
~trate.7~ Selective catalyzed radical relay chlorination was observed, but the selectivity was not as good 
as has been seen when the template is covalently attached to the substrate. In more recent work better se- 
lectivity and some catalytic turnover has been observed. 

I 
/ 

Scheme 24 

Catalytic turnover has also been seen in radical relay chlorinations in which the template is t e m p  
rarily linked to the substrate in a mixed metal complex. The steroid phosphate (22) and catalytic ligand 
(23) both bind to zinc in a mixed complex, and the iodine atom of (23) directs chlorination of (22) at C-9 
with reasonable selectivity (Scheme 25). Five or more turnovers are seen, when only 10% of the catalyst 
(23) is used.7s 

135 FUTURE PROSPECTS FOR REMOTE OXIDATIONS 
Most of the examples so far have utilized a single covalent bond, or an ionic or ligand bond, to hold 

the substrate to a catalytic template that can direct chlorination of a remote position. To achieve highly 
selective reactions several interactions are needed to impose strong geometric constraints, as in the 
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Scheme 25 

double ion pair of Scheme 9. To justify the complex template catalyst that this implies, multiple tum- 
overs are needed so the catalyst can be used in truly catalytic amounts. Furthermore, functionalizations 
other than radical relay chlorinations are of interest. As these techniques develop, the methods outlined 
here may become ever more useful in synthesis. 
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1.4.7 REFERENCES 80 

1.4.1 INTRODUCTION 

Microorganisms have the ability to effect chemical oxidations on a wide variety of substrates, many of 
which occur with chemo-, regio- or stereo-selectivities unattainable by conventional chemical methods. 
This is particularly true in the case of unactivated C-H oxidation. What chemical oxidation system, for 
example, would be capable of the stereoselective hydroxylation of the diol (1) to the 3P-hydroxy deriva- 
tive (2)? This transformation has been reported to occur in 80% yield when a microbial oxidation is em- 
ployed. * 

Preparative microbial oxidations have long been practiced in organic synthesis, perhaps most promi- 
nently in the steroidal field, and a number of comprehensive and specialized reviews have appeared. The 
most recent review? published in 1981, covers most aspects of biochemical oxidations, and gives an ex- 
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cellent bibliography of previous work and of books relevant to fermentation and microbial transforma- 
tions in general. Other treatise giving comprehensive coverage of the scope and practical aspects of 
microbial oxidations (bacteria, fungi, yeasts and spores) alone have also appearedM 

Despite their well-researched and impressive capabilities, the use of microbial oxidations has not yet 
become commonplace in organic synthesis. Unfamiliarity and the difficulty in predicting when the use of 
a microorganism would be advantageous (except of course when there is no clear choice of chemical ox- 
idant), and, if so, which one(s) should be used, are all impediments to wider use. However, with the ad- 
vent of genetic engineering and increasing emphasis being placed upon the need for single enantiomers 
of chiral materials, microbial methods are likely to play an increasingly important role in organic syn- 
thesis. 

A fundamental difficulty with microbial oxidations of unactivated C-H p u p s  is that the dominant 
factors in controlling the site and extent of the reaction are often steric in nature, whereas in chemical ox- 
idations electronic factors are often more important. Thus microbial and chemical oxidations can rarely 
be equated, and microbial oxidations cannot be treated directly on a functional group basis. Also, follow- 
ing from this, microbes cannot be considered as reagents; although some classes do show certain charac- 
teristics as to the type of hydroxylation effected, in many cases the site of hydroxylation, and even if 
hydroxylation will take place at all, is dependent upon the nature of the substrate and the strain of 
microbe used. Thus, unlike chemical oxidations where tens of oxidants are available (although fewer 
than this are useful for oxidation of unactivated C-H), literally hundreds of microorganisms have been 
employed, and many thousands are available. 

However, the selection of a microorganism capable of bringing about a specific reaction on a new sub- 
strate is performed initially by seeking literature analogies. For example the conversion of cinerone (3) to 
the cinerolone (4) by Aspergillus nigerl was used as the precedent which led to the stereospecific hy- 
droxylation of the cyclopentenone (5) to the prostaglandin synthon (6) by the same microorganism 
(Scheme 1).8 

*C02H +C02H 

.2' 

Scheme 1 

In the following sections some of the general characteristics of microbes, and of oxidation of C-H 
bonds that can be effected by them, are discussed. Because microbes cannot be treated strictly as re- 
agents, the organization of sections is largely on a substrate type basis, with the main division being be- 
tween nonsteroidal and steroidal substrates. 
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1.4.2 GENERAL ASPECTS OF THE USE OF MICROORGANISMS 

Few synthetic organic chemists are acquainted with the nomenclature or the use of microorganisms, 
and consequently there is a need to provide some guidance on where to start. 

1.4.2.1 Taxonomy of Microorganisms 

Microorganisms are classified according to genus and species. The first name of the microorganism is 
the genus, and the second is the species of that genus to which it belongs. Comprehensive lists of micro- 
organisms have been p~blished~+~*lO and the detailed organization of genera into families, orders and 
classes has also been reviewed. 

1.4.2.2 Sources of Cultures 

Microorganisms can be acquired from various sources and in many cases several strains or mutants 
will be available for each species of microorganism. In the more recent literature the precise identity 
(name, source and number) of the microorganisms used are normally stated, and Table 1 lists the more 
common reference collections. More extensive listings are a~ai lable .~ There may be considerable dif- 
ferences in the nature and yield of products from a given microbial oxidation if two different strains of 
the same species are used, and for this reason older work may be difficult to reproduce. 

Table 1 Sources of Supply of Microorganisms 

Abbreviation Source 

ATCC 
CBS 
CMI 
DSM (or 
FERM 
IAM 
IF0 
NCIB 
NCTC 
NCYC 

NRRL 

American Type Culture Collection, Rockville, MD, USA 
Centraalbureau voor Schimmelcultures, Baarn, The Netherlands. 
Commonwealth Mycological Institute, Kew, Surrey, UK 
German Collection of Microorganisms, SOC. Invest. Biotechnol., Gottingen, Germany 
Fermentation Research Institute, Ibaraki, Japan 
Institute of Applied Microbiology, University of Tokyo, Japan 
Institute for Fermentation, Osaka, Japan 
National Collection of Industrial Bacteria, Tony Research Station, Aberdeen, UK 
National Collection of Type Cultures, Central Public Health Laboratory, London, UK 
National Collection of Yeast Cultures, Brewing Industry Research Foundation, 
Nutfield, Surrey, UK 
Culture Collection Unit, Northern Utilization Research Branch, (formerly Northern 
Regional Research Laboratories), US Department of Agriculture, Peoria 5, IL, USA 

' GCM) 

In many cases microorganisms that will carry out a required transformation have been selected after 
screening many naturally occurring colonies. This approach is tedious and lengthy and needs to go hand 
in hand with the classification of those microorganisms giving the best results. For these reasons this ap- 
proach is not to be recommended unless no precedents for the required transformation exist. 

1.4.23 Use of Microorganisms 

From many experiments with many different types of substrate and oxidation reaction, it is possible to 
compile a list of microorganisms that have shown considerable versatility and reliability, and which pro- 
vide a good s w i n g  point for attempting a new oxidation, and these are given in Table 2. More extensive 
listings are available.51~ From this starting point, optimization of the yield and selectivity can be achieved 
by screening an ever broader range of strains and alternative microorganisms, and in the past it has not 
been unusual for many hundreds of these to have been assessed for a particularly rare or difficult trans- 
formation (one project reportedly screened 2000 strains of microorganisms). The ultimate objective is to 
identify a particular microorganism that can accomplish the desired oxidation in reasonable yield. If a 
low yield or selectivity is obtained (even at a few percent the yield may be far superior to that from the 
alternative chemical method) it may be possible to enhance this by selective mutation (for example by 
exposure of the organism to radiation or a chemical mutagenic agent). The mutation and selection of im- 
proved strains of microorganisms is a science in itself, and is beyond the scope of this work and has been 
discussed elsewhere.'* 
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Table 2 Some Microorganisms Commonly Used for Oxidation of Unactivated C-H Bonds 

Microorganism Class Some applications 

Beauveria sulfirescens' 
(ATCC 7159) 

Rhizopus nigricansb 
(ATCC 622%) 
Calonectria decora 
(ATCC 14767, NRRL 2380) 
Curvularia lunata 
(ATCC 12017) 
Aspergillus niger 
Cunninghamella elegans 
(NRRL 1393) 
Pseudomonas putida 

Fungi imperfecti 

Phycomycetes 

Ascomycetes Steroid hydroxylation and dehydrogenation, 

Fungi imperfecti 

Fungi imperfecti Very general use 
Phycomycetes 

Schizomycetes Unactivated C-H hydroxylation 

1 la-Hydroxylation of steroids, hydroxylation of 
cyclic and acyclic amides, tricyclic terpenes and 
aromatics 
1 la-Hydroxylation of steroids, hydroxylation of 
diterpenes 

hydroxylation of cyclic hydrocarbons 
Steroid 1 1 p-hydroxylation 

Steroid hydroxylation and allylic hydroxylation 

' This is the most cornmanly used name for this microorganism, but it has recently been reclassified as Beurcvcrio bassium. In 
earlia literahlre it is refemd to as spororrichum sulfurcscens. This is the most c o d y  used namc for this miaooganism, but 
it has cccently been reclassified as Rhizopus stolonger. 

By their very nature microbial oxidations require mild, usually near physiological, conditions; this can 
be both an advantage and a disadvantage. For example, the mild conditions often enable sensitive func- 
tional groups to remain unaltered during the oxidation (e.g. 1 above), but at the same time the use of 
mainly aqueous conditions precludes water sensitive substrates and can limit both the concentration of 
substrate and complicate the recovery of products. Experimental aspects of the use of microorganisms in 
oxidations have been discussed p rev io~s ly$*~~-~~  and these sources of information will provide all that is 
necessary to be able to cany out a laboratory microbial oxidation. 

1.43 MICROBIAL OXIDATION OF NONSTEROIDAL SUBSTRATES 

1.43.1 Acyclic Hydracarbons and Their Functionalized Derivatives 

Microbial oxidation of alkanes can take place at the terminal carbon, in which case an alcohol is the 
initial product, or at a subterminal position (often the p-position) to give either the secondary alcohol or a 
ketone. In both cases further oxidationI4 can take place to give carboxylic acids, themselves liable to f3- 
oxidation and shortening of the carbon chain by successive twocarbon units (Scheme 2). 

The mechanisms of these oxidations and the nature of the various enzyme systems involved have been 
discussed previ~usly,~~ as have some examples of these types of microbial rea~ti0ns.l~ 

Mutation of the microorganism can lead to the blocking of undesirable secondary metabolism (a prob- 
lem most serious for simple n-alkanes). For example a mutant of Candida cloacae (M-1) converted n-al- 
kanes to a,o-dicarboxylic acids, and up to 30 g 1-I of the products could be accumulated in high yield.l6 

The fungi Torulopsis gropengiesseri and Torulopsis apicola have the ability to incorporate the primary 
oxidation products of alkanes and their derivatives into extracellular glycolipids, thus reducing secondary 
oxidation. Thus hydroxylation of long chain esters or amides can result in preparatively useful product 
yields (equation 2).3 However simple alkanes, alcohols, halides or ethers as substrates can result in signi- 
ficant competitive a-oxidation at one or both ends of the carbon chain, to give primary alcohols andor 
carboxylic acids. 

f3-Hydroxylation of short chain aliphatic carboxylic acids can be accomplished by a number of micro- 
organisms*' (see also Scheme 3) including Endomyces reessii, Trichosporum fermentam, Torulopsis 
candida and Micrococcusfluvur. Longer chain carboxylic acids can also be satisfactorily hydroxylated.'* 

Many other microorganisms have been studied in relation to the degradation of environmental hydro- 
carbon pollutants; however the identification of metabolites and elucidation of metabolic pathways has 
often been the prime concern of these studies, rather than the development of synthetic methods. Methyl- 
otmpic bacteria are noted for their ability to degrade hydrocarbons and in some cases intermediate hy- 
droxylated products can be recovered Pate1 and coworkers have done much of the work in this areal9 
and systems capable of converting n-alkanes to secondary alcoholsm or ketones2' have been developed. 
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Species of the genera Methylosinus or Methylococcus are commonly used, and optically active deriva- 
tives can be produced in some cases.22 

In many cases enantiospecific or enantioselective oxidation of acyclic hydrocarbons or their deriva- 
tives is possible using microorganisms, although in few cases has the extent of optical induction been ac- 
curately quantified. This is clearly an area where more work is required. In those cases studied so far 
hydroxylation has been found to occur with retention of configuration at the reacting carbon. 

The enantiotopic discrimination of hydrogens during oxidation of unactivated C-H bonds by micro- 
organisms is synthetically extremely useful, and some examples are shown in Scheme 3.28-31 The resul- 
tant products are valuable chiral synthons. For example (R)-3-hydroxybutanoic acid (7) a versatile 
homochiral synthon, can be used in the synthesis of  antibacterial^.^^^^ (S)-2-Methyl-3-hydroxypropanoic 
acid (8) has been widely employed as a source of chirality, for example in the synthesis of maysine,= 
macrolide antibiotics26 and both (R)- and (S)-muscone.” A variety of other optically active 3-hydroxy 
aliphatic carboxylic acids can be prepared by analogous methods.18 

In the case of 2-arylpropanoic acids, although the (S)enantiomer (9) is available by a terminal oxida- 
tion, the alternative (R)-enantiomer (11) can be prepared by the more extensive oxidative degradation of 
the alkylbenzene (10; equation 3) by Rhodococcus spp. (BPM 1613).32 In this case the optical induction 
is due to oxidative kinetic resolution of intermediates; the recovered substrate is racemic. 

This type of progressive chain shortening can be of general use, as higher homologs of hydrocarbon 
substrates are often more readily accepted by microbes than lower ones. The progress of the reaction 
needs to be carefully monitored, of course, to avoid overreaction. Another example of this approach is 
the synthesis of the homochiral antiulcer agent (12; equation 4) in near quantitative ~ield.3~ 

In some cases the regioselectivity of a microbial oxidation is governed by the absolute configuration of 
the substrate. For example, the racemic amide (13; Scheme 4) gives two major products upon culturing 
with Beauveria sulfurescens, one from hydroxylation at C-5 (14; 29% yield, 44% ee) and derived from 
the (lS)-enantiomer of the substrate, and one from hydroxylation at C-4 (15; 22% yield, 53% ee) and 
derived from the (1R)mantiomer.” 
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1.433 Cyclic Hydrocorboas and Their Functionallzed Derivatives 
The literature in this am up until 1975 has been reviewed by Kieslich? In common with acyclic hy- 

drocarbons, simple unsubstituted cyclic hydrocarbons give poor yields of hydroxylated products with 
most microorganisms, either due to cascade degradation or volatilization of the product during the re- 
action. 

Beuuveriu sdfirescenr has repeatedly been shown to be particularly suitable for hydroxylations of a 
wide range of cyclic substrates, and much pioneering work was done by Fonken and coworkers, and is 
recorded in a number of patents held by Upjohn Co., two of which arc particularly relevant.3s@ Cyclohe- 
xylcyclohexane (la, for example, can be 4,4'-bishydroxylated by Beuuveriu sulfurescens to give a 304% 
yield of the 4,4'-dihydroxy derivative (17). More recent work employing Beuuveria sulfirescens or Cun- 
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ninghamella blakesleeana gave the 4(e),4’(e) isomer, with some unspecified optical activity residing in 
the 3(e),4’(e) isomer also is0lated.3~ 

D H O W O H  (5) 
Beauveria 

sulfurescens 

(17) 

0-0 
(16) 

Polar groups on the substrate molecule can facilitate hydroxylation of nonactivated positions, and the 
cyclohexane derivative (18) is regio- and stereo-selectively hydroxylated in 71% yield by Penicillium 
concavo-rugulosum (equation 6).38 

Hydroxylation of 7-carboxybicyclo[2.2.l]heptane (19) and the unsaturated analog (20) provide a good 
example of what can be achieved with microorganisms. Examination of 119 types of microorganism 
showed that most gave little or no regio- or stereo-selectivity, however Aspergillus awamori (FERM 
P-8052) showed excellent regio-, diastereo- and enantio-selectivity, resulting in the conversion of the 
acid (19) into the endo-alcohol (21) (84.7% ee)39 This can then be oxidized to give the ketone (22; 92.2% 
ee; Scheme 5). 

H02C 

Jones’ reagent 

69% -Ho2c& 

HozC & Aspergi1lus awamori 

57% 
OH 0 

(19) (21) (22) 

Scheme 5 

The unsaturated ester (20) can be similarly converted to the endo-alcohol (a), which can be oxidized 
to the ketone (24; 8 1.996 ee) with an overall yield of 8% (Scheme 6). These products arc potential inter- 
mediates for (-)-methyl jasmonate and natural prostaglandins.40 Here the microorganism is showing 
good discrimination between the two enantiotopic endo hydrogens on C-2 and C-3. 

- Meo2ch - i. ii Ho2ch 0 

; Bacillus thuringiencis 

OH 

i, hydrolysis; ii. Jones’ reagent 

Scheme 6 

Diastereoselective hydroxylations are more common, for example Streptomyces rimosus (MRL 2234) 
will hydroxylate zearalenone (25) to give the (S)-8’-hydroxy derivative (26; equation 7).41 Other micro- 
organisms gave reduction of the 6’-ketone group in (25). 

The presence of an amine or amide group in cyclic substrates greatly facilitates the hydroxylation by 
Beauveria sulfurescens. Numerous mono-, di- and tricyclic amides and saturated nitrogen heterocycles 
have been studied5 and a rational basis for the position at which the hydroxy group is introduced into the 
substrate molecule has been put f o r ~ a r & ~ * ? ~ ~  however, yet more work is required to define all the factors 
controlling the selectivity of hydroxylation. Nevertheless useful regio-, stereo- and in some cases 
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* o  \ /  32% HO \ /  0 (7) 
HO 

enantio-selectivities are possible, although as with other arcas there is still a lack of detailed quantitative 
data, particularly on the optical purities of products. 

Hydroxylation of the bridged piperid-2-one (27) can be accomplished with total stereocontro144 to give 
the em-alcohol (a), a useful precursor to novel 2'desoxynucleosides (equation 8). In other cases the 
regio- and stereochemical outcome of the reaction may be highly dependent upon the nature of the s u b  
strate; this seems particularly true for lactams such as (29). Here mixtures of regioisomers are obtained 
when using Beauveria sulfurescens and optical activity of these is usually low or absent." For example 
the phenylacetyl amide of pyrollidin3-one (30) gave the (n-3-hydroxy derivative (31) with a 30% ee 
(equation 9). 

P k O  N 
I 
R 

(29) t ~ =  1-3 

,OH 

Beauveria sul&escens 

As with acyclic amides, enantiospecific discrimination of the enantiomers of a racemic substrate some- 
times occurs. This phenomenon could prove useful in preparing new homochiral synthons. For example 
the two C-1 enantiomeric amides (32) and (33) are hydroxylated on different methyls (relative to the t- 
amide nitrogen) of the C-8 gem-dimethyl bridging group,& as shown in Scheme 7. Hydroxylation of one 
methyl in a gem-dimethyl grouping by microorganisms is fairly common, and other examples are given 
later and elsewhere.46b 
Thus the active site of the hydroxylating enzyme appears insensitive to the relative position of the 

amide p u p .  This has also been observed for bicyclic amides, for example both ex0 and endo isomers of 
the amide (34) are hydroxylated to the exo-alcohol(35) with the same regio- and stereo-selectivity (equa- 
tion Further, the hydroxylation can also be insensitive to the position of the carbonyl group. For 
example, bi-, tri- and tetra-cyclic amides, and the equivalent lactams, of which the amide (36a) and lac- 
tam (36b) are representative cases respectively, are both hydroxylated at the same position (Scheme 
8a)?7a 

These observations have led to the development of a trajectory-based model to rationalize the selectiv- 
ity of the monaoxygenase enzyme in Beauveria sul@~rescensSp~* and this may allow the regio- and stereo- 
chemistry of transformations on new (related) substrates to be predicted. Also of some assistance in 
predicting the stereochemical outcome of the reactions is the study of the mechanism, and this has been 
investigated and shown, at least in some cases, to proceed with inversion of stereochemistry?'b 
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Although much of the work on the microbial hydroxylation of amides has been directed at active-site 
mapping of the enzyme responsible, the products themselves are valuable building blocks for further 
synthesis, for example, for various optically active sesquiterpenes4* or p-lactams. In this latter context 
regioselective hydroxylation of unactivated positions is particularly attractive as several p-lactam anti- 
biotics, e.g. the carbapenem derivative thienamycin, have a free hydroxy group in their structure. 
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Scheme 8b 

HO HB,H 
0 Bn 

OH 



62 Oxidation of Unuctivated C-H Bonds 

For example, monohydroxylation of the lactams (37a) and (37b) can be accomplished by Beauveriu 
sulfirescens (ATCC 7159) in 65% and 10% yields respectively (Scheme 8b).47c 

1.433 Isoprenoids 

The hydroxylation of terpenes by microorganisms is of interest in the preparation of flavor and fra- 
grance compounds 

There have been a number of previous reviews on microbial oxidations of terpenes.)-@% Monoter- 
penes are often degraded progressively after an initial hydroxylation step, but di-, tri- and sesqui-terpenes 
can be converted more selectively, to accumulate useful quantities of hydroxylated products. Less syste- 
matic work on the microbial oxidation of terpenoids has been carried out than in the c8se of steroids, and 
therefore prediction of the regio- and stereo-chemistry is scarcely possible. 

Acyclic triterpenes can be considered as aliphatic hydrocarbons and are a-hydroxylated by a number 
of microorganisms.* The microbial oxidation of a variety of acyclic terpenoid hydrocarbons has been 
investigated by Nakajima?' and although terminal alcohols can be obtained, for example pristanol(39) 
from pristane (38; equation 1 l), further oxidation can also occur. 

i 
(1 1) - 

(38) 

i, Rhodococcus spp. (BPM 1613) 

Citronellol, geraniol and linalool (as their acetates) can be regiospecifically hydroxylated at the termi- 
nal allylic carbon by a strain of Aspergillus niger (equation 12).52. Concurrent hydrolysis of the acetate 
groupings in these substrates also takes place to a certain extent. This hydroxylation is particularly inter- 
esting as previously a strain of Aspergillus niger has been reported5 that rearranged geraniol (40) to lina- 
lool before oxidation to citral (41; Scheme 9). This difference could be due to acetylated versus 
unacetylated substrate or due to two different strains of microorganism being employed. Longer chain 
acyclic terpenoids can also be hydroxylated in allylic positions by Aspergillus niger (ATCC 9142).)2b 

50% - FOR (12) 

HO 

Mono- and bi-cyclic monoterpenes containing sites of unsatumtion tend to be hydroxylated at the 
allylic position? (more examples of allylic hydroxylation are discussed in Section 1.4.5.2) with regio- 
isomers occurring if more than one allylic position is accessible. Some illustrative examples of reported 
hydroxylations are shown in Scheme The hydroxylation of 1Acineole (42Y3* is illustrative of 
the enantioselectivity that may be achieved in such transformations. Bacillus cereus gives a 1:7 mixture 
of (2R)-exo- and (2Qendo-monohydroxy- 1 ,Ccineole, both with essentially 100% enantiomeric 

In the case of the transformation of bomyl acetate (43) by Fusarium culmorwn it is interesting to note 
that both enantiomers of the substrate yielded only the 5-exo-hydroxybornyl acetate as the major product. 

pUrity.53b53c 
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Also in this case the major product from microbial oxidation corresponded to that from chemical oxida- 
tion.57 

Chemically difficult (or currently impossible) hydroxylations on more complex terpenes can be ac- 
complished by microbial methods, but there is as yet no clear understanding of the factors affecting se- 
lectivity. As is often the case, microorganisms suitable for a required transformation have been selected 
largely on precedent or on an empirical basis. In some cases respectable yields of one stereoisomer may 
result. 

Sesquiterpenes can also be hydroxylated and species of the genera Aspergillus, Cunninghamella and 
Streptomyces have all been used to accomplish miscellaneous  hydroxylation^.^ Unfortunately prediction 
of the site of attack is not yet possible. To illustrate the difficulty in understanding the factors controlling 
the site of attack the sesquiterpene lactones (44) and (45) and the diol (1) serve as examples. Although 
the lactone (44) is hydroxylated predominantly at the reactive 8a-position (Cunninghamella echinulatu, 
NRRL 3655),58 the product from the hydroxylation of the lactone (45) (Aspergillus niger, MIL 5024) at 
the equivalent position is not obtained,59 and the diol (1) is not hydroxylated at the expected (allylic) po- 
sition (Cunninghamella elegans).' 
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The sesquiterpene cedrol (46) can be hydroxylated regio- and stereo-selectively with Beauveria sulfu- 
rescens (equation 13).60 This transformation serves to illustrate the general principle that substrates with 
an electron rich substituent, to serve as an anchor at, or close to, the active site of the hydroxylating 
enzyme system, generally are transformed with improved selectivity over those with no such anchor. For 
example, in the above system the unsaturated substrate cedrene (47) gives low yields of a mixture of pro- 
duckm 

Beauveria sulfurescens 

43% HO % 

The related tricyclic sesquiterpene patchoulol (48a) is a good substrate for microorganisms'@ and hy- 
droxylation at various sites can be accomplished, for example at C-5 by Choanephora circinana in 74% 
yield (equation 14). Hydroxylation of the methyl group on C-4 can be accomplished by Penicillium ru- 
brum FX-318 in 75% yield,61P and of the C-14 methyl group in (1R)-caryolan-1-01 (ab) by Aspergillus 
niger (MMP 521) in 26% yield.61b 

Because of their importance as precursors to gibberellins, ditelpenes with the ent-kaurane skeleton 
have been subjected to microbial hydr~xylation.~ Favored microorganisms for these transformations 
have been Calonectria decora, Rhizopus nigricans and Aspergillus ochraceus. The hydroxylations are 
sometimes selective but often mixtures are obtained, made even more complex by di- as well as mono- 
hydroxylation. Some representative results illustrating regio- and diastereo-selectivities are shown in 
Table 3.62 The same type of binding-site model can be used to rationalize the sites of hydroxylation in 
the ent-kaurene series as in the steroidal series vide infra.63 Also, as in the case of steroids, better selec- 
tivity is obtained if two binding groups are present in the substrate rather than one. 

Forskolin derivatives, for example (50), can be hydroxylated by, for example, Neurospora crassa 
(ATCC 10336), Mortierella isabellina (ATCC 160074) and Aspergillus niger (DSM 3210); 2a-, 2p-, 
3a- or 3p-hydroxy derivatives can be obtained in this way (e .g .  equation 15).@ 
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Table 3 Hydroxylation of ent-17-Norkauranones (49) 

Substrate Microorganism 
(49) 

Yields (96) 
l a  7a 6P 

R = 4 H  Rhizopus nigricans 
Calonectria decora 
Aspergillus ochraceus 

R = 4  Calonectria decora 

25 35 
40 
25 
40 

30 

2 3 -&I 
OAc HO OAc 

OH OH 

1.4.3.4 Alkaloids 

Microbial oxidations are relatively common in the alkaloid field and a number of excellent reviews 
covering the literature up until 1984 have a p ~ e a r e d . ' ~ + ~ ~ " ~  Hydroxylation at both aliphatic and aromatic 
positions of alkaloid molecules can be accomplished, however the latter is favored and the site of hy- 
droxylation in these cases is usually predictable based on the rules governing electrophilic aromatic sub- 
~tituti0n.l~ 

The heteroyohimbine alkaloids can be effectively hydroxylated at the (aromatic) C-10 and C-1 1 posi- 
tions.68 For example ajmalcine (51) is 10-hydroxylated in 92% yield by Cunninghamella elegans (ATCC 
9245) and tetrahydroalstonine (52) is 1 l-hydroxylated in 72% yield by a plant-derived mold. This latter 
transformation is particularly difficult to achieve by chemical methods. 

(51) R' = a-H , R2 = P-H 
(52) R' = a-H , RZ = a-H 

(53) R = H or alkyl 

Carboline alkaloids (53) can be hydroxylated by Beauveria sulfirescens (ATCC 7195) at either the 6- 
or 8-position depending on the substituents on the substrate.69 When R in the alkaloid (53) is methyl, 
then a mixture of products is obtained (20%,6-hydroxy; 18%, 8-hydroxy) but if R is ethyl then only the 
8-hydroxy product is obtained (70% yield). 

Stereoselective dehydrogenation of some alkaloids can be carried out using microorganisms (see also 
steroids, Section 1.4.4.1). Glaucine derivatives (54) are dehydrogenated, in very high to dehydro 
derivatives by Aspergillusflavipes (ATCC 1030) and Fusarium solani (ATCC 12823) (equation 16). As- 
pergillus flavipes selectively dehydrogenates the cis-6a-(R)-enantiomer, whilst Fusarium solani selec- 
tively dehydrogenates only the cis-6a-(S)-enantiomer. 

Hydroxylation of aliphatic carbon has rarely been accomplished in high yield in alkaloids, but some at- 
tempts have been made to produce an active site map for the hydroxylase of Streptomyces roseochro- 
mogenes which may be of predictive value.71 
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(54) R = H o r M e  

1.43.5 Prostaglandins and Cannabinoids 
Hydroxylation of the side chain of prostaglandins is possible using microorganisms, but is often ac- 

companied by reduction of double bonds, hydrolysis of esters or further oxidation of alcohols. Hydroxyl- 
ation usually takes place at C-18, C-19 or C-20 [numbering with respect to prostanoic acid (SS)]. 
Streptomyces ruber (NRRL B- 1268), Aspergillus niger (ATCC 9 142), Cunninghamella blakesleeana 
(ATCC 9245) or Microascus trigonosporus (NRRL 1199) can be employed with a wide range of prosta- 
glandin substrates. Little is known of the stereochemistry of these reactions. 

In cannabinoids, side chain hydroxylation is the most common step in microbial conversions, followed 
by hydroxylation of the terpenoid ring. Generally mixtures of products are obtained and yields are 
poor." The following microorganisms can be employed for hydroxylation of unactivated C-H bonds in 
 cannabinoid^:^^ Aspergillus niger (ATCC 9 142), Botrytis allii (ATCC 9433, Cunninghamella elegans 
(ATCC 9245), Mycobacterium rhodochrous (ATCC 19067) and Streptomyces aureus (ATCC 15437). 

1.4.4 MICROBIAL OXIDATION OF STEROIDS 

Of all the considerable research efforts expended on microbial oxidations, steroids have received the 
greatest share. The vast amount of work in this area has been stimulated by the medical importance of 
steroids, and the desire to develop new drugs with new or improved pharmacological ~roperties.7~ The 
volume of work is so great that only an overview, with reference to the more interesting or higher yield- 
ing transformations, can be presented here. Many previous reviews on the subject have appeared, with a 
handbook by Chamey and Herzoglo being one of the most useful. Other publications of special import- 
ance as reviews and sources of references to the voluminous literature in this area have also appeared. 
24~13,74 A discussion of practical aspects is also of great value to those unfamiliar with this area?5a The 
commercial relevance of steroid hydroxylation can also be appreciated from a recent extensive review on 
the 

Microbial oxidative transformations of steroids can be divided into a number of key categories:13 (i) 
hydroxylation, (a) at all nuclear sites and angular methyl groups, mono-, poly-, carbonyl-activated, 
allylic, (b) at some side chain sites; (ii) alcohol dehydrogenation, (a) saturated alcohol to ketone, (b) 
allylic or homoallylic alcohol to a@-unsaturated ketone (A1- and/or A4-3-keto steroid formation); (iii) 
double bond formation, (a) introduction of a A' double bond in 3-keto steroids, (b) introduction of a A4 
double bond in 3-keto steroids, (c) A-ring aromatization; (iv) carbon-carbon bond oxidation, (a) side 
chain degradation, (b) ring cleavage; and (v) epoxidation. 

Carbonxarbon bond oxidation is beyond the scope of this work, but is a consequence of initial hy- 
droxylation followed by further metabolism involving other enzyme systems. Many examples of alcohol 
dehydrogenation and double bond epoxidation have been published previously?6.n and these will not be 
considered further here. 
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1.4.4.1 Dehydrogenation 

The dehydrogenation of CH-CH, particularly to give a,@-unsaturation in 3-keto steroids can be read- 
ily accomplished using microorganisms, and an excellent review on this aspect of steroid oxidations has 
appeared? Although many microorganisms possess the sterol 1 -dehydrogenase enzyme, Mycobacterium 
smegmatis and Arthrobacter simplex (also known as Corynebacterium simplex), and various mutants 
tFreof, have proved especially useful for 1,Zdehydrogenation. A more complete list is as follows: Arth- 
robacter simplex (ATCC 6946 and NRRL B-8055), Bacillus lentus (ATCC 13803, Glomerella cingula- 
tu (ATCC 10534), Nocardia asteroides (ATCC 3308). Nocardia corallina (ATCC 999) and Nocardia 
restrictus (ATCC 14887) 

As an example, cortisone (56) can be converted to prednisone (57; equation 17) in up to 90% yield by 
Arthrobacter simplex? 

In these transformations the microorganism will often accept a wide range of steroidal substrates and 
the conversion, or yield, can often be improved by the addition of an electron carrier such as 1,Qnaph- 
thoquinone?* The 13-dehydrogenation is reversible, but the forward reaction can be encouraged to go to 
completion by efficient aeration of the fermentati~n.~~ Existing alcohol groups present in the molecule 
generally remain unaltered, for example in the conversion of cortisol (58) to prednisolone (59; equation 
18), although 3-01s can be oxidized to 3-keto steroids concomitant with 1,2dehydrogenation. If the sub- 
strate contains a 20-keto group this may be reduced during the 1-dehydrogenation. 

Arthrobacter simplex 

0 

The 12-dehydrogenation occurs by stereospecific removal of the la-  and 2@-hydrogens, and, in addi- 
tion, some microorganisms will differentiate between enantiomers of the substrate. For example, Arthro- 
bacrer simplex will usually dehydrogenate only the (R)-enantiomer of 10-substituted steroids; however, 
other microorganisms (e.g. Corynebacterium hoagii) having 1 ,Zdehydrogenase activity will accept both 
enantiomers? 

Double dehydrogenation and even complete aromatization of the A-ring of 3-hydroxy or 3-keto ste- 
roids can also be effected; the latter is of special interest in the preparation of .estrogens, for example the 
conversion of the diene (60) to the a-estradiol derivative (61; equation 19) by Proactinomyces glob- 
erula.79 
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Immobilized microorganisms, in particular Arthrobacter simplex and Nocardia rhodocrous, and fungal 
spores, in particular those from Septomyw offinis, can also be used to effect dehydrogenations.2*80 Dehy- 
drogenations may also be advantageously carried out in the presence of hydrocarbon solvents, for 
example the conversion of 6a-methylhydrocortisone (62) to 6a-methylpredisolone (63; equation 20) 
with Arthrobacter simplex.81 

1.4.4.2 Hydroxylation 

Virtually every site in the steroid molecule is accessible for microbial hydroxylation, and almost all 
positions have been hydroxylated by various microbial strains. Of particular importance are hydroxylated 
products with the unnatural a-configuration, and of those the derived 1 la-  and the 16a-alcohols are of 
greatest synthetic interest. 

Much of the fundamental work on the microbial hydroxylation of steroids, including selection of 
microorganisms and determination of specificities, was carried out in the 1950s and l W s ,  following 
Peterson's original discovery of the 1 la-hydroxylation of progesterone (64) by Rhizopus nigricam in 
1952 (equation 21). A mutant strain of Aspergillus ochraceus has subsequently been found that will carry 
out this transformation in 91% yield at an initial substrate concentration of 40 g L-*.85 & - o& (21) 

0 

(64) 

The basic work on steroid hydroxylation is recorded in the handbook by Chamey and Herzog'O pub 
lished in 1967. Despite its age, this book still remains the most authoritative source of information on the 
microbial oxidation of steroids, with classification of hydroxylations given on the basis of site of attack, 
product formed and reaction shown by each genus of microorganism. Subsequent work has concentrated 
on developing a better understanding of the selectivity of different on the mechanism 
of hydro~ylation,~~~ and on improving the efficiency of synthetically important  transformation^.^^^ 

Reviews consisting of a compilation of hydroxylations accomplished, along with the microorganisms 
employed, have been published to cover the period 1979 to 1988.76*n.83b 
The greatest contribution towards understanding the structural features in the substrate that effect, or 

indeed control, the selectivity in microbial hydroxylation of steroids was carried out by Jones and 
Meakins and their work is recorded in a series of papers entitled 'Microbiological Hydroxylation'. Their 
last report was published in 1980, and serves as a source of references to earlier material." 

Generally speaking fungi are of greatest use in the hydroxylation of steroids, and five genera in par- 
ticular have been found to be extremely useful; these are Rhizopus, Calonectria, Aspergillus, Curvularia 
and Cunninghamella. 

As with other classes of substrate, hydroxylase enzymes are responsible for the hydroxylation re- 
actions. A given microorganism may be capable of producing more than one steroid hydroxylase enzyme 
in response to a substrate, with certain features of the substrate inducing each enzyme. For example pro- 
gesterone induces a 1 la-hydroxylase enzyme in Aspergillus ochraceus, whilst a 1 la-hydroxypregn-4- 
en-3-one structural feature induces an independently operating 6P-hydroxylase. For this reason whilst 
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some generalizations are possible in discussing steroid hydroxylations, there is still an element of ex- 
perimentation involved in developing new transformations. 

Practical aspects are much as discussed earlier, and a good laboratory steroid hydroxylation procedure 
has been published.86 Numerous additives (e.g. surfactants, antibiotics and fungicides) have been used to 
improve microbial hydroxylation of steroids, and some of these have been discussed previ~usly.~' 

I .4.4J.1 Cherno~electivity'~ 

The value of microbial hydroxylation of steroids has long been that they allow functionalization of po- 
sitions not easily accessible by normal chemical methods. For this reason yields of a few percent have 
often been tolerated, but yields approaching quantitative can be achieved in many instances. The objec- 
tive of much current work is to improve the selectivity of microbial hydroxylations. This can be achieved 
in a number of ways, for example by structural modifications of the substrate, optimization of fermenta- 
tion conditions and by strain improvement. The latter is most likely to yield the most significant im- 
provements in selectivity, and has previously been discussed at length.88 

As in the case of nonsteroidal substrates, selectivity tends to be better with substrates containing more 
than one polar functional group, and functional group modification can be used to take advantage of this 

same and as a result those substrates containing double bonds may be epoxidized as well as 
hydroxylated. Similarly, steroid dehydrogenase enzymes may also be present or induced by some sub- 
strates, and as a consequence alcohol groups (already present in the substrate, or introduced by the 
microorganism) may be converted to ketones, and double bonds may also be introduced. The A'-dehy- 
drogenation of A4-steroids by microorganisms can however be inhibited by the addition of metabolic 
poisons such as hydrazine, ammonia or some antibiotimgO 

In some cases it is desirable to carry out a hydroxylation and a dehydrogenation concurrently, and the 
use of two microorganisms to take effect of the unique selectivity of each can be of great value. For 
example the fermentation of the steroid (65) with Pelliculariafilamenrosa (TFO 6675) and Bacillus len- 
tus (ATCC 13805) gives simultaneous 1 1 P-hydroxylation and A'-dehydrogenation?' 

Microbial reduction of carbonyl groups is another possible side reaction, with a 3-keto group seeming- 
ly most susceptible to this reaction, but again the nature of the substrate and microorganism can have a 
major effect on the extent of this side reaction. In the hydroxylation of 5cr-androstan-3-one (66) the re- 
sults shown in Table 4 were obtained.92 

Multiple hydroxylation is one of the most frequently encountered problems in steroid hydroxylation, 
but this can be controlled to a certain extent by appropriate choice of fermentation conditions, usually in- 
volving low substrate concentrations and minimization of fermentation time. Some microorganisms m 
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Table 4 Hydroxylation of Sa-Androstan-3-one (46) 

Microorganism Hydroxylation product Yield (%) Reduction of 3 - C - 0  (96) 

Calonectria decora 12$,15a 
Rhizopus nigricans 1 la,16$ 
Aspergillus ochraceus 6p,1 la 

47 
35 
84 

65 
30 
0 

of value because they will accomplish di- rather than mono-hydroxylation, and again by appropriate se- 
lection of strain, isomeric mono- and/or di- hydroxylated products may be synthesized. For example D 
homoprogesterone (67) can be converted to various mono- and di-hydroxylated products (Table 5).91 

Table 5 Hydroxylation of D-Homoprogesterone (67) 

Microorganism Main product Yield (%) 
~~~ 

Aspergillus ochraceus 1 1 a-OH 30 
Calonectria decora 12$,15a-(OH)z 23 
Fusarium lini 1 Sa-OH 13 
Glomeralla cingulata 1 la,l6&(OH)2 45 
Pellicularia filamentosa 1 1$,17~-(OH)2 44 
Rhizopus arrhizus 6p.1 la-(OH)z 51 

After hydroxylation of a steroidal substrate has taken place, fission of carbon-carbon bonds may 
occur. Thus 9a-hydroxylation is the first stage in the fission of the B-ring. This process can be suppressed 
by restriction of metals (such as iron).* This has been accomplished using 2,2-bipy1idy1?~ either alone or 
in combination with an absorbent such as Amberlite XAD-7. Very substantial enhancements in yield are 
possible. For example 3-ketobisnorcholenol (68) gave <lo% yield of the 7a-hydroxy derivative with 
Botryodiploida theobromae in the absence of these materials, but up to 45% when they were added 
together (equation 23).% 

OH 

Botryodiploida theobromac 

45% 
0 

Side chain degradation is also a common problem, and those substrates with long chains at C-17 (e.g. 

Chemoselectivity is indeed a very complex issue in the hydroxylation of steroids, but microorganisms 
cholesterol) are difficult to hydroxylate without loss or truncation of the hydrocarbon chain. 

capable of chemoselective transformations can often be selected on precedent. 10913974 

I .4.4.2.2 Regioselectivity 

Aspects of regioselectivity in the microbial hydroxylation of steroids have been reviewed most recent- 
ly by Kie~1ich.l~ 

The regioselectivity of hydroxylation with a given microorganism is largely dictated by the nature and 
position of substituents on the steroid substrate; however, a number of microorganisms do show a tend- 
ency to hydroxylate in certain positions irrespective of substituent patterns. For example Rhizopus nigri- 
cans and Aspergillus ochraceus have become known as efficient 1 la-hydroxylators, Curvularia lunata 
as a 1 IP-hydroxylator (not as selective), Calonectria decora as a 12@,1Ja-dihydroxylator and Rhizopus 
arrhizus as a 6P-hydroxylator of 3-keto A4-steroids. Cunninghamella elegans is not as easy to categorize 
in this way, although it has been extensively used, but most frequently causes 7a- and 7P-hydroxylation, 

Thus the site of hydroxylation may be influenced by the structure of the substrate or the type of micro- 
organism used. The latter effect is evident in the hydroxylation of progesterone (64, Table 6). 
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Table 6 Hydroxylation of Progesterone (64) 

Microorganism Product(s) Yield(s)(%) Ref. 

Aspergillus ochraceus 1 la-OH 91 85 
Aspergillus ochraceus (spores) 1 la-OH 95 
Aspergillus phoenicis 1 la-OH 10 
Rhizopus nigricans 1 la-OH 10 
Cunninghamella echinulata 1 la-OH 29 96 

Streptomyces coriofaciens 16a-OH 97 

1 7a-OH 54 96 
Mucor spp. 14a-OH 98 

As in the case of nonsteroidal substrates, the regioselectivity can also be influenced by the stereochem- 
istry of the reactant, for example hydroxylation of the 3a- and 3p-stereoisomers of the androstan-17-one 
(69) by Calonectria decora gave different regioisomeric products (Scheme 1 l)? In many cases mixtures 
of regioisomers are obtained. 

M e 0  
OH 

Scheme 11 

In the case of keto androstanes some attempts have been made to rationalize the site of hydroxylation, 
particularly with Calonectria decora and Rhizopus nigrican$2 and a pr6cis is presented elsewhere? As 
with other substrates, binding of polar groups to the active site of a cytochrome P-450 dependent 
monooxygenase is thought, in most cases, to control both the regio- and stereo-chemistry of 
hydroxylation (although see 66-hydroxylation of A4-steroids in Section 1.4.4.2.3). Thus binding of 
16f3-hydroxy-Sa-androstan-3-one (70) to the hydroxylase of Rhizopus nigricans results in 1 1 a-hydroxy- 
lation, but if the keto and alcohol groups are transposed, reversal of the binding orientation results in the 
7a-hydroxylated product (71).w Similarly with Rhizopus arrhizus, whilst 9a, lOp-androst-4-ene-3,17- 
dione (72) undergoes 1 la-  and 6P-hydroxylation, 96, 10cl-androst-4-ene-3,17-dione (73) is 96-hydroxy- 
lated, again due to the reversed binding orientation (Scheme 12).'O0 
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Scheme 12 

1.4.4.23 Stereoselectivity 

Hydroxylation of steroids at unactivated positions occurs exclusively with net retention of configura- 
tion, and this is believed to be the case for all cytochrome P-450 dependent steroid hydroxylations, irre- 
spective of the microorganism employed.83a As in the case of regioselectivity, certain microorganisms 
have become associated with introducing hydroxy groups with a preferred stereoselectivity irrespective 
of position hydroxylated. Thus Calonectria decora is associated with the introduction of equatorial 
-OH groups, Curvularia lunata an axial -OH group and Rhizopus nigricans largely an equatorial 
- O H  group. Cunninghamella spp. are less stereospecific, giving both axial- and equatorial-substituted 

Stereoselectivity will be dictated in most cases by the binding of the substrate to the hydroxylating 
enzyme. One exception to this occurs in the 6P-hydroxylation of 3-keto A4-steroids. In this case the 
stereochemistry of substitution at C-6 of the product is determined largely by conventional stereoelec- 
mnic processes, as the mechanism is believed to involve axial addition of oxidant to a conjugate of the 
substrate and the hydroxylating enzyme (equation 24).83a 

products. 

I enzyme 

The principles alluded to above are exemplified by some further steroid hydroxylations in Sections 
1.4.4.2.4 and 1.4.4.2.5. 

1.4.4.2.4 Satumted substrcltcs 

The hydroxylation of Sa-androstanes has previously been discussed on a microorganism basis? and 
yields of from a few percent up to 50% or better can be achieved. The work has since been extended to 
cover the microorganism Leptoporusfissilis with oxygenated 5a-androstanesW and the microbial oxida- 
tion of A-nor- and A-homo-Sa-androstanes by Cunninghamella elegans.lO1 The chemically modified ste- 
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roid (74) can be hydroxylated at the 1 la-position by Rhizopus nigricans when R = H, but when R = Me 
hydroxylation occurs predominantly at the lp-positionlm to give the steroid (75). Acid-catalyzed rear- 
rangement of the steroid (75) can be used to give lp,3~-dihydroxyandrost-5-en-17-one (76; Scheme 13). 

,/$% .. .. ... .. - @ ..... .. .. 
- H3O' @ 

HO 
OR OR 

(74) (75) (76) 

Scheme 13 

Substitution on the steroid nucleus by fluorine leads to complicated changes in selectivity, but usually 
results in hydroxylation at sites remote from the fluorine substituent. Thus 5a-androstan-17-one (77) is 
primarily 7p,1 ladihydroxylated by Aspergillus ochraceus, but the 12.12-difluoro derivative (78) is 7p- 
monohydroxylated (Scheme 14)?* eo - 34% @ - R = F  @ 

43% 

OH 
H OH 

(77) R = H 
(78) R = F 

Scheme 14 

I .4.4.2.5 Unsaturated substrates 

droxy derivative (79 equation 25), which is a precursor to the oogonial steroids.Io3 
Aspergillus giganreus (ATCC 10059) will dihydroxylate progesterone (64) to give the 1 la.15pdihy- 

Bile acids have historically received much less attention than other steroids, for example the corticos- 
teroids; however, now that useful therapeutic effects are being observed from some bile acids, there is 
fresh interest in this area. A strain of Cunninghamella blakesleeana has been isolated that will 15p-h~- 
droxylate lithocholic acid (80, equation 26) in 31% yield.IU Further reaction is possibleio5 to give 
3a.l l~,l5~-trihydroxy-5~-cholanic acid (15%). 3a,15p,l8a-trihydroxy-5f3-cholanic acid (4%) and 
3a.l la,l5~-trihydroxycholanic acid (9%). Taurolithocholic acid (81; equation 27) can be 7P-hydroxy- 
lated in virtually quantitative yield by Morrierella ramnniuna.'" 
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(81) R = CH,CH,SO,H 

Androst-4-ene-3,17-dione (72) can be hydroxylated readily and in high yield, and some examples are 
given in Table 7. 

Table 7 Hydroxylation of Androst-Q-ene-3,17-done (72) 

Microorganism Product Yield (%) Ref. 

Neosaltriafisheri (IFO-5866) 1 1 U-OH 
Nocardia canicruria (ATCC 3 1548) 9-OH 
Penicillium stoloniferum (CBS P 102) 1 5a-OH 

40 
45 
77 

108 
90 

107 

19-Hydroxy steroids are important as direct precursors to 19-norsteroids, but are not readily obtainable 
by microbial hydroxylation without additional nuclear substitution. However a strain of Pellicularia 
j2amentosa10g will 19-hydroxylate cortexolone (82 equation 28) successfully. 1 1 P-Hydroxylation of 
cortexolone derivatives can be accomplished in up to 86% yield using a mutant strain of Curvularia lu- 
nata (FERM P-8515).110 

As a final example, hydroxylation of the Abteroids (83) and (84) can be accomplished microbially, 
and the roducts are useful in the synthesis of the aldosterone antagonist, spirorenone (85; Scheme 
1~)."1."5) 

1.4.5 SPECIAL METHODS 
In the preceding sections oxidation of unactivated C-H bonds has been discussed, and this is the most 

useful category of oxidation facilitated by microorganisms. However, although not strictly in this ca- 
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(ref. 1 1  1) 
Botryodiploida malorurn 

HO HO 

(85) 

Scheme 15 

tegory, some useful transformations of allylic, benzylic and aromatic substrates can also be accomplished 
in this way, and these are therefore considered in Sections 1.4.5.1 to 1.4.5.3. 

1.4.5.1 Benzylic Substrates 

In many cases benzylic oxidation by microorganisms does not stop at the alcohol but proceeds via the 
aldehyde through to the benzoic acid? With some highly substituted substrates, however, good yields of 
the benzyl alcohol may be obtained. For example Aspergillus selerotiorum will convert the toluene deri- 
vative (86) into the benzyl alcohol (87; equation 29) in 66% yield.113 The same microorganism (IMI 
56673), along with Aspergillus unifer (NRRL 3228) and Beauveria sulfurescens, will convert methylpy- 
ridines to the corresponding alcohols, and some results are shown in Table 8.Il4 Penicillium adametzi 
and a range of other microorganisms are also useful in benzylic hydroxylations in certain specific cases! 

QC1 66% - -” 
/ 

Cunninghamella elegans has shown a degree of generality in the oxidation of benzylic substrates. For 
example the tetrahydroquinoline (88) is converted to the derivative (89; equation 30), but the degree of 
enantioselectivity is not known.115 Similarly triprolidine (90) is converted to the alcohol (91; equation 
31) in respectable yield.Il6 
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Table 8 Benzylic Hydroxylation of Methylpyridines 

Substrate Products Yield (55) 

2-Me 2-CHzOH 42.7 
4-Me 4-C H z O H 44.4 
2,6-Mez 2-Me.6-CHzOH 86.7 
4,5-Mez 4-Me,S-C&OH 81.7 

I I 
CO-p-tolyl co-p-tolyl 

Cunninghamella clegans 
* 

(ATCC 9245) 
55% 

The fungus Mottierella isabellina (NRRL 1757) hydroxylates the ethylbenzenes (92) to the l-aryletha- 
nols (93; equation 32) with a degree of enantioselectivity as shown in Table 9. By-products resulting 
from terminal carbon hydroxylation and overoxidation (acetophenones) are also 0btained.l'' 

Table 9 Benzylic Hydroxylation of Ethylbenzenes by Mortierella isabellina 

R Yield (%) ee (5%) Configuration 

H 10 33 (R) 
CN 60 39 (R) 
c1 30 34 (SI 
Pr 45 25 (R)  

40 9 (R)  
4 20 (R)  

NO2 
Me 

Cunninghamella echinulata (ATCC 26269) and Helminthosporiwn spp. (NRRL 4671) are also useful 
in the benzylic oxidation of ethylbenzenes, both exhibiting enantioselectivities similar to Mortierellu isu- 
bellina.117 The enzyme responsible for these transformations has the characteristics of a cytochrome P- 
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450 dependent monooxygenase and no contribution from an alcoholxarbonyl interconversion at C-1 is 
observed. 

Benzylic oxidations to give aldehydes (rare) and carboxylic acids have been considered previously.2 

1.4.5.2 Allylic Substrates 

There are few examples of synthetically useful allylic hydroxylations except in the steroidal field (Sec- 
tion 1.4.4.2), although some others are shown in Sections 1.4.3.3 and 1.4.1. Previous reviews on micro- 
bial oxidation314 have also included some examples of allylic oxidations. 
Good regioselectivity is obtained in the allylic hydroxylation of P-damascone (94) by Botryosphueriu 

rhodina (equation 33),118 with the allylic hydroxylation product (95) being preferred over the homoal- 
lylic one (96). Little work seems to have been done on comparing microbial and chemical allylic oxida- 
tion methods, although in at least some cases microbial oxidation shows better selectivity to the alcohol 
and less over oxidation to carbonyl compounds than chemical methods. For example oxidation of the ter- 
minal allylic methyl group in novobiocin (97; equation 34) and related antibiotics by Sebekia benihuna 
(NRRL 11 1 1 1) is superior to chemical methods.' l9 A similar terminal methyl allylic oxidation on an acy- 
clic terpene has also been affected by a Nocardia microorganism (FERM-P 1609).I2& 

(94) 

OH 
(95 ) 98% (96) 2% 

(97) 

Me0 I 

OH 

OCONH, 

Allylic hydroxylation of A4-steroids at the 6P-position and A5-steroids at the 7-position is possible 
using a wide range of microorganisms,2.10 including Cunninghamella elegans and Rhizopus nigricans. 

Milbemycin derivatives can be stereoselectively hydroxylated at the allylic 13P-position by a variety 
of microorganisms including Streptomyces violascens (ATCC 3 1560). Streptomyces curbophilus (FERM 
BP- 1 145) or Streptomyces diastatochromogenes (ATCC 3 1561), and in preparatively useful yie1ds.l2Ob 

In the general case of unsaturated substrates, double bond attack or migration may take place during 
microbial oxidation; numerous examples of the latter are to be found in the steroidal field? and less com- 
monly with other classes of substrate. Thus the antibiotics compactin (98) and monacolin-K (99) can be 
hydroxylated at the allylic 3- and 8a-positions by Syncephalastrum nigricuns (SANK 42372) [3a, 26% 
from (98)],121 Mucor hiemaliis (SANK 36372) [3P, 72% from (98)]122 or Schizophyllum commune [8a, 
80% from (98)].123 However hydroxylation of (98) with a Nocardia species gave rearrangement as well 
as hydroxylation to give the allyl alcohollaa (100, R = H), and the use of Mucor heimuliis with (99) gave 
the corresponding &-hydroxy derivative (100, R = Me) as shown in equation (35).12, 

In other examples of allylic hydroxylation, Streptomyces roseosporus A-5797 (FERM BP- 1574). 
Streptomyces sclerotialus (FERM BP- 1370) or Nocardia autotrophica (FERM BP- 1573)124b and Bot- 
ryric cincereuI*" have proved useful. 
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1.45.3 Nuclear Hydroxylation of Aromatic Hydrocarbons 

Much work has been devoted to this m a  but a large part of this has been on metabolic studiesS and 
little can be truly said to be synthetically useful. As with chemical oxidations on aromatic rings, a fun- 
damental problem with microbial oxidations is that once hydroxylated the aromatic ring becomes more 
susceptible to further degradation. Nevertheless some useful transformations have been accomplished, 
and many of these have been reviewed previ~usly.~.~ An impressive example is the conversion of L-tyro- 
sine (101) into L-DOPA (102; equation 36). 

"2 
I "2 

I 

Aspergillus oryzae 

OH 

Microbial ortho- and para-hydroxylation reactions are considered to proceed via the arene oxide,125 
and a phenomenon known as the NIH shift is commonly found to occur (Scheme 16) with di- or poly- 
substituted substrates. 

R' R' R' 

0 OH 

Scheme 16 

Fungi appear to preferentially ortho-hydroxylate monosubstituted however there are m e  
exceptions. For example, the near ubiquitous fungus Beuuveriu sulfurescens (ATCC 7 159) will hydroxy- 
late the herbicide Propham (103) to give a 49% yield of pura-substituted products (104; equation 37),i26 
about half of which were 0-glycosated. 

Biphenyl (105) can be hydroxylated to either the mono- or di-hydroxylated derivatives. This is perhaps 
surprising considering the fungicidal properties of these materials; however, acclimatization of the 
microbe with monohydroxylated products allows a satisfactory rate of reaction. The 4,4'dihydroxy 
isomer (106; equation 38) may be produced using Absidiu pseudocylindrosporu (NRRL 2770)Iz7 whilst 
Pseudomonas SG 1043 (FERM-P 447 1) gives a mixture of 2- and 3-monohydroxy derivatives, in a ratio 
of 3:1.128a 

Species of the Aspergillus genus (particularly various strains of Aspergillus niger) will also phydroxy- 
late aromatics and accumulation of products can be good. Other substrates can be p-hydroxylated in 



Oxidation by Microbial Methods 79 

Absidiapseudocylindrospora * HO-X (38) 

(105) (106) X = OH 

good yield by Cunninghamella echinulata,128b Streptomyces rimosus (ATCC 10970) or Nocardia lyena 
(ATCC 21430).12& 

Methylotropic bacteria (for example Methylomonas methanica) will hydroxylate aromatics when 
methane or the like is also provided as a carbon source,129 and as in the case of aliphatic hydrocarbons 
further developments are likely as new strains of these bacteria are isolated. 

Little is known about the hydroxylation of heterocyclic substrates, and more experimental work is 
needed in this area. Achromobacter xylosoxydans (DSM 2783) and Pseudomonas putida (NCIB 8 176 or 
10521) are particularly effective in the hydroxylation of nicotinic acid (107) to 6-hydroxynicotinic acid 
(10s; equation 39), and commercial processes capable of giving up to 97% yield have been developed.130 
It is interesting to note that in this case the product is precipitated as it forms by formation of its magne- 
sium or barium salt, and this could serve to protect the product from further degradation as well as facili- 
tating its recovery. 

OH 

H02C Achromobacter xylosoxydans 

97% 
(39) 

Benzimidazole can be hydroxylated in the 5-position by spores of Absidia spinosa and by microorgan- 
isms of the class micromycetes.131 

1.4.6 ALTERNATIVES TO MICROORGANISMS 

Microorganisms contain a multitude of enzyme systems, some of which are not directly involved in 
their use in chemical oxidations, but which are necessary for the cell to function in total. As discussed 
previously these ancillary enzymes can be harmful, and ways of reducing or avoiding their effects have 
been sought; two of these are considered in the following sections. 

1.4.6.1 Oxidations with Isolated Enzymes 

Isolated single enzymes have the potential advantage of totally specific  transformation^.^^^.'^^ How- 
ever this is often offset by disadvantages such as instability, the need to add or recycle cofactors, and the 
difficulty in obtaining suitable enzymes for oxidation of unactivated C-H systems.132 

The nuclear hydroxylation of aromatics can be catalyzed by horseradish peroxidase, and with suitably 
activated substrates synthetically useful yields can be obtained.lj4 The reactions are usually carried out at 
0 'C in the presence of dihydroxyfumaric acid cofactor and a sourn of oxygen. Thus L-DOPA (102) has 
been prepared using this system.135 
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A general review on oxygenase-catalyzed hydroxylation of aromatic compounds has appeared, which 
discusses this area in greater detai1.136 

A bacterial methane monwxygenase that catalyzes the hydroxylation of saturated hydrocarbons137 has 
been isolated, but there are severe limitations in practical use.132 Similarly the enzymes involved in ste- 
roid hydroxylation have been isolated and used in vitro,138J39 but this practice is not sufficiently well 
refined for general use in organic synthesis. 
The cytochrome P-450 responsible for the hydroxylation of camphor by Pseudomonas putida has been 

isolated, and is, in contrast to most others, stable.’* However this enzyme will only hydroxylate sub- 
strates closely related to camphor, and the site of hydroxylation may vary with substrate. Thus camphor 
gives the exo-5-hydroxy derivative but 5,Sdifluorocamphor gives the 9-hydroxy derivative.141 

1.4.6.2 Oxidation with Spores 

In some cases improved selectivity in a microbial oxidation may be achieved by using spores rather 
than bacteria or fungal mycellium.4 The technique has been largely restricted to the steroid area, with A1- 
&hydrogenation being the most common use.2 In hydroxylation reactions the spores of Aspergillus och- 
raceus and Cunninghamella elegans have proved particularly useful,142 and in general the spores 
produce the same hydroxylation product as the derived microorganism. A limitation of the technique is 
that not all microorganisms produce spores. 
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2.1.1 INTRODUCTION 

Allylic oxidation remains a reaction of considerable value in organic synthesis. Oxidation reactions in 
this section are divided into two types: reactions which produce allylic alcohols (equation 1) and those 
which produce a,P-unsaturated aldehydes or ketones directly (equation 2). Examples from the recent lit- 
erature fall approximately equally into each type. Examples of allylic oxidations which occur with rear- 
rangement (equation 3 and 4) or give mixtures are discussed individually within each reagent type; 
however, it is fair to say that many reagents and reaction conditions can give either direct oxidation or 
oxidative rearrangement, and almost no allylic oxidation system exclusively gives one course of reaction 
in all cases. In many examples the course of oxidation depends mostly upon substrate structure. 

83 
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A 

A -  O\\/\\ (4) 

For most reagents this pattern is multiplied in casts where several similar possible sites of oxidation 
exist around a particular double bond. While chemoselectivity and stereoselectivity are often good, poor 
regioselectivity is a weakness afflicting many allylic oxidation methods. 

Among oxidations producing allylic alcohols or their derivatives the modem variants of selenium di- 
oxide oxidations arc by far the most popular. Systems based on metal acetates, particularly palladium tri- 
fluoroacetate, can be very useful and are receiving increasing attention; but the Kharasch-SosnovsLy 
reaction, once very common for allylic oxidation, is now rarely used Sensitized photooxidation with sin- 
glet oxygen, a very well-known procedure, is still somewhat unpredictable and has perhaps received less 
consideration than it deserves. 

Fewer methods exist for direct allylic/benzylic oxidation to give u,B-unsaturated carbonyl compounds. 
Some of these occur by initial oxidation to the allylic alcohol, followed by a second oxidation or oxida- 
tive rurrrangement step, and reagent systems often give mixtures of alcoholic and carbonylic products. 
The most valuable methods for direct oxidation to enones involve chromium(VI), palladium or selenium 
reagents, but none had proved particularly satisfactory in terms of predictability, selectivity and gener- 
ality until the development of the chromium trioxide-3,5dimethylpyrazole complex, no doubt the best 
system currently available. 

It is interesting to note that few examples of propargylic oxidation were found for either type of oxida- 
tion reaction. 

2.13 ALLYLIC OXIDATION REACTIONS WHICH PRODUCE ALLYLIC ALCOHOLS, 
ESTERS OR ETHERS 

2.13.1 Selenium Dioxide Based Reagents 

2.13.1.1 Stereochemistq and mechanism 

Selenium dioxide is still regarded as the most reliable and predictable reagent for this transformation, 
particularly for more substituted alkenes. A number of reviews of the reaction are available in the lit- 
erature.' Selenium dioxide generally produces unrearranged (&-allylic alcohols, an ene reaction-2,3-sig- 
matropic rearrangement sequence being the probable major pathway, and while several methods for the 
oxidation of allylic C-H bonds to produce alcohols are now available, the majority of recent synthetic 
examples have involved selenium methodology. Several studies of the stmochemistry and mechanism 
of selenium dioxide allylic oxidations have been carried out over the years and indeed a set of rules for 
predicting the outcome of such reactions appeared as early as 1939.2 These studies serve to indicate the 
complexity of this reaction and the difficulties often observed in predicting its regio- and stemhemical 
outcome. Apart from allylic alcohols, other possible products are dienes, esters, ethers, enones, a-di- 
ketones and glycols. Following a number of less conclusive studies? in 1970 Trachtenber& examined 
the oxidation of a variety of substituted cyclohexene systems. Under conditions of refluxing wet dioxane 
solution and a deficiency of oxidant they obtained mostly unreamnged allylic alcohols, although enones 
were also observed in some cases. In contrast to earlier work they suggested that tertiary positions arc 
preferentially oxidized over secondary, and secondary positions over primary (CH > CH2 > CH3). They 
further found the reactions to be stemselective, pseudoaxial alcoholic products being favored in cyclic 
systems (e.8. equation 5). 
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aq. se; dioxane - q0 + 0 OH+ ( y H  
(5)  

13% 41% 18% 

Early proposals concerning the mechanism of selenium dioxide allylic oxidations involved solvolysis 
of allylseleninic acid intermediates or free radical p r o c e s s e ~ . ~ ~ ~ s ~ ~ * ~  Trachtenberd and Schaefer' dis- 
counted the involvement of allylseleninic acids on the grounds of inertness towards solvolysis, and sub- 
sequent work showed that radicals are not in~olved.~*~ In order to explain his findings Trachtenbere 
suggested a mechanism proceeding through an oxaselenocyclobutane intermediate (Scheme 1). This 
mechanism was preferred to those of Schaefer (Scheme 2)7 and WibergS on stereochemical and other 
grounds. 

Hz6) ,OH 

H2Se03 H+ 0:p~ -H+ 
slow 
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\ / 
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and S N ~  
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Scheme 2 

A more complex picture was painted in a further study by Rapoport? which indicated that both the 
mechanism and reactivity sequence are dependent upon the alkene structure and reaction conditions:l0 
1,2disubstituted alkenes (1) reacting via an oxaselenocyclobutane intermediate with a reactivity se- 
quence CH > CHZ > CH3; geminally disubstituted alkenes (2) with a reactivity sequence CH > CH2 > 
CH3; and trisubstituted alkenes (3) with a reactivity sequence CH2 > CH3 > CH, (E)-allylic alcohols 
being the preferred products as established by Biichi;" types (2) and (3) reacting via carbenium ion inter- 
mediates (4) without four-membered ring closure or by unspecified cyclic transition states. Rapoport's 
evidence also showed the fmal step to occur by SNi' or sN1 processes and not by SN~'. Monosubstituted 
alkenes, particularly arylpropenes, commonly react with rearrangement.2J2 
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A new mechanism, now generally accepted, was proposed by Sharpless in 1972.13 Following some 
elegant experimental work, Sharpless suggested that allylseleninic acids are indeed intermediates, but 
that they react by 2,3-sigmatropic m g e m e n t  (well known for the analogous allylic sulfinates and 
sulfoxides) rather than by solvolysis. The fully regio- and stemspecific sequence consists of two conse- 
cutive pericyclic reactions (an ene reaction followed by the sigmatropic rearrangement), and subsequent 
selenite ester hydrolysis (Scheme 3). Evidence for an initial ene d o n  was provided by isolation from 
appropriate substrates of selenino ketones (9, presumed to be trapped fonns of the allylseleninic acid in- 
termediates (e.g. equation 6). However, while this mechanism does neatly explain the preference for (&- 
allylic alcohol fornation by invoking steric effects in the six-membered ring chair transition state of the 
sigmatropic rearrangement, it also implies a much higher level of stereo- and regio-control than is com- 
monly observed. Ste~henson~~ rationalized these facts on the basis of some careful kinetic isotope effect 
studies by proposing a mixture of the stereocontrolled Sharpless mechanism and a stereorandom ionic 
ene reaction equivalent, perhaps involving a carbon-bonded selenium-containing carbenium ion such as 
that shown in equation 7. Stephenson also comments that the ionic processes arc suppressed in basic 
media, the Sharpless mechanism then being predominant. A similar ene reaction/2,3-~igmatropic rear- 
rangement mechanism incoxporating an alternative explanation for reduced regio- and stereo-selectivity 
was put forward in 1980 by W o g g ~ n ~ ~  following a l3C-1abeling study (Scheme 4). 

OH 

Scheme 3 

HO - Sg= 0 
HO' (7) 

Scheme 4 

2.1 3.13 Synthetic examples 

Among early synthetic examples of selenium dioxide allylic oxidation1b is Rapoport's synthesis of 
sirenin (6).'6b Oxidation of (7) with selenium dioxide in ethanol at 90 'C for 13 h gave a mixture of 



Oxidation Adjacent to C 4  Bonds 87 

allylic alcohol (8) and aldehyde (9; equation 7a). The reaction was apparently regiospecific and it is valu- 
able to note the survival of the three-membered ring under these conditions. Rapoport has also reported 
the oxidation of cis-trans mixtures of allylic alcohols to give all-trans a,@-unsaturated aldehydes using 
the same reagent." A mechanism proceeding through allylic selenite esters was proposed (Scheme 5) 
and the reaction applied to a synthesis of squalene. 

OH 

I C H O  

Scheme 5 

While most synthetic examples of selenium dioxide allylic oxidation now involve more sophisticated 
systems (see below), use of the simple stoichiometric reagent alone is still popular.12*18 One recent 
example which well illustrates the mildness and possible selectivity of the reaction is shown in equation 
(8). 

100 OC, 4 h 

In this regiospecific oxidation, taken from a synthesis of (-)-warburganal (10) from glycyrrhetinic acid 
(ll), only allylic methyl group oxidation occurred, no overoxidation or competing reactions at the ter- 
tiary alcohol or ester groups being repo*d. The reaction conditions, selenium dioxide in dioxane solu- 
tion at 100 'C for 4 h, are typical, although one very recent example used t-butyl alcohol as solvent to 
produce the sensitive diol (1% equation 91.19 

Selenium dioxide has also been used in combination with pyridine for the preparation of acid-sensitive 
materids.20 

A useful modification of selenium dioxide allylic oxidation was introduced by Sharpless in 1977.21 An 
inevitable complication of the nonnal reaction is the production of odoriferous low-valent selenium 
species which may be difficult to remove from the product mixtures and which can give rise to organo- 
selenium by-products.22 Sharpless provided a solution to this problem by the introduction into the re- 
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action of a selective reoxidant for selenium. While the use of hydrogen peroxide= tends to give rise to 
epoxide products, t-butyl hydroperoxide is successful and often results in higher yields and a cleaner re- 
action, although further oxidation of allylic alcohol competes in some cases. Pmpargyl substrates gener- 
ally undergo a,or'-dioxygenation," Oxidation of more substituted alkenes can also be carried out at room 
temperature under catalytic conditions (1.5-2% SeO2) using t-butyl hydroperoxide as reoxidant, and is 
then most efficient in methylene chloride solution using 3 to 4 equiv. of reoxidant. Some alkenes require 
water or carboxylic acid catalysis, and indeed in the presence of a hydroxylic solvent the reagent may be 
selenious acid or an alkyl selenite. Less substituted and unreactive alkenes are not efficiently oxidized 
using the catalytic system or in the absence of reoxidant; but use of stoichiometric selenium dioxide in 
combination with 2 equiv. of t-butyl hydroperoxide in methylene chloride solution provides a very mild 
and general allylic and propargylic oxidation reagent. Indeed, this reagent combination is probably still 
the best cunently available for selective allylic oxidation without rearrangement. 

Under these conditions for 2 h at room temperature germacrane-type sesquiterpene lactones (14), (15) 
and (16) were all regio- and stereo-selectively oxidized at (2-14 to give the corresponding allylic alcohols 
(17), (18) and (19), in which the double bond geometry within the 10-membered ring has been in- 
verted.= Compound (17) was formed in 90% yield, the only observed by-product being aldehyde (20, 
5%). The authors proposed an ene reaction-2,3-sigmatropic rearrangement pathway similar to those of 
Sharpless and Woggon but in which the initial reaction is the formation of an activated selenium r-butyl 
hydroperoxide species which undergoes the ene reaction (Scheme 6). The authors also comment that 
catalytic amounts of selenium dioxide suffice for the reaction. 

H 
I 

0 q 0 $ 0 x=+?y 

0 0 0 

(14) R = Ac (17) R = AC (20) 
(15) R = X 
(16) R = SO~MC 

(18) R = X 
(19) R = S02Me 

The selectivity of the reaction is nicely illustrated by the oxidation under similar conditions of 6-N- 
(3,3-dimethylallyl)adenosine (21), which regiospecifically gave Q-zeatine f3-mribofuranoside (22). 
none of the other functionality within the molecule being affected.26 
The isomeric (2)-zeatine riboside was obtained from (22) by UV irradiation induced equilibration. 
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OBu' 

H 

OBu' 

HO - Se- OH 
0' 
I 

ene rotation - - & -  
Scheme 6 

p" 
N 

6 N 

The possible regioselectivity and the preference for (6-allylic alcohol production using the reoxida- 
tive modification are demonstrated in a projected synthesis of cembranolides (equation lo)." The sub- 
strate in this case contains two double bonds and several allylic positions. This oxidation is reported to be 
even more selective than the analogous oxidation of geranyl acetate originally reported by Sharpless. 

PhSO2 a- s a 2  PhSO2 &OH (10) 
B u W H  

76% 

An allylic oxidation of neryl acetate, apparently using partially catalytic conditions (0.25 equiv. S a ,  
2 equiv. TBHP), has recently been reported (equation 1 1).28 While this reaction is described as highly sc- 
lective, it should perhaps be noted that the product was obtained in only 45% yield. 

(1 1) 
OAc 
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The method has also recently been used in a short synthesis of lipoic acid (Scheme 7F9 and featured in 
MacMillan's conversion (equation of gibberellin A3 (23) into gibberellins A67 (24) and A68 (a, 
and in Mander's conversion of gibberellin A7 (2.6) into antheridic acid (equation l2b)." In these last two 
examples the terminally disubstituted alkenes were oxidized with almost complete stemselectivity to 
give the 15-hydroxy products consistent with sterically controlled approach of the reagent. The trisub- 
stituted double bond in equation (12b) was unaffected, as was the remaining functionality in both sub- 
strate molecules. 

Scheme 7 

(23) R' = OH, R2 = H, R3 = OH 
(24) R' = OH, R2 = OH, R3 = H 
(25) R1 = H, R2 = OH, R3 = OH 
(26) R' = H, R2= H, R3 =OH 

R = H, OAc 

MOMO'"" 

0 0 

A number of reoxidants for selenium dioxide have been examined. For example, while hydrogen per- 
oxide is sometimes successful,23 oxidation of cholecalciferol (27) or derivatives with selenium dioxide 
alone gave poor results not improved by addition of hydrogen peroxide. In this case, use of sodium per- 
iodate or tetra-n-butylammonium periodate gave increased yields.32 The reaction was much improved 
when canied out under reflux in methanol or solvent mixtures containing methanol, and indeed selenous 
acid and dialkyl selenites, suggested as intermediates in the reaction. both accomplished a similar oxida- 
tion in nonalcoholic solvents in the presence of a reoxidant, N-methylmorpholine N-oxide proving supe- 
rior. 

Double allylic oxidation at the allylic methyl and methinyl positions of drimenyl acetate (28) was 
achieved33 in boiling dioxane solution using 'catalytic amounts' of selenium dioxide in the presence of 
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,OAc 

bis(Cmethoxypheny1) selenoxide (1.5 equiv.) as reoxidant.% Compounds (29 60%) and (30, 30%) were 
both isolated from the reaction mixture. Compound (30) was used for a synthesis of (-)-polygodial (31). 

Ethers (32) and peroxides (33) are seen as by-products in the catalytic selenium dioxide oxidation of 
cycloalkenes, and these materials can predominate in the case of small rings?5 Addition of hydroquinone 
to the reaction mixtures suppresses their formation and consequently a free radical pathway has been 
proposed (Scheme 8). 

cat. SeOz + 6t + 
0 Bu'OOH * 

CH2C12,20 "C 

(32) (33) 

dt 0 + SeO2 + B u O  - 
Scheme 8 

Selenium dioxide has been used supported on silica gel in combination with t-butyl hydroperoxide in 
hexane or dichloromethane solution.36 

Sharpless has achieved the allylic oxidation of alkenes using arylselenenic acids, generated in situ 
from the diselenide and r-butyl hydroperoxide, a reaction claimed to occur with exclusive allylic rear- 
rangement?' 



92 Oxialation of Activated C-H Bonds 

2.133 Metal Acetates and Related Reagents 

2.133.1 Mercury and related metals 

Rappoport% and Mu2a1-t~~ have noted that the reaction of alkenes with metal acetates and related deri- 
v a t i v c ~ , ~ * ~ ~  including those of mercury,42 palladium (Section 2.1.2.2.2), thallium, manganese, silver and 
lead, can give rise to a variety of products including n-complexes, addition products, acetates, diacetatcs, 
rearrangement products and allylic esters. Lead tetraacetate in general gives mixtures of substitution, re- 
arran ement and addition products, and is usually not a synthetically useful reagent for allylic oxida- 
tionjv4la Thallium triacetate, while a mote powerful oxidizing agent than mercury(II) acetate, normally 
gives allylic oxidation only as a minor si& r c a ~ t i o n . ~ * ~ ~ ~  Manganese triacetate catalyzed by potassium 
bromide has been reported to convert toluene into benzyl acetate and alkenes into allylic acetates via a 
radical me~hanisrn,4~ and cobalt triacetate can induce allylic oxidation or dihydroxylation of a double 
bond, depending upon substrate s t r~c tu re .~  

While allylic oxidation products may arise by elimination of a metal hydride from an intermediate ad- 
duct or metal-alkene c0mplex,4~ allylmercury species (34) arc thought to be intermediates in the case of 
mercury(II) acetate.'S4 A number of pathways have been suggested, for example involving radicalM and 
carbenium ion4' intermediates, and addition41nination~~ and rearrangement proce~ses.'~ 

R HgOAc 

Winstein showed that the solvolysis of cmtylmercury(II) acetate under kinetically controlled condi- 
tions gives ~ 9 9 . 5 %  of a-methylallyl acetate (equation 13).m Subsequent work indicated that both the sol- 
volysis of cinnamylmercury(II) acetate and the mercury(II) acetate oxidation of allylbenzene give ca. 
60% cinnamyl acetate (35) and 40% a-phenylallyl acetate (36, equation 14).'* An equilibrium exists be- 
tween (35) and (36) favoring the primary ester which constitutes >99.5% of the equilibrium mixture at 
75 'C. Oxidation of a range of both 1- and 2-alkenes under kinetically controlled conditions exclusively 
gave the secondary allylic esters. 

Ph H ~ O A ~  

or 

Ph- 

OAc OAc 

Similarly, both a- and p-pinene give the acetates of both myrtenol and trans-pinocarveol (and also the 
ring cleavage product) upon mercury(II) acetate oxidation (equation 15):' 

On the basis of this and other evidence allylic mercury(1I) acetates are believed to be the reaction in- 
termediates in all allylic oxidations with mercury(I1) acetate. The isolation of the less stable secondary 
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acetates from both 1 - and 2-alkenes indicates that in the oxidation of 2-alkenes rearrangement of the sec- 
ondary allylic mercury(II) acetate to the primary isomer is faster than solvolysis of the organomercurial 
(Scheme 9). 

OAc OAc 

Scheme 9 

In contrast to lead tetraacetate, simple addition to the double bond does not occur as a side re- 
a c t i 0 n . 4 ~ ~ ~ ~ ~  While allylic rearrangement is common and mixtures of products are frequently obtained, 
the reaction often proceeds in very high yield and is simple to carry out; the alkene is simply heated in an 
appropriate solvent with mercury(I1) acetate until reaction is complete. Mercury(II) acetate has also been 
used for dehydrogenation, particularly in the steroid field. One interesting example incorporating simul- 
taneous dehydrogenation and allylic oxidative remgement  is seen in the reaction of abietic acid (37; 
equation 16)?* 8- CO2H gp C02H OAc 

(37) 

That mercury(I1) acetate allylic oxidation can be a useful reaction in the case of complex and sensitive 
substrates is demonstrated by the oxidation of avennectin A a  The reaction, carried out in anhy- 
drous toluene at 100 'C for 40 min, was remarkably selective, allylic oxidation occurring exclusively at 
the 3,4-double bond with rearrangement to give (39) in up to 73% yield (equation 17). 

OH OH 

- 
toluene, 100 "C 
30-60 min 

Finally, mercury(II) oxide in combination with fluoroboric acid and ethanol in THF solution has been 
shown to convert allylbenzenes into the rearranged allylic ethyl ethers." 
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2.1 333 P-ium and related metals 

Nucleophilic addition to a-allylpalladium complexes is known to take place with a range of nuclee 
philes, and the mechanism and steremhemistry of these reactions have been thoroughly investigated over 
the last few years.39*4135*60 For example, reaction with acetate anion occurs in the presence of benzoqui- 
none at room temperature in acetic acid solution by initial cis attack at the metal atom and subsequent 
migration?6 Alternatively, in the presence of chloride ions, a trans attack takes place to give the product 
of opposite stereochemistry (Scheme Intramolecular versions of the reaction are 

AcOH 

OMe 

I x. Pd 

- 
benzoquinone, 25 O C  

LEI, LiOAc. AcOH 

benzoquinone, 25 "C 

Scheme 10 

c 

OAc 

OAc 

A new and very highly selective catalytic method for allylic oxidation based on palladium acetate 
chemistry was discovered in 1984.59 The alkene, palladium bis(trifluomcetate) (5 mol %), 2-meth- 
oxyacetophenone (added ligand; 20 mol %), and benzoquinone (reoxidant; 1 equiv.) are dissolved in 
acetic acid and stirred for ca. 2 d at room temperature. Geranylacetone (40), which contains six allylic 
carbon atoms plus two carbon atoms adjacent to a carbonyl group, was oxidized using this procedure to 
give (41) and (42) in 85% yield and about 2:l ratio (equation 18). No other available procedure proved 
as selective. The reaction presumably proceeds via formation of a a-allylpalladium complex60 and attack 
by an oxygen nucleophile with expulsion of Pdo, subsequently reoxidized to Pd2+ by the oxidizing agent. 
A range of reoxidants and added ligands was examined. The reaction was used in a synthesis of helmin- 
thogennacrene (43) and pelemene (44),6l and then subsequently to prepare (45) in a synthetic approach 
to casbene (46);62 however, despite its promise the method does not seem yet to have been widely 
adopted. 
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Palladium chloride in combination with potassium acetate, pentyl nitrite and and in combi- 
nation with silver acetate, t-butyl hydroperoxide and tellurium dioxide in a 1:2:10:1 ratio,& has been 
shown to accomplish allylic oxidation, although in somewhat disappointing yields. Other reagent combi- 
nations with palladium chloride have also been as has a palladium acetate-manganese dioxide- 
benzoquinone mixture.66 Several other metal species,39 among them rhodium(I1) a~etates ,6~J~* 
rhodium(III>copper(II) in combination,68 vanadyl a~etylacetonate,6~ r h o d i ~ m ( 1 ) ~ ~  and iridium(1) 
chloride complexes?0 and various manganese-?2 and chromium-(III)73b complexes, 
catalyze allylic oxidation and epoxidation of alkenes with very limited selectivity in the presence of re- 
oxidants such as molecular oxygen, f-butyl hydroperoxide, hydrogen peroxide and iodosylbenzene. 

2.133 Miscellaneous Reagents 

2.1.23.1 Peroxy esters and peroxides 

Oxidation of C-H bonds by copper ion catalyzed reaction with an organic pemxy ester (the Kha- 
rasch-sosnovsky reaction)74 was at one time very popular for allylic oxidation and has been thoroughly 
r e v i e ~ e d . ~ ~ . ~ ~  The reaction is usually carried out by dropwise addition of peroxy ester (commonly t-butyl 
peracetate or r-butyl perbenzoate) to a stirred mixture of substrate and copper salt (0.1 mol 96; commonly 
copper(1) chloride or bromide) in an inert solvent at mildly elevated temperature (60-120 T). The mech- 
anism involves three steps: (i) generation of an alkoxy radical; (ii) hydrogen atom abstraction; and (iii) 
radical oxidation and reaction with carboxylate anion (Scheme 11). 

- B u O  + R” Bu’OH + R‘* (ii) 

0 0 
+ cu+ ___f 

+ RKO- 
(iii) R’. + cu2+ 

Scheme 11 

With allylic substrates the intermediate is an allylic radical, and allylic oxidative rearrangement is 
therefore common; reaction of optically active bicyclo[3.2.l]oct-2-ene gave racemic ex0447) after hy- 
drolysis?6 Benzylic oxidation is slow and proceeds in only moderate yield, but allylic oxidation is 
usually clean aqd can occur in high yield (e.g. equation 19).75*77*78 

-0COR 

Terminal alkenes are oxidized with negligible rearrangement to give the 3-acyloxy  specie^.^^,^^ How- 
ever, oxidation of internal alkenes, including cycloalkenes, may result in substantial or exclusive 
rearrar~gement?~.~~ Most notable is the reaction of 1 -phenylpropene exclusively to give 3-acetoxy-3- 
phenylpropene, in which deconjugation of the double bond takes place (equation 20).81 
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OAc r - s ”  \ 

Unlike most other allylic oxidation systems, extensive rearrangement can take place with higher al- 
kenes, and this limits the synthetic utility of the reaction. Nevertheless, some very selective allylic oxida- 
tions have been achieved in the steroid series;s2 for example treatment of progesterone with t-butyl 
perbenzoate in the presence of copper carbonate gave after hydrolysis and isomerization the &-hydroxy- 
lated product (48)F3 neither rearrangement nor competing reaction a to either carbonyl group being ob- 
served. 

OH 

The reaction has also featured in a synthesis of chrysanthemic acid (49), exclusive reamgement oc- 
curring to give the secondary allylic benzoate (equation 21).@ 

60% 

The Kharasch-Sosnovsky reaction may be carried out in the presence of carboxylic acids to introduce 
the acyloxy moiety of the acid used, and may also be conducted photochemically at room temperature 
using UV irradiation. Peroxy acids?5 diacyl  peroxide^?^ and peroxyphosphates and peroxyphospho- 
natesa5 are alternative oxidants. tButyl hydroperoxide may also be used in place of peroxy esters with 
broadly similar results, although formations of mixed peroxides75 and t-butyl etherss6 can then compete 
with allyl ester production. 

2.1 2.31 Singlet oxygen 

Photosensitized oxygenation of alkenes using singlet oxygen is a well-known reactiona7JW and several 
comprehensive reviews have appeared.39*88.89 The normal course of singlet oxygen reactions with mono- 
alkenes is via an ene reaction to produce an allylically rearranged hydroperoxide, often in excellent yield, 
and this may be reduced to give allylic alcohol (Scheme 12). Other mechanisms, which may compete, 
have also been proposed, involving dioxetane (50) and perepoxide (51) and indeed pen- 
poxides have been proposed as common intermediates for the formation of dioxetanes and other by-pro- 
duckg0 Typical photosensitizers for singlet oxygen production in these reactions are rose bengal, 

Scheme 12 
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hematoporphyrin, eosin, methylene blue, chlorophyll and fluorescein. 18-Crown-6 has been used to solu- 
bilize rose bengal and eosin in aprotic s ~ l v e n t s . ~ ~  Solvent effects are small, typical solvents being py- 
ridine, methylene chloride, ether and methanol, although the lifetime of singlet oxygen in this last 
solvent is very much reduced. 

0- 

Oxidation with singlet oxygen is subject to steric effects= but can show poor regioselecti~ity.~~*89.~~ 
For example, (+)-3-carene (52) is oxidized to produce a mixture of all three possible regioisomeric hy- 
droperoxides with oxygenation occumng at the face of the allyl system opposite the gemdimethylcyclo- 
propane unit in each case (equation 22).89*w 

The sensitivity to steric effects is nicely illustrated in the oxidation of dienes (53) and (54), where ad- 
dition of a methyl group at a remote site is sufficient to change completely the course of the reaction 
(Scheme 13).95 

(54) 85-90% 

Scheme 13 

10-15% 

Singlet oxygen is an electrophilic reagent and increasing substitution around a double bond therefore 
increases reactivity. Tetrasubstituted alkenes are around 20 times as reactive as trisubstituted alkenes, 
which are in turn about 150 times as reactive as disubstituted alkenes, which are some 15 times as m c -  
tive as monosubstituted  alkene^.^^^^^ This effect is illustrated in the oxidation of diene (59, in which oxi- 
dation occurred exclusively at the more substituted double bond.% 
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Furthermore, the presence of electron-withdrawing substituents, such as an allylic hydroxy group, is 
deactivating, an effect intensified by esterification to a degree such that acylation of an allylic alcohol 
may be sufficient to protect the double bond during photooxidation at another site.88 

In some instances the primary product of alkene photooxidation is not the allylically rearranged hy- 
droperoxide, but the dioxetane addition product, e.g. (56), which may or may not be formed by concerted 
[2 + 21 cycloaddition.g0 Some of these dioxetanes, e.g. (57), are relatively stable, although most suffer 
cleavage to produce carbonyl compounds or other  material^.^' For example, photooxidation of indene 
gives homophthaldehyde (58) which was not produced under identical reaction conditions from hy- 
droperoxide (59).9% Isomeric hydroperoxides (60) and (61) were also isolated when the oxidation was 
canied out in methanolic solution (Scheme 14). 

+ bisdimethyl acetal of (58) 
H 

Scheme 14 

The factors which control the reaction pathway followed in individual alkene photooxidations do not 
seem to be well understood,w although dipolar solvents such as acetonitrile seem to favor the dioxetane 
mode, while less polar solvents such as benzene favor the ene mode. A number of chemical methods for 
the production of singlet oxygen are known, including generation from triphenyl phosphite ozonide,lW 
bromine-alkaline hydrogen peroxide,lol sodium hypochlorite-hydrogen peroxide,lO2 and anthracene en- 
doperoxide;lo3 however the potential for greater selectivity offered by such reagents has not yet been 
thoroughly investigated. 

2.1 23.3 Electrochemical methods 

Torii has reported the electrochemical oxyselenation-deselenation of alkenes to give allylically re- 
arranged allyloxy products.1o4 A typical example is given below (equation 23).Io5 Benzyl- or acetyl-@)- 
citronellol was mixed in acetonitrile/water solution with diphenyl diselenide (0.5 mol equiv.) and a 
catalytic amount of tetraethylammonium bromide, and was electrolyzed at room temperature in an un- 
divided cell using platinum electrodes and a constant current density of 10 mA cm-*. The comsponding 
allylic alcohols were isolated in excellent yields. In methanolic solution, using a reduced amount of di- 
phenyl diselenide (20 mol %), the methoxy compounds were obtained in slightly reduced yields. 
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2.1.2.3.4 Allylic oxidation via melaUation 

Allylic alcohols may be derived from alkenes by metallation to give the allylpotassium species, fol- 
lowed by treatment with fluorodimethoxyborane. Oxidation of the resultant boronic ester with hydrogen 
peroxide gives the allylic alcohol (Scheme 15).106J07 Some allylic rearrangement may be observed; for 
example, metallation of a-pinene with potassium t-butoxide in petroleum ether solution and subsequent 
boration and oxidation gave myrtenol (42%) and trans-pinocaweol (1%) (equation 24). while treatment 
of the allylpotassium with oxirane gave the alkylated products in a ratio of ca. 2: 

Scheme 15 

II 

ii, FB(OMe)2 
iii, H202 

<OH 

“ “‘OH +. @b 
2.1.2.3.5 Enzymatic methods 

The copper-protein dopamine P-monooxygenase (DBM), which catalyzes hydroxylation at the pro- 
(R) hydrogen atom of dopamine to form norepinephrine in mammalian tissues, has been used for 
enantioselective benzylic hydroxylationI0* and sulfoxidation.lOg Very recently enantioselective allylic 
oxygenation by DBM has also been reported.’ lo 2 4  1 -Cyclohexenyl)ethylamine (62) was subjected to 
‘preparative scale’ enzymatic reaction and the product (63) characterized as having the (R)configuration 
by HPLC and ‘H NMR analysis of a derivative using the Mosher model. No trace of the (S)-enantiomer 
was observed and neither allylic rearrangement nor epoxidation took place. The authors comment that 
DBM also catalyzes the allylic hydroxylation of (Z)-hex-2-enylamine with no detectable allylic rear- 
rangement, and suggest that the reaction involves interaction of copper with the alkene moiety during 
catalysis, thus precluding double bond rearrangement. 

2.1.3 ALLYLIC OXIDATION REACTIONS WHICH PRODUCE a,P-UNSATURATED 
CARBONYL COMPOUNDS 

2.1.3.1 Chromium(V1)-based Reagents 

2.1.3.1.1 Chromic acid and simple chromate esters 

Examples of the use of chromium(V1) reagents to effect the allylic oxidation of alkenes to give a$- 
unsaturated carbonyl compounds are very common in the literature.111*112 The reaction was first reported 
by Treibs and Schrnidt1l3 for the allylic oxidations of a-pinene to verbenone and verbenol, of dipentene 
to carvone and carveol, and of cyclohexene to cyclohexenol and cyclohexenone, using a solution of 
chromium trioxide in a mixture of acetic anhydride and carbon tetrachloride. However, yields were low 
and no synthetic use of this observation was made. 
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Chromic acid itself has been used in the oxidation of alkenes and in some cases allylic oxidation 
products were observed; for example, cyclohexene was converted to cyclohexenone in 37% yield and 
1-methylcyclohexene was oxidized to a mixture of enones (Scheme 16).l l4 

20% 2% 

Scheme 16 

Extension of this type of reagent115 to the use of sodium dichromate in acetic acid116 was found to fur- 
nish the allylic oxidation of 4,4, 10-trimethyl-A5-octalin into 7-keto4.4, 10-trimethyl-A5-octalin (64 ) l  l' in 
65% yield (equation 25); this reaction was employed in the total syntheses of (&)-widdm1 (65) and of (*)- 
thujopsene (66).11* 

da i 

70% 

- 

(66) 
i, 1.4 equiv. Na2Cr&, acetic acid, r.t./overnight, then 100 "Cn.5 h 

Allylic oxidation of steroids, particularly at the 7-position, has evoked interest over many years. For 
and t-butyl chmmate121-128 have all example, chromium trioxide-acetic acid,119 sodium 

been used in the oxidation of the 5-a-pregnane series (e.8. equation 26). 

i, ii or iii - & (26) 
AcO MCoMe AcO 

i, CrO3, AcOH 50%; ii, NazCr207, AcOH, A c 2 0  79%; iii, (BuY))2CrO2; 62% 

The overall mechanism of chromium(V1) allylic oxidation appears to consist of removal of a hydrogen 
atom or hydride ion from the alkene, forming a resonance-stabilized allylic radical or carbocation, which 
is ultimately converted into the unsaturated ketone (Scheme 17).8 

An alternative mechanism has also been proposed in which oxidation at the double bond leads to a 
keto1 derivative, elimination of water from which then gives the unsaturated ketone (Scheme 18a).'12 
Limited kinetic data are available and suggest that Scheme 17 is obtained for chromic acid oxidations.129 
The discovery of the chromium trioxide-pyridine complex led to the accessibility of allylic oxidation 

under much less harsh conditions, typically room temperature reaction in dichloromethane s01u t ion~~J~~  
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-H* - P- 

0 
-HOX -+- ox 

Scheme 18a 

for a number of days, rather than high temperature conditions for extended periods. Dauben’’* proposed 
that the products of allylic oxidation using this reagent (according to Scheme 17) would be governed by 
a large number of factors, for example the steric accessibility of the allylic hydrogen atom towards ab- 
straction, the relative stabilities of possible allylic intermediates, and the stereelectronic control of the 
oxygen transfer step at competing sites. 

Allylic oxidation in steroid systems provides a good illustration of the factors controlling the reaction 
pathway. In the oxidation of cholest-5-ene, which has a rigid structure with two allylic hydrogen atoms 
at C-4 and (2-7, assuming axial preference of hydrogen atoms for abstraction,”’ an incoming chromium 
species should encounter steric hindrance from the methyl group above the plane and a less crowded a p  
proach from beneath. Indeed, allylic oxidation proceeds to yield only cholest-5-en-7-one in 52% yield 
(equation 27). 

i, 20 equiv. Cr03*2Py, CH2CI,, r.t./24 h 

H 

Dauben postulated that there is a preference for the abstraction of a tertiary allylic hydrogen atom and 
that this stems from the relative stability of the intermediate radical (or ionic) species rather than relative 
C-H bond strengths (Scheme 18b; the allylic oxidation of 1-methylcyclohex-2-ene). 

From an extensive survey of this reagent system the following guidelines have been proposed: (i) 
allylic methyl groups are not readily oxidized; (ii) if more than one allylic methylene group is present in 
a conformationally flexible molecule, enones resulting from attack at all positions are formed, while if 
the molecule is conformationally rigid, as in a steroid, selectivity is observed; and (iii) attack at an allylic 
methinyl position yields a rearranged enone wherever possible; similar rearrangements may also occur in 
methylene systems possessing steric hindrance towards hydrogen atom abstraction. 
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0. 
c. 
- a, 
*& 

3 
0 

10% 
Scheme 18b 

Allylic oxidation reactions employing chromium(V1) reagents therefore appear to be very much de- 
pendent upon the intrinsic nature of the substrate as to their regiochemical outcome. This is exemplified 
by the t-butyl chromate allylic oxidation of (+)-3carene (67; equation 28)’” where no great preference 
for either product exists. 

0 

I I  
0 

50% 34% 

An attempted allylic oxidation of (68; equation 29) was found by Paquette13’ to be difficult to achieve 
using a range of reagents due to problems with polymerization and rearrangement. The chromium triox- 
ide-pyridine complex was the only reagent combination found to be successful, albeit in low yield. 

0 

(68) 
i, 20 equiv. Cr03*2Py. 25 TR4h 

The chromium trioxide-pyridine complex was also found to be the reagent of choice in a synthesis of 

This method was found to be superior to others tested, including selenium dioxide, chromium triox- 
a-methylene-y-butyrolactones (equation 30). 136 

ide-acetic acid, and t-butyl chromate. 
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(30) 

R', RZ = H, Ph or alkyl 
R3 = H or alkyl 

i, 20 equiv. Cr03*2pY, CH2C12, reflux, 1 h 

2.1.3.1.2 Pyridinium chlorochromate and dichromate 

An alternative to the chromium trioxidepyridine complex is provided by pyridinium chlorochromate 
(PCC) and pyridinium dichromate (PDC). 13' These reagents, now ubiquitous for chromate-based oxida- 
tion of alcohols, overcome the hygroscopic nature of the chromium trioxide-pyridine complex13* and are 
prepared by a less hazardous procedure;139 both are commercially available as are several other deriva- 
tive reagents. 

Pyridinium chlorochromate has been shown to be of particular value in the allylic oxidation of com- 
pounds containing an activated methylene group, such as 5.6-dihydropyrans (69a and 69b equations 31a 
and 31b).140 

i 

85% 
- 

i, 1 equiv. PCC, 60-7OoC/9 h 

i - 0 70% 

(69b) 
i, 1 equiv. PCC, 6&70 "C/12 h 

Indeed, Parish141 claims that PCC is the reagent of choice in the allylic oxidation of A5-steroids (e.g. 
equation 32). The reactions were carried out using PDC in pyridine solution at 100 'C, PCC in refluxing 
benzene solution, and PCC in DMSO solution at 100 'C. These solvent systems are claimed to be supe- 
rior to the more usual methylene chloride. 138~142 

i, ii or iii 
c 

BzO \ BzO 

i. PCC, benzene, reflux, 89%; ii, PCC, DMSO, 100 OC, 78%; PDC, pyridine, 100 O C ,  64% 

One drawback associated with this type of chromium species is the frequent requirement for a large 
excess of reagent. Recent attempts to combat this problem have involved the use of a PCC-celite mixture 
in benzene solution under reflux143 and more successfully a t-butyl hydroperoxide-pyridinium dichro- 
mate mixture (equation 33).'" 

While this latter modification appears to be efficient and highly regioselective for steroidal substrates 
which contain a rigid structure and provide a sterically crowded environment for the reacting double 
bond, the method can be rather poor in less hindered situations (e.g. equation 34).14 
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i, 4 quiv.  PDC, B u W H ,  celite, anhydr. benzene, r.t. 

i 

55% conv. 
29% yield 

0 
4: 1 

i, 2 quiv .  PDC, B u W H ,  celite. anhydr. benzene. r.t. 

2.13.13 Chromium hioxide3,S-dmethylpyrawpytarole 
With the advent of the chromium hioxide-3,5dimethylpyrazole complex as an ~ x i d a n t ' ~ ~ , ' ~  allylic 

oxidation has become far more valuable as a synthetic transformation. The reagent was applied by Sala- 
m ~ n d ' * ~  to the allylic oxidation of cholestcryl benzoate to give the corresponding A5-7-ketone (equation 
35). However, a 20 molar excess of reagent was still required to effect the reaction in less than 30 min at 
room temperature. 

i, 12 quiv .  Cr03-3J-DMP, CH2C12, -15 OC, 4 h 

The observed rate enhancement for this reagent over other chromium(V1) species has been rationalized 
as an effect of increased reagent solubility and by invoking the potential for acceleration by intramolecu- 
lar participation by the pyrazole nucleus. Two mechanistic pathways have been proposed (Schemes 19a 
and 19b). The salient feature of both these pathways is that the chromium complex attacks first at the 

proton transfer 

/ 
A 

\ 
A 

Scheme 19a 
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double bond and not at the allylic methylene group. This type of mechanism is not possible for chro- 
mium trioxide-pyridine, or for pyridinium chlomchromate or dichromate because: (i) no ligand sites are 
available for complexation with welectrons unless pyridine is first displaced; and (ii) no basic nitrogen 
atom is available to assist in the removal of the allylic proton, other than by intermolecular deprotonation 
by a displaced pyridine molecule. 

+q9 
H 

H 
I 
Xl+ nrnton transfer 

HO 
r . \  

A 

Scheme 19b 

From a practical viewpoint the reagent is simple to make and use. It is prepared in situ at low tempera- 
ture (ca. 20-25 'C),  requiring about 15 min to form prior to the addition of substrate. It is important to 
note that the chromium trioxide should be thoroughly dried over phosphorus pentoxide before use. 

Some fine examples of the synthetic use of this reagent are available in the literat~re;'~' for example in 
a total synthesis of ~ernolepin, '~~ intermediate (70), containing a fairly sensitive lactol ether unit, was se- 
lectively prepared by the use of chromium trioxide-dimethylpyrazole with formation of only 5% of the 
allylically rearranged product (equation 36). 

H 

(70) 48% 5% 

i, 20 equiv Cr03*3,5-DMP, CH2C12, -20 O C / l  h then 0 OC/4 h 

The reagent has been used by mag nu^'^^ in studies directed towards a synthesis of bachrachotoxin 
(71). A cis-decalin was oxidized selectively at the 7-position without the acetal or triple bond moieties 
present being affected (equation 37). The reagent has also found use in an approach to forskolin;lsO 
cyclohexadienone (72) was prepared by exclusive oxidation at the 7-position of (73; equation 38). 

An interesting example of the incorporation of this oxidation into a synthetic strategy is seen in a route 
to quadrone (74) based on an intramolecular Diels-Alder reacti~n.'~' In this scheme highly selective 
allylic oxidative rearrangement of a trans-decalin (75) occurs to give a product (76) containing the 
double bond at a ring fusion position, allowing subsequent conversion to the desired cis-decalin system 
(Scheme 20). Neither of the other two possible ketonic oxidation products were observed. 
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i 

53% 
- 

Me 

OH 
i, 30 equiv. Cr03*3,5-DMP, CH2CI2, r.t. 

-& \ - i ;”.-. \ 
\ 

95% 
\ 

(73) (72) 

i, 30 equiv. Cr03*3,5-DMP, CH2Cl2, r.t. 

0 $0 

(76) 
i, Cr03*3,5-DMP, CH2C12 

Scheme 20 

0 

(74) 

2.1 3.1.4 Other chromium-based reagents 
A number of other chromium-based reagents have been developed for allylic oxidation; for example 

that of steroids by t-butyl hydroperoxide in the presence of a catalytic amount (0.054.5 mol equiv.) of 
chromium trioxide152 in dichloromethane solution at mom temperature (equation 39). Yields vary from 
32 to 69%. This modification is useful in terms of cost, operational simplicity and yields. & ” i Aco&; + 

AcO 

44% 

i, 0.4 equiv. CrO3, Bu‘OOH, CH2Clz,5.5 h/r.t. 

-1 <2% 
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A chromium hexacarbonyl-t-butyl hydroperoxide system has also been developed with the remarkable 
chemoselective ability to effect allylic oxidation even in the presence of some secondary alcohols (equa- 
tions 40 and 41).153-155 

C02Me (40) 
i 

83% 
C02Me -- 

0 

i, 0.5 equiv. Cr(CO)6, 1.2 equiv. BuQOH, MeCN, reflu418 h 

i 

0 

(41) 

i, 0.25 equiv. Cr(C0)6, 1.2 equiv. Bu’OOH, MeCN, reflu430 h 

2.1.3.2 Other Transition Metal Catalyzed Allylic Oxidations 

2.13.2.1 Palladium 

Palladium catalysts are best known for oxidizing alkenes to ketones or vinyl derivatives.156 However, 
formation of a#-unsaturated carbonyl compounds by UV irradiation of oxygenated solutions of alkenes 
in the presence of catalytic amounts of palladium salts has been observed by M u ~ a r t . ~ ~ J ~ ~ J ~ *  This re- 
action is believed to proceed through a .rr-allylpalladium trifluoroacetate complex, e.g. (77). 

The process was later improved by the use of a p-toluenesulfonyl substituentlS9 at the allylic carbon 
atom (equation 42). The authors claim that this modification has a powerful influence on both the selec- 
tivity and mechanism of the oxidation, exclusive oxidative rearrangement then being observed. Several 
other methods of achieving allylic oxidation using palladium catalysts have also been r e p ~ r t e d , ~ * ~ ~ ~  al- 
though these are generally of less importance. 

i - P-ToISO, &,O 
25-5 1 % 

p-To1S02 7 
X 

i, Pd(02CCF3)2, hv, 02, acetone 

2.1.3.22 Rhodium 

Rhodium catalysis for effecting allylic oxidation has been developed and has led to considerable con- 
troversy over the operative mechanistic pathway.lM 

The first example of rhodium catalysis for this purpose utilized chlorotris(tripheny1phosphine)rho- 
dium(1) to catalyze the allylic oxidation of a range of  alkene^.'^^.'^ This catalyst has also been shown to 
successfully oxidize cyclic allylsilanesl@ to afford p-silyl-2-cycloalkenones in very good yields and with 
exclusive rearrangement (equation 43). 



108 Oxidation of Activated C 4  Bonds 

c 
i 

8 1 4 %  
(43) 

i, 02.0.01 equiv. RhCI(PPh&, 97 "C 

A combination of rhodium(1II) chloride with silver acetate,'" and treatment of rhodium(I1) acetate in 
acetic acid solution with ozone,171 are two methods for generation of the p3-oxotrimetal-acetato com- 
plex of rhodium [RhsO(OAc)a(HzO)3]OAc. This 'Rh30' complex was found to effect catalytic allylic 
oxidation of alkenes efficiently to give the corresponding a,p-unsaturated carbonyl compounds172 in the 
presence of a reoxidant such as t-butyl hydroperoxide, although in disappointing yield (equation 44). 

30% ca. 2% 

i, cat. [ R h ~ ~ ( ~ A c ) ~ ( H ~ ~ ) ~ ] ~ ~ c ,  BuQOH, AcOH 

2.13.23 Iridium 

examples of such use have been r e p o ~ t e d . ' ~ ~ J ~ ~  One example is given below (equation 45). 
Iridium catalysts have not been widely developed for allylic oxidation: however a small number of 

0 OH 

74% 26% traces 
i, cat. IrCO(PPh3)2Cl, 0 2  

2.13.2.4 Other bumsition metals 

Overall, many transition metal complexes have been investigated. Among those not mentioned above 
which may carry out catalytic allylic oxidation to give enones under certain circumstances are 
Co(PPh~)cl/O2,'~~ Mn(TPP)Cl/02,'76 fFe(PPh3)]20/w,177 Ni(phthalo~yanine)/Ch'~~ and an unusual 
mercury(I1) acetate example179 in which the enone is formed rather than the expected acetate. 

2.133 Selenium-based Reagents 

2.133.1 Selenium dbxi& 

Selenium-mediated allylic oxidations producing allylic alcohols have been discussed above: however, 
in some cases oxidation proceeds further to ive the a,@-unsaturated carbonyl compounds directly, or 

tion reactions closely resembles that found in classical selenium dioxide oxidations is in accord with in- 
itial formation of the intermediate allylic alcohol before in situ oxidation to the carbonyl compound.' 
This process was studied by Rapop01-t'~ and was explained mechanistically as an elimination of the inter- 
mediate allylic selenite ester via a cyclic transition state, analogous to SNi' (rather than SN~') solvolysis 
(Scheme 21). Of the two possible transition states (78) and (79), the cyclic alternative (78) was prefemd 
because oxidation exclusively yields trans aldehydes. 

mixtures of alcoholic and ketonic products.' f That the regioselectivity observed in these allylic oxida- 
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Oxidation reactions of this nature are common in the literature.181 For example, selenium dioxide in 
refluxing ethanolic solution brought about the allylic oxidative rearrangement of geranyl acetate, which 
was further functionalized in a synthesis of the norsesquiterpenoid gyrinidal (equation This trans- 
formation was also used in a total synthesis of phyt01.l~~ Similarly, an a,P-unsaturated aldehyde was ob- 
tained under similar conditions in studies of a synthesis of pentalenic acid derivatives (equation 47).lw 

i, SeOz. EtOH, reflux 

i 
(47) 

i, SeOl, EtOH, reflux overnight 

Evidence for the preferential formation of the trans-substituted product of selenium dioxide allylic ox- 
idationlE5 is seen in the synthesis of part of (13Z)-retinoic acid (equation 48). Reaction took place exclu- 
sively at the exocyclic double bond without rearrangement. Allylic oxidation of this nature has also been 
used in the synthesis of 6-conjugated 2-pyrones (equation 49).IE6 This intermediate was employed in the 
total synthesis of natural pyrones such as yangonin. 

I I 
i 

OHC 

i, SeOz, aq. dioxane, refludl2 h 

OMe 

l V l C U  - 

Yangonin 

i, 5 equiv. SeOz, dioxane, 180 "C, sealed tube, 3 h 

0- 'W 
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2.1 3.33 Other selenium-based reagents 

More recently Barton and C r i ~ h ' ~ ~  reported the use of 2-pyridineseleninic anhydride in the allylic oxi- 
dation of alkenes. This reagent is prepared in situ by the oxidation of the corresponding diselenide by 
iodylbenzene. It effects oxidation to a,@-unsaturated ketones with retention of the double bond regie 
chemistry (e.g. equation 50). 

i, 0.1 equiv. 2.2'dipyridyl diselenide, 3 equiv. iodylbenzem, chlorobenzene, 80 OC/1.5 h 

Observation of the reaction by TLC indicated initial formation of the allylic alcohols which were ox- 
idized in situ to give the enone. The following mechanism for allylic oxidation was proposed (Scheme 
22). 

JQ 
+ s '  

X 
R' 3'10 - X- R' dR* 

Scheme 22 

2-Pyridineseleninic anhydride was also shown to be more reactive towards benzylic oxidation than the 
previously reported benzeneseleninic anhydride.37.188*189 This was rationalized as an effect of the greater 
electron-withdrawing properties of the pyridine nucleus in rendering the S d  bond a better enophile. 
Alternatively, the 2-pyridineseleninic anhydride may exist in equilibrium with a pyridinium salt which is 
the effective oxidant (equation 5 1). 

2.13.4 Singlet Oxygen 

The ene reaction is by far the most widely investigated reaction of singlet oxygen,@ involving the for- 
mation of an allylic hydroperoxide from an alkene by a process involving abstraction of an allylic proton 
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with migration of the carbon-carbon double bond. Reduction of the resulting hydroperoxide, as dis- 
cussed above, provides the corresponding allylic alcohol. Thus subsequent oxidation is required for for- 
mation of an ol,&unsaturated carbonyl compound.1w192 A more direct route to the enone can also occur 
via p-elimination of water from the allylic hydroperoxide. Ireland,1go in his investigation of a-methylene 
ketones, studied the photooxidation of some model systems and the subsequent reactions of the inter- 
mediate allylic hydroperoxides with acetic anhydride (Scheme 23).8* 

45% 

60% 

30% 
i, '02, Ac20 

Scheme 23 

+ 

30% 

c o  & H 

30% 

55% 

Decomposition of the intermediate allylic peracetates yielded the desired a-methylene ketones along 
with ring-expanded divinyl ethers, formed via a Hock fragn1entati0n.l~~ Direct formation of enones has 
also been reported by Mihelich" under similar conditions of photooxidation in the presence of acetic 
acid and a catalytic amount of base (Scheme 24). 

0 

- 6 71% 

'02, Ac~O, pyridine 

DMAP, CHzC12,2 h 

' 0 2  

\ 

Scheme 24 

For example, photooxidation of a-pinene led to formation of the desired product in 97% yield, where- 
as similar reaction of @pinene was accomplished in only 58% yield (Scheme 25). 

Interestingly, an anomalous result was obtained in the photooxidation of 1,3-cholestadiene and related 
compounds (equation 52).195 Thus 1,4-cholestadien-3-one was obtained rather than the expected Diels- 
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i, I%, Ac20, pyridine, D W ,  CH2C12 
Scheme 25 

Alder endoperoxide product. These results are discussed by the authors in terms of failure to meet the 
steric requirement for endoperoxide f o ~ m a t i o n . ~ ~ ~ ~ ~ ’  

i, IO2, EtOH, 0 “C, hv, 18 h; ii, A1203 

2.13.5 Miscellaneous Reagents 

A few reagents have been reported for the allylic oxidation of particular substrates. These include N- 
bromosuccinimide oxidation of a-amyrin acetate in moist dioxane (equation 53),’% a method later modi- 
fied by T h o m ~ o n . ~ ~ ~  

- (53) 
98% 

AcO AcO 

i, N-bromosuccinimide, aq. dioxane 

A catalytic amount of palladium on charcoal (5 mol %) has been shown by Stoodley to effect allylic 
oxidation of cephem dioxides (SO) and (81) in yields of about 60% in each case.19* 

R55 0 
0 

(80) a : R 1 = H  (81) a: R1 = H, R2 = PhCH2 
b: R’ = PhOCH2CONH b:R’ = PhOCH2CONH. R2 = PhzCH 
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The conversion of (80b) to (81b) and conversions of other compounds containing acidic allylic meth- 
ine or methylene protons was found to proceed in the presence of activated carbon (Darco G-60, equa- 
tions 54 and 55). 

i 
-C02Me - 

dC02Me 53% Me02C 
Me02C 

i, 4 equiv. Darco G-60, NEt3, EtOAc, 24 h 

0 0 

i 

(54) 

(55) 

i, 4 equiv. Darco G-60, NEt3, EtOAc, 24 h 

Clearly, regio- and chemo-selectivities of this reagent are highly dependent on the substrate structure. 
Allylic oxidation to give enones has also been reported at the 11 -position of steroids upon treatment 

with nitrosyl fluoride solutions.200 
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2.2.1 INTRODUCTION 
The synthetic versatility of a,P-unsaturated carbonyl compounds has resulted in the development of a 

wide variety of methods for their synthesis. Many such procedures rely on the construction of the basic 
carbon framework from simpler fragments, and are typified by reactions of the Wittig, Knoevenagel, 
aldol and Reformatsky type.' To be able to introduce regioselective unsaturation into a previously estab- 
lished carbon skeleton is, however, an additional tool in the chemist's armamentarium. In this review we 
have attempted to bring together the main literature relating to dehydrogenation methodology. No at- 
tempt has been made to include similar reactions that would generate alkynes or reactions that would re- 
sult in the formation of carbon atoms doubly bonded to heteroatoms. Several of the intermediates 
described, and especially those involving a-selenenyl or a-thio moieties, offer the opportunity for further 
elaboration prior to elimination, since such species are able to stabilize adjacent carbanions." The syn- 
thetic applications arising from such intermediates are left to the ingenuity of the reader. 

119 
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2 3 3  HALOGENATION-DEHYDROHALOGENATION REACTIONS 

2.2.2.1 Halogenation 

The traditional method for introducing a$-unsaturation into compounds containing C L X  groups is 
by a halogenation-dehydrohalogenation sequence. The halogen leaving group can be either a or 8 to 
C S X  (Scheme l), although base-mediated elimination is more facile in the latter instance. Since selec- 
tive functionalization of the p-position is difficult, except where it is activated by other groups?-6 it is 
usual to introduce the halogen at the a-position. 

Y = halogen 

Scheme 1 

A variety of methods are available for the halogenation of aldehydes and ketones, and rely on the ease 
of enolization of such compounds. Copper(I1) chloride7 or bromides in ethyl acetate at reflux have been 
shown to be effective reagents and rely on the promotion of enolization by the copper ion prior to the 
transfer of halogen. Since these conditions tend to favor the thermodynamic enol, unsymmetrical ketones 
preferentially halogenate at the more highly substituted a-carbon atom? Similar selectivity is observed 
with NBS.'OJl 

While bromine itself can be used to effect a-bromination of  ketone^,^^^^^ the hydrogen bromide pro- 
duced can be detrimental.1° The addition of acid scavengers such as 1,2-epoxycyclohexane (equation 
1)14 or potassium per~hlorate~~ can, however, lead to good yields in the more difficult cases. As with 
copper(II) salts, the conditions for elemental bromine also favor substitution at the more highly sub- 
stituted carbon atom. 

An alternative procedure to bromine itself is the use of complexed derivatives such as 2-pyrrolidone 
hydrotribromide (PHT), which is easier to handle. This reagent has been shown to brominate flavanones 
in THF, while the more vigorous conditions of hot DMSO result in concommitant dehydrohalogenation 
to give the flavone (Scheme 2).16 

4 

Br \ 98% WPh \ WPh pHT'THF - 
0 0 

cis:trans 2:3 

ph PHT, DMSO, A 

97% 

0 

Scheme 2 

A greater degree of regiocontrol over the above methods can be achieved by quenching the enolate of 
carbonyl compounds with either bromine17 or i ~ d i n e . ~ ~ J ~  Thus, in the case of unsymmetrical ketones 
(Scheme 3), low temperature formation of the enolate allows exclusive bromination of the kinetic enolate 
to afford the haloketone (l), which on elimination gives the enone @).I7 A similar procedure allows 
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esters to be iodinated in excellent yields (Scheme 4).18.19 Lactones (Scheme 5 )  also undergo bromination, 
and good yields have been obtained using 1 ,Zdibromoethane as the halogen source?0.21 

& i,LDA,-78"C Br& Li2c03,LiBr 6 
ii, Br,, -78 OC DMF, 130 OC 

60-70% 89% 

(1) 
Scheme 3 

&o ii, i , p h 3 ~ ~ i  BrCH2CHzBr eo fi f 'I,, Br toluene, DBU A & 0 - c 

H 

Scheme 5 

Since enolate formation requires the use of strong base, compounds that are unstable to such condi- 
tions may be a-halogenated via the corresponding enol ether?2*" Thus, the iodination of enol acetates in 
the presence of thallium(1) acetate has been reported (entry 1, Table l)F4 although the toxicity of this n- 
agent limits its use to all but difficult cases. Silver acetate, although expensive, is an effective substitute 
(entry 2, Table l).25 The enol acetates of aldehydes undergo facile reaction with NBS and furnish good 
yields of the dehydrogenated derivatives on subsequent base t r e a ~ n e n t . ~ * ~ ~  Fortunately, silyl enol ethers 
react well with elemental bromine or NBS under mild which makes this procedure 
one of the most synthetically useful alternatives (entry 3, Table 1). 

Table 1 Reaction of Enol Ethers and Acetates with Halogens 

Entry Substrate Product Conditions Yield(%) Ref. 

OAc 0 

1 TlOAc, 12, CH2Cl2 

2 
I h- 

75 24 

i, AgOAc, 12, CH2C12; ii, Et3N*HF 64 25 

Br2, CCl4, -20 O C  90 26 
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The methods discussed so far are applicable to aldehydes, ketones, esters and lactones. The a-haloge- 
nation of acids has received relatively little attention, although the traditional Hell-Vollard-Zeiinski cok 
ditions arc adequate in most instances (equation 2)J8 Alternative conditions have been developed, 
however, in which the acyl halide may be halogenated using NBSB Quenching the reaction with alco- 
hols or amines offers the opportunity of forming carboxylate derivatives. 

Br 

83% 

Tertiary amides can be converted into their a,p-unsaturated derivatives in good yield by the sequential 
treatment with phosgene then pyridine N-oxide and triethylamine (Scheme 6),30 provided that only one 
hydrogen atom is present on the carbon atom adjacent to the amide group. In this instance, the intermedi- 
ate chloroiminium salt (3) undergoes oxidation to the unsaturated amide. "his method has the advantage 
that it does not involve the use of strong base and, with suitable protection of the amino group, furnishes 
a potential route to dehydro amino acids.w 

Y Y Q 
0- 

80% 

L 

NEtP 6 
(3) 

Scheme 6 

233.2 Dehydrohalogenation 

The second step in the dehydrogenation sequence involves the base-induced elimination of the a- 
halide. Depending on the nature of the substrate, it is possible to obtain both (&- and Q-isomers since 
elimination usually proceeds via an antiperiplanar loss of the halogen acid (Scheme 7). For chiral com- 
pounds having only one @-hydrogen atom, the geometry of the resulting product is defined in the transi- 
tion state (Scheme 7). although the strong thermodynamic preference for the formation of (a-isomers 
may result in mixtures. 

Y X 

X H  

Scheme 7 

In those cases where there are two hydrogen atoms on the p-carbon atom, two conformational pref- 
erences exist and, consequently, two isomers can result (Scheme 8). The relative ratio of isomers will be 
dependent on steric interactions in the transition state. Thus, if R1 and R2 are large formation of the al- 
kene in which R' and R2 are trans to one another will be preferred. 
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Y 

123 

- R'%R3 H 

base 

X 

H Y  
- 

R3 R l  R3 = 
H R2 X 

Scheme 8 

A variety of bases have been used to effect the elimination of halogen acids from a-halo carbonyl 
compounds (Table 2). Among the more commonly used organic bases are DBN,?O DABC0,19 collidine3* 
and triethyla~nine.~~ Yields tend to be variable with these reagents and reductive dehalogenation or 
double bond migration have been observed?l Inorganic bases such as lithium carbonate*2*17*2733 or cal- 
cium carbonate13 (Table 2) m usually preferred to organic bases since fewer side reactions are en- 
countered. Stronger bases such as potassium hydroxide34 and potassium t-but~xide~~ have been 
successfully employed, although with ketones the incidence of Favorskii rearrangement is increased?6 

Table 2 Base Elimination of a-Halides 

Entry Substrate Product Conditions Yield(%) Ref. 

1 do Et3N, ether, A 

O H  Acf: 
2a-Bromocholestan-3-one 

60 32 

y-Collidine, A 41 31 

3 Li2CO3, DMF, A 
H H 

51 12,33 

C02Et 

O B r  KOH, toluene, A >85 34 dC0'" 
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In general, although halogenation4ehydrohlogenation reactions are the classical method for the de- 
hydrogenation of b X  compounds, there is little evidence that this method has been used where X is 
other than oxygen. Moreover, the development of more sophisticated methodology based on sulfur and 
selenium (see Sections 2.2.3 and 2.2.4) has placed halogenation-dehydrohalogenation low in the order of 
preferred alternatives. Nonetheless, it is possible to replace one a-substituent by another under nucleo- 
philic conditions. While such processes appear to offer little advantage over the direct insertion methods, 
it is conceivable that the replacement of halogen atoms by thio4 and ~elenenyl''-~~ groups may allow dif- 
ficult eliminations to proceed under comparatively mild conditions. Such methods may be of particular 
value when the corresponding halo compounds are readily available. 

233 SULFUR-BASED REAGENTS 

Elemental sulfur has been used for many years to effect dehydrogenation reactionsrn and, provided that 
the substrate is themally stable, it has the advantages of cheapness and simplicity. In a typical reaction, 
the carbonyl compound (4) and powdered sulfur are heated together to around 200 'C either neaF or 
using a high boiling solvent such as p-cymene$2 as illustrated in equation (3).41 

(3) no 200°C pr' 
- 

56% pr' 

(4) 

Although in some instances elemental sulfur is favorable to halogenation4ehydrohalogenation and 
quinone dehydrogenation reactions$l it has largely been superseded by organosulfur reagents. Like sele- 
nium (Section 2.2.4) the success of these reagents is dependent on the ease of the thermolytic syn elimi- 
nation of sulfoxide from compounds bearing a suitably orientated hydrogen atom on the fkarbon atom 
(equation 4)! The temperature at which this elimination ensues varies with the nature of the substituent 
on sulfur, but aryl sulfoxides usually require temperatures of 25-80 'C compared to 11&130 'C for alkyl 
sulfoxides! In general, exclusive formation of the (E)-geometric isomers is observed with the exception 
of those compounds having similar P,P-disubstitution or in those cases where this geometry is unattain- 
able or otherwise d i ~ f a v o r e d . ~ ~ ~ ~  Thus, in acyclic systems the regiochemistry for hydrogen abstraction is 
usually governed by the order w C H 2  = amCCH2 > M H 2  = CH3 > CH2 >> C-H, whereas in cy- 
clic systems preference is for the formation of endocyclic  alkene^.^ 

A b q d  C 

60-130 OC 
(4) 

When the temperature needs to be kept as low as possible, elimination may be facilitated by incorpora- 
tion of electron-withdrawing substituents in the p-position of the aromatic ring." The 2-pyridylthio 
moiety has also been used to good effect in the synthesis of methyl dehydrojasmonate and tuberolac- 
tone?5 Elimination may also be enhanced by conversion of the sulfide to the N-p-toluenesulfonylsul- 
filamine with Chloramine T prior to pyralysis,46 but the advantages, if any, of this modification have still 
to be shown. A further approach that assists the elimination of methylthio groups has been described by 
Vedejs and Engler?7 Thus, alkylation of the thio compound (5) with ethyl trifluoromethylsulfonyloxy- 
acetate generates the ylide (6) which spontaneously decomposes under the reaction conditions to give the 
corresponding a$-unsaturated carbonyl compound (7; Scheme 9)!7 

Several methods are available for the introduction of sulfenyl groups a to carbonyl derivatives and 
these have been r~viewed.~*~' The most versatile procedure involves reaction of the enolate with an ap- 
propriate thiol deri~ative,"~" but the preferred method is largely dependent on the nature of the substrate 
employed (see below). In most instances, sulfur has been introduced in the divalent state and sub- 
sequently oxidized, although the oxidative step has been avoided by the direct introduction of sulfur at 
the Sw oxidation l e ~ e l ! ~ ~ ~  The oxidation of sulfides to sulfoxides is a trivial procedure that can be ef- 
fected by a variety of reagents. Sodium metaperiodate, rn-chloroperbenzoic acid and hydrogen peroxide 
arc the most common oxidants, but t-butyl hydroperoxide, t-butyl hypochlorite, N-chlorobenzotriazole, 
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CF~SO~CH~COZE~ 
___c Me’+ 

MeCN. 2 d, r.t. 94% 
Me/ 40 

chromic acid, dinitrogen tetroxide, iodosylbenzene, nitric acid, ozone and a host of other oxidizing 
agents have also been ~ s e d . 4 ~  Sodium metaperiodate is preferred in the absence of other determining fac- 
tors and typical reaction conditions involve treatment of the sulfenyl compound in methanol at room 
temperature with 1 equiv. of the 0xidant.4~ 

Dehydrogenation reactions using sulfur reagents have been shown to tolerate a variety of other func- 
tional groups, including acetals, alkenes, epoxides and silyl  ether^$^*^^ but the milder procedures avail- 
able using selenenyl moieties may offer advantages in more sensitive molecules (see Section 2.2.4). 

2.23.1 Sulfur(II) Reagents 

amidesss and lac tam^^^^^^ may be 
effected by reaction of the corresponding lithium enolates in THF at -78 to 0 ‘C with dimethyl or diphe- 
nyl disulfides, or, less commonly, with methyl or phenyl sulfenyl The enolates of ketones, 
however, are insufficiently nucleophilic to react with dialkyl sulfides unless HMPA is added to the re- 
action mixtureP3 although they do react smoothly with diary1 ~ulf ides .4~3~~ This difference allows the se- 
lective sulfenylation of esters in the presence of ketones (entry 5 ,  Table 3).43 

In those instances where sulfenylation of ester enolates results in poor yields, use of the more stable 
r-butyl or silyl esters can offer advantages? The sulfenylation of aldehyde enolates is only possible at 
-100 ‘C due to competing aldol condensation Typical products made in this manner are illus- 
trated in Table 3. The reaction of 2-methylcyclohexanone (8; entry 2) is of particular interest and clearly 
demonstrates the improved yield of kinetic enolate-derived product obtainable with more reactive sulfe- 
nylating Conformational studies indicate a slight axial preference for thiolate substitution in cy- 
clohexanones, which is similar to that found on halogenation, although in condensed ring systems 
1,3-diaxial interactions result in exclusive equatorial sub~titution.4~ 

Dehydrogenation reactions involving sulfur have proved important in the formation of a-methylene- 
lactones such as (9; Scheme 10). but sulfenylation prior to alkylation is necessary for cis-fused systems 
in order to establish the correct geometry for exocyclic double bond formation.s3 

The sulfenylation of  ester^,"^*^^ l a c t o n e ~ , 4 ~ * ~ ~ * ~ ~  carboxylic 

\<,(I 0 i, LDA, -78 O C ,  HMPA ,!OS0 i, NaI04 qo ii, PhSSPh 81% Q: z ii, A 
88% 

Scheme 10 (9) 

Because of their tendency to undergo aldol reactions, various conditions have been investigated to de- 
velop methods for the sulfenylation of aldehydes. Indirect methods involving metallation of the corre- 
sponding imines (10 Scheme 11)4 offer a preferred alternative to the low temperature direct 
sulfenylation described above, but better methods are still required. One possibility may be to exploit the 
rapid room temperature enolization of aldehydes observed on treatment with potassium hydride in 
THF?’ 

The sulfenylation of metalloimines is equally applicable to ketones, although using more reactive sul- 
fur electrophiles it is possible to bring about reaction on the unmetallated enamine.58*59 Sulfenylation of 
ketone enol silyl ethers also proceeds well with the more reactive sulfur species.60 Sulfenamides and 
their derivatives (e.g. 11) are particularly suited to the direct sulfenylation of ketones and active 
methylene compounds such as P-diketones, P-keto esters and malonates, which undergo facile reaction 
at room temperature (equation 5).59 This procedure, however, does not appear to have been exploited for 
the dehydrogenation of active methylene compounds (cf. Section 2.2.4.1). By preparing the dianion (13) 



126 Oxidation of Activated C 4  Bonds 

Table 3 Sulfenylation of Lithium Enolates 

Entry Substrate Product Reagent Yield (%)' Ref 

-CHO yCHo 
SMe 

7ob 48 MeSCl 

87 43 

(8) 4: 1 

Phsso2ph 85 43 

0 0 

6 dsm Phssm 87 43 

L C 0 2 M e  MeSSMe 

SMe 

88 52 

o&COzMe 

MeSSMe 

H 
0 

H 

100 52 

0 0 

MeSSMe 

MeSSMe 

79 

% 

53 

48 

MeSSMe 80 55 

MeSSMe 69 55 
I I 

Me Me 

9 

* Reactions canied out at -78 to 0 OC in THF. Reaction carried out at -100 "C. 
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i, LDA 

ii. PhSSPh - c44YcH0 CsHl lCHO - CSH, ICH = N 

(10) 
iii, H* SPh 

51% 

Scheme 11 

of the p-keto ester (12; Scheme 12) sulfur was incorporated at the more nucleophilic C-3 position on 
quenching with diphenyl disulfide?' This offers the opportunity to introduce unsaturation out of con- 
jugation with the ester moiety. 

DMSO, r.t. 8 (5 )  
& + WS-N=( Ph 

NH2*HCI 57% 

COzEt CO2Et COzEt 

- +O 

PhSSF'h, THF 

- r.t., 4 h 

SPh - 6 0  85% 

NaH. BuLi 

(13) 

60 

(12) 

Scheme 12 

The direct sulfenylation of NJV-dimethylhydrazones via the reaction of the a-lithio derivative (14) 
with dimethyl disulfide (Scheme 13) has been reported, and the initially formed product (15) shown to 
isomerize to the more stable (E)-isomer (16)?2 While further transformations have been carried out on 
compound (16), attempts do not appear to have been made to introduce unsaturation by the elimination 
of the thiol group. 

NMe2 N. m e 2  N. NMe2 Mc~N.  6 L;,= - @I-i M e S Z - 7 S o C  QSMe ~ &- 
But But But But 

(14) (15) (16) 

Scheme 13 

For a more comprehensive account of the methods available for the sulfenylation of carbonyl com- 
pounds the review by Trost is recommended." 

2.233 Sulfur(1V) Reagents 
Methods for the sulfmylation of carbonyl species have not been extensively investigated, but are com- 

plementary to those used for sulfenylation and have the advantage of avoiding the oxidative step prior to 
elimination. Typically, ketones and esters have been sulfinylated in good yields by reaction of their eno- 
lates in ethereal solvents with methyl-, phenyl- or p-toluene-sulfinate at room temperature to r ~ f l u x ~ ~ * ~  
(equation These bulky reagents have been used to good effect in distinguishing between two other- 
wise similar methylene groups in a complex asymmetric ketone.s1 
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Little work has been carried out on sulfinylation reactions on those systems having thiocarbonyl and 
imino moieties. However, hydrazones are converted to a-sulfinyl derivatives on reaction of their anions 
(prepared from LDA in THF) at -78 'C with sulfinate esters,@ although the full utility of this naction re- 
mains to be explored. Furthermore, in an unusual reaction, p-toluenesulfinyl chloride has been shown to 
effect a facile one-step dehydrogenation of the thiolactam (17; equation 7) in good yield.64 These re- 
actions contrast with the oxidative removal of thiocarbonyl, hydrazonyl and similar functionalities with 
Sel" species (see Section 2.2.4.2). 

S 

i, p-TolSOC1, NR'ZEt 
MDC, 0 O C  

~~~ 

ii, AcOH 
75% 

S 

2.2.4 SELENIUM-BASED REAGENTS 

Of all the methods currently used for the dehydrogenation of carbonyl and similar compounds, those 
utilizing selenium-based reagents have possibly received the greatest attention. Historically, selenium 
first found utility as its dioxide for the dehydrogenation of steroidal ketones (equation 8),6J*171 but the re- 
agent lacks ~electivity~~ and has proved problematical with more sensitive compounds.66 As a conse- 
quence therefore, organoselenium reagents have virtually replaced selenium dioxide for effecting this 
transformation. 

These newer reagents rely on the extremely facile syn elimination of selenoxides in which the @-arb 
on atom bears at least one hydrogen atom (equation 9).37*67 In general, the elimination of selenoxides 
takes place at temperatures between 0 and 25 'C, except in those cases in which some factor renders the 
syn elimination ~nfavorable.~~ This contrasts with the stability of sulfoxides, which generally require 
heating to temperatures around 60 to 120 'C in order for elimination to occur? As with sulfoxide elimi- 
nations, in those instances where geometric isomers are possible only the (&-isomer is f o ~ n e d . ~ ~  How- 
ever, not all selenoxides collapse readily and difficulties have been found with primary alkyl 
selenoxides3* and some ketones and aldehydes.6E Since the rate of selenoxide elimination is enhanced by 
electron-withdrawing groups on the aromatic ring, the introduction of 0- or p-nitro groups is particularly 
beneficial.@ The use of 2-pyridylselenenyl bromide was found to be a useful alternative for the dehy- 

I a d  
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drogenation of ketones and aldehydes?O and Chloramine T under phase transfer conditions has also been 
found to facilitate the elimination of selenium in some difficult cases.38 

The most versatile method for introduction of the selenenyl moiety is by low temperature reaction of 
the enolate anion or an enolic derivative with a suitable selenium species, the precise conditions being 
dependent on the reactivity of both the carbonyl compound and the selenium  specie^.^^.^' Like sulfur, 
selenium may be introduced either in the divalent state and subsequently o ~ i d i z e d ~ ~ , ' ~  or, more recently, 
as the selenoxide directly (Scheme 14).72 The choice of method is determined by the subsequent re- 
actions that need to be canied out. 

I I 
SeAr SeOAr 

Scheme 14 

Selenides are more readily oxidized to Se*" than the corresponding sulfur compounds and most oxidiz- 
ing agents will effect this tran~formation.~ The most commonly used reagents are hydrogen peroxide, so- 
dium periodate, peracids and 0zone?~9~~ although a number of more exotic reagents have also been 
~ s e d . 6 ~  Ozone offers several advantages over the use of other oxidants. In particular, it reacts quantita- 
tively with selenides in a variety of solvents at -10 to -50 'C and excess reagent is easy to rem0ve.3~ Fur- 
thermore, whereas sulfides are oxidized more slowly than alkenes by ozone, selenides are oxidized 
considerably f a ~ t e r , ~ ~ . ~ ~  suggesting that selenium can be selectively oxidized in the presence of both sul- 
fur and alkenes. 

The drawbacks to the use of selenium-based reagents are their inherent toxicity, relative expense and 
the unpleasant odors frequently formed as a result of their use. The development of catalytic processes 
and polymer-bound systems should ultimately overcome these disadvantages. 

2.2.4.1 Selenium(I1) Reagents 

Selenenylations of ketones," esters?  lactone^^*^^ and lac tarn^^^ are usually effected by the reaction of 
the corresponding lithium enolates with PhSeC1, PhSeBr and PhSeSePh (with the exception of ketones) 
at low temperat~re.~~ Aldehydes have not been selenenylated in this manner. Table 4 illustrates some 
typical products that have been made in this way. Selenenylation has been especially useful in natural 
product synthesis for the formation of a-methylenelactones from the parent a-methyl compounds 
(Scheme 15 and Table 4),73.74 and has significant advantages over the more traditional methods for ef- 

phse'q vi, vii 

'%, , H i  
0 

0 0 

(f)-Tubiferine 

i, LDA, THF; ii, (PhSe)z, -20 O C ;  iii, HCI; iv, LDA, THF, -78 "C; 
v, PhSeC1, -78 "C; vi, 03, -78 "C, CH2C12; vii, 25 "C 

Scheme 15 
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fecting this transformati~n.~~ In order to ensure the formation of reasonable amounts of the ex0 isomers, 
however, it has often been found necessary to introduce the selenenyl moiety prior to alkylation, rather 
than the other way a r ~ u n d ? ~ , ~ ~  

Table 4 Dehydrogenation of Ketone, Ester, Lactone and Lactam Enolatesa 

Product Oxiabnt Yield(%) Ref. Entry Substrate 

1 
Ph 

0 

2 

Ph L 
6 

3 

6 

7 

8 

Qo 
Phso 

CO2Et 
n-C9H19 

9 <N-Me 

Q 0 
mco)-J 

PhSO 

C02Me 
I 

0 

8 N - M .  

78 71 

65 71 

58 71 

55 71 

79 39 

96 71 

0 3  46 71 

MeC03H 82b 74 

H202 31 56 

Selenenylation of enolate, usually generated with LDA in THF, with PhStCl or PhSeBr. Reaction of cnolate with (PhSe)2 in 
HMPA. 

Selenenylation of lithium enolates is particularly important in the case of unsymmetrical ketones, 
when the product of kinetic control is preferentially formed. The more-substituted isomeric derivative is 
prepared by the selenenylation of the corresponding enol acetate.76 An interesting base-catalyzed transse- 
lenenylation reaction of a-alkyl-a-phenylseleneno ketones to the less-substituted a'-position has recently 
been reported77 for which steric crowding at the a-position appears to be an essential requirement. 
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The selenenylation of aldehydes may be carried out in several ways, but most of the earlier methods 
involve prior formation of either the enol ether (18)78 or the corresponding enamine (19; Scheme 16).39*79 
These stepwise procedures overcome the problems of slow incorporation and low yields of selenenyl 
moieties observed under acid-catalyzed c0nditions.3~ Selenium can be efficiently introduced in one step, 
however, using a combination of PhSeSePh and SeO2 in the presence of a catalytic amount of sulfuric 
acid.80 

PhSeC1, -78 "C * lphs? <" 1 NaHCO3.H20 - PhSGL= 

ii, H20 /-. or MCPBA 1 
piperidine b > 0 R1)=% 

R2 >OMe CH,CI, R2 OMe R2 

75-958 (18) i, PhSeC1, -1 IO OC 

R2 RZ CHO 
3 CHO 

RZ 

5040% 
(19) 

Scheme 16 

An alternative one-step procedure using N&-diethylbenzeneselenamide has been developeds1Vs2 and, 
as illustrated in equation (lo), this reagent is particularly suitable for differentiating between aldehydic 
and ketonic moieties in the same molecule?l The analogous morpholinoselenamide has been shown to 
selenenylate the a-keto ester (20; equation 11) but no other examples have been reported.67 

ii, H202, pyridine 
76% 

Using PhSeNEt2, it is also possible to selenenylate pdicarbonyl compounds, but this method has re- 
ceived little attention.82 The enolates of p-dicarbonyl compounds are also selenenylated on treatment 
with PhSeCl 3r PhSeBr?' although such highly enolized compounds may be converted into their selene- 
nylated derivatives in good yield under milder conditions using a 1: 1 complex of PhSeCl and ~yridine.8~ 
This latter method has the advantage that, by the avoidance of strong base, the reaction is compatible 
with a wide variety of other functional groups, without the need for prior protection. Nonenolized carbo- 
nyl compounds were shown not to react under these  condition^.^^ 

An interesting variation for the introduction of selenenyl species, which has the advantage of using 
cheaper elemental selenium, has been described by Liotta and coworkers (Scheme 17).84-86 This reaction 
involves conversion of the lithium enolate (21) to the intermediate selenolate (22) which may be directly 
alkylated to give the selenenyl derivative (23) in high The reaction works well with ketones, 
esters and P-dicarbonyl compounds, but has the disadvantage of requiring the use of HMPA.84,85 

The aromatization of cyclohexenones is an important process that can be easily accomplished by the 
use of selenium-based reagents using similar techniques to those previously discussed for other carbonyl 
species. Thus, enolates derived from a,p-enones readily undergo selenenylation at the a'-position and on 
oxidation and elimination afford the corresponding  phenol^.^^.^* 
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Scheme 17 

A comprehensive review of the methods available for the introduction of selenenyl moieties has re- 
cently been published.89 

23.43 Selenium(1V) Reagents 

For those reactions in which the insertion of a,p-unsaturation is the immediate objective, the introduc- 
tion of the selenenyl species as Se'", rather than as Sell, may be expeditious since this obviates the need 
for a subsequent oxidative step. Selenium dioxide, benzeneseleninic acid and its anhydride act princi- 
pally as oxidizing agents in their reaction with organic substrates and selenium tetrahalides are powerful 
halogenating agents.89 Nevertheless, selenium dioxide effectively dehydrogenates 1 ,Cdicarbonyl com- 
pounds and has been useful for the dehydrogenation of steroidal and terpenoid ketones.g0 Benzenese- 
leninic anhydride has proved to be particularly suited to this transformation and has been used 
successfully for the dehydrogenation of steroidal lactones% and lactams (Table 5)?3 Where 
comparisons have been made, this reagent is superior to selenium dioxide.% Typically the carbonyl com- 
pound is heated at 95 to 130 'C with the anhydride, in solvents such as chlorobenzene, to give high 
yields of the oxidized ~roducts?~ At the higher temperatures (>120 'C) benzeneseleninic acid is con- 
verted to the anhydride and so forms a useful alternative reagent.72 A feature of the reaction is that the 
PhSeSePh fomed in the oxidation may be isolated and reoxidized to the anhydride with nitric acid if re- 

The catalytic use of PhSeSePh with t-butyl peroxide?2 iodosylben~ene?~ or better m-iodosyl- 
benzoic acid?s has also been described. It is interesting that all attempts to oxidize the y-lactone (24; 
entry 3, Table 5) resulted only in dehydrogenation of the A-ring ketone.= Care must be taken to ensure 
minimum reaction times when effecting dehydrogenations with benzeneseleninic anhydride in order to 
avoid angular hydroxylation reactions resulting from further oxidation.w The addition of aluminum 
chloride to troublesome reactions appears to favor dehydrogenation.% 

As a result of the powerful oxidizing potential of benzeneseleninic anhydride, it is incompatible with 
the presence of a number of functional groups, although many common moieties are well tolerated. 
Thus, it has been shown to convert thiocarbonyl compounds such as xanthates, thiocarbonates, 
thioamides and thione~?~ and hydmzones, oximes, thiosemicarbazones and hydroxylamines?8 into the 
corresponding carbonyl compounds under relatively mild conditions. Furthermore, hydrazo derivatives 
are converted to the azo compounds.98 

Little work appears to have been canied out with benzeneseleninic anhydride on substrates other than 
steroidal or triterpenoid compounds, but it seems likely that the stronger conditions required to effect ox- 
idation with this reagent makes it less attractive than the two-step procedure described above. Indeed, in 
the few instances reported it failed to convert hydrocinnamamide into ~innamamide?~ and is said to be 
of no value for the dehydrogenation of acyclic esters.* There are, however, several reports in which 
either catalytic or stoichiometric benzeneseleninic anhydride has effectively dehydrogenated cyclic 
ketones in high yield,w a typical example being illustrated in equation ( 12p5 

In an interesting extension of the use of benzeneseleninic anhydride, Barton and coworkerslW have de- 
hydrogenated steroidal and other oxazolines (e.g. 25) in high yield (equation 13). This type of reaction 
has considerable potential for a wide variety of heterocyclic systems, due to the acidity of exocyclic 
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methylene groups, but, apart from these few examples, it does not seem to have been explored. Possibly 
the greatest scope would result from the two-stage procedure using Se". 

Benzeneseleninyl chloride is another example of a SeIV electrophile, but has found limited use for the 
dehydrogenation of ketones and esters" due to its hygroscopic nature. Thus, although a crystalline solid 
it is considerably more difficult to handle than the Sell halides. An alternative reagent, phenylselenium 
trichloride, offers a milder approach for the direct introduction of SeIV, although its utility appears to be 
limited to ketones.I0' In a typical reaction cyclopentanone (26; Scheme 18) may be dehydrogenated via 
the intermediate (27) by reaction with phenylselenium trichloride in diethyl ether at 5 'C followed by 
mild aqueous hydrolysis.lO' The lower reactivity of aldehydes, acids, lactones and esters suggests that 
ketonic substrates may be selectively dehydrogenated in the presence of these functional groups (cf. 
equation 10). 

0 0 0 

NaHc03 64% - 6 SeC1,Ph PhSeC13 

Et20,5 'C 
81% 

Scheme 18 

2.2.5 DICHLORODICYANOQUINONE AND RELATED REAGENTS 

Although quinones have been recognized since the turn of the century, it was not until the mid 1950s 
that Braude and coworkers demonstrated their full potential as dehydrogenation reagents. 102*103 Those 
quinones bearing electron-withrawing groups showed the highest oxidation potentials, and therefore rep- 
resented the most effective reagents,'@' which led to the development of 2,3-dichloro-5,6-dicyanobenzo- 
quinone (DDQ; 2?3)105 and chloranil (29)lM as the most commonly used reagents. 

0 0 

0 0 

The dehydrogenation reaction is generally first order in both quinone and substrate and is enhanced in 
polar solvents. Together with other findings, these observations have suggested an ionic mechanism in- 
volving the initial formation of a charge-transfer complex (30) followed by hydride abstraction and rapid 
loss of a proton (Scheme 19).Io2 

An alternative mechanism has been proposed to explain the rate enhancement seen in the presence of 
acids and which is particularly evident with quinones of low oxidation potential (Eo = 600 mV, cf. DDQ, 
Eo = lo00 mV).Io2 In this instance, formation of the quinone conjugate acid (31; Scheme 20) has been 
proposed, which might be expected to be a considerably more powerful hydride abstractor than the par- 
ent quinone. 
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slow fast complex 
RHz + Q - [ W Q I  &H + GH R + QHz 

Scheme 19 

fast 
Q + m  - 6 H  + X -  

- i H  + QHz 

(31) 
slow 

RH2 + C$H 

+ fast 
RH + X -  - R + H X  

Scheme 20 

Quinones have been extensively used for aromatization reactions1o7 in addition to the dehydrogenation 
of steroidal ketones and lactones.1o5 Interestingly, whereas chloranil(29) and a number of other quinones 
oxidize steroidal 4ene-3-ones (32) selectively to 4,6-dienones (34),'08 DDQ (28) results only in the for- 
mation of the 1,4-dienone (36, Scheme 21).'09 This divergent behavior is best explained by the interme- 
diacy of the kinetic enolate (35) in the case of the higher potential DDQ, but of the thermodynamic 
enolate (33) in the case of the less reactive quinones.''O Acidic conditions need to be avoided if the 
cross-conjugated ketone (36) is the desired product since under these conditions the 3,5-dienol (33) 
becomes both the kinetic and the thennodynamic enol, resulting only in the formation of the linear di- 
enone. I 10 

(35) Scheme 21 

In general, the dehydrogenation of steroidal ketones is carried out in dry benzene or dioxane at reflux 
with 1.1 to 2 equiv. of the quinone.lo5 Similar conditions have also been used to prepare flavones,'" 
chromones112 and spirodienones1I3 in good yields (Table 6). Consistent with the apparent requirement 
that enolization is a prerequisite to dehydrogenation with quinones,'I4 reactants such as a-formyl 
ketones, e.g. (37) and (38). that have a high enol content, dehydrogenate rapidly at room temperature 
(Table 6). I 1 5 a 1  l6 

Steroidal enol ethers have also been shown to undergo facile dehydrogenation with DDQ, but the pro- 
ducts fonned are dependent on the reaction conditions.'17 Thus, whereas under anhydrous conditions the 
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Table 6 Dehydrogenation of Ketones using DDQ 

137 

Entry Substrate Product Conditions Yield(%) Re) 

OMe 0 OMe 0 

DDQ, dioxane, A, 12 h 100 I l l  

" O m p ,  Me0 Me0 Ph 

DDQ, dioxane, A, 8 h 75 112 

HO \ &k dioxane, r.t., 2 min 50 116 

H 
0 H 

(37) 

dienyl ether (39) furnished the trienone (41). in the presence of moist acetone the intermediate oxonium 
ion (40) was hydrolyzed to the dienone (42; Scheme 22).'17 

A more general approach involves the oxidation of silyl enol ethers with DDQ,""'" although for 
good yields care is needed to ensure removal of the acidic by-product DDQHz Usually this problem is 
overcome by the addition of bis(trimethylsilyl)acemidel l8 or bases such as collidine' l9 or 2d-lutidine 
(Table 7).lZ0 As with selenium, sulfur and palladium reagents (see Sections 2.2.3,2.2.4 and 2.2.6) the use 
of silyl enol ethers allows the regioselective introduction of unsaturation (Table 7).I l8 Typically, the de- 
hydrogenation of silyl enol ethers is effected at ambient temperature using 1-1.5 equiv. of quinone in hy- 
drocarbon solvents. 

Most examples of quinone dehydrogenations adjacent to C - X  have been camed out on steroidal 
ketones and are essentially limited to readily enolizable species. Reactions on esters and amides (Table 
8) are far less common and, because of their relatively low ease of enolization, require harsh condi- 
tions.12' Thus, unless stabilization of the intermediate carbonium ion is p o s ~ i b l e , ~ ~ * . ~ ~ ~  elevated tempera- 
tures and prolonged reaction times are required (Table 8). which increases the incidence of unwanted 
side reactions. Frequent by-products are those arising as a result of Diels-Alder reactions or Michael ad- 
dition to the quinone.'05 Allylic alcohols may be rapidly oxidized to aldehydes or ketones under these 
conditions105 and require prior protection. 

The conversion of carboxylic acids to a$-unsaturated acids is not a trivial transformation, although it 
can be effected by treatment of the a-anion of the carboxylate salt (43) with DDQ in THF containing 
HMPA at reflux (Scheme 23).124J25 Using this procedure, a number of fatty acids have been successfully 
dehydrogenated, albeit only in around 30% yield. Only the (E)-isomers are isolated. 
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(39) 

(41) 
Scheme 22 

Table 7 Dehydrogenation of Trimethylsilyl Enol Ethers using DDQ 

Entry Substrate Product Conditions a Yield (%) Ref. 

2 

BSA, 1 h 50 118 

BSA, 1 h 53 118 

3 Collidim, 1.5 h 52 119 

a Reactions canied out with DDQ in benzene at mom temperature, BSA = N,O-bis(trimethylsilyl)acetamide. 

Scheme 23 

Quinones have also been used to dehydrogenate adjacent to C-N in a variety of substituted nitrogen 
with the ultimate generation of aromatic species (equation 14). In some instances 

DDQ has b a n  claimed to be preferable to other reagents generally used for this purpose125 but the event- 
ual choice must be determined by the substituents present and the intrinsic stability of both product and 
starting material. 
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Table 8 Dehydrogenation of Lactones and Lactams using DDQ 
Entry Substrate Product Conditions Yield (%) Ref. 

1 

AcO 

2 

0 

3 \  $ 
4 

25 121 

H 
AcO 

130 ha 55 121 

0 

0 

+cN 14 ha 70 122 

Benzene - 123 

~~~~~ ~ ~ ~ ~ 

' Reaction carried out in dioxane at reflux. 

A, PhH 

2.2.6 NOBLE METALS AND THEIR SALTS 

The application of transition metals and their salts or complexes to dehydrogenation reactions adjacent 
to G X  compounds has received relatively scant attention compared to reagents such as selenium. In an 
early isolated example, however, 10% palladium on charcoal in refluxing pcymene was shown to dehy- 
drogenate the thermally stable steroidal lactone (44; equation 15) in good yield in instances where classi- 
cal reagents such as selenium dioxide and halogenation-dehydrohalogenation failed. 12* Whereas these 
reaction conditions have proved to be successful for the aromatization of hydroammatic compounds, 
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newer transition metal based methodology has largely superseded this approach and led to increasing use 
of palladium salts and their complexes. 

A detailed study of over 45 catalysts, primarily from Group VI11 metal salts and complexes, showed 
palladium(I1) compounds to be the most effective in the dehydrogenation of a variety of aldehydes and 
ketones. 129 Soluble palladium(I1) salts and complexes such as dichloro(triphenylphosphine)palladium(II) 
and palladium(I1) acetylacetonate have been shown to be optimal, with the salts of rhodium, osmium, iri- 
dium and platinum having reduced efficacy.129 Since the dehydrogenation reaction is accompanied by re- 
duction of the palladium(I1) catalyst to palladium(O), oxygen and a cooxidant are required to effect 
reoxidation. Copper(11) salts are favored cooxidants, but quinones, and especially p-benzoquinone, are 
also effective (Scheme 24).129J30 

0 0 OH 

Pd(acac),, CU(OAC)~, 02, AcOH, 100 'C 95 % 5% 
8% 

PdCI,, Bu'OH, cone. HCI, 80 OC 90% 
90% 

Scheme 24 

4% 

Improved conditions for dehydrogenation reactions have been developed using palladium(I1) chloride 
in a mixture of t-butyl alcohol and concentrated hydrochloric acid,130 although these conditions limit the 
utility of the method to compounds without acid sensitive groups. The yields of enones from readily eno- 
l iable carbonyl compounds are usually moderate, and reaction rates generally reflect the ease of enoliza- 
tion.129*130 Thus, the method has been found to be particularly suitable for aldehydes and cyclic ketones, 
but acyclic ketones are less efficiently dehydrogenated.12e131 Carboxylic acids, esters and amides m not 
dehydrogenated by palladium(I1) derivatives, 129 which potentially offers the opportunity to selectively 
introduce double bonds into compounds possessing mixed functionality. In contrast to sulfur- and sele- 
nium-based dehydrogenations, unsymmetrical ketones generally afford a mixture of isomers (equations 
16 and 17).129J30 Like most other methods, however, acyclic aldehydes and ketones furnish trans enones 
e x c l ~ s i v e l y . ' ~ ~ J ~ ~  

conc. PdC12, HCI, Bu'OH 80 O C  -&+& (16) 

45% 46% 
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PdCI2, BuQH 

conc. HCI. 80 "C 

14 1 

(17) 

26% 65% 

Mechanistically, palladiumcatalyzed dehydrogenations have been shown to proceed according to 
Scheme 25, in which the initially formed wcomplex (45) rearranges to a a-complex (46) prior to the 
elimination of palladium h y d ~ i d e . ' ~ ~ . ' ~ ~  

L = ligand 11 

[HPdL3] + 8 - &pd:: 

Scheme 25 

Improved understanding of the mechanism of palladium-induced dehydrogenations has led to the de- 
velopment of significantly better catalysts and reaction conditions. In particular, mixtures of 
PdCl2(PhCN)2 and silver triflate in the presence of N-methylmorpholine have allowed the efficient dehy- 
drogenation of aldehydes under ambient conditions and in nonacidic media (equation 1 8).132 Ketones 
undergo a similar reaction, affording enones in 60-78% yield, but require prior formation of the tin enol- 
ate with tin(I1) t~ i f l a t e . ' ~~  Under these conditions, however, 2 equiv. of palladium(I1) chloride were used 
to effect conversion, which severely limits the usefulness of the method. 

Probably the most widely a plicable conditions developed for palladium catalysts utilize silyl enol 
In one in~tance,~~?an excellent yield of enone was obtained using 0.5 equiv. each of palla- 

dium(I1) acetate and p-benzoquinone in acetonitrile. The method has the advantage that the position of 
the double bond is determined by the geometry of the precursor silyl enol ether (Scheme 26). Palla- 

R' 

R' Pd(OAc):, 
RZCH =( 

OS~M~. p-benzoquinone 

0 MeCN 

Scheme 26 
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Table 9 Dehydrogenation of Trimethylsilyl Enol Ethers and Ketene Acetals with Pdo 

Entry Substrate Product Conditions a Yield (8) Ref. 

OSiMe3 
I 

A 87 135 

A 100 135 

79 137 

OSiMe, 

B 70 137 
4 8 

Conditions. A: 5 mol % Pd(OAc)z, 5 mol % DPPE, 2 equiv. dimethyl carbonate in acetonitrile at reflux. B: 10 mol % 
Pd(OAc)z, 2 equiv. allyl methyl carbonate in acetonitrile at reflux. 

dium(0) has also been used to effect a similar reaction with silyl enol  ether^^^^,^^^ and enol carbo- 
n a t e ~ . ] ~ ~ , ] ~ ~  In these cases the palladium is present in truely catalytic quantities and the reaction proceeds 
with as little as 1 mol % of palladium(I1) acetate (DPPE) in acetonitrile. It is also possible to oxidize es- 
ters via their corresponding silyl ketene acetals with Pdo, although in this instance the yields are better in 
the absence of phosphine ligands.137 Palladium(0) chemistry offers a mild, high yielding entry to or,p-un- 
saturated ketones and esters (Table 9), and should find a wide application as an alternative to selenium- 
based dehydrogenations. 

A particularly interesting extension of this work is offered by the observed enantioselective hydrogen 
abstraction from the prochiral cyclohexanone (47) on treatment with chiral lithium amide bases (Scheme 
27).138 Thus, quenching the initially formed enolate afforded the asymmetric trimethylsilyl ether (48) 
which gave the chiral enone (49) in 65% enantiomeric excess on dehydrogenation.''* Further work in 
this area should provide valuable methodology for the formation of chiral &$-unsaturated carbonyl sys- 
tems. 

' p f  OSiMe3 
Pd(OAc),, MeCN i, ,THF 

Li 

ii, Me3SiC1 

But 

* 0 87% 

88% 
But But 

Scheme 27 

2.2.7 MISCELLANEOUS CHEMICAL METHODS 

Although the methods discussed in earlier sections generally constitute the preferred procedures by 
which to dehydrogenate carbonyl and similar compounds, a variety of other reagents will effect this 
transformation, and in some instances may offer certain advantages. Manganese dioxide is one reagent 
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that has been extensively utilized, and is particularly suited to the dehydrogenation of heterocyclic com- 
pounds and the formation of quinones (Table 10, entries 1 and 2).l3”I4l Where manganese dioxide oxi- 
dations have been compared with other methods they have frequently been found to give similar or better 
 yield^.'^^.'^^ Typically, manganese dioxide oxidations are effected in aprotic solvents such as benzene or 
dioxane at reflux using approximately 5 equiv. of oxidant for each double bond.139J41 The quality of the 
oxidant is important, with activated manganese dioxide143 affording greatest e f f ~ c i e n c y . ’ ~ ~ . ~ ~ ~  Potassium 
niwsodisulfonate (Fremy’s salt) will also effect the oxidation of dihydroquinones to quinones,Ia in ad- 
dition to effecting a wide variety of other  oxidation^.'^^ 

Table 10 Miscellaneous Oxidations of Carbonyl Compounds and Heterocycles 

Entry Substrate Product Conditions Yield (%) Ref. 

@ 
0 

phk 
N*O 

A > C O z M e  

%:-Me 

0 

0 

MnOz. A, PhH, 24 h 62 139 

0 

ph< N*O MnOz, A, PhH, 7 h 

i > C O z M e  Ni02, CHC13,25 OC, 3 d 

@:-Me 

0 

NiOz, PhH, A, 7 h 

98 

81 

62 

& Ar & %e3SiCl. AczO, 60-65 “C, 168 h 55 

Me0 Me0 

0 0 

141 

146 

146 

148 

150 

7 hv, MeOH, 48 h 50-55 151 

Heterocyclic systems may also be conveniently dehydrogenated using nickel peroxide in aprotic sol- 
vents, and good yields may be obtained even in the presence of sensitive functional groups (Table 10, en- 
tries 3 and 4).146 This reagent is not specific for the dehydrogenation of CPX compounds, however,IM 
and may not be suitable for reactions requiring selective oxidation. A variety of other have 
been shown to effect similar oxidations. 
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Thallium trinitrate has been shown to be an efficient reagent for the dehydrogenation of chroma- 
nones'" and flavanones (Table 10, entry 5),149 the reaction being carried out in methanol at room tem- 
perature. The addition of perchloric acid to chromanone oxidations enhances the yields and reaction rates 
by promotion of enolization,148 but apparently was without effect on flavanones.149 The ease with which 
chromanones and similar compounds may be dehydrogenated has also permitted unusual procedures 
such as trimethylsilyl chloride/acetic anhydride" and phot~lysis '~~ to be used (Table 10, entries 6 and 
7), but their generality is suspect. 
The trityl carbonium ion has proved to be an interesting reagent for the dehydrogenation of ketones 

and esters via their silyl enol ethers (e.g.  50; equation 19),119J52 although major side reactions involving 
a-tritylation have been repofled and yields are variable. 153 Nonetheless, this is a particularly suitable way 
to convert tetralones into naphthols (equation 20).153 Both the perchlorate and tetrafluoroborate counter- 
ions are effective. Whether this procedure offers any advantages over the use of DDQ or chloranil, which 
effect the same transformations, is d ~ u b t f u l . ~ ' ~ , ' ~ ~  Palladium(I1) acetate behaves similarly, but is expens- 
ive on catalyst.133 Trityl tetrafluoroborate has also been shown to abstract hydrogen from enamines,'" 
but whether this offers a useful alternative for the dehydrogenation of ketones remains to be proven. In 
common with many other reagents, trityl perchlorate will oxidize 4-chromanones and 4-thiochromanones 
to their corresponding a,P-unsaturated derivatives in excellent yields. 155 

Ph$+ BF4- 

or 

93% Ph+? ClO4- 

CH2C12,3-5 h 

Pyridine N-oxide will dehydrogenate carboxylic acids in the presence of acetic anhydride,'% but this 
does not represent an efficient method. Tertiary amides, however, may be smoothly oxidized in a two- 
step procedure via an intermediate chloriminium ion (see Section 2.2.2).30 

Copper(I1) bromide is another reagent that has been used successfully for the dehydrogenation of 
ketones and amides (equation 21).157J58 This procedure, which presumably proceeds via the a-bromo 
compounds, (cf. Section 2.2.2) was found to have particular advantages over a number of alternative 
methods for the dehydrogenation of some dihydrouracils. 158 

0 0 
CuBq, CHC13, A 

R R 

R = H ,  66% 
R=CHO, 38% 

An interesting dehydrogenation of hydrazones (51) has been reported by Barton35 which relies on the 
available oxygen of aromatic nitro groups (equation 22). In a detailed study, quantitative yields were ob- 
tained using 4-nitrobenzoic acid as the oxidant.35 Whilst this unusual reaction affords some advantages 
over earlier methods it is unlikely to be the method of choice in most instances. 

The introduction of hydroxy groups a to carbonyl-type functions is the subject of another chapter 
(Chapter 2.3, this volume), but clearly this represents an alternative, though seldom used, procedum for 
the dehydrogenation of such species. The direct insertion of other oxygen moieties is, however, com- 
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plementary to those methods already discussed. One method that has found use in terpenoid chemistry 
involves the incorporation of an a-benzoyloxy group via the enolate anion and thermolytic elimination at 
45Ck550 'C to afford the enone.20 Enolizable ketones will also react with lead tetraacetate and mer- 
cury(I1) acetate159 to give a-acetoxy derivatives that can be subsequently eliminated, but this method is 

More recently, work has been reported showing that silyl enol ethers of ketones, esters and lactones 
can be efficiently converted to a-sulfonyloxy carbonyl compounds on treatment with either [hydroxy(to- 
syloxy)iodo]benzene or [hydroxy(mesyloxy)iodo]benzene (equation 23). lM) This method is similar to 
that used by the same workers to introduce the trifluoromethylsulfonyloxy group a to ketone carbonyl 
groups via their silyl enol ethers.16* While the major interest in these developments is the further func- 
tionalization of the a-position of carbonyl compounds the method clearly offers a route to a,p-unsatu- 
rated species. 

unpopular. 

OTMS 0 

- *OTS 
\h PhI(0H)OTs 

C H ~ C I ~ ,  r.t. U 
80% 

2.2.8 MICROBIAL AND ENZYMATIC METHODS 

In addition to the chemically based methods described above, fermentation and enzymatic procedures 
are also available for the dehydrogenation of C - X  compounds,105~162-1~ although this approach has 
found greatest favor for stereospecific reduction and regiospecific oxidation  reaction^.'^^,'^^ The class of 
enzymes that effect dehydrogenation reactions are of the redox type and have been classified by the 
International Union of Biochemistry as  oxidoreductase^.^^^ A number of such enzymes are now 
k n 0 ~ n . I ~ ~  Particular advantages of microbial and enzymatic methods are the versatility, efficiency and 
selectivity with which these reactions are carried out and the mild conditions that are employed. Thus, in 
contrast to most chemical methods, enzymes are often able to discriminate between enantiomers of 
racemic mixtures and to generate chiral products from prochiral substrates.'& As a general rule, how- 
ever, it seems unlikely that this approach would be favored over chemically based methods for dehy- 
drogenation reactions, unless it was necessary to circumvent a particular synthetic problem. 

The nature of oxidative processes requires the removal of electrons from the substrate and many 
enzymes of the redox class contain transition metals which act as an electron sink.167 Those enzymes 
which do not satisfy this requirement need organic cofactors such as nicotinamide adenine dinucleotide 
or nicotinamide adenine dinucleotide 2'-phosphate to act as electron acceptors,167 although simple qui- 
nones have been shown to suffice.'@ 

Much of the work with microorganisms capable of effecting dehydrogenation reactions has been car- 
ried out using steroids, particularly those reactions introducing unsaturation at C-1 of 3-keto steroids. 
Those organisms most frequently used are Bacillus sphaericus and Arthrobacter simplex, but many 
others are claimed to be effective.10s Yields of dehydro compounds formed by microbiological methods 
are somewhat variable, ranging from very little to 95%.lo5 In a typical experiment, good yields of an- 
drostene3,17dione (52) have been obtained using Bacillus sphaericus and the mechanism established as 
proceeding via a trans diaxial (lor,2P) elimination (equation 24).16* This result is consistent with the 
general observation that enzymatic oxidation of 3-keto steroids shows a preference for ring A . ~ ~  Several 
other enzymes have been shown to dehydrogenate ~ t e r o i d s , ' ~ ~ J ~ J ~ ~  but particularly interesting is the 
stereochemical preference shown by cortisone P-reductase for the SP-hydrogen atom compared to the 
Sa-reductase, which shows a preference for the opposite e11anti0mer.I~~ 

* 
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Bacillus sphaerius 

H H 
0 

Specific enzymes have also been identified which convert 5,6dihydroumcil into uracil, succinate into 
fumarate and acylated coenzyme A into 2,3dehydroacyl  derivative^.'^^ While these are important biol- 
ogical processes, it is doubtful whether they will have general synthetic value. Of greater potential inter- 
est are those enzymes capable of converting 3-nitropropanoate to the corresponding acrylate and 
hexadecanal to its 2,3-unsaturated derivative,163 although there is little evidence that these reactions can 
be advantageously exploited relative to alternative chemical methods. 

23.9 SUMMARY 

A wide diversity of reagents exists for effecting the dehydrogenation of C--X compounds. With a few 
exceptions, the most versatile methods are those based on selenium and sulfur, and there is little to 
choose between these two elements in most instances. Particular advantages of selenium pertain to the 
weaker a-bonds that it forms with carbon, which results in the syn elimination of selenoxides being some 
loo0 times faster than that of  sulfoxide^.^ Disadvantages of selenium, on the other hand, relate to its 
greater toxicity and expense. It is possible that dehydrogenations based on palladium chemistry will offer 
some advantages, especially in the light of newly developed methodology. 

Throughout this review, elimination reactions have been restricted to the loss of an appropriate leaving 
group from the a-carbon atom, but both @-thio and @-selenenyl groups can be eliminated with ease from 
G X  compounds following 0xidati0n.l~~ As a rule, such derivatives are prepared by conjugate addition 
to a,@-unsaturated carbonyl c0mpounds,3~ and therefore formation and elimination constitutes a formal 
protection of these compounds. 

Most of the examples reviewed concentrate on instances in which the C=X heteroatom is oxygen, and 
this reflects the dearth of work that has been reported on other heteroatoms. Thus, although numerous 
examples of the aromatization of nitrogen heterocycles exist, there is very little pertaining to other sys- 
tems. This is an area where more exploratory work is needed, especially on oxazolines and related 
heterocycles.1m Reactions with c=S compounds are even more rare, presumably because of the ease 
with which such systems are oxidized under dehydrogenation conditions. Opportunities exist to develop 
the dehydrogenation of such systems, however, as demonstrated with thioamides which have served as 
suitable intermediates for the dehydrogenation of otherwise difficult amides.64 
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2.3.1 INTRODUCTION 

Many of the natural products of current biological importance and synthetic interest consist of highly 
oxygenated carbon skeletons. The desire to prepare these compounds and their analogs has led to many 
impressive advances in synthetic technology. The strategy of constructing the carbon skeleton in simpli- 
fied form and subsequently installing the remainder of the functionality has many desirable attributes. 
Clearly the insertion of hydroxy groups (or protected hydroxy groups) a to preexisting functionality is 
valuable in this sense. 

15 1 



152 Oxidation of Activated C-H Bonds 

The earliest observations of a-hydroxylation relied on simple autoxidation of particularly susceptible 
compounds. In recent years the act of deliberate a-hydroxylation has been the subject of much attention 
and the area has grown to provide an abundance of expedient, rational approaches. This in tum has led to 
an increase in the use of these technologies in synthesis and a subsequent acceptance into basic synthetic 
planning. 

It is the emergence and use of these techniques that this review is intended to cover and in such a way 
as to aid the selection of a successful procedure for any particular use. 

23.2 HYDROXYLATION a TO C=O 

232.1 Saturated Ketones 

23.2.1.1 Dimctlyjhm ketonelenol 

( i )  Transition metal salts 
One of the oldest methods for effecting the a-hydroxylation of ketones utilizes transition metal salts,' 

the most widely employed being lead tetraacetate (LTA).2 Treatment of enolizable ketones with LTA 
(usually at reflux in acetic acid or benzene) affords the corresponding a-acetoxy derivatives. Originally a 
radical mechanism was proposed (Scheme l)? but elsewhere it has been suggested that an incipient or- 
ganolead species is involved prior to conversion to the a-acetoxy derivative by inter- or intra-molecular 
nucleophilic attack (Scheme 2). 

Initiation 

Propagation Pb(OAc)3 - Pb(0Ac)z + AcO* 

Termination 
0 

OAc 

0 

OAc 

0 

Scheme 1 

Alternatively, the reaction may proceed through fornation of a lead enolate derived from the enol4 fol- 
lowed by intramolecular rearrangement5 to the desired product (Scheme 2). It appears that the lirst and 
last mechanisms are operative, the product distribution reflecting a balance between the two dependent 
on temperature, solvent and substrate. In all three cases however the rate-deternining step is the forma- 
tion of the enol, a factor which heavily influences the choice of reaction conditions. 
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(Ac0)3Pb ,o 

153 

OAc 

OH / 
\ *R‘ OH / 

(AcO)~F%’) OAc 

Scheme 2 

Numerous examples are available that demonstrate the utility of the pmcess. Sasaki and Eguchi6 
utilized LTA to effect a-acetoxylation of isodihydro-0-acetylisophotosantonic lactone (1). This oxida- 
tion is both chemoselective towards the ketone and regioselective towards the less substituted position 
(2). The opposite regioselectivity has been reported2 and it does not seem that it can be reliably pre- 
dicted. In the case of ketone (1) the oxidation was stereorandom. This is not an intrinsic problem with the 
process but rather a reflection of the steric similarity of the enol faces in these systems. Other examples 
do display stereoselectivity.* A recent report described angular acetoxylation of a highly functionalized 
octahydrobenzof~ran~ producing the stereoisomer indicated in good yield (3 to 4). P-Dicarbonyl sub- 
strates, CY-aryl ketones and P,y-unsaturated ketones may also be usefully oxidized with LTA.* a-Dicar- 
bony1 compounds do not yield simple oxidation prod~cts .~  It is quite possible to effect bisacetoxylation, 
the second residue being introduced regiospecifically at the a’-position (5 to @.lo The approach is suc- 
cessful for oxidation of primary, secondary and tertiary centers, but in most cases yields are only moder- 

0 9 
,111111 

0 
(1) 

LTA, PhH 

reflux, 12 h 
38% 

- 

LTA, AcOH 

OAc 15% 

OAc 
(3) (4) 

ate. 
In an attempt to ameliorate this situation Henbest reasoned4 that introduction of a Lewis acid would fa- 

cilitate the rate-determining enol formation. The whole reaction sequence would then be accelerated 
allowing the use of lower temperatures. This in turn would improve the chemo-, regio- and stereo-selec- 
tivity of the process. This proved to be a valid hypothesis. 

Reaction of ketones with LTA in benzene in the presence of boron trifluoride etherate at or below 
mom temperature effects rapid a-acetoxy1ation.l’ The yields are indeed improved in most cases, for 
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example (7) to (8) and (9) to (lo), although they remain generally moderate despite the remarkable 
example shown. lb 

AcO 

OAc 

LTA. PhH 

reflux 

i AcO 

(7) (8) 
with BFpOEt2 71% 
without BFyOEtz 53% 

LTA, FWi 

BFpOEt2 

s.j/t\/ 100% 

c1 

The Lewis acid catalyzed process is not applicable to aryl ketones, where ester products have been ob- 
served through aryl migration.’? Furthermore, anchimeric and solvent effects have been noted13 during 
oxidation of a p-carboxy steroidal ketone. a-Oxygenation, although not inhibited, was altered. Despite 
the frequently disappointing yields the reagent has been widely used, particularly in the steroid field, and 
remains a useful, if not ‘first choice’, procedure. 

Other transition metal salts mediate in similar oxidations. For example, mercury(I1) acetate, a milder 
reagent than LTA, effects a-acetoxylation2 through a comparable mechanism. However the correspond- 
ing yields for these processes are p00r.l~ 3,3-Dimethylcyclohexanone, for example, is oxidized to the a- 
acetoxy derivative in only 14% yield. l5 The P,y-unsaturated ketone, isopugelone, exhibits no oxidation 
at the a- or a’-positions, but affords a product derived from isomerization of the alkene and allylic oxida- 
tion. l6 Not surprisingly therefore the reagent has found little synthetic application for this transformation. 

Thallium(I1I) salts also provide a means of a-oxidation. Thallium triacetate, which lies between LTA 
and mercury(I1) acetate in oxidizing power, can induce a-acetoxylation of ketones? in hot acetic acid, al- 
though again the yields are low.l7 Thallium trinitrate has been shown to produce 2-hydroxycyclohex- 
anone from cyclohexanone in 84% yield. In this case the sequence is thought to involve the intermediacy 
of the epoxy enol derivative generated through ‘oxythallation’ of the enol double bond.19 Subsequent 
basic hydrolysis produces the required product. Despite the favorable yield, the process does not appear 
to be widely applicable.’* Use of the reagent in acetonitrile produces a-nitrato ketones in high yieldZo for 
both aromatic and aliphatic ketone substrates, although with little or no regioselectivity. The process in- 
volves a-thallation of the enol and subsequent intramolecular rearrangement. The a-nitrato ketones can 
be readily reduced to the a-hydroxy ketones. This apparently efficient procedure has received little atten- 
tion. 

Thallium(I1I) sulfate can effect a similar a-hydroxylation of straight chain saturated ketones.?l The vi- 
gorous conditions employed together with the apparently limited substrate effectiveness suggests that the 
procedure will find little synthetic application. 

Salts of other transition metals including vanadium, cerium, chromium?? and manganeseU have been 
used for a-oxygenation, although rarely applied in synthesis. Manganese triacetate has been used for the 
efficient a’-oxidation of enones (Section 2.3.2.2.1.i). but appears not to have been used for the a-hydrox- 
ylation of saturated ketones despite its known ability to form the corresponding a-keto radicals.” Simi- 
larly the use of Lewis acid assisted enolization in the oxidative process appears to have becn limited to 
the LTA-mediated examples. 
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( i i )  Hypervalent iodine reagents 
In 1978 Mizukami and coworkersz showed that treatment of a-aryl ketones and Pdicarbonyl ketones 

with phenyliodosyldiacetate in strongly acidic media resulted in their a-acetoxylation (Scheme 3). The 
process was considered to rest on the coupling of the enol with the iodonium cation generated in situ, 
subsequent nucleophilic attack at the a-position effecting oxidation. The yields for the process were un- 
remarkable. Later Moriarty introduced the use of iodosylbenzene or phenyliodosyldiacetate in basic 
media (KOH/MeOH) to effect an analogous transformation, yielding the a-hydroxydimethyl acetal.26 
Under these conditions oxidation involves nucleophilic attack of the enol on the iodosyl species.27 Meth- 
oxide addition to the re-formed carbonyl unit results in generation of an epoxide, which is solvolyzed to 
the observed product (Scheme 4). Since the intermediacy of the reactive iodonium cation is avoided, the 
reaction can provide improved yields and stereoselectivity. A number of examples are displayed in 
Scheme 5 . 2 8 3 2 9  Noteworthy is the compatibility with the tertiary amine (11) and the sulfide (12),28 which 
are frequently difficult substrates for peroxide-based reagent systems (vide infra). Primary and secondary 
amines are similarly compatible?8 1.3-Dicarbonyl substrates are not oxygenated but produce stable iodo- 
nium ylides.26 In some cases work-up is facilitated by the use of 2-iodosylbenzoic acid.30 Yields are 
moderate or good. 

0 t 
0 

Ar L O A c  

57% 

PhI(0Ac)z 

AcOWAC~O 
H$04,30 "C 

c1 

Scheme 3 

I 
R 

I 
R' MeO- J R* 

i 
R R  

MeO- 

Scheme 4 

Stereocontrolled oxidation with these reagents is possible. Thus a-hydroxydimethoxy acetal (13) was 
stereoselectively prepared from the precursor ketone in high yield during the synthesis of (f)-cephalotax- 
ine.29c This also demonstrates a useful functional differentiation between ketone and amide carbonyl 
groups and an interesting although unobvious regioselectivity. 

A similar reagent, [hydroxy(tosyloxy)iodo]benzene, has been used to prepare a-tosyloxy ketones, e.g. 
(14). from the corresponding ketones.31a A similar mechanism is thought to operate except that here the 
initially formed a-iodo species decomposes to the a-phenyliodonio ketone (the tosyloxy salt has been 
isolated in one case), which is displaced directly by tosyloxy anion. The yields are generally good for a 
range of substrates, including P-dicarbonyl systems. 

The equivalent reagent for a-mesyloxylation has been reported.31b Again yields are high but little or 
no regioselectivity was observed. The question of stereoselection was not addressed. Most recently an 
analogous reagent for generating the a-ketophosphate has been rep~r ted .~  IC 

These reagents provide efficient a-oxidation and their relatively recent emergence will, no doubt, be 
followed by the expansion of their use in synthesis. 
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Me Me 
I I 

OMe 

PWOWz 4 KOH, 33% MeOH - 
0 (11) MeO 

OMe 

- ":+N> 
OH L S  

PM(0Ac)z 

KOH, MeOH 
65% 

PUOAch 

KOH, MeOH 
34% 

c 
OMe 

Fe MeO, 

HO HO 

Scheme 5 

M e O q >  KOH,MeOH PNO - 
80% '0, 

M e 0  ,,, 

HO 
0 M e 0  OMe 

(13) 

(iii) Molecular oxygen 
It has long been realized that the enol form of ketones can react with molecular oxygen to generate the 

a-hydroproxy ketone32 from which a-hydroxy ketones are readily obtained by reductive work-up. The 
oxidation was thought to arise either from direct attack of the enol on molecular oxygen or through a 
radical-mediated process (vide infra). Necessarily the oxidation is most efficient where the proportion of 
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enol is enhanced, either as a result of substrate stabilization (for example in P-dicarbonyl or a-aryl 
ketones), or where the enol is generated as the product of a preceding reaction. 

Enslin found that exposure to air of a crude mixture from the hydrogenation of a steroidal enone (15) 
provided an 80% yield of the corresponding a-hydroperoxy ketone A relatively stable enol was 
formed in this case by the 1,Caddition of hydrogen across the enone. Similarly Crombie demonstrated 
that a-hydroxylation of an a-aryl ketone, (It)-isorotenone (17), could be achieved by simply passing air 
through an alkaline solution of the ketone?% A number of similar oxygenations have been observed in 
the tetracycline system33 involving highly enolized P-diketones. Thus, for example, exposure of ketone 
(18) to oxygen in the presence of platinum or palladium oxide resulted in the formation of the derived 
hydroxy ketone33a as a single stereoisomer. A recently described procedure34 utilizing potassium super- 
oxide/l8-crown-6 and oxygen provides only low yields of the a-hydroperoxy ketones. 

(16) 80% 
/ \  

(15) 

OMe OMe 

KOH, EtOH 

air 
-65% 

____) 

", DMF "2 

OMe OH OH 0 0 OMe OH 0 0 0 

qy 
OMe 

0 ~ ~ 5 0 %  aq. NaOH 
PhMe 

(EtO)3P, 5 mol % (19) 
95% 

OMe 

(S)-(19a) 79% ee 
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An excellent extension to these processes is the enantioselective, molecular oxygen mediated a-hy- 
droxylation reported by S h i ~ r i . ~ ~  Oxidation in a two-phase system using a chiral phase transfer catalyst 
(19) allowed Preparation of a-hydroxy ketones, for example (19a), in high yield and with good enanti- 
oselectivity. This is the only currently available catalytic enantioselective a-hydroxylation process. 

It is clear that such mild and efficient techniques can provide a synthetically economic procedure in 
appropriate cases. 

(iv) Miscellaneous 
A number of additional methods are available. Among the most useful is the angular hydroxylation by 

benzeneseleninic anhydride. Oxidation of primary or secondary a-centers produces a,p-unsaturated 
ketones,* but where the a-center is tertiary, stereoselective hydroxylation is possible, e.g. (20)?& The 
initially formed 'seleno enolate' undergoes 2,3-sigmatropic rearrangement and subsequent hydrolysis re- 
veals the a-hydroxy ketone in good yield. 

BSA 
PhMe 

reflux 
4 h  
80% 

Treatment of a p-keto ester directly with peracid has been shown in one case (21)37 to effect quantita- 
tive a-hydroxylation. Presumably this arises through epoxidation of the enol. Peracid reactions of this 
kind will be discussed in more detail in Section 2.3.2.1.3.i. Oxidations of the enols of p-keto esters to the 
a-hydroxy derivatives using singlet oxygen in the presence of fluoride ion occurs in moderate yield 
through an ene process (Section 2.3.2.1.3.ii). 

0 

MCPBA 

DCM 
3 h  

100% 

0 
II 

@J 0 : 0"' 

(21) (DCM = dichloromethane) 

Hydroxylation using alkali metal based (for example KMn04, K2Cr207, etc.), is 
possible, although these somewhat harsh reagents frequently give rise to products of overoxidation and 
are limited with respect to substrate compatibility, particularly when one considers the complex nature of 
many natural products of current interest. 

The peroxy ester reaction38 provides a method for a-oxygenation, although it is of little synthetic 
value. The process hinges on the thermal or copper-catalyzed decomposition of a peroxy ester to initiate 
a radical sequence which ultimately generates and traps an a-keto radical. Yields are very low except for 
some P-dicarbonyl substrates where relatively efficient conversion is possible. DDQ has been used to ef- 
fect a-oxygenation in a specific a-aryl although the transformation is a reflection of the benzylic 
nature of the oxidation site. A ruthenium-based electrocatalytic system has been shown to cause a-hy- 
droxylation of cyclohexanone in low yield4 through a two-electron redox pathway involving hydride 
transfer. Finally microbial hydroxylation$1 although usually effecting initial hydroxylation independent 
of the position of the ketone, has, in some cases, generated or-hydroxy ketones, either as the primary pro- 
d u d 3  or through multiple Neither of these last two methods, although areas of expan- 
ding interest, are synthetically useful at the current time. 
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2.3.2.1.2 Via preformed enolate 

advantage of the well-documented regiocontrol of enolate formation. 
All the procedures outlined in this section present no dilemma in regioselection, since they may take 

( i )  Molecular oxygen 
Although autoxidation of enols can effect a-hydroxylation (vide supra), attempted oxygenation of 

ketones in basic media can result in skeletal fragmentation.'@ However the observation that even under 
strongly basic conditions oxygenation without skeletal alteration could be achieved in some cases45 pro- 
vided the basis for what has become a widely used procedure. 

Scheme 6 

Two mechanistic rationales have been proposed for this reaction. Electrophilic addition of molecular 
oxygen to the enolate, activated by counterion complexation in a six-membered transition state, could ef- 
fect direct oxygenation (Scheme 6).4s Alternatively oxidation may be thought to proceed through a radi- 
cal chain mechanism involving single-electron transfer from the enolate to oxygen generating an a-keto 
radical (Scheme 7).45 Presumably this process would only require an initiating quantity of the enolate. 

Scheme 7 

i, ButOK, 02 
BulOH 

c 

ii, Zn/AcOH 
59% 

H 
AcO AcO 

H 

The primary product is the a-hydroperoxy ketone. The corresponding alcohol is obtained afkr reduc- 
tive work-up. Initially this was achieved using zinc dust in acetic acid, e.g. (22) to (23)."5 Potassium 
t-butoxide was used to generate the enolate in this case46 and indeed is frequently the preferred base 
(vide infra). Subsequently it was found that the presence of triethyl phosphite in the reaction mixture pro- 
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vided an improved in situ reduction?' The combination of potassium t-butoxide, triethyl phosphite and 
oxygen in either DMF, t-butyl alcohol or monoglyme at temperatures between -30 'C and ambient may 
be regarded as standard conditions for the process. Where the acenter is primary or secondary, dehydra- 
tive overoxidation may occur and the method is generally only viable for the oxidation of tertiary cen- 
ters, e.g. (24) to (25).@ Other potential sites of anion formation may also be susceptible, e.g. (26) to (27) 
and (28)?9 Use of alternative combinations of reagents and solvents can promote efficient oxygenation, 
e.g. (29) to (M), in this case producing a highly enolized P-dicarbonyl substrate used in the total syn- 
thesis of (f)-terramycin.N Clearly this method is of synthetic value. 

Ph Ph 

"2 

BU'OK, 02 

"2 BulOWmonoglyme 
(Et0)3P, -20 "C 

96% 0 

M e 0  0 @ i. ButOK. D m  0 2  m+w 
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\ Br \ ii, (Et0)3P B~ \ Br 

repeat procedure 

Ph Ph 

OH 0 OH 0 

i, NaH, 02 
THF, DMF 

ii, H+ 
41% 

(ii) Molybdenum peroxy complexes 
The first report of enolate hydroxylation by reaction with molybdenum peroxy complexes came in 

1974 when Vedejs disclosed the use of MoOPH (MoOs.py.HMPA complex):' A later more detailed 
publications2 delineated the scope and limitations of the procedure and the advantages of the reagent 
over other molybdenum peroxy complexes. Molybdenum peroxy complexes, including MoOPH, had 
previously been prepared and studied with respect to their epoxidation of MoOPH (31) con- 
tains two electrophilic bridged peroxy ligands and a single oxo unit. a-Hydroxylation is effected by nu- 
cleophilic attack of the enolate at a peroxy oxygen atom. Two modes of attack are possible but the lack 
of a-hydroperoxy products suggests that the pathway involves only 0-0 cleavage (Scheme 8). The 
oxygenation has, in some cases, occurred using less than stoichiometric amounts of MoOPH, indicating 
that both peroxy bridges may be available for reaction. 

In general the ketone enolate is formed and reacted at low temperature (between -50 'C and -30 T). 
The preferred base is LDA and gives rise to the kinetic enolate under these conditions. The hydroxyl- 
ation is frequently found to be sensitive to reaction variables (temperature, stoichiometry, concentration, 
erc.). This contrasts with the less sentient and more reactive ester enolates (Section 2.3.2.4.2.ii. The only 
noticeable competing reactions are overoxidation and aldol condensation of the product with uncon- 
sumed enolate. These processes rarely become noticeable and, where they do, are often significantly 
diminished by lowering the reaction temperature and/or increasing dilution. Aldol condensation is more 
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L = Pyridine 

/ 0-0 Cleavage 
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Scheme 8 

of a problem where the enolate is unhindered and the process is generally inefficient for methyl ketones, 
although some improvement is possible by inverse addition of the enolate to MoOPH. P-Dicarbonyl 
compounds are not hydroxylated?2 

1.05 equiv. LDA 
1.5 equiv. MoOPH 

THF/hexane, -22 O C  

(32) (33) 

1.05 equiv. LDA 
1.5 equiv. MoOPH 

THF, hexane, 4 "C 

THPO THPO 
(34) (35) 

Simple ketone substrates served to demonstrate the process. Thus bicyclic ketone (32) was oxidized at 
-22 'C to generate a mixture of diastereomers (33) in good yield. Good stereoselectivity was observed in 
the oxidation of steroidal ketone (34) to the hydroxy ketone (35). Application of the procedure in syn- 

- @OSiButMe2 

LDA, MoOPH 

THF 
OMe 

(37) 
eo &eOSiButMe2 (36) 87% 

CP 

(+)-Coriamyrtin 
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thesis most often involves hydroxylation a to esterss6 or lactoness7 (Section 2.3.2.4.2.ii). although ketone 
hydroxylation has been applied. For example, bridgehead hydroxylation of ketone (36) provided (37), an 
intermediate used in the synthesis of (+)-coriamyrtin and (-)-picrotoxinin?* Interestingly, enolization in 
an antiBredt fashion is possible because the cyclohexane is locked in a boat conformation (B), with the 
result that the transoid enolate is effectively generated in a cycloheptane ring. 

(iii) 2-Sulfonyloxaziridines 
In 1977 Davis reported the synthesis of 2-arylsulfonyl-3-phenyloxaziridines (39), the first stable oxazi- 

ridines heterosubstituted at nitr0gen.5~ The highly electrophilic nature of the ring oxygen in these com- 
pounds was soon e s t a b l i ~ h e d . ~ ~  That this was due at least in part to the powerfully 
electron-withdrawing phenylsulfonyl group was equally clear.b0 Reaction of ketone enolates with the re- 
agents produces the a-hydroxy ketone by direct nucleophilic attack on the ring ~ x y g e n ~ ' - ~ ~  and sub- 
sequent pelimination (Scheme 9). The enolates are generated at -78 'C in THF by treatment with 
potassium hexamethyldisilazide (lithio bases are less successful) and are reacted and quenched at this 
temperat~re.6~ Products from condensation of the enolate with the generated sulfonimine (40) have been 
observed only where the corresponding base was potassium t-butoxide. Overoxidation is barely notice- 
able. The stereoselectivity of the oxidations is generally good and the yields of a-hydroxy ketones are 
frequently better than those available using MoOPH or molecular oxygen (vide supra); for example (41) 
to (42). and (43) to (44).65 Oxidation of p-dicarbonyl compounds is possible (see Section 2.3.2.2.2.iii). 
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Scheme 9 
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(42) 78% 
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MoOPHLDA 70% OH 

(43) (44) 

Extension of this procedure to provide a means of asymmetric hydroxylation has been the subject of 
more recent attention. Initially oxaziridines bearing a camphor-derived residue at nitrogen, for example 
(45). were c o n ~ i d e r e d . ~ , ~ ~  Relatively low levels of c h i d  induction were achieved6* and a more rigid 
compressed system was sought. Camphorsulfonyloxaziridines (46a and b) were subsequently shown to 
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provide variable although promising enantioselectivities, e.g. (47) to No convincing rationale is 
available, but it has been suggested that the principle determinant lies with the nonbonded, steric interac- 
tions in an open transition ~tate.6~ 

0 

Me (Ph) k Me (Ph) 
+ F %  F 

OH 

0 Me; 77% (69% ee) 

OH [Ph; 88% (95% ee)] 
Ph ),,Me (n) 

(R)  minor (48) (S)rnajor 
(47) 

The relatively recent emergence of this approach to hydroxylation will, no doubt, mature into a well- 
used facility. 

(iv) Miscellaneous 
Preformed enolates are susceptible to further methods of oxygenation. For example treatment with 

LTA in benzene effects a-aceto~ylation~~ at lower temperature and more rapidly than the corresponding 
enol examples. Similarly a-benzoylation using benzoyl peroxide is possible for both lactones7' and p- 
keto e s t e r ~ ~ ~  and presumably could be used for less-activated ketones. 

In some cases, where enolate oxygenation with molecular oxygen failed, it has been reported that 
quenching with 90% hydrogen peroxide allows efficient conversion to the hydroxy ketone, e.g. (49) to 
(50).73 Similarly enolate oxidation with organic peracids is possible (vide infra). a-Hydroxylation via 
preformed enolates comprises one of most synthetically expedient approaches for achieving this transfor- 
mation. 

2.3.2.1.3 Via siIy1 enol ether 

( i )  Peracid 
Perhaps the most convenient and reliable a-hydroxylation procedure involves treatment of the silyl 

enol ether74 of a ketone with organic pera~ids.7~ Initial epoxidation is followed by silyl migration and 
generation of the a-silyloxy ketone, which usually forms the hydroxy ketone directly, by rapid hydro- 
lysis (Scheme lo). That epoxides are indeed the intermediates has been demonstrated by their isolation 
and X-ray chara~terization.~~.~~ The silyl migration may occur by one of two processes involving either 
an oxacarbenium ion (51)77 or a tight ion pair (52).75 Recent work implicates the former?6 The process is 
successful for a range of enol ethers derived from reaction of the enolate with various silylating agents78 
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and for various peracid reagents. The synthetic usefulness is enhanced by the efficient regiocontrol aris- 
ing from selective formation of the kinetic or thermodynamic enol ether.74 

OSiR, 

R \ 
R 

Scheme 10 

Most frequently the reactions are performed by treating the crude silyl enol ether with MCPBA at 
&25 'C in dichloromethane. Solvent effects have been observed. Thus treatment of enol ether (53) with 
MCPBA in ether resulted in isolation of the benzoate (54).79 This was considered to arise as a result of 
the increased nucleophilicity of the residual carboxylic acid in ether over that in dichloromethane. Isola- 
tion of the silyloxy epoxide by an analogous ethereal oxidation77 suggests perhaps that the 1.4-silyl mi- 
gration is intrinsically less facile in this solvent. Generally however the process is efficient and simple 
substrates are readily oxygenated (Scheme 11). 

OSiMe3 
OSiMe, 6 85% 

(Cr202C12 66%) 

?SiMe3 0 

Scheme 11 

Synthetic application includes Paquette's recent application in work directed toward the total synthesis 
of sterpuric acid.76 Exposure of enol ether (55) to peracid provided a single diastereomer of the silyloxy 
compound (56) in good yield. It was from this substrate (55) that the first stable trimethylsilyloxy epox- 
ide was obtained (57) and examined by X-ray crystallography. Sirnilarly stereoselective oxygenation of 
@-keto ester (49) via the corresponding silyl enol ether provided (50). also in 76% yield.80 Lastly effi- 
cient and highly stereoselective a-hydroxylation by this method was employed during studies towards 
the synthesis of helenanolides (58 to 59),81 
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MCPBA DCM Me02C @ 
- ,..' ,..' MeOzC@ ,..' = /  20 "C, 26 h ,.+' 

Ph02S OSiMe, Ph02S f 
0 OSiMe3 PhO2S OSiMe, 76% 

(55) (56) (57) 

( i i j  Singlet oxygen 
Singlet oxygen has been shown to react with silyl enol ethers in two ways (Scheme 12). Firstly a nor- 

mal prototropic ene process may occur in a manner analogous to that with isolated alkenes.82 Secondly a 
silatropic process cleaving the S i 4  bond in a comparable fashion may occur. The latter process gives 
rise to or-oxygenated products. In general, however, where @-protons are available, the prototropic ene 
reaction takes p r e ~ e d e n c e . ~ ~ , ~ ~  Clearly where P-protons are absent the silatropic process is free to run its 
course. Alternatively, where @-protons are present one could conceive of two situations where the sila- 
tropic mode would dominate. The ene process requires the reacting allylic proton to be orthogonal to the 
plane of the carbon-carbon double bond (coplanar with the wsystem).82 Consequently where allylic 
protons are not so arranged and are conformationally restricted from attaining such alignment, the sila- 
tropic process may be favored. Similarly, where the prototropic ene reaction is inhibited through an in- 
crease in strain associated with migration of the alkene the alternative process will again become 
favorable. That such restrictions are important is apparent from the outcome of the sensitized photo- 
oxygenation of silyl enol ether (60).85 The silatropic ene reaction dominates in the presence of an 
'unavailable' p-proton. 

Ph OSiMe, 

lo2, -20 "C 

OSiMe3 

(60) 

OSiMe, 

':%( I - Ph% Prototropic 

62 H 
0. 

35 

Silatropic 

P h k o H  

Scheme 12 

OOSiMe3 0-0 0 

64% 30% 4% 

Clearly then, where examination of substrate conformation suggests poor alignment (or the absence) of 
allylic protons this mild process may well be viable. 
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(iii) .Miscellaneous 
Heathcock has reported an anomalous case of ozonolysis of a silyl enol ether.868 Usually these sub- 

strates undergo facile oxidative cleavage in the same manner as alkenes. However, in this instance the a- 
silyloxy ketone (61) was obtained in quantitative yield. The intermediacy of a silyloxy epoxide was 
suggested. A more recent has indicated that a similar process is competitive with the simple 
cleavage reaction, (63a) versus (63b), in the ozonolysis of the steroidal enol ether (62). 

Oxidation of Activated C 4  Bonds 

0 3  
V MeOWDCM v 

i, 0 3 ,  CHz( 
MeOH 

ii, MI 

Osmium tetroxide-mediated cis hydroxylation of a silyl enol ether has been demonstrated to produce 
the corresponding a-hydroxy ketone in moderate yield after exposure to an acidic work-up,87 e.g. (64) to 
(65). The success of the catalytic procedure88 bodes well for future application and furthermore bears 
some possibilities for asymmetric hydr~xylation.~~ 

i, OsO, cat. 

NMO 
\ .OH 

OSiMe3 (Me),CO/H,O 

ii, H+ 
(65) 59% (64) (or Bu'OH/py/OsO,J 

Lee has reported a-hydroxylation through the action of chromyl chloride, e.g. cycloheptanone 
(Scheme 1 l).w The yields were moderately good and no overoxidation was apparent, although the re- 
agent may be of less synthetic value than more mild procedures. 

The use of Moriarty's hypervalent iodine system (vide supra) has been extended to reaction with silyl 
enol ethers?' In this case a more activated electrophile is required and the reactions are carried out with 
iodosylbenzene in the presence of boron trifluoride etherate. However, yields are only moderate and the 
process seems less useful than the corresponding ketone/enol application. 

One case has been reported9* where simple photolysis of a crude silyl enol ether has generated the a- 
hydroxy derivative (66 to 67). This was considered to arise through coupling of the enol ether with 
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photolytically generated silyloxy radicals derived from residual silicon-containing impurities. The 
presence of benzoyl peroxide, however, failed to provide useful quantities of the a-benzoyloxy ketone. H~ i . M e 3 r , 9 0 ° C  B NJiMe3 H~ 

* 

OH ii, hv, 24 h 

HO 60% HO 
(66) (67) 

Lead(1V) salts will a-oxygenate enol ethers as they do enols (vide supra), although in this case the 
process involves bisoxygenation of the unsaturated linkage and subsequent hydrolysis. For example, the 
combination of lead tetrabenzoate and triethylammonium fluoride at 0-25 'C effects efficient a-benzoyl- 
oxylation, e.g. (68) to (69).93 P,y-Unsaturated ketones are also successfully oxidized, e.g. (70) to (71).w 
The corresponding LTA a-acetoxylations are possible, but the benzoate salt remains the transition metal 
reagent of choice for these s~bs t r a t e s .~~  These reactions appear to be uniformly efficient and perhaps 
deserve wider synthetic application. 

Reagents which effect epoxidation of the enol ether unsaturation effect a-hydroxylation comparable to 
the peracid approach. Thus a combination of molybdenum hexacarbonyl and t-butyl hydroperoxideg5 
converts the substrates to a-silyloxy  derivative^.'^ The peroxide generated in situ from benzonitrile, po- 
tassium carbonate and hydrogen peroxide" can also perform the oxidation?8 Molybdenum-peroxy com- 
plexes, including MoOPH, could presumably also effect this transformation. Lastly, dimethyldioxirane 
has been used to epoxidize alkenes and it is likely that application of this useful, debris free, organic per- 
oxide to these reactions will soon emerge.lS6 

2.3.2.1.4 Via enol acetates and alkyl enol ethers 

(i)  Peracid 
Enol acetates and alkyl enol ethers can be a-hyLoxylated through peracid epoxidation in a process 

analogous to that for silyl enol ethers (vide ,supra). In these cases however the epoxide intermediates are 
more readily isolable. Acetoxy epoxides, from enol acetates, may be rearranged by the action of heat or 
acid?7 Where acid catalyzed, intramolecular rearrangement occurs with retention of configuration at the 
a-center of the acetoxy epoxide (Scheme 13).97398 The thermal rearrangement is thought to involve a 
slightly different mechani~rn.9~ Thus enol acetate (72) produces the a-acetoxy derivative (73) on treat- 
ment with perbenzoic acid in benzene.99 Peracetic acid was less efficient. Numerous other examples are 
available.lW Where dienol acetates are utilized, the product is derived from epoxidation of the more nu- 
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cleophilic, remote unsaruration.lol Both thermodynamic and kinetic enol acerates may be prepared102 (al- 
though with less precision than the silyl equivalent), allowing a useful degree of regiocontrol. 

... or 
H+ 

Scheme 13 

PhCO3H 

OAc PhH, 8.5 50% 30 h "C * QOAc 0 

(72) (73) 

The comparable process for alkyl enol ethers involves participation of solvenfim residual peracidiW or 
waterlo5 in cleaving the initially formed epoxide.IM Thus vinyl ether (74) produces the a-hydroxy deri- 
vative directly,lo5 while (75) provides the dimethoxy acetal. 103b 

Me0 OMe 6 MCPBA * 6 OH 
MeOH 

55% 
(75) 

i, MCPBA, C H 2 Q  
K2C03 

b 

ii, AcOH 

(77) 
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A more complex example is seen in Kishi's tetrodotoxin synthesis.1o7 Enol ether (76) provided the pre- 
cursor to a-acetoxy ketone (77), which was obtained as a single stereoisomer by acetic acid opening of 
the initial ethoxy epoxide. 

(ii) Singlet oxygen 
The discussion outlined above (Section 2.3.2.1.3.ii) for the interaction of singlet oxygen with silyl enol 

ethers is equally relevant here. Thus the oxygenation pathway competes with the n o d  ene reaction. 
The primary work with enol acetateslm displayed solely the prototropic ene reaction generating the 
corresponding enones. Subsequent investigations into the reactions of enol acetates bearing less readily 
available allylic protons revealed the production of a-peroxy ester products derived from a novel acyl 
migration process (in this case an aldehydederived enol acetate was used).lW Once again, where 
possible the normal ene process is dominant, although this in itself could provide an indirect oxygenation 
procedure. For example, if the dominant ene process pivoted on the acetoxy-bearing carbon (Scheme 
14). the so-formed enol acetate (78)lW would allow regeneration of the ketone. 

(78) 

Scheme 14 

In the case of alkyl enol ethers the normal ene process competes with solvent incorporated and 1.2-di- 
oxetane products. Here however the ene process seems to be less inevitable when allylic protons are 
available and the product distribution may be effectively controlled by manipulation of solvent and tem- 
perature combinations.lI0 Best results are nonetheless achieved where the competitive processes are re- 
stricted.ll' Thus enol ether (79) produces hydroxylated dimethoxy acetal (80) via direct incorporation of 
methanol or through reduction of the 1 ,Zdioxetane (81). 

'02, -20 O C  4 OMe 

PPh3 
cc4 4 OMe 

OMe I 

ow 
(79) 'OMe 

' 0 2  

MeOH 
OMe OMe 

Although perhaps not widely applicable, these processes could find useful application in some instan- 
ces. 

(i i i)  Miscellaneous 
Treatment of enol acetates with LTA in acetic acid affords a-acetoxy ketone~."~J'~ For example the 

tetracyclic substrate (82) is converted to the a-acetoxy derivative (83) in 95% yield and provides a step 
in the total synthesis of cyclone~samandione.~~~ Vinyl ethers react similarly, suggesting that alkyl enol 
ethers should follow suit. 

a-Arylsulfonyloxy ketones are formed from enol esters (and to a lesser extent from silyl enol ethers) 
by reaction with arylsulfonyl peroxides' l5*' l6 in methanol at 0 'C. The process involves direct attack on 
the electrophilic peroxy oxygen atoms and the yields are high. 

Reaction of enol acetates with hexamethyldisilyl peroxide in the presence of a Lewis acid (e.g. FeCb, 
SnCL or BFyOEt2) gives moderate yields of a-acetoxy and a-hydroxy ketones.'" A similar transforma- 
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AC -N 

tion is possible for some large ring enols. Osmium tetroxide in pyridine converts alkyl enol ethers to the 
corresponding a-hydroxy ketones106 although the poor yield may be synthetically restrictive. Finally, 
electrochemical acetoxylation of enol acetates occurs in moderate yield.' l8 

Although some of the pmedures encountered in this section are efficient, in general they are kss at- 
tractive than those using the silyl enol ethers. 

23.2.15 Via alternative derivatives 

(i)  Enamines and enamides 
Enamines are readily available ketone derivatives.11g Exposure of these compounds to certain transi- 

tion metal salts has been shown to produce a-oxygenated imines which are rapidly hydrolyzed to their 
ketone counterparts. Thus, for example, morpholino enamines, prepared in situ, are a-acetoxylated on 
treatment with thallium The process is thought to involve either direct nucleophilic extrac- 
tion of an acetate unit or the intermediacy of an organothallium species which subsequently undergoes 
anchimerically assisted intramolecular acetoxy migration to generate the a-acetoxyimine (Scheme 15). 

D 

0 N 

boAc- 
0 

boAc- 
77% 

(from cyclohexanone) 

Scheme 15 

(3 
6.- 

Reaction with LTA in benzene generates the bisacetoxy derivative (84) analogous to the reaction with 
silyl enol ethers. Subsequent collapse of the intermediate is however somewhat dendritic (Scheme 16) 
and consequently of little synthetic value.12' However it is clear from the nature of the alternative pro- 
ducts that enamines possessing no protons at the a-positions could prove to be operable substrates. 

Enamides, derived from ketoximes, provide more useful substrates for this procedure.122 Thus expo- 
sure of the relatively stable enamide (86) to LTA in benzene affords the a-acetoxyimim (89, which can 
be used, if nquired, to regenerate the enamide and repeat the process. Alternatively, hydrolysis would re- 
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C0l N P 1  
U PIN, r.t. 

20 min 
&-.+ 

0 N 

_.... OAc b +  
(W 10% 17% 49% 

Scheme 16 

veal the monoacetoxy ketone, The overall sequence from the ketone, although efficient, is dissuasively 
long. 

AcOH 

Enamines are susceptible to peracid oxidation, presumably through the epoxide, producing the a-hy- 
droxy ketone after hydrolysis. Thus steroidal ketone (88) is converted via the pyrollidino enamine to the 
a-hydroxy derivative (89) in approximately 50% overall yield by treatment of the enamine with MCPBA 
followed by basic work-up.123 Similar conversion of a steroidal enamide to the a-hydroxy ketone using 
monoperphthalic acid has been reported. 

ii, aq. NaOH 

(88) (89) 

The process used in the a-sulfonyloxylation of enol esters (Section 2.3.2.1.4.iii) may be used to regio- 
selectively insert a sulfonyloxy group on morpholino and pymlidino  enamine^.^^^^^^^ Yields of the 
corresponding ketones are high. Similarly reaction of morpholino enamines with benzoyl peroxide 
generates the a-benzoyloxy ketones after acidic work-up, although in variable yield (25-8296)?* A 
single example describes a-hydroxylation of an enamide by ozonolysis and reductive w0rk -u~ ; '~~  the 
steroidal conversion was achieved in remarkable 94% yield. The generality of the approach is unclear. 
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(i i)  Vinyl cyanides 

Vinyl cyanides are readily prepared in single-pot reactions from the corresponding ketones.1u The 
conversion is generally very efficient. Transformation of these substrates to the a-hydroxy ketones may 
be effected in a number of ways. Oxidation with potassium permanganate, although vigorous, provides 
the required hydroxy ketones, even in the presence of further unsaturation, e.g. (90) to (91).lB A more 
recent permanganate-based approach utilizes triphenylmethylphosphonium permanganate at low tem- 
p e r a t ~ r e . ' ~ ~  The yields are acceptable and conditions are such that a reasonable level of functional group 
compatibility is achieved, e.g. (92) to (93). Both processes involve initial formation of a cyclic perman- 
ganic ester analogous to that involved in the oxidation of isolated alkenes by the reagent. Osmium tetrox- 
ide reacts similarly to effect oxygenation.1u Stoichiometric techniques work reasonably well, while the 
catalytic process requires the addition of a cyanide trap, in the form of a second transition metal salt (e.g. 
zinc@) nitrate) to realize the same efficiency, e.g. (94) to (95).I3O Nonetheless the overall sequence pro- 
vides a useful method. 
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PAC OAc 

0 2 O H  ,,+' 

CN 0 
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66% OMe 
DCM, -78 O C  \ 

OMe 

(92) (93) 

CN 

cat. 0 8 0 4  

65% 

6Me 

(i i i)  Vinylsilanes 

Vinylsilanes may be prepared from the corresponding ketones by formation of the hydrazone followed 
by Shapiro reaction, quenching the vinylic anion with c h l ~ r o s i l a n e s . ~ ~ ~ * ~ ~ ~  An equally effective process 
derives the vinylsilane from the vinyl chloride, in turn prepared simply from the ketone.128 The crucial 
oxidative transfomtion may be achieved in two ways. Firstly, ozonolysis in dichloromethane/methal 
at approximately 0 'C followed by reductive work-up affords the a-hydroxy ketone, e.g. (96) to (97). viu 
the intermediates (98) and (99). The outcome of the reaction varies with the solvent and work-up condi- 
tions, but using the combination indicated, good yields of the desired products are available. 

Alternatively if an alkoxysilane is used, a second oxidation method is appli~ab1e.l~~ Thus epoxidation 
of the vinylsilane (100) and oxidative cleavage of the crude silyl epoxide (101) provides a good yield of 
the product (102). The conversion (101) to (102) involves peroxidation of the silylalkoxy group and con- 
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i, 03, MeOH/DCM 

ii, Me2S 

(97) 73% 

sequent oxiranyl migration. Fluoride-induced fragmentation then reveals (102). The process is ineffec- 
tive for trialkylsilanes. 

SiMe2(OEt) SiMe,(OEt) 

CYoH i, MCPBA, DCM ii, H202, KHF2 

KHCO3 

(102) 74% 
5h,O"C - ' MeO"HF - 

(101) 3 h, r.t. 

0 
(100) 

(iv) Vinyl sulfides 
Vinyl sulfides are readily prepared directly from the k e t ~ n e l ~ . ' ~ ~  in good yield. Exposure of these 

derivatives to a single equivalent of ozone provides the hydroxylated, alkene-migrated vinyl sulfide, 
(103) to (104), which may be hydrolyzed to the a-hydroxy ketone. Epoxy sulfide (105) is instrumental in 
the conversion, although alternative epoxidation methods fail to epoxidize without oxidizing at sulfur. It 
could prove possible however to a-oxygenate through the derived epoxy sulfones in a manner reported 
to wcur to generate a-hydroxy aldehydes.13, 

LTA reacts with enol sulfides,133 to produce thionium ions, e.g. (M), and thence allylic acetates (107) 
or bisacetoxylated products (108), in good yields. Presumably either of these compounds could be hydro- 
lyzed to the u-acetoxy ketone. 6 LTA Ph QOAc \s+ php &.Ac 

___) - and/or 

But But But But 
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23.2.2 gf3-Unsaturated Ketones: s$ Center 

Oxidation of Activated C-H Bonds 

23.2.2.1 Directly from ketonelenol 

( i )  Transition metal salts 
The majority of procedures outlined in Section 2.3.2.1 are applicable to these substrates throu @ cam- 

parable mechanisms. Thus LTA played a dual role in the total synthesis of pyroangolensolide;l firstly 
a’-acetoxylation (109) and subsequently carbon-carbon bond cleavage (110). Numerous other examples 
of this process are available, e.g. (111)8’b and (l12).’35J408 In some cases, however, a-oxidation (rather 
than a’-oxidation), occurs with alkene deconjugation, although this may in some cases be circumvented 
by using an alternative reagent (compare refs. 136 and 137). The a’-oxidation product is generally 
formed regardless of enol distrib~tion.’~~ 

i, LTA, PhH 

ii, KzC03, MeOH 
74% 

LTA 

AcOH, H2O 
93% 

OH 

LTA, PhH 
L 

U 
4 1  

Bu’O BU’U OAC 0 

0 0 

Manganese triacetate has been specifically reported as a reagent for ~t’-oxidation.*~~ Mechanistic dual- 
ism analogous to LTA (vide supra) is observed, although the radical process may be more dominant. 
Watt and coworkers used this technique during the synthesis of quassinoids.la Enone (113) was con- 

I 
(113) 

I 
(114) 
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verted in high yield to the acetoxy derivative (114). Despite the potentially radical nature of the reaction, 
the alkyl iodide (primary, but a-keto) remained intact. That radicals were indeed involved was demon- 
strated in this system by intramolecular a'-oxygenation; a direct result of trapping of the a'-keto radical 
by a suitably positioned alcohol (115 to 116). 

0 

PhH, 80 "C 

I foBz 

' U ' a p J  - -  011 
0 

a'-Acetoxylation of 2,3dihydro-4-pyrones, e.g. (117), with this reagent proceeded in moderate yield 
under similar conditions to give stereochemically pure products. 

( i i )  Miscellaneous 
Where the dienol form of an a$-unsaturated ketone is available, autoxidation giving the &'-hydroxy 

ketone through the a'-hydroperoxide is possible, as seen for saturated ketones (see Section 2.3.2.1.l.iii). 
Benzeneseleninic anhydride (see Section 2.3.2.1.1 .iv) effects a'-hydroxylation at tertiary centers, e.g. 
(118) to (119), again in the same manner as for saturated ketones.36b 

o p O b  BSA, PhMe - 0. 

' 0  
(-0 

reflux, 24 h 
57% C J y ,  1 

2.3.2.2.2 Via preformed enohte 

(i) Molecular oxygen 
These substrates are as readily susceptible to hydroxylation as saturated ketones (Section 2.3.2.1.24. 

Thus enone (120) was oxygenated via the corresponding sodium en01ate.l~~ Exposure to oxygen and in 
situ reductive work-up provided (121) in moderate yield during the synthesis of (f)-deoxyaspidodisper- 
mine. Similarly (f)-kjellmanianone (123) was prepared through oxygenation of the potassium enolate of 
the corresponding deoxy substrate (122). The enolate was derived by the action of a less orthodox 
base.143 

(ii) Molybdenum peroxy complexes 
MoOPH may be used to a'-hydroxylate lithium enolates of a$-unsaturated ketones (cf. Section 

2.3.2.1.2.ii), although the conversion is less efficient than the equivalent process with saturated sub- 
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0 0 

* 
KF, 18-crown-6 

02. DMSO, P(OEt)3 

strates. By-products formed by aldol condensation of the a'-hydroxy enone with unreacted enolate are 
more significant here and inverse addition of the enolate to MoOPH is required in order to achieve 
usable yieldsaS2 Thus enone (124) gives alcohol (125) in 52% yield. This particular example also suffers 
the handicap of being a less favorable methyl ketone substrate (vide supra) and the reasonable yield 
bears testimony to the ameliorating effects of inverse addition. 

Me0 do ;;* Me0 do 
(1%) (125) 

(iii) 2-Sulfonyloxaziridines 
Although few examples of the oxidation of a,@-unsaturated ketones with these recently established re- 

agents (Section 2.3.2.1.2.iii) have been reported, the application is clearly plausible. The use of a chiral 
camphor-derived oxaziridine to effect this process has been Thus (+)-kjellmanionone (123) 
was prepared by treatment of the precursor (122) with oxaziridine (45) in THF at -78 'C. Although the 
yield in this case was only moderate, it would be unwise to generalize at this stage. 

(iv) Miscellaneous 
Racemic kjellmanionone (123) has also been prepared by direct oxidation of the potassium enolate of 

the ketone (122) with MCPBA6' and, if general, this would represent a convenient procedure. Oxidation 
of ketones with benzoyl peroxide is of no synthetic value (vide supra), but the process becomes useful if 
enolates are employed. Treatment of enone (126) with LDA in THF at 0 'C followed by quenching with 

HO OBz 

I, LDA, THF 

ii, (PhCOO)2, -10 'C 
50% 



Oxidation Adjacent to C d  Bonds by Hydroxylation Methods 177 

benzoyl peroxide at -10 'C produced hydroxy ketone (127).'& The initial product, the a'-benzoyloxy ke- 
tone, is rapidly hydrolyzed. In this case the use of MoOPH was unsuccessful. 

It has not been established whether enone-derived enolates are oxidized by LTA (cf. Section 
2.3.2.1.2.iv), but the success of such a process seems likely. 

23.2.23 Via silyl dienol ethers 

( i )  Peracid 
Silyl dienol ethers are readily a~ailable.7~ a'-Hydroxylation through the action of peracids is facile 

(see Section 2.3.2.1.3.i).14s.146 Hence treatment of simple dienol ether (128) with MCPBA followed by 
fluoride-induced fragmentation of the unisolated epoxides gives a'-hydroxy ketone (130) or, in the case 
of (129), in the presence of acetylating agents, a'-acetoxy ketone (131). Oxidation of more adventurous 
substrates has been achieved. Thus, for example, dienol ether (132) gives the a'-hydroxy derivatives in 
75% yield through the same process, although in this case with poor stereoc~ntrol.'~~ The tricyclic sub- 
strate (133) is similarly oxidized, albeit in surprisingly low yield. 

i, MCPBA 

ii, Et3"F. DCM 
87% 

OSiMe3 0 

89% 

MCPBA c q A >  '%, ,*,,< OSiButMez 

'I,, 
75% 0 "0, 

HO / "' 
ButMezSiO (132) 

2: 1 mixture of diastereoisomers; major 
isomer isolated as cyclic ether 

OBz OH OBz 

Me3SiO& i. MCPBA 

(ii) Singlet oxygen 
While the reaction of singlet oxygen with silyl enol ethers was governed by competing prototropic and 

silatropic ene processes (see Section 2.3.2.1.3.ii), the interaction with dienol ethers displays a different 
mode of reactivity. Singlet oxygen generated from triphenyl phosphite ozonide at low temperature 
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undergoes a [4 + 21 cycloaddition with the diene unit.82 Reductive cleavage of the so-formed endoperox- 
ide and dehydrative reconstitution of the enone generates the a'-hydroxy enone (Scheme 17).14 

OSiMe3 i, O 

0 
DCM, -78 'C 

* 

Ph,P: :O 

ii, PPh3 Me3SiO 

69% 
Scheme 17 

The technique has been applied to the total synthesis of (f)-oxylubimin (134) through hydroxylation of 
dienol ether (135).14 The stereoselectivity is good, particularly when compared to the equivalent selecti- 
vities obtained using MCPBA, MoOPH or manganese triacetate. 

* 
DCM, -50 "C ,/" ""THO 

ii, TPP 
71% 

8: 1 

The procedure is mild and reasonably efficient and may therefore find further synthetic use. One might 
although also expect that photosensitized preparation of the singlet oxygen would be equally 

this remains to be shown. 

(iii) Miscellaneous 
Other reagents have been utilized for this transformation. For example, lead tetrabenzoate (cf. Section 

2.3.2.1.3.iii) provides the corresponding a'-benzoyloxy enones when combined with fluoride-induced 
hydrolysis of (136) and (137).149 However, success is restricted to acyclic ketones. Where cyclic dienol 
ethers are employed, products derived from a-oxidation are 0btair1ed.l~~ 

(136) 54% 

Finally, a radical-induced a'-hydroxylation has been achieved using anhydrous t-butyl hydroperoxide 
in the presence of a copper(1) chloride catalyst at 50 'C in benzene,I5O but it is a relatively low yielding 
process. 

233.2.4 Via other derivaa'ves 

While enol acetates from saturated ketones were useful a-oxygenation substrates, the corresponding 
dienol acetates are not. The relatively electron-deficient alkene bearing the acetoxy group is less attrac- 
tive to electrophilic oxygenating agents than the unsubstituted double bond. Thus, for example, peracid 
treatment leads to epoxidation of the unfunctionalized alkene.Is1 However, it would seem likely that re- 
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actions in basic media, which could initially hydrolyze the enol acetate, could be effective. Conversely 
the electron-rich alkyl enol ether should allow &'-oxidation of the dienol equivalent by electrophilic re- 
agents (see Section 2.3.2.1.4 and cf. Section 2.3.2.1.3), although possibly complicated by skeletal cleav- 
age.15* By the same token enamine and ketoxime substrates should be effective (see Section 2.3.2.1.5). 

MCPBA 

R' 

' 0 2  

R PR - R" N'' 

Scheme 18 

Vinyl cyanides may be useful derivatives since permanganate-induced a-hydroxylation in the presence 
of alkenes has been demonstrated, e.g. (90) to (91). Oxygenation of a,&unsaturated vinylsilanes and sul- 
fides using the previously described procedures would not be successful (Sections 2.3.2.1.5.iii and 
2.3.2.1 S.iv). However a singlet oxygen cycloaddition process (cf. Section 2.3.2.2.3.iil followed by 
eliminative hydrolysis, could provide a usable, although lengthy, approach (Scheme 18). 

23.23 a,@Unsaturated Ketones: 8 3  Center 

The overall sequence could be realized by 1,4-addition of a nucleophile to the enone and subsequent 
quenching at the a-position followed by p-elimination of the initial nucleophilic component. lS2 Such 
multistep processes will not be discussed here. However direct hydroxylation methods are scarce. Mo- 
riarty has reported that a,@-unsaturated ketones are oxidized by phenyliodosyldiacetate at the a-site in 
preference to the a'-position, e.g. (138) to (139),lS3 although no yield has been indicated. There is no 
available mechanistic rationale, although the intermediacy of the a,&epoxide is precluded. 

/-& :::EH- 
(138) (139) 

Clearly there is little precedence for this direct procedure and the development of an efficient and re- 
liable method is required. 

23.2.4 Esters and Lactones 

Much of the preceding discussion concerning the a-hydroxylation of ketones is relevant for ester and 
lactone substrates. Many examples have featured &keto esters and these are clearly relevant. Reference 
should be made to these sections. 

2.3.2.4.1 Directly from enol form 

( i )  Hypervalent iodine reagents 
The procedure developed by Moriarty .,r the a-hydroxylation of ketones using iodosylbenzene or its 

diacetate has been extended for use with esters.Is4 Thus treatment of methyl or ethyl esters with iodosyl- 
benzene diacetate in a two-phase system (benzene/aqueous KOH) generates the a-hydroxy acid, while 
reaction in methanol in the presence of sodium methoxide provides the a-methoxy ester, (Scheme 19). 
Oxidation of the free acid was unsuccessful (Section 2.3.2.6). Both variations proceed in similar, moder- 
ately good yields, in a fashion mechanistically analogous to the reaction with ketones. 

Similarly the a-mesyloxy esters are available by reaction with Koser's reagent.31b Neither of these 
studies addressed the question of stereoselectivity. 
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Scheme 19 

(ii) Miscellaneous 

peroxy ester reaction have been recorded (see Section 2.3.2.1.l.i~). 
A number of enol oxidations of f3-keto esters utilizing, for example, peracid, singlet oxygen or the 

233.4.2 Via preformed enolate 

( i )  Molecular oxygen 
Electrophilic consumption of the enolates of esters and lactones is the most widely used pracess for ef- 

fecting the a-hydroxylation. In analogy with the ketone series some of the earliest procedures employed 
molecular oxygen in combination with a suitable reducing agent. In this manner Corey produced hy- 
droxy ester (140) during studies in the prostaglandin area.ls5 Treatment of a lithio enolate with molecular 
oxygen at -78 'C and in situ reduction with triethyl phosphite gave a good yield of the required product, 
although with only minimal stereoselectivity. The oxidation of this substrate demonstrates a workable 
procedure but, as other studies have shown,156 oxidation at nontertiary centers by a similar procedure are 
generally not useful. a-Hydroxylation of the extended enolates of enoate substrates, reducing with tin(I1) 
chloride, has also been demon~trated.'~' 

B n O Y  

RO AO 

89% 2:l exo:endo 

(140) 

These methods have been somewhat superseded by the introduction of specific hydroxylating reagents 
(vide infra). 

(ii) Molybdenum peroxy complexes 
Reaction of lactone or ester enolates with MoOPH (see Section 2.3.2.1.2.ii) produces the a-hydroxy 

derivative in high yield.s2 They appear to be better substrates than ketones, reacting at lower tempcra- 
tures and with generally greater efficiency. The use of lower temperatures suggests an ameliorating ef- 
fect on stemselectivity. An interesting example (141) to (142)lS8 cites interaction of the enolate 
countenon with a pendant trifluoromethyl group as providing the source of the stereochemical bias in a 
typically efficient oxidation. The benefit of this procedure over the simple molecular oxygen approach, 
in terms of stereoselectivity, is illustrated in the oxidation of the lactone (l&).lS9 A similar comparison 
of lactone enolate oxidation between MoOPH and 2-sulfonyloxaziridines has, however, suggested that 
better selectivity is achieved with the latter reagent (vide infra). 

Taking stereoselectivity a stage further, MoOPH has been successfully employed in the enantioselec- 
tive oxidation of esters bearing an enolate face discriminating chiral auxillary.160 Thus exposure of the 
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OH 

ii, MoOPH CF3 CF3 
75% 

CF3 
(141) 97:3 

(142) 
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i, Li base 

ii, MoOPH 

OTr 
90% 10% 

0 

(ii, 0 2  50% 50%) 
(143) 

potassium enolate of ester (144) to MoOPH at ea. -50 "C delivers the a-hydroxy ester with a high level 
of diastereoselection. The process is independent of asymmetry at the adjacent carbon atom, but fails for 
oxidation of tertiary positions. Either diastereomer is available by appropriate selection of the (a- or (a- 
enolate. Basic hydrolysis of the diastereomeric products produces the enantiomeric a-hydroxy acids 
without racemization. 

OH OH 
2 KN(Me3Si)2 

8 KOBu* R*O*R + R * O r R  

0 0 THF, -50 to -30 O C  

from 955 
0 MoOPH 

(144) Ar = 2,4,6-Me3C6H2 to 99:l 

(iii j 2-Sulfonyloxaziridines 
Recent introduction of these reagents as a source of 'electrophilic oxygen' for a variety of oxidative 

processes was extended to the a-hydroxylation of ketone enolates (Section 2.4.2.1.2.iii), and, at the same 
time, to the analogous esterjactone oxidations. 

contrasting this oxidation with that of MoOPH indicated a markedly improved 
yield and stereoselectivity (Scheme 20). Although undoubtedly a valid example, the distinction is unlike- 
ly to be so universally clear cut and both of these valuable reagents will be useful in synthetic applica- 
tion. 

A comparative 

O 8  0 
- 
H 

O?.& H 0 + 

0 

j i& H 0 

LDA/MoOPH 15% 75 25 
LHMDW 
oxaziridine 62% 100 
KHMDS/ 
oxaziridine 91% 100 

0 

0 

Scheme 20 
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A recent display of such potential may be seen in Corey's excellent synthesis of (f)-Ginkgolide B. 
Oxidation of the lithio enolate of lactone (145) provided the alcoholic derivative in, presumably, good 
yield and with a high degree of stereocontrol. 

(iv) Miscellaneous 
a-Oxidation of the dienolate of dienoate systems through the intervention of benzoyl peroxide at low 

temperature has been demonstrated to be an efficient method for introducing an a-benzoyloxy substi- 
tuent.I5' The procedure appears to have drawn little attention despite its obvious effectiveness. 

23.2.4.3 Via silyl ketene acetals 

( i )  Peracid 
In a manner exactly analogous to the a-hydroxylation of ketone silyl enol ethers (Sections 2.3.2.1.3.i 

and 2.3.2.2.3.i) the corresponding ester silyl ketene acetals may be epoxidized by peracid and sub- 
sequently cleaved with fluoride to reveal the a-hydroxy ester.162 Yields are good if hexanes are em- 
ployed as solvent, while competing hydrolysis hampers the process in other media. The equivalent 
lactone hydroxylations are, however, not possible since hydrolysis is the dominant process even in hex- 
ane. This solvent limitation may prove restrictive to the widespread use of this technique. 

(ii) Singlet oxygen 
One report has indicated the potential of this mild reagent for a-oxidation of silyl ketene acetals.*63 

Once again the usefulness is restricted by competition between the required silatropic ene process and 
the prototropic ene reaction giving rise to the enoate. For substrates lacking @-protons the a-hydroperoxy 
ester is readily obtained in good yield. In one case where @-protons were present (methyl group) an 80% 
yield of the silatropic product was obtained by carefully optimizing the reaction conditions. This may not 
however always be possible. 

( i i i )  Transition metal salts 
a-Acetoxylation and a-benzoylation of esters and lactones via their ketene acetals may be achieved 

using the appropriate lead(1V) salt.'@ Thus good yields of the acyloxy lactones (146) were obtained after 
fluoride treatment of the crude 'ortho ester' (cf. Section 2.3.2.1.3.iii). Although no information pertinent 
to the stereoselectivity was available here, subsequent studies have demonstrated that introduction of a 
steric bias can be fruitful. Oxidation of the ketene acetals of esters bearing camphor-derived auxiliaries 
produced the acetoxylated derivatives with a high degree of diastereoselectivity (Scheme 2 l).165 Chemi- 

- R * o d o A r  
I ii, Et3NHF 

OSiMe, 554790  

II ---- 
0 

(>97:3) 

Scheme 21 
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OSiMe3 

Et3NHF* c'4pocoL 
R = M e  82% (146) 
R = P h  78% 

- 0 ; g R  CH2C12 or PhH 

Pb(OCOR)4 

( Y O S i M e 3  

cal yields are somewhat lower than for simple substrates. Either antipode of the auxiliary may be used 
with equally good results and effective, nonracemizing hydrolysis procedures have been secured. 

23.25 Amides and Lactams 

2.3.2.5.1 Via preformed enolates 

(i) Molecular oxygen 
Just as ketones and esters may be derivatized by the action of molecular oxygen on the corresponding 

enolates, the same is true of amides. Generation of the lithio enolate (clearly not as facile as the previous 
substrates) and quenching with oxygen produce the a-hydroperoxyamide, which after in situ reduction, 
(P(OEt)3).'% or reductive work-up, (NaHS03),156 gives good yields of the required material. 

Stereoselective oxidation is possible. A notable synthetic example involved hydroxylation of lactam 
(147) to produce a single diastereomer of the functionalized isoindoline - an intermediate required dur- 
ing work related to the cytochalasins.'% It should be noted that in all the amide enolate examples the ter- 
tiary amide is utilized. 

(ii) Molybdenum peroxy complexes 
MoOPH (Section 2.3.2.1.2.ii)52 may be a suitable reagent for lactam enolate hydroxylation. This is 

suggested by the oxidation of lactam (148).16' Clearly the label 'enolate' is not strictly applicable to the 
bridgehead carbanion and it is likely that more forcing conditions would be necessary for genuine enol- 
ate hydroxylations. It is not clear whether N-oxidation would then emerge as a source of problems. 

A A 
i, Bu'Li, THF, -78 "C 

ii, MoOPH 
62% 

OSiBu'Me2 OSiBu'Me2 

(iii) 2-Sulfonyloxaziridines 
Hydroxylation of amide and lactam enolates using Davis' reagents (Section 2.3.2.1.2.iii) occurs read- 

ily at low temperature. The process can be highly stereoselective and is viable for oxidation of both sec- 
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ondary and tertiary positions (presumably also primary). Thus hydroxy lactam (150) is obtained as the 
sole diastereomerla after exposure of the lithio enolate of the lactam (149) to the oxidant at -78 'C. 

i, LHMDS HO., 
THF, -78 'C 

O N  3 C ) I C 0 2 B e  N 
ii, TosN(0)CHF'h 

61% 

I 
BOC 

(150) 

Futhermore the reagent has proven valuable for asymmetric hydroxylation of face-discriminating 
amide and oxazolidinone enolates. Davis has shown169 that oxidation of secondary centers via the enol- 
ate derived from chiral pyrrolidinoamide ( M a )  provides the hydroxylated derivative in high yield (93- 
96%) and with excellent diastereoselection in either direction. The equivalent processes with 
methoxymethylpyrrolidine (15lb) were of little value. This latter point contrasts with later studies con- 
cerning similar oxidations at tertiary centers.170 Utilizing the chiral oxaziridines (46a) and ( a b )  and the 
methoxymethylpyrrolidinoamide (152). the corresponding tertiary alcohols were generated with good 
diastereoselection, although a little less efficiently than secondary alcohol products. Nonetheless the pro- 
cess represents the highest level of asymmetric induction of any electrophile from chiral, acyclic, tetra- 
substituted enolates. 

RO RO RO 1 ) 
i, base, -78 OC to r.t. 

ii, oxaziridine 
- R',,, OH 9 + HO, 

0 
P h 5  -78 'C to r.t. 

0 0 

(151) 

(152) 

a: R = H; R1 = H 
b: R = Me; R1 = H 

R = Me; R1 = Me LDARHF 96% 2:98 
NaHMDS/"HF 93% 96:4 

Similar high levels of asymmetric induction using the oxazolidinone methodology developed by Evans 
have been 0b~erved . l~~ In contrast to Davis' observations with amides169.170 the sodium enolates were 
preferred in these cases, allowing diastereomeric ratios in the range 90: 10-99: 1 to be realized (Scheme 
22). 

i, NaHMDS 

~ R 1 q  xc 
RIJ 1 RIJ a THF, -78 "C 

N 

OH ii, PhS02N(O)CHPh 3 
H h  Or R 

R = Pri or PhCH2- diastereomeric ratio 
90: 10 to 99: 1 

Scheme 22 

The methodology was extended to show chemoselective hydroxylation (imide over ester) and a-hy- 
droxylation of extended enolates. It also provided support for a stepwise mechanism (see Section 
2.3.2.1.2.5) involving a counterion dependent equilibrium. 

(iv) Miscellaneous 

dibenzoyl peroxydicarbonate as the electrophilic spouse. 
Hydroxylation of face-differentiated oxazolidinone enolates (vide supra) has also been enacted using 

Initial production of the a-benzyl carbonate 
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(with analogously impressive diasereoselectivity) may be followed by facile hydrolysis to give essen- 
tially enantiomerically pure a-hydroxy esters. 

23.2.6 Carboxylic Acids 

23.2.6.1 Via enol form 

Direct treatment of a free acid with thallium triacetate provides the a-acetoxy acids via intramolecular 
reductive rearrangement of the derived thallium en01ate.l~~ Only simple acids have been used and the 
necessity to use a large excess of the substrate acid limits the synthetic usefulness of the procedure. 

23.2.6.2 Via pmfomed enolate dianwn 

A number of related procedures for this oxidation exist. Initially they were performed by bubbling air 
through solutions of the en01ate,l~~ but were subsequently improved by using oxygen or ethereal solu- 
tions of 0~ygen.l'~ Reduction of the primary products (a-hydroperoxides) may be effected in situ or dur- 
ing work-up (see Section 2.3.2.5.1 .i). 

23.2.63 Via bis-silyl ketene acetals 

(i) Peracid 
These derivatives of carboxylic acids behave analogously to ester silyl ketene acetals (Section 

2.3.2.4.3.i). Thus treatment with peracid in hexane followed by acidic work-up allows isolation of good 
yields of the a-hydroxy acids.176 

(ii) Singlet oggen 
Bis-silyl ketene acetals devoid of P-protons undergo a clean silatropic ene reaction with singlet oxygen 

(see Sections 2.3.2.1.3.ii and 2.3.2.4.3.ii) to generate the a-silylperoxy silyl ester q~antitative1y.l~~ Treat- 
ment with methanol affords the a-hydroperoxy acid, also quantitatively (Scheme 23). Hydrogenation 
over platinum reveals the a-hydroxy acid, once again, quantitatively. Despite this encouragement the 
substrate limitation is severe. 

OSiMe, 

dOSiMe3 

B u l G  OH 
OH 

' 0 2  0 

OOSiMe, 

0 

But \r OH 
OOH 

w H 2  

100% 

c__ 

Scheme 23 
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23.2.7 Aldehydes 

Few methods for the a-hydroxylation of aldehydes are available. This is a reflection of their notorious 
instability towards polymerization and rearrangement to a-hydroxy ketones. All the useful procedures 
generate protected a-hydroxy aldehydes. 

Exposure of the silyl enol ethers of aldehydes to peracid in dichloromethane, followed by treatment of 
the intermediate masked hydroxy aldehyde (cf. (53) to (54); Section 2.3.2.1.3.i) with acetic anhydride 
and triethylamine, allows isolation of the product a-acetoxy aldehydes in moderate yield.178 Similarly 
treatment of the silyl enol ethers with LTA in acetic acid containing potassium acetate effects the same 
transformation.179 

An indirect, although very valuable method provides a means of preparing optically active a-hydroxy 
aldehydes from the aldehyde-derived hydrazones (see Section 2.3.3.2). 

Oxidation of Activated C 4  Bonds 

233 HYDROXYLATION CY TO C-N 

233.1 Oxime Acetates and Nitrones 

House has reportedlW that a-acetoxy ketones are available through 3,3-sigmatropic rearrangement of 
enamines derived from oxime acetates. Thus treatment of an oxime acetate with trimethyloxonium tetra- 
fluoroborate generates the corresponding iminium salt (153) which, in the presence of triethylamine, 
rapidly isomerizes to the enamine. This in turn equally rapidly rearranges to the a-acetoxyimine (154) 
from which the corresponding ketone is recovered by acidic hydrolysis. The regioselectivity of the ace- 
toxylation is dependent on the position of the enamine unsaturation rather than the original stereochem- 
istry of the oxime. 

Q O A c z  0 QOAC N 

Me' 
major product 

50% 

An identical rearrangement can be arrived at through acylation of N-methyl nitrones,lsl conveniently 
prepared ftom the ketone (155 to 156), although the process is apparently restricted to cyclic substrates. 
Finally a similar one-pot procedure for conversion of ketoximes to a-acetoxy ketones under the condi- 
tions shown (157 to US), allows the transformation to be carried out simply and efficiently.lS2 In this 
case rearrangement produces a-acyloxyenimides, whose hydrolysis provides the keto equivalent. 

59% (156) 
R = B U ~  
n = l  
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23.3.2 Ketoximes and Hydrazones 

Oxygenation of the dianion of a k e t o ~ i m e ~ ~ ~ . ~ ~  by MoOPH (cf. Section 2.3.2.1.2) provides a-hydroxy 
ketones after hydrolysis, albeit in relatively low yield. The equivalent process for hydrazones was unsuc- 
essful?* although it appears that this was a problem associated with manipulation of the products rather 
than an intrinsic failure of reaction. Indeed subsequent work with hydrazone anions has shown that the 
process is viable. 

0 
5 O B n  

296% ee 
w;wv/ R2 

R3 R3 i, ii 

R l T  - Rl %OH 

R2 R2 

R’ 

R2 

8 9 2 9 6 %  ee 

i, LDA, THF, 0 OC; ii. oxaziridine; iii, NaH, BnCl; iv, 0 3  ; v, AczO, Dh4AP 

Scheme 24 

Enders and coworkers have shown that deprotonation of chiral S M / R A M P  hydrazones (or their 
substituted analogs) derived from ketones or aldehydes, followed by reaction with Davis’ oxaziridine re- 
agent provides the a-hydroxy hydrazones in moderate yield but with high diastereo~electivity.’~~ Direct 
unmasking or protection followed by unmasking provides the corresponding a-hydroxy ketones or alde- 
hydes respectively (Scheme 24). Both antipodes of the hydroxylated compounds are available by appro- 
priate choice of (S)- or (R)-proline-derived auxiliaries. The direction of induction is predictable, if not 
wholly uniform (R3 substitution alters the a-stereochemistry for aldehyde hydrazones). The process 
clearly provides a valuable approach to both systems. 
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2.4.1 INTRODUCTION 

In this chapter oxidation of an activated C-H bond adjacent to a sulfur atom refers to any process 
whereby a C-H bond at the a-position of an alkyl sulfide is replaced by a C-X bond, where X is a hal- 
ogen atom or an oxygen-, nitrogen-, carbon-, or sulfur-based substituent (equation l). Processes in which 
a stabilized anion is generated adjacent to the sulfur atom of a sulfide, sulfoxide or sulfone and sub- 
sequently used as a nucleophile in addition or substitution reactions are excluded from this section. The 
use of such anions in organic synthesis is dealt with in Volume 1, Chapter 2.3. 

R'S R'S 

R3 R3 
R ~ + H  - R ~ + X  

Conventional oxidants are little used for bringing about the functionalization reactions encompassed 
by equation (l), largely because of the ease with which oxidation occurs at the sulfur atom producing 
sulfoxides and sulfones. Nevertheless, the oxidation of sulfide to sulfoxide is very significant within the 
context of equation (1) since it provides the first stage of a valuable two-stage route from sulfides to CY- 

functionalized sulfides. The second stage, involving reduction of the sulfoxide group with concomitant 
oxidation of the a-carbon atom, is often referred to as the Pummerer rearrangement. It is in fact one of 
two closely related processes by which the oxidation in equation (1) can most readily be accomplished. 
The second is ionic halogenation, in practice predominantly chlorination (Scheme 1). These two func- 
tionalization procedures have been in widespread use for many years, reflecting the very considerable 
utility of the reaction products as intermediates in organic synthesis (vide infra). 
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R’S - R2-&X 
halogenation 

R3 ‘ R3 ’ 

R 3  

Scheme 1 

2.4.2 THE PUMMERER REARRANGEMENT 

In the early 1900s Pummerer observed that exposure of phenylsulfinylacetic acid (1) to either acetic 
acid or dilute sulfuric acid led to the formation of benzenethiol, glyoxylic acid and bis(thiophen- 
oxy)acetic acid (equation 2).l Smythe, in the same year, found that dibenzyl sulfoxide in hot hydro- 
chloric acid behaved rather similarly, producing phenylmethanethiol and benzaldehyde (equation 3).2 
Pummerer’s study also contained the observation that exposure of the ethyl ester of acid (1) to hot acetic 
anhydride furnished the a-acetoxy sulfide shown in equation (4). These three reactions all contain the 
elements of a transformation which later was to become known as the Pummerer rearrangement. In equa- 
tions (2) and (3) rearrangement produces unstable intermediates from which the products isolated are 
derived, whereas the rearrangement in equation (4) yields a stable product whose structure more clearly 
typifies the essential features of the reaction, namely reduction of the sulfoxide to sulfide with concomi- 
tant oxidation of the a-carbon atom. Originally, the term ‘Pummerer rearrangement’ was used to de- 
scribe oxidation in the literal sense of replacement of an a-C-H bond by an oxygenated group. 
However, many later applications were to involve functionalization with carbon-, nitrogen-, sulfur- and 
halogen-based groups. Furthermore, the realization that Pummerer rearrangements can be brought about 
intramolecularly has proved especially effective in carbocyclic and heterocyclic synthesis. 

PhS 

PhS 

0 
I1 

ph0S-C4H - PhSH + OHC-CO2H + >-COzH (2) 

(1) 

0 
II 

Ph,,S,,Ph - Ph-SH + PhCHO (3) 

0 OAc 

PhS hC02Et 
(4) 

Use of the Pummerer reanangement to produce a-functionalized sulfides presupposes access to sulf- 
oxides from sulfides. Fortunately, many alkyl sulfides can be synthesized from readily available com- 
pounds and several reliable methods exist for their efficient conversion to sulfoxides. The latter include 
the use of (with respective examples in equations 5-9) m-chloroperbenzoic acid? monoperphthalic acid 
magnesium salt? sodium periodate? hydrogen peroxide6 and t-butyl hypochlorite? Details of the use of 
these and other less common oxidants are available in Volume 7, Chapter 6.2. Madesclaire’s recent ex- 
tensive compilation of oxidants is also available.* Enzymic methods include the use of chloroperoxidase 
to catalyze oxygen transfer to sulfides? @-Keto sulfoxides are particularly useful substrates for Pum- 
merer rearrangement. Reaction can be brought about under very mild conditions and the presence of the 
@-keto group ensures the regioselectivity of the group transfer. @-Keto sulfoxides are readily available 
from methyl esters and dimethyl sulfoxide in the presence of base.l0 

Electrophilic reagents capable of bringing about Pummerer rearrangement include inorganic and or- 
ganic acids, carboxylic anhydrides, acyl halides, isocyanates, carbodiimides, trimethylsilyl halides and 
triflate, sulfonyl and sulfenyl halides, phosphorus pentoxide and many typical Lewis acids such as boron 
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I I 

MCPBA, CH2C12,O OC 
I 

O y N . M e  

PhS ' 
87% I 

Ph 's oyN.Me 
-0 MPTMS, EtOH, HzO, 50 OC 

100% S 
6 

0 

D 
Bu'OCI, MeOH 

70% 
(9) 

trifluoride, boron trichloride, silicon tetrachloride, phosphorus pentachloride and phosphorus oxy- 
chloride. Of these, carboxylic anhydrides are probably the most serviceable in synthetic procedures. 

The generally accepted mechanism of the Pummerer rearrangement is one in which there is an initial 
attack on the sulfoxide oxygen atom by an electrophilic species, e.g. protonation or acylation. The latter 
process with methyl phenyl sulfoxide as the substrate is used in Scheme 2 to illustrate the likely mechan- 
istic details. Acylation is followed by proton abstraction by a base (which in this case is the conjugate of 
the electrophile, though it need not be) from the a-carbon atom of the sulfoxide to forn an ylide, which 
rapidly eliminates an acetate ion to forn the a-thiocarbocation. Addition of acetate ion to the a-thiocar- 
bocation completes the formation of the a-functionalized sulfide. The mechanism of ionic halogenation 
of alkyl sulfides can similarly be understood (vide infra). Ylide formation from sulfoxonium salts is well 
recognized and this aspect of the mechanism has received considerable experimental support. Although 
not definitive, there is also evidence to suggest that transfer of the acetoxy group from sulfur to carbon 
may be either intramolecular or may involve an intimate ion pair. Some of the evidence arises from the 
results of a study of Pummerer rearrangement of optically active sulfoxide where the asymmetry is trans- 
ferred from sulfur to carbon with, in some instances, high enantioselectivity. For example, ethyl p-tol- 
ylsulfinylacetate with dicyclocarbodiimide in acetic anhydride furnishes the a-acetoxy sulfide shown in 
equation (10) with an ee of about 70%. Other examples of asymmetric synthesis in Pummerer rearrange- 
ment will be discussed later. 180-Labeling studies have been interpreted in terns of both inter- and intra- 
molecular mechanisms. For a much fuller account of mechanistic aspects of the rearrangement see the 

A c ~ O  e s y  ~ e s y  - 4 A c O 7  

Me CH2- - 

-0Ac 

0 i = C H 2  - 
Scheme 2 

Ace- roAC 
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analysis by Wolfe and his coworkers" and the review by Russell and Mik01.12,13 The extension of the 
mechanism in Scheme 2 to include the intramolecular Pummerer rearrangement is shown in Scheme 3, 
the key feature being the capture of the a-thiocarbocation (or its equivalent) by an internal nucleophile 
thus completing the formation of a carbocyclic or heterocyclic ring. The discussion of the applications of 
the hmmerer rearrangement that follows has been organized according to the nature of the nucleophilic 
addition step which completes the functionalization sequence shown in Scheme 2. 

0 
I I  

(10) 
-C02Et AqO, DCC 

2.43 THE PUMMERER REARRANGEMENT EXEMPLIFIED 

2.43.1 Reaction with Carboxylic Anhydrides 

a-Acetoxylation is probably the most commonly encountered form of the rearrangement. Acetic anhy- 
dride alone or accompanied by sodium acetate are popular reagents, though reaction usually requhs 
elevated temperatures, often at reflux for several hours. Acetic anhydride containing dicyclohexylcarbe 
diimide has also been used. Convenient rearrangement rates can be realized at much lower temperatures 
(0-25 'C) if trifluoroacetic anhydride is employed as the reagent. Examples of the use of mixtures of 
acetic and trifluoroacetic anhydrides, with and without sodium acetate, are also available. Table 1 con- 
tains a selection of representative examples of the a-acetoxylation of alkyl sulfides via hmmerer rear- 
rangement of sulfoxides. 

Dimethyl sulfoxide in hot acetic anhydride (entry 1) furnishes acetoxymethyl methyl sulfide. Reaction 
of acetic anhydride with methyl alkyl sulfoxides not containing a p-keto or other acid strengthening sub- 
stituent, e.g. entry 2, leads to functionalization of the methyl group. The reactivity series for alkyl substit- 
uents in the sulfoxide appears to be methyl > n-alkyl > vinyl. Entry 3 provides an example of a vinyl 
sulfoxide rearrangement in acetic anhydride. Entry 4 illustrates rearrangement in an amino acid substrate. 
The examples shown in entries 5 and 6 are part of an aldehyde synthesis; the yields quoted refer to the 
product obtained after hydrolysis of the a-acetoxy sulfide. Entry 7 contains a comparison of the use of 
acetic acid alone and admixed with trifluoroacetic anhydride. Entries 8 and 9 contain p-keto sulfoxides 
which are particularly popular substrates; where there is a choice, as in entry 9, rearrangement invariably 
occurs so as to replace the more acidic hydrogen atom between the keto and sulfide moieties. Other acti- 
vated systems which undergo ready rearrangement are those containing the phosphoryl and cyano groups 
shown in entries 10 and 11. An additional feature of the former is that use of the sulfoxide in homochiral 
form yields a-acetoxy-a-(dimethylphosphory1)methyl p-tolyl sulfide of 24% optical purity, a result used 
as evidence for an acetoxy migration via an intramolecular mechanism. Cyclic sulfoxides are also ame- 
nable to a-acetoxylation as shown by the examples in entries 12 and 13. Entry 14 is an example of the 
Pummerer rearrangement in the Sharpless-Masamune carbohydrate synthesis, the a-acetoxy sulfide 
being converted into a primary hydroxyl group by reduction with lithium aluminum hydride. Two other 
uses of the rearrangement are summarized in entries 15 and 16, the latter as part of side chain elaboration 
for cardenolide analogs. 

These various intermolecular a-acetoxylation reactions have intramolecular counterparts. For 
example, treatment of the sulfinylbutanoic acid shown in equation (1 1) with acetic anhydride containing 
p-toluenesulfonic acid yields a sulfenylated butanolide, the carboxylic acid function having intercepted 
the a-thiocarbocation intermediate.29 Yet another demonstration of the intramolecular process, due to Al- 
lenmark?O is the cyclization of o-carboxyphenyl benzyl sulfoxide with acetic anhydride to form the l ,3- 
benzoxathian4one shown in equation (12). This reaction was also conducted with one of the 



Table 1 Acetoxylation of Sulfides from Sulfoxides via the Pummerer Rearrangement 

ENV Substrute Reagents Product Yield (%) R4. 

1 MeS(0)Me Ac~O. heat 
2 Bu"S(0)Me Ac~O. heat 
3 F'hCH=CHS(O)Me Acfl, heat 
4 H%CWN&WW"S(O)Me Acfl. heat 
5 PhCHfi(0)Ph (CF,CO)fl, 0 "C 

MeSCHzOAc - 
Bu"SCH20Ac - 
PhC"SCH2OAc - 
H~CH("AC)CH$H~SCH~OAC - 
F'hCH(OCOCF3)SPh - 

OAc 

6 

7a 
7b 
8 
9 
10 
11 

12 

13a 

Me(CH,),CH2S(O)Ph Acfl. heat Me(CH2)4CH(OAc)SPh 
Me(CH2)4CH$W)fi Acfl, (CF3CO)@, 0.5 h, 20 "C Me(CH2)4CH(OAc)SPh 
Mecd i s s (O~2C%J3  Ac$, DCC. heat MeC&@X(OAc)C&Et 
PhC!OCH2S(O)Me Ac~O, heat PhCOCH(0Ac)SMe 

PhS(O)CH2CN Ac~O, heat PhSCH(0Ac)CN 
(Eto)2QO~2S(O)Me (CF3CO)20. -78 "C, 15 min ( ~ h Q O ) C H ( O c ~ 3 ) S M e  

0 
II 

HO 52 OH 

0 
13b 

Acfl. NaOAc, heat 

Ac~O, 100 "C 

Ac~O, DCC 

P O A c  
A d '  OAc 

h=?s OAc 

Ar-OAc 

%5 

62 
84 
43 
95 
76 
85-90 

61 

70 

(from cis and trans) 

83 

14 
15 
16 
15 
17 

18 

19 
19 
20 
21 
22 
23 

24 

25 
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enantiomers of the sulfoxide and asymmetry transfer to the extent of 11% was observed?O When the re- 
action was brought about by dicyclohexylcarbodiimide in dichloroethane, the optical purity increased to 
30%." This asymmetric synthesis has been interpreted as providing evidence for the formation of dia- 
stereoisomeric ylides as reaction intermediates. 

Bz BZ 
AczO, p-TsOH, PhMe 

63% PhS 6 

2.4.3.2 Pummerer Rearrangement with u-Alkylation and Arylation 

Various kinds of a-alkyl and a-aryl substituted sulfides are accessible by Pummerer rearrangement 
where the a-thiocarbucation intermediate, or its equivalent, is intercepted, either intermolecularly or in- 
tramolecularly, by a nucleophilic carbon species. The most useful versions of this process involve inter- 
ception by a carbon-carbon double bond. The transformation of the sulfoxide in equation (13) into the 
sulfide shown using 1-pentene in the presence of trifluoroacetic anhydride provides an illustrative 
example of the intermolecular process?' The nucleophilicity of silyl enol ethers has also been exploited 
for carbon-carbon bond formation with Pummerer intermediates, the example in equation (14) having 
been brought about at low temperature using trimethylsilyl triflate and diisopropylethylamine as the re- 
agent~.~* A combination of trimethylsilyl triflate and Hunig's base in dichloromethane at -78 'C has 
been used to combine the silyl enol ether of cyclohexanone with the bifunctional reagent 3-phenylsulfi- 
nyl-2-(trimethylsilylmethyl) propene as shown in equation ( 15).33 The intramolecular mode, which is in 
effect a wroute cyclization, has extended the usefulness of the Pummerer rearrangement very consider- 
ably. For example, the acyclic sulfoxide in equation (16) has been converted into the cyclic products 
shown by the action of trifluoroacetic anhydride.34 The construction of a five-membered ring by the 
same approach is shown in equation (17) with the additional significant feature that use of the sulfoxide 
precursor in homochiral form produced the bicyclic sulfide with an enantiomeric excess of 75%.35 
Bridged-ring structures are also accessible, two notable successes in this area being the cyclization lead- 
ing to bicyclo[3.2.1]octane derivatives in equation (18) reported by Mander and MundilP6 and that in 
equation (19) due to Magnus and his coworkers, where the participating double bond is provided by the 
indole system.37 

0 
II 

(13) 
i, TFAA, 20 O C  

ii, 
Cl DS'" 86% 

* (14) 
Me3SiOTf. R$NEt, -78 oc 

63% 

-s,Ph 
II 
0 

Ph ~ h S P h  SiMe3 (15) 

OSiMe3 
Me3SiOTf, R',NEt 

75% 
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Me 0 0  Me,N$SMe 0 + M e , N q S M e  0 N '\Me TFAA, CH2C12, r.t. 
(16) 

43% 35% 

C Y -  * (17) 
"FAA, CH2C12,20 OC 

87% 

0 
rrMe 
0 0  

Participation by aromatic rings is also possible and there are now several examples of electrophilic 
aromatic substitution involving Pummerer intermediates. Equation (20), the alkylation of benzene with 
dimethyl sulfoxide in trifluoroacetic anhydride, illustrates the process in its simplest As with al- 
kenes, reaction with aromatics has been more widely exploited in intramolecular versions for the con- 
struction of carbocycles and heterocycles. In many cases the sulfoxide precursor is of the f3-keto variety, 
thus ensuring regiospecificity in the point of cyclization. Equation (21) (fonnation of a six-membered 
~arbocycle)?~ equation (22) (formation of a six-membered sulfur heterocycle),'" equation (23) (forma- 
tion of a six-membered nitrogen and equation (24) (formation of a seven-membered ni- 
trogen, sulfur heter~cycle)~~ provide illustrations of the versatility of this form of intramolecular 
aromatic alkylation. 

i,"FAA, 0 OC, 

MeHS\Me f 
ii, SnCb 62% * 8"""' 

85% 0 OMe 
SMe 

OGs,Me 
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p-TsOH, benzene, reflux 

86% 

Ph 

20 1 

(22) 

Ts 
- 0-3 P-TsOH, PhH, reflux 

16% 
S 

EtOzC 

2.433 Pummerer Rearrangement with Participation by Nitrogen 

A combination of the Pummerer rearrangement and the Ritter reaction occurs in the reaction of ace- 
tonitrile with methyl phenyl sulfoxide (equation 25) in a mixture of trifluoroacetic acid and its anhydride, 
although a substantial amount of the normal a-acetoxylation also occ~rs.4~ Participation by amido groups 
is also possible, the interest here being largely in the construction of lactams via the intramolecular cycli- 
zation mode. Whereas Wolfe and his coworkers were unable to find conditions for the cyclization of S- 
phenylcysteinamide sulfoxides under Pummerer conditions, Kaneko found that variously substituted 
3-phenylsulfinylpropionamides (equation 26) were converted into 4-(phenylthio)-2-azetidinones in 14- 
50% yields by the combined action of trimethylsilyl triflate and triethylamine.44 Kaneko has suggested 
that the sulfonium ion intermediate in this rearrangement may be considered as a chemical equivalent of 
an intermediate believed to be involved in the biosynthesis of p-lactam antibiotics. Keneko and his 
coworkers have extended this study to include the enantioselective Pummerer cyclization of homochiral 

0 B 
~ """y + phs O K C F 3  (25) 

0 0 

II TF-A. MeCN. 0 OC 
Ph/ "Me 

45% 

oA N, R2 CH~CIZ, -20 O C  

I 
0 

H 
R' R2 Yield(%) 

R1=Me R2=OBz 51 

R ~ = H  R ~ = H  41 
R ~ = H  R?=OBZ 14 
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3-phenylsulfinylpropionamide to produce the sulfenylated p-lactam with 67% ee. In this case the re- 
agents employed were trimethylsilyl triflate and dii~opropylethylamine!~ An example of Glactam for- 
mation from an amide is shown in equation (27), the reaction being initiated by a ketone silyl acetal in 
the presence of zinc iodide in acetonitrile.46 Equation (28) shows a variant of amide participation opera- 
ting through the oxygen atom leading to the construction of a seven-membered heterocycle. 

0 

(27) * WN. Me 

II Me0 OSiBu'Mez, MeCN, ZnIz 

0 0 

Use of trimethylsilyl triflate to bring about Pummerer rearrangement requires the presence of a base 
such as a tertiary amine (vide supra equations 15 and 26). In some instances, involving attempts to alkyl- 
ate Pummerer intermediates with silyl enol ethers under such conditions, the base has been found to 
compete as a n~cleophile.~~ In the absence of the silyl enol ether, amine addition can be very efficient. 
For example, treatment of methallyl phenyl sulfoxide with diisopropylethylamine and trimethylsilyl trif- 
late in dichloromethane (equation 29) at 0 'C yields the ammonium m a t e  indicated in 91% ~ ie ld .3~  
Other tertiary amines which undergo this reaction include triethylamine and Nfl-diethyltrimethylsil- 
amine. In the latter case with allyl phenyl sulfoxide as the substrate and a mildly acidic work-up, the 
Mannich derivative shown in equation (30) can be obtained in 9096 yield.33 

R'zNEt, MeSSiOTf, CH2C12, 0 OC pr' , \ sph (29) 
91% Et' + 

-0Tf 

2.43.4 Pummerer Rearrangement in Hydroxylic Solvents 

Pummerer' and Smythe2 were the first to note that aqueous acids cause sulfoxides with an a-hydrogen 
atom to decompose to aldehydes, thiols and other products. In some cases, however, particularly those 
involving p-keto sulfoxides, stable mixed hemithioacetals, the primary Pummerer rearrangement prod- 
ucts, may be isolated. Such a case is summarized in equation (31), where exposure of the phenothiazine 
sulfoxide shown to p-toluenesulfonic acid hydrate in tetrahydrofuran at 65 'C furnished the mixed hemi- 
thioacetal in 95% yield;47 in this particular example aromatic participation in the Pummerer process did 
not occur. An indirect route to mixed hemithioacetals, shown in equation (32), involves Pummerer rear- 
rangement in trifluoroacetic anhydride to bring about a-acetoxylation (cf. Section 2.4.3.1) followed by 
hydrolysis or solvolysis of the product. In this case an a-acetoxy intermediate is produced, which is 
cleaved to the hemithioacetal on treatment with sodium metho~ide.~~ In another example addition of 
ethanol to the formyl group leads intramolecularly to attack on the a-acetoxy group with formation of 
the bridged product (equation 33)!9 Both intermolecular and intramolecular participation by hydroxy 
groups in Pummerer processes are known. Methylation of cyclopropyl phenyl sulfoxide (equation 34) 
with trimethyloxonium tetrafluoroborate, followed by treatment with methoxide ion in methanol pro- 
duces the mixed thioacetaLsO The conversion of 2-hydroxy-3-methoxy-l-methylsulfinylacetylbenzene 
(equation 35) into a benzofuranone on exposure to phosgene in pyridine illustrates the intramolecular 
version of hydroxy group participation?' Treatment of the vinyl sulfide shown in equation (36) with to- 
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luenesulfonic acid produces a tetrahydrofuran derivative whose formation probably also results from a 
thiocarbocation inte~nediate .~~ 

SMe 
0 

0 
A H  H. 

N N‘ 
\ I  

i, FAA,  -60 OC 

)““‘OH R S  
ii, NaOMeNeOH 

54% 

0 

e 

i, TFAA, C6&, 20 O C  

ii, EtOH/H,O 

43% F3C OEt 

p{ 
Ph 

v’- Me 

OMe 

MSPh 
i, Me30BF4 

ii, NaOMeNeOH, 20 O C  OMe 
54% 

P-TsOH 

(34) 

(35) 

2.435 Miscellaneous and Abnormal Pummerer Rearrangements 

Among other electrophilic reagents capable of bringing about the Pummerer rearrangement are halides 
of organic and inorganic acids. As these halides transform sulfoxides into a-chlorosulfides they comple- 
ment the sulfide chlorination route to these compounds. Thionyl chloride reacts readily with sulfoxides 
and P-keto sulfoxides; methyl phenyl sulfoxide furnishes chloromethyl phenyl sulfide (equation 37).53 
Benzoyl chloride and acetyl chloride behave ~ imi l a r ly .~~  Cyanuric chloride is transformed into cyanuric 
acid by dimethyl sulfoxide, which in turn is transformed into methyl chloromethyl sulfide (equation 
38).54*55 

In the examples of the Pummerer rearrangement presented above, the common feature has been the 
formation of an a-thiocarbocation, which is then captured either intermolecularly or intramolecularly by 
a nucleophilic species. There are of course other outlets through which the a-thiocarbocation can pro- 
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0 
I1 Soclz 

Phys,Me - pzls-c1 (37) 

gress to a stable neutral product, such as pelhination. The reaction of cyclohexyl phenyl sulfoxide 
(equation 39) with trifluoroacetic anhydride and triethylamine to fonn 1-phenylthiocyclohexene is an il- 
lustrative example." p-Elimination is also the main pathway of the Pummerer rearrangements sum- 
marized in equations (40) and (41). The reagents in these cases were trimethylsilyl chloride7 and 
trifluwacetic anh~dride-lutidine,5~ respectively. The Pummerer process shown in equation (42) culmi- 
nates in a &proton elimination.58 A final example of the eliminative process is provided by the reaction 
shown in equation (43). which is brought about by heat alone and has been referred to as the 'sila-Pum- 
merer' rearrange men^^^ A vinylogous Pummerer rearrangement has been observed in the reaction of the 
vinyl sulfoxide shown in equation (44) with acetic anhydride.6o 

0 

C02Me Me3SiC1, CC4, reflux - (y02Me+ (y02Me (4) 

88% 

6 82% 18% 

0, 0 ph 
S R 

PhH, reflux - R-R + ? + RY0sMe3 (43) 
SPh SPh 88% 

37% 19% 
0 

R =  IN> 

0 
4 

32% 
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This section concludes with a selection of reactions which are believed to follow the Pummem path- 
way, but which lead to abnormal or unexpected products. For example, treatment of the sulfoxide shown 
in equation (45) with acetic anhydride produces two sulfides in a 5:l The major product is that of 
a ring contraction process which could involve a bicyclic episulfonium ion as an intermediate. Attack by 
acetate can occur at two sites yielding the products shown. C-S bond cleavage is also a feature of the 
Pummerer rearrangement of penicillin sulfoxide derivatives (equation and of the sulfoxide shown 
in equation (47).61 Despite the absence of an a-hydrogen atom the sulfoxide shown in equation (48) does 
undergo a Pummerer rearrangement without C-S bond cleavage when exposed to hydrogen chloride in 
methanol.62 A likely interpretation is that addition of methanol across the double bond precedes rear- 
rangement during which a second molecule of methanol is added. A transannular Pummerer m a n g e -  
ment involving sulfide participation and the formation of a dication intermediate has been proposed for 
the a-acetoxylation process shown in equation (49).63 

0 
R R 

0 B F O A c  + 0 Rn& OAc (46) 

C02Me C02Me C02Me 
R = NHCOCH2COPh 

A c ~ O  - w \ 

0 

0 

ph HC1,MeOH - m \ 84% 

0 

QQ=( 
0 

Ph 

0 

(47) 

A few examples of additive Pummerer rearrangements are known involving direct conversion of a$- 
unsaturated sulfoxides into a,Pdisubstituted s ~ l f i d e s . ~ ~ * ~ ~ ~ s  Scheme 4 illustrates two general pathways 
for such processes and specific examples of each are known. For example, ak-l-enyl phenyl sulfoxides 
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on exposure to thionyl chloride at room temperature produce a$-dichlorosulfides in excellent yield via a 
route which exemplifies pathway 1 of Scheme 4 (equation 50).66 Pathway 2 is illustrated by the reaction 
of the cyclopentenone sulfoxide shown in equation (51) with dichloroketene to form a bicyclic product 
which was subsequently transformed into methyl jasmonate.66 When the sulfoxide used in this sequence 
was enantiomerically pure, the product was assessed as being 20% optically pure. 

Scheme 4 

0 c1 

2.4.4 U-HALOGENATION OF SULFIDES 

Whereas use of the Pummerer rearrangement to functionalize an alkyl sulfide normally requires prior 
preparation and isolation of the intermediate sulfoxide, a-halogenation may be accomplished in a single 
operation employing one of several readily available halogenation agents. The structural requirements 
for the two processes are very similar and their mechanisms undoubtedly have much in common. Al- 
though halogenation by all the halogens, with the exception of fluorine, does occur, chlorination is the 
most important. The earliest studies in this area were conducted using chlorine alone or in an inert sol- 
vent such as carbon te t ra~hlor ide.~~.~~ However, molecular chlorine is no longer the reagent of choice for 
most sulfides, having been replaced by more convenient alternatives such as sulfuryl chloride, thionyl 
chloride, N-chlorosuccinimide (NCS), trichloroisocyanuric acid (chloreal), iodobenzene dichloride and 
benzenesulfenyl chloride. Of these, sulfuryl chloride and NCS are by far the most commonly used. 

Sulfuryl chloride reacts vigorously with dimethyl sulfide at ambient temperatures, although at -15 'C 
it is possible to obtain a 45% yield of chloromethyl methyl sulfide (equation 52).69 Bohme and Gran 
preferred the use of sulfuryl chloride in carbon tetrachloride for chlorination of dibenzyl sulfide (equa- 
tion 53) and obtained the monochloride in 79% yield.7O The same combination of reagent and solvent has 
been used to transform the isothiazolidine shown in equation (54) into the corresponding achlorosul- 
fide.71 Bordwell and Pitt employed sulfuryl chloride in pentane or dichloromethane to prepare a-chlom 
sulfides from several alkyl methyl sulfides and aryl methyl sulfides (equation 55).72 However, 
complications often arise when sulfuryl chloride is used to chlorinate alkyl sulfides containing P-hy- 
drogen atoms due to the ease of elimination of the products and subsequent further reactions. This is ap- 
parent during the chlorination of thiane and thiolane with sulfuryl chloride (equations 56 and 57). where 
only trace amounts of the normal products are obtained, the major products being 3,4-dihydro-W-thiin 
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and 2,3-dichlorothiolane, respect i~ely.~~ On the other hand, Wilson and Albert have reported that addi- 
tion of an equivalent amount of pyridine or triethylamine to solutions of sulfuryl chloride suppressed the 
elimination process to the extent that good yields of 2-chlorothiolane can be obtained from t h i ~ l a n e . ~ ~  
Controlled introduction of two chlorine atoms at the a-position of alkyl phenyl sulfides has been 
achieved using sulfuryl chloridepyridine (1: 1 molar ratio) in carbon tetrachloride at -5 0C.74 

Me0 “Me t SOZClZ + HCI + 

R = alkyl, aryl 

c1 

The introduction of NCS by Tuleen and Stevens, as a reagent for sulfide chlorination led to a major 
improvement in the preparation of a-chlorosulfides,75 This crystalline reagent is easily handled and its 
reactivity is such that chlorination can be controlled to afford the monochlorination product selectively. 
Furthermore, NCS can be used for chlorination of acid-sensitive substrates. NCS is soluble in carbon te- 
trachloride at room temperature at ordinary concentrations, whereas its conjugate product, succinimide, 
is not. Solutions of a-chlorosulfides are therefore often prepared with NCS in CCh and simply filtered 
prior to use without further purification. Other nonpolar solvents that have been used with NCS include 
chloroform, dichloromethane and benzene. Some of the very many examples of the use of NCS for sul- 
fide chlorination from the recent literature are summarized in Table 2. For several of the entries yields 
were not recorded. This is almost always due to the fact that a-chlorosulfides are produced and treated as 
unstable reaction intermediates en roure to more stable products. 

The examples in Table 2 have been chosen so as to highlight significant features of the use of NCS. 
The isolation of a-chlorosulfides from substrates of diverse structural type in which p-elimination is 
possible is particularly noteworthy (entries 2-15). It is also apparent that functional groups such as al- 
kenes, anhydrides, imides, esters, trimethylsilyls, acyl chlorides, amides, NBOC, acetals, p-lactams and 
ethers are all unaffected during the reaction (entries 12-23). However, allylic rearrangement does occur 
in some cases with allylic sulfides (entry 13 and equation 59). Small ring systems may be prone to ring- 
opening rearrangement as exemplified by the behavior of the bicyclo[3.2.0] system (entry 24). Highly re- 
active chlorosulfides such as 2-chloro- 1,3-dithiane are also accessible (entry 25). This compound was 
also obtained using sulfuryl chloride as the reagent, provided very low temperatures were employed. 

Although NCS continues to be the reagent of choice for sulfide chlorination, Cohen and his coworkers 
have advocated the use of trichloroisocyanuric acid as a less expensive alternati~e.8~ This substance, 
which is available commercially as an industrial deodorant and household cleaner under the trade name 
of ChlorealR, is also useful for sulfide chlorination. Two examples of its use with sulfides are shown in 
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Table 2 NCS Chlorination of Representative Sulfides 

Entry Substrate Product Yield (%) Ref. 

1 
2 
3 
4 
5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 
17 
18 

PhSMe 
PhSEt 
PhS(CH2)aMe 
Me3SiO(CHz)2SPh 
Me3Sn(CHz)&Ph 
PhS(CH2)4SPh 
n 

75 
75 
76 
77 
78 
79 

80 

80 

80 

PhSCH2Cl 
PhSCHClMe 
PhSCHClBu" 
MesSiOCHzCHClSPh 
Me3Sn(CH2)3CHClSPh 
PhSCHCl(CH2)2CHClSPh 

a 1  

(9 

%2 79 

Cl 

c1 

100 

>95 

81 

82 
SPh L S P h  

qSPh DSPh 83 

C1 

95 84 

0 

8" B Z  . 

S 

100 85 

86 
87 
88 

MeSCHzC02Me 
PhSCHzSiMe3 
PhSCHgOCl 

MeSCHClCQMe 
PhSCHClSiMq 
PhSCHClCOCl 

78 
100 
86 
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Table 2 (continued) 

Entry Substrate Product Yield (%) Ref. 

0 
Me, G S M e  

N 

0 
Me, L S M e  

N 19 

20 

21 

22 

23 

24 

25 

-100 89 I 

OMe OMe 

@< c1 SPh 100 

N. 
Boc’ H 

q---------Me 0 
90 

N. SPh 
Boc’ H 

c1 
I x:pph COzMe 90 

91 

0 SiMe, 

Ts Ts 
I 

92 

c1 A C O @  %O,Et 

a 0 93 

94 

equations (58) and (59), the latter revealing that allylic rearrangement, as with NCS, is a feature of its re- 
activity. In a comparative study of the chlorination of allylic sulfides (equation 59) Cohen found that for 
substrates with R1 = alkyl, Chloreal produced a much faster reaction at room temperature than did 
NCS.83 Furthermore, chlorination of primary allylic phenyl sulfides (equation 59; R1 = H) was also signi- 
ficantly faster with Chloreal than with NCS. Thus, phenyl crotyl sulfide (equation 59; R1 = H, RZ = Me) 
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gave a 36% yield of chlorosulfide after 24 h at 5 ‘C with NCS, whereas the yield was quantitative with 
Chloreal; however, the amount of (0-isomer in the product was greater with NCSE3 Chloreal has also 
been used by Cohen to prepare the cyclopropyl chlorosulfide shown in equation (58).95 

C1 

c1 

These various sulfide chlorinations are believed to follow ionic pathways similar to those summarized 
earlier for the Pummerer rearrangement of sulfoxides, the net result being the transfer of a chlorine atom 
from sulfur to carbon.72 The broad outlines of the mechanism of action of NCS and of sulfuryl chloride 
are summarized in Scheme 5 .  The initiating step involves electrophilic attack by the reagent on the sulfur 
atom to form a sulfonium salt which, in some instances, can be isolated and converted into a-chlorosul- 
fide on heating. Pathways A and B in Scheme 5 suggest two mechanistic extremes as to how this trans- 
formation may be brought about. The pathway favored for any particular substrate will reflect structural 
features, e.g. the acidity of the a-hydrogen atom@) undergoing substitution and the extent of hypercon- 
jugation. The choice of chlorinating agent may also be significant since the basicity of its conjugate 
anion is also implicated in the mechanism. 

c1- x 
c 1  + \ 

c 1  -HX F’ 

+ R+ + x- 

0 

Scheme 5 Mechanisms of chlorination by NCS and SO2Cl2 

The work of Tuleen and Stevens on the regioselectivity of chlorination of a series of unsymmenically 
substituted dialkyl sulfides with NCS provides clues to the directive effects implicit in the mechanisms 
encompassed by Scheme 5% These observations are collected in Scheme 6 where the preferred site of 
chlorination in each case is indicated with an arrow, the number over the arrow indicating the 
major:minor product ratio (minor = 1). In the first example, chlorination of benzyl methyl sulfide (2) pro- 
duces chlorobenzyl methyl sulfide exclusively.70 Secondly, chlorination of benzyl ethyl sulfide (3) and 
benzyl isopropyl sulfide (4) also shows a marked, though not exclusive, preference for the benzylic posi- 
tion.” In the latter case the extent of benzylic chlorination can be modulated by ring substitution. The di- 
rective effects in these internal competitions for p-methyl and pchloro substituents are correlated by the 
Hammett relationship with a value of p = 1.0. which is consistent with a mechanism involving abstrac- 
tion of the more acidic proton in the chlorosulfonium ion intermediate.% Further indications of the im- 
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portance of proton acidity are shown by the behavior of alkyl sulfides (5H8) in Scheme 6, where the 
preferred site for chlorination is consistently that adjacent to the electron-withdrawing substituent.% The 
a-chlorosulfide carboxylate derived from (6) is a particularly notable (and useful) example of very high 
regioselectivity for the internal position.86 

only 

I ô ”’ 
3.3 (R = H) 
2.1 (R = Me) 
5.6 (R = Cl) 

R 

20 50 25 1.9 

3.4 3.7 10 2.4 

i 
‘S - I ’Y 

Scheme 6 

While consideration of the relative acidities of the a-hydrogen atoms accounts satisfactorily for the 
dominant direction of chlorination of many alkyl sulfides, it does not explain the directive effects ex- 
hibited by the simple dialkyl sulfides (9x12) of which (ll), with a 1O:l preference for the internal posi- 
tion, is the most notable. These substrates reveal an increasing susceptibility to chlorination of alkyl 
groups in the order methyl e ethyl = n-propyl c isopropyl, which is also the order expected if in the 
course of the reaction the a-carbon atom assumes some degree of carbat ion character in the transition 
state for a-hydrogen atom abstraction. This is consistent with pathway A in Scheme 5 in which con- 
certed removal of hydrogen chloride from the chlorosulfonium ion generates a delocalized thiocarbocat- 
ion. Pathways A and B are in fact variations on the E2 and Elcb mechanisms for 1,2-elimination, the 
latter leading to an ylide intermediate (cf. the Pummerer rearrangement), which should therefore become 
significant in sulfonium salts having an a-hydrogen atom of pronounced acidity.97 The regiochemistry of 
further chlorination of chlorosulfides (7) and (8) demonstrates that a chloro substituent exerts a powerful 
directive effect in these systems. This effect is also apparent in the double chlorination of the tricyclic 
sulfide shown in equation (60), where formation of the geminal dichloride is favored over the 1,3-di- 
chloride by a factor of 4:l when the chlorinating agent is sulfuryl chloride.98 On the other hand, NCS 
chlorination of the symmetrical bis-sulfide series in equation (61) produces symmetrical 1 ,Xdichlorides 
rather than geminal  dichloride^.^^ 

+ so2c12 
\ gcl 0 

+ 
\ 

c1 8 0 
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n = 0 , 1  and2 

Tuleen and Stephens noted a regioselectivity difference during the chlorination of ethyl methyl sulfide 
by NCS and sulfuryl chloride, the latter being the more selective towards the internal position (ratio: 4.9 
versus. 3.4).% In chlorination with sulfuryl chloride, proton abstraction from the chlorosulfonium ion is 
brought about by chloride ion, whereas with NCS the more basic succinimidyl ion is responsible. This 
difference suggests that of the two, the sulfuryl chloride reaction is more likely to follow the mechanism 
of pathway A in Scheme 5. Consequently, c h a t i o n  relative stabilities should have a greater influence 
in determining product composition with sulfuryl chloride than with NCS. Although pathway C in 
Scheme 5 does not lead to chlorosulfide, it is included here to highlight further differences between the 
reactivity of sulfuryl chloride and NCS. For example, while benzyl f-butyl sulfide and NCS give the ex- 
pected chlorosulfide shown in equation (62), use of sulfuryl chloride affords predominantly the fragmen- 
tation products t-butyl chloride and dibenzyl disulfide (equation 63).% Similarly, benzyl 
p-methoxybenzyl sulfide behaves normally with NCS, but is cleaved to p-methoxybenzyl chloride and 
disulfide by sulfuryl chloride. Carbon-sulfur bond cleavage with sulfuryl chloride may be interpreted in 
terms of fragmentation of the chlorosulfonium cation (pathway C in Scheme 5). a process which should 
be facilitated by the release of a relatively stable carbation, in this case t-butyl. That this does not hap 
pen with NCS suggests that the competition between pathway C leading to fragmentation and those lead- 
ing to chlorosulfide is controlled by the relative basicities of chloride and succinimidyl ion. 

c1 

2.4.4.1 Miscellaneous Routes to a-Chloro Sulfides 

Although this chapter is devoted primarily to methods of functionalking alkyl sulfides at the a-posi- 
tion, it is appropriate to mention alternative routes to the same synthetic objective which do not involve 
direct functionalization of preformed sulfides. One such method, devised by Bohme and his coworkers, 
is based on the condensation of an aldehyde with a thiol in the presence of hydrogen chloride.a*w Use of 
formaldehyde in this way produces a primary chlorosulfide (equation 64). Higher aldehydes such as pro- 
panal yield secondary chlorosulfides (equation 65). The process is particularly useful in the synthesis of 
regiochemically pure chlorosulfides without danger of contamination by isomers in situations where the 
alternative of direct chlorination of a dialkyl sulfide would be nonregioselective. For example, NCS 
chlorination of benzyl p-methylbenzyl sulfide gives both possible monochlorides as shown in equation 
(66), whereas the condensation alternative of aldehyde, thiol and hydrogen chloride shown in equations 
(67) and (68) gives one or other of the individual monochlorides.lOO 

PhSH + CH20 + HCI - w/s,cI (64) 

PhSH + kCH0 + HCl - P h 0 ' P  (65) 
a 

c1 CI 

+ NCS - P h A S " o ,  + P h n S ~  

(66) 



Ph-SH + 

PhCHO + 

Oxidation Adjacent to Sulfur 
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(67) 

SH Ph K, 

Yet another route to a-chlomsulfides which does not require the availability of sulfide is based on the 
reaction of diazo compounds, especially diazocarbonyls, with sulfenyl halides. Weygand and Bestmann 
found that a-diazo ketones and benzenesulfenyl chloride react smoothly together with loss of nitrogen at 
room temperature to furnish a-chloro-a-phenylthio ketones in excellent yield (equation 69).101J02 This 
route, which features the simultaneous intrpduction of both chlorine and sulfur moieties, is particularly 
useful when one wishes to place the chlorosulfide unit adjacent to the carbonyl group of a ketone in a re- 
giospecific manner. Since terminal adiazo ketones may be obtained efficiently from acyl chloride and 
diazomethane, this route to a-chloro-a-phenylthio ketones is especially useful since it depends neither 
on the availability of the parent ketone nor on prior regiospecific introduction of the phenylthio group. 
More recent applications of this method to a-chlorosulfides include the reaction of benzenesulfenyl 
chloride with cyclic a-diazo ketones as summarized in equation (7O).lo3 The process is also applicable to 
or-diazo esters (equation 71) and 2-diazo-l,3-dicarbonyl compounds (equation 72).'02 Dimedone can be 
converted directly into an a-chlorosulfide without prior activation via the diazo intermediate (equation 
73).'04 

+ IJhSCl - J-$SPh (69) 
Ph& N2 c1 

bN2 + PhSCl 

n = 1,2,3 and4 

AA + PhSCl - w N2 c1 sw 
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p 0 

2.4.4.2 Summary of Uses of a-Chloro Sulfides in Organic Synthesis 

a-Chlorosulfides exhibit a range of reactivity which makes them very useful as intermediates in or- 
ganic synthesis.105 We conclude this chapter with a schematic survey of their more important uses (see 
Scheme 7). In many ways they complement the uses of Pummerer products and intermediates. 

0 

R' 

R3S "e R2 viii R3S 

R2 ' /  vii 

X = OR4, oCOR4, SR4 

i, aromatic alkylation; ii, enol ether alkylation; iii, active methylene alkylation; 
iv, alcohol, thiol, carboxylate; v, Grignard formation; vi, Ramberg-Btlcklund rearrangement; 

Scheme 7 Summary of a-chlorosulfide uses 

vii, eliminate HCI; viii, hydrolysis 

aChlorosulfides are prone to solvolysis; in aqueous media they serve as aldehyde and ketone precur- 
sors. Exposure to alcohols or thiols leads to hemithioacetals or dithioacetals, which can serve as protect- 
ing groups. Under anhydrous conditions a-chlorosulfides are oxidized to a-chlorosulfones, which have 
been exploited extensively as alkene precursors in the Ramberg-Biicklund synthesis. a-Chlorosulfides 
form and couple with Grignard reagents. Elimination of hydrogen chloride provides access to vinyl sul- 
fides and thiocarbenoids. aChlorosulfides are also important sources of reactive electrophiles for alkyl- 
ation reactions of aromatics, alkenes, alkynes, enolates and silyl enol ether derivatives of aldehydes, 
ketones, esters and lactones. As with Pummerer intermediates, intramolecular versions of a-chlorosulfide 
uses have also been developed. 
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25.1 INTRODUCTION 

Oxidation of carbon adjacent to nitrogen refers to the introduction of either an oxygen atom or a carb- 
on atom next to a nitrogen atom, since either raises the oxidation state of the carbon atom attached to the 
nitrogen group. Sometimes, the nitrogen functionality is then lost on work-up or in a further hydrolysis 
step. 

25.2 NITRO COMPOUNDS 

25.2.1 The Nef Reaction 

25.2.1 .I Tmdithnal Nef reactions 

Perhaps the most well-known example of this process is the Nef reaction.' This reaction was reported 
by the Swiss chemist Nef in 18942 and converts a primary or secondary nitro compound into an aldehyde 
or ketone (equation 1). The traditional base used in the reaction is sodium hydroxide and the acid is sul- 
furic acid. Side reactions sometimes are very significant. A study of pH dependence of the second step 
showed that the best results are obtained at a pH of At lower acidity, the starting nitro compound 
was recovered, in addition to some oxime and nitroso nitro compound (pseudonitrole). 

i, base 

"f0 
R2 

)-NO2 - 
R' ii, H+ R' 

The popularity of the Nef reaction is due in part to the ready availability of nitro  compound^.^^ Pri- 
mary and secondary halides react with sodium nitrite in dimethyl sulfoxide (DMSO) or dimethylform- 
amide (DMF) to give useful yields of nitro  compound^.^ Primary amines can be oxidized to nitro 
compounds with potassium permanganate, rn-chloroperbenzoic acid4 or ozone? Chlorination of oximes 
with hypochlorous acid and reduction with magnesium, zinc or hydrogentpalladium gives secondary 
nitro compounds.6 Stabilized carbanions can be nitrated by treatment with a nitrate ester? and enol ace- 
tates are nitrated by acetyl nitrate to give nitro ketones.' 

A wide array of compounds undergo the Nef reaction.' These include simple nitro compounds, as well 
as complex multifunctional species. For example, the carbohydrate in equation (2) was isolated as its hy- 
drazone derivative in 72% yield.* Nitronate anions generated in situ can be acidified to give good yields 
of aldehydes and ketones. As an illustration, Michael addition of the dianion of hexanoic acid to 2-nitro- 
propene gives the expected keto acid after acidification (equation 3L9 

ii, HzSO4 H+ OH 
H+ O A ~  12% CH20H 

CH~OAC 

I ii, HCl 
Li 65% 

2.5.2.1.2 Problems 

There are several problems and si& reactions with the Nef reaction. The nitro compound or the anion 
is often insoluble in water; however, this shortcoming has been circumvented by running the reaction in 
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a solvent such as methanol (equation 4).1° An acetal may be formed if methanolic acid is used for the 
acidification stage (equation 9 . l  Interaction of neighboring groups leads to unexpected products in 
some cases such as with the nitro lactone in equation (6).12 Systems which are prone to form carbo- 
cations may undergo rearrangement under Nef conditions. For example, attempts to prepare norcamphor 
derivatives led to an N-hydroxylactam as the product (equation 7).13 

0 0 

I 95% I 

i, NaOMe 

ii, H2SO4, MeOH 
95% 

NO2 fi0 i.NaOMe KT 
0 ii, H2SO4, MeOH 

98% 

- 0 
i, KOH, MeOH 

ii, HCI 
NO2 40% 

H bH 

Many cyclic a-nitro ketones undergo ring opening when exposed to nucleophilic reagents. For 
example, 2-nitrocyclohexanone gives an 85% yield of 6-nitrohexanoic acid when stirred with aqueous 
sodium hydrogencarbonate at room temperature.14 Interestingly, this strategy has been useful in the con- 
struction of macrocyclic nitro compounds (equation 8). l5 

0 

cat. NaH, DME. A 

NO2 

2.5.2.13 M o w i d  Nef reactions 

The power of the Nef reaction as a tool in synthetic organic chemistry has been enhanced greatly by 
the development of modified reaction conditions. Many more polyfunctional compounds now can under- 
go one or more of these modified Nef reactions so that the scope of the original reaction is much greater. 
Many of these newer methods rely on oxidizing or reducing agents. Several of the more useful ones are 
outlined here, but a more comprehensive discussion is also available.' 

Although discovered in the early 19OOs, the oxidation of nitro compounds with potassium permang- 
anate has become a truly useful reaction only within the last 25 years. An alkoxide base is used to form 
the nitronate salt, and aqueous potassium permanganate gives the oxidized product in excellent yield. 
Even aldehydes can be obtained as in equation (9) without loss of the pivaloyl g r 0 ~ p . l ~  Cetyltri- 



220 Oxidation of Activated C 4  Bonds 

methylammonium permanganate in dichloromethane also converts nitro compounds into aldehydes and 
ketones in synthetically useful ~ie1ds.l~ 

\ /  NaOBd \ /  

Buy (9) 

U 0 *c 
91% 

Titanium trichloride functions as an excellent reductive Nef alternative reagent. This aqueous reagent 
is very acidic, so that acid sensitive groups such as ketals and esters do not survive unless an acetate 
buffer is used.18 Systems prone to acidcatalyzed rearrangements may then successfully undergo the re- 
action (equation IO).l9 Some very sensitive multifunctional compounds have been obtained using this 
modified Nef procedure (equation 1 A related process is the formation of 1,4-diketones via in situ 
generation of a nitronate anion by the Lewis acid catalyzed addition of an enol silyl ether to a nitroalkene 
(equation 12).21 

i, NaOMe, MeOH 

ii, TiCI3, W O A c  
NO2 61% 0 

"2 

OSiMe3 i, /-I -,Tic& L %o 

ii, H20, A a 71% 

OSiMe3 i, /-I -,Tic& L %o 

ii, H20, A a 71% 

(12) 

Ozonolysis of intermediate nitronate anions also yields carbonyl compounds?2 and, while unsaturation 
and acetal groups cannot be tolerated, other sensitive molecules have been prepared using this reaction 
(equation 13).23 

OSiMezBu' OSiMezBd 4 -COZEt (13) 
i, NaOMe, MeOH 

ii, Q 
iii, MezS CHO 

4 \C02Et 

NO2 

2.533 The Meyer Reaction 
The Meyer reaction is generally not of major synthetic significance. It is observed when a nitro com- 

pound is exposed to strong acid. In this way, carboxylic acids are obtained from primary nitro com- 
pounds. The reaction is thought to involve nitrile oxides and hydroxamic acids (RCONHOH) as 
intermediates. The latter can be isolated by avoiding heat," and the former have been trapped by 1,3-di- 
polar cycloaddition to alkenes and alkynes.a 
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2.53 TERTIARY AMINES 

2.53.1 Mercury(II) Ion Oxidation 

Tertiary amines fonn complexes with mercury(I1) ion, which then give iminium ions by loss of a 
proton. Addition of perchloric acid permits isolation of the iminium ion as the perchlorate salt and gener- 
ally the more-substituted ion is favored (equation 14).26 Intramolecular trapping by a hydroxyalkyl group 
is also possible to fonn aminals (equation 15).27 The lactam products result from over-oxidation, which 
is promoted by heat. Basification on the other hand usually allows the isolation of enamines28 although 
hydroxyenamines have been obtained by reaction of enamines with mercury(I1) acetate (equation 16)F9 
while dihydroaromatic systems undergo aromatization (equation 17)?O 

(14) 

1 57% I - 
C104 

- %  i, Hg(OAc)z, AcOH 

ii, HClO4 

Me Me 

i, Hg(OA& AcOH, A 

ii, NaOH 
I 

Me I 54% Me 

Lactams are obtained at higher pH by using HglI-ethylenediaminetetraacetic acid (EDTA) as the oxi- 
dizing agent (equation Nicotine gives an 88% yield of cotinine under these reaction conditions. 

0 

H H 

253.2 Chromium and Manganese Reagents 
Chromium trioxide and pyridine have been used to form amides and lactams from tertiary amines. The 

yields are however only impressive for the preparation of formamides (equation 19)?2 
Manganese dioxide converts tertiary amines into amides. For example, NJVdimethylaniline gives N- 

rnethyl-N-phenylfonnamide in 78% yield33 and N-phenylpyrrolidine yields N-phenylfonnamide in 48% 
yield?4 Dimethylaminocyclohexane on oxidation leads to cyclohexanone in 85% ~ie ld .3~  There is also 
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Me Me 

an isolated example of a lactam being isolated in about 5% yield using potassium permanganate as the 
oxidant (equation 20).36 

? &  \ I  I C02Me 

I COzMe 
CHO CHO 

2333 Hypervalent Iodine 

Iodosylbenzene converts cyclic tertiary amines into lactams?' as indicated by nicotine affording a 
20% yield of cotinine and N-methylpyrrolidine being converted into the corresponding lactam in 55% 
yield. 

233.4 PlatinudOxygen 

Tertiary amines react with oxygen in the presence of platinum to give amides38 showing a strong pref- 
erence for reaction at methyl groups. For example, oxidation of trimethylamine gives NJ-dimethyl- 
formamide in 74% yield, and N-methylcyclohexylamine yields N-formylcyclohexylamine in quantitative 
yield. 

233.5 Amine Oxides 

2.5.3.5.1 The Polonovski reaction 

The Polonovski reaction occurs when an amine oxide reacts with an acylating agent.39 The accepted 
mechanism involves proton removal to give a nitrogen ylide which loses acetate (using acetic anhydride) 
which attacks the carbon adjacent to the nitrogen atom giving an a-acetoxyamine. These intermediates 
can be hydrolyzed to give aldehydes or eliminated to give enamines (equation 21).'" This latter case was 
used to help determine the structure of the natural product nupharidine. A recent variant of the procedure 
occurred by silylation of amine N-oxides to give a-silyloxyamines which subsequently underwent elimi- 
nation to give iminium ion intermediates which reacted with nucleophiles (equation 22).'" 
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- 
i, Bu‘Me2SiOTf 

ii, MeLi 
iii. PhMgBr 

74% 

2.5.3.5.2 Pyridine N-oxides 

Pyridine N-oxides may be deprotonated to give ylides which react with electrophiles such as carbon 
dioxide and ketones. For example, 4-chloropyridine N-oxide reacts with butyllithium at -65 ‘C followed 
by quenching with carbon dioxide to give 4-chloropyridine N-oxide 2carboxylic acid in 49% yield. 
Quinuclidine N-oxide can be deprotonated with t-butyllithium to give the anion which can be trapped 
with deuterium oxide or benzaldehyde?2 

253.6 Miscellaneous Oxidation Reactions of Tertiary Amines 

Irradiation of some amines in the presence of 1,4-dicyanonaphthalene causes the formation of radical 
cations, which give iminium ions by loss of a proton. Intramolecular addition of a hydroxylic nucleophile 
yields aminals (equation 23).43 

(23) 
hv 

4 
CN 

85% 

Benzylic quaternary salts react with hot dimethyl sulfoxide (DMSO) to give benzaldehyde.44 For 
example, benzylammonium chloride gives 60% benzaldehyde plus 24% benzylmethylamine and 5% 
benzyldimethylamine. 

Hydride abstraction from tertiary amines by arylmethyl cations leads to iminium ions which can be hy- 
drolyzed or trapped with  nucleophile^.^^ For example, t-butyldimethylamine reacts with triphenylmethyl 
perchlorate to give a 93% yield of the iminium salt. This can be trapped with acetophenone to give the 
Mannich product (Scheme 1). 

i, Ph3C+C104-; ii, PhCOMe 

Scheme 1 

Benzylic amines react with hydrogen peroxide to yield benzaldehydes!6 For example, 4-bromobenzyl- 
dimethylamine gives a 60% yield of 4-bromobenzaldehyde. Only six cases were reported, with both di- 
methylamino and diethylamino groups undergoing the reaction. 
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25.4 SECONDARY AMINES 

Oxidation of Activated C-H Bonds 

25.4.1 Formamidines 

Secondary amines are easily converted into formamidines by reaction with amidines (equation 24).4’ 
Deprotonation and addition of electrophiles, including alkyl halides, acyl halides, aldehydes and dise- 
lenides, pemit the introduction of various groups adjacent to the amino center, and therefore can be con- 
sidered as an oxidation. Alkylation with dihalides gives intermediates which lead to new carbocyclic 
rings after removal of the formamidine group (equation 25).48 

0 N 
I 
H 

\OMe 
iii, NHzNHz, AcOH 

68% OMe 

High enantioselectivity is also possible in these reactions by using an optically active amidine, readily 
available from (S)-~alinol?~ A recent synthesis of (+)-reticdine made elegant use of this chiral inter- 
mediate (equation 26).50 Likewise, (-)-yohimbone was prepared in 98% enantiomeric excess using these 
reactions?’ 

i. BdLi Me0 

Ph-0 Br- mAo% 0-a (*@ 

0, Ph 
iii, NHzNH2, AcOH 

Bu’O 70% ’ OMe 
Reticuline, 99% ee 

Another formamidine which allows facile removal of hindered tertiary hydrogens has been recently in- 
troduced (equation 27).52 The bridgehead position of a bicyclic amine has also been alkylated in good 
yields via the r-b~tylformamidine?~ 

* 
i, Bu‘Li 

ii, EtI H 
iii, NHzhTiz 

81% 

Me0 

25.4.2 N-Nitrosamines 

The acidity of hydrogen atoms adjacent to the nitrogen substituent of N-nitrosamines has been known 
for many years,” although Seebach and coworkers played a major role in developing this into a useful 
synthetic process. For example, the anion of N-nitrosodimethylamine is formed by using LDA, and can 
be alkylated or condensed with carbonyl compounds or nitriles (Scheme 2).55 1-Bromo-3-iodopropane 
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reacts with this anion, and formation of the kinetic anion of this intermediate gives N-nitrosopiperidine in 
54% yield.56 The key step in the total synthesis of macrostomine was accomplished using a nitrosamine 
alkylation (equation 28).57 Many additional examples using N-nitrosamines are also a~ai lab le .~~.5~ 

NO 

i, iii Me, i, ii 7 
15% Me/ 15% Me/ 

N-NO OH - N-NO - 
(3" i, LDA, ii, MeI; iii, 

Scheme 2 

i, 2LDA 

M e 0  NO 

L O  
iii, Raney Ni/H2 

80% 

N-Nitroso-a-amino acids may be converted into a-acetoxynitrosamines.60 For example, N-nitroso- 
proline gives a 40% yield of 2-acetoxy- 1 -nitrosopyrrolidine using lead tetraacetate in pyridine. 

25.4.3 Amides 

Secondary amines can be acylated with acyl groups bearing no a-hydrogens. Deprotonation next to the 
nitrogen atom and introduction of electrophiles allow the oxidation of that position. Early work showed 
that these anions underwent self-condensation. For example, N,N-dimethylbenzamide can be deproton- 
ated with lithium 2,2,6,6-tetramethylpiperidide (LITMP) to give N-methyl-N-phenacylbenzamide in 60% 
yield:' It is clear that lithium ion is crucial to the success of this reaction. Crown ethers prevent the re- 

Simple benzamides undergo slow deprotonation with amide bases. Stronger base systems such as 
s-butyllithium in tetramethylethylenediamine (TMEDA) are too nucleophilic for simple benzamides 
but N,N-dimethyl-2,4,6-tisopropylbenzamide is deprotonated in only 5 min at -78 "C, and this anion is 
alkylated with methyl iodide to give a 77% yield of the expected product.64 

Other amides have been alkylated by this method. For example, the system in equation (29) gives 
clean products even with secondary iodides.65 Vinylogous amides behave in a similar manner (equation 
30).& Thioamides also undergo alkylation without  complication^.^^ 

and recent kinetic studies show intermediate lithium complex f ~ r m a t i o n . ~ ~  

i, Bu'Li, TMEDA, -78 O C  

(29) 

0 

- 
0 - 1  

m N  But ii, 

0 
89% 



226 Oxidation of Activated C 4  Bonds 

Trapping of these so-called dipole-stabilized anions with either oxygen or the complex of oxodiper- 
oxymolybdenum with HMPA and pyridine gives hemiaminals which provide secondary amides.68 The 
procedure can therefore be used as a method of benzyl deprotection of amides (equation 3 1). 

2.5.4.4 Urethanes 

23.4.4.1 Anions 

Urethanes analogous to the amides of the previous section undergo similar deprotonation followed by 
alkylation and condensation reactions. For example, 2.4.6-tri-t-butylphenol may be converted into the 
corresponding urethane which can be further functionalized (equation 32).@ N-Carbomethoxy-3- 
pyrroline has been converted into both the trail pheromone for the Pharaoh ant and gephyrotoxin 223 by 
using regiospecific alkylations (Scheme 3).70 Similar approaches were used in the preparation of the 
natural product supinidine7l Piperidines also have been alkylated via the f-BOC-protected amines.72 

But 0 Me But 0 
i, BusLi, TMEDA. 0 "C 

Et (32) \ /  But 0 \ /  O'NMe ii, Me1 
But 71% But 

Br 
i, ii i, iii 0 -  N 65% 

71% N N 
C02Me C02Me C02Me 

i, LDA, 4 0  OC; ii, -Br; iii, B~T 
Br 

Scheme 3 

Carbamic acid dianions have also been reported and behave in the analogous manner (Scheme 4).73 

\ 
57% iv. overail v -% 

H k 0 2 ~ i  H 

i, BuLi; ii, C02; iii, Bu'Li, Bu'OK; iv, o:, H+ 

Scheme 4 

23.4.42 Elecbvlysis 

Anodic electrolysis of urethanes in methanol gives a-methoxyurethanes, which have been used in re- 
actions with nucleophiles or eliminated to give enamine derivatives. Yields from the electrolysis step are 
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usually acceptable (typically 50%).74 Several natural products have been prepared using this process as 
the key step.75*76 For example, a simple synthesis of hygrine is possible (Scheme 5).77 Only simple ure- 
thanes have been electrolyzed, which suggests a lack of functional group compatibility. 

i 

N 78% N N 
I I I I 

COzMe COzMe COzMe Me 

i, electrolysis, MeOH ii, TiC4. 

Hygrine OAc 

Scheme 5 

25.43 Miscellaneous Methods 
Secondary amines react with 2-ethoxy-4-isopropyloxazoline and acid to give oxazoline derivatives 

which may also be deprotonated. High enantiomeric excess is possible during alkylation by using chiral 
oxazolines?8 as in the preparation of (+)-salsolidine (equation 33)?9 Likewise, isoindoline also has been 
alkylated by using a similar approach.80 

M e o m N .  (33) 
i, Bu'Li, -78 O C  

ii. MeI, -100 OC Me0 : H  
iii, NH2NH2 

93% (+)-Salsolidine 

MeomN 
-0 Me0 

7- 
Iodosylbenzene oxidizes secondary amines to lactams in reasonable yields, much like the tertiary 

amines discussed in Section 2.5.3.3.37 If only 1 equiv. of iodosylbenzene is used, the imine intermediates 
are isolated. Thus, 1,2,3,4-tetrahydroisoquinoline gives 3,4-dihydroisoquinoline in 6 1% yield.*l This 
general reaction also has been reported with either iodosylbenzene or iodosylbenzene/R~Clz(PPh3)3.~~ 

Mercury(I1) ion oxidizes secondary amines to imines when reacted in the presence of acetic a ~ i d . 8 ~  For 
example, 2-t-butylpiperidine gives a 75% yield of the more substituted imine. Mercury(II) ion in EDTA 
gives lac tam^.^' For example, 4-t-butylpiperidone is isolated in 81% yield from 4-t-butylpiperidine using 
mercury(I1) ion in EDTA. 

Photochemically induced oxidation of one secondary amine in the presence of 1,4-dicyanona hthalene 

Secondary amines have been oxidized to imines by several routes. The nitrogen atom can be halogen- 
allows the introduction of oxygen into the position adjacent to the nitrogen atom (equation 34). B 

CN 
I 

- bA Ph (34) 

ated and the N-chloramine eliminated with base. N-Chlorosuccinimide and potassium hydroxide are 
popular reagents" although t-butyl hypochlorite followed by potassium superoxide has also been used 
with some success.85 The overall yields in these reactions are usually good. Diphenyl selenoxide and tri- 
fluoroacetic anhydride convert tetrahydroisoquinolines into dihydroisoquinolines.86 Benzeneseleninic 
anhydride converts secondary amines into imines, which can be trapped by cyanide ion to give a- 
~yanoamines.8~ Tristriphenylphosphineruthenium dichloride and t-butyl hydroperoxide convert second- 
ary amines into imines, although the products in all cases are conjugated with aromatic Finally, 
dehydrogenation of secondary amines into imines can be accomplished with a cobalt catalyst in the 
presence of oxygen at 60 'C.89 
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2.55 PRIMARYAMINES 

255.1 Conversion into Aldehydes and Ketones 

Primary amines have been transformed into imines which when metallated react with carbonyl com- 
pounds. Treatment with butyllithium, alkylation with allyl bromide and hydrolysis gives highly sub- 
stituted aldehydes (Scheme 6).90 Thus, in this example, the carbon adjacent to the original amino 
nitrogen atom becomes the carbonyl carbon. The technique has been used several times in the course of 
total synthesis, as with a recent approach to ~ r i n i n e ~ ~  and as the key step in a recent highly regioselective 
preparation of a,@-unsaturated aldehydes (equation 35).92 

Ph Ph 
i, iii, iv - 0 N =/ i,ii 

P 
EtO, I t  1 - 
EtO' Ph 

0 

i, ~di; ii. m+ ; iii, A BS iv, H ~ O +  

Scheme 6 

i, Bu*Li 

ii, RCHO 
iii, CF3COzH 
iv, HzO 

L Et3siYN-But (35) 

Many other methods have been developed for the conversion of primary amines into carbonyl groups 
via imines. Prostaglandin E1 was prepared in over 25% yield from the corresponding amine with hy- 
droxy groups protected as THP acetals. This was achieved by N-bromination (NBS) followed by loss of 
HBr and hydrolysis of the resulting imine.93 The approach has been applied successfully to several pri- 
mary amines having only one a-hydrogen atom using sodium hypochlorite under phase transfer condi- 
tions (nitriles are isolated from amines having two a-hydrogens). Cyclohexanone is obtained in 98% 
yield and norcamphor in 84% yield.94 Another clever method for amine oxidation uses 33-di-t-butyl- 1,2- 
benzoquinone to give an intermediate imine which is hydrolyzed to the carbonyl compound.9s Camphor 
is isolated in 69% yield and cyclohexanone in 97% yield. The mechanism of these reactions has been 
examined in some detail recently.% The imines from reaction of primary amines with 2,6-di-t-butyl-1,4- 
benzoquinone react with oxygen and potassium t-butoxide or potassium hydroxide to give amides?' For 
example, benzylamine gives benzamide in 50% overall yield. Another method uses aromatic aldehydes 
to give imines which can be isomerized and then hydrolyzed, as with 2-pyridinecarboxaldehyde which 
converts undecylamine into the corresponding aldehyde in 94% yield?8 In a similar manner, N-methyl-4- 
pyridinecarbaldehyde has been used for the oxidative deamination of primary amines (even lysine and 
lysine esters with the a-amino group protected).99 Phenylselenyl chloride converts primary amines into 
imines.'"'' 2-Adamantylamine gives adamantanone in 91% isolated yield using this method. Di-t-butyl- 
iminoxyl radical, from cerium(1V) ammonium nitrate oxidation of the oxime of di-t-butyl ketone, also 
oxidizes amines into irnines.l0' 

Primary amines via pyrilium salts react with 2-pyridone N-oxides and on decomposition give alde- 
hydes in fair yields (equation 36).lo2 

Various reagents will oxidize primary amines to intermediates, which are often hydrolyzed in accept- 
able yields in situ to give aldehydes and ketones. Hot potassium permanganate in a buffered (calcium 
sulfate) medium gives reasonable yields of carbonyl compounds, although of course double bonds and 
many other functional groups would not be compatible with this method.1M Sodium persulfate and cata- 
lytic silver nitrate convert primary amines into aldehydes (43-96%).'04 Similarly, palladium(II) chloride 
or gold(II1) chloridelo5 as well as silver pico1inatelM have been used for this purpose also, although the 
latter reagent gives considerable amounts of nitrile as a side product and can be the major product in 
many cases depending upon the substituents present. 
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Ph i, 0 BF4- 
Ph Ph + 

c 
Ph 

iii, A 
41% 

Aromatic aldehydes are obtained by reaction of primary amines with p-nitrobenzenesulfonyl peroxide 

Nfl-Disulfonamides are decomposed with sodium hydrogencarbonate in DMSO to give ketones. lo8 
Imines formed from the reaction of primary amines with carbonyl compounds can be oxidized to ox- 

aziridines with MCPBA which hydrolyze to aldehydes or ketones with acid. When acetone is used, the 
final by-products are ammonia and acetone (equation 37).'09 The use of 2-pyridinecarbaldehyde is 
preferred since it gives an acid-soluble by-product which aids work-up (equation 38)."O 

followed by mild hydrolysis with dilute acid. lo' 

(37) 
i, 

ii, MCPBA G C H O  
iii, HsO+ 

40% 

bNH2 iii, ii, i * O C H O -  -OH MCPBA 4 0 

iv, H,O+ 
40% 

255.2 Conversion of Primary Amines into Nitriles 

Many reagents convert primary amines into nitriles. Some of these have been mentioned above and 
represent serious limitations on methods for generating carbonyl compounds. Other ways of oxidizing 
amines to nitriles are the use of nickel peroxide,"' lead tetraacetate,'I2 copper(1) chloride plus oxygen 
and pyridine,' l3  iodine pentafluoridel l4 and benzeneseleninic anhydride. l5 A double bromination-dehy- 
drobromination can be effected for the preparation of nitriles with 2 equiv. of NBS and trimethyl- 
amine.116 Likewise, fluorination and elimination of HF gives nit1i1es.l~~ 

25.6 AMINO ACIDS 

25.6.1 Alkylation 

The introduction of alkyl groups at the a-carbon of amino acids has been accomplished most efficient- 
ly by formation of imine esters. For example, the benzaldehyde imine of ethyl glycinate can be deproton- 
ated and alkylated (equation 39).l18 Other imines also have been used.l19 Optical activity has been 
introduced by using chiral palladium ligands during the alkylation step,120 c h i d  alcohols to form the 
ester,lZ1 and c h i d  ketones to form the imine.122 Alkylation of 2-pyrrole acetate esters has been accom- 
plished in a similar f a ~ h i 0 n . I ~ ~  
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i, LDA * J? (39) 
PhA\N -COZEt ii, I(CH2hMe F%-\N C02Et 

9096 

Alkylation of amino acids has also been achieved by first forming heterocyclic derivatives. For 
example, the oxazolidinone from CBZ-phenylalanine and formaldehyde reacts with tassium hexa- 

dro-1,4-oxazin-Zones have been used in a similar manner to give amino acids with a degree of 
diastereoselectivity.1z*1z6 

methyldisilazide followed by allyl bromide to give the expected product in 76% yield.' P Chiral tetrahy- 

2.5.6.2 Degradation of Amino Acids 

Amino acids are converted into aldehydes, the most popular method being the Strecker degradation.lZ7 
The amino acid is simply mixed with reagents such as ninhydrin and heated to form ammonia and carbon 
dioxide as by-products. Sodium hypochlorite can be used in a process accelerated by UV irradiation.128 
A similar reaction is the Akabori reaction where the amino acid is heated with compounds such as glu- 
cose to give aldehydes, as in the Strecker process.129 

N-Alkyl amino acids are decarboxylated to iminium salts by brief treatment with hot Pocb.130 These 
may be intercepted by internal nucleophiles to form cyclic compounds (equation 40).13' 

2.5.63 Miscellaneous 

Oxidation with excess iodosylbenzene converts proline into 2-pyrrolidinone in up to 70% yield.78 Use 
of only 1 equiv. of iodosylbenzene in this reaction gives 1-pyrroline, plus the corresponding trimer. 

Oxygen substituents have been introduced into the a-position of amino acids by N-halogenation and 
eliminatiodaddition in the presence of an alkoxide. For example, the methyl ester of BOC-phenylalanine 
reacts with t-butylhypochlorite followed by methoxide to give the a-methoxy amino acid derivative in 
76% yield.132 The intermediate halo compound reacts with Grignard reagents to give higher amino acids. 
N-BOC-glycinates react with NBS followed by 2 quiv. of a methyl Grignard reagent to give the pro- 
tected alanine ester by a process which must involve an imino ester.133 Similar intermediates may be ob- 
tained by alternative methods involving addition of &oxides to imidates (equation 41).134 

COzEt 
''zEt MeOH, Bu'OK my 75% - m; 
0 0 

2.5.7 MISCELLANEOUS OXIDATIONS 

25.7.1 LactarndAmides 
Lactams and amides are easily oxidized to imides with hydroperoxides in the presence of Mn(acac)z or 

Co" naphtl~enate.'~~.'~~ For example, 2-piperidone is oxidized to glutarimide in 72% yield using 
Mn( acack. 
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2.5.7.2 a-Cyanoamines 

aCyanoamines can be deprotonated to allow the introduction of electrophiles at the a-position. The 
resulting adducts can be hydrolyzed to give ketones. These intermediate anions are therefore acyl anion 
equivalents. For example, aromatic ketones are efficiently prepared as illustrated in equation (42).137 
More recently, 1 -benzyl-2,6-dicyanopiperidine was bisalkylated using sequential treatment with LDA 
and alkyl halides and the resulting product was hydrolyzed to give 1,5-diketones.13* 

i, NaH, DMF 
(42) 

Ph Me0 NEtZ 
Me0 ii, PhCHZBr 

iii, H+ CN 

68% 

0 

25.73 Pyridinium Salts 

The classic Krohnke aldehyde synthesis results from the displacement of pyridinium salts by aromatic 
nitroso compounds to give nitrones which are hydrolyzed to aldehydes.139 Phenacyl bromide reacts with 
pyridine and then nitrosobenzene to give phenylglyoxal in 76% yield after acid hydrolysis.la The pyridi- 
nium salts in these reactions must be activated in some way toward displacement to effect efficient con- 
versions. 

2.5.7.4 HydrazonedOximes 

Lead tetraacetate converts hydrazones to carbonyl compounds plus the corresponding alcohols. For 
example, benzophenone hydrazone is converted into benzophenone in 36-6796 yields plus lesser 
amounts of b e n z h y d r ~ l . ~ ~ ~ - ' ~ ~  Substituted ketone hydrazones give a-acetoxyazo compounds with 1 
equiv. of lead tetraa~etate, '~~ although 2 equiv. of lead tetraacetate results in ketones. This also has been 
observed with tosylhydrazones. 14-- Arylhydrazones of aldehydes give diacylhydrazines (equation 
43).145,146 

Lead tetraacetate oxidizes oximes to various products. For example, the oxime of cyclohexanone gives 
a-acetoxynitrosocyclohexane in 35% yield. 147 Aldoximes react with lead tetraacetate to give nitrile ox- 
ides which then yield acetyl hydroxamates by reaction with acetic acid. 14* 

Miscellaneous derivatives are hydrolyzed back to the starting carbonyl compounds. Phenylhydrazones 
of ketones are converted into the parent ketones upon treatment with manganese dioxide. 149 Tosylhydra- 
zones react with molybdenyl chloride150 or tungsten tetrafluoride151 to give both aldehydes and ketones. 
Sodium peroxide converts aldoximes into carboxylic acids. 152 

The anions of hindered hydrazones allow the introduction of electrophiles at the a-position, thus func- 
tioning as acyl anion equivalents after isomerization back to a hydrazone and hydrolysis. 153~154 For 
example, the t-butylhydrazone of acetaldehyde gives phenylacetone following the sequence of reactions 
shown in equation 44. 

* )(, Ph 
i, BuLi H 

I 
PN. N. 

ii, PhCHZBr 
iii, CFsCOzH 
iv, HOzCCOzH, HzO 

71% 

But 
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25.75 Isocyanides 

Isocyanides similarly upon deprotonation and alkylation give amines or ketones after hydrolysis. For 
example, methyl isocyanide reacts with butyllithium, allyl bromide, and aqueous acid to give 3-buten- 
amine.lS5 Tosylmethyl isocyanide (TOSMIC) can be deprotonated with excess sodium hydride in 
DMSO, alkylated twice with benzyl bromide and hydrolyzed with acid and then base to give 19-diphe- 
nylpropanone. l56 

25.7.6 Nitrones 

Certain nitrones react with acylating agents and then remange to give products having an oxygen 
group adjacent to the nitrogen of the original nitrone, somewhat reminiscent of the Polonovski reaction 
reported earlier.1s7J58 An example is the reaction shown in equation (45). 

- Ph - Ac2O Ph 4 (45) 

N%N-Me 

0 - N +  

YN'" 0 AcO 0 
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2.6.1 INTRODUCTION 

In the presence of certain oxidants, ethers possessing at least one C-H bond at the position adjacent 
to oxygen are susceptible to oxidation. The light-induced oxidation of diethyl ether in air is a well-known 
example of this phenomenon. In most instances, oxidative attack leads, via the intermediacy of carbo- 
nium ions or free radicals, to either esters (or lactones) or a-substituted ethers. Subsequent breakdown 
under the reaction conditions may then lead to mixtures of cleavage products, which can in turn suffer 
further oxidation. In principle, therefore, a wide range of products can result during the oxidation of an 
ether, depending on the nature of the substrate, the oxidant and the experimental conditions employed. 

Although a number of different reagents have been discovered for the selective oxidation of ethers, 
e.g. halogens,' iodine tris(trifluoroacetate)? trichloroisocyanuric acid? m6,4 NJV-dibromobenzenesul- 
fonamide5 and lead tetraacetate? few have assumed any synthetic importance. Of these, the most signifi- 
cant are the metallic oxidants chromic acid and ruthenium tetroxide. DDQ has also been widely used for 
the oxidative deprotection of benzyl ethers. It is the aim of this chapter to review the latest developments 
in ether oxidation by these, and other reagents, with particular emphasis on chemo- and regio-selectivity. 
Several reviews on the subject have appeared previ~usly.~-~' The related oxidation of acetals has been 
reviewed recently'' and will not be dealt with here. 
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2.63 METALLIC OXIDANTS 

Oxidation of Activated C 4  Bonds 

2.63.1 Introduction 

Most of the metallic oxidants which have been used for the oxidation of ethers have been based on ox- 
ides of the transition metals chromium, manganese and ruthenium, the latter being of greatest synthetic 
importance. The first reported example of the application of ruthenium tetroxide in the oxidation of 
ethers appeared over 30 years ago in 1958,l2 although an indication of its reactivity towards ethers had 
been obtained some years bef01e.l~ In a systematic study which revealed the powerful oxidizing proper- 
ties of the reagent, Berkowitz and Rylander demonstrated the quantitative conversion of tetrahydrofuran 
and n-butyl ether into y-butyrolactone and butyl butyrate, respectively.’2 Significantly, no overoxidation 
was observed. Apart from an unsuccessful attempt to oxidize ethylene oxide, no further attempts were 
ma& by the authors to examine further the scope of this novel transformation. In a series of subsequent 
publi~ations~~J5 and a patent,16 Wolf and his coworkers went on to exploit the reaction in the preparation 
of aldosterone and related steroids (equation 1). 
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In 1959, Henbest and Nicholls reported the conversion of the ether (1) into the corresponding lactone 
(2), on treatment with chromic acid in acetone at room temperature (equation 2).” Mechanistic studies 
on the oxidation of ethers by both ruthenium tetroxide1* and chromic acidlg were duly carried out. A 
more detailed analysis of the mechanistic aspects of these reagents appears in a review published by 
MUller? 
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Despite these early successes, few synthetic chemists appeared to recognize the potential of metallic 
oxidants for the oxidation of ethers to esters and lactones, and only a few further developments were 
published prior to 1980.20-24 Since that time, as the chemistry of these reagents has become better under- 
stood, their use has increased dramatically to the stage where they are now the reagents of choice for 
many applications, including complex natural product synthesis. 

Although most attention has been focused on ruthenium tetroxide and chromium trioxide, some other 
variants have appeared in the literature which are worthy of note. For example, a Merck group reported 
that f-butyl chromate was effective in the transformation of the spiro ether (3) into the corresponding lac- 
tone (4; quation 3).= The use of ruthenium tetroxide, on the other hand, led to extensive side reactions. 
Benzyltriethylammonium permanganate,26 zinc dichromate2’ and zinc permanganate supported on silica 
gela am all potent oxidants, which react readily with a wide range of substrates, including simple ethers. 
The full scope of these reagents, however, remains essentially unexplored. cis-[Ruv‘(6,6’-C12bpy~Od 
[ a 0 4 1 2  has recently been reported to oxidize a wide variety of substrates, including tetrahydrofuran, to 
butyrolactone.29 Trirmel and Russ have described the preparation and reactions of dimanganese heptox- 
ide (Mn207) as dilute solutions in carbon tetrachloride or Freon 1 13.30 This potentially explosive oxidant 
reacts within minutes with ethers at 4 5  ‘C to afford lactones or esters in high yield. However, even at 
this temperahue, other functional groups, such as alkenes, alcohols and aromatic systems, are attacked. 
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Cyclic ethers a~ oxidized to lactones in the presence of cerium(1V) salts.31 Treatment of tetrahydrofu- 
ran with cerium(IV) ammonium nitrate in the presence of primary, secondary or tertiary alcohols leads to 
the formation of the corresponding tetrahydrofuranyl ethers in quantitative yield.31 Furthermore, 4-meth- 
oxybenzyl ether derivatives of carbohydrates are selectively deprotected to the parent alcohols on re- 
action with cerium(1V) ammonium nitrate in aqueous a~etonitrile.~2-34 

Finally, oxidative cyclization (HgO, 12, hv) of appropriately substituted alcoholic ethers formed the 
basis of Kay's stereoselective syntheses of both 4-hydroxy- 1,7dioxaspiro[5.5]undecane, an olive fly 
pheromone ~omponent?~ and (f)-talaromycin B (equations 4 and 5).36 More recently, Danishefsky et al. 
have further extended the scope of this spiroketal-forming reaction in their elegant total synthesis of 
avermectin Ala (equation 6).37 
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2.6.2.2 Reaction Conditions 

The chromium-based reagents, particularly chromium trioxide, are commonly used in solution in 
acetic acid and/or acetic anhydride, or occasionally in a less polar organic solvent, such as dichlorometh- 
me. The high reactivity of zinc permanganate was effectively controlled by supporting the reagent on 
silica gel and carrying out its reactions in dichloromethane.28 The reagents are used in stoichiometric 
quantities, or in excess, and reactions are generally carried out at mom temperature or above. 

Much of the early work with ruthenium tetroxide also made use of stoichiometric amounrs of a solu- 
tion of the reagent in an inert solvent, such as carbon tetrachloride. Reactions were carried out at room 
temperature. The general acceptance of the reagent as a powerful wide-ranging oxidant?8 coupled with 
the expense of ruthenium metal, however, later provided the incentive to develop alternative catalytic 
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procedures. In 1980, Smith and Scarborough published details of a systematic study of ether oxidation by 
ruthenium tetroxide in which they compared the relative merits of both the stoichiometric and the two- 
phase catalytic methods.39 In the latter case, catalytic quantities of the reagent were generated by vigor- 
ously stirring a mixture of ruthenium dioxide in carbon tetrachloride with an aqueous solution of sodium 
periodate at room temperature. Good yields of esters and lactones were obtained from a series of simple 
ethers using the stoichiometric method (equations 7 and 8). When the two-phase catalytic method was 
employed, however, reaction times were long, and products unstable to aqueous conditions tended to 
undergo further oxidation to the corresponding carboxylic acids (equations 9 and 10). Similar results 
were obtained in a later study using catalytic ruthenium chloride and sodium or calcium hypochlorite as 
the stoichiometric oxidant under phase transfer conditions.4o The use of sodium hypochlorite as cooxi- 
dant in the oxidation of the bicyclic ketone (5) led preferentially to the formation of the Baeyer-Villiger 
product (6), whereas sodium periodate gave the lactone (7; Scheme 1)."l 
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In the acetonitrile modification reported by Sharpless and coworkers, hydrolysis apparently does not 
take place to any appreciable extent."' Consequently the yield of ester can be significantly increased 
(equation 11). This improved procedure, along with some minor variantsP3 therefore appears to be the 
method of choice for effecting the oxidation of ethers with ruthenium tetroxide, and has been widely 
adopted. 
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2.6.23 Selectivity of Reaction and Application in Synthesis 

Since most of the synthetic applications described to date have involved the oxides of chromium and 
ruthenium, the discussion on reaction selectivity will be limited to these reagents. Even so, much work 
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still remains to be done before the outcome of reactions on complex substrates can be predicted with ab- 
solute certainty. 

Simple symmetrical ethers, such as tetrahydrofuran or n-butyl ether, and ethers possessing only one 
unsubstituted a-carbon atom and no other functional groups, clearly present no problems in terms of se- 
lectivity of reaction (e.g. equation 12).44 In the absence of overriding steric effects, the reaction of simple 
unsymmetrical ethers with ruthenium and chromium oxidants generally proceeds with high regio- 
selectivity. With complex substrates, however, mixtures of products are often produced. 

The relative reactivity of primary and secondary positions adjacent to oxygen can be strongly depend- 
ent on the nature of the oxidant. For example, treatment of the methyl ethers (8)45 and (lo)& with chro- 
mium trioxide in acetic acid leads to the formation of the formates (9) and ( l l ) ,  respectively (equations 
13 and 14). In direct contrast, n-decyl methyl ether is oxidized exclusively to methyl n-decanoate (83% 
yield) by ruthenium tetroxide (equation 1 1)."2 Under similar reaction conditions, 3P-cholestanol methyl 
ether gives cholestan-3-one as the major product, together with traces of the corresponding formatej2 
Therefore, at least in the case of ruthenium tetroxide, primary positions appear to be more reactive than 
tertiary. 

n-C16H33 x0, Me c n'C16H33\ il (13) 
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Secondary positions tend to be more reactive towards oxidation than tertiary positions, unless steric 
hindrance dictates otherwise. Good examples of this are the chromic acid oxidation of the ether (w4' 
and the ruthenium tetroxide oxidation of the ether (13):* both of which lead to lactone formation 
(Scheme 2). Oxidation of the quassinoid intermediate (14), on the other hand, is completely nonselective 
(equation 15)."9 

Salomon and coworkers observed high levels of selectivity in the oxidation of a series of polycyclic te- 
trahydrofuran derivative~.~O Thus, reaction of the tricyclic ethers (15; n = 2, 5) with ruthenium tetroxide 
gave the corresponding lactones (Scheme 3). Conversely, the ether (16) afforded the lactol (17) as the 
major product of oxidation, together with small amounts of the corresponding lactone (18). Similarly, 
during the synthesis of both enantiomers of grandisol, Mori observed that the regioselectivity of ruthe- 
nium tetroxide oxidations was strongly dependent on steric factors (Scheme 4).51 A further example is 
provided by Mori's work on the synthesis of both enantiomers of the spiroketal (19), a key intermediate 
in the synthesis of talaromycins A and B (equation 16).52 

Predictably, when two secondary positions are available for reaction, mixtures of products ensue, with 
the reaction favoring the less hindered position.50 

Allylic and benzylic ethers appear to be particularly susceptible to oxidation, and very high selec- 
tivities are often observed. For example, selective oxidation of the allylic ethers (20)53 and (21)54 has 
provided new methods for the synthesis of a-methylene-y-butyrolactones (Scheme 5) .  Similarly, on 
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treatment with pyridinium chlorochromate, the ether (22) afforded anhydromevalonolactone, an inter- 
mediate in the synthesis of pheromones and verrucarinic acid (equation 17).55 

Benzylic oxidation using chromium reagents has been reviewed previously?6 More recently, Pinnick's 
group has demonstrated that the Jones reagent readily oxidizes benzyl ethems7 However, selectivity is 
poor and mixtures of products result (equation 18). Collins reagent behaved similarly, whereas under the 
same conditions, pyridinium dichromate was ineffective. In contrast, catalytic oxidation of benzyl methyl 
ether with ruthenium tetroxide afforded methyl benzoate in excellent yield and none of the comspond- 
ing formate was detected/* Benzyl ethyl ether reacts similarly under these  condition^.^^ During their 
work on the synthesis of coriolin, Schuda and coworkers carried out a systematic study of the ruthenium 
tetroxide oxidation of benzyl ethers of primary, secondary and tertiary alcohols to the corresponding ben- 
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zoates, in the presence of other functional groups.59 They found that ethyleneketals, acetonides, ben- 
zoates and aromatic rings (including pyridine) were stable under the reaction conditions, but that other 
functional groups, such as alkenes and alcohols, were also oxidized. Interestingly, benzyl ethers of phe- 
nols appeared to resist oxidation. 
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57% 28% 53% 

Further examples of ether oxidation in natural product synthesis have been published recently which 
serve to illustrate the levels of selectivity which can be achieved with these reagents. For example, the 
high yielding oxidation of the ether (23) was a key step in model studies directed at the synthesis of tax- 
ane (equation 19).60 In this case, stoichiometric amounts of ruthenium tetroxide were employed. In an al- 
ternative photochemical approach to the taxane skeleton, Berkowitz and coworkers achieved a 92% yield 
in the oxidation of the intermediate (24) with catalytic ruthenium tetroxide (equation 20).61 During their 
work on the synthesis of the highly oxygenated sesquiterpene anisatin, Niwa’s group was able to obtain 
the lactone (25) in 93% yield (equation 21).6* As part of a programme aimed at the synthesis of known 
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intermediates to leukotrienes B4 and A4 from D-arabinose, the intermediate benzyl ether (26) was selec- 
tively converted into the corresponding benzoate (27) in 71% yield (equation 22).63 Finally, on treatment 
with chromium trioxide in acetic acid-acetic anhydride, the enone (28) furnished the lactone (29), a key 
intermediate in the total synthesis of (f)-desepoxy-4,5-didehydromethylenomycin A (equation 23).64 

0 0 

Where functional groups are present which are more readily oxidized than the ether group, multiple re- 
actions can occur. For example, in their total synthesis of (+)-tutin and (+)-asteromwin A, Yamada et al. 
observed concomitant oxidation of a secondary alcohol function in the oxidation of the ether (30) with 
ruthenium tetroxide (equation 24).65 The same group successfully achieved the simultaneous oxidation 
of both ether functions of the intermediate (31) in their related stereocontrolled syntheses of (-)-picrotox- 
inin and (+)-coriomyrtin (equation 25).& Treatment of karahana ether (32) with excess ruthenium tetrox- 
ide resulted in the formation of the ketonic lactone (33) via oxidation of both the methylene group 
adjacent to the ether function and the exocyclic alkenic group (equation 26):’ In contrast, ruthenium tet- 
roxide oxidation of the steroidal tetrahydrofuran (34) gave as a major product the lactone (35) in which 
the alkenic bond had been epoxidized.68 A small amount of the 5,6-deoxylactone (17%) was also isolated 
(equation 27). This transformation formed the basis of a facile introduction of the ecdysone side chain 
into (2-20 keto steroids. 
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2.63 HYDRIDE TRANSFER REAGENTS 

(35) 83% 

2.63.1 Introduction 
In the early 19709, Barton et al. published the results of their work on the oxidation of acetals and 

ethers by hydride They observed that substituted benzyl ethers and benzyloxy carbonates, 
on brief exposure to trityl tetrafluoroborate in dichloromethane at 0 'C followed by aqueous work-up, af- 
forded good yields of the parent alcohols together with the corresponding benzaldehydes. Under the 
same conditions, the tetrahydropyranyl ether of cholesterol was also efficiently deprotected. A mechan- 
ism was proposed which involved an initial hydrogen abstraction, followed by quenching of the resulting 
stabilized cation by water (Scheme 6). 

Y Y 
(36) 

X tyoJ - tJCHO + ROH 

Y Y 

Scheme 6 
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Ten years later, a Japanese group led by Oikawa developed a mechanistically related method for the 
selective debenzylation of substituted benzyl ethers based on the reagent 2,3dichloro-5,6dicymobenzo- 
quinone (DDQ).71 In contrast to the trityl tetrafluoroborate reaction, the oxidation proceeds at room tem- 
perature in the presence of water. Furthermore, under these convenient and essentially neutral conditions, 
many functional groups, including other common protecting groups, such as isopropylidine, methoxy- 
methyl, benzyloxymethyl, tetrahydropyranyl, acetyl, r-butyldimethylsilyl, benzyl, benzoyl and tosyl, are 
unaffected. As a result of the high levels of selectivity which can be achieved, this method for the depm 



Oxidation Adjacent to Oxygen of Ethers 245 

tection of other derivatives of alcohols and related functional groups7* has been widely used in the syn- 
thesis of complex molecules. In view of its importance, a more detailed analysis of this reaction will fol- 
low. 

2.633 Reaction Conditions 

Typically, the deprotection sequence involves treatment of the substrate with a 10% excess of DDQ at 
room temperature in an organic solvent containing traces of watery3 Although the reaction can take 
place in aqueous methanol or tetrahydrofuran, reaction rates are slow, and dichloromethane containing 
approximately 5% water is vastly superior. Aqueous toluene is also occasionally employed. Under these 
conditions, the weakly acidic 2,3-dichloro-5,6-dicyanohydroquinone by-product is precipitated from sol- 
ution as the reaction proceeds, and consequently the reaction medium is kept essentially neutral. Re- 
action times vary according to the reactivity of the benzyl ether function, unsubstituted benzyl groups 
requiring much longer reaction times than either 4-methoxybenzyl (MPM) or 3,4-dimethoxybenzyl 
(DMPM) groups. Aliphatic ethers are essentially unreactive. 

2.633 Selectivity of Reaction and Application in Synthesis 

The greater reactivity of MPM ethers with respect to unsubstituted benzyl ethers and aliphatic ethers 
can be attributed to the increased stabilization by the 4-methoxy substituent of a cationic intermediate of 
type (36; Scheme 6). The selectivity between these groups has been exploited in the synthesis of a var- 
iety of natural products, including octosyl acid A?4  oligosaccharide^^^^^^ inositol  phosphate^,'^.'^ and 
the polyether antibiotics X-20679 and salinomycin (equation 28hgo 
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iv, DDQ, CH2CI2-H20 (20:1), r.t., 19 h 

Scheme 7 
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The additional presence of a 3-methoxy substituent on the benzyl group confers greater stability on the 
intermediate cation, and consequently oxidation of DMPM ethers by DDQ is even more 
Yonemitsu and coworkers have used this differential reactivity of substituted benzyl ethers to great effect 
in the total synthesis of the macrolide antibiotics methyn~lide!~ tylonolide,84 (9S)-9-dihydroerythro- 
nolide A85 and pikronolide.86 The pikronolide synthesis provides an excellent example of the selective, 
sequential deprotection of DMPM, MPM and benzyl ether protecting groups (Scheme 7). 

Recently, as part of their work on the biosynthesis of the ergot alkaloids, Kozikowski and Wu de- 
veloped the use of (4-methoxybenzyloxy)methyl ethers as alcohol-protecting groups which can be 
removed o~idatively.~' MPM ethers, however, are normally much more reactive towards oxidation than 
benzyloxymethyl (BOM) ethers. Thus, in the synthesis of aplysiatoxin and debromoaplysiatoxin, Kishi's 
group obtained the unstable diol (38) in 70% yield on treatment of the intermediate (37) with DDQ in di- 
chloromethane-water at room temperature.88 Following macrolactonization, the benzyloxymethyl groups 
were deprotected by hydrogenolysis. DDQ oxidation of a DMPM ether in the presence of an unprotected 
secondary alcohol and a benxyloxymethyl ether has also been used to selectively unmask the anomeric 
center of the zincophorin intennediate (39; equation 29).89 Other examples of the selective deprotection 
at the anomeric center of carbohydrates have also been r e p ~ r t e d . ~ * ~ '  Allyl disaccharides containing 
MPM protecting groups are selectively deprotected on treatment with DDQ, whereas cerium(1V) am- 
monium nitrate leads to overoxidationax 
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0 80% 
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In cases where readily oxidized functional groups are also present in either the substrate or the product 
of the reaction, overoxidation can occur. However, this can sometimes be advantageous. For example, in 
the total synthesis of (f)-sterepolide Trost and Chung effected the deprotection of the MPM ether (40) 
with DDQ in moist di~hloromethane.~~ Under the conditions of the reaction, further oxidation of the 
allylic alcohol took place to afford the final product (equation 30). However, separate treatment of the 
allylic alcohol with PDC in dichloromethane was found to be more effective. Similarly, treatment of the 
ether (41) with pyridinium tosylate followed by excess DDQ afforded the Ireland alcohol (42). a key in- 
termediate for the synthesis of tirandamycin A (equation 3 I).% Propargylic alcohols, however, would a p  
pear to be less susceptible to ox ida t i~n .~~  q: "0, CHzClz-HzO, DDQ (excess) ret. - q$: (30) 

MPMO 

(40) (f)-Sterepolide 
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i, pyridine-TsOH. MeOH, ii, DDQ, CH2CIrH20 

2.6.4 OTHER METHODS 

2.6.4.1 Oxygen and Ozone 

Few synthetically useful examples of the oxidation of ethers by oxygen or ozone have been publish- 
ed?,%-lo0 In 1978, Ourisson and coworkers reported that ozonization of the natural product cedrane 
oxide (43) on silica gel at -78 'C led to the formation of the corresponding lactone (44) in 30% yield 
(equation 32).Io1 A small amount of the tertiary alcohol (45) was also produced. Later, in the course of a 
chiral total synthesis of compactin, Hirama examined the ozonolysis of the alkene (46, equation 33).lM 
Under carefully controlled conditions, selective ozonolysis of the double bond could be achieved in 88% 
yield. However, when excess ozone was employed, significant amounts of the benzoate (47) were ob- 
tained, even at -78 'C. In subsequent studies, benzyl ethers of primary and secondary alcohols,*03 and 
carbohydrates104 were oxidized to the corresponding benzoates in excellent yields. Surprisingly, no fur- 
ther synthetic applications of this reaction have been reported. 

(43) (44) 75% (45) 25% 

2.6.4.2 Peracids and Related Reagents 

During the course of a kinetic study on the oxidation of rrans-stilbene with peroxyphosphoric acid 
(H3POs), Ogata and coworkers observed the unexpected oxidation of the reaction solvent tetrahydrofuran 
to y-butyrolact~ne.~~~ However, although n-butyl ether was also oxidized by this reagent, tetrahydropy- 
ran and dioxane were apparently inert. Ethers undergo oxidation on treatment with 4-nitroperbenzoic 
acid in chloroform.lM Moderate yields of esters and lactones are obtained when simple ethers are treated 
with calcium hypoch10rite.l~~ At room temperature, reaction times of 4-16 h are necessary. However, 
primary and secondary alcohols are readily oxidized under these conditions. 

2.6.43 Electrochemical Oxidation 

Several reports on the electrochemical oxidation of ethers have appeared in the literature within the 
last 10 years, although few have been of direct relevance to the synthetic chemist. The electrochemical 
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a-hydroxylation of tetrahydrofuran in aqueous electrolytes has been investigated recently in some de- 
tai1.1°8 Shono et al. have shown that good yields of a-methoxylated products can be obtained via the an- 
odic oxidation of aliphatic ethers in methanol and acetic acid.lW Several groups have worked on the 
electrochemical oxidation of benzyl ethers. 

A novel procedure for the oxidative removal of benzyl protecting groups by catalytic homogeneous 
electron transfer has been developed by Schmidt and Steckhan (equation 34). l3 The selectivity of the re- 
action can be adjusted by altering the substitution on the aromatic rings of the cation radicals (48). Fi- 
nally, a recent publication describes a photoinduced single electron transfer initiated oxidative cleavage 
of benzylic ethers.1l4 

2 Ar3N+* (48) 

RO- Ph * ROH + PhCHO + 2Ar3N (34) 
H20, -2H’ 
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2.7.1 INTRODUCTION 

Chromium-based oxidants are probably the most widely used of all oxidizing agents. Over the years 
they have been continually developed and modified to overcome the typical problems that occur during 
oxidation and to accept wider ranges of substrates with improved selectivities. They have been accepted 
readily by synthesis chemists since they are easy to handle and are often 'off the shelf reagents'. How- 
ever, they are not without their problems: work-up can be problematical; overoxidation can occw, and, at 
all times, removal of the product from toxic chromium contaminants is a concern, especially with respect 
to large scale preparations. In an attempt to circumvent these problems the trend has been to develop the 
use of catalytic and/or supported reagents. This review is concerned for the most part with the applica- 
tions and limitations of more recent chromium(V1) oxidants. Several other comprehensive reviews have 
appeared in this area and should be consulted for more detailed descriptions of older methods, chro- 
mium(V) oxidants, mechanism of oxidation and for typical experimental  procedure^.'-^ 

2.7.2 CHROMIUM(V1) IN ACIDIC MEDIA 

Many of the early methods devised around chromium oxidants have employed strongly acidic media. 
Although high yielding for some specific transformations, most methods require the use of harsh condi- 
tions that are often unsuited to modem approaches to the synthesis of complex, sensitive natural products 
and bioactive molecules. 

2.7.2.1 In Aqueous Sulfuric Acid 

Sodium dichromate in aqueous sulfuric acid has been used since the turn of the century.6 It is a very 
strong oxidant; the use of this system to oxidize primary alcohols is severely limited by overoxidation, 
via the aldehyde hydrate, to the corresponding acid. This problem can be partially circumvented in the 
preparation of volatile aldehydes (in particular aromatic aldehydes'), by slow addition to excess alcohol 
and continuous removal of the aldehyde by distillation.s Oxidation of secondary alcohols that are reason- 
ably soluble is acceptable, but milder methods are now available, and are discussed in detail later. 

As may be expected, a totally aqueous system is also restricted by the low solubility of many potential 
substrates. Hence several variations have subsequently been developed from this basic technique. 

2.7.2.2 In Aqueous Acetic Acid 

The use of acetic acid increases the solubility of organic substrates and also increases the rate of oxida- 
tion via acid catalysis. Some water, however, is necessary to solubilize the chromium(V1) oxide. 

Once again the selective preparation of aldehydes is problematical - oxidation generally proceeds 
rapidly to give the acid. Secondary alcohols give good yields of the corresponding ketones, but the use of 
excess oxidant should be avoided since yields may be lowered by cleavage of the desired products via 
the enol form; this becomes more prominent with increasing substitution OL to the ketone. In addition to 
the use of minimum amounts of oxidant, degradation may also be retarded by the addition of man- 
ganese(I1) or cerium(II1) salts to the rea~tion.~ 

Substrates containing 1 ,2-diols will normally undergo oxidative cleavage with this oxidant, but again 
this may be inhibited by the addition of manganese(I1) or cerium(II1) salts.1° 

2.7.23 In DMFDMSO with Catalytic Sulfuric Acid 

Chromium(V1) oxide in DMF is a very poor oxidant. However, the reaction is catalyzed by the addi- 
tion of concentrated sulfuric acid." Acid sensitive functionalities such as acetonides and acetals were 
found to be stable to these milder conditions. 
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Similarly sodium dichromate dihydrate in DMSO is a poor oxidant, but the addition of catalytic quan- 
tities of sulfuric acid leads to the effective oxidation of a variety of alcohols to give aldehydes and 
ketones in good yield (8O-90%).l2 Oxidations are normally complete within 90 min at 70 "C, and may be 
performed in commercial DMSO without the need for further purification. 

The suitability of these methods for large scale preparations may be restricted by the problems of 
removal of large quantities of the polar solvents. 

2.7.2.4 In Two-phase Systems 

Two-phase oxidations have been developed to protect sensitive substrates from prolonged exposure to 
strongly acidic conditions, thus avoiding degradation of the product and/or epimerization of compounds 
containing a-chiral centres. Benzene and dichloromethane are commonly used for the organic phase, but 
diethyl ether is often found to be superior since it is less likely to form emulsions. 

Brown et al. initially reported the use of two-phase oxidation for the preparation of a range of 
ketones;13 the method has also recently been reported for the oxidation of a selection of primary alco- 

Phase transfer conditions can be used for substrates with only limited aqueous solubility. Phase trans- 
fer agents also facilitate the preparation of aldehydes under biphasic c~ndi t ions. '~J~ 

h o l ~ . ' ~  

2.7.25 In Aqueous Sulfuric Acid/Acetone (Jones O~idation'~) 

This is one of the best-known and most widely used methods of oxidation using chromium(V1). The 
procedure, which is amenable to large scale preparations, uses a standard chromic acid/sulfuric acid solu- 
tion which is simply titrated against a solution of the alcohol in acetone. Acetone performs a dual role: (i) 
it is an excellent solvent for a wide range of organic molecules; and (ii) it protects the substrate from 
overoxidation or undesired side reactions by reacting with the excess oxidant itself. Hence it is uncom- 
mon to observe substantial epimerization of a-chiral  centre^.'^+'^ 

Secondary alcohols give good yields of ketones, but the foremost use of the Jones oxidation has been 
for the conversion of saturated primary alcohols to the corresponding acid. In direct contrast, primary 
allylic and benzylic alcohols can be selectively oxidized to aldehydes; acids are obtained only after pro- 
longed exposure to the oxidant. In rigid systems it has been found that axial alcohols are oxidized faster 
than equatorial alcoholsFO 

Isolated carbon-carbon multiple bonds are not normally attacked by Jones' reagent, but some double- 
bond isomerization may occur during the preparation of a,P-unsaturated aldehydes. Hydroxy-directed 
epoxidation (presumably via chromate ester formation, followed by oxygen transfer to the double bond) 
has also been observed in steroidal substrates for axial alcohols (equation l).21 Equatorial alcohols under- 
go oxidation to give the expected enone. 

'EH I7 Jones 
w 

lh, 6 5  "C, 60% 

+ &'EH17 (1) 

0 0 
62% 38% 

Care should be taken to avoid substrates containing either cis or trans 1,Zdiols or a-hydroxy ketones 
since these groups are liable to be cleaved under the reaction conditions.22 

Although acetonides and secondary THP groups are sometimes compatible with the Jones oxidation 
(Table 1). acid labile protecting groups are often removed during the reaction, thus effecting a con- 
venient 'one-pot' deprotection-oxidation protocol. In a similar way nitrile groups may be 'deprotected' 
to reveal acids during Jones  oxidation^.^^ 
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Table 1 Oxidation of Alcohols in Aqueous Sulfuric Acid/Acetone (Jones Oxidation) 

Entry Substrate Product Yield (96) Ref. 

0 
But 

HO""' 

But 

0J 

40 19 

82 26 

82 27 

91 29 
-OH ucHo %:4 (E):(Z) 

84 29 
OH -&O 92:8 (Z):(E) 

1, 76 29 PhAOH 

HO doH H02C Jo2H 40 30 

Ph 

98 31 
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Table 1 (continued) 
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Entry Substrate Product Yield (5%) Ref. 

10 

11 

12 

13 

14 

15 

16 

OH 9" OMe 

OMe 

0 p OMe 

OMe 

71 

7"" 

33 

34 

OBz 

82 

88 

54 

36 

37 

38 
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Table 1 (continued) 

Entry Substrate Product Yield (%) Ref. 

18 R K O H  

5&90 39 

70-80 18 

The oxidation of compounds with free N-H groups can be complicated by difficult product isola- 
ti0n.2~ However, conversion to the perchlorate salt prior to oxidation has been reported to alleviate this 
problem (equation 2).25 

H 

Jones on perchlorate salt 

90% 

H H 

2.73 CHROMIUM(VI) WITH HETEROCYCLIC BASES 

Chromium(V1) oxide is known to form complexes with several nitrogen heterocycles, many of which 
show oxidizing properties. They are milder, more selective oxidants than the acid-based reagent systems. 
Acid sensitive groups are tolerated much more, and the preparation of aldehydes is generally easier. 
However, oxidation may be difficult on substrates that contain basic nitrogens, since exchange may 
occur with the oxidant to give substratechromium complexes. 

2.73.1 Chromium(VI) Oxide(Pyridine)z 
Sarett and coworkers discovered that the complex (1) prepared by the addition of chromium(VI) oxide 

to pyridine (CAUTION-reverse order of addition may cause the mixture to inflame) is an efficient oxi- 
dizing agent for the preparation of ketones from secondary alcohols.4o The reagent, as prepared by Sarett, 
is moderately soluble in pyridine, but is only sparingly soluble in standard organic solvents. Thus the 
normal procedure is to add a solution of the alcohol in pyridine to three equivalents of the complex, also 
in pyridine. This procedure is also useful for the preparation of aromatic and a,@-unsaturated aldehydes, 
but the use of pyridine as solvent prohibits the oxidation of volatile, saturated primary alcohols.'" [o] 2 cro3 

(1) 

The practical problems encountered during the isolation of products from pyridine led Collins and co- 
workers to suggest an improved version of the Sarett oxidation, which has subsequently been widely 

Collins and coworkers found that during the preparation of the dipyridine complex prolonged 
stirring gave a deep red macrocrystalline form, which could be isolated and stored (n.b. this reagent is 
very hygroscopic). This form of the complex exhibits moderate solubility in chlorinated solvents. Thus in 
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Table 2 Oxidation of Alcohols with C1O3.pyz (Collins Oxidation) 

Entry Substrate Product Yield (%) R@. 

C02Bn 

SiMqBut 

C02Bn 

SiMe2But 
73 46 

C,H OH 90 45 

89 45 Ph-OH 

48 47 
(over 3 steps) 

HO \ 

88 48 5 

OH &p(c0)3 0 J+p(c0)3 
6 71 49 

n 

R' m R 2  

R3 
R 

OH OH 

OSiMe2But 

Ho &C02Me 

-50 50 
OH OH 

OSiM%Bu' 

OHC LC02Me 
79 51 

(over 2 steps:) 

THPO 

Et &CHO 

THPO 

Et 
52 94 9 

OSiMe2But 6SiMe2But 

BnO 4 OH 

ButMe2Si0 
Brio 4 C H O  

Bu'MqSiO 
10 94 52 
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Table 2 (continued) 

Entry Substrate Product Yield (%) Ref. 

11 

12 

13 

14 

CN CN 

92 54 
OH COW, 0 CO", 

OTrityl 
TritylO 7 74 55 

T r i t y l O V  OTrityl 

OH 0 

40 56 

dichloromethane, the solvent of choice, oxidations of simple substrates are usually complete within 5-15 
min at room temperature. Standard conditions employ six equivalents of oxidant in order to achieve 
quick, clean reactions. The excess oxidant can cause problems during work-up, but these may be eased 
by the addition of celite which adsorbs some of the chromium salts.44 
This procedure for the oxidation of alcohols was further impved by Ratcliffe and Rodehorsc" in situ 

preparation of a dichloromethane solution of the complex immediately prior to use avoided the problems 
associated with the hygroscopic nature of the complex and the fire hazard endured during its preparation 
and isolation. (If desired, the dichloromethane solution may be stored for up to one month with little loss 
in activity.) 
The Collins oxidation is efficient for the preparation of carbonyl compounds in the presence of a wide 

range of functionalities (Table 2); however, Dauben and coworkers observed that extended exposure to 
the complex (24 h at room temperature) can give moderate to excellent yields of allylic C-H oxidation 
products (equations 3 to 5).57 

0 

(3) 
15 quiv.  C r 0 3 . p ~ ~  

CH2C12,25h,81% - 

0"" 7 quiv.  CrO3vy2 

CH2Cl2,24 h, 63% 

7 equiv. Cr03.py2 

CH2C12,24 h, 54% 

80% 20% 

(4) 

(5) 
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The chromium(VI) oxide-dipyridine complex also has been found to cause oxidative rearrangement of 
tertiary allylic alcohols to a,fi-epoxy aldehydes and small amounts of a$-unsaturated aldehydes (equa- 
tion 6 and Table 3).58 This is potentially useful as a homologation sequence since the starting materials 
are readily available from vinyl metal addition to ketones. Use of pyridinium chlorochromate (PCC) for 
this transformation gives mostly a,fi-unsaturated aldehydes. 

Table 3 Rearrangement of Tertiary Allylic Alcohols with the Collins Reagent 

R L R  R - ”4, R 

E w  Substrate Product(s) Yield (96) Ref. 

/\ 76% 

2 

89% 

ca. 100% OH 

Y 
24% 

90 58 

11% 

trace 

96 58 

50 58 

54 62 
OTHIJ 4 

Addition of acetic anhydride to the Collins reagent (Cr03:pyridine:acetic anhydride 1:2:1) has been re- 
ported to be suitable for the oxidation of carbohydratessg and nucleoside substrates;@ for example, 5’-0- 
acetylthymidine gives spontaneous elimination of thymine under Pfitzner-Moffat conditions. Similarly, 
5’-O-tritylthymidine loses thymine when treated with CrOypyz. However, under modified conditions 
(Cr03:pyridine:acetic anhydride 1:2:1) good yields of the corresponding 3’-carbonyl compounds are 
regularly obtained (equation 7).60 
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0 

\ TritylO 

0 e 

The complex formed by 2,2'-bipyridine with chromium(VI) oxide is a milder oxidant than the Collins 
reagent,61 as indicated by the need for long reaction times (up to 48 h) and a larger excess of oxidant (8 
equiv.). 

2.732 Chromium(VI) Oxide(3J-Dimethylpyrazole) 
In contrast to the Collins reagent, the complex formed by 3,5-dimethylpyrazole with chromium(VI) 

oxide (2) is very soluble in dichlor~methane.~~ Hence, reactions (up to 0.1 mol scale) can be carried out 
in the minimum amount of solvent. Generally, 2.5 equiv. of complex, generated in situ, gives good yields 
of aldehydes and ketones. In addition, upon work-up most of the chromium salts may be precipitated by 
dilution with diethyl ether. 

Although chromium(VI) oxide.(3,5-dimethylpyrazole) is also a good oxidant for allylic C-H bonds,"3 
it is surprising that this reagent has not been more widely adopted. 

2.733 Pyridhium Chlomhromate (PCC) 

Pyridinium chlorochromate (3),@ first developed by Corey and coworkers in 1977, is a commercially 
available, stable yellow solid, which may be stored in With simple substrates, oxidations are nor- 
mally perfoxmed in dichloromethane at mom temperature with 1.5 equiv. of oxidant, and are usually 
complete within 2 h. (More polar solvents, in which PCC has higher solubility, unfortunately lead to pro- 
hibitively long reaction times.) Good yields of ketones and aldehydes are regularly obtained, but slight 
(E)lo-isomerization is observed in allylic alcohol oxidations (Table 4). Significant overoxidation is 
rare, but if desired, acids may be prepand from aldehydes with stoichiometric sodium cyanide and PCC 
in THF at 45 'C." The reaction is selective for aliphatic aldehydes; conjugated and a-oxygenated sub- 
strates are recovered unchanged. Oxidation direct from the alcohol is not as efficient. 
The acidic properties of PCC, which if necessary may be buffered by the use of powdered sodium ace- 

tate, can be used to good advantage to effect oxidative cationic cyclizations.8s~86 Efficient cyclizations 
are limited to substrates that give tertiary carbonium ions as the initial cyclization product and to the for- 
mation of six-membered rings. 
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Table 4 Oxidation of Alcohols with PCC 

Entry Substrate Product Conditions Yield(%) Ref. 

1 

2 

3 

4 

5 

qTCHO 
H H 

0 

;b- 
SEMO 

OMe 

OH 

I I 
H OH 

HoXoH Ph SiMe3 

SEMO 76 
OMe 
I 

OMe CHO 

Ph H 

0 

3 equiv., DCM, 1 h, r.t., 88 66 
3A sieves 

3 equiv., DCM, 4.5 h, r.t. 65 67 

6.5 equiv., THF, 35 OC, 51 68 
3A sieves 

2 equiv., DCM, 3 h, r.t. 74 69 

DCM, 1 h, r.t. 96 70 

40 71 DCM, r.t. 

DCM, r.t. 90 72 

2.5 equiv., DCM, 3A sieves, 72 73 
3 h, reflux 
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Table 4 (continued) 

Entry Substrate Product Conditions Yield (ab) Ref. 

Me 

C l J p  
0 

9 

10 

11  

12 

13 

14 

15 

16 

17 

1.5 quiv. ,  DCM. NaOAc, 
17 h, r.t. 

71 74 

88 75 

76 76 

61-78 77 

OH 

,onji O H  $ 0 4 3 5  W O H  2 quiv. ,  DCM, NaOAc, 
3 h. r.t. 

2 equiv.. DCM. NaOAc, 
24 h. reflux 

Rq R' 

NO2 
DCM, 3A sieves, 36 h, r.t. 

1.1 equiv., DCM, 2 h, r.t. 85 78 

3 equiv., DCM, 3A sieves, 
3 h, r.t. 

66 79 

35-89 80 

95 81 

HO 
NHAc 

1.5 equiv., DCM, 0.5 h, r.t. R4 
HO OH 

R3 

M e 0  OMe 

&OH H 

HO Ph 

MeO, OMe 

s s - 0  
1.4 equiv., DCM, NaOAc, 

2 h. rat. 

1.7 quiv. ,  DCM. 40 h, reflux 68 82 
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Table 4 (continued) 

Entry Substrate Product Conditions Yield(%) R@. 

2 equiv., DCM, NaOAc, 98 83 
2.5 h, r.t. 

18 

In a similar fashion to the Collins reagent, PCC will also induce oxidative rearrangement of tertiary 
allylic alcohols (Table 5) .87988  PCC, and several other chromium oxidants, will also cause tertiary cyclo- 
propyl alcohols to rearrange to give P,y-unsaturated carbonyl compounds (equation 8).88 

Table 5 Rearrangements of Tertiary Allylic Alcohols with PCC 

Entry Substrate Product(s) Conditions Yield(%) Ref 

0 K 
0 v 
o+fUn 

-1:l Q:Q 

+Et 0 

@+@c. 0 15% 

85 % 

3 equiv. PCC, DCM, 16 h 

3 equiv. PCC, DCM, 16 h 

3 equiv. PCC, DCM, 16 h 

8 equiv. PCC, DCM, 6 h 

8 equiv. PCC, DCM, 6 h 

94 

88 

50 

62 

36 

87 

87 

87 

88 

88 

CH2C12,6 8 equiv. PCC h, 65 + H20 % 
Fo + f l ~ l  (8) 
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PCC can used for the oxidation of silyl-protected hydroquinones to quinones, except where there are 
electron-withdrawing substituents on the aromatic ring.89 Interestingly, there was no evidence for cleav- 
age of the silicon-oxygen bond as the first step, which might be expected under the acidic conditions of a 
PCC oxidation. 

Organoboranes from hydroboration reactions can be oxidized directly to ketones with PCC, thus elimi- 
nating the need to isolate the intermediate alcohol." 

PCC can be modified to show selectivity for the oxidation of allylic alcohols in steroidal systems. A 
solution of PCC in &chloromethane with 2% pyridine at ca. 2 'C was found to be an effective and selec- 
tive oxidant (Table 6).91 In contrast to chromate oxidations of saturated alcohols in rigid systems, Parish 
and coworkers found that quasiequatorial allylic alcohols were oxidized faster than axial ones. Similar 
properties were also found for solutions of PCC and 3,5-dimethylpyrazole (2%) in dichloromethane.92 In 
addition, Parish and coworkers also examined several other aromatic amines for the ability to promote 
allylic ~electivity.9~ 2,Y-Bipyridine, pyrazine, pyridazine, s-triazine and 2,4,6-triphenylpyridine all had 
some effect, but their efficacy appeared to be substrate dependent. Most recently the combination of PCC 

Table 6 Oxidation of Allylic Alcohols with PCC 

Entry Substrate Product Conditions Yield (%) Ref. 

17 o~ 17 

1 3.5 equiv. PCC, 2% BZT? 91 94 
DCM, 2-3 "C, 30 rnin 

HO _?c;~i; 17 Lp 17 

2 7 equiv. PCC, 2% Py, 89 91 
DCM, 2 "C, 30 rnin 

HO "%OH HO 

3 equiv. PCC, 2% DMP," 89 92 
DCM, 2-3 "C, 30 min 

3 

HO 

3 equiv. PCC, 2% DMP? 87 92 
DCM, 2-3 "C, 30 rnin 

3.5 equiv. PCC, 2% BZT," 92 94 
DCM, 2-3 "C, 30 min 

4 

HO 

7 equiv. PCC, 2% Py, 82 91 
OH ,( DCM, 2 "C, 30 min 

5 

HO HO 
~ ~~~ ~ 

a BZT = benzotriazole; DMP = 3J-dimethylpyrasole. 
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with benzotriazole (2%)% has been found to exhibit excellent selectivity for allylic alcohols (4096  
allylic oxidation) (equation 9). 

3.5 quiv. PCC + 2% 
benzotriazole, 2-3 OC 

CHZC12,30 min, 92% 
HO 

PCC becomes a much milder oxidant when it is adsorbed on alumina, e.g. added buffer is not required 
to prevent oxidative cationic cyclizations (see! Section 2.7.5. 1).95 

Oxidation of carbohydrates with PCC via the standard procedure has been found to be slow, even with 
large excesses of oxidant. Use of boiling benzene instead of dichloromethane at mom temperature can 
cause drastic reductions in reaction times.% Addition of molecular sieves to the oxidation of carbohy- 
drates with PCC (or PDC) also gives dramatic rate enhan~ement?~*~~ (The use of molecular sieves in 

Table 7 Oxidation of Furans with PCC 

Entry Substrate Product Conditions Yield (%) Rd 

Br GR 
OH 

R e C H 2 R 1  I \  

I \  
OMe 

)& 0 

OH 

0 J===&R 

OH 

4 c 1 ~ 2 1  0 

SR' Q 

0 OMe 

R&O 

MeOCO R 

0: HO 

2 equiv. PCC, rat., 1.5 h 

PCC. DCM, reflux, 24 h, 

1.5 equiv. PCC, DCM, r.t., -24 h, 
reflux, -9 h 

5 equiv. PCC, r.t., DCM, 2-24 h 

5 equiv. PCC, DCM, r.t., 10 min 

4 equiv. PCC, DCM, r.t.. 10 h 

1.5 equiv. PCC, DCM, r.t., 1 h 

60-75 99 

90 100 

50-80 101 

60-90 102 

70 102 

50-70 103 

90 104 
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Table 8 Alternative Oxidation Reactions of PCC 

Entry Substrate Product Conditions Yield (%) Ref. 

"kR1 R3 OR 

Ph P 

Q'" 

0 0 

2 equiv. PCC, DCM, 70-95 105 
0 r.t., 1 h 

Ph A 2 equiv. PCC, 4A sieves, 65 107 
r.t., 1.5 h 

5 equiv. PCC, celite, 82 108 
reflux, 25 h 

0 0  

1 equiv. PCC, DCM, 67 109 
r.t., 2 min 

3 equiv. PCC, DCM, 70 110 
sealed vessel, 60 "C 

Ph- 

9 phT 
0 

10 os- 
1 1  @ 

Ph A 
Ph& 0 

5 equiv. FCC, benzene, 71 112 
celite, r.t., 15 h 

3 equiv. PCC, 3 equiv. Py, 81 113 
DCM, reflux, 25 h 

3 equiv. PCC, DCM, 60 114 
r.t., 3.5 h 

5 equiv. PCC, celite, DCM, 53 115 
reflux, 48 h 
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many types of oxidations is now commonplace.) Comparative studies indicated that 3 A sieves gave the 
best results [3 A > 4 A > 10 A > 5 A]. Celite, alumina and silica were found to have little or no effect 
upon the rate of oxidation of carbohydrates. 

Mechanistic studies imply that there are specific sites in these zeolites that promote hydride transfer. 
PCC is an excellent oxidant for the transformation of alcohol to carbonyl, but it is also a good general 

oxidant. Therefore it should be noted that with unreactive substrates that may require forcing conditions, 
there are a number of other possible oxidative (and degradative) pathways available: these are outlined 
below. 

Furans appear readily to undergo a variety of oxidation reactions with PCC (Table 7).9s104 
Simple mono- or di-substituted enol ethers may be oxidized to esters and lactones Vable 8, entries 1 

and 2).lo5 However, fully substituted enol ethers undergo oxidative cleavage, since the proposed mech- 
anism for oxidation to an ester involves a hydride shift which can no longer take place.'& 

Phenyloxiranes are cleaved by PCC. The phenyl group appears to be essential for carbon-carbon bond 
scission (Table 8, entry 3).'07 

In general, PCC is inert towards isolated carbon-carbon multiple bonds, but it is possible to cleave 
aryl-substituted double bonds.lm Once again, the aromatic group is necessary to impart sufficient re- 
activity for cleavage to occur (Table 8, entry 4). An exception has been reported by Chakraborty and 
Chandrasekaran.ll5 It was found that y- and &tertiary hydroxyalkenes give good yields of the corre- 
sponding spirolactones (Table 8, entry 11) upon treatment with (bipyH2)CrOCls and with PCC. Double- 
bond cleavage is well known with chromium(V) oxidants, but the use of PCC for this transformation is 
much less common. 

It has been observed that PCC will rapidily dimerize aromatic, but not aliphatic, thiols to their corre- 
sponding disulfides in good yield (Table 8, entry 5).'09 Sulfides may undergo oxidation to give sulfones 
(Table 8, entry lo). l4 

Several chromium oxidants, including PCC, will oxidize activated methylene groups to carbonyl com- 
pounds, but much stronger conditions are usually required than for alcohol oxidation. 

5,6-Dihydropyrans need only a moderate excess of PCC to be converted into unsaturated lactones 
(Table 8, entry 6).l1° However, the oxidation of normal allylic and benzylic C-H groups requires a 
large excess of PCC (Table 8, entries 7 to 9).ll1 The amount of PCC needed is lower if benzene112*116 or 
DMSO116 are used as solvents for oxidation, but the reactions still need to be heated to obtain reasonable 
conversion. 

2.73.4 Other Chromate 

have been made to create oxidants that are milder and more selective in comparison to PCC. 
A number of different chromates have been developed for the oxidation of alcohols. Most changes 

2.7.3.4.1 Pyridinium fluomchromate (PFC) 

Pyridinium fluomchromate is a stable solid, which can be stored for long periods.' l7 It is as reactive as 
PCC, but slightly less acidic (pH of a 0.01 M solution = 2.45 compared to 1.75 for PCC), and thus sub- 
strates with acid labile groups can be oxidized without the need to add a buffer.l18 With 1.5 equiv. of oxi- 
dant in dichloromethane at room temperature, primary and secondary alcohols are oxidized to aldehydes 
and ketones in high yield (Table 9). Unfortunately, (,!?)@!)-isomerization has been observed during the 
oxidation of allylic alcohols. l8 

PFC is also a reasonable oxidant for activated C-H bonds. Allylic oxidation to a variety of ketonic 
products was observed upon treatment of A3-carene with PFC.lI9 Benzylic C-H oxidation with PFC is 
also known. l79lzo 

2.7.3.4.2 Bipyridinium chlorochromate (BPCC) 

Bipyridinium chlorochromate (4) is a mild, air stable nonhygroscopic oxidant.61 It is weaker than 
PCC,121 and thus 2 4  equiv. are required to obtain good yields of carbonyl compounds. The bipyridyl 
system acts as an internal buffer, permitting the ready oxidation of alcohols in substrates with acid labile 
groups. Bipyridinium chlorochromate will also oxidize sulfides to sulfoxides and sulfon~s.~ l4 
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Table 9 Oxidation of Alcohols with PFC 

Entry Substrate Product Conditions Yield (%) Rd. 

CYoH 
nC7H150H 

M e 0  

OH 

&OH 

A 

OH 

0"" 
n-C&&HO 

M e 0  

0 

OHC -0THP 

1.5 equiv., DCM, 3.5 h, r.t. 

1.5 equiv., DCM, 1 h, r.t. 

1.5 equiv., DCM, 1 h, r.t. 

1.5 equiv., DCM, 1.5 h, r.t. 

2 quiv., DCM. 4 h, r.t. 

2 quiv., DCM, 3 h. r.t. 

~ C H O  2 equiv., DCM, 2 h, r.t. 8515 (E):(Z) 

89 

84 

90 

92 

78 

89 

80 

117 

117 

117 

117 

118 

118 

118 

b, 2 equiv., DCM, 2 h, r.t. 97 118 

A 

2 quiv., DCM, 4 h, r.t. 87 118 

If necessary, bipyridinium chlorochromate may also be buffmd with sodium acetate. In a system es- 
pecially prone to epimerization (equation lo), bipyridinium chlomchromate/sdum acetate gave 90% of 
the ketone (5) with little isomerization,122 whereas use of unbuffered PCC on a closely related substrate 
gave significant epimerization.lU 

Alumina (activity III) may also be used to create an even milder oxidant. Diol (6; equation 11) under- 
went cleavage to the aldehyde when mated with bipyridinium chlorochromate alone,Iu but bipyridi- 
nium chlorochromate/alumina (1: 1) gave a good yield of the u-hydroxy ketone.Iz 
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N x - H  -N 

H 

L 

6 equiv. BPCC, NaOAc 

4.5 h, 90% 

r f J  
0 

(5) 
HO 

& H.N / \ K H  

Other bipyridyl-related systems (7 and 8) have been found to be less effective for the oxidation of al- 
cohols.’26 2,2’:6’,2’’-Terpyridinium hydrochloride chlorochromate (9) has also been prepared and found 
to be inert under standard conditions. It has been suggested that the steric bulk prevents effective electron 
transfer.121 

r 1 2+ 

2.7.3.43 4-(Dimethylamino)pyridinium chlorochromate 

4-@imethylamino)pyridinium chlorochromate (10) is a commercially available, stable and nonhygro- 
scopic solid, but it is light sensitive.127 It is selective for allylic and benzylic alcohols. n-Heptanol gives 
only 5% aldehyde after 3 h with 4 equiv. The selectivity is greater over primary than secondary saturated 
alcohols. Between 4 and 6 equiv. of oxidant are normally required for good conversion, but this is often 
less than the amount of manganese(IV) oxide required for the same transformation, and reaction times 
are usually shorter. Unfortunately, (3-unsaturated aldehydes will isomerize to the (E)-isomers under the 
reaction conditions due to the acidic nature of this reagent (Table 10). 

It should be noted that treatment of di-n-propylsulfide with 4-(dimethylamino)py~iridinium chlorochro- 
mate (1 equiv.) in dichloromethane for 20 h gave only 5% oxidation, suggesting that this may be a useful 
oxidant for sulfur-containing compounds.’ l4 
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Table 10 Oxidation of Alcohols with DMAPCC 

Entry Substrate Product Conditions Yield ('Ab) Ref. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

S CHO 

M e 0  

c1 roH 
OH 

Q 
m7=/-oH 

0 

a O H  

P O H  OH 

OZN JyHO 
bCHO 
MeO M*xYcHo 
c1 DCH0 
0"'"" \ 

6 
CHO THPO 

(0 

3 equiv., DCM, 4 h, rat. 

6 equiv., DCM, 20 h, r.t. 

4 equiv., DCM, 15 h, r.t. 

4 equiv., DCM, 14 h, r.t. 

5 equiv., DCM, 21 h, rat. 

6 equiv., DCM. 15 h, r.t. 

6 equiv., DCM, 7 h, r.t. 

5 equiv., DCM, 24 h, rat. 

4 equiv., DCM, 6 h, r.t.' 

4 equiv., DCM, 2 h, r.t. 

73 

43 

78 

91 

91 

62 

74  

55 

0 

62 

127 

127 

127 

127 

127 

127 

127 

127 

127 

127 

' Note no &on with this pyridine derivative. 

2.7.3.4.4 1,8-Naphthyridinium chlorochromate (NapCC) 

NapCCIB is much milder than PCC, and hence is less likely to cause overoxidation. It shows moderate 
selectivity for allylic and benzylic alcohols (Table 11). It has low solubility in solvents such as dichlom 



Oxidation Adjacent to Oxygen of Alcohols by Chromium Reagents 27 1 

methane and diethyl ether, but is soluble in solvents with higher dielectric constants, such as DMSO or 
DMF. 

Table 11 Oxidation of Alcohols with Naphthyridinium Chlorochromate128 

Entry Substrate Product Tso (h)' 

1 -OH 

2 

3 

( Y O H  

0""" 

ACHO 

0"" 
OCH0 
e C H 0  

5.7 

9.8 

1.8 

2.9 

' TSO= time taken for reaction to reach 50% completion. 

2.7.3.4.5 Quinolinium chlorochromate 

In a brief communication, it was reported that quinolinium chlorochromate is a selective oxidant for 
primary alcohols;12g for example, this reagent is reported to oxidize the diol (11) selectively to the alde- 
hyde (12; equation 12). 

Secondary alcohols can be oxidized but require prolonged reaction times. The reagent is also reported 
to show sensitivity to substitution p to primary alcohols. 

2.7.3.4.6 Pyrazinium chlorochromate (PzCC) 

PzCC (13) is a much milder oxidant than PCC,128*130 but is only moderately soluble in dichlorometh- 
ane, carbon tetrachloride and diethyl ether. It is soluble in water and acetonitrile. In pyridine, exchange 
occurs freely to give PCC and pyrazine. Aldehydes and ketones are easily prepared, with no sign of over- 
oxidation. However, PzCC displays no marked selectivity for any class of alcohols, so it is difficult to 
predict specific instances where it would be better to use this oxidant in place of the others available. 

H 

(13) 

Preparation of pyrazinium N-oxide chlorochromate gives a reagent which is as reactive as PCC, but 
much less stable.12* Again there is no apparent selectivity for a particular type of substrate. 
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2.735 Pyridinium Dichromate (PDC) 

Pyridinium dichromate (14) is an isolable, stable orange solid that can be simply and safely pre- 
pared.I3’ PDC had been used p r e v i ~ u s l y , ~ ~ ~ ~ ~ ~ ~  but it was Corey and coworkers who demonstrated the 
wide applicability of this mild and selective oxidant in organic synthesis. PDC is very soluble in solvents 
such as DMF, water and DMSO, but sparingly soluble in chlorinated hydrocarbons and acetone. It is nor- 
mally used either as a solution in DMF or as a suspension in dichloromethane (Table 12). 

Primary and secondary allylic alcohols and saturated secondary alcohols are oxidized to the corre- 
sponding carbonyl compounds quickly and in high yield at room temperature in DMF. There is no ap- 
preciable overoxidation of allylic alcohols in DMF, but primary saturated alcohols are readily oxidized to 
their corresponding acids. Recently, it has been reported that aldehydes may be converted to methyl es- 
ters by oxidation with PDC in the presence of rnethan01.l~~ Preparation of other esters, or methyl esters 
direct from the alcohol, proved to be less efficient. 

By using PDC as a suspension in dichloromethane it becomes a selective oxidant for the preparation of 
aldehydes, saturated or unsaturated. Allylic alcohols are oxidized faster than saturated alcohols, but some 
(E)/(Z)-isomerization has been observed during the preparation of a,@unsaturated aldehydes with PDC 
in dichloromethane. 

Initially, Corey and Schmidt found that by addition of pyridinium trifluoroacetate (0.4 equiv.) to their 
reactions,l3’ there was an increase in rate and the amount of PDC needed for complete oxidation dim- 
inished. Subsequently, several other techniques have been devised to improve the rate and efficacy of 
PDC oxidations (most frequently in the field of carbohydrate research). 

As mentioned for PCCp8 the addition of molecular sieves causes a dramatic increase in the rate of oxi- 
dation of carbohydrates. Once again, molecular sieves have been used to improve the oxidations of a 
wide variety of substrates with PDC. 

Addition of small quantities of anhydrous acetic acid and freshly activated sieved4* to oxidations of 
carbohydrates has also been found to increase the rate of oxidation. In comparison to the addition of py- 
ridinium trifluoroacetate, reaction times were reduced from days to minutes (Scheme 1). The acetic acid 
and sieves appear to have a synergistic effect, since both are required to give the dramatic rate enhance- 
ment. 

1.5 equiv. PDC, 100 pl AcOH, 800 mg sieves 
CH2C12, reflux, 10 min, 80% 

HO* 

OMe OMe OMe OMe 

1 m o l  -2 
1.5 equiv. PDC, 0.5 equiv. PTFA, 3 d, 70% 

Scheme 1 

A combination of acetic acid and PDC has also been used to effect selective allylic oxidations on un- 
protected, unsaturated  carbohydrate^.^^^ Interestingly, ethyl acetate was found to be the solvent of 
choice, and the reaction proceeded better if molecular sieves were omitted, since they appeared to cause 
unselective oxidation in this case (equation 13). 

OH OH 

AcOH (200 p1 mol-’) HO”“’ 

1 equiv. PDC, EtOAc 

0 54% (after deacetylation) OH 

PDC with acetic anhydride gives a strong but mild, neutral oxidant.l@ It is normally used in dichloro- 
methane at room temperature. Under these conditions secondary alcohols are oxidized to ketones in high 
yield with 0.6 equiv. of PDC and 3 equiv. of acetic anhydride. With only slightly more PIX (0.7 equiv.) 
primary alcohols are rapidly and selectively oxidized to aldehydes. (The extra oxidant serves to increase 
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Table 12 Oxidation of Alcohols with PDC 

En@ Substrote Product Conditions Yield (%) Rt$ 

9 

3.5 equiv. PDC, DMF, 83 131 
b O H  Qo2H 7-9 h, rat. 

Mead 'OH M & l c Q H  

\ \ 3.5 equiv. PDC, DMF, 85 131 
7-9 h, r.t. 

0"" O_Co2H 7-9 h, r.t. 

pri hi 

3.5 equiv. PDC, DMF, 92 131 

ooH 

GH 19b OH 

But Do" 

1.25 equiv. PDC, DMF, 86 131 0"" 4-5 h, 0 O C  

1.5 equiv. PDC, DCM, 98 131 
GH19 J H  r.t., 20 h 

1.5 equiv. PDC, 0.4 equiv. 97 131 
But PTFA, DCM, r.t.. 3 h 

1.5 equiv. PDC, DCM, 88 134 
0 rat., 16 h 

1.5 equiv. PDC, DMF, 2 h, 85 135 
0 OC 
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Table 12 (continued) 

Product Conditions Yield (%I Ref. Entry Substrate 

10 

1 1  

12 

13 

14 

5 equiv. PDC, DCM, 
r.t., 16 h 

OH 0 

I I 
H H 

20 equiv. PDC, DCM. 
r.t.. 1 1  h 

3 equiv. PDC, DCM, 
rs., 48 h 

1.5 equiv. PDC, DCM, 
rs . ,  16 h 

10 equiv. PDC, DMF, 
r.t., 24 h 

85 

85 

97 

95 

68 

136 

137 

138 

139 

140 

the rate and thus reduce side reactions.) Overoxidation can be a problem, but is conveniently avoided by 
the inclusion of ca. 20% DMF as cosolvent (equations 14 and 15).Iu In the absence of DMF, and with 
excess oxidant, this method may also be used to prepare acids in good yields, 

OH 

PDC, A c ~ O  
* (14) 

CH2ClflMF. 40 "C, 71% 
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PDC with trimethylsilyl chloride145 is not only a rapid oxidizing agent for alcohols, but will also effect 
a deprotection-oxidation sequence for silyl ethers. Both trimethylsilyl and t-butyldimethylsilyl ethers, 
which are normally stable to PDC, can be transformed directly into the comsponding carbonyl com- 
pounds in good yield (Table 13). 

Table 13 Oxidation of Alcohols and Silyl Ethers with PDCFle3SiCl 
~~~~~ 

Entry Substrate Product Conditions Yield (9%) Ref. 

6 

7 

02NxToH 
Ph -0SiMqBu' + OSiMqBu' 

A 

phou3Ph 0 

PhO 

0 

OSiMe2But 

OSiMe2But 

OSiMezBu' ""9 
OSiMeBu' 

I 

A 

pholYJtph 0 

PhO 

0 & J P h  

0 

0 

0 

1.5 equiv., DCM, 2 h, r.t. 90 

1.5 equiv., DCM, 1 h, r.t.a 95 

145 

145 

1.5 equiv., DCM, 1 h, r.t. 95 145 

1.5 equiv., DCM, 25 min, r.t. 88 

1.5 equiv., DCM, 1 h, r.t. 85 

145 

145 

3 equiv., DCM, 20 min, r.t. 70 145 

3 equiv., DCM, 15 min, r.La 74 145 

- 
' Oxidation with preformed reagent. 

This deprotection-oxidation can also be applied to the preparation of quinones from trialkylsilyl-pro- 
tected hydroquinones. This method has wider applicability than that reported employing PCC,89 since 
substrates with electron-releasing and those with electron-withdrawing groups are oxidized. Use of the 
reagent prepared in situ appears to be preferable to the preformed reagent. 

It is possible to use PDC as a catalytic oxidant (10 mol %), with bis(trimethylsily1) peroxide as the 
cooxidant, for the preparation of carbonyl corn pound^.^^.^^^ It is necessary to add the cooxidant slowly 
via syringe pump since the actual oxidizing agent (15) is unstable in solution. A range of primary and 
secondary alcohols were oxidized in good yields by this method (Table 14). Fortunately, isolated double 
bonds are inert under these conditions. 
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Table 14 Oxidation of Alcohols and Silyl Ethers with PDC and (Me3SiO)z 

E n t ~ y  Substrate Product 
~~ 

Conditions Yield (9b) Ref. 

3 equiv. (MegSiOh, 10 mol 9b PDC 91 
Ph Ph-OH 

3 equiv. (Me3SiO)Z. 10 mol 9b PDC 71 
2 0""" CYCH0 
3 3 equiv. (MegSiOh, 10 mol 7% PDC 98 

OH 0 

4 d- 3 equiv. (Me3SiOh. 10 mol 9b PDC 97 

OH 0 

5 0 3 equiv. (MesSiOh, 10 mol % PDC 90 6 

147 

147 

147 

147 

147 

Under similar conditions chromium(VI) oxide and PCC were found to be less effective. Other cooxi- 
dants were also examined hydrogen peroxide gives unacceptable amounts of overoxidation of alde- 
hydes, whilst t-butyl hydroperoxide, di-r-butyl peroxide and benzoyl peroxide all failed as cooxidants. 

For substrates that will withstand it, Czernecki and coworkers have developed a work-up procedure for 
PDC reactions that should be applicable to other r e a g e n t ~ . ~ ~ ~ , ~ ~  Oxalate is known to be a very good li- 
gand for chromium(III). Thus treatment of a reaction mixture with an aqueous solution of oxalic acid di- 
hydrate and ammonium oxalate monohydrate readily removes residual chromium(II1) salts. This 
procedure is particularly useful for large scale reactions. 
Pyridinium dichromate will also undergo several other oxidation reactions, though not as many as 

PCC. 
Aromatic oximes, for example, can be converted back to carbonyl compounds with only 2 equiv. of 

PDC in 1 h at room temperature.149 PDC will also cleave enol ethers.106JU) 
Allylic C-H oxidation is known to occur if 1Adienes arc mated with PDC in boiling ch lo ro fo~~d~  

(equation 16).IS1 In the presence of t-butyl hydroperoxide, PDC becomes an effective allylic and 

0 

(16) 
PDC, chloroform, =flux 

Me0 Me0 
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benzylic 0 ~ i d a n t . I ~ ~  In steroidal systems reasonable amounts of allylic oxidation have been observed 
simply with excess PDC in benzene, DMSO or pyridine.’I6 

2.73.6 Other Dichromates 

2.7.3.6.1 3-Carboxypyridinium dichromate (nicotinium dichromate) 

Nicotinium dichromate (16) is a stable, nonhygroscopic, nonphotosensitive, mild ~ x i d a n t . ~ ~ ~ J ”  Nicoti- 
nium dichromate alone in dichloromethane gives moderate selectivity for benzylic and allylic over satu- 
rated alcohols. This selectivity is further increased by the use of benzene as solvent. 

r 

Qfco2H 
I 
H 

L 

(16) 

+ 

C r 2 O 7  

2 

It was noted earlier that electron-withdrawing groups on aromatic rings tend to retard benzylic oxida- 
tion. However, addition of pyridine was found to improve these sluggish reactions. Indeed, pyridine ap- 
pears to give good improvements in rates for the oxidation of many substrates. Use of 1:2.5:20 
alcoho1:nicotinium dichromate:pyridine generally gives quick oxidations, but there is an accompanying 
loss of selectivity with these faster reactions. Little (E)/(Z)-isomerization has been detected, but carbon- 
carbon bond cleavage is observed, especially in situations where there are electron-withdrawing groups 
p to the hydroxy group. This implies that the excess pyridine may promote formation of the enol, which 
may then be attacked by the remaining oxidant. 

Nicotinium dichromate has been reported to be particularly useful for large scale carbohydrate oxida- 
tions where other modified chromium oxidants have failed.Is5 

In the presence of pyridine, nicotinium dichromate is also a sufficiently strong oxidant for the prepara- 
tion of quinones from hydroquinones. 

Arenethiols may be dimerized to disulfides by nicotinium dichromate but aliphatic thiols are virtually 
inert. 

4-Carboxypyridinium dichromate (isonicotinium dichromate) has also been prepared by Palomo and 
coworkers. It appears to have very similar properties to nicotinium dichromate,’” and offers no further 
advantage for the oxidation of alcohols. 

2.7.3.6.2 Quinolinium dichromate 

Quinolinium dichromate (17)156 shows the solubility profile common to most chromium based oxi- 
dants-sparingly soluble in chlorinated solvents, but more soluble in more polar solvents. It has been 
mainly used in dichloromethane at reflux, or in DMF at 30 ‘C to oxidize primary alcohols. Secondary al- 
cohols are also oxidized reasonably well. 

Quinolinium dichromate displays reverse selectivity to PDC: in dichloromethane primary alcohols can 
be oxidized directly to acids, but in DMF the oxidation is selective for the preparation of aldehydes. 

r l +  
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2.73.63 Imidazolium Dichromate (ZDC) 

Imidazolium dichromate is a selective oxidant for allylic and benzylic hydroxy groups.157 (Allylic al- 
cohols are oxidized faster than benzylic alcohols.) The selectivity over saturated alcohols is similar to 
that of 4-(dimethylamino)pyridinium chlorochromate. DMF is recommended as the solvent for oxida- 
tions, since it appears that the choice of solvent is critical to obtaining high yields. This reagent has also 
been observed to cause some (E)/(Z)-isomerization during the oxidation of allylic alcohols. 

2.73.6.4 I,&Naphthyridinium dichromate 

also less acidic, and displays good selectivity for benzylic alcohols.12' 
This mild oxidant is stable in the absence of light, and is a weaker oxidant than PCC or BPCC; it is 

2.7.4 OTHER CHROMIUM(V1) OXIDE OXIDANTS 

2.7.4.1 Chromium(V1) Oxide in Diethyl Ether 

Fleet and coworkers discovered that chromium(VI) oxide in 3:l dichloromethane/diethylether, in the 
presence of celite, acts as an efficient oxidant for a range of alcohols, and is tolerant of a wide range of 
acid labile fun~tionalities.~~~ In dichloromethane alone chromium(V1) oxide was reported to be inert due 
to low solubility. This oxidant is particularly effective for the preparation of ketones, but aldehydes, es- 
pecially a,@-unsaturated, are found to be prone to overoxidation. The oxidizing species is unstable, and 
therefore it is better to add chromium(V1) oxide to a solution of the alcohol in 3:l dichloromethane/di- 
ethylether. (N.6. Diethyl ether/chlorinated solvent mixtures have been reported elsewhere to inflame 
spontaneously in the presence of chromium(vI).159) 

2.7,43 Chromium(V1) Oxide and Crown Ethers 

In contrast to earlier reports, Palomo and coworkers found that chromium(VI) oxide will effect the ox- 
idation of alcohols in one day at room temperature.159 They also found that the addition of semicatalytic 
amounts (0.3 equiv.) of crown ethers (either 18-crown-6 or 12-crown4) led to significant rate enhance- 
ments. The crown ethers are thought to generate a soluble oxidizing agent, similar to the alkyl ammoni- 
um salts used for solid-liquid phase transfer with chromium(V1) oxide in dichloromethane (vide infra). 

Chromium(V1) oxide will also oxidize hydroquinones to quinones, and thiols to disulfides.la 

2.7.43 Catalytic Chromium(VI) Oxide Oxidations 

2.7.43.1 CrO3 with t-butyl hydroperoxide 

Chromium(V1) oxide can be used as a catalytic oxidant for alcohols with r-butyl hydroperoxide as the 
cooxidant.161 This reagent appears to be selective for allylic and benzylic over saturated alcohols, though 
(E)/@)-isomerization has been observed during the preparation of a,&unsaturated aldehydes. This re- 
agent is also a good oxidant for allylic and benzylic C-H bonds; these may be competing pathways in 
more sophisticated substrates. lci2-lci4 

2.7.433 CrO3 complex with 2,4-m'methy~e~ne-2,4diol 

Corey et ~ 1 . l ~ ~  reported that the complex formed by chromium(V1) oxide and 2,44methylpentane- 
2,4-diol can be used as a catalytic oxidant with peroxyacetic acid as a cooxidant. When used stoichiome- 
trically, secondary alcohols are oxidized quickly even at -20 'C, but the oxidation of primary alcohols is 
slow and large amounbvvts of ester coupling are observed. 
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With the catalytic system secondary alcohols are still oxidized quickly (Scheme 2) and in excellent 
yield with 2 equiv. of peracetic acid at 0 ‘C. Primary alcohols are also reported to be oxidized to alde- 
hydes in good yields, but details have not been given.165 

0, 0 
O”~:O’~R2 

OH H 

9 MeC02H 

M ~ C O ~ H - J  

Scheme 2 

The use of this oxidant is restricted by the sensitivity of potential substrates to the cooxidant (peracetic 
acid). t-Butyl hydroperoxide and hydrogen peroxide were found to be ineffective for the regeneration of 
the complex. 

2.7.5 SUPPORTED OXIDANTS 

Many oxidants, especially the older and stronger chromium oxidizing agents, may have their reactivity 
and selectivity modified by adsorption on to inert supports.166 Reactions utilizing supported oxidants 
have the advantage that the residual chromium salts remain bound to the support and thus work-up often 
becomes reduced to a mere filtration. Many of these systems are discussed in detail later (Volume 7, 
Chapter 7.3). 

Supported chromium oxidants fall in to three main categories: (i) adsorbed on alumina, silica or celite 
(Section 2.7.5.1); (ii) adsorbed on a polymer or resin (Section 2.7.5.2); and (iii) adsorbed on carbon (Sec- 
tion 2.7.5.3). 

2.7.5.1 On Inert Inorganic Supports 

Adsorbing PCC onto alumina not only eliminates the need to buffer reactions with sodium acetate, it 
also enhances its reac t i~ i ty .~~ In addition, work-up requires only a filtration and then concentration. The 
reagent is stable for several weeks when stored under vacuum and in the absence of light (Table 15). 

Pyridinium chromate on silica170 is also a good general oxidant, even in the presence of acid labile 
groups. In contrast to PCC on alumina this oxidant may be stored at room temperature for one year, with 
no loss of activity. It is convenient to use it in the form of a column when performing small scale oxida- 
tions; the substrate is allowed to stand on the column for a few hours, and then the carbonyl compound is 
obtained simply by eluting the column with a suitable solvent. 

Chromic acid is a very strong oxidizing agent, but its reactivity may be tempered by adsorption onto a 
support. Chromic acid on alumina was found to be inactive,171 but on silica it gives instantaneous oxida- 
tion, in diethyl ether at room temperature, of primary and secondary alcohols to aldehydes and ketones in 
good to excellent yield. This reagent can also be conveniently used in the form of a c ~ l u m n . ~ ~ ’ ~ ~  

In a similar fashion, chromyl chloride, normally a very vigorous oxidant, can be used to selectively 
prepare aldehydes and ketones once it has been adsorbed onto silica-al~rnina.”~ Unfortunately, double 
bonds are still cleaved under the reaction conditions. 
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Tabk 15 Oxidation of Alcohols with Chromium Reagents on Inert Inorganic Supports 

Entry Substrate Product Conditions Yield (%) Rcf. 

Ph-OH 

b- 
A 

T O H  -JcHo 

3 cquiv. CrO3 on celite, 76 167 
EtOAc. r.t.. 15 min 

3 equiv. ( 3 0 3  on florisil, 79 167 
EtOAc, r.t, 10 min 

H2CrO4, silica gel, CCb, 78 168 
r.t., 20 min 

H2CI04, silica gel, CC4. 69 168 

H2Ca4, aluminum silicate, 74 169 
r.t, 20 min 

petroleum ether, 48 h 

H2CI04, aluminum silicate, 90 169 
petroleum ether, 48 h 

1.6equiv. PCC/alumina, 93 95 
n-hexane, 2 h 

3 quiv. PCC/alumina, 82 95 
n-hexane. 4 h 

2.5 quiv. PCC/alumina, 87 95 
n-hexane, 2 h 

Chromium trioxide oxidations have also consistently been found to be enhanced by the addition of 
Florisil or celite. l67 

2.75.2 On ResinslPolymers 
Chromic acid also becomes a selective oxidant for the preparation of aldehydes and ketones when it is 

supported on an anion exchange resin (Amberlyst A-26; Table 16).177 The reaction appears to be general 
and highly tolerant of a wide range of solvents, unlike many resin-based oxidations where the avail- 
ability of the oxidant is critically dependent upon the nature of the solvent. 

Gelbard et al. 173 have prepared a number of neutral and acidic supported ammonium chromatcs. Neu- 
tral resins were found to be generally more effective than acidic resins. The large differences in reactivity 
between different unbound, soluble akylammonium chromates (Section 2.7.6.1) are not so pronounced 
with the polymer-supported oxidants. Some comments about the reactivity of these supported oxidants 
were made: (i) quaternary ammonium salts are more reactive than the tertiary pyridinium chromates; (ii) 
the reactivity of a complex chromate XCrO3- was found to increase as the basicity of X- decreases. Best 
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Table 16 Oxidation of Alcohols with Chromium Reagents on Polymers/Resins 
~ ~ ~~~ ~~ 

Entry Substrate Product Conditions Yield(%) Rcf. 

"33 O H C 3  
7 equiv. Cr on Amberlyst A-26, 12ha 80 173 

173 

173 

174 

175 

173 

176 

176 

176 

174 

175 

174 

175 

174 

175 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

-OH 
7 equiv. Cr on Amberlyst A-26, 12h" 92 

10 equiv. Cr on Amberlyst A-26.12 ha 73 

95 

96 

4 equiv. PVPCC, 0.25 hb 

1.1 equiv. PVPDC, (wet), 2 hc 
Ph J H  Ph-OH 

D O H  0"" 8 equiv. Cr on Amberlyst A-26,8 ha 2 

eo Cp/NAFK with Bu'OOHd =OH 86 

81 

82 

90 

81 

94 

66 

100 

,,)( Cp/NAFK with Bu'OOHd 
P h \  

bo, 
A. 

C I % M F K  with Bu'OOHd 

A 
4 equiv. PVPCC, 4.5 hb 

A / C H O  -OH - 
1.1 equiv. PVPDC, (wet), 68 hc 

CY0" 4 equiv. PVPCC, 24 hb 

1.1 equiv. PVPDC, (wet), 68 hc 0"" 
4 equiv. PVPCC, 0.5 hb 

-&CHO Ph +OH 
98 

m - 
1.1 equiv. PVPDC, (wet), 4 hC 

' Reactions performed in cyclohexane at 70 O C .  Reaction performed at 70-80 O C  in cyclohexane. Ruclion performed at 
60 OC in cyclohexane. Reactions paformed in chlombenzem at 85 O C  for 6-8 h using 4 cquiv. Bu'OOH and 4 mol % of 
Cr"' -impregnated NAFX. 

results were obtained with trifluoroacetatochromates; and (iii) nonpolar solvents, such as cyclohexane, 
enhance reactivity by promoting the diffusion of substrates into the resin. For similar reasons, macropor- 
ous resins are preferred to gel types, even when well swollen. 
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The reagents prepared by Gelbard et al. were found to be selective for saturated alcohols, since the ox- 
idation of allylic or benzylic alcohols requires either a vast excess of oxidant or prolonged reaction times. 

To overcome the problems of toxicity and work-up associated with many inorganic oxidants, it would 
be advantageous to develop a catalytic supported oxidant. Towards this aim, chromium(II1)-impregnated 
Nafion 5 11 (NAFK) has been used as a catalytic oxidant in the presence of t-butyl hydroperoxide.*76 
This reagent gives good yields of ketones (8(1-100%), but unfortunately oxidation of primary alcohols 
leads to the formation of complex mixtures. 

Poly(viny1pyridinium chlorochromate) (PVPCC)174 is a mild oxidant for primary, secondary, allylic 
and benzylic alcohols. Unfortunately, optimum conditions require the use of very nonpolar solvents (best 
is cyclohexane) at 80 'C. More polar solvents (that would be more generally useful in synthesis) severely 
retard the rate of oxidation, thus necessitating an increase in the amount of oxidant used. Oxidations 
were found to have high inital rates, but were very slow to go to completion due to the inaccessibility of 
the chromium. This can be overcome by using a lower loading of oxidant or by an alternative preparation 
of the polymer,17s where the addition of 1 4 %  divinylbenzene gives a much more porous resin. 

Poly(viny1pyridinium dichromate) can be prepared in a similar way to PVPCC.175 To be effective it 
must be used in the presence of water and in the most nonpolar solvent possible. It gives moderate to 
good yields, but long reaction times may be required for the reaction to proceed to completion. Even 
with the long reaction times, very little overoxidation is observed. Up to five oxidation-regeneration 
cycles may be completed without significant loss of activity. 

2.7.5.3 On Carbon 

Lalancette et al. described the preparation of chromium(V1) oxide intercalated in graphite178 and its 
use as a selective oxidant for primary alcohols to aldehydes (Table 17). Secondary and tertiary alcohols 
are inert under the reaction conditions, but 1 ,2-diols are cleaved. However, Ebert and coworkers demon- 
strated that Lalancette probably used Cr2O8 rather than chromium(V1) oxide intercalated graphite for 
these oxidations.179 This reagent does appear to show the properties described by Lalancette et ai. 
Indeed, when Kagan and coworkers prepared fully characterized chromium(vI)-intercalated graphite it 
appeared to lack any oxidative properties. 

Table 17 Oxidation of Alcohols with CrO3 and Graphite 

Entry Substrate Product Condition.? Yield (%) Ref. 

1 C15H31fi0H C15H31 AH 24h 

0 
24h 

Ph-OH PhB\ H 

3 
Ph 

Ph *OH 

7 

Ph 8, 
OCH" 

CHO 

24 h 

48 h 

24 h 

96h  

48 h 

95 178 

98 178 

80 178 

52 178 

2 178 

100 178 

72 178 

a Oxidations in toluene at reflux with 4-10 quiv .  of CrO3. 
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2.7.6 MISCELLANEOUS CHROMATES AND DICHROMATES 

2.7.6.1 Alkylammonium Chromates 

Gelbard e? ai.173*184 reported the use of tetraalkylammonium chromates (Table 18) for the oxidation of 
alcohols under mild, neutral conditions. They have the advantage of being much more soluble than PCC 
(and PDC) in standard organic solvents, and are readily prepared from chromium(V1) oxide and the ap- 
propriate tetraalkylammonium salt (equation 17).lg8 They may be used stoichiometrically or catalyti- 
cally. In the stoichiometric mode the oxidations are quick, but yields are low due to overoxidation. When 
used catalytically (Scheme 3 and Table 19), the reactions are much more efficient than the stoichiometric 
oxidations or oxidation with PCC. This intriguing observation led to the suggestion that there is actually 
a different oxidizing agent in solution-a complex polychromate (18). Overoxidation is not a problem, 
but the catalytic systems need longer reaction times and thus give rise to some (~/(Z)- is~merization.~~~ 

cfl3 + XN%+ - xcro3-NR4+ (17) 

The tetraalkylammonium chromates prepared by Gelbard and coworkers appeared to be equally effec- 
tive for all types of alcohols, but under the conditions of Santaniello et ul.,lgl tetra-n-butylammonium 
chlorochromate was found to be a selective benzylic and allylic oxidant. It also efficiently converts ali- 
phatic and aromatic thiols to disulfides. Trimethylammonium chlorochromate has also been reported for 
the oxidation of allylic alcohols in DMF.185 

Benzyltrimethylammonium chlorochromate is a neutral oxidant with similar selectivity to PFC. l 8  
However, it normally requires longer reaction times and higher temperatures (at reflux in 1,2-dichlo- 
roethane). 

With only minor modifications it is possible to prepare a selective oxidant for benzylic alcohols: 
benzyltriethylammonium chlorochromate under phase transfer conditions exhibits such a preference.lg2 
The preparation of benzyltriethylammonium chlorochromate had been reported previously,*83 but was 
initially assigned as the dichromate. It was demonstrated that this reagent (chromate or dichromate) 
shows good selectivity for benzylic and allylic alcohols, but unfortunately it was necessary to perform 
the oxidation in HMFT. 

2.7.6.2 Trimethylsilyl Chiorochromate (TMSCC) 

powdered chromium(V1) ~ ~ i d e , ~ ~ ~ * ~ ~ ~  since attempted isolation results in explosions. 
Trimethylsilyl chlorochromate (19) must be formed in situ from trimethylsilyl chloride and moist, 

0 
It 

c1- $r - 0, 
0 SiMe, 

Trimethylsilyl chlorochromate gives good yields for secondary alcohols and benzylic alcohols, but 
saturated primary alcohols give complex mixtures. It will also oxidise thiols to disulfides, and cleave 
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Table 18 Oxidation of Alcohols with Tetraalkylammonium Chromates 

Enrry Substrate Product COndiHOnr Yield (%) Ref. 

3 equiv., B W .  4 h, reflux' 65 

1.5 equiv., BnEt3W. 24 h, r.t.b72 

0.7 equiv., B n E f N ,  4-6 h, 90 
HMPTc 

3 equiv., B*, 7 h, refluxa 85 

0.7 equiv., BnEt3N+, 4-6 h, 95 
HMPF 

181 

182 

183 

181 

183 

181 

181 

181 

118 

ô" 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

MeO /o""" 

3 equiv., B e ,  3 h,  flux^ 82 

OH 

0"'"" 3 equiv., ByN+,  3 h. reflux' 82 

uoH 3 equiv., B@P, 7 h, refluxa 72 

3 equiv., B n M e N ,  6 h, 83 
refluxd 71:29 (E):(Z) 

3 equiv., B y W ,  24 h. refluxa 10 181 

183 

183 

182 

183 

182 

182 

118 

C8H15 8, 
a 0 CHO 

C ~ H  /'OH 0.7 equiv., BnEt,N+, 4 6  h, 
HMPrC 

30 

&OH 
0 0.7 equiv., BnEt3N+, 4-6 h, 71 

HMPIC 
1.5 equiv., BnEt3N+, 24 h, r.tab 72 

0.7 equiv., BnEt3N+, 4-6 h, go 
HMPIS 

1.5 equiv., BnEt3W. 24 h. r.t.b 50 

Ph -OH 

Ph jlt: 
D O H  

Ph A 
DCH0 1.5 equiv., BnEt3N+, 24 h, r.t.b 75 

0 

q H 1 7  AH 
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Table 18 (continued) 

Entry Substrate Product Conditions Yield (%) Rd. 

Reaction in chloroform. Under phase transfer conditions. Reactions performed at 60-80 "C. Reaction in 
1,2-dichloroethane. 

Table 19 Oxidation of Alcohols with CrO3 and Catalytic n-Butylammonium Chloride 

Entry Substrate Product Condition? Yield (%) Ref. 

1 90 min 60 173 

120 rnin 70 173 
Ph-OH Ph JH 

0"" 90 min 63 173 

15 min 85 173 ph*CHO 

3 ( Y O H  

P h v O H  

Reactions were carried out on a 50 rnmol scale in DCM at ct. using C a  with 5 mol 96 of BQNCI. 

oximes and benzyl esters. Hence, it appears that trimethylsilyl chlorochromate does not offer any ob- 
vious advantage over other reagents available for the oxidation of alcohols. 

2.7.63 Alkyl Metal Chromates 

Oxidations with stoichiometric inorganic oxidants can generate large quantities of toxic waste and thus 
present potentially serious environmental problems. In part answer, several catalytic systems have been 
developed around different elements, but there still remains the problem of disposal of the cooxidant. Re- 
cently, Shapley and coworkers have reported the preparation of two alkyl metal complexes; cis- 
[Bun4N][Os(N)(CHzSiMe3)2(Cr04)] (20) and cis-rppho][Os(N)M~(CrO4)] (21) (equation 18),'** that are 
thennally stable and inert to most standard organic solvents. They act as catalysts (5 mol 96) for the oxi- 
dation of primary and secondary alcohols, using air as cooxidant. Allylic and benzylic alcohols are ox- 
idized faster than saturated secondary alcohols, which in turn are oxidized faster than saturated primary 
alcohols. No products of overoxidation could be detected. The chromates also appear to be inert towards 

(20) R = CH2SiMe3 
(21) R = Me 
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carbon-carbon double bonds. Chromate (21) was found to be more reactive than the more bulky chro- 
mate (20). 

Turnovers for these oxidations range from moderate (57) to poor (2) but can be significantly improved 
by the addition of a copper(II) salt (10 mol S). 

Even though the reactions are slow and the catalyst is degraded under the reaction conditions, the 
possibility of a ruthenium analog makes this a particularly promising area for further development. 

2.7.6.4 Bis(tetrabuty1ammonium) Dichromate 

Bis(tetrabuty1ammonium) dichromate is a neutral oxidant which at reflux in dichloromethane acts as a 
selective oxidant for allylic and benzylic alcohols.189 Only 10% of oxidation products are obtained after 
treatment of n-decanol with bis(tetrabuty1ammoniu) dichromate for 24 h. 

2.7.6.5 Tetrakis(pyridine)siver Dichromate 

Many chromium oxidants suffer from problems of stability, light sensitivity or acidity, but teclslkis(py- 
ridine)silver dichromate*g0 is stable, nonphotosensitive, nonhygroscopic and a neutral oxidant. It can be 
used to oxidize allylic and benzylic alcohols selectively in benzene, Unfortunately, it cannot be used in 
chlorinated solvents because it decomposes in these solvents. 

A possible drawback for this oxidant is that the use of silver in a stoichiometric oxidant may render the 
reagent too expensive for large scale oxidations. 
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2.8.1 INTRODUCTION 

The nucleophilic nature of the sulfinyl oxygen of sulfoxides has been used to good effect in synthetic 
chemistry, most notably in the oxidation of primary and secondary alcohols to aldehydes and ketones 
using dimethyl sulfoxide (DMSO). The first report of the use of dimethyl sulfoxide in such an oxidation 
was due to Witzner and Moffatt,’ although Komblum had previously demonstrated the use of dimethyl 
sulfoxide as an oxidant for the conversion of alkyl halides to aldehydese2 There are now many examples 
of how advantageous the use of dimethyl sulfoxide can be, most notably in the oxidation of primary al- 
cohols to aldehydes without overoxidation to carboxylic acids. Despite much activity in this area, result- 
ing in a plethora of activated dimethyl sulfoxide reagents which behave as an oxidant, the method is still 
basically that originally described by Wimer and Moffatt. However, considerable practical improve- 
ments have been made by a number of groups, most notably that of Swem, who utilized oxalyl chloride 
as the activator, and the ‘Swem oxidation’ is now a well-established synthetic method. 

To appreciate this important reaction requires a mechanistic understanding of how dimethyl sulfoxide 
can be activated for use as an oxidant. The following discussion therefore begins with the general mech- 
anism of the reaction, followed by a description of the use of the more important activation methods, 
many of which are complementary. A description of the process from the viewpoint of the substrate then 
follows, emphasizing the advantages of using the activated dimethyl sulfoxide oxidation method. Earlier 
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examples of the use of the method have been reviewed previo~sly,~s hence the present discussion con- 
centrates on more recent applications. 

2.83 GENERAL MECHANISM OF ACTIVATED DMSO OXIDATION 

The key to successfully using dimethyl sulfoxide as an oxidant for alcohols is to activate the sulfur 
atom prior to reaction with a nucleophilic alcohol function. This activation involves electrophilic attack 
upon the sulfinyl oxygen by a variety of electmphiles. The initial product formed when an alcohol does 
attack the activated dimethyl sulfoxide is known to be the sulfonium salt (1; Scheme 1). 

/ / 
+s-0- + x 
/ / 

- +s-0-x 

+S-O-X \ + R-OH 

/ 
+ -ox 

(1) 

Scheme 1 

Studies using %-labeled dimethyl sulfoxide have c o n f m d  this pathway as opposed to an alternative 
in which the alcohol initially attacks the activator (Scheme 2) to form an ester which is subsequently at- 
tacked by dimethyl sulfoxide to give the same sulfonium species as above.6 

R-OH + X + 'ox 

(1) 

Scheme 2 

The reaction requires the addition of base (commonly triethylamine) and results in the formation of an 
ylide (2; Scheme 3). which collapses intramolecularly to the carbonyl ~ornpound.6*~~ Further supportive 
evidence for ylide formation lies in the observation that sulfonium salts lacking a hydrogen a to the sul- 
fur do not break down to form the carbonyl compound. lo 

R R 
=S-MC + + RAO- - RAo-s.~c 

(3) 
Scheme 3 

Common by-products in these reactions are (methy1thio)methyl ethers (3) formed by a Pummerer rear- 
rangement which occurs via an alternative breakdown of (2), as shown in Scheme 3. The proportion of 
the hunmerer rearrangement derived product varies with the electrophilic activator used. 

One of the major considerations in the choice of activator is the temperature at which the reaction can 
be performed. Most of the electrophilic activators used react rapidly with dimethyl sulfoxide, some of 
them violently; consequently temperatures of less than -30 'C are typically required. Another important 
consequence of these oxidations is that the initidly acidic m i x m  becomes basic on completion of the 
oxidation, and highly sensitive substrates may undergo side reactions. An example of this is Stcn in the 
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oxidation of the carbohydrate (4; equation 1) using sulfur trioxide/pyridine complex as the dimethyl sul- 
foxide activator, which causes spontaneous elimination of a P-acetoxy group. ' ' As seen later, the use of 
the Swern variation overcomes these problems. 

PY'SO3 Acob AcO 0 

AcO 

AcO bH OAc 

(4) 

DMSO 

- 
OAc 

Oxidation of primary alcohols to aldehydes using these oxidants does not result in overoxidation to 
carboxylic acids, in contrast to many other oxidants. This arises since the aldehydes are formed under an- 
hydrous conditions and are not capable of hydration, which is a necessary requirement for conversion to 
a carboxylic acid. 

2.83 ACTIVATED DMSO REAGENTS 

2.83.1 DMSO-Dicyclohexyicarbodiimide 

The original Pfitner-Moffatt procedure for alcohol oxidation by activated dimethyl sulfoxide utilized 
dicyclohexylcarbodiimide (DCC) and a source of protons such as polyphosphoric acid or pyridinium tri- 
fluoroacetate.' The use of strong acids such as the common mineral acids must be avoided since, al- 
though acidic conditions are initially required, the reaction must readily become basic in the later stages 
of the process. Mechanistically it is reasonable to suggest that the activation follows the pattern whereby 
initial attack of the nucleophilic sulfinyl oxygen of dimethyl sulfoxide, with the protonated carbodiimide, 
forms a sulfonium isourea. This is followed by displacement of dicyclohexylurea by the alcohol to form 
an alkoxysulfonium salt. Base treatment of this salt forms an ylide, which collapses via the proven cyclic 
mechanism to the carbonyl compound and dimethyl sulfide (Scheme 4). 

?- 
S, 

C6H11N=*=NC6H11 + Me'+ Me 

Scheme 4 



294 Oxidation of Activated C 4  Bonds 

One of the disadvantages of this procedure is that a large excess of DCC is required, the residue of 
which is difficult to remove during work-up, as is the dicyclohexylurea formed during oxidation. These 
problems provided the impetus behind the development of alternative activating agents. For example the 
water-soluble diimide 1 -(3-dimethylaminopropyl)-3-ethyl~arbodiimide~~ should partially solve the work- 
up problem, and the use of polymer-bound DCC should permit the efficient removal of the urea by-prod- 
uct.13 However, despite these limitations, much use has been made of the Pfitzner-Moffatt oxidation, 
especially during the oxidation of carbohydrate derivatives. For example the amino sugar derivative (5; 
equation 2) was converted in 86% yield to the corresponding ketone. l4 

* phT% 

Ph K NH OMe 

phT% 

PhKm OMe 

This combination was also suitable for the clean conversion of the alcohol (6; equation 3)15 to the 
corresponding aldehyde, whereas all other attempts resulted in concurrent protiodesilylation or in the for- 
mation of the conjugated aldehyde (7). 

Me3Si &OH L C H O  (3) 
DMSO 

* Me3Si 

DCC-H+ (6) 

Me3Si A C H O  

(7) 

2.83.2 DMSO-Acetic Anhydride 

which reacts with alcohols in the usual manner to give carbonyl products. 
Upon the addition of dimethyl sulfoxide to acetic anhydride the species (8; equation 4) is formed, 

One of the advantages of using the acetic anhydride system is that the reaction can be performed at 
room temperanue, which is in contrast to a report that trifluoroacetic anhydride is an unsatisfactory acti- 
vator at this temperature.16 Attempts have been made to use acylating activators such as benzoic anhy- 
dride, phosphorus pentoxide or polyphosphoric acid, although these tend to give lower yields of carbonyl 
compounds.16 

In comparison to some of the other activation methods however, the dimethyl sulfoxide-acetic anhy- 
dride procedure has certain disadvantages. The method often requires the use of long reaction times (1% 
24 h), which can result in many side reactions, especially with sensitive substrates. Notable in this 
respect is that it is not uncommon for this procedure to result in the formation of substantial yields of the 
thiomethyl ethers obtained from the Pummerer rearrangement product as described above. In fact upon 
attempted oxidation of cholesterol with this system, the major product obtained was the corresponding 
(methy1thio)methyl ether." Acetates may also be formed if the alcohol is unhindered. For example the 
sugar derivative (9) reacts under these conditions to form an enol acetate (derived from the required car- 
bony1 compound) in 40% yield contaminated with 30% of the acetate (10 equation 5).18 
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0 = P(OEt)z 

P O H  nr 

Despite this, some useful oxidations have been achieved using the method, such as that of yohimbine 
to yohimbinone in 85% yield, which compares well with that achieved by using dimethyl sulfoxide acti- 
vated with dicylohexylcarbodiimide.19 The method has also been successfully applied to the oxidation of 
carbohydrates,” as shown by the formation of (11; equation 6), and aromatic a-diketones can be effi- 
ciently prepared using this method by oxidation of the corresponding acyloin products. Unfortunately 
this methodology cannot be extended to the more useful aliphatic diketones.21 

DMSO phToB (6) 

OH OMe OMe 

Amongst other less successful applications, however, are the oxidations of some steroidal systems 
such as testosterone, which afforded A4-androsterone-3.17-dione in only 34% yield and 1 la-hydroxypro- 
gesterone, in which the equatorial hydroxy group was oxidized to afford a poor yield of 11 -0xoproges- 
terone (13%).16 

2.8.33 DMSO-Trifluoroacetic Anhydride 

Trifluoroacetic anhydride upon mixing with dimethyl sulfoxide can undergo a violent reaction at or 
just below room temperature. However, it is possible to moderate this behavior by working at tempera- 
tures below -60 “C in an inert solvent such as dichloromethane,22 when dimethyl sulfoxide and trifluo- 
roacetic anhydride react exothermically and instantly to form a white precipitate, which is most probably 
the species (12). 

P o  
SA Me’+‘O CF3 

0 
- O Y C F 3  
0 

(12) 

On waming above -30 ‘C the mixture clears and a Pummerer rearrangement occurs to form (methyl- 
thio)methyl trifluoracetate (13). However the extent of this by-product formation is minimized at the 
lower temperature, and the reaction with alcohols gives high yields of carbonyl products over short re- 
action times. This makes trifluoroacetic anhydride one of the better activators for dimethyl sulfoxide oxi- 
dations. 

BnO - BnO pk 5% BnO BnO 

(7) 
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An oxidation where this system is superior is in the reaction of carbohydrate derivatives where it is 
notably better than the acetic anhydride method, mainly due to the shorter reaction times, e.g. the prep- 
aration of the ketone (14; equation 7).23 

283.4 DMSOSulfur TrioxideDyridine 

One of the best activators for dimethyl sulfoxide is the complex of sulfur trioxide/pyridine, which in 
the presence of triethylamine rapidly oxidizes primary and secondary alcohols to aldehydes and ketones 
in very good yields at ambient temperature.24 This reagent also allows the very useful conversion of 
allylic alcohols to the corresponding a$-unsaturated carbonyl compounds. A further advantage of this 
procedure over many of the others is the ease of work-up, especially over the dimethyl sulfoxide-dicy- 
clohexylcarbodiimide method. 
The precise intermediates formed in this version of the oxidation are not known, but it is possible that 

the necessary akoxysulfonium intermediate is derived from a breakdown of the zwitterion (15; Scheme 
5) .  

lvle 
-0-S=O 

Scheme 5 

In an example of the use of this activation method testosterone, with a 17P-hydroxy group, was ox- 
idized to A4-androstene-3,17dione very rapidly in high yield, in contrast to the use of DMSO-acetic an- 
hydride. During a reaction, when other oxidizing agents were found to be ineffective, sulfur 
trioxide/dimethyl sulfoxide led to smooth oxidation of the cis-diol (16 equation 8) to an o-quinone in 
49% yield and the cis-diol (17) to (18; equation 9) in 98% yield.25,26 The use of dimethyl sulfoxide- 
acetic anhydride for this oxidation gave large amounts of the diacetate as the by-product. 

@ - DMSO @ \ /  0 

\ /  OH PY'SOS 

OH 0 

OH 

(17) 

2.83.5 DMSO-Oxalyl Chloride 

Undoubtedly the most popular variation of these oxidations is the use of oxalyl chloride to activate the 
dimethyl sulfoxide, which is commonly referred to as the Swem oxidation. The advantages of the 
method are: the mild conditions; the ease of work-up, due to two of the main by-products being carbon 
monoxide and carbon dioxide; the low yields, if any, of Pummerer rearrangement products; and the fact 
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that the reaction is usually very rapid. It is advantageous that freshly distilled oxalyl chloride is used in 
these reactions, and generally yields are e ~ c e l l e n t . ~ ~ * ~ ~  

Activation temperatures of about -60 'C are typically used to form the activated dimethyl sulfoxide in- 
termediate (19), which arises by spontaneous loss of carbon dioxide and carbon monoxide from an in- 
itially formed salt (Scheme 6). 

Me 0 
Me\ 

I 

+/S-Cl 

(19) 
Me 

DMSO + C1 - MeN:xO%o -Co - 
0 c1 4% 

Scheme 6 

Interestingly, this intermediate is identical to that formed in the reaction of dimethyl sulfide with 
chlorine, a mixture well known to be useful in the oxidation of alcohols to carbonyl comp~unds?~ 

The relatively mild conditions of this dimethyl sulfoxide activation method have been used to good ef- 
fect to oxidize many sensitive substrates. For instance the alcohol (20  equation 10) was smoothly con- 
verted to the aldehyde without any racemization occurring, which can be a problem with other oxidizing 
systems?O Similar advantages were noted in the oxidation of the alcohol (21), thus demonstrating the 
compatibility of some sensitive protecting groups to the reaction  condition^.^^ 

OTHP OTHP 

AOH - A C H O  

OMOM 

The unsaturated branched chain sugar (22; equation 11) was successfully converted to an enone under 
the Swern conditions32 and the allylic alcohol (23), containing an a,P-unsaturated amide, was smoothly 
oxidized by this activated dimethyl sulfoxide reacti0n.3~ 

CH( OEt), CH(OEt), 

I= DMSO I= 

f NYO 
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Amongst the more sensitive substrates which can be tolerated during the Swern oxidation is the fonna- 
tion of the aldehyde (24),” which normally undergoes very rapid epimerization in the presence of a trace 
of acid. Another example which serves to demonstrate the advantages of the Swern oxidation over other 
methods is the formation of the lactol (25), which is prepared in the presence of a sensitive vinylsilane 
group.35 

A very useful development of this reaction is the demonstration that trimethylsilyl-protected primary 
and secondary alcohols can be directly oxidized without prior deprotection?6 but t-butyldimethylsilyl 
ethers do not similarly react. 

The Swern procedure, however, is not without its problems; for instance, it has been shown that elec- 
trophilic chlorination can occur as a significant side reaction.” In these cases the use of trifluoroacetic or 
acetic anhydride as activators of dimethyl sulfoxide has been recommended. 

2.83.6 DMSO-Thionyl Chloride 

Thionyl chloride appears to be superior to trifluoroacetic anhydride as an activator of dimethyl sulfox- 
ide during the oxidation of alcohols in terms of yields of carbonyl although it has not been 
as widely used. The active species in this process, leading to an alkoxysulfonium species, is probably the 
ion pair (26). 

Me 0 
c1- I ii s s  

Me’+“O’ ‘C1 

As with trifluoroacetic anhydride, activation of dimethyl sulfoxide with thionyl chloride must be car- 
ried out at low temperatures as the reaction is highly exothermic. Besides the higher yields, a further ad- 
vantage of thionyl chloride to activate dimethyl sulfoxide over anhydrides is the lack of Pummerer 
remangement products or of esters formed as by-products (as long as the reactions are canied out below 
-60 ‘C). This is amply demonstrated by the oxidation of (-)-borneol which proceeds in an excellent 99% 
yield (equation 12).27 

(12) 
soc12 

2.83.7 DMSO-Chlorine and Halogen Derivatives 

Dimethyl sulfoxide and chlorine form highly reactive intermediates which are of some limited use as 
oxidants for alcohols. These intermediates are related to those derived from the reaction of the halogens 
with dimethyl sulfide and probably have a structure such as (27). When formed at 4 5  ‘C they allow the 
oxidation of primary and secondary alcohols to aldehydes and ketones3* when used in a two-fold excess. 
For very simple alcohols the reaction proceeds in yields of greater than 90% but there are considerable 
drawbacks if some types of additional functionality an present in the molecule, e.g. alkenes react very 
rapidly to form vicinal dichlorides. 
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Me,+ F' 
Me/ 

s -0  (-1- 

Attempted use of N-chlorosuccinimide or N-bromosuccinimide to activate dimethyl sulfoxide is 
limited, owing to the preferential formation of methylene acetals in good yields?9 as illustrated in the 
preparation of the acetal (28, equation 13). 

283.8 DMSO-Miscellaneous Activators 

A large number of other materials have been used to activate dimethyl sulfoxide for the oxidation of 
primary and secondary alcohols and new methods are still being introduced. The vast majority of these 
reactions proceed via an alkoxysulfonium salt and consequently are variants of the original Witzner- 
Moffatt procedure. Very few of these methods have been exhaustively tested and their advantages are 
often not apparent. 

Despite this they should be considered as possible alternatives in cases wheR more familiar methods 
fail. Amongst this group of activators are p-toluenesulfonyl chloride,40 trifluoromethanesulfonic anhy- 
d ~ i d e , ~ . ~ ~  silver tetrafluoroboratep2 molybdenum oxidep3 phosphorous pentoxide,44 trichloromethyl 
chlorofo~mate,"~ 2-fluoro-l-methylpyridiniumsulfonate,46 chlorosulfonyl isocyanateP7 antimony penta- 
chloride (for which an X-ray structure of the DMSOSbCl5 complex was obtained)48 and phenyl dichlo- 
r0phosphate.4~ 

One potential activator for dimethyl sulfoxide that in practice tums out to be very poor, is pho~gene.~ 
However, a related oxidation of alcohols using dimethyl sulfoxide does use phosgene for the preparation 
of a chloroformate (or carbonochloridate) such as (29).m0.~l This reacts with dimethyl sulfoxide to give, 
after spontaneous loss of carbon dioxide, an alkoxysulfonium salt (30) which upon treatment with tri- 
ethylamine forms the carbonyl compound (Scheme 7). Relatively little use appears to have been made of 
this method. 

DMSO 
w - 

Ph/I,, + C1 K,, Ph /Lei c1 
(29) 

Et3N 

Ph 

Scheme 7 

2.8.4 OXIDATION OF ALCOHOLS 
The above discussion has concentrated upon the reagents used, but it is equally of value to comment 

on the substrate, particularly in reactions for which other oxidation methods have been reported to fail. A 
good example is the oxidation of the iron-carbonyl complex (31) to the ketone (32; equation 14). The 
use of dimethyl sulfoxide activated with sulfur trioxide-pyridine complex gave a 7096 yield of the prod- 
uct, in contrast to the use of the Witzner-Moffatt procedure (dimethyl sulfoxide-DCC) or the chromium 
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trioxide/pyridine complex, both of which caused the alcohol (31) to fragment to benzaldehyde and ben- 
zene.52 

OH 
/ 

The sulfur trioxide-pyridine activated dimethyl sulfoxide oxidation was also a key step in an excellent 
synthesis of the Prelog-Djerassi lactonic acid, being highly recommended as the best method to avoid 
epimerization of the C-2 center in the aldehyde (33).53 

An area of recent intense synthetic endeavor has been in the synthesis of the avemectins and milbe- 
mycins, which contain a range of highly reactive functionalities such as the spiroacetal group, double 
bonds, and epimerizable centers. However, dimethyl sulfoxide activated oxidations, most notably the 
Swem variation, have been useful in this area of chemistry. For example, the sensitive spiroacetal(34) 
gave 92% of the derived aldehyde using dimerhyl sulfoxideoxdyl chloride-triethylamine at -50 'C 
(equation 15)." 

I 
OSiPhzBu' 

Et3N I 
0SiPhzB~' 

Additionally, in a carbohydrate-derived synthesis of the oxahydrindene portion of the avermectins, a 
Swem oxidation was performed on the alcohol (35), demonstrating further the range of functionality that 
can be accommodated under these  condition^.^^ 

One class of compounds that does not react particularly well in activated dimethyl sulfoxide oxida- 
tions, however, is the alkynic alcohols, and only a few successful examples are known, e.g. (36) and 

a-Metones are also an important class of compounds which may be obtained very easily by using 
Swem oxidation of the sensitive a-hydroxy ketone  precursor^?^ or vicinal Amongst such oxida- 
tions are the preparations of the a-diketones (38) and (39). 

(37): 
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0 

Activated dimethyl sulfoxide oxidations have been fairly well used in the synthesis of monoterpenes, 
as seen in the oxidation to an aldehyde of the alcohols (M), en roufe to loganin aglycone?* and (41), a 
precursor in a synthesis of specionin (equation 16)?9 

R &OH DMSO - R&o 

(COC1)Z 
Et,N 

(16) 

(40) R = H , R = M e  
(41) R = CH20SiMe2But, R = H 

However, relatively less use of the reaction appears to have been made in the preparation of the higher 
terpenes, but some notable exceptions to this are the use of a Moffatt oxidation as a key step in an un- 
usual approach to hydrazulene-based sesquiterpenes, (42) to (43; equation 17),60 and the use of the 
Swern variation in the gibberrellin synthesis (44) to (45; equation 18). 

(17) 
DMSO eoH C0,Me DCC * 

S 
I 

(44) R = CO2CH2CO2Ph (45) 

Interestingly, this last case is one of the few reports which notes a dependence upon the base used in 
the oxidation. The use of diisopropylethylamine gives the ketone shown, whereas the usual triethylamine 
base forms the ketone containing the 13-chloro group, for reasons which are unclear.61 

As seen above, activated dimethyl sulfoxide oxidations are often used to prepare carbonyl compounds 
which are highly sensitive and which do not withstand the more vigorous conditions of other, more tradi- 
tional oxidants such as the Crvl-based reagents. A striking example of this comes from a series of studies 
aimed at preparing sensitive carbonyl compounds in situ, and subjecting them to further reaction such as 
a Wittig condensation.62 The best oxidant for these systems is the dimethyl sulfoxide4xalyl chloride- 
triethylamine mixture, i.e. the Swern oxidation. The fact that the carbonyl compounds could be used 
without purification to give high yields of products serves to emphasize that the by-products in these oxi- 
dations, carbon monoxide, carbon dioxide, dimethyl sulfide and triethylamine hydrochloride are relative- 
ly innocuous. In this study, for which other oxidation systems failed to give clean products, the ketone 
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(46) and the aldehydes (47) to (49) were prepared and used crude without the need for further purifica- 
tion. 

0 0 

"-C6H13 Me3Si 
0 

A further, extremely good demonstration of the advantages offered by these reactions is in the oxida- 
tion of the alcohol ( 5 0  equation 19), a precursor to some unusual prostaglandin analogs, which proceeds 
in 65% yield (with concurrent epimerization) using the Moffatt procedure (DMSO-DCC-CF3C02H). In 
contrast, the use of Acz0-DMSO, DMS-Clz, PDC, AgzCa-celite, Collins reagent or Jones oxidation 
all faiied.63 

Very few reports of competitive reactions of alcohols have appeared in activated dimethyl sulfoxide 
oxidations, but the results obtained from these limited studies are interesting. It is known that dimethyl 
sulfoxide-trifluoroacetic anhydride oxidation is selective for primary or secondary alcohols in the 
presence of benzylic or allylic alcohols, due to the latter alcohols being preferentially converted to triflu- 
oroacetates.61 Additionally, secondary alcohols are known to be more reactive than primary alcohols in 
these oxidations, although the measured rate differences are not very high65 and selectivity cannot be 
guaranteed. 

2.85 CONCLUSIONS 

The above discussion highlights the great synthetic utility of activated dimethyl sulfoxide oxidations in 
organic chemistry. The enormous amount of effort put into developing these procedures has resulted in a 
clear picture of their relative value, so enabling one to easily assess the method of choice for a particular 
oxidation. The popularity of the Swern oxidation reflects the very real advantages that it offers in terms 
of the mild conditions and high yields. However, there are many instances where alternative activators of 
dimethyl sulfoxide are better and it is wise to assess these in any synthetic scheme. 

The range of substrates which have been oxidized by activated dimethyl sulfoxide covers a wide range 
of tolerant functional groups, and there are many reports of how these oxidations proved superior to 
others that were investigated. 

Thus activated dimethyl sulfoxide oxidations are now well established as standard synthetic methods 
and are familiar to all organic chemists, and will continue into the future as new variations are de- 
veloped. 
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2.9.1 INTRODUCTION 

The oxidation of an alcohol to a carbonyl compound is a fundamental reaction which is encountered at 
all levels of organic synthesis. As might be expected there are numerous methods and reagents which are 
available for carrying out this transformation and two of the most important general types have been 
dealt with in the previous two chapters (2.7 and 2.8) of this volume. This chapter is concerned with the 
oxidation of alcohols using methods which are not based on chromium reagents or ‘activated DMSO’. 
An attempt has been made to include reagents whose worth has already been demonstrated by their use 
in particular syntheses, or which appear to have some potential for use in organic synthesis by virtue of 
their selectivity. The usefulness of a reagent for organic synthesis is critically dependent upon its selec- 
tivity, mildness and availability inter alia. The organization of this chapter into specific synthetic trans- 
formations (rather than a classification based on reagent type) was chosen with the practising synthetic 
chemist in mind. In the author’s experience the need to consider a range of possible reagents for a spe- 
cific selective transformation arises more often than the need to know all about one specific reagent. This 
latter information is usually easy to obtain from reference sources or original literature.’ In keeping with 
the aims of this work the main emphasis will be on reagents which exhibit selectivity of some kind. 

2.9.2 OXIDATION OF PRIMARY ALCOHOLS 

2.9.2.1 Selective Preparation of Aldehydes 

The preparation of aldehydes by the oxidation of primary alcohols is often possible using reagents 
which also oxidize secondary alcohols to ketones, and some overlap with the section of this chapter deal- 

305 
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ing with the preparation of ketones is inevitable. Moreover some reagents which oxidize primary alco- 
hols to aldehydes will also cleave 1,2-diols, and this will be pointed out where it is known. Notwithstand- 
ing these comments it is possible to carry out the oxidation of primary alcohols to aldehydes in the 
presence of other groups which themselves are easily oxidized. The extent of this chemoselectivity de- 
pends upon the reagent, for example some reagents will oxidize primary alcohols in the presence of other 
oxidizable hydroxy groups. On the whole, benzylic and allylic alcohols (and correspondingly ‘activated’ 
alcohols) are more easily oxidized than alcohols in which the hydroxy group is not ‘activated’ in this 
way. Not surprisingly there are many examples of chemoselective oxidation in which such an ‘activated’ 
alcohol is oxidized in the presence of other hydroxy groups. The first part of this section will cover some 
of the more recent examples of reagents which exhibit chemoselectivity. 

As stated above the oxidation of allylic or benzylic alcohols is usually particularly easy, and the che- 
moselective oxidation of such an alcohol in the presence of other oxidizable hydroxy groups is one of the 
‘standard’ examples of reagent selectivity in oxidation. The classical reagent is manganese dioxide in 
one form or another, and several reviews have appeared on this reagent.* Examples of the use of ‘active’ 
manganese dioxide are given in Scheme 1.- It must be emphasized that the success or otherwise of this 
reagent can depend critically on the method of preparation, and a comparison has been made of various 
samples of manganese dioxide for the oxidation of the allylic alcohols geraniol and nerol (1) to the corre- 
sponding aldehydes? 

Mn02, pentane 

-OH (1) 

0 

H 

CHO 

Scheme 1 

(ref. 4) 

(ref. 5) 

(ref. 6)  

(ref. 7) 

(ref. 3) 

This reagent can be of value not only for its inherent chemoselectivity, but also because of the mild 
conditions under which oxidation occurs. For example the cyclohexylideneacetaldehydes (2) can be p m  
duced by manganese dioxide oxidation of the allylic alcohols despite the instability of (2) to air, acids 
and bases.s Manganese dioxide is known to cleave 1 ,2-diols,1° and can cause oxidative rearrangement to 
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take place in some situations, for example the inositol derivative (3) is converted into the lactone (4; 
equation 1).11 

Several other reagents will carry out similar chemoselective oxidations of allylic and benzylic alco- 
hols, some of which are outlined here. Of the other manganese-based oxidants which will selectively ox- 
idize allylic primary alcohols to aldehydes, barium manganate (Babh04) is possibly the most useful.12 
Primary allylic alcohols can be oxidized by this reagent in dichloromethane at mom temperature, and 
yields are equivalent to, or better than those obtained with manganese dioxide. Being easy to handle, and 
needing no activation, barium manganate can be particularly useful for large scale reactions.12 It is of 
particular interest that barium manganate will give good yields of vic-dials (equation 2),13 since these can 
be difficult to obtain by direct oxidation of the corresponding diol (however, if the hydroxy groups have 
sufficiently different reactivities, lactones can be produced in this reaction, see later). The selectivity of 
this reagent was used in studies on the synthesis of cinnamolide and polygodiol, in which the diol (5; 
equation 3) was selectively oxidized to the lactol(6). excess reagent giving the corresponding 1act0ne.I~ 

Ph oxoH BaMnOd, CHzClz - Ph 

CHO 
ph OH Ph 

Organoselenium reagents have been observed to exhibit selectivity for the oxidation of allylic alco- 
hols, for example a catalytic amount of dimesityl diselenide with t-butyl hydroperoxide as cooxidant will 
oxidize benzylic and allylic alcohols in the presence of saturated alcohols, as in the case of the diol (7; 
equation 4 . 1 5  

Ar (ArSe)z, = 2,4,6-trimethylpheny1 TBHF', benzene - -0, 
(4) 

CHO HO 

F-Oxo-bis(chlorotripheny1bismuth) (8; equation 5 )  has also been used for this type of oxidation, and 
can exhibit very useful levels of chemoselectivity.16 
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The selective oxidation of a primary allylic (9; equation 6) or benzylic (10 equation 7) alcohol in the 
presence of a secondary alcohol has been carried out using bis(trimethylsily1) peroxide in the presence of 
bis(triphenylphosphine)mthenium(II) chloride. l7 

OH OH 

Hydrated ruthenium dioxide will act as a catalyst for the oxidation of primary allylic alcohols (equa- 
tions 8 and 9) in an oxygen atmosphere (a trace of the antioxidant 2,6-di-t-butyl-4-methylphenol is re- 
quired to prevent autoxidation of the aldehyde to the acid).18 The oxidation is not accompanied by any 
loss in double bond stereochemistry, secondary allylic alcohols are oxidized but at a decreased rate, and 
saturated alcohols are scarcely oxidized at all. However, a-hydroxy ketones and a-hydroxylactones will 
oxidize under forcing conditions, so there is clearly likely to be some degree of substrate dependence.18 

- (8) 
R u O ~ ,  0 2 ,  ClCHzCHzCl 

Ph &OH Ph 4CH0 

Primary benzylic alcohols (equation 10) can be oxidized in the presence of saturated primary alcohols 
using a catalyst derived from ammonium cerium(1V) nitrate supported on charcoal with air as the cooxi- 
dant (under these conditions a-hydroxy ketones are oxidized to a-diketones). l9 

(IO) 
OH (NH4)2Ce(N03)&harcoal, 02, toluene 

The chemoselective oxidation of a primary alcohol in the presence of a secondary alcohol is a some- 
what more difficult task. Not only is the inherent difference in reactivity less than in the case of the selec- 
tive oxidation of allylic alcohols discussed above, but most reagents will oxidize secondary alcohols 
somewhat more rapidly than primary alcohols. Nevertheless there are reagents which will carry out the 
selective oxidation of a primary alcohol to an aldehyde without oxidizing a secondary alcohol, some of 
which will be considered here. 

This tyPe of chemoselectivity has been observed in the oxidations of alcohols using copper(II) chloride 
and a catalytic quantity of 2,2,6,6-tetramethylpiperidhyl-l-oxyl (11; equation 11)?O The oxidizing 
species which is generated, in for example the oxidation of (12) to (13), is the cation (14), which may 
also be produced using electrochemical oxidation (in the presence of the weak base 2,6-lutidine). Allylic 
and benzylic alcohols are easily oxidized by this reagent, whereas secondary alcohols react slowly. 
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An interesting example of this type of chemoselective oxidation has been reported with the reagent 
mixture derived from diisopropyl sulfide and N-chlorosuccinimide.2l This reagent will oxidize selective- 
ly a primary alcohol to an aldehyde at 0 'C. Surprisingly, this same reagent at -78 'C will oxidize selec- 
tively a secondary alcohol to the corresponding ketone (Scheme 2). Allylic and benzylic alcohols are 
oxidized at both temperatures. 

/ 
HO 

H 
(17) 

Further examples O°C -78OC 
De~an- 1-01 90% n.r. 
Cyclohexylmethanol 84% n.r. 
Heptan-2-01 n.r. 88% 
4-r-Butylcyclohexano1 n.r. 83% 

(15) + (17) - 65% 

Scheme 2 

(15) + (16) 70% - 

A number of derivatives of ruthenium(II) have the potential to oxidize a primary alcohol in the 
presence of a secondary alcohol; the original report of Sharpless et a1?2 has been followed by a number 
of modifications.u The ruthenium complex can be used as a catalyst in conjunction with a cooxidant, 
which in the original work was N-methylmorpholine N-oxide. In general benzylic and allylic alcohols re- 
act more readily than their saturated counterparts, and primary alcohols react more readily than second- 
ary alcohols. Alkenes can interfere with this oxidation, probably by binding to the metal and inhibiting 
the catalytic process. The stoichiometric use of tris(triphenylphosphine)ruthenium(II) chloride will ox- 
idize a primary/secondary diol to the corresponding hydroxy aldehyde in excellent yield (equation 13)." 

Zirconyl acetate [zTo(OAc)2] has been used as a catalyst for the oxidation of primary aliphatic alco- 
hols to aldehydes, with t-butyl hydroperoxide as cooxidant. Under the reaction conditions benzylic and 
allylic alcohols are also oxidized, but the oxidation of saturated secondary alcohols is slow, and C-C 
double bonds are unaffected and some degree of chemoselectivity would appear to be feasible.25 

A zirconium complex, bis(cyclopentadienyl)zirconium(IV) hydride will function as a catalyst for the 
chemoselective Oppenauer oxidation of primary alcohols in the presence of a hydrogen acceptor (cyclo- 
hexanone, benzaldehyde or benzophenone).26 This method appears to be of some value, since it also 
allows for the selective monooxidation of primary (and secondary) diols (Scheme 3). 1,ZDiols are not 
cleaved under these conditions and retro-aldol reactions appear not to be a problem. 
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CHO i 
HOVOH - H0-n 

n = 1,2,3,4 n = 1,2,3,4 

HOTOH - i H O T C H o  

i OH 

Ph Ph ACHO 

i, CpzZrH2 + H-acceptor (cyclohexanone, benzaldehyde or benzophenone) 

Scheme 3 

Under neutral or acidic conditions osmium tetroxide has been reported to exhibit selectivity for the ox- 
idation of primary alcohols, although in the examples shown (equations 14 and 15) the yields appear to 
be lower than might be desirable (40-50%).27 

Clearly there are easily oxidizable groups other than alcohols which might be found within a particular 
structure, and which can interfere with the oxidative introduction of a carbonyl group. Not surprisingly 
reagents have been developed which will show chemoselectivity for the oxidation of the alcohol function 
in such systems. Triphenylbismuth carbonate and poxo-bis(chlorotpheny1bismuth) have been reported 
as such a chemoselective reagent, and will oxidize alcohols in the presence of other easily oxidized 
species such as benzenethiol, indole and pyrrole (Section 2.9.3).16 This reagent also cleaves 12-diols. 

It is possible to oxidize an alcohol in the presence of sulfur- or seleniumcontaining groups (equation 
16) using t-butyl hydroperoxide and a diselenide as the oxidizing system (this also oxidizes secondary al- 
cohols, see later).l5 Selenium chemistry can also be used to oxidize benzylic and related primary alco- 
hols to the aldehydes without oxidizing pyridyl (18; equation 17) or thiophenyl (19; equation 18) 

It is possible to oxidize sensitive allylic alcohols to aldehydes using catalytic tris(tripheny1phos- 
phine)ruthenium(II) chloride in an oxygen atmosphere, a thiophenyl group survives under these condi- 

groups.?8 
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w Phx T C H O  
(ArSe)?, TBHP, benzene 

R Ar = 2,4,&trimethylphenyl R 

X = S, Se; R = H, Me, Ph 

CHO 

ArzSeO, Se02, dioxane 

%OH Ar = 4-methoxyphenyl 

(18) 

ArzSeO, Se02, dioxane 

Ar = 4-methoxyphenyl m C H O  S 

(19) 

311 

(16) 

tions (equation 19), and the polyene retinal is produced from retinol (equation 20) without loss of double 
bond geometry.29 

(19) phs-fcHo 
R~C12(PPh3)3,0~, ClCH2CH2Cl 

phs T O H  

RuC12(PPh3)3,02,2,blutidm 

A catalytic method which promises to find wide application in view of its mildness and ease of execu- 
tion uses a catalytic amount of tetra-n-propylammonium perruthenate (TPAP) with N-methylmorpholine 
N-oxide (NMO) as the c o ~ x i d a n t . ~ ~  Primary (and secondary) alcohols which contain a range of func- 
tional groups (alkenes, tetrahydropyran ethers, epoxides, lactones, silyl ethers and indoles inter alia) can 
be oxidized without interference by the other functional group (equations 21-23). The performance of 
the reagent is improved further by including molecular sieves in the reaction mixture.31 

NMO, CH2C12 
(no racemization) 

Another reagent which undoubtedly will prove to be of real synthetic value is periodinane, which is an 
excellent, mild oxidant for primary (and secondary) alcohols.32 This reagent is discussed further in Sec- 
tion 2.9.3. 
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The enzyme D-galactose oxidase has been reported to oxidize some racemic diols with kinetic resolu- 
tion to provide the corresponding hydroxy aldehydes with high enantiomeric excesses.33 A list of suc- 
cessful and unsuccessful substrates is given in Scheme 4. 

D-galactose oxidase R 

- I O H  
CHO 

Successful substrates 

OH 
OH 
OH 
OH 

OH 
HO 

“4 HO HO 

OH 
OH 

HO 

OH 
OH 

t O H  
OH 

Unsuccessful substrates 

r OH HO i “4 HO HO]’~ 
-1- 

LOH HOJ 
Scheme 4 

29.23 Selective Preparation of Lactones from Diols 

The oxidation of primary alcohols to the corresponding carboxylic acid or ester generally requires fair- 
ly powerful oxidants, and in most cases the issue of selectivity is dealt with by protection of other oxidiz- 
able functionality within the molecule. One important area in which this need not be the case is the 
oxidation of symmetrical and unsymmetrical diols to the corresponding lactone. The general scheme is 
presented in Scheme 5, and relies on an initial chemoselective oxidation to the hydroxy aldehyde, which 
is in equilibrium with the lactol. This lactol is then oxidized to the lactone. In some cases it is possible to 
halt the reaction at the lactol stage, but usually the lactone is the product. Most of this section will be 
concerned with this type of selective oxidation. 

lactol lactone 
Scheme 5 

The most widely known reagent for the oxidation of a,o-diols to lactones is silver carbonate on 
Celite.” This reagent will oxidize primary 1,4-, 1,5- and 1,6-diols, to lactones. Primary-secondary diols 
can give the corresponding keto alcohol as a serious side product, but this can be overcome by a change 
in solvent.30 As would be expected, primary+erthry diols give the corresponding lactones in excellent 
yield. This oxidation was used as the key step in a simple synthesis of racemic mevalonolactone (20; 
Scheme 6).” Although this is often the fmt reagent to be tried in a given situation, this reagent is not 
free of problems, as often a large excess is required (1&26 equiv. in the original paper), which com- 
pounds the problem of the cost of silver salts, and sulfide groups appear to interfere.” 
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H0+OH - i Go % O H L  h0 
OH 

n = l , 2 , 3  

OH 

OH 

(:<OH - i 

OH OH 
'7 

1 - 
i, Ag2CO&elite, benzene 

Scheme 6 

A mixture of potassium permanganate and copper sulfate will oxidize simple 1,4- and 1,5-diols to the 
corresponding lactones, and will oxidize selectively primary-secondary diols (21; equation 24) and (22; 
equation 25) to the corresponding lactones.35 

In work related to natural product synthesis the efficacy of silver carbonate on Celite was compared 
with a platinum-catalyzed oxidation using an oxygen atmosphere for the oxidation of (23; equation 26).36 
In some cases the R/02 system was superior, but in others the situation was reversed, with no obvious 
rationale. The W02 reagent has been used in the total synthesis of the hydroazulene natural products 
damsin (24, Scheme 7),3' aromatin (25)38 and aromaticin (26; Scheme 8).38 
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Ho OH 

acet::aterm H+ = $ 0 
0 0 

(24) 
Scheme 7 

Reagent mixtures which utilize a catalytic metal complex, usually with a cooxidant (analogous to the 
W02 reagent) for the selective oxidation of diols to lactones have been studied recently, with some inter- 
esting results. 

Palladium acetate with bromobenzene as cooxidant will oxidize primary a,o-diols (27; equation 27) 
and (28; equation 28) to lactones, but as can be seen from the examples given, the selectivity in unsym- 
metrical cases is rather 10w.39 

(27) 70%:30% 

- 40 + (28) 
Pd(OAc)*, PhBr, PPh3, KzCO3 

88% 0 

62%:38% 

cOH . 

(28) 

In contrast to this palladium reagent, several ruthenium complexes will catalyze this type of oxidation 
with high regioselectivity, but in the opposite sense. Tetrakis(triphenylphosphine)ruthenium(II) hydride 
has been used by two groups for the selective oxidation of symmetxical and unsymmetrical diols; some 
representative results arc presented in Scheme 9.40*41 In this case a hydrogen acceptor is useful in increas- 
ing the yield of the oxidation, although it is not always necessary. The use of an a$-unsaturated ketone 
as hydrogen acceptor allows the reaction to be performed at room temperature, whereas the use of 
acetone for this purpose requires high temperatures (1 80'C). 
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R = Me, Bun 

0 Rt lI 

(29) (30) 
i, R u H ~ ( P P ~ ~ ) ~ ,  toluene, acetone, 180 OC (ref. 40); ii, RuH*(PPh3)4, (E)-4-phenylbut-3en-2-one, 

toluene, 20 "C (ref. 41) 

R' R2 n Yield (%) (29):(30) 
Me H 1 94 93:7 
d H 1  100 98:2 

R' R2 n Yield (8) (29):(30) 
MOMOH 1 91 99:l 
Me Me 1 100 99.6:0.4 

Ph H 1 90 97:3 Me H 2 100 84:16 
Me0 H 1 100 98:2 Ph H 2 93 98:2 
Bu"O H 1 100 98:2 Me H 2 100 9950.5 
BnO H 1 100 964 

Scheme 9 

A similar selective oxidation can be carried out with tetrakis(triphenylphosphine)rhodium(I) hydride 
and an a,@-unsaturated ketone as hydrogen acceptor, in this case the use of an optically active phosphine 
provided an enantioselective synthesis, although the levels of asymmetric induction were rather low 
(Scheme 10)j2 

An oxidizing system which uses bromine in the presence of carboxylate salts of nickelGI) has been 
studied in some detailp3 and supersedes the analogous procedure which uses dibenzoyi peroxide in the 
presence of nickel(I1) bromide. In some unsymmetrical cases the selectivity is somewhat dependent on 

R' R1 
R2 

RuH(PPh3), H-acceptor 

. ; Y O H  toluene, 50 'C 

OH 

R' R2 

R' H 
Me H 

Ph H 
Me0 H 
Bu"O H 
Me Me 
Me H 
Ph H 
Me Me 

0 

(31) 

n Yield (8) 
1 82 
1 100 
1 80 
1 94 
1 90 
1 95 
2 86 
2 57 
2 95 

Scheme 10 

(32) 

(31):(32) 
86: 14 
8515 
89:11 
92:5 
90:10 
98:2 
73:27 
79:21 
91:9 
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- bo RhH[(-)-DIOP]2, H - ~ ~ ~ p t o r  

80 O C ,  toluene 

HO AOH ee 0% 

W O H  RhH[(-)-DIOP]2, H - a ~ ~ p t o r  
c 

50 O C ,  toluene 
ee=29% 0 

H-acceptor = Q-4-phenylbut-3en-2-one 
Scheme 10 (continued) 

the carboxylate salt used, the catalyst of choice being nickel(I1) 2-ethylhexanoate, although nickel(I1) 
benzoate is often satisfactory. In Scheme 11 a limited comparison is made with triphenylmethyl tetraflu- 
oroborate, a reagent which has also been used for the selective oxidation of unsymmetrical 

R' 

+ 
OH 

\\ 
0 

(33) (34) 

R', R2 = Phz R', R2 = M% R', R2 = Me, Et 
Oxidant Yield a (33):(34) Yield a (33):(34) Yield a (33):(34) 

Br2, Ni(OBz)2 99 24:l 87 6 5 1  99 19:l 

Br2, Ni(Piv)2b 99 >100:1 99 6.6:l 88 23:l 

Br2, NiRzC 99 >100:1 82 14:l 93 35:l 

P ~ ~ c + B F ~ -  77 >1m1 47 24:l 59 241 

a % Yield. Piv = Bu'C02-. '% = 2-ethylhexanoate 

Scheme 11 

The use of enzymes for the enantioselective oxidation of prochiral (or racemic) diols has proved to be 
of significant synthetic interest. A range of simple racemic 1.2-diols proved to be good substrates for a 
system involving coimmobilized horse liver alcohol dehydrogenase (HLADH) and aldehyde dehydroge- 
nase (AldDH) with NAD cofactor re~ycling!~ This produced 'enantiomerically pure' a-hydroxycarbox- 
ylic acids (Scheme 12). 

HLADH AldDH OH 

R NAD NAD R n C 0 2 H  

R = HOCH2, FCH2, ClCH,, BrCH,, CH2=CH, Me, Et, H2NCH2 

Scheme 12 

Enzymes from Gluconobucter roseus organisms proved somewhat less versatile, but did allow a 
simple enantioselective synthesis, of the unnatural enantiomer of mevalonolactone (35; Scheme 13) in 
reasonable optical ~ u r i t y . ~  

A thorough study of the use of HLADH for the enantioselective oxidation of meso-diols to lactones 
has provided a versatile and synthetically useful route to enantiomerically enriched lactones.4648 There 
are two major advantages of this system in that it appears to accept a fair amount of structural variation 
and full experimental details are available for preparative scale oxidations. A selection of results ob- 
tained with this enzyme system is presented in Scheme 14. 
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OH A OH 2 OH &co2H 
HO 0 

83% ee 57% ee 

ii 

32% 
___) 

HO OH 
(35) 79% ee 

i, Gluconobacter roseus IAM 1841; ii, Gluconobacter scleroideur IAM 1842 

Scheme 13 

OH 

General reaction (ref. 46) 

OH 

lactones prepared (100% ee): 

o? 0 WQQwqO 0 0 0 0 0 

i 

OH m -  OH 0 

General reaction 

,OMe lactones prepared (100% ee): 

0 4 oa 
0 0  

General reaction ,:y-J-g - i 

lactones prepared (>97% ee): 

(ref. 47) 

(ref. 48) 

i, HLADH, PH 9, NAD+, FMN, H ~ O  

Scheme 14 
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The selective oxidation of diols in which one or both hydroxy groups are allylic has been reported on a 
number of occasions. Reagents which have proved useful for this include silver carbonate on Celite,"8 
barium manganate$9 and manganese dioxide," as illustrated in equations (29)-(3 1). 

2.93 OXIDATION OF SECONDARY ALCOHOLS 

2.93.1 Selective Preparation of Ketones 

The oxidation of a secondary alcohol to the corresponding ketone is often a relatively straightforward 
task. There are several reasons for this. The product ketone is usually stable to the oxidating conditions 
and moreover with many reagents a secondary alcohol is oxidized more rapidly than a similar primary 
alcohol. Consequently there are more methods available for the chemoselective oxidation of secondary 
alcohols in the presence of primary alcohols. As might be expected from the preceding comments the se- 
lective oxidation of an allylic or benzylic secondary alcohol to the corresponding a$-unsaturated ketone 
is possible with a number of reagents. Essentially the same range of reagents can be used for this as is 
used for the equivalent oxidation of primary allylic alcohols (see Section 2.9.2.1). A selection of poten- 
tially useful reagents is given in Scheme 15.1631-58 The bismuth reagent is of particular interest in that it 
will also oxidize secondary allylic alcohols in preference to the corresponding saturated alcohols, and 
will not attack other sensitive functional groups (see later).16 

The chemoselective oxidation of a saturated secondary alcohol in the presence of a saturated primary 
alcohol is possible with a number of reagents. N-Bromosuccinimide in an aqueous organic solvent has 
been used to carry out this type of selective oxidation and has found use in synthesis.59*@ The value of 
this reagent is exemplified by its use in the synthesis of isocyanop~pukeanane~~ and in work towards a 
total synthesis of gelsemine (equations (32) and (33) respectively).@ Clearly this reagent would not be 
compatible with all functional groups, given the well-known reactivity of N-bromosuccinimide towards 
unsaturated compounds. 

The use of N-chlorosuccinimide/ddiisopropyl sulfide for the selective oxidation of primary/secondary 
diols was outlined earlier in Section 2.9.2.1, where it was used for the selective oxidation of the primary 
alcohol. Remarkably, by carrying out the reaction at -78'C (as compared to O'C in the previous case) this 
reagent system becomes selective for secondary alcohols in the presence of primary alcohols (see 
Scheme 2; Section 2.9.2.1). 

Possibly the simplest reagent which has been reported to cany out the selective oxidation of a second- 
ary alcohol is sodium hypochlorite in acetic acid.61 Given the very low cost of the reagents, this system 
has obvious potential for large-scale operation. A modification of this procedure uses calcium hypo- 
chlorite, which has the advantage of being a stable solid and exhibits much the same reactivity as the 
original system.62 Examples of these oxidations are given in equations (34) and (35). 
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MnOz, CHZCl 
(ref. 52) 

(ref. 54) 
K2Ru04, Adogen 464, K,S208 

Ph CH,Cl,, aq. NaOH Ph 

* (ref. 55)  
OH OH K2FeO~A120~CuS04*5Hz0,  

benzene 

(ref. 56) 
KZFeO4, BnEt3N+Cl-, benzene 

(saturated primary and secondary 
alcohols not affected) 4 Ph3BiC03, CHCl, * 

HO 

- (ref. 57) 
OH OH polymer-bound PhSe02H 

Ph TBHP, CCI, Ph 

(Bu3Sn),0, Br,, CH,CI, 
Ph E O H  - L O H  (ref. 58) 

Ph 
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- NBS, DME/H20 
MeOzC - 

\ 

OH OH 

OH NaOCI, AcOH 0 - 
Ho AC6H,3 Ho A C6HI3 

NaOCI. AcOH 

(33) 

(34) 

(35) 

Examples of the highly chemoselective oxidation of a secondary hydroxy group have been reported 
using bromine in the presence of bis(tri-n-butyltin) oxide (equations 36 and 37), primary alcohols being 
essentially inert to this reagent mixture.58 

OH OH 

A modification of the Oppenauer oxidation which uses trichloroacetaldehyde on alumina provides a 
good, general oxidation of alcohols, and in particular will oxidize a secondary alcohol in the presence of 
a primary one, as shown by the examples given in Scheme 16.63 This method is claimed to be superior to 
silver carbonate on Celite and much cheaper. Other advantages of this method are that it is neutral, 
nonaqueous, and halide, ester and lactone functionalities survive the reaction  condition^.^^ 

i, C13CCHO/A1203, CC4 

Scheme 16 

Silver carbonate on Celite itself is a highly selective reagent for this type of chemoselective oxidation 
as can be seen from the examples in Scheme 17;34 secondary diols can be oxidized to the hydroxy 
ketones, and primary diols are oxidized to lactones (see Section 2.9.2.2). 

Several procedures for this chemoselective oxidation utilize molybdenum-based catalysts, with either 
hydrogen peroxide or t-butyl hydroperoxide as the stoichiometric oxidant. These include ammonium mo- 
lybdate in the presence of a phase transfer reagent and hydrogen peroxide, which with pH control (potas- 
sium carbonate) will selectively oxidize a secondary alcohol in the presence of a primary alcohol without 
oxidizing alkenes.64 In addition hindered alcohols are oxidized in preference to less hindered ones 
(Scheme 18). 
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OH OH 0 OH OH OH 0 OH 

i 

OH 0 OH 
m -  

OH OH OH 

OH 
i, AgzCO$celite, benzene 

Scheme 17 

OH 

&id - & i f ? +  - \  

OH OH OH 0 H H 

Benzyltrimethylammonium tetrabromooxomolytdate will catalyze the chemoselective oxidation of 
secondary alcohols with t-butyl hydroperoxide as ~ o o x i d a n t . ~ ~  Remote double bonds can interfere with 
this oxidation, and 1,2-diols are converted into 1,2-diketones (Scheme 19). 

C 6 H 1 3 7 0 H  - i c 6 H 1 3 7 0 H  

OH 0 

i, BnMesN+OMoBr4-, TBHP, benzene 

Scheme 19 

The readily available catalyst vanadyl bisacetylacetonate when used with t-butyl hydroperoxide in 
benzene will oxidize secondary alcohols (Scheme 20) much more rapidly than primary ones (rate ratio > 
100: l), but the other oxidizing properties of this system, in particular the epoxidation of allylic alcohols 
and the cleavage of 1 ,2-diols might well limit its uses somewhat.66 
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T O H  4 0 OH OH OH 
OH OH 

”OH - i 

OH 0 

i, VO(acac)z, TBHP, benzene 

Scheme 20 

Ammonium cerium(1V) nitrate or cerium(1V) sulfate will catalyze the selective oxidation of secondary 
alcohols with sodium bromate as cooxidant, in this case remote C-C double bonds interfere, but 1,2- 
diols are not cleaved.67 It has been found that sodium bromite in aqueous acetic acid will act as a selec- 
tive oxidant for secondary/primary diols without the need for other catalysts (Scheme 21).68 

i ii ”’, - 
H o ’ O - C O H  - OH OH 0 OH 

As referred to elsewhere poxobis(chlorotripheny1bismuth) will carry out a number of interesting se- 
lective oxidations, amongst which is the selective oxidation of a secondary alcohol (equation 38), al- 
though this reagent will cleave 1,2-diols.16 

COzMe (Ph3BiCl)z0, K2C03, CHCI3 

OH OH 

The preceding section dealt specifically with the chemoselective oxidation of secondary/primary diols. 
There is a clear interest in chemoselective oxidation of secondary alcohols in the presence of other sensi- 
tive functional groups, and some of the methods available will be described briefly in this section. 

Remarkable chemoselectivity is exhibited by the pentavalent organobismuth reagents pox0 bis(tri- 
phenylbismuth) and triphenylbismuth carbonate referred to in the preceding sections.16 The former re- 
agent will oxidize a secondary alcohol without affecting a spiroacetal or an unsaturated carbonyl 
function. Triphenylbismuth carbonate is a highly selective, nonelectrophilic oxidant, which will oxidize 
a,S-unsaturated secondary alcohols without oxidizing thiols, pyrrolidine or indole. The selective oxida- 
tion of (36; Scheme 22) without oxidation of the selenium is also possible with this reagent. Other com- 
pounds/functional groups which are unaffected by this reagent include a range of carbonyl derivatives 
(dinitrophenylhydrazone, phenylhydrazone, semicarbazone, tosylhydrazone, excluding oximes), 0-ace- 
tates, a vinyl ether, aniline, N,N-dimethylaniline, a dienamine, a thione, and a steroidal xanthate and N,N- 
diethyl thionocarbonate. Both these bismuth reagents will cleave 1,2401s. 
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P O H  ii M 

- iv C6H13HseMe C6H xSeMe 
C6H13 Ho C6H13 

(36) 

i, (Ph3BiC1),0, CHzCl, or CHC13, NaHC03 or K2CO3; ii, Ph3BiC03, CH,C12, oxidation proceeds in the 
presence of either PhSH or Bu'SH without oxidation of the thiol; iii Ph3BiC03, CH,CI,, oxidation 

proceeds in the presence of either indole or pyrrolidine without oxidation of either; iv Ph3BiC03, CH,Cl, 

Scheme 22 

The selective oxidation of secondary alcohols which contain either a sulfide or selenide is also 
possible using either selenium-based oxidizing agents (equations 39 and 40),69 or with a modified Oppe- 
nauer system involving trichloroacetaldehyde (equation 4 1). lS 

* P h q  (39) 
(ArSe)2, [PhSe(O)]lO, toluene 

Ar = 2,4,6-trimethylpheny1 
OH 0 

/ BuXseph (40) 
(ArSe)2, TBHP, benzene 

Ar = 2,4,6-trimethylphenyI 0 Bu 
HO BuXseph Bu 

rButyl hydroperoxide finds several applications as a stoichiometric oxidant in this area, when used 
with another reagent. Combination with aluminum tri-(t-butoxide) (equation 42) produces a mild, selec- 



324 Oxidation of Activated C--H B o d  

xPh CClsCHO/A1203, CC4 0 
X=S,Se 

tive oxidizing agent which tolerates other functional groups including, iodide, ester, terminal alkyne, am- 
matic ether and 1,3-diox0lane?~ Various ruthenium complexes, including RuCl3, Ru(acach, 
RuC12(PPh)3 and [RuClz(C0)3]2 in the presence of t-butyl hydroperoxide, will catalyze the selective oxi- 
dation of secondary alcohols containing styryl, fury1 and thienyl groups (Scheme 23).’* 

(42) 
(Bu’0)3Al, TBHP, benzene 

l-iodododecane, methyl dodecanoate, phenylacetylene, anisole and dodecanal ethylene acetal were 
recovered unchanged under the reaction conditions 

0 
cat. Ru, TBHP, benzene 

R’ AC02R2 R1KC02RZ 

OH 

0 OH cat. RU, TBHP, benzene 
R’ A C N  R1&N 

Ru catalysts include RuC13, R~(acac)~, R U C ~ ~ ( P P ~ ~ ) ~ ,  RuClz(C0)3 
R’ = methyl, styryl, phenyl, 2-furyl,2-thienyl; R2 = methyl, ethyl 

Scheme 23 

The selective oxidation of a secondary alcohol in the presence of a tertiary amine function has been 
carried out with manganese dioxide (equations 43 and 44) in the context of an alkaloid synthesis?2 

The versatile oxidizing agent ‘periodinane’, which functions as an excellent reagent for the oxidation 
of alcohols (see Section 2.9.2.1),32 will oxidize a functionalized a-hydroxy ester to the corresponding a- 
keto ester in the amino acid derivatives (37) and (38; Scheme 24) without loss of stereochemical inte- 
grity or interference from the other highly polar groups in these molecules.73 

2.9.4 CONCLUSION 

There m numerous reagents available for the chemoselective oxidation of polyfunctional alcohols. 
The most promising general type of oxidant must be that in which a mild, clean oxidizing agent (e.g. t- 
butyl hydroperoxide, bromine, air or N-methylmorpholine N-oxide) is used in conjunction with a reagent 
which will catalyze the desired selective oxidation. Mild, stoichiometric oxidants (such as periodinane), 
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Bn COzMe periodinane - Bn ‘0 iyqz,f. CO,Me 
H O  I 

Ph H O  
Ph 

H O  

BZ’ C02Me periodinane - Bz‘ N +C02Me 

Ph I 
Ph 

< 

Scheme 24 

which avoid the use of possibly toxic or expensive metals, and do not produce toxic or noxious by-pro- 
ducts, provide an alternative of great value. 

It is unlikely that any single reagent will prove to be a universal oxidant for a particular tYpe of che- 
moselective oxidation. Many of the reagents considered in this chapter would need to be tested further, 
on more complicated substrates, before a ‘reagent of choice’ could be arrived at. Nevertheless, reagents 
which fall into the two general categories delineated in the preceding paragraph would be high on the list 
of potential reagents for a given selective oxidation. 

Given the above it is rather surprising that chemoselective oxidation is encountered relatively rarely in 
the synthesis of complex molecules. The problem of selective oxidation is usually dealt with by careful 
choice of strategy, or by protection of the functional group which is not to be oxidized. 

Why not use selective oxidants instead of protection or limiting the strategies considered? The usual 
response to this from those (including the author) involved in such complex syntheses is that the reagents 
are not proven in such a synthetic context. It is too risky, why take the chance? This is a perfectly reason- 
able response given the time and effort required to carry out such syntheses, but perhaps a little negative. 
No reagent is perfect, and in the area of selective oxidation much remains to be achieved, and no doubt 
new reagents will be discovered and developed in the future. Avoiding the use of relatively untried selec- 
tive oxidants by protection of functional groups is far from perfect itself. While protecting group chem- 
istry is certainly a more advanced art than selective oxidation, it can have its own problems. Selective 
deprotection, often a consequence of such protection, can prove far from trivial. 

Perhaps organic chemists involved in the synthesis of complex organic compounds should have the 
courage to try this type of selective oxidant in new situations, especially where it might avoid difficult 
protectioddeprotection, or where it would lead to a more direct synthetic route. Rotectioddeprotection 
is often cumbersome and far from elegant, and new or untried reagents can only be evaluated properly 
within the context of the synthesis of polyfunctional organic compounds. In this way the limitations of 
existing reagents are uncovered, and the requirements for new reagents may be determined, and the dis- 
covery and development of such new selective reagents is a worthy challenge for modem organic chem- 
istry to meet. 
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2.10.6 REFERENCES 342 

2.10.1 INTRODUCTION 

A comprehensive introduction to this subject will be found by consulting the excellent books by 
Haines' and Wakefield2 and the reviews by Harvey3 and Whiting." 

The replacement of an aromatic or vinylic hydrogen by any other element can formally be considered 
as an oxidative proce~s.~ In this review only replacement of hydrogen by oxygen and reactions that pro- 
ceed by such a process have been considered. The subject matter has been divided into several sections 
covering oxidations that proceed viu an organometallic species, and finally those that do not. In order to 
make comparisons or to highlight the uses of a particular reagent, this division of material has not been 
rigidly held to. With organometallic reagents, transmetallation is often used to obtain the desired inter- 
mediate, and these reactions have generally been classified according to the first metallation, as it is this 
process which controls the regioselectivity of the oxidation. 

The bulk of material considered covers arylic C-H oxidation, since vinylic C-H oxidation is essen- 
tially covered elsewhere (Chapter 3.4, this volume). 

The reaction of an arylorganometallic reagent with an oxygen species is a popular process for inao- 
ducing oxygen functionality in organic synthesis. The main advantage of such a reaction is its regiospe- 
cificity; the oxygen is invariably introduced at the carbon-metal bond. The main difficulty with such a 
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process is regioselective formation of the carbon-metal bond. This can be achieved by one of the folbw- 
ing methods: (i) functional group directed metallation, such functionality must be either present in the 
product or subject to appropriate modification; (ii) halogen-metal exchange, this requires the presence of 
an appropriately positioned halogen; (iii) electronically directed metallation e.g. thallation; or (iv) incor- 
poration of the metal in the synthesis, particularly applicable to silicon and tin. This process, along with 
(ii), is not formally an oxidation of a C-H bond, but is considered here because it helps to complete the 
picture for aryl C - 4  bond formation. 

2.10.2 LITHIUM, MAGNESIUM AND BORON INTERMEDIATES 

a number of reagents have been developed for introduction 
of oxygen into a carbon-lithium or carbon-magnesium bond. These include peroxides,'** molybdenum 
peroxidepyridine-hexamethylphosphoramide (MoOPH)? sulfony1oxaziridines,lo nitrobenzene" and 
oxidation of the boronate12 after transmetallation. 

In addition to molecular oxygen, 

2.103.1 Imidazolones 

Taddei and Ricci' reported the use of bis(trimethylsily1) peroxide for the electrophilic hydroxylation of 
aryllithiums. The aryllithiums were formed regiochemically pure by either halogen-metal exchange or 
ortho-directed lithiation (Scheme 1). The same authors also noted that when the carbanion is a to a het- 
eroatom, as in the 2-lithiobenzthiazolone, the reaction afforded the trimethylsilyl derivative (l), with no 
trace of the siloxy product (Scheme 2). This is not the case with N-protected imidazoles, as shown by 
Lipshutz et a1.13 who reacted the 2-position and 5-position anions of N-SEM-protected imidazoles with 
either bis(trimethylsily1) peroxide or benzoyl peroxide to give good yields of the imidazolone (2; Scheme 
3) and the TMS-protected imidazolone (3; Scheme 3). The reason why an N-protected imidazole gives 
the siloxy derivative, while a benzthiazolone gives the trimethylsilyl adduct, is not immediately obvious. 

BunLi (Me3SiO)z H+ 
RX - RLi - ROSiMe3 - ROH 

X = Br or H 

Scheme 1 

Scheme 2 

H 

I 98% SEM SEM 
(2) 

i. Bu"Li G N,, 

ii, ( Me3SiO)z Me3S - N  
ii, PhzS2 I 

-N 
I 
SEM SEM 79% SEM 

Scheme 3 
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2.10.2.2 Totarol Metabolites 

In order to investigate the production of nagilactones from totarol by a route modeled on the suggested 
biogenetic pathway, Cambie et al.14 needed to convert totarol (4) into 12-hydroxytotarol (5). Bromina- 
tion of 13-methoxytotara-8,11,13-triene (6) with bromine and thallium(1) acetate in refluxing carbon 
tetrachloride gave the bromide (7) in 94% isolated yield. All attempts to form the Grignard reagent were 
unsuccessful, but treatment of the bromide with 1 equiv. of n-butyllithium resulted in a clean conversion 
to the aryllithium compound. Reaction of this intermediate with t-butyl perbenzoate gave back only star&- 
ing material (6), but reaction with dry oxygen, MoOPH or lithium t-butyl hydroperoxide gave the natural 
product dispermol(8) in 47%, 40% and 36% yields respectively. It should be noted that higher yields of 
phenols were obtained with all these reagents in model studies. Dispermol (8) was then converted into 
the desired catechol (5) by pyridinium hydrochloride. 

(4) R' =H, R2 = OH 
(5) R1 = OH, R2 = OH 
(6) R1 = H, R2 = OMe 
(7) R1 = Br, R2 = OMe 
(8) R1 = OH, R2 = OMe 
(9) R1 = COMe, R2 = OMe 

(10) R1 = OCOMe, R2 = OMe 

Alternative methods for the formation of the catechol (5) were examined, and these serve to show 
other methods for introduction of the hydroxy group. Nitration of triene (6) followed by reduction to the 
amine and diazotization in the presence of methanol gave the phenol (8). but only in poor yield. The best 
method developed appears to be acetylation of the triene (6) with titanium tetrachloride/acetyl chloride to 
give the ketone (9), followed by Baeyer-Villiger oxidation to the acetate (lo), which on hydrolysis 
afforded the catechol (8) in 70% overall yield. 

2.10.2.3 Tetralins 

Whilst studying the metabolism of dopaminergic and serotonergic agonists, Wikstrom el al. lS required 
the 5- and 8-hydroxy-2-(di-n-propylamino)tetralins. The synthesis of the 5-isomer (11) is shown in 
Scheme 4. The yield with nitrobenzene was poor, but this was the best reagent for the required conver- 
sion. 

OMe OMe OH 
(11) 

Scheme 4 

Nitrobenzene has found little use as a source of an electrophilic hydroxy group, and the reader should 
be aware that other reactions can take place when it is reacted with organometallic reagents.16 

2.10.2.4 Estrogens 
A fine example demonstrating the use of an arylboron intermediate was reported by Santaniello et a1.l' 

As part of a project aimed at evaluating the biological activity of 2-and 4-substituted estrogens a conven- 
ient synthesis of 2-hydroxyestradiol was needed. Classical electrophilic oxidations usually lead to equi- 
molar amounts of 2- and 4-isomers which are not easy to separate, and thus a method for regioselective 
hydroxylation was required. 3-Methoxyestra-1,3,5( 10)-trien- 17p-yl acetate (12) reacted with mercury(I1) 
acetate in dry acetonitrile, and the reaction mixture was then treated with saturated aqueous sodium 
chloride to give the 2-chloromercurio derivative (13) in 80% yield. This intermediate was then exposed 
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to diborane and the resulting organoboron complex directly oxidized to the 2-hydroxy estrogen which, 
after acetylation, gave the diacetate (14) in average yields of 48-50%. The methyl protecting group was 
removed and the triol stored as the triacetate (15 Scheme 5). 

i, ii 

80% 
- iii-v 

-60% 

i. Hg(OAcI2, MeCN ii. aq. NaCl; iii, B2H6; iv, H24;  v, Ac20; vi, pyridinium hydrobromide; vii, AczO 

Scheme 5 

It is worthwhile here to put this work in context with related work in the field.18 If the acetal-protected 
estrogen (16) was treated with n-butyllithium/IUEDA then metallation occurred at both the 2- and 4-po- 
sitions. Conversion to the hydroxylated products (17) and (18) was then achieved via the boron complex 
using similar methodology to the above (Scheme 6). The same authors, Kirk and Slade,lg did however 
report an efficient, regioselective synthesis of the 4-acetate isomer (19) by employing lead tetraacetate 
(LTA) as the oxidizing agent after initially forming the 4-mercurio intermediate (Scheme 7). 

(17) R’ = H, R2 = OH; 30% 
(18) R’ =OH, RZ = H 15% 

i, Bu”Li; ii, B&. B(OMc),; iii, HzOz, NaOH; iv, H+ 

Scheme 6 

45% 
AcO 

HO OAc 

(19) 
i, Hg(OAc)z, AcOH, cat. HC104; ii, Ac20 iii, LTA, CFg02H; iv, Ac20 v, H+ 

Scheme 7 
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In complete contrast to the above results is the oxidation of the esmne (20) by hydrogen peroxide in 
hydrogen fluoride/antimony tetrafluoride." When subjected to hydroxylating conditions using this 
reagent, the estrone (20) gave a poor-yielding mixture of the oxidized products (21-23; Scheme 8). 

0 

(23) 
R = H and/or Ac 

(22) 

Scheme 8 

These examples demonstrate that metal-directed hydroxylation is a powerful tool in organic synthesis. 

2.10.2.5 Miscellaneous 

A new method for the ortho hydroxylation of aromatic aldehydes via ortho-lithiated aromatic aminoal- 
koxides has recently been reported by Einhorn et aL2' Formation of the aminoakoxide serves two pur- 
poses. Firstly, the aldehyde group is protected and, secondly, the aminoalkoxide directs lithiation to the 
ortho position. Oxidation of the lithio species was effected by either MoOPH or molecular oxygen, albeit 
in poor yield. Alternatively, a two-step, one-pot condensation of the lithio intermediate with tributyl 
borate followed by oxidation with hydrogen peroxide gave the ortho-hydroxy aldehydes (24) in slightly 
better yields (Scheme 9). 

OLi 
CHO i - 

Me 12-705 OH 

i, BunLi, N,N,W-trimethylethylenediamine 
Scheme 9 

Snieckus and coworkers" used the combination of a tertiary amide with a methylenedioxy group to di- 
rect lithiation to the ortho position, and then converted the lithiated intermediate to the 2-hydroxybenz- 
amide (25), which was used as a starting material for the synthesis of acridones (Scheme 10). 

A similar methodology was used by Borchdt and coworkersD in the synthesis of the phenol (26 
Scheme 11). Here, the fact that 4-fluorophenol metallates next to fluorine when the phenol is protected 
as a TBDMS ether was put to good use for introduction of the hydroxy group. Likewise, oxidation of a 
boron complex was a key step in the synthesis of phenolic dihydrodiols of benzo[a]pyrene, (27) and 

The use of thallium is covered later, but it is worthwhile mentioning here that in the hydroxylation of 
polystyrenes reported by Bullen et af.,% the mercury or thallium intermediates were converted to the 
boronic acid residue using diborane and the boronate then transformed into the phenol (30) using hy- 
drogen peroxide or trimethylamine N-oxide. 

and also in the synthesis of phenolic crown ethers (29).25 
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Me 

Scheme 10 

i, Bu'Li 

iii, AcOH, Hz02 
73% OSiMezBu' 

(26) 

4 ii, B(OMe), 

OSiMezBu' 

Scheme 11 

(27) R' = H, R2 = OH 
(28) R' = OH, R~ = H 

HO-$ 

w 
(29) n = 1-7 

Me0 LiQ 

It is only fair when reviewing syntheses to mention unsuccessful reactions so as to outline any short- 
comings of a particular reagent, and this has been done throughout this review. SaB et al." have recently 
reported that reaction of the metallated lithium phenolate (31) with either nitrobenzene or bis(trimethy1- 
silyl) peroxide gave only starting material, while reaction with trimethyl borate followed by oxidation 
furnished a complex mixture. 
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2.10.3 THALLIUM INTERMEDIATES 

The reactions of aromatic substrates with thallium reagents is a fascinating subject which has been re- 
viewed by McKillop and Taylor,28 two of the prime contributors to this field of chemistry. Two types of 
reaction are possible, both of which are important for the introduction of oxygen functionality. The first 
is electrophilic aromatic thallation, whilst the second involves one-electron oxidation. 

Arylthallium compounds are very interesting species and so obviously different from their 
lithium/magnesium/boron counterparts. Formation of an aryllithium/magnesium/boron reagent involves 
either proton abstraction, halogen-metal exchange or metal-metal exchange, whereas arylthallium com- 
pounds are produced by a reversible electrophilic process. Subsequent reactions are also very different in 
that the thallium species can undergo electrophilic, nucleophilic or free radical reactions depending upon 
the choice of reagent. For an understanding of the factors controlling the regiochemistry of aromatic thal- 
lation the reader should consult McKillop's review; however, aromatic thallation will in general follow 
the basic rules governing electrophilic aromatic substitution. The following points, however, should be 
remembered: (i) the process is reversible and can lead in time to the thermodynamic product, (ii) any 
groups present capable of coordinating to thallium will direct the position of metallation, and (iii) aro- 
matic moieties activated towards electrophilic substitution are likely to undergo one-electron oxidation. 

Whilst direct electrophilic hydroxylation of the arylthallium species can be effected using peroxytriflu- 
oroacetic acid, further oxidation of the phenol to a quinone accompanies this process. This over-oxida- 
tion can be avoided by initial transmetallation to a lead species with concomitant reduction of the 
thallium mfluoroacetate (TTFA) by triphenylphosphine, followed by displacement of the lead by trifluo- 
roacetate to give the aryl trifluoroacetate.28 This hydroxylation method has yet to find use in the 
synthesis of molecules which are more complex than simple arenes. 

2.10.3.1 Indoles 

The synthesis of compounds bearing the indole nucleus has received a lot of attention from Somei and 
coworkers. As part of this program they have developed methods for regioselectively introducing oxygen 
functionality into the 4- and 7-positions of indoles. Thus, subjecting indole-3-carbaldehyde to thallation 
with thallium trifluoroacetate, followed by reaction of the thallium intermediate with iodine/copper(I) 
iodide in DMF, gave the iodide (32), which was readily converted to the corresponding methoxyindole 
(33) with sodium methoxide. The overall yield was an excellent 86% (Scheme 

CHO 
Tl(OCOCF3)Z 
I CHO 

CUI, 12, DMF 

94% 
/ c 

" 

NaOMe, CUI 

83% H 

(32) (33) 

Scheme 12 

The synthesis of 7-methoxyindole was accomplished starting from 1 -acetylindoline (34). Regioselec- 
tive introduction of iodine was achieved using thallium trifluoroacetate, then potassium iodide. Deacetyl- 
ation and oxidation to the indole (39, followed by reaction with sodium methoxide in DMF, gave the 
7-methoxyindole (36) in 48% overall yield (Scheme 13).30 More recently, Somei et have reported 
that treating the intermediate thallium species with copper(I1) sulfate pentahydrate gives directly the 
l-acetyl-2,3-dihydro-7-hydroxyindole (37) in 42% yield (Scheme 14). It remains to be seen whether this 
is a general process. 

A completely different approach to hydroxylation at the 5-position (indole numbering) in tryptophans 
was reported by Hino and coworkers>2 Their synthesis involved either LTA or Fremy's salt oxidation of 
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i-iii iv 
~ 

\ N  \ N  

I H  OMe H 
\ 
Ac 

(34) (35) (36) 

i, 'ITFA, "FA, ii, KI, iii, Oz, salcomine; iv, NaOMe, CUI, DMF 

Scheme 13 

*p i, ?TFA, TFA 

ii, CuSO4-SH2O 
42% 

(34) 

OH 
(37) 

Scheme 14 

the cyclic tautomer derived from tryptophan (38) to the p-quinoneimine (39), followed by sodium boro- 
hydride reduction and treatment with acetic acid, to give the hydroxytryptophan (40, Scheme 15). 

U 

H o , @ f c o z M e  HN 'CO*Me 

I 
H 

I 
H 

(40) 44% overall 

Scheme 15 

2.103.2 Towards Lycorine Alkaloids 

Although one-electron oxidation of arenes by thallium trifluoroacetate presumably does not proceed 
via formation of a discrete arylthallium bond, some examples involving oxidative cyclization mediated 
by thallium trifluoroacetate will be considered here. Schwartz and H ~ d e c ~ ~  employed thallium trifluo- 
roacetate to effect an intramolecular cyclization of the amide (41) to give a key intermediate (42) in their 
projected synthesis of lycorine alkaloids (Scheme 16). Interestingly, when the bromine was replaced by a 
hydrogen the yield was poorer. 

2.1033 Dihydrocoumarins 

Taylor and coworkersM have studied the intramolecular capture of radical cations from the thallium 
trifluoroacetate oxidation of arylalkanoic acids and arylalkanols. For example, 3-(3,4-dimethoxyphe- 
ny1)propionic acid (43) on treatment with thallium trifluoroacetate in trifluoroacetic acid containing a 
small amount of boron trifluoride etherate for a few seconds gave the oxidized products (44-46, Scheme 
17), the exact yields dependent upon the reaction conditions and work-up. In analogous fashion, oxida- 
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Brp;) \ TTFA 

HO 

Br @ 
Ph 

0 

Ph 

(41) 

56% - 

Scheme 16 

0 K Ph 

0 rn i 
tion of 3-(2,3,4-trimethoxyphenyl)propionic acid (47) gave the dihydrocoumarin (48) in 53% yield 
(Scheme 18). 

i, ii 

C02Me 

M e 0  M e 0  OH 
(45) (46) 

i, 'ITFA, TFA, cat. BFyOEt2; ii, Bu'OH 

Scheme 17 

OMe 

- 
0 

MeO& C02H 
i, ii 

M e 0  53% M e 0  

(47) (48) 

i, 'TTFA, TFA, cat. BFpOEt2; ii, BuQH 

Scheme 18 

Yamamura and coworkers have used a thallium trifluoroacetate mediated oxidative cyclization in their 
synthesis of aerothionin and related products35 and also in the synthesis of bastadin-6," a 28-membered 
ring lactone. 
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2.10.4 LEAD INTERMEDIATES 

Lead tetraacetate (LTA) and lead tetrakisfluoroacetate (LTFA) are common oxidants for the introduc- 
tion of the hydroxy group. It has been suggested that the oxidation proceeds via electrophilic attack di- 
rectly onto but this seems unlikely in view of the fact that aryllead species are well 
characterized and they are known to give the corresponding acetates on treatment with tri- 
fluoroacetic acid or acetic acid. Some examples of the use of LTA have already been described (see Sec- 
tions 2.10.2.4 and 2.10.3). 

2.10.4.1 Estrone 

An impressive synthesis of estrone (51) was reported by Vollhardt and coworkers.39 Cobalt-catalyzed 
cooligomerization of the diyne (49) with bis(trimethylsily1)acetylene gave the estratrienone (50) in 7 1% 
yield. Introduction of the hydroxy substituent at C-3 was then cleverly achieved by selective proto- 
desilylation at (2-2, followed by oxidation of the carbon-silicon bond using LTFA (Scheme 19). 

i, ii 

71% 

___L 

i, C~CO(CO)~, BTMSA; ii, xylene, reflux; iii, TFA, -30 "C; iv, LTFA 

Scheme 19 

2.10.4.2 Vitamh B6 

In a synthesis of vitamin B6, which also employed a cobalt-mediated diyne cyclization, Vollhardt and 
$oworkers40 were unsuccessful in converting either the tin compound (52) or the corresponding silicon 
derivative to the hydroxylated material using LTA and trifluoroacetic acid. In fact, attempted hydroxyla- 
tion of the tin compound (52) by transmetallation with n-butyllithium followed by reaction with molecu- 
lar oxygen, nitrobenzene or trimethyl boratehydrogen peroxide gave complex mixtures containing 
primarily destannylated material. A solution to the problem was eventually found by introduction of 
iodine, followed by displacement of iodide using a modification of the method developed by Tiecco 
(Scheme 20).41 

2.10.43 Quinol Acetates 

Pattenden and coworkers4* have recently evaluated the relative merits of LTA and electrochemical ox- 
idation of phenolic compounds with particular reference to synthesis of the antiallergic compounds so- 
dium chromoglycate (INTAL, 53) and proxicromil(54), which are used for the prophylactic treatment of 
asthma. The 2-carboxychromone moieties in the compounds (53) and (54) are synthesized from the ap- 
propriate 2',6'-dihydroxyacetophenones. Oxidation of the 2'-hydroxyacetophenone (55) by LTA in di- 
chloromethane gave almost exclusively the quinol acetate (56), which was subsequently converted to the 
2',6'-dihydroxyacetophenone (57), a precursor to proxicromil (54; Scheme 2 1). By contrast, electre 
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12. CHC13 CUI, NaOMe - 
37% 

(52) 

OMe OH 

0 & ::e;- , N. 

53% 
Vitamin B, 

Scheme 20 

chemical oxidation of the acetophenone (55) gave four principal products, with the quinol acetate (58) as 
the major one. The acetate (58) was then converted to the 2’,6’-dihydroxyacetophenone (57; Scheme 22). 

OH 0 

Na02C C02H 

0 q? OH 

f 

(55) 

Scheme 21 

f 
(57) 

i, H’, EtOH 
* (57) 

Pt mode 
___c 

ii, O H  
87% crude 

w 
(58) 

Scheme 22 

Umezawa and coworkers43 have extensively studied the LTA oxidation of hydroxytetrahydroisqui- 
nolines, highlighting the range of products that can be obtained depending upon the reaction conditions 
and subsequent transformations. 

2.10.5 NONMETALLATED INTERMEDIATES 

Methods for the oxidation of arylic and vinylic C-H bonds which do not proceed via organometallic 
intermediates have already been referred to in the preceeding sections when it was appropriate to make 
comparisons. 

Direct introduction of oxygen may be performed by a variety of reagents, but this type of oxidation 
does not normally extend beyond the preparation of simple phenols.44 The oxidation of phenols to hydro- 
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quinones is occasionally encountered. Indirect oxidation may be effected in a number of ways. A reliable 
method is formation of either an aryl halide45 or an aryldiazonium salt,& followed by attack with an 
oxygen nucleophile. The displacement of an aromatic halogen by &oxides is a procedure which has 
been developed in particular by Testafem and Tiec~o!~*~' Alternative procedures for indirect oxidation 
involve intramolecular delivery of oxygen, and encompass such reactions as the Baeyer-Villiger oxida- 
tion and the photochemical rearrangement of aromatic azoxy derivatives,'@ the latter process obviously 
being restricted to quite specific systems. 

2.105.1 Hydroquinones 

The Elbs persulfate oxidation procedure was used by Bach and coworkers49 at an early stage of their 
synthesis of model compounds related to fxedericamycin A. Thus the phenol (59) gave 2,5dihydroxy4- 
methoxybenzoic acid (60) in modest yield (30%). This was then transformed in several steps to the 
isobenzofuranone (61). Generation of the isobenzofuran (62) in situ and Diels-Alder reaction of this with 
the enedione (63) gave, after loss of the trimethylsilyl group, the desired compound (64, Scheme 23) in 
62% yield from the isobenzofuranone (61). 

- 
M e 0  Me0 

OH 

(59) (60) (61) 

o /  
iV, 8 . V  

\ \ %., \ - / /  

OMe OH 

(63) 

62% Me0 M e 0  
OMe 

(62) 

i, KzSzOs, NaOH ii, H'; iii,Bu"Li then Me3SiC1; iv, (63); v, silica gel 

(64) 

Scheme 23 
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Looker et aL50 used a modification of the Elbs persulfate oxidation procedure in which tetraethyl- 
ammonium hydroxide was used as the base in their synthesis of 5,8quinoflavone. The phenol (65) was 
oxidized to the hydroquinone, primetin (66), which upon further oxidation with LTA afforded 5,8-flavo- 
quinone (67) in 34% overall yield (Scheme 24). 

2.10.5.2 Daunomycin and Adriamycin Analogs 

One good example of the use of the Baeyer-Villager oxidation was reported by Mitscher and cowor- 
k e d 1  in their approach to analogs of adriamycin and daunomycin, two important antitumor antibiotics. 
The anthracenone (68) was cyclized with hydrogen fluoride to give the unstable product (as), which 
upon treatment with hydrogen peroxide in acetic acid/sulfonic acid underwent oxidation to the quinone 
and also Baeyer-Villiger cleavage of the ketone moiety to give, after esterification, the anthraquinone 
(70), a key intermediate in their projected synthesis (Scheme 25). Unfortunately, problems in the latter 
stages of the synthesis and attractive routes to similar analogs from other workers led to this approach 
being abandoned. It is interesting to note that the same authorsS2 had great difficulty in introducing a hy- 
droxy group by displacement of a bromide in a similar system (Scheme 26). The desired transformation 
was finally effected in 65% yield using calcium hydroxide and copper powder in a sealed tube at 200 'C. 

HF 

CO2H 
OH OH OH 

tw 

Scheme 25 

mCo2" Cupowder Ca(OH)2 ,/$$$co2H 

\ / \ / 200 o c  
OMe 0 OMe 65% OMe 0 OMe 

Scheme 26 

2.10.5.3 Anthracycline Relatives 

Lown and Sondhis3 were interested in the synthesis of chromophores of the anthracycline antibiotics in 
which the quinone ring c was replaced by a ?-pyrone. The ?-pyrone ring was prepared by an oxidative 
cyclization mediated by DDQ, presumably proceeding via the quinone (Scheme 27). 

0 OH 

sfQY;* OH OH OH OH 

Scheme 27 
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2.105.4 Fervenulin Analogs 

The synthesis of analogs of the antibiotic 2-methylfervenulone (MSD-92)” highlights an example of 
the displacement of a chloride by an oxygen nucleophile, although perhaps more! interesting is the 
regioselective introduction of the chlorine by reacting the 4-deazafervenulin 2-oxide (71) with the 
Vilsmeier-Haack reagent to give the 3-chloro-4-deazafe~enulin (72) in 45% yield. Senga and coworkers 
then converted this chloro compound (72) to the Chydroxy analog (73), which upon methylation gave 
4-deaza-MSD-92 (74; Scheme 28). 
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2.11.1 INTRODUCTION 

The synthesis of quinones,' including anthracyclinone antibiotics2 and oxidized metabolites of polynu- 
clear aromatic hydrocarbons? has been reviewed. 

The synthesis of quinones from arenes is an area which demands further research, despite the number 
of reagents presently available for this transformation. This is highlighted by the synthesis of the naph- 
thoquinone (3)! Direct oxidation of the dibromoarene (1) was unsatisfactory, and therefore Bruce and 
coworkers had to resort to a multistep sequence involving nitration, reduction, diazotization, displace- 
ment by hydroxide and finally oxidation of the phenol (2) with Fremy's salt (Scheme 1). Although there 
are examples of the oxidation of polynuclear aromatic hydrocarbons to quinones, the direct oxidation of 
an arene to a quinone is a process not encountered in the synthesis of more complex molecules. 

On the contrary, there are many examples of the synthesis of quinones from activated annes, the acti- 
vation normally arising from a hydroxy, alkoxy or amino group. It would be impossible here to cite 
every example from the last decade; however, it is hoped that the references expanded upon will give the 
reader a feel for the types of reagent which are most popular, the type of system that has employed this 
chemistry, and some of the problems involved. A number of reagents5 are available for the oxidation of 
activated arenes to quinones, but there are only a few hied and tested reagents which are used again and 
again. The question posed by the reader who is looking to effect a particular oxidative transformation is 

345 
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iv 1 
OH 

22% overall 

ii, iii 

Br 
Br Brm - 

i, dil. HN03, CH,Cl,, conc. H2S04; ii, H2NNH2, Pd-C; iii, NaN02, HZSO4 then H30+; iv, Fremy's salt 

Scheme 1 

which reagent? Unfortunately in this area there is no simple answer. Although it could possibly be said 
that Fremy's salt is the reagent of choice for the synthesis of p-quinones from phenols, while cerium(IV) 
ammonium nitrate is often preferred for the oxidative demethylation of methoxyarenes, the following 
examples will serve to emphasize that experimentation is often necessary to find the best reagent for the 
transformation in question. Although this review is primarily concerned with synthesis it is most conven- 
ient to loosely categorize the syntheses according to the reagents that were utilized. 

2.11.2 FREMY'S SALT 

2.11.2.1 Towards Rubradirin 

Fremy's salt (potassium nitrodisulfonate)6 is a widely used reagent,"12 particularly in the synthesis of 
quinone antibiotics. One example has emerged from Kozikowski's group in their approach to the rubra- 
dirin antibiotics. l3  The MEM-protected 2-nitroresorcinol(4) was converted in several steps to the phenol 

OMEM bNoz OH 

(4) 

0 COMe 
Me0 4.) 

SPh L 

50% overall (9) 

i, KHCO,; ii, Fremy's salt 

Scheme 2 
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(5)’ which was then oxidized with Fremy’s salt to the quinone (6). It was imperative that the nitrogen 
was protected by an acyl group, otherwise none of the desired quinone was formed. Diels-Alder reaction 
with the diene (7) then gave the cyclohexenedione (8) which upon treatment with potassium hydrogen- 
carbonate to eliminate thiophenol and oxidation with Fremy’s salt gave the key intermediate quinone ( 9  
Scheme 2). 

2.11.2.2 Defucogilvocarcin V 
A more recent example from McGee and Confalone14 highlights the use of Fremy’s salt in the oxida- 

tion of a latent phenol (10) to the quinone (11). The oxidation was initially problematic because Fremy’s 
salt requires the free phenol and, although the lactone could be opened under basic conditions, the salt 
readily relactonized on acidification. The oxidation was finally accomplished by adding the initial hydro- 
lysis mixture to a solution of Fremy’s salt buffered to pH 7. The quinone (11) was then converted to the 
aglycone defucogilvocarcin V (12), an important compound for studying the mechanism of DNA dam- 
age by the antitumor gilvocarcins (Scheme 3). 

OBn r OBn 1 
Fremy‘s 

salt, pH 7 
c 

/ pyJEj KO& / 71% 

0 
(10) 

OBn 0 OH OMe 

Scheme 3 

2.11.2.3 a-Tocopherol 

One complication that can arise when using Fremy’s salt is that the substrate may be insoluble in the 
aqueous reaction medium, despite the use of organic cosolvents. Olson et al.ls introduced an organic- 
soluble version of Fremy ’s salt in their synthesis of a-tocopherol. Hexahydrofarnesolacetone (13) was 
transformed to the phenol (14), which was oxidized in nearly quantitative yield to the tocopheryl quinone 
(15) using a mixture of Fremy’s salt and tricaprylylmethylammonium chloride in a two-phase waterhn- 
zene solvent system. The oxidizing agent was presumed to be the bis(tricaprylylmethy1)ammonium ni- 
trodisulfonate. The quinone (15) is a known precursor of a-tocopherol (16; Scheme 4). 

2.11.2.4 Lavendamycin Pharmacophores 

The idea of using a phase transfer procedure with Fremy’s salt was further developed by Kende and 
Ebetino16 who advanced tetra-n-butylammonium bisulfate as the phase transfer reagent in a dichloro- 
methane/aq. bicarbonate two-phase system. Although Kende obtained disappointing results with this sys- 
tem in the synthesis of lavendamycin (17)’ Boger et al.” put these reagent conditions to good use in their 
synthesis of a similar quinoline-5,8-diene (18) which was designed to investigate the potential minimum, 
potent pharmacophores of lavendamycin (17) and the related streptonigrin, two powerful antitumor anti- 
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Scheme 4 
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biotics. In Boger's synthesis, the phenol (19) was oxidized using the Ken& conditions to give the qui- 
none (20). which upon further manipulation afforded the hydroquinone (21). This upon exposure to 
lithium hydroxide, followed by air gave the desired quinone (18) (Scheme 5). Interestingly in the syn- 
thesis of a related quinone (25) by the Boger group, the phenol (22) gave only poor emtic yields of the 
quinone (24) using the above oxidation procedure. Cerium(1V) ammonium nitrate and ammonium ni- 
trate/acetic anhydride/trifluoroacetic anhydride were equally unsuccessful. A satisfactory synthesis of the 
quinone (24) was accomplished by a three-step procedure involving nitration, reduction to the amine (23) 
and finally oxidation of the p-aminophenol to the quinone (24) using manganese dioxide. 

(22) R = H 
(23) R = NH2 

C02Me CO2R 

(24) R = Br, R =Me 
(25) R = "2, R = H 

2.11.2.5 Methoxatin 

The insolubility of their substrate in the Fremy's salt reaction medium was a problem encountered by 
Rees and coworkers in their synthesis of the bacterial coenzyme methoxatin (31).18 The methoxatin 
skeleton was rapidly assembled from the substituted benzaldehyde (2@, using the nitme insertion re- 
action to give the indole nucleus. Introduction of the oquinone moiety, however, proved particularly 
troublesome. The methoxypyrroloquinoline (27) could not be oxidized directly to the quinone (30) and, 
although the oxidation could be effected indirectly by nitration, reduction and finally oxidation with 
manganese dioxide, the overall yield (29%) was disappointing. The problem was overcome by engaging 
an organic-soluble nitroxide equivalent of Fremy 's salt, namely, benzoyl t-butyl nitroxide. Hydrogeno- 
lysis of the 4-benzyloxypyrroloquinoline (28) gave the phenol (29) in 89% yield. Attempted oxidation of 
this phenol with Fremy 's salt was unsatisfactory, but using benzoyl r-butyl nitroxide in dichlorometh- 
ane/methanol the required quinone (30) was prepared in excellent yield. Conversion to methoxatin (31) 
then followed a literature procedure (Scheme 6). 

i iii, iv 
__c - 

O H C O  RO N H A C  55% 

(26) R = Me or Bn 

MeO2C MeOzC 

/ '  - ' \  
93% 

RO \ N' CO2Me 0 N' C@R' 

(27) R = Me 
(28) R = Bn 

V G  (29 )R=H 89% 

0 

(30) R = Me 
(31) R = H 

i, Me02CCH2N3, NaOMe, MeOH ii, xylene. reflux; iii, H'; iv, Me02CCOCHrCHC02Me then H'; 
v, H2. Pd-C; vi, Bu'(COPh)NO-; yields quoted for R = Bn 

Scheme 6 
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These ‘Fremy’s salt variants’ have so far found limited use in synthesis, but it is anticipated that they 
will become more prominent in the years to come. 

2.113 CERIUM(IV) AMMONIUM NITRATE (CAN) 

quinones,l+” particularly as a means of effecting oxidative demethylation of methoxyarenes. 
Cerium(IV) ammonium nitrate has been used increasingly during the last decade in the synthesis of 

2.113.1 Quinone Derivatives of 2’-Deoxyuridine 

The inhibition of thymidylate synthase is recognized as a viable approach to the control of cancer and 
DNA viral infections. Mertes and coworkersz proposed 5quinone derivatives of 2’-deoxyuridine 5’- 
phosphate as potential irreversible inhibitors of this enzyme and prepared the quinones (32a) by oxida- 
tive demethylation of the appropriate dimethoxyarenes using CAN. Interestingly, the quinones (32b) 
were also prepared from the corresponding dimethoxyarenes but using silver(II) oxide and nitric acid in 
aqueous dioxane to effect this transformation. Cerium(1V) ammonium nitrate could not be used, due to 
precipitation. 

0 

R O W  (32b) R’ P03H2 

r 
OH 

R =  J$ 
0 0 0 

\ 

2.113.2 Pleurotin 

Hart and Huang26 employed CAN in the penultimate step in their synthesis of pleurotin (38), an anti- 
tumor antibiotic. Treatment of the p-keto ester (33) with the organometallic reagent derived from 2.5-di- 
methoxybenzylmagnesium chloride and cerium trichloride gave the alcohol (34; 92% yield), which was 
then transformed into the pentacycle (35). A carboxy group was then attached at C-8 and the dimeth- 
oxyarene (36) oxidized with CAN to give dihydropleurotin acid (37). The final step of the synthesis was 
accomplished using manganese dioxide and was based upon the known behavior of tetraalkyl-p-benzo- 
quinones in the presence of nucleophiles. Although this synthesis was rather long, it represented the first 
total synthesis of the structurally complex pleurotin (Scheme 7). 

2.113.3 Saframycin B 

In the total synthesis of saframycin B (40) recently reported by Kubo et al.,” the final step, in which 
the polymethoxyarene (39) was converted to saframycin B, provided quite a challenge in itself and em- 
phasizes how a seemingly straightforward transformation can prove difficult when incorporated into a 
natural product synthesis. The direct oxidative demethylation of the arene (39) could only be achieved 
using 10 M nitric acid, and this gave an unacceptable 1.5% yield of saframycin B. Other commonly em- 
ployed reagents gave only starting material. Partial demethylation with boron tribromide followed by ox- 
idation with CAN gave saframycin B (40) and the monoquinone (41) in 17% and 45% yields 
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0 
(33) 
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(35) 

Mea% HO2C. Meow HO2C. 

OSiButMe2 

___) 

6 - OMe 

(35) 

/Vo 
I n  MnO? 

Scheme 7 

respectively (Scheme 8). Finally, partial demethylation followed by oxidation with 10 M nitric acid gave 
saframycin B (40) in an acceptable 41% yield (Scheme 9). 

2.11.3.4 Demethoxydaunomycinone 

One final interesting application of CAN which exemplifies one of the many possible reactions of qui- 
nones comes from Hassall and coworkers2* in their synthesis of 4-demethoxydaunomycinone (47). Thus, 
oxidation of the boronate (42) with CAN gave the crude quinone (43) which was reacted with fruns-1,2- 
bis(acetoxy)- 1,2-dihydrobenzocyclobutene (44) to give the tetracyclic quinone (45) in an impressive 
79% overall yield. Deacetalization and reductive acetylation to the naphthacene (46), followed by oxida- 
tion with anhydrous chromium trioxide and deprotection with boron trichloride afforded the target com- 
pound (47; Scheme 10). 
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OMe OMe 

+ 

(40) 17% (41) 45% 

i, BBr3, CH2C12, -78 to 0 OC; ii, CAN, MeCN, HzO, 0 OC 

Scheme 8 

i, BBr3, CHzC12, -18 to 0 OC 

u, 10 M "03, r.t. 
(39) - (40) 

41% 

Scheme 9 

2.11.4 LEAD TETRAACETATE (LTA) 

the synthesis of  quinone^.^+^^ 
Lead tetraacetate is a versatile reagent which has many applications in organic synthesis, not least in 

2.11.4.1 Demethoxydaunomycinone 

Lead tetraacetate was employed by Stoodley and coworkers33 for an oxidative isomerization in their 
synthesis of 4demethoxydaunomycinone (47). The diene (48) reacted with the oxirane dienophile (49) 
via the least hindered endo transition state to give the cycloadduct (50) in 86% yield. Hydrolysis of the 
silyl enol ether followed by reduction of the oxirane and introduction of the acetylene moiety gave the 
compound (51), which was oxidatively isomerized with LTA in acetic acid to give the quinone (52). All 
that remained now to complete the synthesis was conversion of the acetylene to a methyl ketone and 
dealkylation of the ether. The last two steps were accomplished in an overall yield of 3895, the low yield 
attributable to problems in formation of the hydroxy group from the ether (Scheme 11). Bulman-Page 
and Ley" employed LTA for a similar transformation in their synthesis of demethoxydaunomycinone 
and related anthracyclinones. 
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2.11.4.2 Towards Mitomycin C 
Another use of LTA was shown by Yoshida and coworkers35 in studies directed towards the mito- 

mycin family of antibiotics, e.g. mitomycin C (58). The aniline (53) was treated with LTA in dichloro- 
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methane to give the o-quinoneimide (54), which upon hydrolysis and then hydrogenation afforded the 
catechol (55) in reasonable overall yield. Further manipulation gave the phenol (56) which was oxidized 
using the cobalt(II) complex salcomine to give the pquinone (57), a potential intermediate for mito- 
mycin synthesis (Scheme 12). 

H 2 N ~  

Bn 0 

(53) 

Ho* H O  

(55) 

i, H+ 
1 

ii. Hz, P 6 c  \ 
N - A c N ~  93% 

LTA, CHzC12 

0 "C 
40% 

Bn/ 0 

(54) 

M a )  

Ts 0 

salcomine, 02 

94% 
c 

Scheme 12 

2.115 OTHER REAGENTS 

2.115.1 Metacyclophanes 
Thallium trifluoroacetate has not enjoyed widespread use as a reagent for quinone synthesis, possibly 

because it is still a relatively new reagent but more probably because of its toxicity. One example of its 
use lies in the synthesis of metacyclophanes and related compounds as reported by Tashiro et ~ 1 . ~ ~  Thus 
the t-butylphenol(59) gave the bisquinone (61). while the phenol (60) afforded the monoquinone (62). 
An alternative and more practical synthesis of the bisquinone (61) for large scale work involved dealkyl- 
ation to afford the bisphenol (63) which was then treated with sodium nitrite to give the bisoxime (64). 
Hydrolysis of the bisoxime did not give the quinone (61), but it could be obtained by zindacetic acid re- 
duction of the bisoxime followed by oxidation with nitric acid (Scheme 13). 

But 

(59)R= OH 
(60) R = OMe 
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Scheme 13 

2.11.5.2 Diazaquinomycin A 

The reader should always bear in mind that spontaneous oxidation in air can occur if a hydroquinone is 
sufficiently activated towards oxidation.37 An example of this is exemplified by Kelly et al.38 in a short 
synthesis of diazaquinomycin A (68). The synthesis incorporates the first reported use of a double Knorr 
cyclization. The key intermediate (66) was prepared in just two steps from the MOM-protected hydro- 
quinone (65). Cyclization of the compound (66) then gave diazaquinomycin B (67), which either under 
the reaction conditions or by careful isolation prior to simply stirring the solution in an open flask af- 
forded the antibiotic diazaquinomycin A (a), thereby confirming the structure of the only recorded 
example of the tricyclic 1,8-diazaanthraquinone ring system (Scheme 14). 

Rn OH OMOM Rn h H2S04 
___) - 

N 

i, ii 

Pr" OH Pr" P r " 0  Pr" 

air 

0 mo H I OH H I 
- omo H O H  I I 

(67) (68) 

0 0  

i, W O M e  ; ii, H+ 

Scheme 14 

2.11.5.3 Miscellaneous 

There are numerous other examples of the synthesis of quinones employing reagents such as nitric 
manganese d i ~ x i d e , ~ ~ J *  ~ a l c o m i n e / 0 2 ? ~ ~ ~ ~ - ~ ~ * ~  silver oxide,2s*4143 chromium  idan ant^,^^+^^*^^ 
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benzene selenic and DDQ?’V~~ some of which have already been referred to in the 
text. 

No doubt, the next decade will see other reagents brought forward for the oxidative synthesis of qui- 
nones. The practicability of these and more recently introduced reagents will be shown by their efficacy 
in the synthesis of complex molecules. 
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3.1.1 INTRODUCTION 

Oxiranes (epoxides) are compounds which contain a saturated three-member& ring having one 
oxygen atom and two carbon atoms. ' They are widely distributed in nature and are of industrial, mechan- 
istic and biochemical interest.' Squalene 2,3-oxide is the biogenetic precursor of sterols. Leukotriene A 
(LTA) is the biogenetic precursor of the leukotrienes LTC, LTD and LTE which are important natural 
mediators of allergic asthma.2 The ultimate carcinogenic metabolites of polycyclic aromatic hydrocar- 
bons are the tetrahydrodiol  epoxide^.^ An allene oxide is regarded as the precursor of preclavunone A> 

In their reports on oxiranes Lewars' and Rao et aL2 have cited many of the earlier reviews. Recent 
work on oxiranes has been reviewed by Harvey? Sharpless and Verhoeven? Bartok and Lang? Plesni- 
car? Mimounsa and Jorgensemsb The various nomenclature systems are illustrated in the naming of (1) 
and (2). Cyclohexene oxide, 1,2-epoxycyclohexane and 7-oxabicyclo[4.l.O]heptane are the names used 
for (1) while (2) is 2,2-dimethyloxirane. 

1 

The ease of preparation of epoxides and their facile ring opening have made them important intermedi- 
ates in organic synthesis for the past several decades. In the present decade the main objective in organic 
synthesis is to develop reactions which are enantio-, diastereo-, regio- and chemo-selective. With the dis- 
covery of enantioselective epoxidation of prochiral acyclic allyl alcohols by Katsuki and Sharpless*' and 
observation of high and predictable diastereoselectivity during (i) the epoxidation of several types of 
acyclic unsaturated chiral alcohols with MCPBA or TBHP/VO(acac)z, and (ii) the preparation of epoxy 
alcohols via halolactonization, coupled with elegant routes for highly regioselective intramolecular ring 
opening of epoxides? it may be noted that epoxides are versatile intermediates for organic synthesis in 
the present decade also. A number of complex compounds such as monensin,10 maytansinell and prosta- 
glandins12 have been synthesized using epoxides as intermediates. Some of these developments are re- 
viewed in this chapter, and enantioselective methods of epoxidation are presented in Chapter 3.2, this 
volume. There are also other chapters and sections which deal with the synthesis and reactions of epox- 
ides. 

3.1.2 EPOXIDATIONS WITH ORGANIC PEROXY ACIDS 

3.1.2.1 General Survey of Reactivity 

A large number of organic peroxycarboxylic acids having the general formula (3) readily epoxidize al- 
kenes (equation l).' The stereochemistry of the alkene is retained in the epoxide. There are a few appar- 
ent exceptions which will be presented later (see equation 38). The reaction is believed to take place via 
the transition state (5)13 and involves the nucleophilic attack on the 0-0 bond by the Ir-electrons of the 
double bond.5 The reaction rate increases when the groups R', R2, R3 and R4, in (4). are electron releas- 
ing and also when R, in (3), is an electron-withdrawing group. In the case of polyunsaturated hydrocar- 
bons, if the double bonds differ in their degree of substitution the regioselectivity can be easily predicted; 
the more substituted double bond is more reactive. The peroxy acid has a relatively low steric requh- 
ment. For example, epoxidation is the only addition reaction which has been carried out on the sterically 
hindered alkene (6).14 

Epoxidation of an alkene containing one or more chiral centers can furnish two diastereoisomeric 
epoxides, depending on the face from which the reagent approaches the T-bond (equation 2). If the two 
faces of the Ir-bond are unequally shielded, and if polar and stereoelectronic factors are also involved, 
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the two expected diastereomers will not be formed to the same extent, thus resulting in dia- 
stereoselectivity. An inspection of the molecular model may often reveal the face of the alkene which is 
more shielded, especially when the alkene has a rigid structure. 

Data on diastereoselectivity are presented in two ways. When experimental conditions are different 
from the examples given earlier then an equation is given in full. When experimental conditions em- 
ployed are similar to those used for earlier examples then two figures are given in brackets below the 
chemical structure, and after the structure number. The first figure gives the combined yield of both the 
diastereomers, the second figure gives the percentage of the major diastereomer. A solid arrow indicates 
that the major isomer was formed by attack on the p-face; a dashed arrow indicates that the preferred di- 
rection of attack is on the a-face, as shown in structures (33) and (34). 

Since peroxides and peroxy acids are potentially explosive care is required while carrying out re- 
actions and also during work-up of the reaction mixture. 

3.1.2.2 Epoxidations with m-Chloroperbenzoic Acid (MCPBA) 

3.1.2.2.1 General comments 

MCPBA is a relatively stable solid which is soluble in many common organic solvents. It is the re- 
agent of choice for laboratory scale experiments and is commercially available. Though reactions are 
camied out normally at 0-25 'C in CH2C12 or CHCl3, one can use elevated temperatures (95 'C, ethylene 
dichloride) in conjunction with radical inhibitors if the alkene has low reactivity. The experimental con- 
ditions for the reaction and subsequent work-up depend on the stability of the epoxides. In the case of 
acid-sensitive epoxides the usual practice is to control the pH using NaHC03, aqueous Na2CO3, 
Na2HP04 or KF. l5 

3.1.2.2.2 MCPBA epoxidations of acyclic alkenes lacking directing groups 

The reactivity of an alkene depends on the degree of substitution; the least reactive are the monosub- 
stituted (terminal) alkenes. Monosubstituted alkenes can be epoxidized by MCPBA (equation 3).16 The 
diene (7) has been epoxidized regioselectively at the more electron-rich disubstituted double bond. In 
the triene (8) all the double bonds are trialkylsubstituted; however the C(2)-4(3) double bond is strong- 
ly deactivated due to conjugation with electron-withdrawing COtMe. The C( low( 11) double bond is 
deactivated, but to a lesser extent due to the location of fluorine. Consequently the predicted reactivities 
are C(6)-C(7) > C(lO)-C( 11) > C(2)-C(3). Epoxidation of the triene (8) is highly regioselective at 
-20 'C (equation 4);18 30% of the starting material is recovered. However, the regioselectivity is very 
poor if epoxidation is carried out at 45 'C, when a 1 : 1 mixture of epoxides (9) and (10) is obtained. 

The preparation of allylic epoxides from conjugated dienes requires careful control of pH, since allylic 
epoxides undergo ring opening by nucleophiles at acidic pH. The allylic epoxide (12) has been prepared 
from the diene (11; equation 5);19 however, the ring opening of (12) cannot be totally suppressed. 
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87% 

i, MCPBA, CH2C12, 20 OC, 8 h 

&C02Me MCPBA, -20 O C  

70% F 
(8) 

(9) 100% (10) 0% 

(3) 

(11) (12) 42% (13) 28% 

i, MCPBA, aq. NaHC03, CH2C12 Ar = ~ - C ~ ~ O I V ~ C X I Z O ~ ~  

Epoxidation of the allylsilane (14) is diastereospecific (equation 6J20 The favored conformation of 
(14) is (14a); the peroxy acid approaches the double bond from the face anti to the bulky silyl group. The 
epoxides (16) and (17) obtained from the acetonide (15; equation 7) can be readily separated in gram 
quantities using standard chromatographic techniques?l The presence of the conformationally rigid ace- 
tonide moiety in the epoxides (16) and (17) facilitates their separation; the corresponding epoxy diols 
cannot be separated by chromatography. The racemic e xide (19). an intermediate for the synthesis of 
maytansine has been synthesized from (18 equation 8). 2T 
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(16) 33% (17) 67% 

"1"y - i R O q H , , , ,  + R O T  (8) 

OAc 
OAc OAc 

(18) R = SiMqBu' (19) 53% (20) 47% 

i, MCPBA, CHzClz, 0 OC 

3.1.2.23 MCPBA epoxidations of cyclic alkenes, methylenecycloalkanes and unscrtureted 
macrocyclic lactones 

The conformational preferences and stereoselective reactions of a number of macrocyclic systems 
have been studied. The stereochemical results have been explained on the basis of the model of local 
conformer control. The epoxidation of a macrocyclic alkene containing the substitution pattern (21) pro- 
vides a single epoxide having the stereochemistry (22).= A macrocycle containing a 1.5-diene system 
adopts the local conformation (23) that is free of torsional strain; epoxidation of (23) from the less hin- 
dered side furnishes the syn-diepoxide The MCPBA epoxidations of the unsaturated macrocyclic 
lactones (25) and (26) are stereoselective (equations 9 and 10).23,24 In the epoxidation of (26) six new 
chirai centres are introduced; the reaction product is a 20: 1: 1 mixture of triepoxides. The triepoxide (27) 
is closely related to the C(9)-C(23) segment of monensin B. 

H I  

a MCPBA,-78'C, ,,,,,,o& + a (9) 
0 

(25) 90% 10% 

(26) (27) 
i, MCPBA, NaHCO3, CHzCIz 
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In the peroxy acid epoxidation of cyclohexenes a substituent is more effective in blocking the a p  
proach of the reagent when it is pseudoaxial allylic or axial homoallylic than when it is pseudoequatorial 
allylic or equatorial h~moaIlylic.~~ MCPBA epoxidation of tetramethyllimonene (28) is regio- and ste- 
reo-selective (equation 11)? approach of the reagent from the p-face is blocked by the pseudoaxial 
methyl at C-3 and the axial methyl at C-5. In contrast, epoxidation of limonene (28; R = H) furnishes an 
approximately 5050 mixture of epoxides (29a; R = H) and (29b; R = H); the reaction is not stereoselec- 
tive since there are no axially oriented bulky groups to selectively shield one face. The sensitive allylic 
epoxide (31) has been prepared stereoselectively employing a biphasic medium (equation 12);26 the re- 
action proceeds from the a-face since the p-face is blocked by axial methyl at C-10. The epoxidation of 
(32) is stemselective (equation 13);27 (32) does not prefer the confoxmation with C O N e  equatorial 
since this leads to steric interference between CONe and hydrogen at C-1 1 (A1v3 strain). In the preferred 
conformation, (32) has the CONe axial which leads to blocking of the p-face. MCPBA epoxidation 
(ethylene dichloride, 90 'C, 4 h) of (33) takes place selectively from the @-face since the a-face is 
blocked by the axial chlorovinyl group.28 The more electron-rich trisubstituted double bond is selectively 
attacked. In the alkene (34), the p-methyl at C-10 being axial is more effective in shielding the double 
bond than the a-methyl at C-4 which is pse~doequatorial.~~ The diastereoselectivities in the epoxidation 
of the dienes (39, (36) and (37) have been studied (equations 14-16).30 The selectivity depends on the 
nature of the groups at C-10 and also on the functional groups present on the double bond at C-8 and C- 
9. Epoxidation of vitamin DJ (38) is regio- as well as stem-selective (equation 17).31 Though both 
C(5)--C(6) and C(7)--C(8) are trisubstituted double bonds reaction takes place selectively at C(7+ 
C(8), since only this route leads to the thermodynamically more stable conjugated diene derivative; at- 
tack is selectively from the a-face since the p-face is shielded by the axial methyl at C-13. Epoxidation 
of (3%) is stereoselective (equation 18)?2 The selectivity is higher in (39a) than in the reaction of (39b; 
R = MOM) due to stereoelectronic repulsive effects involving acetate and peroxy acid in the transition 
state leading to (41). 

(28) R = M e  (29a) 93% (29b) 7% 
i, MCPBA, CH2C12, 5% aq. NaHC03, 24 h, r.t. 

i, MCPBA, aq. Na2C03 

Me0 0 OH 
(32) 98% 2% 

i, MCPBA, CH2C12, 17 h, r.t. 
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(33) (83,=100) X = B r  (34) (84) - indicates attack on p-face forms major isomer --.- indicates attack on a-face 

R3 MCPBA - 

(35) R1 = Me, R2 = H, R3 = C02Et 

R' = H, R2 = COZEt, R3 = H 
(36) R' = H, R2 = H, R3 = CO2Et 

(37) 

$ /LJ 0""' 

Yield 
90% 
77% 
82% 

i 

81% 
__L 

9 5 5  
33:67 
10:90 

i, MCPBA, CH2CI2 -70 "C to 0 "C 

-% 

R = Ac (39a) (40) 95% (41) 5% 

i, MCPBA, CHC13, CC14, 32 h, 25 "C 

Folded molecules are epoxidized selectively from the less hindered convex side. This is illustrated by 
the reactions of (42; equation 19),33 (43) and (44).34*35 The electron-rich trisubstituted double bond of 
(42) is selectively attacked. The peroxy acid used for the epoxidation of (44) is peracetic acid. The com- 
pound (45) is attacked selectively from the more hindered concave side.36 

Unhindered methylenecyclohexane derivatives undergo preferential axial epo~idati0n.l~ During the 
epoxidation of alkenes (46) and (47) the reagent approaches selectively from the axial ~ide.~',~* Probably 
in the epoxidation of (47) the selectivity is mainly due to the shielding of the a-face by the axial 
CHzOAc at C-5. The percentage of axial attack during the epoxidation of several 3-substituted methyl- 
enecyclohexanes (48) has been studied.39 There is an increase in the proportion of axial attack with an in- 
crease in electronegativity of the remote 3-equatorial substituent; when R = p-CF3Cd-b in (&), axial 



364 Oxidation of C 4  Bonds 

(19) - 
71% 

0 0 0 

(42) 97% 3% 

i, MCPBA, 3 h, 5 "C 

attack is 75%. In the alkene (49) the &oriented siloxy group does not block the p-face since the C - 0  
bond is in the plane of the n-bond; the epoxidation of (49) is not stereoselective.40 The [10.10] betwee- 
nanene (Ma) cannot be epoxidized since both faces of the n-bond are effectively blocked.41a Epoxida- 
tion of (SOb) is highly stereo~elective.~~~ The p-face of (Sob) is sterically more shielded than the a-face, 
since the p-axial hydrogen at C-3 is closer to the +system than the a-axial hydrogen at C-2a. 

,/' 

Ph A Gf R 

But 

3.1.2.2.4 MCPBA epoxidations of cyclic alRenes and methylenecycloaknes having directing groups 

Henbest et ai. have shown that allylic cyclohexenols undergo epoxidation selectively cis to hydroxy if 
there is no severe steric interferen~e.'~ It has been suggested that in the transition state for epoxidation, 
the hydroxy group is associated with the proxy acid through hydrogen bonding. The ideal situation for 
the transition state is attained when the 0-C-G-C dihedral angle is 120'?,42 The pseudoequatorial 
hydroxy is more effective than the pseudoaxial hydroxy in directing epoxidation. The rate of epoxidation 
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of allylic cyclohexenol is about 10 times that of the corresponding allylic acetate and about one half that 
of cyc10hexene.l~ The directive effect is rather weak and the stereoselectivity can be poor if the peroxy 
acid encounters severe steric interference. Homoallylic hydroxy can direct epoxidation if it can approach 
the double bond. In the cyclohexane system axial homoallylic hydroxy directs epoxidation. Besides the 
hydroxy, carbamates, ethers and ketones direct epoxidation. 

In the trans-diol (51) both the hydroxys are equatorial. The homoallylic hydroxy, being equatorial, 
cannot direct epoxidation. Since only the allylic hydroxy can direct epoxidation (51) reacts with MCPBA 
stereoselectively (equation 20).43 In the trans-diol (52) the hydroxys are diaxial. The P-oriented homoal- 
lylic hydroxy being axial can direct epoxidation from the @face; the a-oriented allylic hydroxy also di- 
rects epoxidation but from the a-face. Hence the epoxidation of (52) is not stereoselective (equation 
21).44 The major diastereoisomer in the epoxidation of (52) is the P-epoxide showing that in this diol the 
directing effect of homoallylic hydroxy is stronger than that of allylic hydroxy. The allylic alcohols (53; 
equation 22),45 and (54)-(57)wg undergo stereoselective epoxidation due to the directing influence of 
hydroxy. Epoxidation of (58) furnishes almost exclusively the trans-epoxide ( 5 9  equation 23).w The 
moderate assistance provided by the allylic hydroxy for epoxidation from the p-face is not large enough 
to overcome steric interference with one of the geminal methyl groups. 

i 

(51) i, MCPBA, dry THF, 48 h, r.t. 

OH OH 
OH 

@ \ \  MCPBA \ \  + 

@ 
/ /  72% / /  

\ \ 

(52) 75% 25 % 

BzO, BzO, 

(53) 

i, MCPBA, CH2C12, phosphate buffer, pH 8 , O  OC, 1 h 

When the allylic hydroxy in a methylenecyclohexane, e.g. (61), is equatorial then the C-0 bond is in 
the plane of the wbond and it does not direct epoxidation when it is reacted with peroxy acids (equation 
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i, MCPBA, CHC13 

24);u' the stereochemistry of the product is determined by the steric hindrance exhibited by the axial 
methyl group at C-10. In the allylic alcohol (62) the secondary hydroxy is axial and is not in the plane of 
the C(5&C(6) double bond. Hence it is able to direct epoxidation from the f3-face; the directing effect is 
strong enough to overcome steric hindrance due to methyl at C-10, leading to the stereoselective forma- 
tion of the product (63).52 

i - q  85% HO '1, 

(61) 

i, MCPBA, CH2C12, rat., 1.5 h 

&OH 

'%, oAo 

(jJ$ \ 

12. 

&' HO 

Moderate selectivity has been observed in the epoxidation of the homoallylic alcohol (64; equation 
25).53 In the nonsteroidal conformation of (a), the axial hydroxy is suitably oriented for forming a hy- 
drogen bond with the peroxy acid in the transition state. That the epoxidation of (64, R = OH) is indeed 
hydroxy-directed is supported by the observation that the epoxidation of the acetate (64; R = OAc) fur- 
nishes exclusively the or-epoxide ( 6 6  R = OAc). 

(64) R = O H  (65) 63% (66) 37% 
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The epoxidation of the acid (67a; R = OH) furnishes exclusively the a-epoxide (67b; equation 26);” 
the corresponding methyl ester (67a; R = OMe) furnishes a 2:l mixture of 9a,10a- and 9P,lOp-epox- 
ides. This shows that the hydroxy group of the acid (67a). which is attached to the bishomoallylic carb- 
on, directs the epoxidation. 

i, MCPBA, CH2C12, reflux, 50 min 

Alkene (68) undergoes carbamate-directed epoxidation (equation 27).55 Epoxidation of the diketone 
(69) furnishes exclusively the syn-epoxide, probably due to hydrogen bonding between MCPBA and the 
carbonyl group (equation 28)?6 The epoxidation of the ketal (70) furnishes exclusively one epoxide (71), 
but the closely related ketone (72) furnishes a 70:30 mixture of l a . 2 ~ -  and 1~,2f3epoxide~.~~ Compari- 
son of the selectivities suggests that the a-oriented ketal oxygen of (70) directs epoxidation through hy- 
drogen bonding to the peroxy acid. Ether-directed epoxidation has been observed in the reaction of 
alkene (73) with trifluoroperacetic acid (equation 29);58 the selectivity is due to hydrogen bonding invol- 
ving the hydroxy of the peroxy acid and the oxygen of the allyl ether. 

i 
K 6 NMe2 

(68) 91% 9% 

i, MCPBA, CH2C12, 0 OC 

mo \ /  MCPBA 72% + \ I  (28) 

R O  R O  
(69) 100% 0% 

0 
(70) (72, -100) 
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OSiBu'Me2 OSiBu%le2 OSiBu'M% 

(74) 93% (75) 7% 

i, CF3COsWCH2C12 buffered with Na2"04,40 "C 

3.1.2.2.5 MCPBA epoxidatons of acyclic alkenes having directing groups 

Several intennediates for the synthesis of macrolides and ionophore antibiotics have been prepared 
from epoxy alcohols, obtained through stereoselective epoxidation of acyclic allyl alcohols. One of the 
reagents studied extensively to effect stereoselective epoxidations is MCPBA. a,p-Epoxy alcohol (77) 
cannot be prepared through MCPBA epoxidation of geraniol (76) in an organic solvent. However, epox- 
ide (77) has been prepared regioselectively from geraniol using an emulsion system (equation 30).59 The 
emulsion system is prepared by stimng a mixture of geraniol, n-hexane, n-octanol, water, NaOH and 
dioctadecyldimethylaonium chloride. 

(77) 100% 
i, MCPBA in emulsion, 25 OC, 15 h 

Epoxidation of the secondary allylic alcohol (79) can furnish the diastereoisomers, rhreoepoxy alco- 
hol (80) and eryrhro-epoxy alcohol (81). Epoxidation via the rotamer (82) leads to rhreo-(80) and epoxi- 
dation via the rotamer (83) leads to eryrhr0-(81).~1~~ The steric interactions in the rhreo transition statem 
can be obtained by examining the rotamer (82) and the steric interactions in the eryrhro transition state 
can be obtained by examining the rotamer (83). During the epoxidation of (79), when both RC and R' are 
alkyl and also when RC is alkyl and R' is H, in the eryrhro transition state (see 83) there is severe steric 
interference between RE and R which destabilizes the eryrhro transition state. High rhreo selectivity has 
been observed during the epoxidation of secondary allylic alcohols having trisubstituted (R' and RC are 
alkyl in 79) or cis-disubstituted double bonds. During the epoxidation of secondary allylic alcohols hav- 
ing a trans-disubstituted double bond or a monosubstituted double bond (R' and RC are H in 79) the ery- 
rhro transition state is not sufficiently destabilized, since R interferes only with H; hence 
diastereoselectivity is poor. 

RcJ-R Rc,$)-R RcJ-R '$ $ 

R' R' R' 0 

(79) (80) (81) 

High stereoselectivity has been observed during the epoxidation of the allylic alcohol (84) having a tri- 
substituted double bond and the allylic alcohol (85) having a cis-disubstituted double bond (equations 
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31a and 31b).6l1~~ In contrast, selectivity is poor during the epoxidation of the allylic alcohols (86) and 
(87) having trans-disubstituted double bonds.61*62 

c =” 1 

R2 OH 

R1 

(85) 

0 ., OH 

W 

93% 7% 

MCPBA, CH~CIZ R2 OH R2 OH 

80-92% 

93% 7% 
R1 = (CH2)6C02Me, R2 = (CH&Me 

R’ = (CH2)6 C02Me, R2 = (CH2),Me 

MCPBA epoxidation of the allylic alcohol ( a b ;  R = H) is not a satisfactory route for the preparation 
of the threo-epoxy alcohol (91), as the stereoselectivity in this reaction is poor and a 61:39 mixture of 
(91) and (92) is obtained.63 A convenient route has been developed for the synthesis of (91) employing 
reactions which are highly stereoselective (Scheme l).63 The epoxidation of (88a; R = TMS) is stereose- 
lective since the eryrhro transition state is destabilized due to 1.3-steric interference between the bulky 
trimethylsilyl group and n-butyl group. The trimethylsilyl group of epoxide (89) can be replaced by hy- 
drogen with retention of configuration by reacting it with F. Several epoxy alcohols have been prepared 
stereoselectively starting from alkenes having a trimethylsilyl group on the double bond, following the 
route given in Scheme 1. 

(88a) R=SiMe3 
(88b) R = H  

(91) 99% (92) 1% 

Combined yield in two steps = 8 1 % 

Scheme 1 

Kishi et al. have observed that the epoxidation of the allylic alcohol (93) which has a suitably located 
ether oxygen is stereoselective (equation 32).64 In the transition state (94), which delivers oxygen from 
the &face, MCPBA is complexed by two hydrogen bonds involving participation of ether oxygen as 
well as hydroxy. In the transition state (94) there is steric interference between allylic hydrogen at C-4 
and methyl at (2-2. In contrast, in the transition state which can deliver oxygen from the a-face, there is 
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steric interaction between methyl at C-4 and methyl at (2-2; this steric interaction is more severe than the 
corresponding interaction in (94). Hence epoxidation from the a-face of the alcohol (93) is not favored. 
The epoxidation of (93) presented above is an example of the cooperative effect of hydroxy and ether 
oxygen in directing epoxidation. High stereoselectivities have been observed in the epoxidations of the 
allylic alcohols (95; equation 33) and (98; equation 34);65*aa the selectivities are due to a cooperative ef- 
fect. Epoxidation of the allyl alcohol (99) is stereoselective (equation 35);67 it is postulated that in the 
transition state the hydroxy of the allylic alcohol and the carbonyl oxygen form hydrogen bonds with the 
peroxy acid. 

96% 4% 
i, MCPBA, CHzClz, 0 OC 

osiBu'Me2 OSiButMe2 

+ HO HO HO - 
I 1  

(95) 

70% 

(96) 98% 

R = C(OMe)2CH(OMe)CHzOAc 

i, MCPBA, CH2C12, -20 OC 

+OH - i 

98% 

MPMo x 

100% 0% 
i, MCPBA, CH2C12. -15 to -10 OC 



General Methods of Epoxidution 37 1 

(35) 
i 

Bui z3°H - /  - 98% 

(99) 95% 5% 

Z = PhCH20CO 
i, MCPBA, CH2C12, -10 "C 

The epoxidation of the homoallylic alcohol (100) is regio- and stereo-selective (equation 36).1° Epoxi- 
dation of (100) from the p-face involves a transition state which can be approximated by the conformer 
(102) complexed with MCPBA; in this conformation there is steric interference between the tertiary 
allylic hydrogen and ethyl group. Inspection of conformation (103) reveals that in the transition state 
leading to the a-epoxide there is steric interaction between the ethyl and allyl groups; the steric interac- 
tion in (103) is much larger than the interaction in (102). 

Ar ?OH i A r T O H  + ..?OH 

(100) (101) 95% 4% 
Ar = 4-Me0C6H4 

i, MCPBA, CH2C12, aq. NaHC03, r.t. 

0 0 

The stereoselectivities of the epoxidations of the homoallylic alcohols (104) and (105) and their ben- 
zoates (106) and (107) have been studied.68 The amide-directed epoxidation of the cis-disubstituted al- 
kene (108) is stereoselective (equation 37).@ 

OCOPh QCOPh 

NHCONHPh NHCONHPh 

(37) 
i ph3 - 75% 

(108) 95% 5% 

i, MCPBA, CH2C12, 0 "C 
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3.1.2.2.6 MCPBA epoxidations of electhn-deficient alkenes 

Alkenes conjugated with 0 are electron-deficient and hence do not react readily with organic 
proxy acids. The observation that the stereochemistry of the pyrazolinone (109) is not retained in the 
epoxidation product (110) is interesting (equation 38).70 The epoxide (110) is not formed directly from 
(109). Since the double bond in (109) is electron-deficient its peroxy acid epoxidation to furnish (111) is 
a slow process. The isomerization of the (2)-pyrazolinone (109) to the corresponding (,!?)-isomer is a 
comparatively fast process. MCPBA epoxidation of the (E)-isomer derived from (109) furnishes (110). 

(109) (110) 85% (111) 15% 

i, MCPBA, CH2C12, rat., 7 d 

Dienones with extended conjugation undergo peroxy acid epoxidation regioselectively at the y.8- 
double bond, even if it is less substituted than the @double bond. The epoxidation of (112) is regio- 
and stereo-selective (equation 39)?l Attempted epoxidation of (113a) using nucleophilic reagents fur- 
nishes polymeric materials. The epoxidation has been carried out with MCPBA (equation 40)?2e 

(112) 

i, MCPBA, CH2Cl2, r.t., 5 d 

(39) 

(113a) 

i, MCPBA, dichloroethane, 2.64-t-butylphenol, reflux in dark, 5 h 

3.133 Some of the Commonly Used Peroxy Acids and Related Reagents 

For the large scale preparation of epoxides, reagents which are cheaper than MCPBA are available. 
Though many electron-deficient alkenes have been epoxidized with MCPBA at elevated temperatures, 
reagents which are more reactive than MCPBA have been used; when these reagents are employed the 
reactions can be carried out under comparatively mild conditions, leading to improvements in yields and 
selectivities . 

3.1.2.3.1 Peracetic acid and performic acid 

formic acid prepared in situ are used ind~strially.~*~ 
Peracetic acid is available commercially as a 40% solution in acetic acid. Both peracetic acid and per- 
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3.1 3.33 Peroxycarboximidic acids 

Alkenes have been epoxidized with H202 in the presence of nitriles such as acetonitrile and benzoni- 
trile. The actual epoxidizing agent is a peroxycarboximidic acid, RC(==NH)C03H, generated in situ.13 
The reagents are inexpensive and the method is convenient and safe for large scale preparations. Perben- 
zimidic acid epoxidation of (113b) takes place from the more hindered a-face?zb It has been suggested 
that the epoxidizing reagent complexes with the carbonyl group as well as the ether oxygen at C-3. 

(l13b) (90,510O) 

3 .1333  T@oroperacelic acid 

The unsaturated ester (114) has been epoxidized with CF3C03H (equation 41).73 Only one dia- 
stereoisomer is produced in the reaction (see also equation 29). 

0 + 
OMe 0 OMe 

3.1.23.4 4-Nitroperbenzoic acid 

4-Nitroperbenzoic acid has been used for the preparation of the epoxide (116 equation 42).74 In the al- 
dehyde (115), the tetrasubstituted C(l+C(2) double bond is not epoxidized since it is deactivated by 
conjugation with the aldehyde group. The disubstituted double bond is not sufficiently reactive due to the 
inductive effect of the allyl ether moieties. The epoxidation takes place from the a-face since the p-face 
is blocked by the allylic substituents. The epoxide (116) cannot be prepared in satisfactory yields using 
MCPBA. 

Bu'MezSiO Bu'MezSiO 
1 1 

Bu'MezSiO Bu'MezSiO 

(115) (116) 
i, 4-nitroperbenzoic acid, 4,4'-thiobis(6-t-butyl-3-methylphenol), CHCl,, reflux, 3 d 

3.133.5 3J-Dinitmperbenzoic acid 

The diene (117) has been epoxidized with 3,5-dinitroperbenzoic acid (equation 43).7s Attack at both 
the double bonds is stereoselective. Epoxides of enol ethers are normally difficult to isolate, but the 
epoxide (118) is quite stable. This stability is due to the attachment of the electron-withdrawing carb- 
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oxylate substituent to the furan ring. When (117) is treated with the comparatively less reactive MCPBA, 
epoxidation takes place regioselectively at the trisubstituted double bond to furnish a monoepoxide. 

OMe OMe 

(117) (118) 
i, 3,5-dinitroperbenzoic acid, CH2C12, NaHCO3,23 "C, 36 h 

3.123.6 Dialkyldwximne 

Murray et al. have shown that (SO.1 M) solutions of dimethyldioxirane (119) in acetone can be ob- 
tained through low temperature distillation of caroate-acetone reaction mixtures. More recently it has 
been shown that solutions of methyl(trifluoromethy1)dioxirane (120). a reagent which is more reactive 
than (119). can be prepared starting from trifluoroacetone. A solution of dioxirane (119) in dry acetone 
reacts readily with disubstituted alkenes such as cis-3-hexene (121) and trans-3-hexene (122) to furnish 
corresponding epoxides in nearly quantitative yield. The cis-alkene (121) reacts about eight times faster 
than the trans-alkene (122)?6 The dioxirane (120) is highly reactive. Reaction of (120) with phenan- 
threne at -20 'C for 5 min furnishes phenanthrene 9.10-oxide in 93% yield?7a Epoxidations with di- 
methyldioxirane (119) proceed under neutral and mild conditions in the absence of nucleophiles and 
electrophiles. It is the reagent of choice for synthesizing sensitive epoxides of enol esters, enol lactones 
and enol ethers.77b The epoxidations are carried out at 4 0  to 20 'C. The alkenes (123a),77C (123b), 
(123~)~ (123d)77d and aflatoxin B177e have been epoxidized with the reagent (119). For a recent review 
see Murray.77f 

(119) R' = R2 = Me 
(120) R' = CF3, R2 = Me 

3.133.7 Magnesium monopewhticakrte hexahydrate (MMPP) 

Pure MCPBA is shock sensitive and can deflagrate. Magnesium monoperphthalate is not shock sensi- 
tive and does not deflagrate. MMPP is cheaper than MCPBA and loses available oxygen at a slower rate 
than MCPBA. The reagent is water soluble and hence epoxidations are carried out in a water-isopro- 
pan01 mixture. Epoxidation of cyclohexene with MMPP in isopropanol-water at 25 'C for 7 h furnishes 
the epoxidation product in 85% yield?* 
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3.1.2.4 Intramolecular Epoxidations with Peroxy Acids 

Treatment of the acid (67a) with carbonyldiimidazole and 90% H202 furnishes the epoxide (67b 
equation 44).54 This reaction is more than 100 times faster than the epoxidation of (67a) with MCPBA 
(see equation 26). It has been suggested that under the experimental conditions of equation (44) the acid 
(67a; R = OH) is transformed to the peroxy acid (67a; R = OzH), which reacts regio- and stereo-selec- 
tively through an intramolecular reaction. 

i-iii 

75% 
(67a) - (67b) (44) 

i, CH2CI2, N,"-carbonyldiimidaole, r.t., 30 min; ii, H202 (90%); iii, 0 OC, 5 min 

3.13 EPOXIDATIONS WITH ALKYL HYDROPEROXIDES 

3.1.3.1 Epoxidations of Alkenes Lacking Directing Groups 

One of the important developments in oxirane chemistry during the past 25 years is the use of alkyl 
hydroperoxides for the preparation of epoxides from alkenes, in the presence of high-valent d transition 
metal complexes. t-Butyl hydroperoxide (TBHP) and ethylbenzene hydroperoxide (EBHP), in the 
presence of soluble compounds of Mo, are used for the manufacture of propylene oxide.* Alkenes can be 
epoxidized with TBHP using Mo, V, W or Ti complexes as catalyst; however, Mo is the catalyst of 
choice when the substrates lack directing groups such as hydroxy. Electron-rich alkenes react rapidly, 
but the reaction is sluggish when electron-deficient alkenes such as 1-decene are the substrates. Polar sol- 
vents, particularly alcohols and water, retard the epoxidation by competing with the hydroperoxide for 
coordination sites on the metal. Water reduces the selectivity by reacting with the epoxide to furnish the 
corresponding diol. Convenient procedures for the preparation of anhydious solutions of TBHP in or- 
ganic solvents and also the precautions that have to be taken while handling TBHP are given in a recent 
re vie^.^ The use of a solution of TBHP in toluene is ~referred.7~ TBHP is one of the most stable organic 
peroxides known.5 

In the synthesis of an epoxide from an alkene with TBHP/Mo, the stereochemistry of the alkene is re- 
tained in the epoxide! It has been suggested that the reaction proceeds through the transition state 
(124).*O 1-Decene and the alkene (115) (see equation 42) have been epoxidized with TBHP/Mo (equa- 
tions 45 and 46).5v74 The epoxidation of (115) is regio- as well as stereo-selective; the reagent approaches 
the electron-rich double bond from the less hindered face. 

(124) L = ligand; M = Mo 

i, TBHP, l,Zdichloroethane, Mo(CO)~, Na2HP04, reflux, 10 h 

i 
(115) - (116) 

20% 

i, TBHP, Mo(CO),j, 4,4'-thiobis(6-t-butyl-3-rnethylphenol), benzene, reflux, 6 h 

(45) 

(46) 
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3.13.2 Epoxidations of Cyclic Alkenes Having Directing Groups 
The rate of epoxidation of an allylic alcohol with TBHP in the presence of a vanadium catalyst is more 

than loo0 times the rate of epoxidation of the parent alkene.5 An increase in reaction rate has also been 
observed in the vanadium-catalyzed epoxidation of homoallylic and bishornoallylic alcohols due to the 
location of the hydroxy group. Hence the epoxidation of polyunsaturated allylic and hornoallylic alco- 
hols with TBHPNk is regioselective; only those double bonds which come under the directing influence 
of hydroxy are epoxidized. For examples see compounds (S), (131), (150) and (151). The epoxidation 
of the cyclic allylic alcohol (125) is stereoselective and takes place from the face cis to hydroxy (equa- 
tion 47).5 Hydroxy-directed epoxidation of cyclic allylic alcohols employing TBHPN has been used ex- 
tensively in organic synthesis; high stereoselectivities have been observed during the epoxidations of the 
cyclic allylic alcohols (128)-(131).81-84 The epoxidation of (131) is also regioselecave; the disubstituted 
double bond, but not the trisubstituted double bond, is suitably located for hydroxy-directed epoxidation. 
The cis-directing effect of allylic hydroxy in the metalcatalyzed epoxidation is much stronger than the 
cis-directing effect observed in MCPBA epoxidation. When there is severe steric interference to the ap- 
proach of the reagent cis to hydroxy then MCPBA epoxidations exhibit poor cis selectivity (see equation 
23). In contrast high selectivity has been observed in the hydroxy-directed epoxidation of (58) with 
TBHPN, even though one of the geminal methyl groups sterically interferes with the approach of the re- 
agent from the face cis to the hydroxy (equation 4Q50 The primary allylic alcohol (132) undergoes 
hydroxy-assisted epoxidation, with high stereoselectivity from the less hindered side to furnish in 96% 
yield the epoxide (133), when it is reacted with trityl hydroperoxide/vO(acac)2; there is a decrease in 
stereoselectivity if TBHP is used instead of trityl hydropero~ide.8~ TBHP epoxidation of the allylic alco- 
hol (134) in which the C-0 bond is in the plane of the double bond is not stereoselective.86 The ho- 
rnoallylic alcohols (l35), (136) and the bishomoallylic alcohol (137) undergo hydroxy-directed 
epoxidation ~tereoselectively.*'*~ Due to the directing effect of homoallylic hydroxy, vitamin D3 (38) is 
epoxidized regio- and stereo-selectively at room temperature to furnish in 90% yield the (58)-5,6- 

* o : ~ B u t  + o o B u '  (47) 
oBut TBHP, v5+ 

OH 83% OH OH 

(125) (126) 100% (127) 0% 

OH . -  
....... ) 0 w- OH R 

CSHll OSiBu'Mez 
R=@) 

(128) (95,9100) (129) (98, =100) 
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monoepoxide when TBHP/VO(acac)z is employed.31 The epoxidation of (38) does not take place at 
room temperature when the reaction is carried out with TBHP/Mo; when the reaction is carried out at 
higher temperature a complex mixture is obtained due to the instability of the substrate. Oxidations of 
some hindered allylic alcohols (e.g. 138a) to the corresponding a,p-unsahuatcd ketones during at- 
tempted preparation of epoxy alcohols employing TBHPN are reported.g0 

TBHP, VO(acac)Z 

100% 
(58) c (a) + (59) (48) 

>99% <1% 

Me0 

(135) (77,5100) (136) (95, =loo) (137) (87, =loo) 

Ester-directed epoxidations have been observed when Mo(CO)6 is used as catalyst (equation 49)?' 

C02Me TBHP, Mo(C016 0 2 M e  + 0 " C 0 2 "  (49) 

'"6 66% 

94% 

,0SiButMe2 

6% 

R = H  
(138d) R = MeOCHz 
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Hydroxy-directed epoxidation of (138d) with TBHP/Ti(OPri)4 is complete in 2 h at -35 'C and gives 
in 87% yield the corresponding a-epoxide. In contrast, the epoxidation of the diol (la) is extremely 
sluggish, probably due to the strong coordination of the Ti cation to the diol.91b 

3.133 Epoxidations of Acyclic Alkenes Having Directing Groups 

In the vanadium-catalyzed epoxidation of allylic alcohols the ideal geometry for the transition state is 
reached when the 0-C- dihedral angle is 50'.5 To predict the stereochemistry of epoxidation of 
allylic alcohol (139) two conformers (140) and (141) have to be c0nsidered.6~ In the conformer (140) 
there is steric interference between TMS and H; in the conformer (141) there is steric interference be- 
tween TMS and Me. Since the steric interference is less in (140), this conformer determines the stereoc- 
hemistry of epoxidation and the epoxy alcohol (142) is anticipated as the major product. The direction of 
asymmetric induction during epoxidation of acyclic homoallylic alcohols can be predicted by conside- 
ring steric interference in the transition state (143);92 stereoselectivity is high when alkyl groups can be 
equatorially oriented (R2 and R3) in the transition state (143). The stereoselectivities observed during the 
epoxidation of several acyclic alcohols with TBHPN have been given in a recent review? 

vo 
SiMe3 

n-C5HI 

SiMe3 
H H vo OH 

Epoxidations of the allylic alcohols (lU)?3 (145),94 (146; equation 50)9s and (148, equation 5 I)% are 
highly stereoselective. The transformation of (148) to (149) is an example of the use of silyloxyalkenes 
in the stereoselective synthesis of trans a,P-epoxy alcohols. The epoxidation of the ester (150). which 
has a hydroxy allylic to a trans-disubstituted double bond, does not exhibit high stereoselectivity (equa- 
tion 52);97 the epoxidation is regioselective, involving only the C(13)-C( 14) double bond. 

89% OMe 
H 

0 

i, TBHP, VO(acac)~, PhMe, r.t., 2 h 
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OH SiMezPh 

. ........ 

i, ii - 
A 
OMe 

w 65% 

(148) (149) 

i, TBHP, VO(acac)z; ii, Bu"4NF 

+ -  

0 :  
OH 

OH 
70% 30% 

i, TBHP, VO(acac)2 

The acyclic homoallylic alcohol (151) is epoxidized regio- and stereo-selectively (equation 53).98 High 
stereoselectivities have been observed in the epoxidations of the homoallylic alcohols (152) and (153) 
which have a cis-disubstituted double bond.w The stereoselectivity is excellent when the reactant is 
(154) but poor when the reactant is (155). loo 

i 

100% 
v 

(151) 
H H 

100% 0% 

i, TBHP, VO(aca~)~,  benzene, reflux, 45 min 

Vanadium-catalyzed epoxidation of the diene (156) having hydroxy allylic to one double bond and ho- 
moallylic to the other double bond does not furnish exclusively (157; equation 54).Io1 The epoxidation of 
(156) with dibutyltin oxyperoxide is regioselective, furnishing exclusively the regioisomer (157) as a 
955 mixture of erythro and threo diastereoisomers.1o1 Epoxidations of the diol (159) and its epimer 
(160) take place selectively from the a-face. On the basis of this observation and further studies it has 
been concluded that in (159) and (160) the epoxidation is directed by the homoallylic, but not the allylic, 
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(152) (81,97) (153) (95,97) +*  SiMes OH 

(154) (88,991 (155) (91,67) 

hydroxy.lm Stereoselective epoxidations of some acyclic bishomoallylic alcohols have been reported 
(equation 55).103 

(157) 87% (158) 13% 

erythro:threo = 98:2 

i, TBHP. VO(acac)z, benzene, r.t. 

The epoxy alcohol (97), a key intermediate in the synthesis of maytansine, has been prepared through 
Ti-catalyzed epoxidation of (95; equation 56).65 The alcohol (95) exists predominantly in conformation 
(162), with the allylic hydrogen at C-4 and the n-bond very nearly eclipsed. The oxygens of the alcohol 
and silyl ether which are located below the plane of the n-bond complex with Ti; this complex blocks 
the approach of the epoxidizing reagent from the a-face and hence the P-epoxide is formed. It is of inter- 
est to note that the n-facial selectivity resulting from this route is the opposite of the n-facial selectivity 
observed in MCPBA epoxidation (see equation 33). 

i 
(95) - (97) + (96) 

804b 99% 1% 

i, TBHP, Ti(OR')d, -20 O C ,  11 h 
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OH 
$ 
\ 

3.1.4 EPOXIDATIONS UTILIZING SILYL-PROTECTED PEROXY ESTERS 

The regioselective intramolecular epoxidation of the peroxy ester (163), which can be prepared from 
farnesol, has been effected by treating it with Cu(OCOCF3)2 (equation 57).'04 This reaction provides a 
convenient route for the preparation of the 6,7-epoxide ( l a ) ,  which cannot be synthesized from farnesol 
by conventional methods or even by template-directed epoxidation using Mo(C0)OBHP. 

(164) 80% (165) 20% 

i, Cu(OCOCF3)2; ii, LiOWaq. THF 

3.1.5 EPOXIDATIONS WITH HYDROGEN PEROXIDE 

Several acidic oxides such as Mo03, wo3 and compounds of selenium, arsenic and boron are effective 
catalysts for the epoxidation of alkenes by H202 through generation of inorganic peroxo acids, such as 
peroxoselenic and peroxoarsonic acids.* 

When compared with Mo and V ions, tungsten ion induced H202 decomposition is very slow. Hence 
when peroxytungstic acid or peroxytungstates are employed as catalysts it is possible to cany out re- 
actions on a large scale, employing strong H202 solutions and temperatures up to 70 'C. Allylic and cis- 
homoallylic alcohols can be efficiently epoxidized with H202/w03 as shown for the alcohol (166, 
equation 58).'05 The reaction is carried out in aqueous methanol at pH 4.5. The stereoselectivity of epox- 
idation is similar to that observed with TBHP/Vk. 

(166) 95% S% 

i, 30% Hz02, HzWO4, Me3N0, r.L 8 h 

Under the experimental conditions used in the earlier epoxidation studies, H202 and the alkene to be 
oxidized are in the same phase. Since water reduces the rate of reaction and lowers the yield, it has to be 
removed continuously. Recently, it has been observed that epoxidations can be carried out, even with 
dilute H202, by employing a biphasic system. A quaternary phosphonium peroxotungstate catalyst has 
been used for the kpoxidation of alkenes and allylic alcohols with 30% H202 (equation 59).lO6 It has been 
observed that the pH of the reaction mixture remains close to 5-6 and there is no need to buffer the 
aqueous solution. The epoxidation proceeds in the organic phase where the phosphonium peroxotung- 
state enters because of the lipophilicity of the phosphonium moiety. Epoxidations have been carried out 
efficiently with 16% w/v H202 employing the (diperoxotungst0)phosphate catalyst (168) in a biphasic 
system (equation 60).107 
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(167) 
+ 

i, (Ph3PCH2Ph), (W2011)z-, 30% H202,1,2dichloroethane, 50 "C, 15 h 

MeO, MeO- 

AcO 
i 

AcO& - - - 94% - 
(169) 0 

i, 1,2-dichloroethane, ( l a ) ,  16% H202,60 O C ,  150 min 

3.1.6 STOICHIOMETRIC EPOXIDATIONS WITH Mo AND W PEROXO COMPLEXES 

Epoxidations of triisopropylsilyl (TIS) ethers (170) and (171) with WOYHMPA in dichloroethane take 
place stereoselectively to furnish syn-epoxides;99 these epoxidations, along with the vanadium-catalyzed 
epoxidations of (152) and (153) (described in Section 3.1.3.3), make available a group of all the four 
possible diastereoisomeric epoxides having four consecutive chiral centers in an acyclic carbon frame- 
work. 

OTIS OTIS 

(170) (89,94) (171) (67,88) 

cis-2-Butene- 1 ,440nes are epoxidized by MoOs.H20.HMPA. The diketone (172) furnishes the come- 
sponding cis-epoxide when it is reacted with the molybdenum reagent in CH2C12 at room temperature for 
a week.lm This is a rare example of epoxidation of an electron-deficient alkene by a MOOS complex. 

3.1.7 EPOXIDATIONS VIA CATALYSIS BY FIRST-ROW TRANSITION METAL 
COMPLEXES 

The observation that iron porphyrins can catalyze, under mild conditions, epoxidations of alkenes 
when iodosylbenzene is used as the oxidant has been followed up by a number of studies on metallopor- 
phyrins as models for cytochrome P-450 enzymes. Cytochrome P-450 enzymes catalyze epoxidation of 
alkenes by molecular oxygen in the presence of a hydrogen donor, NADPH cofactor.* This has led to the 
study of a number of systems based on a metalloporphyrin/Oz/reducing agent, to bring about epoxidation 
of alkenes. 



General Methods of Epoxidution 383 

Cyclooctene has been epoxidized with oxygen using a manganese porphyrin as catalyst (equation 
61).'09 

i, Mn(TPP)Cl, 1-methylimidazole, 02, Zn, AcOH, 20 "C, 1 h 
TPP = mso-tetraphenylporphyrin 

Cobalt-catalyzed epoxidation of alkenes has been carried out with the cobalt derivative of (174), em- 
ploying iodosylbenzene as the oxidant. Epoxidation of cis-P-methylstyrene furnishes exclusively the cis- 
epoxide (equation 62).lI0 The reaction proceeds through an active oxo-cobalt(1V) species, and is more 
selective than reactions proceeding through oxo-chromium or oxo-manganese species. The catalyst can 
be recovered unchanged by simple filtration. 

c1 

c1 c1 

(173) 100% 0% 

i, CdI(174).H20, PhIO, CH2C12, r.t., 5 h 

Epoxidation of the diene (175) with iodosylbenzene/Fenphthalocyanine is regio- and stereo-selective 
(equation 63).11' 

-Po 

i 

80% 

- 

92% 8% 

i, FeI1 phthalocyanine, PhIO, MeCN 

The applications of a wide variety of metal complexes in catalyzing the epoxidations of alkenes have 
been reviewed recently.8 
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3.1.8 EPOXIDATIONS USING OXYGEN 

Ethylene oxide is manufactured by oxidizing ethylene with air or oxygen in the presence of a silver 
catalyst.' Alkenes furnish hydroperoxides when oxidized by oxygen in the presence of catalysts like salts 
of cobalt and manganese; the hydroperoxides are transformed to a number of products, including epox- 
ides. Only in a few cases, such as oxidation of 1-phenylcyclooctene, have moderate yields of epoxides 
been obtained during autoxidation.' l2 

Irradiation of an alkene in the presence of molecular oxygen and an a-diketone furnishes the corre- 
sponding oxirane in high yields. The reaction proceeds in the complete absence of nucleophiles, and thus 
can avoid formation of by-products arising from the reaction of nucleophiles with sensitive oxiranes.2 
The photoepoxidation proceeds via addition of an acylperoxy radical to the allcene.'l3 Photochemical 
epoxidation of cholesteryl acetate (176) has been carried out (equation 64a);11& the major epoxidation 
product is the 5f3,6f3-epoxide (177a). In MCPBA epoxidation of (176) the major product is (177b). 

(177a) 70% (177b) 30% 

i, biacetyl, 0 2 ,  hv 

The thermal rearrangement of unsaturated bicyclic 1,4-peroxides, readily available from the reaction 
of conjugated dienes with singlet oxygen, is a convenient route for the preparation of bisepoxides.' 

Epoxidation of cholesteryl acetate (176) with air in the presence of a catalytic amount of dioxo(tetra- 
mesitylporphyrinato)ruthenium(VI) furnishes in 85% yield a 99:l mixture of the epoxides (177a) and 
(177b).114b 

Epoxy alcohols have been synthesized by carrying out the photooxygenation of alkenes in the 
presence of the transition metal complexes derived from Ti, V and Mo (for an example see equation 
ab)."& The hydroperoxides formed from alkenes during the photooxygenation function as oxygen 
transfer reagents and precursors for the allylic alcohol intermediates. 

3.1.9 CHEMOSELECTIVE EPOXIDATIONS 

Chemoselective epoxidations of many alkenes carrying functional groups such as hydroxy, ether, 
ester, amide and ketone have been presented in this chapter. Chemoselective epoxidations of a few func- 
tionalized alkenes have proved difficult, but by using appropriate reagents and strategies the difficulties 
have been overcome. Some examples are given below. 

When the unsaturated tertiary amine, pirprofen (179 R = H) is treated with MCPBA the reaction takes 
place selectively at the more nucleophilic nitrogen to furnish the corresponding amine oxide with the al- 
kene moiety intact. In contrast, peroxycarboximidic acid, prepared in situ from acetonitrile/H202, reacts 
selectively with the alkene moiety of the ester (179; R = Me; equation 65).*15 The sterically hindered ni- 
trogen of (179) is able to react with peroxy acids which have a low steric demand, but not with peroxy- 
carboximidic acids which have a large steric demand. 

To prevent N-oxide formation the tertiary nitrogen of (181) is blocked by protonation. The salt pre- 
pared from trifluoroacetic acid and (181) is epoxidized with CF3CO3H; work-up of the reaction mixture 
furnishes the epoxide (182; equation 66).*16 

Sulfides are readily oxidized by peroxy acids as well as TBHP/Mo. Hence the chemoselective epoxi- 
dation of the unsaturated sulfide (183) has been effected by an indirect method; the alkene is first trans- 
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C N b ( 0 2 R  554b i oCN&C02R (65) 

(179) R=Me (180) 
i, H202, MeCN, MeOH, KHCO3, pH 7.5-8.0 

i, ii - 

i, CF3CO2H ii, CF3C03H 

formed to a bromohydrin which is then treated with a base to furnish (184).l17 It has been suggested that 
unsaturated sulfides can be epoxidized chemoselectively using the photochemical epoxidation route, 
since under these experimental conditions sulfides remain unchanged.' l3 

Cyclobutanones are susceptible to Baeyer-Villiger oxidation. The epoxide (186) cannot be prepared 
by reacting the ketoalkene (185; equation 67) with MCPBA. Moderate, chemoselective epoxidation has 
been observed in the reaction of (185; equation 68) with 0-trichlorocthylperoxycarbonic acid (190) pre- 
pared in situ from the triazole (189) and H202.11*. 

0 
(189) 
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3.2.1 INTRODUCTION 

Alkenes are found in abundance in the realm of organic molecules, either derived from natural sources 
or generated as products of the chemical industry. Epoxidation is one of the most useful oxidative trans- 
formations of these alkenes and the reagents that have been developed for this process have a high de- 
gree of selectivity for the alkenic bond. Epoxidation functionalizes two adjacent carbon atoms while 
simultaneously activating either of these carbons towards attack by nucleophiles. If the epoxide is un- 
symmetrically substituted, regioselectivity in the attack of a nucleophile on the oxirane ring will be ob- 
served. Only when very similar substituents are present on the epoxide will selectivity of nucleophilic 
attack be difficult to achieve. A further advantage of an epoxide as an electrophilic intermediate is the 
fact that competing elimination reactions are rendered stereoelectronically unfavorable by the constraints 
of the cyclic structure. Whereas nucleophilic substitution at secondary carbon in larger cyclic or in acy- 
clic systems is accompanied by significant elimination and is impossible at tertiary carbon, substitution 
at secondary or tertiary centers of epoxides is relatively free of competing elimination processes. 

With chemoselectivity available in epoxidation reagents and regioselectivity inherent in the opening 
reactions of many epoxides, there remains the challenge of achieving epoxidation with asymmetric in- 
duction. The development of peracids as a standard method for epoxidation (see Volume 7, Chapter 3.1) 
led to an initial attempt in 1965 by Henbest to achieve asymmetric epoxidation using homochiral (enanti- 
omerically pure) percamphoric acid. Asymmetric induction was observed but the enantiomeric excess 
(ee) was a disappointing 8%. In retrospect, one can see that the stereogenic center of the peracid is far 
removed from the electrophilic peroxygen and that a low degree of asymmetric induction should not be 
surprising for this reaction. A brief, but thorough, review of the fitful progress over the following 15 
years towards the goal of a synthetically useful asymmetric epoxidation has been recorded elsewhere,2 
while selected highlights of newer methods are described in a later section of this chapter. 

In 1980, Katsuki and Sharpless reported that with the unique combination of a titanium(1V) alkoxide, 
an optically active tartrate ester, and t-butyl hydroperoxide, they were able to cany out the epoxidation 
of a variety of allylic alcohols in good yield and with an enantiomeric excess generally greater than 

Subsequent improvements in the reaction have been described" and the frequent use of the process 
as reported in the literature attest to its wide generality and utility. Since, to date, this method provides 
the most successful general solution to the problem of asymmetric epoxidation, the present chapter deals 
primarily with this titanium-catalyzed process. A variety of other reagents which yield asymmetric epox- 
ides are summarized briefly. A new approach to asymmetric epoxides proceeding via diols, currently at 
an early stage of development, is also outlined. 

The literature has been reviewed through 1989 for the purposes of preparing this chapter but the do- 
cumentation herein is not intended to be comprehensive. Other reviews have covered various aspects of 
asymmetric epoxidation including synthetic applications through 1984:~~ a thorough compilation of uses 
through early 1987' and an extensive discussion of the mechanism of the reaction.* Use of homochiral 
epoxy alcohols in the synthesis of polyhydroxylated compounds, e.g. ~ugars,8*~ and for the preparation of 
various synthetic intermediates has been reviewed.lO A personal account of the discovery of titanium- 
catalyzed asymmetric epoxidation has been recorded. ' A comprehensive review of titanium-catalyzed 
asymmetric epoxidation is planned.12 

3.2.2 FUNDAMENTAL ELEMENTS OF TITANIUM TARTRATE CATALYZED 
ASYMMETRIC EPOXIDATION 

The essence of titanium-catalyzed asymmetric epoxidation is illustrated in Figure 1. As shown there, 
the four essential components of the reaction are the allylic alcohol substrate, a titanium(1V) alkoxide, a 
chiral tartrate ester and an alkyl hydroperoxide. The asymmetric complex formed from these reagents de- 
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livers the peroxy oxygen to one face or the other of the allylic alcohol depending on the absolute con- 
figuration of the tartrate used. If D-(-)-tartrate is used, oxygen delivery will be from the top face of the 
allylic alcohol, when drawn in the orientation shown in Figure 1, and if L-(+)-tartrate is used, oxygen de- 
livery will be from the bottom face. The enantioselectivity of this reaction approaches 100% as measured 
by the optical purities (% ee) of the epoxy alcohol products. An enantiomeric excess of 94%. a degree of 
optical purity attained in many of the epoxide products, reflects an enantioselectivity of 97:3 for epoxida- 
tion of one face of the allylic alcohol over the other. 

D-(-)-diethyl tartrate (unnatural) 

':O:' 

CHZCIZ, -20 "C - R2x R3 OH 

Bu'OOH, Ti(OP& 

70-908 yield 
>90% ee 

/ $ m  
L-(+)-diethyl tartrate (natural) 

Figure 1 Enantiofacial selectivity in the epoxidation of prochiral allylic alcohols with titanium/tartrate/TBHP 

The enantioselectivity principles portrayed in Figure 1 have been followed without exception in all 
epoxidations of prochiral allylic alcohols reported to date. More than 300 prochiral allylic alcohols had 
been subjected to asymmetric epoxidation by the end of 1989. From this experience and a better under- 
standing of the reaction mechanism, it is now safe to use the enantioselectivity principles portrayed in 
Figure 1 to assign absolute configurations to the epoxy alcohols prepared by the method. On the other 
hand, epoxidation of allylic alcohols with chiral substituents at C-1, C-2 and/or C-3 does not always fol- 
low these principles and assignment of absolute configuration to the products must be made with care. 
Even in the latter cases, reliable assignments can usually be made if the outcome (diastereomeric ratio) 
of epoxidation with both the (+)- and (-)-tartrate ester ligands is compared. 

A structural variant of the allylic alcohol not shown in Figure 1 is encountered when a substituent is 
placed on the C-1 carbon, as illustrated in Figure 2. Such an allylic alcohol is a racemate (unless it has 
been previously resolved) in which one enantiomer will have the R group oriented in the direction of 
oxygen delivery, while the other enantiomer will have the R group oriented away from the direction of 
oxygen delivery. The enantioselective principles of asymmetric epoxidation remain in force for epoxida- 
tion of this type of substrate, but now oxygen is delivered at different rates to the two enantiomers de- 
pending on the orientation of the R group. Experimental results have shown that the difference in these 
rates is of sufficient magnitude that one enantiomer of the allylic alcohol will remain largely unoxidized 
while the other undergoes complete epoxidation, the net result being that a kinetic resolution of the en- 
antiomers is achieved.13 Experience has further shown that the slow-reacting enantiomer will always be 
the one having the R group oriented in the direction of oxygen delivery. For the example illustrated in 
Figure 2, the titanium/D-(-)-diethyl tartrate complex will deliver oxygen to the top face in preference to 
the bottom face of the substrate, in accordance with the rules implied in Figure 1, and this delivery will 
be more rapid when the R group is oriented toward the bottom face of the molecule. Opposite results will 
be obtained with the titaniumh-(+)-diethyl tartrate complex. Additional details for using this reaction in 
the kinetic resolution mode may be found in Section 3.2.5.9. 

An important aspect of asymmetric epoxidation which is not apparent from Figures 1 and 2 is the fact 
that the allylic alcohol is coordinated to titanium as the alkoxide during the epoxidation process (see Sec- 
tion 3.2.6). Not only does this coordination play a key role in orientation of the allylic alcohol during the 
epoxidation process, but it also accounts for the selectivity of the process for allylic and homoallylic al- 
cohols in preference to nearly all other alkenes. This effect is most clearly seen in comparison of allylic 
alcohols with the analogous allylic ethers. The latter are essentially unchanged by the Ti(0R)dtar- 
trateIIl3I-P system during the same time required for epoxidation of the allylic alcohol. The Ti(0R)dtar- 
trateIIl3I-P reagent thereby exhibits selectivity for allylic and homoallylic alcohols while being 
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D-(-)-diethyl tartrate (unnatural) 

':O:' 

.. // 
':O:' 

L-(+)-diethyl tartrate (natural) 

Bu'OOH, Ti(OR'), 
- 

cH2c12, -20 oc 
slow 

%OH 

R 

Bu'OOH, Ti(OR'), 
0 

CH2C12, -20 "C 
fast 

R 

Bu'OOH, Ti(OR'), 
D-(-)-diethyl tartrate (unnatural) c 

CHzC12, -20 "C 
fast 

':O:' 

':O:' 
L-(+)-diethyl tartrate (natural) - Bu'OOH, Ti(OR'), 

CHZCIZ, -20 OC 
slow R 

Figure 2 Diastereofacial selectivity in the epoxidation of C-l-substituted allylic alcohols with 
titanium/tartrate/rBNP 

Table 1 Compatibility of Functional Groups with the Asymmetric Epoxidation Reaction 
~ ~~~ ~~ ~ 

Compatible functional groups 
~ ~ ~~ 

Incompatible groups 

Acetals, ketals 
Alcohols (remote) 
Aldehydes 
Alkenes 
Alkynes 
Amides 
Azides 
Carboxylic esters 
Epoxides 
Ethers 
Hydrazides 

Ketones 
Nitriles 
Nitro 
Qridines 
Si1 lethers 
&ones 
Sulfoxides 
Tetrazoles 
Ureas 
Urethanes 

Amines (most) 
Carboxylic Acids 
Thiols 
Phenols (most) 
Phosphines 
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compatible with other alkenic groups. Use of the reagent is compatible with many other functional 
groups as well (see Table 1). 

An important improvement in the asymmetric epoxidation process is the finding, reported in 1986, that 
by adding molecular sieves to the reaction medium virtually all reactions can be performed with a cata- 
lytic amount (5-10 mol%) of the titanium tartrate c0mp1ex.l~ Previously, only a few structural classes of 
allylic alcohols were efficiently epoxidized by less than stoichiometric amounts of the complex and most 
reactions were routinely performed with stoichiometric quantities of the reagent. The advantages of 
using a catalytic amount of complex include reagent economy, mildness of conditions, ease of isolation, 
increased yields and the potential for in situ derivatization of the product. However, there may be occa- 
sions where the use of stoichiometric quantities of the catalytic complex is necessary. 

In situ derivatization of the crude epoxy alcohol product becomes a viable alternative to isolation when 
5-10 mol % of catalyst is used for the epoxidation. This procedure is especially useful in those cases 
where the product is reactive or is difficult to isolate because of solubility in an aqueous extraction 
phase.15.16 Low molecular weight epoxy alcohols, such as glycidol (see Section 3.2.5.1). are readily ex- 
tracted from the reaction mixture after conversion to ester derivatives such as the 4-nitrobenzoate or 
3-nitroben~enesulfonate?~~~ This derivatization not only facilitates isolation of the product but also 
preserves the epoxide in a synthetically useful form. 

3.23 REACTION VARIABLES FOR TITANIUM TARTRATE CATALYZED 
ASYMMETRIC EPOXIDATION 

This section presents a summary of the currently preferred conditions for performing titanium-cata- 
lyzed asymmetric epoxidations and is derived primarily from the detailed account of Gao et al? We wish 
to draw the reader's attention to several aspects of the terminology used here and throughout this chapter. 
The terms titanium tartrate complex and titanium tartrate catalyst are used interchangeably. The term 
stoichiometric reaction refers to the use of the titanium tartrate complex in a stoichiometric ratio (100 
mol %) relative to the substrate (allylic alcohol). The term catalytic reaction (or quuntiry) refers to the 
use of the titanium tartrate complex in a catalytic ratio (usually 5-10 mol %) relative to the substrate. 

3.2.3.1 Stoichiometry 

Two aspects of stoichiometry are important in an asymmetric epoxidation: one is the ratio of titanium 
to tartrate used for the catalyst and the other is the ratio of catalyst to substrate. With regard to the cata- 
lyst, it is crucial to obtaining the highest possible enantiomeric excess that at least a 10% excess of tar- 
trate ester to titanium(1V) alkoxide be used in all asymmetric epoxidations. This is important when the 
reaction is being done with either a stoichiometric or a catalytic quantity of the complex. There appears 
to be no need to increase the excess of tartrate ester beyond 1&20% and, in fact, a larger excess has been 
shown to slow the epoxidation reaction unne~essarily.~ 

The second stoichiometry consideration is the ratio of catalyst to substrate. As noted in the previous 
section, virtually all asymmetric epoxidations can be performed with a catalytic amount of titanium tar- 
trate complex if molecular sieves are added to the reaction milieu. A study of catalyst-substrate ratios in 
the epoxidation of cinnamyl alcohol revealed a significant loss in enantiomeric excess (Table 2) below 
the level of 5 mol % catalyst. At this catalyst level, the reaction rate also decreases with the consequence 
that incomplete epoxidation of the substrate may occur. Presently, the recommended catalyst stoichio- 
metry is from 5% Ti/6% tartrate ester to 10% Ti/12% tartrate ester? 

Table 2 Dependence of Enantiomeric Excess on Catalyst Stoichiometry 

Ph 3 A sieves 

TBHP 

Entry Ti(OPr')4 (mol %) (+)-DIPT (mol %) Enantiomeric excess (96) 

1 
2 
3 

5.0 
4.0 
2.0 

6.0 
5.2 
2.5 

92 
87 
69 
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3.23.2 Concentration 

The concenhation of substrate used in the asymmetric epoxidation must be given consideration be- 
cause competing side reactions may increase with increased reagent concentration. The use of catalytic 
quantities of the titanium tartrate complex has greatly reduced this problem. The epoxidation of most 
substrates under catalytic conditions may be performed at a substrate concentration up to 1 M. By con- 
trast, epoxidations using stoichiometric amounts of complex are best run at substrate concentrations of 
0.1 M or lower. Even with catalytic amounts of the complex, a concentration of 0.1 M may be maximal 
for substrates, such as cinnamyl alcohol, which produce sensitive epoxy alcohol products? 

3.233 Preparation and Aging of the Catalyst 

Proper preparation of the catalyst is essential for optimal reaction rates and enantioselectivity. The 
preparation and storage of stock solutions of the titanium tartrate catalyst should not be attempted as the 
complex is not sufficiently stable for long term storage. Best results are obtained when the catalyst is pre- 
pared by mixing the titanium(1V) alkoxide and the tartrate in a solvent at -20 'C, adding either TBHP or 
the allylic alcohol, and aging the system at this temperature for 2630 min. This aging period is critical 
to the success of the reaction and must not be eliminated. On the rare occasion that a bulky titanium(1V) 
alkoxide such as the t-butoxide is used, the aging period should be increased to 1 h.18 After the aging 
period, the temperature is adjusted to the desired level and the last reagent, either the allylic alcohol or 
the hydroperoxide, is added. 

3.23.4 Oxidant and Epoxidation Solvent 

?-Butyl hydroperoxide (TBHP) is used as the oxidant for nearly all titaniumcatalyzed asymmetric 
epoxidations. Exceptions are for allyl alcohol and methallyl alcohol, where cumyl hydroperoxide is used 
to advantage for the epoxidation? Cumyl hydroperoxide can be used for other epoxidations and is re- 
ported to result in slightly faster reaction rates than are observed with TBHP? Trityl hydroperoxide also 
can serve as an effective replacement for TBHP.2 TBHP is generally preferred, however, since product 
isolation is significantly easier when this oxidant is used. The most economical source of TBHP is the 
commercially available 70% solution in water, in which case steps must be taken to obtain anhydrous 
material. The detailed instructions for obtaining dry solutions of TBHP have been published else- 
where?J4 For smaller laboratory scale reactions, anhydrous solutions of TBHP in 2,2,4-trimethylpentane 
(isooctane) are available commercially. Storage of TBHP solutions over molecular sieves is not recom- 
mended, but brief drying over sieves (ca. 30 min) of the required amount of the solution just before use 
is good practice. 

Since the preparation and storage of stock quantities of TBHP is a convenient way in which to deal 
with this reagent, compatibility with solvent is essential. Much care has gone into finding the optimum 
solvent for storage of TBHP and recommendations have changed as additional experience has been 
gained. The current solvent of choice is isooctane with the favored alternatives being dichloromethane or 
toluene? Dichloroethane should not be used.I9 Dichloromethane solutions of TBHP require storage at 
0 'C and toluene solutions occasionally develop a contaminant which inhibits the catalytic reaction. Due 
to safety considerations (chance of slight pressurization), high density polyethylene bottles are preferred 
over glass bottles for storage of TBHP solutions. However, both dichloromethane and toluene, but not 
isooctane, permeate through such bottles with the result that the concentration of the contents slowly 
changes with time. If the published  instruction^^^^^ for preparation of anhydrous TBHP in isooctane are 
followed, a relatively concentrated solution (5-6 M) is obtained. Aliquots of this solution are briefly 
dried over sieves and added directly to the epoxidation reaction without concern for removal of the 
isooctane. The use of dilute solutions of TBHP in isooctane (e.g. 3 M TBHP is too dilute) should be 
avoided since the additional isooctane involved in transfer will have an inhibitory effect on the rate of 
epoxidation and can lead to solubility problems with some substrates. Solutions of 5.5 M TBHP in iso- 
octane now are available commercially. 

For the asymmetric epoxidation reaction, dry, alcohol-free dichloromethane (the use of dichlorometh- 
ane stabilized with methanol must be avoided) is usually the solvent of choice since it is inert to the re- 
agents, has good solvent power for the components of the reaction and supports good epoxidation rates. 
A fortunate consequence of the asymmetric epoxidation process is that ligation of the allylic alcohol to 
the titanium center aids in solubilization of the substrate. Substrates that normally may only be modestly 
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soluble in the above-mentioned solvents will be brought into solution as they complex with the titanium 
tartrate catalyst. 

3.2.35 Tartrate Esters 

Optically active tartrate esters are the source of chirality for the asymmetric epoxidation process. The 
esters used conventionally are dimethyl (DMT), diethyl (DET) and diisopropyl tartrate (DIFT), and, with 
a few subtle exceptions, all are equally effective at inducing asymmetry during the crucial epoxidation 
event. The minor exceptions that have been noted include: (i) a slight improvement in enantioselectivity 
(from 93% to 95% ee) when changing from DIPT to DET in the epoxidation of (E)-monosubstituted 
allylic alcohols such as (E)-2-hexen-1-01 (having only a primary alkyl chain at C-3); and (ii) a higher 
product yield (but no change in enantiomeric excess) when changing from DET to DIPT in the epoxida- 
tion of allyl alcohol." Other subtle variations such as these may exist but their discovery awaits execution 
of the appropriate comparative experiments. If optimal conditions are desired for a specific asymmetric 
epoxidation, then variation of the tartrate ester is likely to be a useful exercise. 

In the kinetic resolution of chiral 1-substituted allylic alcohols, there clearly is benefit to be gained in 
the choice of tartrate ester used for the reaction. In these reactions (see Section 3.2.5.9), the efficiency of 
kinetic resolution increases as the size of the tartrate alkyl ester group increases. Data for DMT, DET and 
DIPT are summarized in Table 8: and the trend shown there continues with the use of the crystalline 
dicyclohexyl and dicyclododecyl tartrates." 

The nonconventional tartrate esters (1) to (3) have been used to probe the mechanism of the asymme- 
tric epoxidation process.20a These chain-linked bis(tartrate) molecules when complexed with 2 equiv. of 
Ti(OBut)4 catalyze asymmetric epoxidation with good enantiofacial selectivity. A number of tartrate-like 
ligands have been studied as potential chiral auxiliaries in the asymmetric epoxidation and kinetic resolu- 
tion processes.2*20b Although on occasion a ligand has been found that has the capability to induce high 
enantioselectivity into selected substrates (see Section 3.2.7.3), none has exhibited the broad scope of ef- 
fectiveness seen with the tartrate esters. 

6 H  0 0 OH 0 OH 

(1) n = 3 
(2) n = 4 
(3) n = 5 

(4) n = 1 
(5) n = 2 

Polymer-linked tartrate esters have been prepared and used for asymmetric epoxidation in efforts to 
simplify reaction work-up procedures and to allow recycling of the chiral tartrate.21 The tartrates are 
linked through an ester bond to either a hydroxymethyl or a hydroxyethyl group on the polymer back- 
bone to f o m  (4) or (9, respectively. Epoxidation catalysts were prepared from these polymer-linked tar- 
trates by combination with 0.5 equiv. of Ti(OPr")4, based on the weight of tartrate ester which had been 
added to the polymer. Epoxidation of geraniol with (4) or (5) gave the epoxy alcohol with enantiomeric 
excesses of 49% and 65%, respectively. Recycling of the polymer-linked tartrate was possible but the 
subsequent epoxidation suffered from significant loss in enantiomeric excess.21 

333.6 Titanium Alkoxides 

Titanium(1V) isopropoxide (Chemical Abstracts nomenclature: 2-propanol, titanium(&) salt) is the ti- 
tanium species of choice for preparation of the titanium tartrate complex in the asymmetric epoxidation 
process. The use of titanium(1V) t-butoxide has been recommended for those reactions in which the 
epoxy alcohol product is particularily sensitive to ring opening by the alkoxide.18 The 2-substituted 
epoxy alcohols (Section 3.2.5.2) are one such class of compounds. Ring opening by t-butoxide is much 
slower than by isopropoxide. With the reduced amount of catalyst that now is needed for all asymmetric 
epoxidations, the use of Ti(OBut)4 appears to be unnecessary in most cases, but the concept is worth 
noting. 
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3.23.7 Molecular Sieves 

The addition of activated molecular sieves (zeolites) to the asymmetric epoxidation milieu has the 
beneficial effect that virtually all reactions can be carried out with only 5-10 mol 5% of the titanium tar- 
trate ~ a t a l y s t . ~ ~ ~ ~  Without molecular sieves, only a few of the more reactive allylic alcohols are epox- 
idized efficiently with less than an equivalent of the catalyst. The role of the molecular sieves is thought 
to be protection of the catalyst from adventitious water and water that may be generated in small 
amounts by side reactions during the epoxidation process. 

There are several important guidelines to be followed in using activated molecular sieves for the asym- 
metric epoxidation process? Stock solutions of TBHP should not be stored over molecular sieves (the 
sieves catalyze slow decomposition of TBHP), but the amount of TBHP solution required for a reaction 
should be placed over sieves briefly (10-60 min) before use. Likewise, neither the tartrate ester nor the 
titanium(1V) isopropoxide should be stored over sieves. Addition of the sieves at the time of mixing the 
tartrate ester with the Ti(OPr')4 followed by the normal aging of the catalyst is sufficient to dry these re- 
agents, provided they initially are of good quality (see ref. 4, p. 5771). The use of powdered, activated 
4 A molecular sieves is referred and they are commercially available in preactivated form. Also effec- 
tive are 3 A, 4 A and 5 8: molecular sieves in pellet form. In the case of allyl alcohol only 3 A sieves are 
effective since this substrate is small enough to be sequestered by 4 A or 5 A sieves. Unactivated sieves 
can be activated by heating at 200 'C under high vacuum for at least 3 h. 

3.2.4 SOURCES OF ALLYLIC ALCOHOLS 

One of the amenities of present day organic synthesis is the availability of intermediates from the 
many chemical supply companies. Over 100 allylic alcohols (excluding extensive listings of phorbol es- 
ters and prostaglandin structures) are offered for sale from these sources. Two concerns about such sup- 
plies should be noted, the first being the desirability to check the (@/(a composition of acyclic allylic 
alcohols when this is not specified, and the second is to check the optical purity of those allylic alcohols 
offered in optically active form. 

When the allylic alcohol needed for asymmetric epoxidation is unavailable from a commercial source, 
reasonably general synthetic routes have been developed to allylic alcohols of several different substitu- 
tion patterns. Good methods are available for the preparation of 3-substituted allylic alcohols, whereas 
synthesis of 2-substituted allylic alcohols is more problematic. 1 -Substituted allylic alcohols, the sub- 
strates for kinetic resolution, frequently can be derived by addition of alkenyl or alkynyl organometallic 
reagents to aldehydes followed by modification of the resulting product as required. 

The Homer-Emmons addition of dialkyl alkoxycarbonylmethylenephosphonates to aldehydesZ2 has 
been widely used to generate a,@-unsaturated esters which, in turn, can be reduced to allylic alcohols. 
Under the original conditions of the Homer-Emmons reaction, the stereochemistry of the a,@-unsatu- 
rated ester is predominantly trans, and therefore the trans-allylic alcohol is obtained upon reduction. Still 
and Gennari have introduced an important modification of the Horner-Emmons reaction which shifts the 
stereochemistry of the a,P-unsaturated ester to predominantly cis.z3 Diisobutylaluminum hydride 
(DIBAL) has frequently been used for the reduction of the alkoxycarbonyl group to the primary alcohol 
functionality. The aldehyde needed for reaction with the Horner-Emmons reagent may be derived via 
Swem oxidation" of a primary alcohol. The net result is that one frequently sees the reaction sequence 
shown in equation (1) used for the preparation of (3E)- and (3Z)-allylic alcohols. 

L O H  

(1) 

DIBAL-H- 

C02R' 
(CoC1)z 
DMSO 

R-OH - RCHO 
Et3N 

The propargylic alcohol group may be exploited as an allylic alcohol precursor (equation 2) and may 
be generated by nucleophilic addition to an electrophileZS or by addition of a formaldehyde equivalent to 
a preexisting terminal alkyne group.26 Once in place, reduction of the propargylic alcohol with lithium 
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aluminum hydride or, preferably, with sodium bis(2-methoxyethoxy)aluminum hydride (Red-A1)27 will 
produce the trans-allylic alcohol. Alternately, catalytic reduction over Lindlar catalyst can be used to ob- 
tain the cis-allylic alcohol.28 The addition of other lithium alkynides to ketones produces chiral second- 
ary alcohols which also can be reduced by the preceding methods to the cis- or trans-allylic alcohols. 
Additional synthetic approaches to allylic alcohols may be found in the various references cited in this 
chapter. 

3.2.5 ASYMMETRIC EPOXIDATIONS BY SUBSTRATE STRUCTURE 

The scope of allylic alcohol structures which are subject to asymmetric epoxidation was foreshadowed 
in the first report of this reaction. Examples of nearly all of the possible substitution patterns have been 
shown to be epoxidized in good yield and with high enantiofacial ~electivity.~ The numerous results that 
have appeared since the initial report have confirmed and extended the scope of the structures that have 
been epoxidized. This section of the chapter is intended to illustrate the structural scope without being 
exhaustive in coverage of the literature. Examples have been chosen as much as possible from those re- 
ports in the literature which provide experimentally determined yield and enantiomeric excess data. 
When there are limitations to the structural scope, as reflected by lower enantiofacial selectivity, these 
cases are noted. The results presented in this section are divided according to the substitution patterns of 
the allylic alcohol substrates. This organization is intended to provide easy access to precedent when the 
synthetic chemist is contemplating asymmetric epoxidation of a new substrate. 

Before commencing, the attention of the reader is drawn to our usage of the terms enantiofacial selec- 
tivity and diastereoselectivity. The usage in this chapter does not conform to the strictest possible defini- 
tions of these terms. In particular, enantiofacial selectivity is used with reference to the selection and 
delivery of oxygen by the epoxidation catalyst to one face of the alkene in preference to the other. This 
usage extends to chiral allylic alcohols (primarily the 1-substituted allylic alcohols) when the focus of the 
discussion is on face selection in the epoxidation process. Diastereoselectivity is used in the discussion of 
kinetic resolution, when the generation of diastereomeric compounds is emphasized. 

3.2.5.1 Allyl Alcohol 

Glyceraldehyde  derivative^?^ asymmetrically substituted glycerol3o and glycid01~~ are three-carbon 
molecules which, especially in their optically active forms, find widespread use in organic synthesis. In 
the past, the source of these compounds in optically active form has been almost exclusively from the de- 
gradation of natural products such as mannitol. Efficient, multistep routes from the natural products pro- 
vide access to either enantiomer of these three-carbon compounds. Since the discovery of asymmetric 
epoxidation in 1980, the potential has existed for a convenient one-step synthesis of optically active gly- 
cidol(7) from allyl alcohol (6).3 However, because glycidol is one of the more sensitive epoxy alcohols 
to ring-opening reactions and also is a water soluble molecule, isolation from the stoichiometric asym- 
metric epoxidation is difficult and very little glycidol has been prepared in this way. Now with the use of 
catalytic epoxidation in the presence of molecular sieves, it is possible to isolate optically active glycidol 
of 88-92% ee in yields of 50-60%.4 As a result of these improvements both enantiomers of glycidol are 
now available commercially. 

An attractive alternative to isolation of glycidol is in situ derivatization of the crude product during 
work-up.15 Two distinct applications of this method have been described. In the first, ring opening of 
glycidol (R)-(7) with a nucleophile such as sodium 1-naphthoxide produces an intermediate (8) that can 
be carried on to useful products, e.g. for the synthesis of P-adrenergic blocking agents,’” antidepnss- 
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(-)-DIPT 

ants32 and so on. In the second, esterification of the hydroxy group of glycidol improves the extraction of 
the glycidol moiety from the reaction mixture and at the same time generates a synthon in which all three 
carbon centers are differentiated for further reaction. Another benefit is that with certain derivatives, 
such as the 3-nitrobenzenesulfonate ester (9), recrystallization can be used to upgrade the optical purity 
to >99% ee.4J6a 

E O H  YoNoz 

As an industrial process, production of optically active glycidol is at an early stage of development 
with additional improvements and economies certain to occur. As a chemical intermediate, optically 
active glycidol is the most versatile epoxy alcohol prepared by asymmetric epoxidation and is poised 
for exploitation in organic synthesis.16 

3.25.2 %Substituted AUyl Alcohols 
The epoxides (11) derived from 2-substituted allylic alcohols (10) are particularly susceptible to nu- 

cleophilic attack at C-3, a reaction that is promoted by titanium(1V) species.18 When stoichiometric 
amounts of titanium tartrate complex are used in these epoxidations considerable product is lost via 
opening of the epoxide before it can be isolated from the reaction. The primary nucleophilic culprit is the 
isopropoxide ligand of the Ti(opr’)4. The use of Ti(OBut)4 in place of Ti(0W)d has been prescribed as a 
means to reduce this problem (the ?-butoxide being a poorer nucleophile).18 Fortunately, a better solution 
now exists in the form of the catalytic version of the reaction which uses only 5-10 mol % of titanium 
tartrate complex and greatly reduces the amount of epoxide ring opening. Some comparisons of results 
from reactions run under the two sets of conditions are possible from the epoxidations summarized in 
Table 3. 

The prototype for this structural class is 2-methyl-2-propen-1-01 (methallyl alcohol) from which asym- 
metric epoxidation generates optically active 2-methyloxiranemethanol. Like glycidol, 2-methyloxime- 
methanol has been difficult to obtain by stoichiometric asymmetric epoxidation, but with the use of the 
catalytic version reasonable quantities now are produced4 and the compound has become commercially 
available. In situ derivatization also can be used to recover this epoxy alcohol from the epoxidation re- 
action. Progress in the isolation of 2-methyloxiranemethanol is reflected in entries 1-3 of Table 3, and 
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Table 3 Epoxides from 2-Substituted Allylic Alcohols 

Epoxide Catalyst Enantiomeric 
Entry R' RZ (% Ti/% tartrate) Tartrate Yield (%) excess (96) Ref 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 

H Me 1 OO/lOOa (+)-DET - 
H Me 21/27 (-)-DET 32 
H Me 7.6110" (-)-DET 47 

PNB Me 516 (+) -Dm 78 
Tos Me 516 (+) -Dm 69 

Me 516 (+ ) -Dm 60 
WL 4.715.9 (+)-DET 88 

n-Nonyl 1001110 (+)-DET 53 H 
H n-Tetradecyl 100/110" (+)-DET 51 
H n-Tetradecyl 10113 (+)-DET 91 
H pr' 651120 (+)-DET 56 
H But 120/150" (+)-DET 42 
H Cyclohexyl 100/1OO (+)-DET 81 

Nf;"c 

H 4H20Bn 7.6110" (-)-DET 74 

85 
94 

>95 
92 (98)b 

95 

>96 
95 
96 
86 
86 

(;;Y 

>95 
>95 

33 
34 
35 
4 
4 
4 
4 

36 
18 
4 

37 
38 
3 

35 
~ ~ _ _ _ _ _  

Ti(0Bu'h used in this reaction. bEnantiomeric excess in parentheses is after recrystallization. ?Ips = 2-Naphthalenesulfonyl. 

the results of in situ derivatization are revealed by entries 4-6. The optical purity of 2-methyloxirane- 
methanol produced in this way is good (92-95%) and improvement to 98% ee is observed after recrystal- 
lization of the 4-nitrobenzoate derivative. 

Several other allylic alcohols with primary C-2 wbstituents have been epoxidized with good results 
(Table 3, entries 7-10 and 14). Epoxy alcohols have been obtained with 95-96% ee and when the cata- 
lytic version of the reaction is used, as in Table 3, entry 10, the yield is excellent. When the C-2 substi- 
tuent is more highly branched, as in entries 11-13, there may be some interference to high enantiofacial 
selectivity by the bulky group, since the ee in two cases (entries 11 and 12) is 86%. Another example 
which supports this possibility of steric interference to selective epoxidation is summarized in equation 
(3).39 In this case, the optically active allylic alcohol (12) was subjected to epoxidation with both anti- 
podes of the titanium tartrate catalyst. With (+)-DIPT enantiofacial selectivity was 96:4 ('matched 
pair'),4a but with (-)-DIPT selectivity fell to only 1:3 ('mismatched pair'), a further indication that a sec- 
ondary C-2 substituent can perturb the fit of the substrate to the active catalyst species. In the epoxidation 
of the allylic alcohol shown in equation (4), the epoxy alcohol is obtained in 96% yield and with a 14: 1 
ratio of enantiofacial selectivity.& An interesting alternate route to the epoxide of entry 12 (Table 3) has 
been described, in which 2-t-butylpropene is first converted to an allylic hydroperoxide via photooxyge- 
nation and then, in the presence of the titanium tartrate catalyst, undergoes asymmetric epoxidation (79% 

TYORi)4 +OH + +OH 

TBHP 

(12) (+)-DIPT 
(-)-DIPT 

94:4 
1:3 

(3) 
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yield, 72% ee).38b The intermediate hydroperoxide serves as the source of oxygen for the epoxidation 
step. 

3 3 5 3  (3E)-Substituted AUyl Alcohols 

Several factors contribute to the frequent use of (3E)mbstituted allylic alcohols (13) for asymmetric 
epoxidation. The allylic alcohols are easily prepared, conversion to epoxy alcohol normally proceeding 
with good chemical yields and with >95% ee, and a large variety of functionality in the (3E)-position is 
tolerated by the epoxidation catalyst. Representative epoxy alcohols (14) are summarized in Table 4 and 
Figure 3, with results divided arbitrarily according to whether the (3E) substituent is a hydrocarbon 

Table 4 Epoxides from (3E)-Substituted Allylic Alcohols (Hydrocarbon Substituents) 

R s  kOH R 

k O H  

Epoxide Catalyst Epoxide Enantiomeric 
(mol % Ti/% configuration Yield excess 

Entry R tartrate) Tartrate (2.3) 6) (95) Ref. 

1 
2 
3 

Me 
Me 
Et 

4 w 
5 
6 
7 Bus 
8 But 
9 CH-H 
10 MeCHICHCH2 
11 n-C5Hi i 
12 CH&H(CH2)3 
13 n-C7H15 
14 n-CsH17 
15 EtCHICHCH2CHPCHCH2 
16 EtCPCCH2CICCH2 
17 n-CioH21 
18 n-C I 2H25 

z 

19 C14H29 
20 CI5H31 

95 4 1 4 3  
92 4 

100/100 (-)-Dm (RP) 
(+)-Dm 

(RR) stoichiometric GbDIPT (ss) 80 >95 44 
516 

100/104 
516 

100/104 - 
120/150 

516 
8/10 

a 
100/100 

sn.3 

(+j-DET 
(+)-DET 
(+)-DET 
(-)-DET 
(+)-DET 
(+)-DIPT 
(+)-DET 
(+)-DET 
(+)-DET 
f+LDET 

64 
85 
66 

a 
52 
56 
81 
78 
80 
99 

93 
94 
98 

a 
>95 
>9 1 

a 
95 

>95 
96 

45 
4 

45 
46 
38 
47 
48 
49 
41 
4 

3 6  (+j-DET 78 94 4 
82 >95 46 

a a 50 (-1-DET f R R )  
a (+)-DET (S,S) ,6 

ioo/ioo (+j-DET I S 3  79 >95 - 3  
a a 51 

77 a 52 
>95 53 

a (+)-DET (SS) 
120/160 (-)-DET ( R P )  

a (+)-Dm (SDS) 88 

‘Not reported. 
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(Table 4) or otherwise (Figure 3). The versatility of these and other 3-substituted epoxy alcohols for 
organic synthesis is illustrated with several examples in the following discussion. 

0 

70%, 92% ee (ref. 54) 72%, >95% ee (ref. 55) 70%. >95% ee (ref. 56) 

66%, >95% ee (ref. 57) 

BnO 
I 

76%, 98% ee (ref. 60) 

MeoY OMe 

81%, >97% ee (ref. 61c) 

69%, 93% ee (ref. 58)  85%,98% ee (ref. 59) 

70%, >95% ee (ref. 59) 98% ee (refs. 4,61a and 61b) 

92%, 95% ee (ref. 61d) 78%, 83% ee (ref. 61d) 

Figure 3 Epoxy alcohols from asymmetric epoxidation of (3E)-monosubstituted allylic alcohols 

Compatibility of asymmetric epoxidation with acetals, ketals, ethers and esters has led to extensive use 
of allylic alcohols containing these groups in the synthesis of polyoxygenated natural products. An 
example which illustrates one such synthetic approach is the asymmetric epoxidation of (W), an allylic 
alcohol derived from (S)-glyceraldehyde a~etonide?~.~* In the epoxy alcohol (16) obtained from (15). 
each carbon of the five-carbon chain is oxygenated and all stereochemistry has been controlled. The 
structural relationship of (16) to the pentoses is evident, and methods leading to these carbohydrates have 
been d e s ~ r i b e d ? ~ . ~ ~ ~  This synthetic methodology has been extended by the development of an efficient 
series of reactions that can transform one allylic alcohol into a second which is two carbons longer than 
the first. Repetition of the reaction sequence can, in principle, be continued to any desired chain length. 
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The key steps in this 'reiterative two-carbon extension cycle' are illustrated in Scheme 1, which shows 
a synthetic route leading from an achiral alkoxyacetaldehyde (17) to L-allose, one of the eight possible L- 
hexoses.63 In practice, all eight L-hexoses were synthesized by taking advantage of branch points in the 
sequence and by using both antipodes of the titanium tartrate catalyst to generate epimeric epoxides. The 
sequence of reactions begins with the two-carbon, benzyloxyacetaldeyde (17), which can be converted to 
the four-carbon intermediate (18) by means of a Wittig reaction. In the actual synthesis, intermediate 
(18) was the starting point and was obtained by an alternative method. The carboxylic acid ester of (18) 
is reduced with DIBAL, to the (fE)-allylic alcohol (19) which, by asymmetric epoxidation, is converted 
to epoxy alcohol (20). Base-catalyzed rearrangement (Payne rearrangement) of (20) establishes the 

OR 

'CHO 
i - 

OR 

ii< CHO 

i-vii 

OR 

C02Me 
OH 

OR 

vii ,3< vi 

- A O A c  - 
SPh 

(26) (27) 

i, (Me0)3P(0)CHC02Me; ii DIBAL; iii, (+)-DET/T'i(OPr'),; iv, PhSWOH-; v, MeC(=CH2)OMe/H+; 

vi, MCPBA, Ac20/AcO-; vii, DIBAL (1 equiv.), H20 

Scheme 1 
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equilibrium shown between (20) and the 1,2-epoxy alcohol (21). Benzenethiolate reacts regioselectively 
to open the 1,Zepoxide leading to the dihydroxy sulfide (22). The diol is protected by conversion to the 
acetonide (23) which, upon oxidation of the sulfide to a sulfoxide followed by Pummerer rearrangement, 
is converted to the acetoxythioacetal (24). Reduction of the latter (24) with one equivalent of DIBAL 
produces aldehyde (25). At this point the synthetic sequence can be branched by converting a portion of 
the aldehyde (25) to the epimeric aldehyde (not shown) by epimerization with potassium carbonate in 
methanol. Both of these new aldehydes can now be chain extended by repeating steps (i-vii),'which in 
the case of (25) leads to the hexose derivative (26). In order to obtain all eight hexoses, a further branch- 
ing during the second cycle is initiated at step (iii), with part of the material (an allylic alcohol) being 
subjected to asymmetric epoxidation with (-)-DET. Both of these branches are carried on through step 
(vi) or step (vii), thereby producing all eight L-hexose derivatives. Deprotection of the derivatives com- 
pletes the synthesis, as shown for L-allose (27) in Scheme 1. 

1,2-Epoxy-3-alcohols can be derived from 2,3-epoxy-1-alcohols by the base-catalyzed Payne rear- 
rangement, as illustrated in step (iv) of Scheme 1?9.64 The rearrangement is completely stereospecific 
but, since it is reversible, it usually results in an equilibrium mixture of the two epoxy alcohols for which 
the relative proportions are structure dependent. Practical synthetic applications of this rearrangement 
therefore depend on methods that will shift the equilibrium completely in the direction desired. Nucleo- 
philes such as thiolates and amines are sufficiently selective to react preferentially at C-1 of the 1,2- 
epoxy-3-alcohol and thereby shift the equilibrium completely in that direction. However, many other 
nucleophiles are incompatible with the reaction conditions required for the Payne rearrangement and the 
approach of trapping the 1,Zepoxide cannot be used. To circumvent this problem and increase the scope 
of the Payne rearrangemenVopening process, methods have been developed that lead to isolation of the 
terminal 1,2-epoxy-3-alcohols.10~65 

One method uses the 2,3-diol-l-sulfide (30) produced by thiolate trapping of the 1,Zepoxide from the 
Payne rearrangement equilibrium between (28) and (29 ) . ' *~~~  The sulfide is alkylated with MesOBF4 in 
order to produce a good leaving group in (31). Then, base-promoted ring closure gives the 1,2-epoxide 
(32) in complete preference to formation of any 1,3-0xetane. The erythroepoxy alcohol precursor (31) 
requires sodium hydride as the base in order to avoid reversal of the Payne rearrangement back to the 
starting 2,3-epoxy alcohol (28). The analogous threo-epoxy alcohol precursor can be closed with sodium 
hydroxide. 

R OH '1'''" NaH R \""' OH , 

In a secorld method, the 2,3-epoxy-l-alcohol (28) is fiist converted to a mesylate (or a tosylate) and 
then the epoxide is opened hydrolytically with inversion at C-3 to give the dihydroxymesylate (33). A 
slight loss of optical purity has been observed in this process and is due to lack of complete regio- 
selectivity for C-3 opening. Mild base is sufficient to effect ring closure of the dihydroxymesylate (33) to 
give the 1 ,2-epoxide (34). The two methods are complementary in terms of stereochemistry such that 
if a 2,3-epoxy alcohol of the same absolute configuration is used to start each sequence, then the erythro- 
1.2-epoxy-3-01s produced will have opposite configurations at C-2 and C-3. This results from the fact 
that during the Payne rearrangement inversion occurs at C-2, while in the epoxymesylate opening, inver- 
sion occurs at C-3. Detailed discussions of these Payne rearrangement processes, as well as of further 
synthetic transformations of the 1 ,2-epoxy alcohols, have been presented elsewhere. 

When two allylic alcohols are contained in a symmetrical molecule, asymmetric epoxidation proceeds 
with interesting consequences for stereochemical purity. The results were first described for the asymme- 
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i, MsCl/Et3N 

ii, H~O+ 

tric epoxidation of (2Z,6E,10Z)dodeca-2,6,lO-trien-l,l2-diol (35).66 The first epoxidation of (35) pro- 
duces the major and minor enantiomers (36) and (37). Since the stereogenic centers in these compounds 
are remote from the second allylic alcohol, each enantiomer undergoes a second epoxidation with essen- 
tially the same enantiofacial selectivity as in the first epoxidation. Three bis(epoxide) products result: 
(38a), a meso compound (39) and (38b) (mirror image of 38a). The overall consequence is that most of 
the epoxidation resulting from the undesired enantiofacial attack leads to the meso compound (39) which 
is in principle separable from the major product. Very little of the mirror image compound (38b) is 
formed and therefore the enantiomeric purity of the major product will be very high. In the example 
cited, enantiomeric purity could not be determined directly but was calculated according to the express- 
ion (A1 + B1)(A2 + Bz), where A1 and B1 are the enantiofacial selectivities of the first epoxidation and A2 
and B2 are the enantiofacial selectivities of the second epoxidation. In the example being discussed an 
enantiofacial selectivity of 19:l (90% ee) was assumed for both steps. The ratio of the three products 
therefore should be (19 + 1)(19 + l), or 361:38:1, and the enantiomeric excess of (38a) should be 
99.45%. 

T O H  

L O H  

(35) 

- 

OH 

OH 

(37) - 

FoH T O H  

OH OH 

Fomnately, a wide variety of functionality is compatible with the titanium taxtrate catalyst (see Table 
1). but the judicious placement of functional groups relative to the allylic alcohol can lead to further de- 
sirable reactions following epoxidation. For example, in (a), asymmetric epoxidation of the allylic alco- 
hol is followed by intramolecular cyclization under the reaction conditions to give the tetrahydrofuran 
(41).6' Likewise, in the epoxidation of (42) cyclization of the intermediate epoxy alcohol occurs under 
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the reaction conditions and leads to the cyclic urethane (43).68 Titanium(1V) isopropoxide is an effective 
reagent for promoting the regioselective attack by nucleophiles at the 3-position of 2.3-epoxy alcohols,@ 
2,3-epoxy acids70 and 2,3-epo~yamides.~~ This process has been proposed to involve coordination to the 
metal center in the bidentate manner shown for a 2.3-epoxy alcohol in structure (44). Such titanium- 
assisted nucleophilic opening of epoxides is thought to play a role in the in situ reactions leading to (41) 
and (43). 

OR 

(+)-DIPT 
Ti(OR'), 

TBHP 

OH 

(40) 

TBHP 
L O H  

OR 
I 

)OOH ,\+' 

OR 
I 

(41) 
J 

H 
I 

OH 

(43) 

3.2.5.4 (3Z)-Monosubstituted Allyl Alcohols 

Allylic alcohols having a cis-3-substituent (45) are the slowest to be epoxidized and give the most 
variable enantiofacial selectivities. Both of these characteristics suggest that allylic alcohols of this struc- 
ture have the poorest fit to the requirements of the active epoxidation catalyst. Nevertheless, asymmetric 
epoxidation of these substrates is still effective and in most cases gives an optical purity of at least 80% 
ee and often as high as 95% ee. Patience with the slower reaction rate usually is rewarded with chemical 
yields of epoxy alcohols comparable to those obtained with other allylic alcohols. A number of repre- 
sentative examples are collected in Table 5 .  

There is a rough correlation between the enantiomeric excess observed for these epoxy alcohols and 
the steric complexity at the a-carbon of the C-3 substituent. When the C-3 substituent is a primary group 
(Table 5,  entries 1,2,4,6-12 and 19-21), enantiofacial selectivity is highest and enantiomeric excesses 
of 8&95% are observed for these compounds. When the substituent is secondary (entries 3 and 15-18) 
or tertiary (entry 5). enantiofacial selectivity is much more variable. When the substituent is asymmetric, 
enantiofacial selectivity depends on the absolute configuration, as is evident in comparison of entry 15 
with 16 and of 17 with 18 in Table 5 .  Epoxidation of these chiral allylic alcohols with one antipode of 
catalyst yields moderate to good diastereoselectivity, while with the other antipode diastereoselectivity is 
virtually lacking. 
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Table 5 Epoxides from (3Z)-Substituted Allylic Alcohols 

Epoxide Catalyst Epoxide Enantiomeric 
(mol % Ti/% configuration Yield excess 

Entry R tartrate) Tartrate (293) (%I (5%) Ref, 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

15 

16 
17 
18 
19 
20 

Me 
Et w. 
Bu' 
But 

n-Cc"9 
n-C7Hi5 
n-CsHi7 

Ph 
CHMePh 

516 
a 
a 
a 

1201150 
100/100 
10114 
5n.4 

11011 10 
a 

100/100 
14/14 

1001120 
a 

100/100 

1001100 
100/100 
100/100 

cG%i&n 
as entry 17 

n-Ci 1H23 120/130 
21 (CH2CHdH)2CH--CH2 100/148 

CHzCHzOBn a 

(+)-DIPT 

(+)- ET 
(+)-DET 
(+)-DET 
(-)-DET 
(+)-DET 
(+)-DIPT 
(+)-DMT 
(+)-DET 
(-)-DET 

b 
(+)-DET 
(+)-DIPT 

(+)-#ET 

(+)-DET 

(-)-DET 
(+)-DET 
(-)-DET 
(+)-DlFT 
(+)-DIPT 
(+)-DET 

68 
60 
54 
80 
77 
80 
74 
63 
70 

92 
80 
66 
95 
25 
91 
86 

>80 
94 

4 
71 
72 
73 
38 
3 
4 
4 

74 
57 95 75 

( R . 3  84 92 59 . . ,  - 95 4 

(SP) 55,57 93,84 59,62a 

a 20 62a 
a 66 78a 
a 0 78a 

75 92 78b 
83 92 78c 
59 89 78d 

(RS) 
(SP) 
(RS) 
(SP) 
(SJO 
(SP) 

H o t  reported. bSCC ref. 4, footnote 9, for this entry. 

3.233 (2,3E)-Disubstituted Allyl Alcohols 

Extensive use in synthesis has been made of the asymmetric epoxidation of (2,3E)-disubstituted allylic 
alcohols. With few exceptions enantiofacial sFlectivity is excellent as reflected by enantiomeric excesses 
in the range of 90-95%. The results for a number of epoxidations of allylic alcohols with smaller substi- 
tuents are collected in Table 6, while a variety of other compounds with larger groups are illustrated by 
structures (47) to (60). 
The epoxy alcohol (47) is a squalene oxide analog which has been used to examine substrate speci- 

ficity in enzymatic cyclizations by baker's yeast.85 The epoxy alcohol (48) provided an optically active 
intermediate used in the synthesis of 3,6-epoxyauraptene and marmine,86 and epoxy alcohol (49) served 
as an intermediate in the synthesis of the antibiotic ~ i r an tmyc in .~~  In the synthesis of the three stilbene 
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Table 6 Epoxides from (2,3E)-Disubstituted Allylic Alcohols 

OH 
R' 

Epoxide E oxide Yield Enantiomeric 
Entry R' R2 Tartrate conlguration (96) excess (96) Ref. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 

Me 
Me 

-(cH2)3- 
-(cH2)4- 

Me 
Me 
Me 
Ph 
Me 

Me 

Me 
Me 
Me 

Me 
Et 

CHzOBn 
CHMeCH20Bn 

Ph ~ 

Ph 
CH~CHZCH-CH~ 

(+)-DET 
(+)-DMT 
(+)-DET 
(+)-DET 
(-)-DIPT 

(+)-DIPT 
(+)-DET 
(+)-DET 

- 

77 
79 
38 
77 
87 
93 
79 
70 
71 

94 
95 

>95 
93 
90 

>95 
>98* 
>95 

96 

(-)-DET (2R,3R) 87 >95 

(+)-DET (X,3S) 64 >90 

(2R,3R) 89 93 
(-)-DET (2R,3R) 59 >91 

Me0 

C H ~ C H ~ M Q  
CHgH+Me2 

(CH2)30SlM@ut (-)-DET 

61b 
41.78e 

79 
4 
80 
81 
4 

3,4 
82 

83 

84a 
84a 
84b 

'Enantiomeric excess after crystallization. 

Enantiomeric 
X Y excess (96) 

(50) H H >90 
(51) C1 H >90 
(52) CI CI 70 
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Me0 I foBn 

OH AcO 
SiMe:, 

I 

TBHP 

Y O H  

(56) 

xoH TBHP 

(59) 

(57) 

+ 

oxides (50) to (52), the presence of an ortho chloro group in the 2-phenyl ring resulted in a lower enanti- 
omeric excess (70%) when compared to the analogs without this chlorine The very effi- 
cient (80% yield, 96% ee) formation of (52a) by asymmetric epoxidation of the allylic alcohol precursor 
offers a synthetic entry to optically active 1 1-deoxyanthracyclinones,88b while epoxy alcohol (52b) is one 
of several examples of asymmetric epoxidation used in the synthesis of brevitoxin precursors.88c Dia- 
stereomeric epoxy alcohols (54) and (55) are obtained in combined 90% yield (>95% ee each) from 
epoxidation of the racemic alcohol (53).89 Diastereomeric epoxy alcohols (57) and (58) also are obtained 
with high optical purity in the epoxidation of (56).44 The epoxy alcohol obtained from substrate (59) 
undergoes further intramolecular cyclization with stereospecific formation of the cyclic ether (60).90 

3.25.6 (2,3Z)-Msubstituted AUyi Alcohols 

A limited number of allylic alcohols of this type have been subjected to asymmetric epoxidation. With 
one exception, the C-2 substituent in these substrates has been a methyl group, the exception being a 
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r-butyl The (3Z)-substituents have been more varied and are illustrated by structures (61) to 
(64), which show the epoxy alcohols derived from the corresponding allylic alcohol substrates. Epoxida- 
tion of (Z)-2-methyl-2-hepten-l-ol gave epoxy alcohol (61) in 80% yield, 89% ee? while (Q-Zrnethyl- 
4-phenyl-2-buten-1-01 gave (62) in 90% yield, 91% ee?' and (Q-l-hydroxysqualene gave (63) in 93% 
yield, 78% ee.85 The epoxy alcohol (64) was obtained with >95% ee after recry~tallization.~' In the epox- 
idation of (Z)-2-t-butyl-2-buten-1-01, the allylic alcohol with a C-2 t-butyl group, the epoxy alcohol was 
obtained in 43% yield and with 60% ee.38 These results lead one to expect that other (2,3Z)-disubstituted 
allylic alcohols will be epoxidized in good yield and with enantioselectivity similar to that observed for 
the (3Z)-monosubstituted allylic alcohols (i.e. 80-95% ee). 

OMe 

3.2.5.7 3d-Disubstituted Allyl Alcohols 

These substrates combine a (3E)abstituent with a (3Z)mbstituent in the same molecule. Allylic alco- 
hols with only a (3E)mbstituent generally are epoxidized with excellent enantioselectivity, whereas 
those with only a (3Z)-substituent are epoxidized with enantioselectivity in the range of 80-9596 ee. In 
the combination many of the reported examples have a methyl substituent at the (3Z)-position and all of 
these are epoxidized with an enantiomeric excess of 9&95% (Table 7, entries 1-4 and 6). Only a limited 
number of examples with larger groups at the (3Z)-position have been reported (entries 5 and 7-12) and 
in these the enantiomeric excesses are in the range 8694%. 

3,3-Dimethylallyl alcohol was epoxidized with >90% ee (Table 7, entry 1) but in low yield when a 
stoichiometric amount of the titanium tartrate complex was used. However, when a catalytic amount of 
the complex was used and in situ derivatization employed, the p-nitrobenzoate (>98% ee after recrystalli- 
zation) and p-toluenesulfonate (93% ee) were isolated in yields of 70% and 55%, respectively. Likewise, 
the epoxidation of geraniol with a stoichiometric amount of the complex gave the epoxide (Table 7, entry 
3) in 77% yield (95% ee) which was improved to 95% yield (91% ee) when a catalytic amount of com- 
plex was used (entry 4). 

3.2.5.8 2,3,3-Trisubstituted Allyl Alcohols 

Interesting structural diversity is present in the limited examples of trisubstituted allyl alcohols (equiv- 
alent to tetrasubstituted alkenes) to which asymmetric epoxidation has been applied. The epoxides (65) 
to (70) have been obtained from the corresponding allylic alcohols with yield and enantiomeric excess as 
indicated when such data have been reported. The lower enantiomeric excess observed for epoxy alcohol 
(69) may result from disruption of the catalyst structure by the phenolic groups or from alternate modes 
of binding of substrate to catalyst, again because of the phenolic groups.1o2 Phenols bind strongly to tita- 
nium(IV), which may account for the fact that a large excess (six equivalents) of the titanium tartrate 
complex was required to achieve the yield and enantiomeric excess reported in the case of (69). 
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Table 7 Epoxides from 3,3-Disubstituted Allylic Alcohols 

2R OH 

Entry Epoxide Catalyst Tartrate Epoxide Yield ee Rt$ 
R1 $ (mol% Ti/% tartrate) configuration (%) (%) 

1 Me 
2 CH2CH=CMe2 
3 (CH2)2CH=CMe2 
4 (CH2)2CH=CMe2 
5 Me 
6 (CH2)20SiMe2But 
7 Me 
8 Me 

Me 
Me 
Me 
Me 
(CH2)2CH=CMe2 
Me 
(CH2)20SiMe2Buf 
(CH2)zOSiMe2But 

9 OMe 

/ 
10 

11 (-p 

100/100 (-)-DBT (W 
200/200 (+)-DET (2S,3S) 
100/100 (+)-DET (2S,3S) 

5l7.4 (+)-DET (2S.3S) 
100/100 (+)-DET (2S,3R) 
105/157 (-)-DET (2R,3R) 

a (+)-DET (2S,3R) 
a (-)-DET (2R,3S) 

25 >90 92 
67 95 93 
77 95 3 
95 91 4 
79 94 3 
81 >95 94 
98 90 95 
98 86 95 

10/15 (+)-DET (2S,3R) 97 93 96 

100/110 (+)-DET (2S,3S) a 84 97a 

100/110 (+)-DET (2S,3R) a 88 97a 

12 (CH2)dOBn CH2CH(Me)CH20MEM 10/12 (-)-DIPT (2R,3S) 83 91 97b 

Not reported. 

0 

(65) 

90%, 94% ee (ref. 98) 

Me2BdSiO 
EtOzC &OH \ 

SiMe3 L 
(68) 

>90% ee (ref. 101) 

(66) (67) 

72%, 94% ee (ref. 99) >90% ee (ref. 100) 

OH 0 OH 

85%, 53% ee (ref. 102) 95%, 95% ee (ref. 103) 
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3.2.5.9 l-Substituted Allyl Alcohols: Kinetic Resolution 

The presence of a stereogenic center at C-1 of an allylic alcohol introduces an additional factor into the 
asymmetric epoxidation process in that now both enantiofacial selectivity and diastereoselectivity must 
be considered. It is helpful in these cases to examine epoxidation of each enantiomer of the allylic alco- 
hol separately. Epoxidation of one enantiomer proceeds normally and produces an erythro-epoxy alcohol 
in accord with the rules shown in Figure 1. Epoxidation of the other enantiomer proceeds at a reduced 
rate because contact between the C-1 substituent and the catalyst seriously impedes the necessary ap- 
proach of alkene to oxidant (see Figure 2). The difference in epoxidation rates for the two enantiomers is 
usually of sufficient magnitude that either the epoxy alcohol or the recovered allylic alcohol can be pro- 
duced with high optical purity. The net result is that a kinetic resolution is achieved.13 In the case of a ho- 
mochiral C-l-substituted allylic alcohol, asymmetric epoxidation will be fast and highly 
diastereoselective with one antipode of the titanium tartrate catalyst but not with the other, according to 
the guidelines of Figure 2. Although kinetic resolution is most frequently encountered and applied to 
chiral C-l-substituted allylic alcohols, the rationale also is applicable to allylic alcohols with chiral sub- 
stituents at other positions, examples of which have been given in several preceding subsections. 

The ratio of the rates of epoxidation of the two enantiomers, kfastlkslow, has been defmed as the relative 
rate (krel) and is related to both the percentage conversion of allylic alcohol to epoxy alcohol and the en- 
antiomeric excess of the remaining allylic alcohol. A mathematical relationship between these variables 
exists and can be represented graphically, as shown in Figure 4.13 If values are known for two of the 
three variables, then the third can be predicted by use of this graph. Inspection of the graph reveals that 
relative rates of 25 or more are very effective for achieving kinetic resolution of 1-substituted allylic al- 
cohols. With a relative rate of 25, the epoxidation need be carried to less than 60% conversion to achieve 
an enantiomeric excess of essentially 100% for the unreacted alcohol. A convenient method for limiting 
the extent of epoxidation to 60% is simply by controlling the amount of oxidant used in the reaction. 
However, for some substrates (see Table 8, entries 1, 9 or 10) even h a t  is extremely slow and several 
days are needed for the epoxidation. To shorten the time needed for such reactions, an alternate practice 
is to use an excess of oxidant and to monitor the extent of epoxidation by an appropriate analytical 
method. If the optically active epoxy alcohol is the desired reaction product, then high enantiomeric ex- 
cess can be insured by running the reaction to approximately 45% completion. 

Conversion (YO) 

Figure 4 Dependence of enantiomeric excess on relative rate in the epoxidation of C-l-substituted allylic alcohols 

Relative rate data for the kinetic resolution/epoxidation of l-substituted allylic alcohols of varying 
structure are summarized in Table 8. The knl values at -20 "C for all entries in Table 8 were determined 
using DIPT as the chiral ligand. Additionally, for several entries (1-3, 10 and 11) the dependence of k , ~  
on temperature, 0 'C versus -20 'C, and on steric bulk of the tartrate ester, DIPT versus DET versus 
DMT, has been measured. Lower reaction temperature and larger tartrate ester groups both are factors 
that clearly increase the magnitude of kni and, therefore, improve the efficiency of the kinetic resolution 
process. While the results summarized in Table 8 are all from experiments in which stoichiometric quan- 
tities of titanium tartrate complex were used, the catalytic version of the reaction also may be used for 
kinetic resolution? When comparing results with the same tartrate ester, a slight loss in enantioselectivity 
is seen in the catalytic mode relative to the stoichiometric reaction. The trend toward higher enantio- 
selectivity with bulkier tartrate esters can be used to advantage in the catalytic reaction by using dicyclo- 
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Table 8 Relative Rate (k,l) Data for Kinetic Resolution of 1-Substituted Allylic Alcohols 

Entry Allylic alcohol Reaction Relative Relative rates at 0 "C 
time rate at DIPT DET DMT 

-2OOC ee(%) Ref. 

1 \OH 

2 4 0 H  
Bu 

c-C,Hl 

4 

12 d 83 >% 60 2, 13 

15 h 138 >96 96 52 2, 13 

15 h 104 >96 74 28 15 2,13 

I60 104 

5 
But\oH 

I 
c-c6H1 1 

300 104 

6 

7 

8 

Me3si\0H C5H1 1 

CsH11 

9 5.. 6 d  

330 

700 

300 

20 91 

104 

104-106 

104 

2, 13 
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Table 8 (continued) 

Entry Allylic alcohol Reaction Relative Relative rates at 0 O C  

time rate at DIPT DET DMT 

-2OOC ee(%) Ret 

2 d  16 82 13 2, 13 

Et 

15 h 83 >% 60 38 2, 13 

hexyltartrate (DCT), which gives higher selectivity than DIPT, or dicyclododecyl tartrate, which gives 
yet higher selectivity than DCT? 

The efficiency of kinetic resolution is even greater when there is a silicon or iodo substituent in the 
(3E)-position of the C-1 chiral allylic alcohols. The compatibility of silyl substituents with asymmetric 
epoxidation conditions was first shown by the conversion of (3E)-3-trimethylsilylallyl alcohol into 
(2R,3R)-3-trimethylsilyloxiranemethanol in 60% yield with >95% ee, 107a and further exploited by the 
conversion of (E)-3-(triphenylsily1)-2-[2,3-~Hz]propenol into (2R,3R)-3-triphenylsilyl[2,32Hz]oxirane- 
methanol in 96% yield and with 94% ee.107b,107c With an n-pentyl group at C-1, the kni for asymmetric 
epoxidation of the enantiomeric allylic alcohols is 700 (Table 8, entry 7), and both epoxy alcohol and op- 
tically active recovered allylic alcohol are obtained in 42% yield with >99% ee (see Table 9, entry 1). 
Equally good yields and optical purities are observed with other substituents in the C-1 position, as is 
shown by entries 2 to 9 in Table 9. Good yields with high enantiomeric excess also are reported in the 
kinetic resolution of (3E)-iodo analogs (entries 10-14) and of a (3E)chloro analog (entry 15). (3E)-Stan- 
nyl substituents (entries 16-18) appear similar to carbon substituents in their effect on kinetic resolution. 

The influence of both the steric and the electronic properties of the silyl group on the rate of epoxida- 
tion have been examined experimentally. lo4 Two different rate effects were considered. First, the overall 
rate of epoxidation of the silyl allylic alcohols was found to be one-fifth to one-sixth that of the similar 
carbon analogs. This rate difference was attributed to electronic differences between the silicon and carb- 
on substituents. Second, the increase in knl to 700 for silyl allylic alcohols compared to carbon analogs 
(e.g. 104 for entry 3, Table 8) was attributed to the steric effect of the large trimethylsilyl group. As ex- 
pected, when a bulky r-butyl group was placed at (2-3, kRi increased to 300.lW 

At the end of 1989, over 75 1 -substituted allylic alcohols had been used in kinetic resolutiordasymme- 
tric epoxidation experiments. In slightly over half of these experiments, the desired product was the kine- 
tically resolved allylic alcohol, while in the remainder the epoxy alcohol was desired. In addition to the 
compounds in Table 8, experimental results for other kinetically resolved alcohols are summarized in 
Table 10. From these results, it appears that kinetic resolution is successful regardless of the nature of the 
(3E)-substituent and is successful with any except the most bulky substituents at (2-2. 

In those cases where the allylic alcohol is the desired product of the kinetic resolution process, the ac- 
companying epoxy alcohol also may be converted to the desired allylic alcohol by the two-step sequence 
shown in Scheme 2. The epoxy alcohol, after separation from the allyl alcohol, is mesylated and then 
subjected to reaction with sodium telluride, which effects the transformation of epoxymesylate to the 
allylic alcohol with inversion at the asymmetric carbinol center."5e Preliminary results suggest that the 
rearrangement follows this pathway only when the epoxy alcohol is unsubstituted at the 3-position. 

A small, structurally distinct class of l-substituted allylic alcohols are those which are confonnation- 
ally restricted by incorporation into a ring system. These allylic alcohols may be further subdivided into 
two types depending on whether the double bond is endocyclic or exocyclic. For allylic alcohols with en- 
docyclic double bonds, kinetic resolution gives 2-cyclohexen- 1-01 (71) with 30% ee,I3 (4aS,2R)-4a- 
rnethyl-2,3,4,4a,5,6,7,8-octahydronaphthalen-2-01 (72) with 55% and (R)-2-cyclohepten-l-01 (73) 
with 80% ee.13 The epoxy alcohols, (1S,2S,3R)-2,3-epoxycyclopenten-l-ol(74),1 (lS,Z,4aR)-4a-deca- 
hydronaphthalen-2-01 (75)' l6 and (1R,2S,3R)-2,3-epoxy-6-cyclononen-l-ol (76)'18 are obtained with 
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Table 9 Kinetic Resolution of 3-Silyl-, Halo- and Stannyl-substituted Allylic Alcohols 

Allylic alcohol Allylic alcohol Epoxy alcohol 
Yield Enantiomeric Yield Enantiomeric 

Entry R' R2 (%). excess(%) (%)' excess(%) Ref. 

1 n-CsHi i SiMes 42 >99 42 >99 105 
2 prl SiMes 40 >99 41 99 105b 
3 Ph SiMes 44 >99 42 97 105b 
4 CHzOPh SiMes 47 >99 46 >99 105b 
5 CH20CH2Ph SiMes 43 >99 48 >99 105b 
6 CHZCH~CHCSHI 1 SiMes 44 >99 43 >99 105b 
7 CH2CH20CHflh SiMes 43 >99 45 >99 105b 
8 CH2C02Bun SiMe3 44 >99 10% 
9 (CH2)sC02Me SiMes 43 >99 45 >99 105b 
10 n-CsHi 1 I 49 >99 49 >99 108 
11 Et I 40 >98 108 
12 CH2-c-Wii I 42 >99 108 
13 c-CsH9 I 44 >99 108 
14 Ph I 43 >98 108 
15 n-CsHii c1 43 >99 108 
16 n-CsHii SnBu3 40 >99 b 84 109 
17 c-C6Hi1 SnBus 41 >99 109 
18 CHzOPh SnBus 40 >99 109 

'Maximum yield is 50%. "Not reported. 

I 
Bun TBHP BU" 

1 
Bun 

BU" 
A 
Bun 

Scheme 2 

60% ee, 61% ee and 90% ee, respectively. (R)-trans-Verbenol(77) is epoxidized five times as fast as is 
(S)-trans-verbenol when (+)-DIPT is used in the ~atalyst.~' For allylic alcohols with an exocyclic double 
bond, kinetic resolution gives 2-methylenecyclohexanol (78) with 80% ee and a 46% yield when (-)- 
DIPT is ~ s e d . ~ ~ ~  Epoxidation of the homochiral 4-methylene-5a-cholestan-3~sl (79) is reported to be 
much faster with catalyst derived from (+)-DET than from (-)-DET.lm The variable enantioselectivities 
seen in these results likely stem from conformational restraints imposed by the cyclic structures which 
prevent the allylic alcohols from attaining an ideal conformation for the epoxidation process (see Section 
3.2.6 and Figure 5 for the proposed ideal conformation). 

One especially interesting kinetic resolution/asymmetric epoxidation substrate is (RS)-2,4-hexadien-3- 
01 (80)." The racemic diene has eight different alkene faces at which epoxidation can occur and thereby 
presents an interesting challenge to the selectivity of the epoxidation catalyst. The selectivity can be 
tested by using slightly less than 0.5 equiv. of oxidant (because the substrate is a racemate, the maximum 
yield of any one product is 50%). When the reaction was run under these conditions, the only product 
that was formed was the (lR,M,3R)-epoxy alcohol (81). Three different principles of selectivity are re- 
quired to achieve this result. First, the difference in rate of epoxidation by the catalyst of a disubstituted 
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Table 10 Representative Kinetic Resolutions of 1-Substituted Allylic Alcohols 

RZ "?fOH 

R' 

Allylic alcohol Yield Enantiomeric 
Entry R' R2 R3 @ (%)' excess (%) ReJ 

8 

9 
10 
1 1  

14 
15 

H 
H 

Me 

H 

H 

H 
H 

But 
H 
H 

Me 
H 

CH2CH4H2 
H 
H 
H 
H 
Ph 
H 

H 

Me 
Me 
H 

Me 
CH-CH2 

H 
H 

H 39 
H 32 
H b 
H 43 
H 42 
H b 
H b 

H b 

Me 10 
H 44 
H b 
H b 
H 40 
H 11 
H 35 

90 
>98 
>98 
>90 
90 
99 
99 

99 

>99 
97 
30 
5 
90 
>95 
95 

110 
111 
112 
113 
114 
77 
77 

77 

77 
115a 
38 
38 
115b 
11% 
115d 

'Maximum yield is 50%. bNot reponed. 

OH 

versus a monosubstituted alkene must be such that the propenyl group is epoxidized in complete pref- 
erence to the vinyl group. The effect of this selectivity is to reduce the choice of alkene faces to the four 
in the propenyl groups. Second, the inherent enantiofacial selectivity of the catalyst as represented in 
Figure 1 narrows the choice of propenyl faces from four to two. Finally, the steric factor responsible for 
kinetic resolution of I-substituted allylic alcohols (Figure! 2) determines the choice between the propenyl 
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groups in the enantiomers of (80). The net result is the formation of epoxy alcohol (81) and enrichment 
of the unreacted allylic alcohol in the (3s)-enantiomer. 

truns-l,2-Dialkylcycloalkenes (82) have helical chirality and can be resolved if flipping of the ring 
from one face of the alkene to the other is restricted. These compounds, when appropriately substituted, 
also serve as synthetic precursors to the betweenanenes. The asymmetric epoxidation approach to kinetic 
resolution is ideally suited for the resolution of the cycloalkenes when a hydroxymethyl group is one of 
the substituents on the double bond, as shown for (82). The epoxidation of (82) with Ti(OPr’)J(+)-DET 
and 0.6 equiv. of TBHP was complete within 10 min and gave resolved allylic alcohol (83) in 41% iso- 
lated yield with no detectable enantiomeric impurity and epoxy alcohol (84) in 50% yield (the maximum 
yield possible for both 83 and 84 is 50%).12’” A variety of analogs of (82) including different ring sizes 
have been resolved by this method and have been used for the synthesis of optically active between- 
anenes.12‘ b 

A final subclass of 1-substituted allylic alcohols is made up of carbinol derivatives having two identi- 
cal alkenic substituents, the simplest example being 1,4-pentadien-3-01 or divinylcarbinol (85). Although 
these compounds per se are achiral, once they bind to the chiral titanium complex the two vinyl groups 
become stereochemically nonequivalent (diastereotopic). Asymmetric epoxidation now will occur selec- 
tively at one of the two vinyl groups, the choice being controlled by factors identical to those in effect 
during the kinetic resolution process. The similarity can be seen by comparison of the titanium-allylic al- 
cohol complex portrayed in Scheme 3 with the kinetic resolution process depicted in Figure 2. The pro4  
and pro-R conformations shown will be sterically favored and disfavored, respectively, for the same rea- 
sons that the enantiomers of chiral C-l allylic alcohols are distinguished during kinetic resolution. There- 
fore, epoxidation of (85) produces (2R,3S)-epoxy alcohol (86).122 

Further analysis of the asymmetric epoxidation of divinylcarbinol(85), including the minor products, 
has led to recognition of a second factor that influences the optical purity of the major product (86).26*123 
One of the minor epoxy alcohols is enantiomeric to (86) and therefore is responsibIe for lowering the op- 
tical purity of (86). However, in this minor isomer the configuration of the remaining allylic alcohol 
group favors a rapid second epoxidation and this isomer is quickly converted to a diepoxide. As a conse- 
quence, the optical purity of the major epoxy alcohol (86) increases as the reaction progresses. A mathe- 
matical equation relating optical purity to the various rates of epoxidation for these divinylcarbinols has 
been derived. This analysis can also be applied to asymmetric epoxidation of pmhiral compounds such 
as (87).‘” 
As noted earlier in this section on C-1-substituted compounds, preparation of the epoxy alcohol has 

been the synthetic objective nearly as often as has been the optically active allylic alcohol. The principles 
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pro-R 

Scheme 3 

outlined in Figure 2 can again be used to guide the choice of tartrate ester needed in order to obtain the 
erythro-epoxy alcohol of desired absolute configuration. By limiting the amount of oxidant (TBHP) used 
for the epoxidation to 0.4 equiv. (relative to substrate), optimum optical punty of the epoxy alcohol can 
be assured and, in most cases, will be excellent. A few representative examples of epoxides prepared in 
this way are summarized in Table 11. In the special case where the substrate is already homochiral (as in 
Table 11, entry 5) ,  it should be clear from Figure 2 that asymmetric epoxidation will be successful (with 
regard to diastereomeric punty) only when the choice of catalyst directs delivery of oxygen to the face of 
the alkene opposite that of the C-1 substituent. Such choice of catalyst is further illustrated in Scheme 4, 
wherein the two sequential epoxidations each proceed with >97% diastereoselectivity. The bis(epoxide) 
is obtained in an overall yield of 8O%.l3Oc 

Scheme 4 

3.25.10 1,l-Disubstituted Allyl Alcohols 

The rationale that explains the kinetic resolution of the 1-monosubstituted allylic alcohols predicts that 
a 1,l-disubstituted allylic alcohol will be difficult to epoxidize with the titanium tartrate catalyst. In prac- 
tice, the epoxidation of 1,l-dimethylallyl alcohol (88) with a stoichiometric quantity of the titanium tar- 
trate complex is very slow and no epoxy alcohol is is01ated.I~~ Clearly, the rate of epoxidation of this 
substrate is slower than the subsequent reaction(@ of the epoxide. 



Table 11 Epoxides from 1Substituted Allylie Alcohols 

R3 I R4 

R2 %OH 2 

R' 
0 k g 

i: 
Epoxide Enantiomeric 

Entry R' RZ R3 R4 Tartrate Confguratiort Yield (%)b excess (%) Ref. a 
R 

!? 

1 E t  H H H (+)-DIPT (2R3S) C d 125 
2 n € d h  H H H (-)-Dm W3R) 47 91 126 

H H H (+)-Dm (X3S)  36 >95 127 
4 C H M S i ,  H H H (-)-Dm (2S.3R) 40 s o  128 
3 (CHzWO2Me 

5= Et Me H H (+)-Dm (2R.3R) 82 92 90 
6 CHKH==CHz H Me H (-)-Dm (1R,2R,3R) 27 >95 129a-129c & 
7 CH(0Bn)C"Me H Me H (+)-Dm (lS,2S,3S) 35 >95 13Oa 
8 Me H CHzCH==CH2 H (-)-Dm (lR,2R,3R) 40 90 129b 
9 CSHll H SiMe3 H (+)-Dm (1S,2S,3S) 40 99 105b 

10 CHzCOzEt Me Et H (-)-Dm (lSJY.3R) d >95 11% 
11  Me -CHzCH=C(Me)CHF H (+)-Dm ( 1SS2S,3S) 37 95 130b 

Wote that the arbitrary numbering used here may not coincide in all cases (e.& entries 7, lO.Il)  with correct Chemicu/A6s~acfs numbering. %laximum yield is 50%. except for entry 5. The epoxy alcohol 
was converted without isolation to the ethoxyethyl derivative. dNot reported. c(3S)-2-Methylpent-l-en-3-ol was used as the substrate for this epoxidation. 
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325.11 Homoallylic, Bis(homoally1ic) and Tris(homoal1ylic) Alcohols 

In contrast to allylic alcohols, the asymmetric epoxidation of homoallylic alcohols shows the following 
three general  characteristic^:'^^ (i) the rates of epoxidation are slower; (ii) enantiofacial selectivity is 
reversed, i.e. oxygen is delivered to the opposite face of the alkene when the same tartrate ester is used; 
and (iii) the degree of enantiofacial selectivity is lower with enantiomeric excesses of the epoxy alcohols 
in the range 20-5596. A series of seven model homoallylic alcohols, including all but one of the possible 
substitution patterns, has been subjected to epoxidation using the stoichiometric version of the reaction 
with the results providing the basis for the preceding generalizations. An analogous complex composed 
of zirconium(1V) isopropoxide (Zr(0Pr’)s) and (+)-dicyclohexyltartramide has been found to catalyze 
asymmetric epoxidation of homoallylic alcohols with the same sense of enantiofacial selectivity as the ti- 
tanium tartrate ester complex. An improvement in enantiomeric excess was noted for epoxy alcohols 
derived from (9-homoallylic alcohols (to 77%), while other epoxy alcohols were obtained with enanti- 
omeric excesses comparable to those achieved with titanium.133 

The tris(homoally1ic) alcohol (89) undergoes asymmetric epoxidation in a yield of 74% and with 
‘high’ diastereofacial selectivity to give (90). Trityl hydroperoxide, which had been shown to be effec- 
tive in the asymmetric epoxidation of allylic alcohols,* was required in order to attain enantiofacial selec- 
tivity in the epoxidation of (89).134a The titanium/tartratemHP-catalyzed conversions of the 
bis(homoally1ic) phenol (90a, n = 1, R = H) and the tris(homoal1ylic) analog (90a, n = 2, R = Me) into di- 
hydrobenzofuran (90b, 22% yield, 29% ee) and dihydrobenzopyran (9Oc,49%, 56% ee), respectively, is 
assumed to occur via the intermediate epoxides.134b The dihydrofuran (90b) is assigned the (2S,l’R)-con- 
figuration, whereas the configuration of the dihydropyran (9Oc) is unspecified. 

(-)-DIPT 
Ti(ORi)4 

trityl hydroperoxide 

(2S,l’R)-(Wb) 

(+)-DET 
T~(oR’)~ 

R =  Me 
n = 2  

(9Oa) 

OH 
(-)-(*) 
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3.2.6 MECHANISM OF THE TITANIUM TARTRATE CATALYZED ASYMMETRIC 
EPOXIDATION 

The hallmark of titanium tartrate catalyzed asymmetric epoxidation is the high degree of enantiofacial 
selectivity seen for a wide range of allylic alcohols. The question naturally arises as to what is the mech- 
anism of this reaction and what are the structural features of the catalyst that produce these desirable re- 
sults. These questions have been studied extensively and the results have been the subject of 
considerable previous d i s c u ~ s i o n . ~ J ~ ~ J ~ ~  For the purpose of this chapter, we wish to review those aspects 
of the mechanistic-structural studies that may be helpful in devising synthetic applications of this re- 
action. 

Ti(OR)4 + tartrate - [Ti(tartrate)(OR)2] + 2ROH (5 )  

1 KI I 

ROH allylic K‘ ROH 
alcohol ’ 

Of fundamental importance to an understanding of the reaction and its mechanism is the fact that in 
solution there is rapid exchange of titanium ligands.2 Thus, when equimolar solutions of a titanium al- 
koxide and a dialkyl tartrate are mixed, the equilibrium represented by equation (5 )  will be quickly 
reached with all but the most sterically demanding alkoxides. This equilibrium is shifted far to the right 
by virtue of the fact that a chelating diol (i.e. the tartrate) has a much higher binding constant for titanium 
than do monodentate alcohols. The binding of tartrate is also enhanced by the increased acidity of its hy- 
droxy groups (due to the inductive effect of the esters). Spectroscopic evidence clearly reveals that two 
moles of free monodentate alcohol are present at equilibrium. Rapid ligand exchange continues as the 
hydroperoxide oxidant and the allylic alcohol substrate are added to the reaction medium. Pseudo-first- 
order kinetic experiments have shown a first order rate dependence on the titanium tartrate complex, the 
hydroperoxide and the allylic alcohol and an inverse second order dependence on the nonalkenic alcohol 
ligands (Le. the isopropyl alcohol). The rate law derived from these results is expressed in equation (6). 

Pi(ta~trate)(OR)~] [TBHP] [allylic alcohol] 

allylic K~ 
alcohol 

Rate = k 
[inhibitor a l~ohol ]~  

1 I 

An alternative mechanism invoking an ion-pair transition state assembly has been proposed to account 
for the enantioselectivity of the asymmetric epoxidation process.137 In this proposal, two additional alco- 
hol species are required in the transition state complex. This requirement is inconsistent with the kinetic 
studies of this reaction which have led to the rate law expressed in equation (5 )  and, therefore, this pro- 
posal must be considered incorrect. 
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Much of the experimental success of asymmetric epoxidation lies in exercising proper control of equa- 
tion Both Ti(OR)4 and [Ti(tartrate)(OR)z] are active epoxidation catalysts and since the former is 
achiral, any contribution by that species to the epoxidation will result in loss of enantioselectivity. The 
addition to the reaction of more than one equivalent of tartrate, relative to titanium, will have the effect 
of minimizing the leftward component of the equilibrium and will suppress the amount of Ti(OR)4 pres- 
ent in the reaction. The excess tartrate, however, forms Ti(tamate)z which has been shown to be a cataly- 
tically inactive species and which will cause a decrease in reaction rate that is proportional to the excess 
tartrate added. The need to minimize Ti(OR)4 concentration and, at the same time, to avoid a drastic re- 
duction in rate of epoxidation is the basis for the recommendation of a 10-20 mol % excess of tartrate 
over titanium for formation of the catalytic complex. After the addition of hydroperoxide and allylic al- 
cohol to the reaction, the concentration of ROH will increase accordingly and this will increase the left- 
ward pressure on the equilibrium. Fortunately, in most situations this shift apparently is extremely slight 
and is effectively suppressed by the use of excess tarerate. One situation in which a shift in the equili- 
brium does begin to occur is when the reaction is run in the catalytic mode and the amount of catalyst 
used is less than about 5 mol 5% relative to allylic alcohol substrate. Loss in enantioselectivity then may 
be observed. This factor is the basis of the recommendation for use of 5-10 mol 9% of titanium tartrate 
complex when using the catalytic version of asymmetric epoxidation. 

Comparison of the epoxidation rates of several pura-substituted cinnamyl alcohols reveals that the al- 
kene acts as a nucleophile towards the activated peroxide oxygen in the epoxidation r ea~ t i0n . l~~  Relative 
to unsubstituted cinnamyl alcohol (relative rate = l), an electron-withdrawing p-nitro group decreases the 
rate of epoxidation (0.42), while an electron-releasing group such as p-methoxy increases the rate (4.39). 
These results are consistent with the alkene acting as a nucleophile. Additional support for this conclu- 
sion arises from comparison of the rates for epoxidation of less-substituted allylic alcohols with those for 
more highly substituted analogs. A clear example of this substituent effect is seen in the epoxidation of 
(RS)-2,4-hexadien-3-01(80), described in the preceding section, where the propenyl group is epoxidized 
in nearly complete preference to the vinyl gr0up.7~ Another example is seen with the allylic-homoallylic 
alcohol (91), where epoxidation occurs preferentially at the tetrasubstituted homoallylic alkene to give 
(92).w The preferential epoxidation of the more highly substituted alkene in these compounds is consist- 
ent with a nucleophilic role for the alkene. 

(+)-DIPT 

While the mechanistic scheme portrayed in Scheme 5 provides important insight into the experimental 
aspects of asymmetric epoxidation, it sheds little light on the structure of the catalyst and on the features 
of the catalyst responsible for the concurrent high stereoselectivity and broad generality. The rapid ligand 
exchange, so crucial to the success of the reaction, makes characterization of the catalyst structure ex- 
tremely difficult. Some reliable structural information has been obtained from spectroscopic measure- 
ments on the complex in s o l ~ t i o n . ~ , ' ~ ~  These data clearly support the conclusion that the major 
molecular species formed in solution is the dimeric composite [Tiz(tartrate)2(0R)4]. Efforts to isolate this 
complex, ideally as a crystalline solid, have so far been fruitless. Therefore, assignment of a structure to 
the dimeric complex has depended on information provided by the X-ray crystallographic structure ob- 
tained for the closely related complex [Tiz(dibenzyltartrarnide)2(OR)4]. 13* The assumption of a similarity 
of structure for these two complexes receives some support from the fact that both catalyze the epoxida- 
tion of a-phenylcinnamyl alcohol with the same enantiofacial selectivity. From this analogy, the struc- 
ture shown in equation (7) has been proposed for the [Ti2(tartrateh(OR)4] complex. This structure has a 
C2 axis of symmetry with the two titanium atoms in identical stereochemical environments. To account 
for the fact that the tartrate ester groups all are identical in the room temperature NMR spectrum, a flux- 
ional equilibrium between the two structurally degenerate complexes shown in equation (7) has been 
proposed. Catalysis of the epoxidation process is thought to involve only one of the two titanium atoms 
but the possibility that both are required has not yet been ruled out. 

'Loading' of the catalyst with hydroperoxide and substrate can now be considered in terms of the pro- 
posed structure.2 Orientation of these two ligands on the catalyst becomes a crucial issue. Three coordi- 
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X 

A 

nation sites, two axial and one equatorial, become available by exchange of two isopropoxides and disso- 
ciation of the coordinated ester carbonyl group. These processes can occur with minimal perturbation of 
the remaining catalyst structure. The three coordination sites are in a semicircular (i.e. meridional) a m y  
around one edge of the catalyst surface. In the reactive mode, coordination of the hydroperoxide is as- 
sumed to be bidentate by analogy to the precedent of bidentate TBHP coordination to ~ a n a d i u m . ~ J ~ ~  The 
hydroperoxide must occupy the equatorial and one of the two available axial coordination sites with the 
allylic alcohol in the remaining axial site. In order to achieve the necessary proximity for transfer of 
oxygen (the distal peroxide oxygen is assumed to be transferred) to the alkene, the distal oxygen is 
placed in the equatorial site (Figure 5 )  and the proximal oxygen is placed in the axial site. The axial site 
on the lower face of the complex (as drawn in Figure 5 )  is chosen for the peroxide because of the larger 
steric demands of the t-butyl group, or especially of the trityl group when trityl hydroperoxide is used, in 
comparison to the allylic alcohol. 

R3 

Figure 5 Proposed structure of 'loaded' catalyst at the time of oxygen transfer 

The allylic alcohol binds to the remaining axial coordination site where stereochemical and stereoelec- 
tronic effects dictate the conformation shown in Figure 5.2 The structural model of catalyst, oxidant and 
substrate shown in Figure 5 illustrates a detailed version of the formalized rule presented in Figure 1. 
Ideally, all the observed stereochemistry of epoxy alcohol and kinetic resolution products can be ration- 
alized according to the compatibility of their binding with the stereochemistry and stereoelectronic re- 
quirements imposed by this site.2 A transition state model for the asymmetric epoxidation complex has 
been calculated by a frontier orbital approach and is consistent with the formulation portrayed in Figure 
5.140 

32.7 OTHER ASYMMETRIC EPOXIDATIONS AND OXIDATIONS CATALYZED BY 
TITANIUM TARTRATE COMPLEXES 

3.2.7.1 Tiz(tartrate)z Complex 

The discussion to this point has focused entirely on the epoxidation of allylic (and homoallylic) alco- 
hols catalyzed by the [Ti(OR)z(tartrate)] complex. The role of the alkene as a nucleophile towards the ac- 
tivated peroxide oxygen in this reaction has been established (see Section 3.2.6). If the alkene of the 
allylic alcohol is replaced by another nucleophilic group then, in principle, oxidation of that group may 
occur (equation 8).141 In practice, oxidations of this type have been observed and generally have been 
carried out with a substrate bearing a racemic secondary alcohol so that kinetic resolution is achieved. 
While these oxidations are not strictly within the scope of this chapter, they are summarized briefly in 
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equations (9) to (1 1) in order to acquaint the reader with other potential uses for the titanium tartrate 
catalytic complex. In the kinetic resolutions shown in equations (9) and (lo), the oxidations are control- 
led by limiting the amount of oxidant used to 0.6 equiv. Only modest resolution was attained for the al- 
kynic alcohol (equation 9,21% ee)77 and the allenic alcohol (equation 10,40% ee)." Resolutions of the 
f ~ r a n o l s ~ ~ ~  or the thiophene alcohols143 of equation (1 1) generally are excellent (cu. 90-9896 ee, except 
when R' is a t-butyl group). Only in the kinetic resolution of the furanols has the oxidation product been 
identified and, in that case, is a dihydropyranone. 

I 1  ? I t  
G-(+-OH - G-(+-OH 

I n  I I n  I 

(+)-DIpT 

OH Ti(oPr')4 

Et TBHP Et 

OH - n-C7Hls -( n-C7Hls - ( 

(+)-DIPT 
Ti(OR')4 - f OH .= . - 

$' 
TBHP n-c7H1) 

f OH r- 
n-C7H15 

x=o,s  

The asymmetric epoxidation of an allylic alcohol in which the carbinol has been replaced by a silanol 
has been described.'" As shown in equation (12), (3E)-phenylethenyldimethylsilanol is converted to an 
epoxy silanol in 50% yield with 85-95% ee. Note that here the longer S i 4  bonds appear to overcome 
the restriction to epoxidation associated with a fully substituted C-1 atom in the allylic alcohol series. 
Fluoride cleavage of the silanol group gives (S)-styrene oxide. 

(+)-DIlT Ph 
T~(oR')~ 

D 

Si, 
Me' Me TBHP 

,OH 
Si, 

Me' Me 

3.2.7.2 Tidtartrate) Complex 

The P-hydroxyamines are a class of compounds which fall within the generic definition of equation 
(8). When the alcohol is secondary, the possibility for kinetic resolution exists if the titanium tartrate 
complex is capable of catalyzing the enantioselective oxidation of the amine to an amine oxide (or other 
oxidation product). The use of the 'standard' asymmetric epoxidation complex, i.e. Tidtartrateh, to 
achieve such an enantioselective oxidation was unsuccessful. However, modification of the complex so 
that the stoichiometry lies between Tiz(tar&ate)l and Tiz(tartrate)i.s leads to very successful kinetic resol- 
utions of P-hydroxyamines. A representative example is shown in equation ( 13).'41b*'41c The oxidation 
and kinetic resolution of more than 20 secondary p-hydroxyamine~'~~*~~~ provides an indication of the 
scope of the reaction and of some structural limitations to good kinetic resolution. These results also 
show a consistent correlation of absolute configuration of the resolved hydroxyamine with the configura- 
tion of tartrate used in the catalyst. This correlation is as shown in equation (13). where use of (+)-DIPT 
results in oxidation of the (S)-P-hydroxyamine and leaves unoxidized the (R)-enantiomer. 



424 Oxidation of C e C  Bonds 

i, 1.2 equiv. (+)-Dm, 
2.0 equiv. Ti(OR’)4 

‘.>OH + GN,xoH (13) 
PC 30 min 

ii, 0.6 equiv. TBHP 

cN-)-OH Ph 

37%. 95% ee 59%. 63% ee 

33.73 Ti(tartradde) Complexes 

A number of derivatives of the tartaric acid structure have been examined as substitutes for the tartrate 
ester in the asymmetric epoxidation catalyst. These have included a variety of tartramides, some of 
which are effective in catalyzing asymmetric epoxidation (although none display the broad consistency 
of results typical of the esters). One notable example is the dibenzyltartramide which in a 1:l ratio (in re- 
ality, a 2:2 complex as shown by an X-ray crystallographic structure determinati~n’~~) with Ti(OPr’)4 
catalyzes the epoxidation of allylic alcohols with the same enantiofacial selectivity as does the titanium 
tartrate ester complex.18 Remarkably, when the ratio of dibenzyltartramide to titanium is changed to 1:2, 
epoxidation is catalyzed with reversed enantiofacial selectivity. These results are illustrated for the epox- 
idation of a-phenylcinnamyl alcohol (equation 14). aPhenylcinnamy1 alcohol is a particularly felicitous 
substrate for asymmetric epoxidation; epoxidation of other allylic alcohols with the 1:2 dibenzyltartra- 
mide-titanium complex does not give as high enantioselectivities but the reversed selectivity is consist- 
ent throughout.18 An extensive listing of tartramides used in the epoxidation of a-phenylcinnamyl 
alcohol with both 1: 1 and 1:2 catalysts has been tabulated elsewhere.2 

1 quiv.  (R,R)-di-Bn-hutramide 
1 equiv Ti(OP& 

96% ee 

1 equiv. (RP)-di-Bn- 
2 quiv. Ti(ORi)4 

Ph 

OH 
TBHP Ph 

82% ee 

3.2.7.4 [Ti(OPri)zClz(tartrate)] Complexes 

As described in earlier sections of this chapter, certain epoxy alcohols, e.g. the 2-monosubstituted 
epoxy alcohols, are particularly susceptible to ring-opening processes. With the intent of controlling the 
ring-opening reaction, the epoxidation catalyst was modified by the use of [Ti(Opr’)zClz] in place of 
Ti(OPr’)4, the idea being to open the ring with chloride to produce a chlorodiol.18 This modification was 
successful with 3thloro- 1 ,2-diols being formed in yields of 6040% with good regioselectivity. Epoxy 
alcohols were assumed to be intermediates in these reactions and can be regenerated from the chlorodiols 
by base-promoted ring closure. Unfortunately, the enantioselectivity of the process varies from 20-7096 
ee. A point of interest concerning the chlorohydroxylation process is the fact that the enantiofacial selec- 
tivity is reversed from that of the normal asymmetric epoxidation process and is not altered by changing 
the [Ti(OPri)2C12]:tartrate ratio from 1: 1 to 2: 1. Chlorohydroxylation of 2-(6-chloropyridin-2-y1)-2- 
propen-1-01 (shown in equation 15) followed by closure of the epoxide ring has provided a useful route 
to the optically active epoxy alcohol in 50% yield and with 90% 
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3.2.75 [Ti(tartrate)z@20)] Complex 

A complex of Ti(OPr')4 and tartrate ester in a 1:2 ratio to which one equivalent of water is added has 
been found to oxidize prochiral sulfides to optically active  sulfoxide^.^^*'^^^ Yields of sulfoxides range 
from 50-9596 and asymmetric inductions are in the range 75-95% ee for alkyl aryl sulfoxides and in the 
range 50-7196 ee for dialkyl sulfoxides. The correlation between tartrate configuration and sulfoxide 
configuration shown in equation (16) has been found consistently when one of the sulfide substituents is 
an aryl group. As substrates, these sulfides differ from previously discussed substrates in one important 
respect: there is no adjacent hydroxy goup by which the molecule may coordinate to titanium during the 
oxidation. This system appears to provide one of the fmt examples of effective asymmetric catalysis 
without the need for prior binding or tethering of the substrate to the catalyst (see Section 3.2.9 for an- 
other example of this presently rare phenomenon). l4 

(RP)-(+)-tartrate *' 0 - 'iS+*+:o (16) 
Ar/ \R 

3.2.8 OTHER ASYMMETRIC EPOXIDATION METHODS 
A review of nonenzymatic asymmetric epoxidations covering the literature through 1983 has been 

published elsewhere.2 Improved enantioselectivity (to as high as 64% ee) for epoxidations of some al- 
kenes with c h i d  oxaziridines has been described and results are included in a review of synthetic appli- 
cations of o ~ a z i r i d i n e s . ~ ~ ~  A summary of catalytic asymmetric epoxidations of alkenes is presented in 
Table 12, together with brief comments on each method. 

Preliminary results for asymmetric epoxidations of (E)-cinnamyl alcohol and geraniol using (1S,2S)- 
1,2-di(2-methoxyphenyI)ethane- 1 ,2-diol or (1S.B)- 1,2-di(4-methoxyphenyl)ethane- 1 ,2-diol as chiral au- 
xiliaries with titanium(1V) isopropoxide and TBHP have been described. High enantioselectivity (95% 
ee) is observed when the 2-methoxyphenyl compound is used, while somewhat lower enantioselectivity 
(64% ee) and opposite face selectivity is described for the catalyst comprised of the 4-methoxyphenyl 
a11al0g.l~" Further elaboration of the scope and generality of these observations will be of interest. 

Sulfur ylides, derived from benzyl bromides and an optically active alkyl sulfide, undergo base-pro- 
moted reactions with aryl aldehydes to produce optically active 13diaryl epoxides.149b The reaction is 
illustrated by equation (17) and produces epoxides with optical purities in the range of 2847% ee. The 
bicyclic sulfide shown in equation (17) was derived from (+)camphorsulfonic acid and produces the 
(R8)-enantiomer of the epoxide in excess. 

(17) 
O C H O  + KOH 

THF 

Asymmetric induction occurs during the alkylation of ketones with the cy-sulfinyl carbanion derived 
from optically active 1-chloroalkyl-p-tolyl sulfoxides (equation 18).14* The resulting chloro alcohol may 
be converted to an optically active epoxide under alkaline conditions and the sulfinyl group is removed 
with n-butyllithium. While the process benefits from high asymmetric induction in the alkylation re- 
action, it must be recognized that, when either R # H and/or R1 # RZ, diastereomeric compounds are 
formed and require separation. 

Asymmetric epoxidation of 2-akylnaphthoquinones is achieved with TBHP in a buffered (pH 9) me- 
dium containing bovine serum albumin, but enantioselectivity is extremely sensitive to reaction condi- 
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tions as well as to the nature of the alkyl substituent.150a Other routes to asymmetric epoxides have been 
described which employ enzymatic catalysis. The bacterium Xanthobacter Py2 has been used to resolve 
several 2,3-epoxyalkanes, such as trans-2,3-epoxypentane, by selective metabolism of one enantiomer of 
the substrate.15ob In a similar vein, both hog pancreatic lipase and hog liver esterase have been used to se- 
lectively hydrolyze one enantiomer of 2,3-epoxy alcohol esters and thereby produce the optically active 
epoxy alcoh01.~5~ 

A final method which has the potential for producing epoxides with high enantiomeric excess is biol- 
ogical epoxidation of alkenes. Microbial epoxidations have been known for at least 30 years152 and find 
value as solutions to specific problems. Several examples illustrate the application of this method. Epoxi- 
dation of 1,7-octadiene by Pseudomonas oleovorans gives (R)-7,8-epoxy-l-octene (93) in 25% yield and 
with S O %  ee.lS3 1-Hexadecene is epoxidized with >95% ee and in 41% yield to (R)-1,2-epoxyhexade- 
cane (94) by Corynebacterium equi. lS4 Similar epoxidations of terminal alkenes by Nocardia corullina 
yield epoxides with 7690% ee.lS5 The antibiotic fosfomycin (95) is produced in 9096 yield by epoxida- 
tion of Q-2-methyl- 1 -vinylphosphonic acid with Penicillium spinulosum.lS6 The optical purity of the 
epoxide was claimed to be high, based on an optical rotary dispersion measurement. Finally, several or- 
ganisms useful for dihydroxylation of terpenes, presumably via intermediate epoxides, have been de- 
scribed and are the fungi Corynespora c a s ~ i c o l a , ~ ~ ~ ~  Diploda gossypina lsla and Aspergillus niger.lSn 
The first of these is reported to oxidize 1300 g of (R)-(+)-limonene to 900 g of the (lS,2S)-diol (96) in 96 
h at a level of 20 g 1-l of fermentation medium. 

3.2.9 HOMOCHIRAL EPOXIDES VIA ASYMMETRIC DIHYDROXYLATION 

Allylic alcohols represent a small fraction of the total population of alkenes found in organic molec- 
ules. Asymmetric epoxidation of allylic alcohols therefore taps only a small portion of the synthetic 
potential inherent in a completely general asymmetric epoxidation of isolated (nonfunctionalized) al- 
kenes. A partial solution to this problem now exists. The recent development of a catalytic asymmetric 
process for the dihydroxylation of alkenes158 provides an indirect route to epoxides or epoxide-like func- 
tionalization of alkenes. The stereochemistry of the process, the scope of enantioselectivity and chemical 
yield and a summary of key chemical transformations are presented in this section. Since this approach 
to alkene functionalization is at an early stage of development, the results summarized here are certain to 
benefit from extensions and improvements as research in this area progresses. 

The essential components of the catalyst for the asymmetric dihydroxylation process are osmium 
tetroxide ( 0 ~ 0 4 )  and an ester of one or the other of the pseudoenantiomeric cinchona alkaloids dihydro- 
quinidine (DHQD) and dihydroquinine (DHQ). An amine oxide, generally N-methylmorpholine N- 
oxide, serves as the oxidant for the reaction.158 When an alkenic substrate is added very slowly to a 
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mixture of the preceding reagents, asymmetric cis-dihydroxylation takes place in accord with the scheme 
shown in Figure 6.158J59 When a DHQD ester is used as the asymmetric ligand, oxygen 'delivery' will 
occur from above the alkene plane when oriented as in Figure 6. When a DHQ ester is the ligand, oxygen 
delivery will be from below the plane of the alkene. A final ingredient of the reaction is water which is 
required for hydrolysis of the intermediate osmate ester to regenerate the catalyst and yield the vicinol 
diol product. The isolated yield of diol usually is in the range of 80-955. 

dihydroquinidine esters 

/ 
i 

dihydroquinine esters 

H 
0 . 2 4 4 1  Os04, acetone 

k= boMe 
R' R3F?2 OH 

80-9546 yield 
40-928 ee 

Figure 6 Enantiofacial selectivity in the dihydroxylation of alkenes with osmium tetroxide./alkaloid ester/NMO 

The enantioselectivity of the process, as reflected by enantiomeric excesses, shows a rough correlation 
with the substitution pattern of the alkene, as shown in Figure 7. Highest enantiomeric excesses (70- 
90%) are obtained with trans-1 ,Zdisubstituted alkenes. Trisubstituted (3540% ee) and monosubstituted 
( 2 5 4 %  ee) alkenes show greater variation in enantioselectivity while poorest enantioselectivity is ob- 
served with cis- 1 ,Zdisubstituted alkenes ( ~ 2 5 %  ee). 

R- R- 
2 5 4 0 %  ee 

R -OH 3540% ee 

R OBn 

R? 
R' 

4 5 %  ee ? R -c1 
OMe 

.R &OMe 

70-908 ee 

Figure 7 Range of enantioselectivity (expressed as % ee) observed in the asymmetric dihydroxylation of alkenes 
with different substitution patterns 
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The asymmetric dihydroxylation is one of the simplest catalytic asymmetric processes to perform. The 
reaction is completely insensitive to water and oxygen and is performed in an open vessel in the range CL 
25 'C. The activity of the catalyst is very good so that only 0.24.496 is commonly used. There is only 
weak product inhibition of the reaction so that high substrate concentrations (e.g. 2 M) give excellent re- 
sults. The cinchona alkaloid ligand is easily recovered and reused. 

The diols (97) from asymmetric dihydroxylation are easily converted to cyclic surfie esters (98) and 
thence to cyclic sulfate esters (99).1a This two-step process, reaction of the diol (97) with thionyl 
chloride followed by ruthenium tetroxide catalyzed oxidation, can be done in one pot if desired and 
transforms the relatively unreactive diol into an epoxide mimic, Le. the 1,Zcyclic sulfate (99), which is 
an excellent electrophile. A survey of reactions shows that cyclic sulfates can be opened by hydride, 
azide, fluoride, thiocyanide, carboxylate and nitrate ions. Benzylmagnesium chloride and the anion of 
dimethyl malonate can also be used to open the cyclic sulfates.1a Opening by a nucleophile leads to for- 
mation of an intermediate p-sulfate anion (100) which is easily hydrolyzed to a P-hydroxy compound 
(101).160 Conditions for catalytic acid hydrolysis have been developed that allow for selective removal of 
the sulfate ester in the presence of other acid sensitive groups such as acetals, ketals and silyl ethers.161 

N U  

(101) 

The p-sulfate need not be hydrolyzed and can instead be used as a leaving group for a second nucleo- 
philic displacement reaction. For example, when the first-added nucleophile retains a nucleophilic capa- 
bility, an intramolecular cyclization can be achieved via displacement of the sulfate group. The 
consequence of this sequence is illustrated by the reaction of cyclic sulfate (102) with malonate anion to 
generate the cyclopropane derivative (1O3).la This approach can also be used to prepare aziridines.I6* 
Opening of the cyclic sulfate (99) with azide gives an intermediate azidosulfate (104) which, after reduc- 
tion of the azide to an amino group, undergoes intramolecular cyclization to form an aziridine (105). Al- 
ternately, opening with a primary amine leads to an aminosulfate (106) which can undergo hydrolysis to 
an amino alcohol (107) or cyclization to the N-substituted aziridine (108). 

Not surprisingly, the regioselectivity in cyclic sulfate openings is strongly influenced by the nature of 
groups R' and R2. Notable in this regard is the virtually complete (>100:1) regioselective attack by nu- 
cleophiles at the a-carbon of cyclic sulfates adjacent to carboxylic esters such as (lO9).la0 By contrast, 
analogous glycidic (a,P-epoxy) esters show no clear preference for C-2 versus C-3 opening by nucleo- 
philes. 

If desired, glycidic esters can be derived from cx,p-dihydroxy esters, such as (110), by either of two 
methods. In one method, reaction of the diol with an arenesulfonyl chloride is regioselective, producing 
the a-arenesulfonate (111) in preference to the @-sulfonate. Treatment of (111) with an equivalent of 
base produces the eryrhro-glycidic ester (112) in good yield. In the second method, the diol is converted 
to a bromohydrin (114) via the acetoxy bromide (113). The bromohydrin (114) affords the rhreo-glycidic 
ester (115) on exposure to potassium carbonate in methan01.l~~ 
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OS0,- i, H ~ O +  
R", L R 2  

R' 

6n-m +NH2R ii, NaOH 

.. 
ii, H,O+ 

(113) R = Ac 
(114) R = H 
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33.1 INTRODUCTION 

The addition of hydroxy groups to the carbondarbon double bond of an alkene (equation 1) is classed 
under the IUPAC nomenclature for transformations' as a dihydroxy addition. Many reagents can bring 
about this tran~fomation,2-~ which can proceed in a syn or anti manner, as shown in equation (2), and 
the type of addition which occurs depends on the reagent. 

(1) 

R',, R4 R1,, R4 RIG OH 

HO OH HO R 4  
A 

R2 R3 

syn addition anti addition 

-%-$ - ~ 2 , * ~ 3  or R2 7-L R3 (2) 

Syn hydroxylation is most commonly performed using osmium tetroxide or potassium permanganate, 
and addition usually occurs from rhe less hindered side of the double bond in the absence of other direc- 
ting effects. With these reagents, the stereospecificity of syn addition results from formation of cyclic 
ester intermediates. Support for these arises from isolation of solid addition complexes (1) on reaction of 

431 
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alkenes with osmium tetroxide in the presence of tertiary amines (L)? and from spectral measurements 
during permanganate hydroxylations, which have been interpreted9 in terms of the intermediate (2). 

R! R4 

-00,L R 2 + - F R 3  
.-'I1 os 1 0. 0 

M i  
0" '0- 

The oxidation of alkenes by osmium tetroxide has been thought, in general, to proceed by a direct 
oxygen attack at the unsaturated centers in a concerted [3 + 21 cycloaddition step, affording the six-elec- 
trOn transition state (3) in equation (3a). This type of transition state is supported by molecular orbital 
calculations.1° An alternative mechanism' 1*12 involves the intermediacy of the metallocycle (4; equation 
3b), which might arise from an initially formed complex containing osmium .rr-bonded to the alkene or, 
possibly, by a direct [2 + 21 cycloaddition.12 (A modified mechanism in which the initial wcomplex 
reacts with a ligand to afford a complex like (4), but with the ligand attached to osmium, has been sug- 
gested.12 This latter complex then reacts with a second molecule of the ligand, inducing formation of the 
complex 1.) Evidence that (4) is a possible intermediate in alkene hydroxylation with the tetroxide comes 
from the enantioselective oxidation of @)-stilbene in the presence of a chiral diamine13 (see Section 
3.3.2.1). 

Syn hydroxylation from the more hindered face of a .rr-system can be effected using Woodward's pro- 
cedure2s4JJ4 in which an alkene is treated with iodine-silver acetate in acetic acid containing water. 
Variants of this method avoid the use of silver ~ a l t s . ' ~ ' ~  A versatile procedure by which syn hydroxyla- 
tion can be performed on either the more hindered or less hindered face of an alkene relies on stereose- 
lective formation of the appropriate trans-bromohydrin from the alkene.20 

Anti hydroxylation of an alkene is readily achieved with peroxycarboxylic a ~ i d s . ~ * ~ J  Acid-catalyzed 
ring opening of the initial product, an oxirane (epoxide), forms the monwster of a 1,2-diol, hydrolysis of 
which affords the parent diol. Alternative reagents which are often used for anti hydroxylation of alkenes 
are hydrogen peroxide with oxides of t u n g ~ t e n ~ * ~ * ~ v ~ ~  or s e l e n i ~ m ? ~ ~ ~ ~ , ~ ~  and iodine-silver benzoate 
(Pr6vost reaction) ,2943 

With careful choice of reagent and reaction conditions, alkenes containing other functionalities can be 
selectively hydroxylated without complicating side reactions. For example, the oxidation may be carried 
out in the presence of ester, ether, sulfide, carboxylic acid, acetal, carbonyl, halo, alcohol and aryl 
groups. Regioselective hydroxylation is also possible in dienes in which one center is electron poor, and 
some selectivity is also found between isolated double bonds. For example, syn hydroxylation of diene 
(5) with a catalytic amount of osmium tetroxide and N-methylmorpholine N-oxide as the secondary oxi- 
dant gives diol in 46% yield, and phase transfer catalyzed permanganate oxidation of diene (7) 
affords diol (8)23 in 83% yield. 
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The diastereoselective and enantioselective oxidation of alkenes with osmium tetroxide is considered 
in Section 3.3.2.1. 

3.3.2 SYN HYDROXYLATION METHODS 

3.3.2.1 Osmium Tetroxide 

Despite the development in recent years of new reagents for organic synthesis, osmium tetroxide, used 
either stoichiometrically or catalytically, remains the reagent of choice for syn hydroxylation of al- 
k e n e ~ . ~ ~  Surprisingly, the hydroxylation of alkynes to give5-7+24.25 l ,Zdicarbonyl compounds has been 
much less studied, but it has considerable potential for use in the synthesis of complex molecules. 

For the oxidation of alkenes, osmium tetroxide is used either stoichiometrically, when the alkene is 
precious or only small scale operation is required, or catalytically with a range of secondary oxidants 
which include metal chlorates, hydrogen peroxide, r-butyl hydroperoxide and N-methylmorpholine 
N-oxide. The osmium tetroxidelN-methylmorpholine N-oxide combination is probably the most general 
and effective procedure which is currently available for the syn hydroxylation of  alkene^?^,^^ although 
tetrasubstituted alkenes may be resistant to oxidation?8 For hindered alkenes, use of the related oxidant 
trimethylamine N-oxide in the presence of pyridine appears advantageo~s.~~ When r-butyl hydroperoxide 
is used as a cooxidant, problems of overoxidation are avoided which occasionally occur with the cata- 
lytic procedures using metal chlorates or hydrogen peroxide. Further, in the presence of tetraethylam- 
monium hydroxide30 hydroxylation of tetrasubstituted alkenes is possible, but the alkaline conditions 
clearly limit the application. 

With osmium tetroxide, considerable diastereoselectivity may be achieved in the stoichiometric and 
catalytic hydroxylation of allylic alcohol systems in which the oxygen-containing group forms part of a 
chiral center (equation 4).31-34 

11t4 R3 
R 2 0  p:: - os04 R 2 0  xy + R20QR4 (4) 

R' R' HO OH 

From a study embracing a large number of substrates, the following general observations were formu- 
lated: (i) the stoichiometric hydroxylation procedure provides a slightly higher diastereoselectivity than 
the catalytic procedure; (ii) protecting groups of the hydroxy at the chiral center, except acyl groups, 
have only a limited effect in determining the stereochemical course of the oxidation, while with acyl 
derivatives stereoselectivity is noticeably diminished or is absent; (iii) a hydroxy or alkoxy oxygen seems 
to play the important role in governing the high degree of stereoselectivity; (iv) the degree of selectivity 
observed with @)-alkenes is higher than that for the corresponding @)-alkenes; (v) the relative stereoc- 
hemistry between the preexisting hydroxy or alkoxy group and the adjacent, newly introduced hydroxy 
group of the major product is in all cases eryrhro. 

A rati~nalization~' .~~ of observations (iv) and (v) is based on conformational analysis of sp3-sp2 single 
bond systems, for which an eclipsed conformation seems to be prefer~ed .~~ Of the three eclipsed confor- 
mations (9a), (9b) and (9c) of an allylic alcohol system R1(RZO)CHCH4R3R4, conformation (9a) ap- 
pears to be least sterically hindered and, therefore, most preferred. If this conformational preference is 
reflected in the transition state for hydroxylation, the major product can be seen to arise from the pref- 
erential approach of osmium tetroxide from the n-face opposite to that of the preexisting hydroxy or alk- 
oxy group. An alternative rationalization, based33 on observations on the hydroxylation of 
y-hydroxy-@-unsaturated esters, suggests that conformation (9b) might be the preferred one, as a result 
of a favorable interaction between p-orbitals of the double bond and an unshared electron pair on the 
oxygen, and that attack would be directed from the side of the n-system opposite to that occupied by R'. 
Interestingly, and in support of this idea, force-field calculations indicate36 that the reactive conformer in 
the transition state for addition of a nitrile oxide to the allyl ether, 3-methoxy-l-butene, is one in which 
the alkoxy group is almost in the plane of the double bond in the 'inside' conformation shown in (9b), 
and a similar preference may apply in osmium tetroxide hydroxylations. A rationalization which focuses 
on the role of stereoelectronic factors in the transition state has also been pr~posed.'~ In the case of a (a- 
alkene (9a-c; R3 = H) conformational preference for (9a) will be greater than that for the corresponding 
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(E)-alkene (9ac; R4 = H), leading to an increased steric differentiation of the two =-faces in the case of 
the former alkene compared to the latter one. 

Support for the em irical rule has been obtained, subsequently, during synthetic studies in carbohy- 

hol (10) and (E)-allylic ether (11) gave the octose derivatives (12) and (13) as the major products, 
whereas the (2)-allylic alcohol (14) gave (15) as the predominant Similar steric control was 
apparent in the synthesis of decose derivatives in a related sequence of reactions,39. but some exceptions 
to the empirical rule are known for conjugated carbonyl  compound^,^*^^^^ and it should be applied with 
caution to such compounds. It appears that the empirical rule may also predict, in general, the outcome 
of similar oxidations with potassium permanganate.34 

drate ~hemistry.~'-~~~ P 9b For example, catalytic hydroxylation with osmium tetroxide of (E)-allylic alco- 

n 
\ 

(10) R = H 
(11) R = CHzPh 

(12) R = H 
(13) R CHzPh 

Substituents occupying sites more remote from the alkenic center than the allylic position may also in- 
fluence the direction of attack on an alkene with diastereotopic wfaces. Thus, cyclic alkenes with a sul- 
foximine group attached to an exocyclic homoallylic carbon atom and a hydroxy group at the allylic 
position, for example (16) in equation (9, undergo syn hydroxylation with a very high degree of dia- 
stereoselectivity, diol (17) being produced as the sole diastereoi~omer.~~ 

OSOJ Mc~NO/ THF/ H20 

78% 

0 
I I* . 
NMe OHOH 

(16) R or S chiral center (17) 
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In contrast, the corresponding sulfone (16; 0 replacing NMe) gives, on similar reaction, a 2: 1 mixture 
of diastereoisomeric cis-diols with (17) pred~minating.~~ 

Diastereoselective hydroxylation has also been observed at an alkenic center in an acyclic system that 
is guided by a sulfoxide group that is more remote than the homoallylic position. Alkenes (18; equation 
6) and (20 equation 7), were converted42 by treatment with a catalytic amount of osmium tetroxide and 
trimethylamine N-oxide into diols, which on acetylation gave diacetates (19) and (21), respectively as the 
sole products of the individual reactions. Apparently, complexation occurs between the oxygen of the 
sulfoxide and the osmium reagent prior to hydroxylation of the alkenic center. Hydroxylation of the al- 
kenic sulfone corresponding to (18) and (20) afforded, after acetylation of the product, diacetates (19) 
and (21) in a 3:2 ratio, indicating that it is not an intermediate in the oxidation and that the amide group 
exerts a relatively small influence in favor of the diol corresponding to (19). 

OAc 
o.,, 1'- i, OsO&le3NO 

v s ' P h  ii, acetylation * y S 0 2 P h  (6) 
NHCOCCl, AcO NHCOCCl, 

(7) 
S0,Ph 

.* 
"' bo i, OsOJMe3NO 

AcO NHCOCCl3 ii, acetylation 
w. Ph 

NHCOCCl3 

Enantioselective syn hydroxylation of alkenes with enantiotopic faces may be achieved if addition is 
performed under the influence of a chiral control element. In practice, the latter may take the form of a 
chiral grouping temporarily attached to the alkene if suitable functionality is present. (This description 
distinguishes this type of reaction from diastereoselective hydroxylations which are achieved when the 
chiral center is an integral part of the substrate such as in 9.) This renders the wfaces diastereotopic and 
thus distinguishable by the nonchiral tetroxide. Alternatively, the hydroxylation may be conducted in the 
presence of a suitable chiral substance capable of coordination with osmium tetroxide, rendering the re- 
agent chiral and able to differentiate, therefore, between the enantiotopic faces of the alkene. (This ra- 
tionalization supposes a [3 + 21 cycloaddition mechanism.1° In an alternative mechanism proposed by 
Sharpless,' l.12 enantioselectivity arises by steric differentiation of the initially formed enantiomeric al- 
kene-osmium wcomplexes upon reaction with a chiral reagent such as a chiral amineP3) An example of 
the first approach is the conversion of an ester derived from (E)-2-methylbut-2-enoic acid and a chiral al- 
cohol to the corresponding ester of (2S,3R)- and (2R,3S)-2,3-dihydroxy-2-methylbut-2-enoic acid in an 
isomer ratio of 83: 17, respectively (equation 8).& Chiral oxazolidines obtained by reaction of a,P-un- 
saturated aldehydes with L-N-benzyloxycarbonylnorephedrine have been used in a similar manner to pre- 
pare derivatives of chiral a,@-dihydroxy aldehydes." 

Os04 THF/ pyridine/ -78 O C  
(8) 

OH 
5 :  1 

R\ 
Ph 

In the second approach, a chiral nitrogen-containing compound has most often been used as the ligand 
to achieve enantioselectivity. Thus, oxidation of (E)-stilbene (22; equation 9) with a stoichiometric quan- 
tity of osmium tetroxide in toluene at room temperature, in the presence of dihydroquinine acetate (23), 
yielded12 threo-hydrobenzoins (24) after reductive hydrolysis, with an enantiomeric excess of 83.2% in 
favor of the (lS,2S)-(-)-isomer; performing the reaction at -78 'C increased the enantiomeric excess to 
89.7%. 
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This procedure has s e n  modi :dMa to become an effective catalytic procedure in which N-methyl- 
morpholine N-oxide is used as the secondary oxidant. In this manner, (E)-stilbene has been converted& 
into (+)-threo-hydrobenzoin (55% yield after two recrystallizations, >99% ee) on a one molar scale, by 
treatment with osmium tetroxide (0.002 mol equiv.) and N-methylmorpholine N-oxide (1.2 mol equiv.) 
in aqueous acetone in the presence of dihydroquinidine p-chlorobenzoate (0.134 mol equiv.). The latter 
compound can be recovered in 9 1 % yield. 

By the seemingly minor m o d i f i ~ a t i o n ~ ~ ~ . ~  to the original catalytic procedureMa of adding the alkene 
slowly to a stirred mixnue of the alkaloid derivative, N-methylmorpholine N-oxide, and osmium tetrox- 
ide, nearly all alkenes react faster and give higher enantiomeric excesses in the product diols than with 
the earlier procedure46a in which all reactants, including the alkene, are present from the start of the re- 
action. This significant enhancement in enantioselectivity has been rationalizedMb in terms of the exist- 
ence of at least two diol-producing cycles as summarized in Scheme 1 .@ The first cycle, which appears 
to give a high enantiomeric excess in the diol product, consists of reaction of the alkene with the alka- 
loid-osmium complex (24a) to give the monoglycolate ester (24b). This compound is oxidized to the 
key osmium(VII1) trioxoglycolate complex (24c), which is hydrolyzed to afford the 1,Zdiol and com- 
plex (24a). By slow addition of the alkene, hydrolysis of (244 can be made to dominate an alternative 
reaction with a second alkene molecule to give a bisglycolate ester (24d). Intrusion of the second cycle 
leads to reduced enantiomeric excess in the product since diol formation via the osmium(VII1) dioxo- 
bisglycolate complex (24e) proceeds with low enantioselectivity. Further, the rate of turnover in the sec- 
ondary cycle is generally slower and involvement of this cycle in the reaction binds the catalyst in a 
relatively unproductive form. 

Protected ar,p-dihydroxy aldehydes have been prepared47 by oxidation of acetals of a,p-unsaturated 
aldehydes with osmium tetroxide in the presence of (23), and a remarkable level of enantioselection (ee 
2 90%) thereby achieved. Oxidation of chiral acetals of a$-unsaturated aldehydes in which chirality 
resides in the noncarbonyl moiety with osmium tetroxide-dihydroquinine acetate (or dihydroquinidine 
acetate)47 may be regarded as a process in which double stereo~election~~ is at work and a high dia- 
stereoisomeric ratio of products may be obtained. 

Chiral diamines capable of chelating to a metal center, such as (-)-(RP>-N~~~'-tetramethyl(tran- 
1,2-cyclohexanediamine (25),43 the tartaric acid derived (-)-diamine (26),"9 and the (-)- 1,2-dipyrrolid- 
inylethane (27),5O also lead to a high degree of asymmetric induction when alkene hydroxylation with 
osmium tetroxide is conducted in their presence. 

With diamine (25), 1-heptene afforded43 (R)-l,2-heptanediol as the major product (86% ee) in 75% 
yield by this procedure but, curiously, oxidation of (E)-stilbene proceeded with lower optical yield (34% 
ee). Particularly efficient enantioface differentiation was achieved in the reactionSo of (E)- 1 -phe- 
nylpropene with a stoichiometric amount of osmium tetroxide in the presence of 1 mol equiv. of (-)-(27) 
when essentially optical pure (>99% ee) (lS,X)- l-phenylpropane-l,2-diol was obtained in 73% yield. 
This procedure is effective for mono-, (E)-di- and tri-substituted alkenes, with enantioface selection 
being as shown in Scheme 2 but, notably, the oxidation of (2)-alkenes does not give satisfactory optical 
yields. 
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first cycle second cycle 
(high enantioselectivity) (low enantioselectivity) [OI 

t 

H 
HO OH 

L = alkaloid ligand 

Scheme 1 Proposed mechanism of the osmium-catalyzed asymmetric dihydroxylation of alkenes 

c; N Ph 

Ph 

The structure of the osmate(V1) ester-(-)-(27) complex, which may be isolated from the reaction with 
(&stilbene, has been determined13 by X-ray crystallography to be (28). Although (28) would reasonably 
seem to arise by a [3 + 21 cycloaddition pathway, it does not seem to account for the observed stereoc- 
hemical outcome of the reaction since, on steric grounds, complex (29) would appear to be favored. On 
the other hand, the alternative pathway' l s l *  via organometallocycle (30) seems to account more satisfac- 
torily for the stereochemical result, since intramolecular attack by the nitrogen of the second pyrrolidine 
ring moiety places substituent R1 in the least sterically demanding region and affords osmate ester (28) in 
accord with the observed enantioface differentiation. In. the stereoisomeric organometallocycle (31), 
steric interactions between the phenyl group on the coordinated pyrrolidine ring and that on the four- 
membered metallocycle would disfavor formation of the osmate ester. 

The 1 : 1 complex between bovine serum and an osmate ester is an enantioselective catalyst in the syn 
hydroxylation of certain alkenes:1a although synthetic applications appear to be limited. Asymmetric di- 
hydroxylation of alkenes is considered in a review on catalytic asymmetric reactions.51b 
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Os04 (+)-(27) 

Os04 (-)-(27) 

Scheme 2 Enantioface selection on hydroxylation of an alkene with osmium tetroxide in the 
presence of (+)- and (-)-(27) 

(28) R' = Ph, R2 = H 
(29) R' = H, R2 = Ph 

Ph 

(30) R' = Ph, R2 = H 
(31) R' = H, R2 = Ph 

33.2.2 Potassium Permanganate 

Alkaline aqueous potassium permanganate has long been used to achieve the syn hydroxylation of al- 
kenes? but overoxidation and alternative oxidation pathways often pose problems, and yields are rarely 
as high as those obtained with osmium tetroxide. Nevertheless, permanganate oxidation is less hazardous 
to perform and is much less expensive for large-scale operations. Improved yields of diols may some- 
times be obtained by using phase transfer c a t a l y s i ~ . ~ ~ - ~ ~  Typically, a solution of the alkene in dichloro- 
methane is stirred vigorously with aqueous sodium hydroxide in the presence of a phase transfer agent 
such as benzyltriethylammonium chloride, while potassium permanganate is added portionwise. cis- 1,2- 
Cyclooctanediol is prepared53 from cis-cyclooctene in much higher yield by this method than with the 
conventional procedure employing basic, aqueous potassium permanganate. Solid-liquid phase transfer 
may be brought about under nonaqueous conditions, to bring potassium permanganate into solution in an 
organic solvent which contains the dissolved substrate.54 

Turbulent stirring and the presence of low concentrations of sodium hydroxide are very beneficial in 
improving the yield of cis- 1,2-cyclohexanediol from the hydroxylation of cyclohexene with potassium 
permanganate.5s57 Pnsumably, hydroxylation of other alkenes with this reagent would also benefit by 
attention to these factors. 

Recent evidence on the mechanism of permanganate oxidation of alkenes has been ~ummarized;~ the 
initial step probably involves a [3 + 21 cycloaddition between permanganate ion and the alkene to give a 
cyclic manganese(V) ester (2; see Section 3.3.1). 

3333 Methods Involving Halohydrin Esters as Intermediates 
Several related procedures for syn hydroxylation of alkenes involve a halohydrin ester (32) as the key 

intermediate. In Woodward's procedure14 an alkene in glacial acetic acid is treated with iodine and silver 
acetate. Acetyl hypoiodite, MeCOd, formed by reaction of the latter two reagents attacks the alkene, 
R1R2(;,CR3R4, in an electrophilic manner, from the less hindered side to give, by overall anti addition, 
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an iodoacetate (32; R5 = Me, Hal = I), in which the acetoxy group is attached to the more hindered face 
of the alkene. After addition of water, the reaction mixture is heated, inducing silver(1)-assisted an- 
chimeric displacement of the iodo group with formation of a 1,3-dioxolan-2-ylium ion (33). Addition of 
water to the cation affords orthoacetate (34) that rearranges to give a mixture of two diol monoacetates 
(35a) and (35b) that may be hydrolyzed to afford a diol having the hydroxy groups bonded to the more 
hindered side of the alkene. Some alkenes, however, particularly trisubstituted alkenes, can give other 
products in addition to the expected diol?s suggesting that the foregoing mechanism may be oversimpli- 
fied. Further, hydroxylation of the tetrasubstituted alkene 1,2-dmethylcyclohexene by the Woodward 
procedure is not stereospecific, giving an approximately 3:2 ratio of cis- to r r ~ m - d i o l ~ ~  

Since silver salts are expensive, other cheaper reagents have been sought which can bring about the 
same type of conversion, and the iodine-potassium iodate-potassium acetate combination has been 
found to provide a useful alt~rnative. '~-~~ Thallium(1) acetate may be usedI5J6 in place of silver acetate 
in the Woodward procedure, and syn hydroxylation of steroidal alkenes with thallium(III) acetate in 
acetic acid has been performed.60 

a trans-bromohydrin (36, Scheme 3), prepared from an alkene, 
is esterified with cyanoacetic acid to give the 2-halocyanoacetate (37), and the latter is treated with so- 
dium hydride to give, via the enolate anion, a cyanoketene acetal (38). Acid hydrolysis of the latter, fol- 
lowed by deesterification with base of the diol monocyanoacetate so-formed gives diol (39). Since the 
starting trans-bromohydrin may be prepared from a cyclohexene by two stereochemically complemen- 
tary routes using hypobromous acid (oxygen added to the more hindered .rr-face) or peroxy acid epoxida- 
tion followed by cleavage with hydrogen bromide (oxygen added to the less hindered .rr-face) it is 
possible to achieve syn hydroxylation on either the more or less hindered wface. 

In the 2-halocyanoacetate 
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3 3 3  ANTI HYDROXYLATION METHODS 

333.1 Peroxycarboxylic Acids 

The hydroxylation of an alkene may be achieved by treatment with a suitable peroxycarboxylic acid, 
RC03H, the reaction proceeding (Scheme 4) by initial syn addition to give an epoxide (oxirane) (40). 
which undergoes acid-catalyzed ring scission in an anri manner through attack by the corresponding car- 
boxylic acid, RCOzH, normally present in the reaction medium, to give the monoesters (41) and (42). 
Hydrolysis of the ester m i m e  then affords a racemic mixture of the enantiomeric diols (43a) and (43b) 
with stereochemistry resulting from overall anti addition to the alkene. 

Peroxyformic, peroxyacetic and peroxytrifluoroacetic acids are most commonly used to bring about 
this type of oxidation, but 2-sulfoperoxybenzoic acid,6l monoperoxysuccinic acid62 and disuccinoyl per- 
oxide63 (which is converted to monoperoxysuccinic acid by hydrolysis), also oxidize alkenes to diols 
with the advantage that the free diols are obtained directly. 

In general, attack of the peroxycarboxylic acid on an alkene will occur from the less hindered m-face 
and ring opening of the oxirane usually occurs to place the acyloxy group on the more substituted carbon 
atom. 

Sodium perborate (NaBOynHzO; n = 1 4 )  is a cheap and widely used industrial chemical. If sulfuric 
acid is added to a mixture of the perborate and an alkene in acetic anhydride, an exothermic reaction oc- 
curs leading to anri addition to the double bond with formation of the corresponding 1-hydroxy-2-ace- 
toxy derivative in moderate yield.@ Peroxybis(diacetoxy)borane, (Ac0)2BOOB(OAc)2, may be the 
reactive species in this oxidation and it seems likely that the epoxide is an intermediate. 

3.3.3.2 Hydrogen Peroxide with an Oxide Catalyst 

The oxidation of alkenes by hydrogen peroxide catalyzed by certain oxide catalysts, such as tung 
sten(V1) oxide (W03),65 tungsten(V1) acid (H2WO4)% and selenium dioxide (Se02),6496749 brings about 
anri hydroxylation with formation of 1 ,Zdiols (equation 10). Tungsten(V1) oxide is a particularly effec- 
tive catalyst and functions best at elevated temperatures (50-70 'C) in a purely aqueous medium. For ox- 
idation of alkenes which are insoluble in water, a mixture of 30% hydrogen peroxide and acetic acid 
forms a suitable medium, and with the selenium dioxide-hydrogen peroxide system, r-butyl alcohol has 
been used as a solvent. 

The observed stereochemistry of addition suggests that oxiranes (epoxides) may be intermediates. 
Oxiranes may, indeed, be isolated from the reaction of certain alkenes with hydrogen peroxide in the 
presence of sodium tungstate.70 

Polystyrene-bound phenylseleninic acid has been used in catalytic amounts in a triphasic system con- 
sisting of the polymer, aqueous hydrogen peroxide, and dichloromethane, to catalyze the oxidation of al- 
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kenes to 1,2-diols;’l cyclohexene gave trans-l,2cyclohexanediol in high yield with no detectable 
amounts of the cis-diol. 

3 3 3 3  Iodindilver Benzoate -the PrCvost Reaction 

In the Mvost reaction, an alkene is treated with 1 mol equiv. of iodine and 2 mol equiv. of silver car- 
boxylate (most often silver benzoate) in an inert solvent (for example, benzene), leading to formation of 
a racemic mixture of 1,2-diesters (Ma and 46b; Scheme 5). Hydrolysis of the latter yields a mixture of 
the corresponding 1 ,2-diols with stereochemistry corresponding to anti hydroxylation of the alkene. The 
reaction proceeds through initial formation of a complex RC02Ag/RC@I (the Simonini complex), 
which can itself be prepared and isolated separately, prior to use in such a reaction. Anti addition of the 
acyl hypoiodite (RCOzI) to the alkene through a cyclic iodonium ion gives the 1-acyloxy-2-iodo com- 
pound (44), and displacement of iodide ion with anchimeric assistance by the neighboring acyloxy group 
affords the 1,3-dioxolan-2-ylium ion (45). Nucleophilic attack by carboxylate anion on (45) then leads to 
diesters (Ma) and (46b). 

Scheme 5 

Thallium(1) acetate has been used in place of a silver carboxylate in a related procedure, for the prep- 
aration of trans- 1,2-~yclohexanediol.~~ 

333.4 Miscellaneous Procedures 

Some mono- and di-substituted alkenes have been converted to 1,Zdiacetoxy compounds by heating 
them in acetic acid solution with ammonium persulfate and a catalytic amount of iron(I1) Anti 
addition is observed with 1,2-disubstituted alkenes; with trisubstituted alkenes complex mixtures are ob- 
tained. 

Thallium(1II) sulfate in water brings about the anti hydroxylation of 3-t-butyl- and rl-t-butyl-cyclo- 
h e ~ e n e . ~ ~  The reagent has been re~ommended~~ for the one-step preparation of trans-diols from confor- 
mationally rigid cycloalkenes. 
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3.4.1 INTRODUCTION 

The oxidation of ethylene to acetaldehyde using PdClz and CuClz as catalysts under an oxygen atmos- 
phere is well known as the Wacker process (Scheme l), and is one of the most important industrial pro- 
cesses employing transition metal catalysts.1v2 This industrial oxidation reaction of ethylene involves the 
following three stoichiometric reactions. These sequential oxidation and reduction reactions constitute a 
catalytic cycle. 

The Wacker process is carried out in an aqueous medium containing hydrochloric acid. In addition to 
ethylene, Smidt and coworkers carried out the oxidation of other alkenes in an acidic aqueous solution of 
PdC12 to prepare carbonyl compounds.*.2 After this report, a few studies on the oxidation of higher al- 
kenes were carried out in organic In general, terminal alkenes are converted to methyl ketones 
rather than aldehydes (equation 1). 

449 



450 Oxidation of C=C Bonds 

HzC=CH2 + HzO + PdCl2 - MeCHO + Pdo + 2 HCl 

Pdo + 2 CuClz - PdClz + 2 CuCl 
2 CuCl+ 2 HCl + 0.5 02 - 2 CuClz + HzO 

HzC=CHz + 1/2 0 2  -----) MeCHO 

Scheme 1 Wacker process 

This reaction is a unique method for the one-step synthesis of ketones from alkenes. As such, alkenes 
can be regarded as masked ketones which are stable to acids, bases and nucleophiles. Thus, the reaction 
is potentially useful for organic synthesis, and has attracted the attention of synthetic organic chemists.' 
A considerable number of studies have been carried out on this oxidation and its synthetic applications. 
A number of review articles and books have been published on various palladium-catalyzed oxidative re- 
actions of alkenes.*-13 One comprehensive review on synthetic applications of the Wacker reaction was 
published in 1984.14 In this chapter, the Pd"-catalyzed oxidation of alkenes to carbonyl compounds is 
surveyed from a standpoint of organic synthesis by citing pertinent examples. Complete coverage of all 
related references is not the purpose of this review. Emphasis is placed on the oxidation of higher and 
functionalized alkenes, and many examples of the oxidation of lower simple alkenes are excluded. Oxi- 
dative conversion of alkenes to enol or allyl acetates with Pd(OAc)2, although a closely related reaction, 
is not discussed. Repetition of material which has appeared in other reviews is avoided as far as possible. 
Also no mechanistic or kinetic discussion is given due to limited space. 

3.4.2 REACTION CONDITIONS AND SCOPE OF THE REACTION 

3.4.2.1 General Procedure 

The oxidation on a laboratory scale can be carried out easily in a way similar to the hydrogenation of 
alkenes under atmospheric pressure of hydrogen using palladium black as a catalyst. Instead of palla- 
dium black and hydrogen, the oxidation is carried out with PdClz and a copper salt under an oxygen at- 
mosphere at room temperature using a similar apparatus. However, rates and yields of the oxidation are 
heavily dependent on the structure of alkenes. Also, the proper selection of solvents and reoxidants is 
crucial; this is surveyed in the following sections. 

3.4.2.2 Solvents 

The industrial Wacker process is carried out in aqueous hydrochloric acid using PdCldCuC12 as the 
catalyst under oxygen pressure.1.2 The oxidation of higher terminal alkenes under the same conditions is 
slow and sometimes accompanied by undesired by-products formed by the chlorination of carbonyl com- 
pounds by CuC12, and isomerization of double bonds. Earlier examples of oxidation of various alkenes, 
mainly in aqueous solutions, have been tabulated. l I 8  The pseudo-first-order rate constants for oxidation 
of various alkenes, relative to the value for cycloheptene, with PdC12 in the presence of benzoquinone in 
aqueous solution have been re~0rted.l~ An accelerating effect of surfactants such as sodium lauryl sulfate 
on the stoichiometric oxidation of higher alkenes in an aqueous solution has been reported.16 

The low rate of the reaction in the aqueous medium can be partly improved by the addition of suitable 
organic solvents which can mix alkenes with water. Several solvents have been tested, but the results are 
sometimes conflicting. At first, l-dodecene and undecenoic acid were oxidized to the corresponding 
methyl ketones in good yields in aqueous DMF using PdClz and CuC12 or ben~oquinone.~ However, the 
use of 3-methylsulfolane and NMP gave better results than DMF for the oxidation of 3,3-dimethyl-l- 
butene at 70-80 'C under 40-99 p.s.i. (1 p.s.i. = 6.9 x le2 bar) of oxygen using 10 mol % of PdCh5 The 
following yields of the methyl ketone were obtained: 91% (in 3-methylsulfolane), 79% (in NMP) and 
33% (in DMF). The oxidation in alcoholic solutions was carried out with terminal and internal alkenes 



The Wacker Oxidation and Related Reactions 45 1 

and some cyclic alkenes: The reaction in alcohols is faster than in DMF. Parallel oxidations of cyclo- 
hexene at 50 'C showed conversion of 30% in ethanol, 1.2% in 1,4-dioxane and less than 0.5% in DMF, 
DMSO, acetic acid and carbon tetrachloride." Polyethylene glycol (PEG 400) is a good solvent for the 
oxidation of terminal and internal alkenes with PdCldCuClz. cis-2-Butene was oxidized to 2-butanone in 
82% yie1d.l' 

When the reaction is carried out in pure alcohol, the corresponding acetal is formed. Styrene was con- 
verted to the cyclic acetal of phenylacetaldehyde in 90% yield in ethylene glycol, whereas a mixture of 
products was obtained in ethanol. Interestingly, acrylonitrile was oxidized to 1,3-dioxolan-2-ylacetoni- 
trile (1) in ethylene glycol (equation 2):~'~ 2,2-Dimethoxypropionitrile was obtained in m e t h a n ~ l ? * ' ~ * ~ ~  
Methyl acrylate behaves similarly. 

Another interesting example of the acetal formation is the synthesis of brevicomin (2), a cyclic acetal, 
by the palladium-catalyzed intramolecular oxidation and acetal formation of 6,7-dihydroxy- 1 -nonene 
(equation 3).21,22 

4 45% * @Et (3) 
PdCl2 / CuClz / DMF 

OH 
(2) 

Similarly, fr~ntalin?~ and 2,9-dioxabicyclo[3.3. l]nonanez4 were prepared by the bicyclic acetal forma- 
tion from terminal alkenes. y-Butyrolactone is another solvent of choice.25 A two-phase reaction was 
carried out using carbon tetrachloride and benzene.26 

The oxidation and double bond isomerization are competitive reactions, and the extents of these re- 
actions are influenced by solvents. DMF is good for the oxidation, whereas use of acetic acid facilitates 
the isomerization. Both reactions proceed in alcoholic solvents. Acetonitrile and DMSO retard oxidation 
by complex formation with the catalysts.27 The double bond migration is facilitated by high tempera- 
tures. The oxidation of l-octene in n-propyl alcohol yielded 2-octanone to the extent of 62% at 90 'C, 
85% at 60 'C, and more than 97% at 30 'C. 4-Methyl-l-pentene isomerized to the 2- and 3-alkenes, 
which formed a-allylic complexes in ethanol, but normal oxidation to the methyl ketone took place in 
DMF and y-b~tyrolactone.~~ 

In some cases, ketones are obtained in high yields by the oxymercurationz8 or oxythallationB of al- 
kenes, followed by treatment with PdClz in aqueous THF. 

Oxidation of terminal alkenes may be carried out in benzene-water in the presence of cetyltrimethy- 
lammonium bromide at 80 'C30 although cyclodexmns are better phase-transfer agents. In the presence 
of a catalytic amount of P-cyclodextrin, l-decene and cis-Zbutene were oxidized at 65 'C to 2-decanone 
(61%) and 2-butanone (76%) re~pectively.~~ Selective oxidation of linear CS-CIO terminal alkenes took 
place at 75 'C in the presence of a-cyclodextrin in water?2 but a low yield was obtained with l-do- 
decene. 

3.4.2.3 Reoxidants 

The essence of the Wacker process is the invention of the reoxidation process for Pdo by using CuClz 
as a cocatalyst. Cu" salts are good reoxidants, but chlorination of carbonyl compounds takes place with 
CuClz. For example, chloroacetaldehyde is a by-product of the Wacker process. Chlorohydrin is another 
by-product from the reaction of ethylene with PdC12 and CuClz.33.34 Thus, a number of other reoxidants 
were introduced. When CuCl, pretreated with oxygen, is used, no chlorination of ketones takes place and 
the rate of the reaction is higher.6~~ Also C ~ ( N 0 3 ) 2 ~ , ~ ~  and C U ( O A C ) ~ ~ ~  have been used. Oxidation of cy- 
clopentene with PdC12/Fe(C104)3 combined with electrochemical oxidation was carried Benzoqui- 
none was used at first by Moiseev et ~ 1 . ~ ~  and later by many other researchers as a good reoxidant, but a 
stoichiometric amount is necessary. The oxidation of alkenes can be carried out smoothly with catalytic 
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amounts of both Pd(0Ac)z and benzoquinone by means of efficient electrochemical reoxidation of 
hydroquinone to benzoq~inone.~~ A combination of Pd(OAc)&enzoquinone/Fe phthalocyanine in the 
presence of HC104 (5%) in aqueous DMF is an active catalyst.40 A heterogeneous catalyst system of a 
Pdn salt and polymers containing quinone and sulfonic acid groups was used for ethylene ~xidation.~' 

Alkyl nitrites (3) are good and unique reoxidants and used in industrial processes. 2,ZDimethoxy- 
propionitrile (4), an important intermediate for vitamin B1 synthesis, is produced commercially by the 
oxidation of acrylonitrile in methanol (equation 4).19 3-Phenylpropene is oxidized to 1 -phenyl-2,24- 
alkoxypropane in a similar fashion.20 Alkyl nitrites (3) are formed in situ from 02, NO, and ROH, and 
can be recycled (equation 5). 

M e 0  
)-, + 2 N 0  Pdu &CN + 2MeONO - 

(4) 
M e 0  CN 

(3) (4) 

Efficient catalytic oxidation of 1-octene (9&95% yields) was canied out in acetic acid or t-butyl alco- 
hol at 80 'C in 3 h by using 5 equiv. of 30% hydrogen peroxide and MOO equiv. of P d ( 0 A ~ ) z . ~ ~  Hy- 
drogen peroxide was used for the styrene oxidation with NazPdC4 in NMP. Compared with PdC12/CuCl, 
the rate of the oxidation was very high!3 However, extensive double bond migration of terminal alkenes 
occurred in the presence of hydrogen peroxide. t-Butyl hydroperoxide and hydrogen peroxide are efi- 
cient reoxidants for the oxidation of internal double bonds conjugated to carbonyl gr0ups.4~ An endo- 
pero~ide/Pd(OAc)z~ and t-butyl hydroperoxide/palladium trifluoroacetate' 1*45 were used for the 
oxidation of 1 -alkenes. 

PdC12-cobalt-nitro complexes were found to be efficient catalysts for alkene oxidation.46 Pd-nitro 
complexes catalyze the oxidation of 1-alkenes under oxygen without using other reoxidants to give 
methyl ketone~!~-~l They are mechanistically different from PdCldCuC12 catalysts.50 Heteropolyacids 
such as H3PM06Oa are water soluble and good reoxidants when PdS04 is used rather than PdClz to give 
methyl ketones with high ~e lec t iv i ty .~~ .~~  The catalyst system PdS04/&PM06W6040 was used for the ox- 
idation of 1-butene, cyclohexene and cyclopentene in aqueous DMF.5657 Cyclohexanone was obtained 
in 85% yield. 

Deactivation of the palladium catalyst is a serious problem. Sometimes, the reaction is stopped by the 
precipitation of black palladium metal. Furthermore, the deactivation occurs during the reaction even 
when no precipitation is observed. The formation of a bis(dimethy1amine)-PdClz complex deactivates 
the catalyst when DMF is used as a s o l ~ e n t . ~ * ~  Also, the formation of rather stable P-allylpalladium com- 
plexes (5) from alkenes may account for the deactivation of the catalyst (equation 6).58-6' 

R 

3.43 OXIDATION OF TERMINAL ALKENES TO METHYL KETONES 

3.43.1 Oxidation of Terminal Alkenes Bearing Various Functional Groups 

Terminal double bonds are selectively oxidized to methyl ketones. A typical procedure for the oxida- 
tion of 1-decene to 2decanone in 65-73% yield with PdC12/CuCl is given in Organic Al- 
though there are several known synthetic methods for methyl ketone preparation, the PdClz-catalyzed 
oxidation of terminal alkenes seems to be one of the best. In other words, terminal alkenes can be re- 
garded as precursors of methyl ketones, or as masked methyl ketones based on this reaction. This re- 
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action is useful because terminal alkenes are easily available, stable under acidic and basic conditions 
and inert to nucleophiles. 

Various terminal alkenes with functional groups are oxidized to the corresponding methyl ketones. 
Since the oxidation proceeds under mild conditions, various functional groups, such as an aldehyde,a 
carboxylic acid?*64 ester$= alcoh01,6~~~ MOM ether,72 sulfonyl ester73 
and amine~,7~-~~ which 8te located at suitable positions, remain intact. Though it is known that alcohols 
are oxidized to aldehydes or ketones with PdC12,78-80 the oxidation of terminal alkenes is faster than that 
of alcohols under these conditions. 

Since the rate of oxidation of terminal alkenes is much higher than that of internal alkenes, selective 
oxidation of terminal alkenic bonds is possible without attacking the internal alkenic bonds in various 
dienes (equation 7).6977*81-93 

PdClz 0 
(7) - \ COzEt - 

cuc12 

86% 

Steric hindrance considerably affects the rate of the oxidation. For example, one of the terminal double 
bonds in (6) was oxidized in 3 h, but it took 36 h to oxidize the other one (equation 8).@ 

0 
A I , , ,  WC12 (0.4 equiv.)/CuCl(l equiv.)/Oz. 36 h 

* 
Me0 

‘ ‘CO2Et 

(6) 71% 

Some allylic alcohols or acetates with terminal double bonds do not give methyl ketones cleanly. Oxi- 
dation of l-undecen-3-01(7) at room temperature gave the methyl ketone (8) in 60% yield and l-hydroxy- 
3-undecanone (9) in 14% yield (equation 9).@ 

OH 
(7) 

0 
(9) 14% 

The acid sensitive 2-methyl-3-buten-2-01 (10) was oxidized to the corresponding methyl ketone (11) 
with a palladium-nitro complex (90% conversion, 90% selectivity) or PdClpbenzoquinone (98% con- 
version, 90% selectivity) (equation 1O).S1 

(10) (11) 

1 -Vinyl- 1 cyclobutanols (12) undergo oxidative ring expansion to give cyclopentenones (13; Scheme 

Oxidation of 3-acetoxy-l-nonene (14) at 50 ‘C gave a mixture of the methyl ketone (15) and l-ace- 
toxy-3-nonanone (16) in 33% and 17% ~ields.6~ The latter was formed by regioselective oxidation of 1- 
acetoxy-2-nonene, itself formed by the allylic rearrangement of (14) promoted by Pd” ions (equation 11). 

2.2-Disubstituted ethylenes undergo oxidation with a skeletal rearrangement. Methylenecyclobutane 
(17) was oxidized to cyclopentanone via ring expansion (Scheme 3).” 

2).94 
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PdCl2rCN)2 1 - PdC1 & 1 - & 0 
(13) 67% 0 Scheme 2 

(12) 

0 

(14) (15) 33% (16) 17% 

Some terminal alkenes are oxidized to aldehydes depending on their structure. As described before, ac- 
rylonitrile and acrylate are oxidized to acetals of aldehydes in alcohols or ethylene glyco1.18-20 Selective 
oxidation of terminal carbons in 4-hydroxy-1-alkenes (18) gave the five-membered hemiacetals (19), 
which can be converted to y-butyrolactones by PCC oxidation (Scheme 4).% Formation of a tricyclic six- 
membered hemiacetal (62%) from a 5-hydroxy-1-alkene system was used for the synthesis of rosa- 
ramicin.9' Formation of aldehydes as a major product from terminal alkenes using (MeCN)zPd(Cl)(N&) 
and CuC12 in t-butyl alcohol under selected conditions was rep0rted.9~ The vinyl group in the p-lactam 
was oxidized mainly to the aldehyde as shown below (equation 12).* 

0 

&-N. ph CUCI, 02 0 Ph u &k 0 0 
65 % 5% 

3.43.2 Synthetic Applications 

3.43.2.1 Synthesis of natuml products 

Oxidation of terminal alkenes to methyl ketones is useful for the syntheses of natural p r o d u ~ t s . ~ ~ ~ ~ ~  
Based on this method, simple and efficient syntheses of prostaglandin intermediates,64 Queen bee 
substance?2  eara ale none?^ dihydrojasmone, jasmone,"' diplodialide B,83 lasiodiplodin methyl ether,84 
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curvularin,86 res0rcylide,8~ pyrethrolone,8* m u s c ~ n e , * ~ ~ ~  re~ifeiolide~~ and ~x-vetispirene~~ have been 
canied out. Syntheses of steroids based on this methodology are treated in Section 3.4.3.2.4. 

3.4.3.2.2 Synthesis of I,4-dicarbonyl compounds 

( i )  Synthesis via allylation of carbonyl compounds 
A simple synthetic method for 1A-dicarbonyl compounds was introduced, based on the allylation of 

carbonyl compounds with allyl halide as a C3 component, followed by the palladium-catalyzed oxidation 
of the terminal alkenes (20) to methyl ketones (21).7 In this method, the allyl group is a synthetic equiv- 
alent of the 2-oxopropyl group (Scheme 5). This is a good anellation method for cyclopentenones. 

0 J 3  - x - ~ \ q x ? \ - o < \  

(20) (21) 

Scheme 5 

As a typical example, allylation of cyclohexanone via the pyrrolidine enamine with allyl bromide gave 
2-allylcyclohexanone. Its terminal alkenic bond was oxidized with PdCldCuCV02 in aqueous DMF to 
give the lP-diketone (21) in 68% yield. The base-catalyzed cyclization of (21) gave the indenone (22) in 
85% yield (Scheme 6).7 This methodology was applied to the syntheses of pentalenene,lo3 la~renene?~ 
decarboxyquadrone,l"'' and coriolin. lo5 

Scheme 6 

Bicyclo[ 10.3.0]-A1J5-pentadecen- 14-one (25) was prepared from cyclododecanone. Allylation of the 
p-keto ester (23) and the oxidation of the terminal alkenic bond afforded the 1P-diketone (24) in 72% 
yield from the @-keto ester. Base-catalyzed cyclization and deethoxycarbonylation gave the bicyclo- 
ketone (25), which was converted to muscone (26 Scheme 7).*06 Thus, this is a method for three-carbon 
ring expansion. 

1,CKeto aldehydes are prepared by the allylation of aldehydes. Reaction of 2-p-tolylpmpanal (27) 
with allyl bromide gave 2-p-tolyl-2-methyl-4-pentenal(28) in 63% yield. The oxidation of the terminal 
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akenic bond to a methyl ketone gave the 4-oxopentanal(29) in 68% yield.@ The keto aldehyde (29) was 
an intermediate for cuparanone (30) synthesis (Scheme 8). 

fi --- Bo 
Scheme 8 

The facile synthesis of 4,4-dimethyl-2cyclopentenone by the allylation of isobutanal, followed by the 
oxidation and aldol condensation of the keto aldehyde is another example.lm 

(ii) Synthesis of 4-oxopentanals via Claisen rearrangement and oxidation 
4-Oxopentanals may be synthesized from allylic alcohols by 3,3-sigmatropic rearrangement of their 

vinyl ethers, and subsequent oxidation of the terminal double bond.lO8 Cinnamyl alcohol (31) was con- 
verted to the allyl vinyl ether (32), which was subjected to Claisen rearrangement to give 3-phenyl-4- 
pentenal(33) in 50% yield. Oxidation of the terminal double bond of (33) gave 3-phenyl-4-oxopentanal 
(34) in 76% yield, which was converted to 2-methyl-3-phenylfuran (35) in quantitative yield (Scheme 9). 

Scheme 9 

3,3-Cyclohexano-4-oxopentanal(37) was synthesized from the allylic alcohol (36) by the same proce- 
dure, and the spiro compound (38) was obtained by intramolecular aldol condensation of (37; Scheme 
10). 

Scheme 10 
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The 3,3-sigmatropic rearrangement of 2-octenyl vinyl ether (39) afforded 3-pentyl-4-pentenal (SO) in 
79% yield. The terminal double bond was converted to the methyl ketone (41) in 90% yield. The keto al- 
dehyde (41) was converted to 5-pentyl-2cyclopentenone (42). The double bond migration gave 2-pen- 
tyl-2cyclopentenone (dihydronorjasmone), which was converted to methyl dihydrojasmonate (43; 
Scheme 1 1).108*109 Similarly, dihydrojasmone was synthesized from 2sctenyl allyl ether. 

Scheme 11 

(iii) Other methods 
1,4-Addition of an acyl anion or its equivalent to a,&unsaturated ketones is an important synthetic 

method for 1,4-dicarbonyl compounds. In the palladium method for 1.4-dicarbonyl compounds, a vinyl 
Grignard or vinyllithium reagent is used as a synthetic equivalent of the acetyl anion. Reaction of lithium 
divinylcuprate with 2-cyclohexenone (44) afforded 3-vinylcyclohexanone (49, which was oxidized to 
the 1,Cdiketone (46; Scheme 12).Io8 

(44) (45) 

Scheme 12 

The Lewis acid promoted addition of allylsilane (48) D nitroalkene (47) gave the unsatura-xl ketone 
(49) after hydrolysis of the nitro group. The palladiumcatalyzed oxidation affords the 1.4-diketone ( 5 0  
Scheme 13).I1O 

0 1 

Scheme 13 
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The 1,4-diketone (54) was prepared by the titanium-catalyzed butenylation of the silylacetylene (51), 
followed by the oxidations of the terminal double bond in (52) to give (53) and the silylated double bond 
(Scheme 14).l1' 

n-C5H1 1 e PdCl2 /cUCI K)z  

1- n-C5Hll = SiMe, + 1 

74% (51) (52) 

n-C5Hll SiMe, \ - MCPBA 4 
0 0 

(53) (54) 

Scheme 14 

3.4.333 Synthesis of 13-dicarbonyi compounds 

1,5-Dicarbonyl compounds can be prepared by the reaction of ketones with 3-butenyl halide as a 6 
component, following oxidation of the terminal double bond.' A modified method for 3-butenylation of 
ketones by the palladium-catalyzed reaction of 4-acetoxy-2-butenylmethyl carbonate with ketones, fol- 
lowed by the palladium-catalyzed reaction of ammonium formate was reported (Scheme 15).l12 

0 

Scheme 15 

Reaction of p-keto esters (55a) and (55b) with 3-butenyl bromide gave the alkenes (56a) and (56b) in 
63% and 57% yields. Oxidation of the terminal double bonds gave the 1.5-diketones (57a) and (57b) in 
61% and 58% yields (Scheme 16). 

EtO2C et02c 

Eto2cQ)n - ,D)" - 
0 0 

(Ha) n = 1 (56a) 
(SSb) n = 2  (56b) 

Scheme 16 

In this synthesis of 1Jdicarbonyl compounds, 3-butenyl halide is behaving as a masked 3-oxobutyl 
reagent, and can be used as an equivalent of methyl vinyl ketone. These reactions offer new anellation 
methods. Also 1,Caddition of the allyl group to enones, followed by oxidation, offers a convenient syn- 
thetic method for Wdiketone preparation. Lewis acid promoted Michael addition of allylsilane (48) to 
a,@-unsaturated ketones, followed by the palladium-catalyzed oxidation, affords 1 ,5-diketones (Scheme 
17).l13 

The 1J-diketone formation by the Michael addition of allylsilane (48) to a,@-unsaturated ketones was 
applied to the synthesis of (+)-nootkatone.l l4 Reaction of the keto group of keto aldehyde (58) with allyl 
Grignard reagent and dehydration gave the diene aldehyde (59). The selective oxidation of the terminal 
double bond afforded the 1,5-dicarbonyl compound (60). which is not stable and converted directly to 
pyridines and phenols (Scheme 18).l15 

Synthesis of useful 5-oxohexanals can be carried out viu the following three nactions: (1) 1,Zaddition 
of allylmagnesium bromide to a,@-unsaturated aldehydes (61) to give 3-hydroxy- 1 $dienes (62); (2) 
conversion to 5-hexenals (63) by the oxyCope rearrangement; (3) the palladium-catalyzed oxidation of 
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Scheme 17 

I A 

Scheme 18 

the terminal alkene to give the 5-oxohexanals (64). In this method, a$-unsaturated aldehydes are used 
directly without protection. Based on this process, formal Michael addition of the 2-oxopropyl anion to 
a,@-unsaturated aldehydes can be achieved (Scheme 19).lo8 

R' R' 

- ";TFR0 R2d,0 . . . . . . . . . . . . 

Scheme 19 

Reaction of allylmagnesium bromide with ends (6laH61c) gave allylvinyl methanols (62aH62c) in 
good yields. Oxy-Cope rearrangement using potassium hydride gave 5-hexenals (63aH63c) in 60-7096 
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yields. Terminal alkenes of the ends (63aM63c) were oxidized with PdCldCuCl to give 5-oxohexanals 
(64aX64c) in 6668% yields. 5-Oxohexanals are converted to cyclohexenones (65aH65c). This syn- 
thetic method of S-oxohexanals is useful for the anellation to convert cyclohexanone to A3v4-2-octalone 
(65~). which is difficult to obtain by common Robinson anellation. Acidcatalyzed cyclization of (64c) 
gave (65c) in 68% yield. 

3.43.2.4 AppUcation to steroid synthesis 

A new synthetic method for steroids has been developed using a butadiene dimer (66) as a building 
block and the palladium-catalyzed oxidation as the key reaction.1@2J1a 3-Acetoxy- 1,7-0ctadiene (66), 
ppared by the palladium-catalyzed reaction of butadiene with acetic acid, is hydrolyzed and oxidized to 
1,79ctadien-3-one (67) in high yield. The enone (67) is a very useful reagent for bisanellation because 
its terminal double bond can be regarded as a masked ketone which can be readily unmasked by the pal- 
ladium catalyst to form the 1.5-diketone (68) after Michael addition at the enone moiety of (67; Scheme 
20). Thus, the enone (67) is the cheapest and most readily available bisanellation reagent, permitting a 
simple total synthesis of steroids. 

OAc 0 
r, Michael addition 

(66) (67) 
0 

P d Q  /CUCl/Oz 
Y 

Scheme 20 

In the simplest example, Michael addition to the enone (67) of the cyclohexanone enamine and aldol 
condensation yielded 4-(3-butenyl)-3-oxo-A4-octalin (69). The terminal double bond was oxidized to the 
ketone (70) by PdCldCuCVCh, and subsequent aldol condensation leads to the tricyclic ketone (71; 
Scheme 21). 

0 0 &$%gJ P ~ ~ * Z ~ ~ C 1 ~ Z ,  

A / +c" 83% 

/ 
(67) (69) 

73% 
0 

0" (70) (71) 

Scheme 21 

The synthesis of (+)-19-nortestosterone (73) was canied out starting from the optically active keto 
ester (72; equation 13). 

(67) (72) [aIa?j +35.1° (73) [ala,: +57.8O 
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Another route to (+)-19-nortestosterone (73) started from 2-methyl-l,3-cyclopentanedione (74). The 
asymmetric aldol condensation of the Michael adduct using L-phenylalanine produced the optically 
active enone (75). The PdChcatalyzed oxidation yielded crystalline trione (76) in 77% ee, which was 
recrystallized as an optically pure form. Reduction of the double bond and aldol condensation afforded 
the desired CD trans-fused ketone (77). The construction of the A-ring was carried out by alkylation with 
4-bromo-1-butene to give (78), the palladium-catalyzed oxidation, and aldol condensation to give the 
optically active (+)- 19-nortestosterone (73; Scheme 22). l7 

OBut OBu' 

Pdclz 

CUCl 
(73) 

Scheme 22 

Subsequently the hisanellation reagent, 7-acetoxy- 1,ll -dodecadien-3-one (80) was prepared from the 
bisanellation reagent (67), and the synthesis of ~-homo-l9-norandrosul~-en-3-one (82) was carried out 
from (79) as shown below.118 For the A-ring formation, the unmasking of the terminal double bond and 
hydrogenation afforded the 1 ,5-diketone (81). which was subjected to intramolecular aldol condensation 
to give ~-homo-4-androstene-3,1 'la-dione (82; Scheme 23). 

i, Li /NH3 

i, PdClz /CuCI 
ii, Hz Pd 

ii, L-alanine ii, NaOH 
iii, N a B h  iii, CrO3 

iv, base 
* 

0 

(79) (80) 

0 & 
(81) 

0 

Scheme 23 
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3.4.4 OXIDATION OF INTERNAL ALKENES 

3.4.4.1 General Remarks 

Compared with the facile oxidation of terminal alkenes, the oxidation of internal alkenes is extremely 
slow under the usual conditions. In addition, the reaction is not regioselective. The reaction would be 
very useful if cyclic alkenes could be oxidized to cyclic ketones. However, cyclic alkenes such as cy- 
clopentene, cyclohexene and cyclooctene are not oxidized efficiently under the usual conditions. Good 
results so far reported are those with the use of heteropolyacids as the r e o ~ i d a n t . ~ ~ * ~ ~  Cyclohexene was 
oxidized by using PdSO4 and heteropolyacid (H3PMo,sW6040) in aqueous DMF, giving cyclohexanone 
in 85% yield; the tumover of the catalyst was 90. For cyclopentanone, the tumover number was 30. Cy- 
clopentene was oxidized smoothly by electrooxidation catalyzed by Pdn and benzoq~inone.~~ Ethanol is 
a good solvent for the oxidation of cyclohexene and cyclopentene.119-121 cis-2-Butene was oxidized to 2- 
butanone in 82% yield in polyethylene glycol. l7 The stoichiometric oxidation of 1 -methylcyclobutene 
(83) gave cyclopropyl methyl ketone (Scheme 24).122 

] - + pd + HC1 

Scheme 24 

The furan ring in khellin and cyclic ethers in sugars were oxidized to esters in methanol (Scheme 
25).35J23 Tricyclo [4.2.2.02.5]deca-3,7-diene-9, 10-dicarboxylate (84) was oxidized to the monoketone in 
7 h as a primary product, which was further oxidized to the diketone in 10 h in high yield with a stoi- 
chiometric amount of Pd(N03)2 in refluxing methanol (equation 14).lU 

PdClz 

CUCl 
MeOH 

OMe 
Mead 

Scheme 25 

Pd(NOd2 MeOH O a  

Me02C OMe 0 zm HO 

OMe 

C02Me 

._ 

C02Me + C0,Me C02Me 

Thus, more improvement is still necessary for the oxidation of internal alkenes. However, internal al- 
kenes with' some functional groups at suitable positions are oxidized regioselectively by participation of 
the functional groups under proper conditions as surveyed in the following section. 

3.4.4.2 Regioselective Oxidation of a#- and P,y-Unsaturated Carbonyl Compounds 

The oxidation of a,&unsaturated carbonyl compounds under the usual conditions in DMF using 
PdC12/CuCl/@ is very slow. However, regioselective oxidation of a,p-unsaturated esters to p-keto esters 
(equation 15), and a,p-unsaturated ketones to 1.3-diketones (equation 16) proceeds with NaSdCI.4 in 
solvents such as 50% acetic acid, isopropyl alcohol, and NMP.43 r-Butyl hydroperoxide and hydrogen 
peroxide are used as the reoxidants of the reduced palladium. The reaction proceeds slowly at mom tem- 
perature but smoothly between 50 and 80'C. Some typical examples of this process are shown in Table 1. 
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C02R2 
R' 

w C 0 2 R 2  - R' 

0 

Table 1 Oxidation of Various a$-Unsaturated Esters and Ketones 

463 

(15) 

Alkene Product Yield (%) 

C0,Me - 
C02Me 

C0,Me - 
0 

Ph 

0 
C02Me 

2 C O 2 M C  

/k- C02Me 

& COzMe 

0 

83 

78 

64 

68 

C02Me 75 

59 

Ph u 59 

It is well known that wallylpalladium complexes (86) are easily formed by the reaction of PdClz with 
P,y-unsaturated esters or ketones (85).Iz5 An attempted oxidation of P,y-unsaturated esters and ketones 
with the PdCldCuC1/02 catalyst system in aqueous DMF led to r-allylpalladium complex formation as 
the main reaction, and the oxidation of the alkenic bond was hardly observed to a significant extent. 
However, in aqueous dioxane or THF, the oxidation became the main reaction, giving y-keto esters and 
1.4-diketones (87). respectively, with high regioselectivity (Scheme 26). lZ6 Some results are shown in 
Table 2. In all cases, no P-keto ester or 1,3-diketone was detected. At the end of the reaction, formation 
of a considerable amount of the wallylpalladium complex (86) was observed. y-Keto esters and 1,4-di- 
ketones are useful intermediates for the preparation of cyclopentanedione and cyclopentenone, respec- 
tively, by base-catalyzed cyclization. This regioselective oxidation provides a unique and efficient 
synthetic method for y-keto ester and 1 ,Cdiketone synthesis. 

1,4-Diketones were obtained mainly by the oxidation of y,b-unsaturated ketones and used for 
cyclopentenone a n e l l a t i ~ n . ~ ~ ~ * ~ ~ *  One example is shown below (equation 17). However, the following 
y,b-unsaturated lactone was oxidized regioselectively to give 1,5-ketolactone in 73% yield in one week 
(equation 18).129 
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0 

(ss) 
X = alkyl, OR 

1 
X 

0 
(87) 

Scheme 26 

Table 2 Oxidation of Various P,*(-Unsaturated Esters and Ketones 

Alkene Product Yield (%) 

COZMe - TCozMe 0 

C02Me TCo2Me 
0 - 
4 0 

52 

61 

45 

0 4 0 61 

OMe OMe 

@OMe PdClz /CtK!l/O2 % 0 
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3.4.43 Regioselective Oxidation of Allyl and Homoallyl Ethers and Esters 
The oxidation of various allyl ethers and acetates with internal alkenes using PdCl$CuCI/O2 or 

PdC12/pbenzoquinone catalyst systems gave the corresponding p-alkoxy ketones regioselectively (equa- 
tion 19).130 No a-alkoxy or a-acetoxy ketone was detected. 

(19) R171-oR2 ~ 1 - 0 ~ ~  

0 

R* = alkyl; R2 = alkyl, acetyl 

In the oxidation of 2-octenyl acetate, in addition to the normal oxidation, palladium-catalyzed allylic 
rearrangement and subsequent oxidation took place to give a small amount of 3-acetoxy-2-octanone as a 
byproduct. Ethers of secondary allylic alcohols also underwent the regioselective oxidation to give the 
corresponding p-alkoxy ketones in 3040% yields. But in this case too, by-products derived from the 
allylic rearrangement and subsequent oxidation were also detected. Results of the oxidation of some allyl 
ethers are shown in Table 3.130 

Table 3 Oxidation of Various Allyl Ethers 

Substrate Product Yield (%) 

0 

0 

L O n , ,  LOfiPh 

67 

65 

76 

Homoallyl acetates were oxidized to form the corresponding y-acetoxy ketones with high regio- 
selectivity. The results are shown in Table 4. In this oxidation, small amounts of P-acetoxy ketones were 
sometimes formed (<lo%). 

In these oxidations of the internal alkenes, an oxygen atom was introduced at the alkenic carbon atom 
remote from the neighboring alkoxy or acetoxy group. The results suggest that there is definite influence 
of the alkoxy or acetoxy group, which may be explained by coordination of palladium with the oxygen 
function, to control the regioselection. As another example of this regioselection, p-tetrahydropy- 
ranylstyrene (88) was oxidized regioselectively to the phenyl ketone (89; equation 20). On the other 
hand, P-methylstyrene (90) was oxidized to give phenylacetone (91) and propiophenone (92) in a 3:l 
ratio (equation 21).131 The participation effect of the ether oxygen is clear. 

The control of the regioselectivity by the neighboring oxygen function is effective only in the oxida- 
tion of internal alkenes. Terminal alkenes bearing a neighboring alkoxy or acetoxy group were oxidized 
to the corresponding methyl ketones, though the effect of the alkoxy or acetoxy group predicts the for- 
mation of the corresponding aldehydes (see equation 11). 

@Alkoxy ketones and y-acetoxy ketones prepared by the oxidation of allyl ethers and homoallyl ace- 
tates, respectively, are synthetically useful intermediates. The reaction of (93) in the presence of excess 
sodium methoxide with 2-methylcyclohexanone afforded methyloctalone (94) in 4296 yield (equation 
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Table 4 Oxidation of Homoallyl Acetates 

0 
OAc - 

R- R + R/7/-VoAc 
0 

(A) (B) 
Substrate Catalyst (%) Time (h) Yield (%) Ratio (A):(B) 

10 12 80 91:9 OAc - - OAc 10 24 73 88:12 

10 24 72 90: 10 
OAc 

20 12 42 1oo:o 

22). Thus, allyl ethers can be regarded as ‘masked vinyl ketones’ by means of this palladium-catalyzed 
oxidation. 

NaOMe /MeOH 

0 0 f P h  + 42% 

1 tl-Diketones or y-keto aldehydes (95) were prepared from y-acetoxy ketones by saponification of the 
acetate with aqueous sodium hydroxide, followed by oxidation with PCC (equation 23). -w 0 (23) 

i, aqueous NaOH 

ii* CNL - c1cr03- 0 
* O  0 Ac 

R = H , M e  (95) 
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33.1 INTRODUCTION 

This review is written to cover the needs of synthetic chemists with interests in oxidizing alkenes by 
addition of nitrogenous substituents. Whilst some aspects have been covered in previous reviews (noted 
in the text), most notably in the Tetrahedron Report No. 144, ‘Amination of Alkenes” and prior reviews 
on aziridines and nitrenes, the present review is the fmt compilation of references to the whole range of 
these particular bond-forming processes. A review by Whitham provides a useful general introduction to 
reaction mechanisms of additions to alkenes in greater detail than can be covered hem2 The ‘oxidation’ 
requirement excludes from the scope the additions of N + H and most additions of N + Metal or N + C. 
Hence, unmodified Michael and Ritter reactions are excluded. These topics are mostly covered in Vol- 
ume 4 of the present series. 

Half this review is concerned with aziridination, but other cycloadditions are generally excluded, being 
reviewed elsewhere in this series (Volume 4, Part 4 and Volume 5, Part 4). The second half of this re- 
view covers additions of nitrogen and a chalcogen or halogen, or a second nitrogen. No examples of ad- 
dition of N + P were found: this transformation can be achieved indirectly by opening aziridines with 
phosphorus  nucleophile^.^ 

Surprisingly few of the reactions herein have been used widely, yet some have much to offer for syn- 
thesis. Many aziridinations, for example, occur under extremely mild conditions. The potential utility of 
aziridines as synthetic intermediates is enormous; for example, to make regiospecifically substituted 
diamines, but published examples to date are few. There is also much scope for wider usage of iodolac- 
tamizations and related cyclizations. 

35.2 AZIRIDINE FORMATION FROM ALKENES 

Aziridines are readily accessible, yet under used as synthetic  intermediate^.'^ There is an even greater 
variety of methods of preparation than for epoxides. Nitrene additions to congested alkenes (Section 
3.5.2.3) often show stereoselectivity, and indirect syntheses, e.g. from amino alcohols, are stereospecific. 
Some success has already been achieved in chiral aziridine preparation (Section 3.5.2.5). though the 
generality, and enantiomeric excesses (except in a few specific cases) do not yet match those of, for 
example, the Sharpless epoxidation. The main utility of aziridines in synthesis lies in their ring-opening 
reactions analogous to those of epoxides, but more versatile owing to the varied exocyclic N-substituent 
which modulates the properties and reactivity of the three-membered ring.kg It should be noted, how- 
ever, that aziridines are toxic, and that the lower molecular weight compounds, particularly, can some- 
times polymerize with a very vigorous exotherm, generally initiated by acid cataly~is.~ 

35.2.1 Aziridines with Nitrogen Unsubstituted 

Several reagents will effect the aziridination of alkenes directly, for example, electrophilic alkenes re- 
act with diphenylsulfilimine (1) in good yield, with the elimination of diphenyl sulfide (Scheme l).1G12 
A similar reaction using the chiral sulfilimine (R)-(+)-(3) gives product (2; 96%) as the (2R,3S) form 
shown (a%), accompanied by the enantiomer (32%).13 Cephalosporin substrates (4) react with achiral 
(1) to give products (9, as single diastereoisomers in 5 2 4 3 %  ~ie1ds.l~ 

Pentamethyleneoxaziridine (6) also acts as an aminating agent, giving quite good yield of aziridines 
(Scheme 2).l59l6 Remarkably, none of the corresponding epoxide was reported in this reaction. Cyclo- 
hexene yields instead the hydrazino alcohol (8). probably via the N-aminoaziridine (7). In view of the re- 
cent use of chiral oxaziridines for chiral oxidations, it will be interesting to see whether chiral 
aziridination is possible when chiral N-unsubstituted oxaziridines become a~ailab1e.I~ 
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H 
0- 0 - 1  

R‘CONH ~lco~11.1 
0 

-k-i C02R2 C 4 R 2  

(3) (4) (5) 

reflux 3 h i eo - OK 
100 mL (6174% ’H 

46% 

i, NaOCl(200 mL 0.98 M), “,OH (100 mL 2 M), PhMe (500 mL) 
ice/water (400 mL), shake 30 s, separate, wash H20, dry (MgSO,) 

Scheme 2 

Electron deficient alkenes, e.g. NCCH=C(COMeh, can be aziridinated with 0-(ary1sulfonyl)hyd- 
ylamines. The reaction is believed to involve a Michael addition followed by cyclization with expulsion 
of a sulfonate anion (yields 3&!20%~).’~ Less electrophilic alkenes react in lower yield but with a high 
stereospecificity: a high degree of concertedness would appear to be present in this case (Scheme 3).19 
Related syntheses, where the leaving group is halide, alkoxide or trimethylamine, are discussed in Dey- 
rup’s5 and Cervinka’szo reviews; some examples are given in Schemes 421 and 5;22 reactions of ha- 
loamines, particularly with unactivated alkenes, are generally radical processes (Scheme 6).23 An elegant 
one-pot aziridination of chalcones has been devised (Scheme 7).% 

H 
I TsONH~, CHzCl2 

25 OC, 12-24 h 

(cis or trans) (cis or trans respectively) 
Scheme 3 
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m N 
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I 

THF 

80 O C ,  9 d Meo-N, COPh 18 h, 38% 
MeONH2 + ”\=( - 

H 
COPh 

Scheme 4 

H 
N 
I 

NaOMe 

reflux, 16 h 
B Ph * %ONMePh 

/JN7 35% 

Me 

ph ii, Me1 

i. Me2NNH2, 5 h, reflux 

Me, + 
Me -N-N, 78% 

Me/ H 

Scheme 5 
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Ph 

)= 
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Scheme 6 

F% 

* Ph bb>+\coph + -  '7 con 
N 
H 
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50 O C ,  3 h 

Scheme 7 

Of the numerous other aziridine syntheses, there are several multistep procedures from alkenes. 
Though not strictly within the scope of this review, the practising chemist will wish to consider their me- 
rits alongside the direct syntheses, and the main possibilities are summarized in Scheme 8. There are sev- 
eral good recent reviews?.5 and two older compilations remain very u s e f ~ l . ~ ~ ~  Syntheses of those 
intermediates of Scheme 8 accessible from alkenes are described in later sections of the present review, 
and syntheses of epoxides (Volume 6, Chapter 1.1 and Volume 7, Chapters 3.1 and 3.2) and triazolines 
(Volume 5, Chapter 3.1) are described elsewhere in 'Comprehensive Organic Synthesis'. It is important 
to note that by careful choice of route one can either commence with alkene (14) and retain the cisltruns 
stereochemistry in the resulting aziridine (16), or start with alkene (13) and change the cisltruns relation- 
ships of the substituents. 

0 Rl OH 
R'* - -  R3 - R2 ,~IY R3- R2 

R2 R4 "2 R4 "2 R4 N3 R4 

Sharpless 

Scheme 8 The major indirect aziridination routes 

The Wenker and Gabriel syntheses have great scope and usually give good yields, however the routes 
via triazolines (e.g. 19) are not good for N-unsubstituted aziridines or for N-alkylaziridines. The Gabriel 
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synthesis is stereospecific, and by choice of appropriate precursor can yield stereospecific syntheses of 
the desired aziridines. The Wenker synthesis is also generally similarly stereospecific: a rare exception 
being when the sulfate leaving group is attached to a benzylic center? In such systems the Gabriel syn- 
thesis remains stereospecific. Both syntheses require that the amine and leaving groups in (11) or (18) 
can adopt a trans coplanar, or nearly so, orientation. Several resolved amino alcohols are readily avail- 
able by reduction of amino acids and can be utilized to make chiral aziridines, the Wenker synthesis of 
(S)-(-)-2-methylaziridine from L-alaninol being typical.25 In certain cases, a resolved epoxide precursor 
may be available by the Sharpless procedure (Volume 7, Chapter 3.2) as in the PS5 synthesis (Scheme 
9). This synthesis illustrates two further features of this utilization of epoxides: clean regiochemistry of 
the initial ring opening is not required to yield pure, resolved aziridines and, though cisltruns relation- 
ships are retained, this is by virtue of an inversion at each ring carbon atom.26 This allows, in principle, 
the preparation of an endo aziridine via an exo-epoxide of, for example, a norbornene type of alkene, 
whereas direct aziridination, e.g. by nitrene addition to the double bond, would give the exo-aziridine. 

OSiButPh2 OSiButPh2 

D 

i. Sharpless epoxidation 

HO ii, protect OH Ph2ButSi0 

OSiBu'Php 

+ 
Ph2ButSi0 

C i B u t P h 2  
Ph2ButSi0 

OSiButPh2 
i, Ph,P/PhMe; ii, TsCV Py 

D 

PhZBu'SiO OH 

Et,,, i, LiEt,Cu 
D S 

ii, 10 further steps 0 e CO2H flHAc 
Scheme 9 

The alkene pseudohalogen adducts (15) of Scheme 8 are also useful intermediates for aziridine syn- 
thesis. These adducts are discussed later in Sections 3.5.6.24. The iodine azide27-29 and bromine azide30 
adducts may be reduced to aziridines with many reagents; recent references report use of lithium alumi- 
num h y d ~ i d e ~ * * ~ ~  and dimethylamineb~rane.~~ The iodine isocyanate aziridination continues to prove use- 
ful, as in Scheme 10.31-33 Since the recent reviews?~~ the mechanism of the triphenylphosphine-based 
cyclization of azido alcohols has appeared (Scheme 11); there are clear steric consequences." Alkenes 
can be chlorinated in acetonitrile to give intermediates which can be worked up to yield aziridines 
(Scheme 12).35 

NHC02Me 

i, AgOCNII2 - ' d,& I KOW EtOH - 
ii, MeOH reflux 

R2 

H 
"2 

- R'mNH2 \ 

i, NaN$W4Cl, aq. EtOH, 1.25 h, reflux 

ii, LiAlH&t,O, 0-20 'C. 1.5 h 
R2 

90% 
Scheme 10 

The regio- and stereo-chemical consequences of preparing an aziridine via INs, or INCO, or the above 
chlorination procedure are, in so far as they have been investigated, analogous to those of proceeding via 
an epoxidation, for the simple reason that all these last three reaction types appear to proceed via cyclic 
halonium ions, isosteric with epoxides. 
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Scheme 11 

H NHCOMe I 
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Scheme 12 

Aziridines can be made in a sequence starting with the addition of NOCl to alkenes, Scheme 13. The 
sequence is probably limited to tetrasubstituted alkenes, owing to instability of the nitroso intermediates 
from less-substituted alkenes (Section 3.5.6.2).3638 Since the reagent reacts as NO+Cl- and delivers the 
nitrogen, rather than the leaving group, to the exposed face of an alkene, one would expect an appropri- 
ate norbomene derivative to yield an exo-aziridine in contrast to the endo products obtained via epox- 
ides, although this appears not to have been investigated yet. 

H 
I 

SnCl;?/as.HCl ] NaOH,O"C N ,.." NO 

dry ice bath 5-55 O C  79% - '"A c 

Scheme 13 

N-Unsubstituted aziridines may be prepared by removal of N-substituents. Surprisingly vigorous re- 
agents or conditions may be tolerated in these reactions: N-carbethoxy is cleavable with KOH as in 
Scheme 10, N-cyand9 or acyla by lithium aluminohydride, this last normally being considered an alde- 
hyde syntheska An N-sulfenyl group (of under-used potential, Section 3.5.2.6) may be removed with 
sodium borohydride!l 1,2,3-Triphenylaziridine is quantitatively ozonolyzed to 2,3diphenyla~iridine!~ 

3.5.2.2 N-Alkyl- and N- Alkenyl-aziridines 

There are no one-step syntheses of N-alkylaziridines direct from alkenes of proven generality, the most 
thoroughly investigated being the reactions of N-halo- and NJV-dihalo-alkylamines with alkenes referred 
to earlier (Scheme 6).= They are probably radical reactions and are not stereospecific; the N-haloamine 
reagents are difficult to prepare cleanly, and are rather dangerous. Representative examples (6 of 17) pre- 
pared from halogenated alkylamines are listed in Scheme 14. 

A one-pot conversion of alkenes to N-methylaziridines has been achieved by aminopalladation fol- 
lowed by an oxidative work-up with bromine (Scheme 15).43 The reaction is stereospecific, as shown by 
deuteration experiments, but has been little 2-Aminopalladium compounds such as (21) 
are extremely versatile; depending on starting compounds and work-up reagents, they can be made to 
yield a wide variety of products (Scheme 16).45 

Gabriel and Wenker type syntheses are thoroughly viable for N-alkylaziridine~,~~ and there are exam- 
ples of aziridination of alkenes, via vic-dihalides e&., where by use of a chiral amine a kinetic induction 
of chirality in the aziridine nucleus has been 2-Iodoalkyl azides react with alkyl and aryl 
dichloroboranes, forming aziridines (Scheme 17)!* Sequences resembling the Witti@9 and Wittig-Hor- 
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Scheme 14 N-Alkylaziridines from N-haloamines and alkenes 
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neSo reactions can be carried out on epoxides, resulting in N-alkyl- or N-aryl-aziridines instead of im- 
ines. 

Covalent azides add to alkenes in a [2 + 31 cycloaddition, giving triazolines (Volume 4, Chapter 4.10), 
and these in turn can be thermolyzed or photolyzed with loss of nitrogen to give aziridines. The addition 
obeys the complementarity principle for cycloadditions, which in this case means that electron-rich 
azides prefer to react with electron-poor alkenes and vice versa.51 Thus, a few N-alkylaziridines have 
been prepared from electron-poor alkenes via t r iaz~l ines .~~ The thermal stability of triazolines with re- 
spect to loss of nitrogen and aziridine formation varies with the electronegativity of the exocyclic N-sub- 
stituent. Thus, N-vinyltriazolines decompose more readily than N-alkyltriazolines to give 
N-vinylaziridines in good yield, as in Scheme 18.5s57 Several examples of intramolecular formation of 
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vinyltriazolines, and subsequent pyrolysis to give fused-ring aziridines are known.53 N-Alkylaziridines 
are accessible in good yield by intramolecular cyclization of suitable alkenic nitrenes, giving bridged 
ring systems (andogous intermolecular reactions are not usefu1).58-60 This was put to good use in the 
synthesis of (22), a key intermediate in the synthesis of a tetracyclic alkaloid, ibogamine.61 

Scheme 18 

35.23 N-Aryl- and N-Heteroaryl-aziridines 

The indirect routes: Gabriel and Wenker syntheses (Scheme 8),4-7 the borane route (Scheme 17),48 and 
Wittig-like s y n t h e s e ~ ~ ~ ~ ~ ~  are all highly satisfactory for N-arylaziridines. It is, however, with the N-aryl 
compounds that the azide/triazoline route begins to be useful, though not, in general, preferable to the 
other routes: the explosive potential of azides limits their desirability. The preparation, thermolysis and 
photolysis of triazolines, including many N-aryl compounds, has been well reviewed recently.53 A few 
key points of selectivity are worth noting. Norbomene-type systems form overwhelmingly the exo-tri- 
azolines, which on photolysis give exo-aziridines. Thermolysis of these systems occurs via a ring-opened 
intermediate and hence is not stereospecific (Scheme 19).62 Complications are encountered when the 
thermal sequence is applied to very electron-poor alkenes: the thermolysis is slow, and the resulting azi- 
ridine ring opens with C-C cleavage to give an ylide, which then adds to the akene to give a pyrrol- 
idine (Scheme 20).s3763 

I -. 
H L 

Scheme 19 

Aziridine formation from arylnitrenes, rather than via triazolines, is known for highly fluorinated 
a r e n e ~ . ~ ~ ~ ~  Phenyl azide with trifluoroacetic acid generates a nitrenium ion which adds stereospecifically 
to alkenes to give aziridines. Yields are rather low, partly due to concurrent ring opening of the aziridine 
by addition of trifluoroacetic acid.% Similar reactions can be achieved with Lewis acids such as AlCl3.6' 
Enamines with aryl azides can yield either 2-aminoaziridinesa or amid ine~ .~~  
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Heterocyclic azides can give good yields of aziridines (Scheme 21), but the reactions can give other 
products, depending on the precise combination of starting materials.@ The reaction shown in Scheme 21 
is believed to occur via a nitrene, not a triazoline, and is favored by electron-poor alkenes (in this case, 
electron-rich alkenes give much isomeric thiochroman). 

W N 3  \ + f R  

R = CN, 85% 
R = COZMe, 90% 

Scheme 21 

3.5.2.4 N-Acyl- and N-Cyano-aziridines and Related Compounds 

Acylaziridines are not freely available by the Gabriel or Wenker routes, oxazolines being the normal 
products of such reactions?O though rhreo-&acylamino alcohols (from truns internal alkenes) can give 
aziridines." Acyl azides undergo the Curtius rearrangement to isocyanates,'2 and additions to alkenes to 
yield triazolines and hence aziridines are rare?3 Photolysis of acyl azides can yield a~ylaziridines?~ 
though the reaction is only of potential preparative value when a strained ring increases alkene re- 
activity.75 Pivaloyl azide, in particular, on photolysis yields a nitrene (50%) which is unusually slow to 
rearrange to the isocyanate. It adds to alkenes stereospecifically (as singlet) and stereoselectively (as tri- 

by use of as long a wavelength as possible (300-350 nm), and very pure solvents, especially di- 
chloromethane which stabilizes singlet nitrenes, yields up to 45% are obtainable. 

In a reaction modeled on the use of cytochrome P-450 to catalyze oxidations with iodosylbenzene, 
iron or manganese porphyrins have been used to catalyze aziridinations with iodinanes (Scheme 22).78 In 
this early report cis- or trans-stilbene each gave the trans-aziridine, but stereoselectivity has since been 
achieved for the sulfonylaziridines (Section 3.5.2.6). 

X 

- + PhI 
Mn(TF'P)(CI), mol. sieves, 

CH2C12,20 OC. 15 min 
+ PhI=NX 

X = COF3,50%; SOZC&Me-p, 80% 

Scheme 22 

Alkoxycarbonyl azides, which do not readily undergo the Curtius rearrangement, have a much richer 
triazoline and nitrene chemistry, the scope and theory of which are fully discussed by L w ~ w s k i . ~ ~  Carb 
ethoxynitrene may be generated by a-elimination~?~*~ optionally assisted by ultrasoundn or PTC 
(Scheme 23).79J?1 
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Results from cis- and trans-alkenes show that all the nitrene is generated in the singlet state (which 
adds stereospecifically) but concurrent decay to the triplet (1/30 as fast as addition) leads to loss of 
stereospecificity (Scheme 24).80*82.83 However, by optimizing conditions, stereospecificities of 97.4% 
(from trans-alkene to trans-aziridine) and 98.2% (cis to cis) are obtainable by the or-elimination route. 
Thermolysis of ethoxycarbonyl azide also produces singlet nitrene," however photolysis produces two- 
thirds singlet and one-third triplet, which sets an upper limit to the stereospecificity of the addition. Both 
reactions can be optimized to give about 70% yields of aziridines. The thermal reaction is complicated in 
those cases where the triazoline route competes with nitrene formation. This is the case with tetraalkyl- 
alkenes leading to increased proportions of, chiefly, imine by-products (Scheme 25).85 Ethoxycarbonyl- 
nitrene can also be generated and trapped as an aziridine by thermolysis of a bis-silylated hydroxylamine 
(Scheme 26).86 
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nitrene cis-alkene cis-aziridine 
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N* N . N  C02Et 

702Et -I- + EtOzCN H (3: 1) 1- nflux. 72 "C, 310 h 
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EtOCON3 + >=( 

excess 

+ it + ) _ C N ' C 0 2 E t  + 
NCO2Et 

62% 36% 2.5% 

Scheme 25 

trace 
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Norbomene adds to photolytically produced ethoxycarbonylnitrene specifically at the ex0 face;87 the 
same aziridine is produced in the thermal addition of ethoxycarbonyl azide, but via the triazoline rather 
than the nitrene, with much imine by-product.88 There can be problems of selectivity and rearrangements 
when one reacts ethoxycarbonylnitrene with more complex substrates, e.g. akenic steroids.89 Ethoxycar- 
bonylnitrene (via a-elimination) adds to vinyl chlorides to give 2-~hloroaziridines,~ which can be rear- 
ranged thermally to yield 2-chloroallyl carbamates. This nitrene also adds to enamines, giving an array of 
rearranged  product^.^' A modem discussion of the reactivities of ethoxycarbonylnitrene (electrophilic) in 
comparison with phthalimidonitrene (nucleophilic) towards alkenes of different electronic properties has 
appeared?2 

A procedure, primarily intended to yield diamines,P3 can be diverted to yield either imidoylaziridines 
or imidazolines, though rarely as well controlled as in the following example (Scheme 27). The initial 
step is regioselective (Markovnikov) and stereospecific. In a related procedure the P-bromocyanamide 
was reduced to a formamidine (H2, 1% Pd/C, MeOH-AcOH, 20 'C, 1 atm) as an alternative intermedi- 
ate.94 

"XR RHR aq.Ba(OW2 

"YN 13C-140°C,2d - H2N NH2 

Et,N/EtOH, 
reflux, 3 h 

90% 
OEt 79% 

NH \ 
NaOEt,2O0C, 18\ Rt_fR 

100% 

A 
Et0 NH 

Scheme 27 

N-Cyanoaziridines can be made from alkenes via either cyanogen azide or cyanonitrene. Cyanonitrene 
can be generated thermally and photolytically from cyanogen azide,95 but the azide itself adds so readily 
to most alkenes to give a transient triazoline that this has prevented much study of the nitrene-mediated 
reactions from the azide. More recently, our own group oxidized cyanamide in the presence of various 
nitrene traps: alkenes, such as dicyclopentadiene (Scheme 28), and also phosphines, sulfoxides and sul- 
fides (including penicillins), and obtained the products of formal cyanonitrene addition in each case, 
though this array of products remains the sole evidence of a nitrene mechanism for these reactions.% 
Cyanonitrene has also been generated by oxidation of sodium hydrogen cyanamide with BuQCl, but was 
not, apparently, added to 

Scheme 28 
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Cyanogen azide adds to alkenes at 0-35 'C giving transient triazolines, which decompose to alkyl- 
idenecyanamides, often with rearrangement (from simple alkenes), or to aziridines (cleanly only from 
polycyclic, strained or more highly alkylated alkenes).98 A typically complex example is given in 
Scheme 29. The NBS/cyanamide addition to alkenes (Scheme 27) can also be modified to yield N- 
cyanoaziridines, by submitting the initial p-bromocyanamide adduct to a Gabriel cyclization (with 
NaOWaq. acetone, reflux 30 min).% 

3% 23% 46% 

Scheme 29 

3.5.2.5 N- Amiwaziridines, N-Phosphonylaziridines 

Oxidation of the quinazoline (23) with lead tetraacetate gives an unstable intennediate (24) which 
shows a first order decomposition in CH2Cl2, k = 3.68 x lo" s-* at 10 'C.'OO The rate of disappearance of 
(24) increases on adding an alkene such as styrene (Scheme 30), with the formation of a metastable cis 
invertomer (25) of an aziridine (26), which last is the product eventually isolated.1o1 It is suggested that 
the mechanism is analogous to the Bartlett mechanism for epoxidation.100**02 Quinazoline (23) has an in- 
teresting chemistry, on oxidation adding to heterosubstituted alkenes to generate novel aziridines which 
show some previously unrecognized chemistry (Scheme 31).Io3 

O 0 I 1  I -  H 2 G  

(26) 76% 
Scheme 30 

It would appear that a similar mechanism probably applies to the many aziridinations of alkenes with 
lead tetraacetate and a wide variety of other N-aminoheterocycles. In any case, such reactions are now 
thought unlikely to occur vita a nitrene: in competition experiments, N-aminophthalimidellead tetraace- 
tate reacts with styrene in preference to methyl acrylate (1.5: 1). whereas with the supposed genuine ni- 
trene (27) (whose nature is also in doubt103) prepared by pyrolysis (Scheme 32), the ratio is reversed 
(1:3).'0° Other sources of supposed (27) by pyrolysis include (28)IO4 and (29).loS Very recently, strong 
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evidence for an N-acetoxy intermediate has been obtained for the N-aminophthalimidelPb(0Acb re- 
actions.103J06 

Scheme 32 

2-Cyclohexen- 1-01 is aziridinated syn by (24); geraniol (Me2C=CHCH2CHK(MeHHCH2OH) is 
aziridinated at the 2.3-position due to hydrogen bonding, and geranyl chloride reacts at the 6,7-posi- 
tion.lo7 These recent results also generally support the analogy with peroxy acid epoxidation, but there 
axe some differences. Thus 3-chlorohexen-1-01 is also aziridinated syn, yet the corresponding epoxida- 
tion in this case is not stereoselective.103 

The many N-aminoheterocycles convertible to aziridines by oxidation with lead tetraacetate, generally 
at ambient temperature in dichloromethane, are listed in Scheme 33.s958J0g111 The most frequently used 
is N-aminophthalimide, which gives good yields with a wide variety of alkenes, both electron-rich and 
electron-poor, most recently steroidal alkenes.112 Prior to the appearance of ref. 100, these reactions were 
all assumed to occur via (singlet) nitrenes, and indeed all the early evidence was consistent with this sug- 
gestion, except perhaps, in retrospect, the absence of products of C-H insertion. 
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Scheme 33 N-Amino heterocycles which yield aziridines from alkenes and Pb(0Ac)d 

Some N-aminoheterocycles undergo other reaction modes on oxidation (perhaps via even less stable 
N-acetoxyamino compounds) and aziridines are not available from them, a well-known example being 1- 
aminobenzotriazole, which on oxidation yields benzyne and nitrogen.lI3 An interesting case is (30; 
Scheme 33) which on oxidation in the presence of alkenes gives aziridines; in their absence, the inter- 
mediate fragments to nitrogen and two molecules of benzonitrile.' l4 

A promising start has been made in applying the lead tetraacetate oxidation to chiral N-aminohetero- 
cycles in the presence of achiral alkenes, leading to chiral aziridines via asymmetric induction, with com- 
pound (31) being obtained in 100% de from the appropriate precur~ors.~'~ Similar reactions with the 
ch id  quinazoline (32) give only modest face selectivities (stereoisomer ratios 1.2: 1 to 2.4: 1); however 
inclusion of trifluoroacetic acid in the reaction mixtures gives greatly improved purities (stereoisomer ra- 
tios 5.2:l to 23:l) via a stabilized protonated intermediate originally formulated as the nitrene (33),'16 
but which, in the light of later work would seem to be an N-acetoxyamino compound.lm For wide utility 
of this potentially very useful reaction, a method for cleaving the N-N bond without destroying the azi- 
ridine ring would be needed. It would be most interesting to try some oxidations of achiral N-amino- 
heterocycles with lead(1V) salts of chiral acids: it could lead to a new chiral aziridination, but even in the 
absence of a preparatively useful ee, any significant ee would provide yet further evidence for (He+ 
NHOCOR intermediates. Some resolved aziridines are also available in high optical purity by a kinetic 
resolution via carbonyl insertion with CO and a chiral rhodium complex. l7 

# 
(31) racemic (32) (33) 

Phthalimidoaziridines can be cleaved by hydrazinolysis to give l-aminoaziridine~,~I**~ l9 which decom- 
pose slowly at mom temperature, and rapidly above 48 'C, regenerating the starting alkene with stereoc- 
hemistry intact. There would appear to be some unexploited potential for phthalimidoaziridines to be 
used for alkene protection. Phthalimidoaziridines are stable to reflux in chlorobenzene (132 'C) for 24 
h.Il9 N-Aminoaziridines can be acylated to yield N-acylaminoaziridines of varying thermal stability:lo5 
(34, tln = 15 min at 37 'C) is a ready thermal source of benzamidonitrene from which new aziridines can 
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be made by reaction with other alkenes, whereas the isomeric cis-aziridine is stable at 20 'C for at least 
15 years. Two unusual intramolecular formations of N-aminoaziridines are given in Schemes 34 and 
35,120.121 

* 
Pb(OAck 

CHZClz, -55 "C 
N-NH2 

64% 
Scheme 34 

N-NHTs 

b 

i, NaH, 80 'C, 20 min 

Ph- Ph ii, 20 OC, 2 d Ph 

Scheme 35 

Diethylphosphoryl azide gives an exo-triazoline with norbornene;lZ2 subsequent photolysis gives the 
phosphorylated aziridine, but pyrolysis gives the imine isomer. Markovnikov addition of diethyl dibro- 
mophosphoramidate to alkenes (BF3 catalysis) occurs in high yield; 123 the initial adducts were converted 
to N-unsubstituted products but would be readily convertible to phosphorylated aziridines by the Gabriel 
method.124 In any case, N-unsubstituted aziridines are readily pho~phorylated.~J~~ 

3.5.2.6 Aziridines N-Substituted with 0 or S 
Treatment of 0-alkylhydroxylamines with a mixture of an alkene and lead tetraacetate in dichloro- 

methane gives aziridines in about 30% yields?Jo8 The products are mixtures of stable invertomers.lZ6 
The reactions are not quite stereospecific. lZ7 Oxidation of certain nitroarylsulfenamides with lead te- 
traacetate in dichloromethane in the presence of alkenes gives N-sulfenylaziridines, 1844% together 
with some (identified) by-products?1.108 The addition to cis-1-phenylpropene gives a mixture of cis- and 
trans-aziridines (3: l), and the unreacted alkene was partly isomerized (to trans) a l ~ 0 . l ~  Kinetic and ESR 
investigations have enabled these results to be rationalized in terms of a disproportionation of the (sin- 
glet) nitrene-sulfenamide mixture yielding amidyl radicals, which add reversibly to the alkene causing 
isomerization. The resulting trans-alkene is then, of course, the precursor of the trans-aziridine (Scheme 
36). The investigation also concluded that a second aziridine-forming intermediate was involved, but that 
this was not the triplet nitrene. Mild thermolysis of N-arenesulfenylimino- 1,4-dihydronaphthalenes also 
gives the sulfenylnitrenes which, in the presence of excess alkene, can be trapped quantitatively as the 
aziridine~.~~g Though the thermal reaction is still not quite stereospecific, it has advantages over the lead 
tetraacetate procedure in giving higher yields, and also in working with electron-deficient alkenes. (It is 
also not dependent on nitro-substitution on the aromatic ring.) An N-sulfenyl group is readily removed 
by reduction (NaB&),"l thus providing another overall route to N-unsubstituted aziridines from alkenes. 

Fluorothiazyne (F-W, not a nitrene) adds to perfluoropropene under photolysis130 or via cesium 
fluoride catalysis131 to give various abstruse derivatives of perfluoropropyleneimine. N-Arylsulfinylazi- 
ridines are available by acylation of the NH compounds.125 Arenesulfonyl azides add to alkenes, forming 
unstable triazolines, which decompose spontaneously in a variety of ways, only rarely (norbornene) 
yielding aziridines as the main product.72 N,N-Dibromosulfonamides were early on added to alkenes, a 
reaction that can give good yields, but has been little used.132 The regiochemistry is interesting, and 
seems fairly well established (Scheme 37). 

Compound (35) is also available in high yield by the porphyrincatalyzed reaction described earlier 
(Scheme 22).78J33 This reaction, originally reported as nonstereospecific, has recently been made stereo- 
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specific for the tosylaziridination (the triflu~roacetylaziridination~~ appears not to have been followed 
up) by the adoption of tetrakis-Z,6-dichlorophenylporphyriniron(III) perchlorate as catalyst.133 Man- 
ganese porphyrins can also be used with terminal alkenes, but give allylic tosylamination with nontermi- 
nal alkenes.134 Aryloxysulfonylaziridines can be made from the unsubstituted com unds or, in the case 
of norbomene derivatives, from norbomene and aryloxysulfonyl azides (65-9896). I!? 

3.53 ADDITION OF TWO NITROGEN ATOMS TO ALKENES 

3.53.1 Formation of Diamines 

There is one dinct method of preparing primary diamines from alkenes, in which the alkene is mated 
with nitric oxide and a cobalt complex, and the intermediate worked up reductively. The two-stage re- 
duction gives better stereoselectivity (Scheme 38).136 Typical yields from alkenes listed and cis:truns se- 
lectivities (expected product first) are: cyclopentene, 70%. 7030; truns-3-hexene, 6196, 90:lO; 
cis-3-hexene, 43%. 66:34; cyclohexene, 47%. 68:32; trans-l-phenylpropene, 90% 85: 15; cis-l-phe- 
nylpropene, 7496, 72:28. An alternative oxidative work-up with iodine gives, at least from the norbor- 
nene adduct, a dioxime. 

The palladium-promoted vicinal diamination of alkenes can be achieved according to Scheme 39; the 
example chosen illustrates how the mechanism and stereochemistry were determined.137 The inde- 
pendent synthesis of (36) from a quatemized aziridine is also noteworthy. Yields are 60-8796 from ter- 
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minal alkenes, 3 5 4 5 %  from internal alkenes. Tri- and tetra-substituted alkenes have not been reported, 
and the only amine used appears to be dimethylamine. 

M c ~ N  H D 7:*=& * Me2N m e 2  Mez" 

Ph ii,aq*NaOH H1oe: Ph - 
(36) 

Scheme 39 

I 

Osmium t-alkylimides react with alkenes to give cis-diamines.13* The reaction is limited to f-alkyl- 
amines, and further limited by the lack, so far, of a catalytic version. The problem would appear to be 
that whilst monoimides are readily made in aqueous solution, the bis- or his-imides required to achieve 
diamination have to be prepared from phosphinimines (Scheme 40). The reactivities are modulated by 
steric and electronic factors; in being favored by electron-withdrawing substituents on the alkenes, the 
reactions resemble those of KMn04 rather than 0 ~ 0 4 .  Unusually, trans double bonds are more reactive 
than cis, though this selectivity is shared by 0 ~ 0 4 ,  KMno4, Ru04 and Pd(I1). 

r= 
CHzCI2, =flu Ph 2 Ph3P=NBut + os04 I (BuU = hOs04 * 

48 h, 36% 60% I o*B:ii, ] LiAQ,25OC,8h But I 

ol'/O?,, 
'"h Ph 

But Ph But 
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Scheme 40 

Two older direct methods are of limited scope. Tetrafluomhydrazine reacts thermally with alkenes at 
50 'C, 6 h to give a,p-bis(difluoroamino) compounds in good yields.139 Tetramethyltenazenc-zinc 
chloride complex, a source of dimethylamino radicals, adds to a-methylstyrene in 304096 yield.1M Bar- 
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luenga's group have introduced two related methods for adding 2 equiv. of aniline across akenic bonds, 
an earlier thallium procedure141 being superseded by a better, mercury-mediated reaction (Scheme 
4 1). 142 

RZ 
k - P h  

- ArNHRz/Hg(BF4)m, reflux 4 h 

optional 
ring Ph 62-95% 

optional 
ring 

R1 = H, Me, Ph, PhCH,; R2 = H, Me 

Scheme 41 

Bisimides of sulfur dioxide undergo Diels-Alder additions to dienes (Scheme 42). The adducts can be 
processed to give the products of net 1,Zaddition of amides to one of the double bonds.143 The initial ad- 
ducts (37) and (38) are mixtures of two diastereoisomers at sulfur. The S-476) trans and S-C(6) cis 
isomers have to be processed differently as shown; the trans isomers are cleaved with Grignard reagents 
to give sulfilimines (39) which undergo [2,3] sigmatropic reamngement to sulfenylated diamides, e.g. 
(a), requiring only cleavage of the S-N bond [(Me0)3P] to give the desired products (41). A similar 
sequence can be carried out on some of the S-C(6)  cis isomers (38) but requires less sterically demand- 
ing organometallics (MeLi). However, these S--C(6) cis isomers are well set up for a novel [2,3] sigma- 
tropic rearrangement to yield thiadiazolines (42), and these, on cleavage, (NaBH4) happen to yield the 
same end product diamines. The full scope of this methodology is not yet known. Clearly, saturated dia- 
mides are available by reduction of the remaining double bond, and the methoxycarbonyl group (and, 
less conveniently, the tosyl group) can be modified or removed to give diamines. 
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Scheme 42 

This sulfur work was preceded by a conceptually related selenium reaction (Scheme 43).lM In accord 
with this mechanism, 1 -vinylcyclohexene gives predominantly the isomer substituted at the more hin- 
dered endocyclic double bond. 

A modified work up of the alkeneiodine isocyanate adducts (Section 3.5.6.4). yields imidazolinones 
(Scheme 44).145 
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II 0 N T S  overnight 

" T s  
TsNHz or H20 GF' " T s  - T&I"NSe. - TsHN 

Scheme 43 

H 
R 

* + i, AgNCO&/EhO, -5 OC, 3 h 

ii, NHfltOH, 3 d 
R- 

t 
H 

Scheme 44 

Indirect methods of making diamines from alkenes include ring opening of aziridines or oxazolines 
with amines, amides or azides. Aziridines have received limited usage as yet, though there are many par- 
allels with the ring opening of epoxides. In general, aziridines are less readily opened than epoxides un- 
less strongly electron-withdrawing groups are present on the nitrogen. Examples include sulfonyl, but 
activation can also be achieved by quatemization (Scheme 39). by protonation or by Lewis acids.g Re- 
cent examples of ring openings with nitrogenous nucleophiles include chiral bisaziridinesla and N- 
phthalimid~aziridines.'~~ Oxazolines have been opened with primary and secondary amines to yield 
unsymmetrically substituted diamines. 14* 

35.3.2 Formation of Diazides 

Two recent high yielding processes for diazidation of alkenes have been reported.@' In the first, 
Mn(OAc)3, NaN3 and the alkene are heated in glacial acetic acid until the brown colour is discharged 
(indicating complete conversion to Mn") (Scheme 45).149 The paper also reviews the reduction of di- 
azides, favoring Lindlar catalyst. 

HOAC, 7-1 10 OC Mn111(N3)3 
R /= + Mn11'(N3)3 * R'("3 + Mn" - 

10-30 min 5 1-76% 

HAindlar - 
NH2 EtOW50 psi, 25 "C R 

Scheme 45 73% 

' V N 3  + Mnn 
N3 

42% 85% 34% 49-5 1 % 

Scheme 46 Diazides and Elated compounds 
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A second paper achieves similar diazidations using iodosoylbenzene in acetic acid as oxidant, 2-3 h at 
20-50 ‘C, yields were 34-70%.lS0 Some of the more interesting products are listed in Scheme 46. The 
reactions are not stereospecific, but trans isomers predominate. 

Earlier work using lead(IV) azide or persulfate mediated by iron as oxidant has been r e v i e ~ e d ; ~ ~ ~ J ~ ~  
this last procedure, a radical redox one, can work very well (Scheme 47).ls3 Dienes can undergo 1,4-ad- 
dition with lead(1V) azide;@’ reactions with steroid alkenes are varied (refs. 152,154 and references cited 
therein, and Section 3.5.1 1) but can yield the 1,2-adducts.lS 

(“4)2SzOSIFe~+ 

Ph + 2NaN3 * ” y . 3  

N3 L 89% 

Scheme 47 

3 5 3 3  Addition of Two Nitrogen Atoms, including a Nitroso or Nitro Group 

Photoaddition of nitrosamines (carcinogens) to alkenes in the presence of oxygen gives quite good 
yields of 1:l adducts as their oxime isomers.1ss Nitronium tetrafluoroborate in acetonitrile adds to 
alkenes in Markovnikov manner, giving acetamidonitro compounds, 3844% (from arylalkenes) or 
13-20% (from nonaromatic alkenes) (Scheme 48).lS 

NHAc - O*N? 
i, NOzBFdCH2C12, -70 OC, 5 min 

ii, aq. NaHC03, 20 OC Ph 
84% 

Scheme 48 

The reaction is akin to the Ritter reaction, with activation achieved by nitration, rather than proton- 
ation, and the products accordingly retain the nitro group. Additions to 1-phenylcyclohexene (59%) and 
to trans-stilbene (72%) are stereospecific (trans); cis-stilbene gives the expected threo product (39%) 
plus some eryrhro (6%). Reactions of nitrogen dioxide with alkenes are very complex and rarely use- 
ful.lS7 A recent mechanistic paper gives many key references.lS8 Addition of N203 is occasionally useful, 
as with dicyclopentadiene (Scheme 49).lS9 

dioxane, reflux, 

few hours 
* c 

N203, pentane 

EtzO, 0 OC 

82% 

*’& ...’ - Hfld-C 
O2N 

HO”, 

100% 
Scheme 49 

Preparation of nitronitroso dimers from a variety of straight chain alkenes has been patented.’@’ The 
reactions of nitric oxide with alkenes are extremely complex (e.g. isobutylene) and are rarely useful.161 
Perfluoroalkenes add nitric oxide at room temperature in the dark; tetrafluoroethylene gives 
ONCFzCFzNO (68%);162 the reaction with peffluoropropene is more complex. 163 

35.4 ADDITION OF NITROGEN AND OXYGEN TO ALKENES 

35.4.1 Oxyamination and Oxyamidation 

In an extension of the cis dihydroxylation of alkenes with osmium tetroxide, Sharpless has developed a 
series of reactions, reviewed by Gasc et af.,l in which an osmium imine species is added to an alkene, 
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forming a cyclic amide ester, which on reductive work-up gives a cis-amino alcohol or derivative. The 
nitrogen is delivered to the least substituted end of the (3Fc bond. The original procedures were con- 
fined to t-alkylamines, and to stoichiometric usage of osmium tetroxide. In the defmitive procedure, it 
was recommended that the imine be complexed with quinuclidine (Scheme 50).Iu It will be interesting 
to see if use of an optically active complexing base can yield asymmetric induction, in view of the high 
ee achieved recently in the related osmium-mediated dihydro~ylations.~~~ The imine reagent is a little 
milder than osmium tetroxide and appears to have as wide a functional group compatibility. Thus, the N- 
allylaniline yields an amino alcohol in 55% yield, whereas cis hydroxylation is achieved in only 10% 
yield.'% 

. .  
20 "C, 30 min, >90% 

,,---*.-- 
in DME, 20 OC, I h 

But, H 

i, L w e t h e r ,  1 h B"'" 
\ 

I 

OMe ii. H20, MeOH HO 

Scheme 50 

Two related procedures employing osmium in catalytic quantities, and providing, unlike the above, a 
removable nitrogen substituent, have been deve10ped.l~~J~~ Scheme 5 1 represents a procedure suitable 
for mono- and 1,Zdi-substituted alkenes,167 but which is too vigorous for diethyl fumarate and enones; 
Scheme 52 is suitable for 1,ldi- and tri-substituted alkenes;167 Scheme 53 is applicable to mono- and 
1 ,2-di-substituted alkenes, especially electron-deficient alkenes,168 and can be extended to trisubstituted 
alkenes by incorporation of EbNOAc in the reaction mixture.169 

+ 
i, 1% Os04, CHCIfl20, PhCHzNEt3 C c  10 h 

ii, aq. Na2S03, reflux 3 h 
TsNClNa + 0 

Scheme 51 7441% 

i, 1% Os04, Bu'OH, 60 "C, 20 h 

ii, aq. NaBH4, 20 OC, 1 h 
TsNClNa + >=' 

Scheme 52 

Ph 

Ph * phx"co2Et + N ~ N O ~  + AgCl 
7 

9 EtOzCNClNa Et02CNH2 i, ii, iii 

iv, v HO Ph 

i, Bu'OCl/MeOH, 0 OC, 15 min; ii, NaOWMeOH, 0 "C, 10 min; iii, evaporate to dryness; 
iv, MeCN, AgN03,20 OC, 5 min; v, 1% Os04, aq. BulOH, 18 h, 20 "C, then aq. NazSO3, reflux, 3 h 

Scheme 53 

Recent work has shown that the carbamate reaction shows no regioselectivity in the rather demanding 
case of 1,2,3,6-tetrahydropyridines; 1,2-dihydropyridines react at the 5,6 double bond, but with no selec- 
tivity in the N,O ~rientation.'~~ The regioselectivities of the Sharpless oxyaminations have been ration- 
alized,17' and the react'on has recently been studied from the point of view of the inorganic chemist.172 
These procedures and %her cis hydroxyaminations below produce stereochemistry complementary to 
that provided by ring 01 ming of the epoxidized alkene.'" 
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Alkenes can be palladated to yield a complex which can be opened trans by an amine n~cleophile. lJ~~ 
The resulting a-palladium species can be worked up oxidatively to yield an amino alcohol (as its acetate 
ester). This depalladation occurs with inversion, yielding overall cis stereochemistry (Scheme 54). If the 
acetic acid in step iii is replaced with phenol, a f3-phenoxyamine is produced. 

i, (PhCN)ZPdClz, THF, Nz, 0 OC, 10 min; ii, RzNH, -50 OC, 50 min; 
iii, W(OAc).,/AcOH, -50 "C, 5 min, then 20 "C, 2 h; iv, KBH,, 20 "C, 20 min 

Scheme 54 

Use of resolved PhCHMeNHMe as complexing agent and nucleophile in this reaction causes asymme- 
tric induction in the amino acetate, with de 20-60%;175 alternatively, resolved PhCHMeNMez can be 
used as complexing agent, followed by an achiral amine as nucleophile, but ee of only 3-12% was 
achieved.175 Related transformations, but this time trans stereospecific, can be achieved using mercury 
activation; in these cases the mercury itself is the oxidant (Scheme 

i, Hg(BF&, PhNH2, THF, -20 "C. 5 min 

ii. R50H or H20, reflux 3 h 

"z R4 
Rl b t l ! ~ ' ~ R 3  

RzO~(OR~l  
"kR4 Rz R3 

5440% 

Scheme 55 

In its utilization of acetonitrile, the oxazoline synthesis shown in Scheme 56 resembles a Ritter re- 
action.177 The procedure is convenient, but yields are variable; the pyrolysis gives starting alkene plus 
acetamide as by-products. Another oxazoline synthesis and subsequent conversion to a cis-amino alcohol 
is discussed later (Scheme 85). A recent y-hydroxy-a-amino acid synthesis incorporates the following 
type of transformation (Scheme 57).178 If a three-day equilibration with anhydrous HBr was introduced 
between stages i and ii, almost pure trans product was obtained. The paper has many useful refer- 
e n c e ~ . ~ ~ ~  Yet another modified Ritter reaction is shown in Scheme 58.179 

NH dry distil - 
240 OC in vacuo, -HgO 

i, Hg(N03)fieCN, 0 OC, 1 h 

RZ ~3 ii, aq.NaC1 
3-93% 0-31% 

( c1 
Scheme 56 

I 

iii, 0,. NaBH4 OH OH 

60% 20% 

Scheme 57 

N-Nitrosopipendine (carcinogen) with oxygen adds photolytically to alkenes to give N-(2-nitro- 
alkyl)pipridines.l55 Indirect methods of preparing amino alcohols from alkenes include the well-known 
fruns opening of epoxides with nitrogen nucleophiles and a recent, complementary, cis opening of 
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i, Cl,/MeCN, 0-2046 
ii, HzO, 4 1 h 

R2 R3 iii, HCl, A, 2 h; 
49-73% 

Scheme 58 

C 

acyclic or cyclic vinyl epoxides with tosyl or aryl isocyanates (Scheme 59).180 Another indirect proce- 
dure, also requiring an auxiliary conjugated double bond, is shown in Scheme 6O.l8l It is conceptually 
closely related to the diamination procedure of Scheme 42. 

60-100% + X-NCO 

X = Ts (best) or Ar 

i, [(PhCH=CH)2C=0]3Pd2, CHCl,, THF, (R'O)3P, 0-20 OC; ii, C,,,"B-Na+ (for X = Ts) or Ce(NH4)2(N03)a , 

MeCN (for X = 4-MeOC6H4); iii, NaOWaq. EtOH, reflux 

Scheme 59 

85% 
OH 

"Ifov 0 Ph 

85% 

Scheme 60 

Thallated aziridines can be opened with "FAA in high yield, giving trans-azido esters (Scheme 61).lE2 
A similar sequence with cyclohexene yields trans- 1 -azido-2-trifluoroacetoxycyclohexane (80%). Steroid 
alkenes yield azido alcohols with chromyl azide.60 

Tl(OAc)fle3SiN3, 

DMSO, 1 d, 30 OC 
C 

6 N=N, T ~ ( O A C ) ~ - ~ ( N ~ ~  (CF3CO)zO CH,C12,0-5 OC - M e 0 r J - y  

65% 
(+22% of regioisomer) 

Me0 

Scheme 61 
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A tellurium reagent converts alkenes to oxazolidines in high yields (Scheme 62) with predictable re- 
giospe~ificity.'~~ For example, styrene derivatives give 5-phenyloxazolidines, and 1-hexene the 5- and 4- 
propyloxazolidines in a 3: 1 ratio. 

R2 R4 

i - 
OEt 

R' R 3  - -  
R27+R4 

0 y N - H  

0 

53-918 
i, PhTe(O)OCOCF3, EtOC0NH2, BF3eOEt2, CHC12CHC12, reflux 6-20 h 

Scheme 62 

There are numerous examples of the intramolecular delivery of amide or irnidate nitrogen to an alkene 
activated by halonium ion formation or by epoxidation leading, eventually, to stereo- and regio-specific 

I 

CCl3 CCl3 + CC13 
CC13CN trans :cis 4 1  

, 
MS/CHCl, 1 

CC13 1 
CC13 

Bno-woH + BnoxoH O y N  
N 

I 
H CCl3 

63% 30% 

HCVMeOH 

Brio WoH 

CC13 

aq. Me0 

BnO 

CCI 

Bu'OK HCVMeO 

."\ ' BnO> 0 

t 

H2N OH " Y O  
BnoxoH 

CC13 

"""XoH HO NH2 

Scheme 63 
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amino alcohols. An elegant series of reactions, including a Cope rearrangement, is given in Scheme 
63.lw Note that imidates give clean oxazolidinones, whereas with amides there is a tendency for azi- 
ridine formation to compete. Other examples are given in refs.185-188. 

Whilst ring opening of epoxides (Volume 6, Chapter 1.3) is really beyond the scope of this review, 
two recent papers are noteworthy: poorly nucleophilic amines can be reacted very cleanly as their di- 
ethylaluminum  derivative^,'^^ and a start has been made on chiral induction of opening of epoxides (e.g. 
cyclohexene oxides).'go Amino alcohols have been resolved by enantioselective enzymatic hydrolysis of 
their acetates.191 Ring opening of phthalimidoaziridines has been achieved with water, phenol and tosic 
acid, amongst other  nucleophile^,'^^ giving products of formal N - O  addition to the double bond. 

35.4.2 Additions of Oxygen and a Nitroso or Nitro Group to Alkenes 

Nitrosyl hydrogen sulfate adds to alkenes at -40 'C in liquid S02, in Markovnikov fashion giving 2- 
sulfato-oximes (37-84%).lE Reactions of nitrogen oxides with alkenes are usually complex, yet some 
have limited industrial, rather than laboratory, i m p o r t a n ~ e . ' ~ ~ J ~  Nitryl tetrafluoroborate in acetic anhy- 
dride at -65 to 4 5  'C adds Markovnikov fashion to alkenes, with only fair stereoselectivity, giving p-ni- 
troacetates in 3640% ~ ie1ds . I~~  Nitryl fluorosulfonate adds to perfluoroalkenes in fluorosulfonic 
aciafreon- 1 13 giving 63-92% P-nitroperfluoroalkyl fluorosulfonates.'% 

35.5 ADDITION OF NITROGEN AND SULFUR, SELENIUM OR TELLURIUM TO 
ALKENES 

3.5.5.1 Addition of Nitrogen and Sulfur 

There are several related reactions involving probable formation of episulfonium ions from alkenes, 
with subsequent addition of various nitrogen nucleophiles giving products of net trans-l,2-(N + S) addi- 
tion (ref.197 and references cited therein). In a recent example (Scheme 64) the sulfur reagent also pro- 
vides the nitrogen nucleophile; yields were best with styrene.'" Related cyclizations are known in the 
p-lactam area,198 e.g. Scheme 65; compounds (43) and (44) are also available by related but base-cata- 
lyzed cyclizations. 199 

1.5 equiv. BF&O [- 1 y"")} l5min,2O0C * - 
+ ArNI-ISPh J L J 

, . 

Scheme 64 

Regiochemistry is generally Markovnikov in aminosulfenylations. However, N-phenylsulfenylpyrro- 
lidine reacts with 1-octene (TfOWCH2C12). to give products chiefly of anti-Markovnikov additions, 
probably for steric reasons?00 Using dimethyl(methy1thio)sulfonium fluoroborate as the source of MeS+ 
permits a wide range of other nitrogen nucleophiles to be used (Scheme 66).201 The authors draw atten- 
tion to the versatility of these products, e.g. P-nitrosulfides are precursors of nitroalkenes, and oxazolines 
and cis amino alcohols are also available from trans- 1 -acetamido-2-methylthioalkenes. 
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C02Me 

PhS +I 
0 kN,,Ph 

(43) 93% 

R = H , P h  

- 
20 oc, 45% 

ws> PhOCHzCONH 

C02Me 

Scheme 65 

X 
i, ii - 1 )-;Me 

x = N H ~ ,  N ~ ,  C N -  or  NO^ 

54-98% 

+ 
i, Me$SMeBF4-/CH2Cl2 or MeCN or MeN02, 0-20 OC, 1 h 
ii, ".,OH or NaN3 or piperidine or NaN02, 1 4  d, 20 "C 

Scheme 66 

If the reactions are carried out in a nitrile as solvent, rather than dichloromethane, using triflic acid as 
catalyst, a modified Ritter reaction takes place, and the intermediate nitrilium ion traps the liberated 
amine, forming an amidine (Scheme 67)?O0 In an earlier reaction (cf. Scheme 67) the lithium perchlorate 
catalyzed reaction of sulfenyl chlorides with alkenes in the presence of nitriles had also given l-amido-2- 
sulfenyl adducts.202 Ritter products are also obtained in good yields by anodic oxidation (Pt or C, 1.2-1.4 
V) of disulfides in acetonitrile, in the presence of excess alkene, using Bu4NBF4 as supporting electrolyte 
(Scheme 68).*03 

* [ D S P h ]  + R i m  
TfOWsolvent, -23 "C, 1-2 h 0 + PhSNR2 

LL  J 

v J 

H20 (in absence of R2NH) 

'''I "COR N R 2  

Scheme 67 

Similar products can be obtained in a two-step sequence using lead(1V) or manganese(1II) acetate in 
TFNCHzClz, 0 'C, giving an intermediate trans-ester sulfide which, after a simple work-up, is treated, 
crude, with sulfuric acid in acetonitrile, giving the acetamido sulfide product. Both the intermediate ester 
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Ph 

-e- 
1/2 Ph2S2 ____c PhS' 

in cyclohexene B u ~ N B F ~  

H20 ~ PhSbNHCOMe 

75% 

Scheme 68 

and the final amide have trans Markovnikov orientation, suggesting that each is formed via the episulfo- 
nium ion (Scheme 69). The amides could be hydrolyzed to amino sulfides (KOWglycol, reflux 4 h) and, 
in products from dibenzyl disulfide, the benzyl group removed (Na/"3) to give acetamidothiols, some- 
times with partial epimerization.203 Unfortunately, the requisite benzylthio compounds were among the 
worst yields, a major by-product in these cases2@' and in the electrochemical alternative2O3 being benzyl- 
acetamide. 

H2SOfieCN - PhSbNHCOMe 

18 h, 39% 

i, TFA, 0 'C, 10 min 
ii, Ph2S2 

iii, cyclohexene, 0 OC, 30 min 

Pb(OAck 
in CHzC12 

Scheme 69 

Aziridines can be opened by thiols to give 2-amino  sulfide^.^^^,^^^ The expected complete Walden in- 
version in this reaction has been confirmed recently, in the case of cis- and trans-stilbeneimine, whether 
the requisite prior activation of the aziridine is achieved by N-protonation or sulfonation or benzoyl- 
a t i ~ n . ~ ~ ~  Hexavalent sulfur can be introduced by yet another modified Ritter reaction (Scheme 70).206 

i, oleum/MeCN, 0 OC 
ii, steam bath 0.5 h 

iii, 20 OC, 3 d 

i, H20 

* 7 : O 2 H  ii, 89% reflux - 7 : 0 2 H  

"2 

P C O 2 H  

NHCOMe 

Scheme 70 

3.55.2 Addition of Nitrogen and Selenium 

In a modified Ritter reaction, teninal and 1,2disubstituted alkenes are amidoselenated by treating 
with equimolar amounts of PhSeCl in a liquid nitrile solvent containing 5 equiv. of water, at 76-90 'C, 
for 1 hFo7 Yields are 72-98% with cyclohexene, poor (36%) with styrene. The selenides can be oxidized 
with H202 to give selenoxides which spontaneously eliminate PhSeOH to give allylic amides, though the 
selenoxide from cyclohexene is stabilized by an internal hydrogen bond and requires heating. Alterna- 
tively, the selenium can be removed reductively (Ph3SnH) to give amides (Scheme 71). Terminal alkenes 
give predominantly (=7: 1) the terminal selenides, which yield stable selenoxides. Internal alkenes give 
products with the expected stereochemisay: trans to erythro, cis to threo. This chemistry has recently 
been extended to previously unusable alkenes by use of 2,2'-dipyridyl diselenideFm Anodic oxidation of 
diphenyl diselenide in acetonitrile in the presence of an alkene2@' gives acetamido selenides, in a proce- 
dure related to the acetamidosulfenylation of Scheme 68F03 

P-Phenylselenocarbamates (20-95'36) are obtained from alkenes with PhSeCl and carbamates with 
AgBF4 in CHzClz (4 h, 25 "C under Ar).210 The intramolecular f o m  of this reaction had been known pre- 
viously;211 indeed, selenocyclizations have been pursued rather more successfully than the related sulfur 
reactions. The reaction, introduced by Clive et ul.,Z1l has been developed by Toshimitsu's group, whose 
recent papers give many lead r e f e r e n c e ~ ; ~ l ~ * ~ l ~  typical products of selenocyclization include lactams 
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(47)-(50) and imidates (53) and (54). The reaction with amides can be very sensitive to ring size and 
substitution patterns: whereas compounds (45) and (46) give lactams, the closely related (51)213 and also 
(52)212 give cyclic imidates (Scheme 72). In some cases the problem is overcome by use of an imidate 
starting material.213 

,,\\ Et pyeph - PhseLAo 
1 

Ph 
Bu 

O N  I Ph O H  
Bu 

(45) (47) 80% (46) (48) 73% 

SePh 

PhSe p c , l H 2 3  C02Et :q 
(49) 84% (SO) 40% - 4'- P h S e d  NBu . 0 NHCOMe - PhSe x k  

0 

(54) 98% (53) 87% (52) 98% (51) 

Reagent: PhSeCVMeCN, 20 O C ,  1-24 h 

Scheme 72 

Mono- and 1,2-di-substituted alkenes react with PhSeCl/Hg(SCN)z in benzene (OS-% h, at 20 T ) ,  
giving B-trans-phenylselenoalkyl isothiocyanates in 7CL948 yields.214 Terminal alkenes generally give 
the product with the selenium terminal (an exception is the product from BuFHdH2);  internal alkenes 
show the expected stereochemistry (cis to threo, trans to erythro). Oxidation to selenoxides could be 
achieved cleanly only with ozone, and the products cis eliminate in the usual manner to give predomi- 
nantly the vinylic isothiocyanates (Scheme 73). 

A similar two-step azidoselenation via (i) MeSeBr or PhSeBr, (ii) NaNdCFsCH20H. and subsequent 
elimination (iii) (os) of selenium has been reported, unfortunately, selectivities in the second and third 
steps are poor.21S Phenylselenyl azide (made in situ from PhSeCUNaNsDMSO, room temperature) adds 
to alkenes (20 'C, overnight, 8 6 9 8 % )  stereospecifically;216 regiospecificity is poor with terminal al- 
kenes but good with highly polarized alkenes, typical products being (55) to (57); cyclohexadiene gives 
(58). 

P-Nitroselenation of alkenes has been achieved using (i) PhSeBr, (ii) AgNOdHgC12 in MeCN/THF, 
-78 to +22 'C under argon?17 and the products oxidized with hydrogen peroxide to give vinylic nitro 
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PhSeCI Pr i. 03/CHzC12, -78 OC 
* bT ii,heatinCC& * Hg(SCNh, PhH, 3 h PhSe 

& 4 / R  

94% 

Pr,+NCS + E t q N C S  

Pr Pr 

94% 6% 
Scheme 73 

."'SePh v+,sePh ---.- .>, -- 

compounds in good yield. The reaction applied to 1-hexene again has only moderate regioselectivity, 
giving 78% (59) and 22% of the anti-Markovnikov product. However, alkenylsilanes react regiospecifi- 
cally, giving (60). convertible in high yield on oxidation to (61).218 Vinylsilanes (i.e. R = H) give (62), 
which are useful Diels-Alder dienophiles.218 

SePh R3siy,? 7 R3Si 6 NO2 
NO2 PhSe R NO2 

35.53 Addition of Nitrogen and Tellurium 

Benzenetellurinyl acetate (or trifluoroacetate) reacts with alkenes and carbamates under BF3 catalysis 
to give trans, predominantly Markovnikov, adducts, conveniently worked up via hydrazine reduction to 
give tellurides (Scheme 74).219 The trans nature of (63) was confmed by independent synthesis from 
PhTeNa and the appropriate aziridine. Alkenic carbamates undergo a much faster intramolecular telluro- 
lactamization (Scheme 75); yields are 49-97% over 15 varied examples. 

PhTe(0)OCOCF3, HzNCOzEt IPK] 
+ 

___.L 0 BF3*EtzO/CHC13, reflux 20 h 

+- 
I1 
OBF3 

* UTIpPh ph-Te NHc02Et NzH4*H20, EtOH. 60 "C, 15 min 

"" NHCOzEt 96% 

(63) 
Scheme 74 

i, PhTe(O)OCOCF3, BF3*EtzO/CHC13, reflux 30 rnin (TePh 
* N NHCOZEt - 

ii, NzI& (as Scheme 74) 
* .  
I 

CO2Et 

Scheme 75 %% 
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35.6 ADDITION OF NITROGEN AND HALOGEN TO ALKENES 

35.6.1 Addition of Nitrogen and Fluorine 

There are few reports of these reactions. Anodic oxidation of styrene derivatives PhCHR1CHR2 in 
HF/Et4NF/MeCN gives 2045% yields of fluorinated acetamides PhC(NHAc)R'CFR2 (R' = H, Me; 
R2 = H, Me, Ph), generally with substantial quantities of by-products, chiefly isomers and 13-difluoro 

Allylbenzene gives PhCH(NHAc)CHFCHzF (20%). Regioselectivity is high, but stereo- 
selectivity low. 1-Fluoro-2-aminoalkanes are also obtained by the reaction of aziridines with pyridine- 
HFbnzene, generally at room temperature?21*222 Yields are high, but again regio-, but not 
stereo-specific. 2-Phenylaziridine gives PhCHFCHzNHz (78%) consistent with an SN 1 mechanism. Ter- 
minal alkenes react with Tl(OAc)3/TMSN3 to give thallated aziridines which, on treatment with 40% HF, 
give fluoro azides, sometimes with rearrangement and often with concomitant formation of hydroxy 
azides (Scheme 76).223 Iodide or thiocyanate give the opposite regiochemistry [ArCH(N3)CH(I,SCN)]; 
chloride or bromide give regioisomeric mixtures. Industrially satisfactory fluoronitrations have been re- 
ported, including a 93% conversion of vinylidene fluoride into CF3CH2N02 with HF and H N a  in f lue  
rosulfonic acid at 0 0C.224 

i, 20 O C ,  1 h 
ii, dissolve ppt in DMSO 

"~(OAC)~ + Me3SiN3 + CH2C12 * 

MeO- 
3-20 d. 30 O C  

i, work-up 

ii, 40% aq. HF in MeCN, 1 h 

N3 

21% 

35.6.2 Addition of Nitrogen and Chlorine 

Surprisingly few heterolytic additions of nitrogen and chlorine to alkenes have been reported, and they 
are not (yet) synthetically useful. Chloramine-T in acetic acid, 50-60 'C, 2-3 h, gives low (6-25%) 
yields of adducts with alkenes225 with regio- and stereo-chemistry consistent with a cyclic chloronium 
ion intermediate.226 Chloramine and its alkyl derivatives react with alkenes in CH2Clflt20 at -50 to -10 
'C in the presence of AlCb, to give chloroamines non-regio~pecifically.~~' Alkenes add ClN(SOzF)2 to 
give products consistent with formation from positive chlorine.228 

Radical chloroaminations are known, using radical, transition metal ion or photochemical initiation. 
They also occur without overt initiation, thus anti-Markovnikov additions to terminal alkenes occur with 
NJ-dichlorourethane in benzene at 5 4 0  'C (yields = 60%).229 Similar reactions occur with NJV-dichlo- 
roarenesulfonamides in CHzClz at or below room temperature (yields mostly 53-91%; 10% with isobu- 
t ~ l e n e ) . ~ ~ ~ ~  The remaining N - C l  bond is readily reduced if desired with sodium sulfite. 
N-Halosulfoximines also add to alkenes thermally or photolytically.23ob 

Free radical additions to alkenes in the presence of redox systems, especially Fen/Fe*I1, have been 
much investigated and reviewed by Mini~ci. '~ '  The redox approach may have many beneficial effects, 
e.g. in improving yields: the reaction of N-chloroamines with FeI1 is faster than the competing electro- 
philic chlorination of the alkene; it favors 1.2-addition over polymerizations; it increases the scope of 
both adding groups, which can be provided by different reagents if necessary. The sequences of most re- 
levance are given in Scheme 77, which may be an oversimplification (Minisci favors a complexed 
species FeC12+(R2N+HCl) as the chlorinating agent in step 4). The reactions of Scheme 77 when applied 
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to N-chloropiperidine and cyclohexene give a mixture of cis and trans adducts. However, an analogous 
s e q ~ e n c e l ~ ~ * ~ ~ ~  can be achieved in a nonacidic medium also, providing in this case predominantly the cis 
isomer, ascribed to an intramolecular delivery of the chlorine atom (Scheme 78). 

RzNCl + 

R$HCI + 
Initiation 

Net reaction RzNCl + 

H+ w 

Fez+ - 
>=(- 

Fe" 

> = ( -  
Scheme 77 

+ 
RzNHC1 

+ i-( 
R2" 

n 
W - FeC12+ 

Fez+ pN. 
P N - C I  - 

n 
45% - aNd 

(+22% tram isomer) c1 
Cl-Fe2+ 

Scheme 78 

This last reaction, and related sequences using TiCb and CrClz have been studied ~omparatively.2~~ 
The overall yields are 75% with titanium, 14% with chromium. However, the chromium-based proce- 
dure can be applied to N-haloamides and to urethanes, when the yields are excellent, producing also a 
higher proportion of cis isomers from cyclohexenes. Furthermore, the amidic N-substituents are also 
more versatile. An example, illustrating also the anti-Markovnikov regiochemistry, is given in Scheme 
79.232 Such cis-haloamines are relatively inaccessible by other routes, most of which give trans products 
arising from cyclic intermediates (e.g. chloronium ions) or starting materials (aziridines), or from neigh- 
bouring group effects on attempted inversions (e.g. transient aziridinium ions). Intramolecular cycliza- 
tions have also been achieved with several different151.231 metals, a recent example being given in 
Scheme 80.233 

Additions of N-haloamides to alkenes can also be achieved photolytically, generally in CHzCl2 (ref. 
234 and references cited therein). Such additions are anti-Markovnikov. Both cis and trans internal 
alkenes give about 2:l threo to erythro products. Yields vary widely but can be preparatively useful. 
Cyclohexene is substituted with predominantly cis orientation (2:l); this ratio is reversed in MeOH due 
to promotion of the competing electrophilic addition. Certain haloamides of electronegatively substituted 
acids (e.g. CCbCONClz) can give very high cis stereoselectivity. It would appear that as the electronega- 
tivity of the RCONH group is increased to approach that of halogen, homolytic cleavage is favored over 
heterolytic, thus decreasing the proportion of trans isomer in the product. In the case of Nfl-dihalosul- 
fonamides also the mechanism and hence the regiochemistry of the product is finely balanced, dibromo 
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CHCI&IcOH, -78 'C 
+ CMHC02Et c 

CrClz/MeoH dropwise 

+ (Jcl 

Cl NHCO2Et 

77% 

NClMe T 
3% 5% cis 

2% trans 
Scheme 79 

74% 19% 
Scheme 80 

reacting anti-Markovnikov (radical) and dichloro Markovnikov (ionic), and can switch between radical 
and ionic mechanisms according to catalyst and ~ o n d i t i o n s . ~ ~ ~ , ~ ~ ~  A similar switching of mechanism oc- 
curs with chlorine azide237 and with bromine azide additions (Section 3.5.6.3). 

Nitrosyl halides add to alkenes: references are scattered through the literature back to 1875 (ref. 1p4 
and references cited therein). The adducts vary enormously in their stability, but when their structures 
allow they, l i e  nonhalogenated nitroso compounds, isomerize to oximes or dimerize. The orientation of 
the reaction is consistent with an electrophilic mechanism, in which the reagent is polarized as NWHal-. 
Bicyclic substrates and reaction media of low polarity favor syn addition, suggesting a four-center transi- 
tion state (Scheme 81). Aziridine synthesis via NOCValkene adducts is discussed in Section 3.5.2.1. 

Scheme 81 

With excess nitrosyl chloride, a chloronitro product is obtained in certain cases, a wide variety of ste- 
roid-5-enes giving 5u-chlorodp-nitro derivatives in good yield (CH2ClXCI.4, -60 to 0 'C, 2-24 h).238 
Nitryl chloride adds to terminal alkenes (56-8096) and to acrylic acid derivatives (refs. 239,240 and ref- 
erences cited therein) at temperatures close to ambient. The reaction appears to be a radical one, the NO2 
entering the terminal position whatever the electronic requirement of the alkene. 

35.63 Addition of Nitrogen and Bromine 
There are several reports of homolytic addition of NBS" or N-bromophthalimidea2 to alkenes. 

Yields are moderate. The reaction can be promoted by conversion to a heterolytic mechanism with BF3 
catalysis: concurrent formation of the BrF adduct is of interest also (Scheme 82).243 

Diethyl Nfl-dibromophosphoramidate undergoes ready Markovnikov addition to styrene or c yclo- 
hexene (92%) in CC4 at -20 to +20 'C with BFyEt20 c a t a l y s i ~ . ~ ~ ~ * ~  Alternatively, such reactions can 
be carried out in refluxing CHzClz in the absence of catalyst, when anti-Markovnikov products (47-97%) 
arc formed." All these compounds are versatile intermediates (Scheme 83). A few N-bromoperflue 
roamines have been added to alkenes, thermally or photolytically.246 

Bromine azide reacts with alkenes by ionic or radical mechanisms according to conditions, adding to 
styrene in MeNWCHK12 to give PhCH(N3)CHBr (95%) or in m c l s  purged with N2 (to remove 0 2 ,  a 
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Scheme 83 

radical inhibitor), PhCHBrCH2N3 ( The two 2-butenes react stereospecifically in 
MeNWCHzC12, trans to erythro, cis to threo.248 The ionic reaction with deuterated styrene is regio- but 
not stereo-specific, indicating involvement of a benzylic cation.”* If the reactions are done in aceto- 
nitrile, the initial product adds solvent, thus cyclohexene gives trans- l -(2-bromocyclohexyl)-2-rnethyl- 
tetraz0le.2~~ 

Alkenes can be nitromercurated (HgCld2 NaNOfi20.30 h, 25 ‘C) and the products can be bromo- 
demercurated, giving bromonitro compounds. An alternative work-up with base provides a valuable 
nitroalkene synthesis (Scheme 84).250 

Scheme 84 

35.6.4 Addition of Nitrogen and Iodine 
with the 

regio- and stereochemistry expected of reactions proceeding via cyclic iodonium ions.u1 When the 
INCO is made in situ, a competing mechanism also occurs (except with the most reactive alkenes) in 
which the alkene complexes with the iodine, and the complex then reacts with the isocyanate ion to 
generate the same p-iodoisocyanate as obtained from INCO direct.” The reaction can be carried out at 
-35 to +20 ‘C in EtzO, CH2C12, THF, pentane or excess alkene as solvent. Dichloromethane or ether are 

Iodine isocyanate, preformed or made in situ from AgNCO and 12. adds to 
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the solvents of choice: the reaction occurs faster in the more polar MeCN but with more side rea~ti0ns.Z~ 
Scheme 85 shows a sequence which illustrates a usage of this reaction to achieve an overall cis substitu- 
tion (compare the trans substitution in Scheme 10).337253*2M 

NHC02R 

diglyme \,\" i ,AgNCO/WW I 
* a ii,LiOMe * A, 2 h 

KOH,aq.MeOH * & 
A, 1 h 

Scheme 85 

Iodine azide, generally made in siru from IC1 and NaN3 in MeCN at 0 "C, adds readily to alkenes by a 
similar heterolytic mechanism to INCO. Whereas the trans stereochemistry is generally well estab 
l i ~ h e d , ~ ~ ~ ~ ~ ~  the regiochemistry of the adduct with 1 -phenylcyclohexene28 has been queried recently;?58 
it was originally formulated as the 1-azido-2-iodo compound (Scheme 86), but base treatment was sub- 
sequently shown to yield what appeared to be 6-azido- 1 -phenylcy~lohexene,"~ which would have arisen 
from the 1-iodo-Zazido isomer. However, it has very recently been shown by 300 MHz NMR that the 
elimination product is in fact 3-azido- 1 -phenylcycl~hexene?~~ derived ultimately (Scheme 86) from the 
originally proposed 1 -azido-2-iodo- structure. 

Q N * C  m3*91 HO- - 
Ph N3 Ph Ph 

Scheme 86 

There is one known exception to the rram nature of the addition: a hindered polycyclic alkene where a 
cis addition occurs.26o More recently, small proportions of cis adducts have been detected as minor com- 
ponents in additions to cyclohexenes.261 An interesting recent usage of the INs-alkene reaction is in the 
azirine synthesis of Scheme 87.262 

Scheme 87 

Nitryl iodide, from iodine with silver n i t 1 i t e ~ ~ 9 ~  or from N02 and adds to alkenes, 
generally in ether at room temperature, by a radical mechanism. Yields are 5 0 4 0 % .  The products yield 
nitroalkenes on treatment with base, a sequence used recently in the preparation of intermediates 
(ArCHICMeNO2) for amphetamine analogs.264 The reaction is also a key step in the a-methylenebuty- 
rolactone synthesis shown in Scheme 88.266+267 
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AcONa/EtzO 

A 
I 

12 + N204, 

Et20,O "C then 25 "C COzEt 
7 

CO2Et 
92% 

0 
MeOH 

Scheme 88 

3.5.6.5 Iodolactamizations and Related Reactions 

Early attempts to extend the halolactonization procedure to yield lactams gave cyclic imidates instead, 
but several approaches favor lactam products. These include: working with silyl imidates?68 imidate es- 
t e r ~ ~ ~ ~  or oxaz~ l ines?~~  using sulfonyl carbamate^^^^ or other acidic amides;272,273 or by using hydroxyl- 
amine derivatives with increased nucleophilicity due to the ~x-e f f ec t .~~~  Lactams can also be favored as a 
consequence of steric requirements.275 In a few cases, amines can be cyclized to cyclic amines: many 
lead references are given in a recent report on cyclic hydroxylamines such as Very recent work 
has provided a fairly general iodolactamization procedure from unsaturated amides, trimethylsilyl triflate 
and iodine (Scheme 89).268 

OSiMeq 

* k 0 i, 12/THF, 0 OC 
ii, aq. NaHCO, 

( N u  

2.2 equiv. Me,SiOTf/ 

I I  = I ,  JJ70, II  = L, ou-m, n = 3, 35% \ I  

Scheme 89 

These products have a varied and useful chemistry, for example, the stereochemistry of substitution 
with azide can be manipulated by optional formation of an intermediate aziridine (Scheme 

0 
II 

0 
11 

10 equiv. NaN3 @ N m  

1,111, I 23 OC, 1 h DMF, 75 "C, 30 h 

\ 36% 

0 0 

isolable / 93% 
77% 

\ / 

0.1 equiv. NaOH + 10 equiv. NaNflMF, 23 "C 

Scheme 90 

Alkenic o x a z ~ l i n e s ~ ~ ~  undergo kinetically controlled226 iodolactamizations in 52-91 % yields (I2 and 
NaHC03, aq. THF, 0-25 'C, 12 h). The extent and direction of steric induction vary widely and are not 
fully understood (Scheme 91). A 1989 paper contains many useful referen~es.2~~ 

Other compounds prepared by halolactamization of alkenes (and preceding the above workB8) include! 
(65)?69 (66),271 (67),273 (68),274 (69)275 and (70).277 Note that related sulfeno-, seleno- and tellu- 

ro-cyclizations have been discussed earlier (Section 3.5.5). Finally, related products may be obtained by 
radical reactions of N-haloamides, giving the following (71-73) representative products in reactions pro- 
moted thermally (71),278 photochemically (72 and 73),279*280 with dibenzoyl peroxide (73)280 or chro- 
mous chloride (73).281 
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i, 12 + NaHCO3/aq. THF, 0-25 'C, 12 h 

J 0  ii, Na2SO3 quench 

R 

R cis:trans 

But 

Me 2: 1 
1:lO 

Scheme 91 

(64) 
from cis-alkene 

(67) 
from a trans-allylic alcohol 

'OCOR 
(I or HgOAc) 

Br q'Ts Br Ro 
(71) 17% (72) 66% 

c1 Induction Yield (%) 
hv 70 

Bz202 92 
0 B Me Cflh 80 

(73) 

3.5.7 ADDITION TO POLYENES 

35.7.1 Addition to Dienes 

The palladium-promoted diamination of alkenes has been modified to yield cis-l,4-diamino3enes 
from dienes (Scheme 92).282 

Lead(1V) azide yields 1,4-diazides from 1 , 3 - d i e n e ~ . ~ J ~ ~  Whilst cycloadditions are beyond the scope 
of this review, the sequence of Scheme 93 is potentially important: 1,3-dienes undergo asymmetric 
Diels-Alder reactions with an a-chloronitroso derivative of epiandrosterone with high ee, and the N-O 
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i. (PhCNhPdCl-, 4 0  OC Ph3P or AgBF4 

-40 o c  to reflux ii, MeZNH, -40 OC 

Scheme 92 

bond of the adduct can be cleaved to yield a resolved l-amino-4-hydroxy-2-alkene deri~at ive.2~~ In the 
example the configuration was established as (1R,4S) by degradation to an L-glutamic acid 
der i~at ive.2~~ 

N = 0 

c1 

CHClfleOH, -20 OC, 2 weeks c 0 + (steroid) \x 
NHCOCF3 

0 131 (steroid) - G , * H C l  iJ.FMym 

ii, AVHg 

OH 69% 
(ee = >95%) 

Scheme 93 

1,3-Butadiene, in 0.1% water in MeCN, treated with HBF4 and I(py)SF4 in CHzClz at -5 'C, 15 min, 
undergoes a vinylogous Ritter reaction to yield trans-ICHzCH4HCH2NHCOMe (72%).285 Conjugated 
dienes react with arylsulfonyl azides to give enamines rather than either sulfimides or aziridines.286 1,3- 
Dienes react with trifluoroacetyl nitrate in refluxing CHKL and trace HBF4 to give a mixture of 1,2- and 
1,4-nitrotrifluoroacetates; base and NaOAc or NaH then gives 1 -nitro- 1,3-dienes (35-89%)?87 Benzene- 
selenenyl iodide (PhzSez, 12) adds to dienes in acetonitrile (1 8 h, 20 'C); the solvent participates and a cy- 
clization, sometimes transannular, takes place, giving acetamido selenides in good yield but moderate 
stereochemical purity. The precise product depends on the stereochemical opportunity, e.g. (74) gives 
(75); (76) gives (77).288 

M A C  
0 

H SePh 

AcNH 

Halogenation of (78) in excess of tertiary amine solvents yields quaternary adamanme salts (79).289 
Nitryl iodide (N204, 12) in ether at -15 'C adds to isoprene and to chloroprene to give good yield of 
OfiCH2CX4HCH21 (X = Me or C1).290 N-Chlorodibutylamine adds photolytically to butadiene, in 
4M H2S04. 1.5M HOAc aq., giving BufiCH2CH4HCH2Cl (60%).291 N-Halocarbamates add (5 'C, 
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CHCb) to conjugated alkenynes, with the nitrogen on the terminal carbon, to give a variety of alkynic 
and allenic adducts, often in good yield.292 A 1,4-azidoselenation of cyclohexadiene was discussed ear- 
lier (Section 3.5.5.2). 

3.5.7.2 Addition to Cumulenes 

Certain congested alkenes add Nz04 giving 1,Zdinitro compounds (Et20, -10 'C, 27-78%) which can 
be isolated at 0 "C, but which at room temperature convert to azetines, e.g. (80, 35-77%)Fg3 Iodine azide 
adds to allenes to give RCHdHICHRN3 or, from allene itself, (N3)2C(CH?I)2.294 Cyclonona-l,24iene 
gives the cis adduct; cycloundeca-1 ,Zdiene gives the rrans adduct295 

0- 
R = H, Me, C1, CONH2 erc. 

(80) 

3.5.8 ADDITIONS YIELDING MORE HIGHLY OXIDIZED COMPOUNDS 

Introduction of oxygen into a Minisci-type reaction mixture leads to formation of amino ketones 
(Scheme 94).296 The mixed acetate/azide of lead(1V) with styrene in acetonitrile at -20 'C yields phen- 
acyl azide (60%).152 One example of azirine formation has alread been discussed (Scheme 87). Other 
related syntheses from vinyl azides are included in a recent review. &7 

i, MeOH, 0-10 "C Bu2N 7 ph BuqNCl + "\\ D 

ii \\ 
ii, FeS04/02 
vigorous stirring 76% 

Scheme 94 

3.5.9 ADDITIONS LEADING TO REARRANGEMENTS 

The examples of aziridination with strongly electronegatively substituted azides cited earlier (Section 
3.5.2) were, as indicated, special cases. More typically, imines are formed, and rearrangements are fre- 
quent: the key to understanding these reactions is given in Scheme 95, the final product being determined 
by the chemistry of the ion (81). Typical reactions (a-d) are given in Scheme 96 (refs. 298-301 respec- 
tively). The C=N bonds of (82-86) are readily hydrolyzed, yielding lactones, ketones or acids: hydro- 
lysis of (86) provides an efficient synthesis of the antiinflammatory drug, naproxen. The diphenyl 
phosphorazidate procedure has recently been extended to enamines of A X C H ~ C O A ~ . ~ ~ ~  

Scheme 95 

3.5.10 ADDITIONS CLEAVING THE C = C  BOND 

PhCHdMe2  giving 
Me2C-NNH2 (53%) and toluene (74%) after 6 h reflux. A wide variety of alkenes, dienes and aralkenes 
are also cleaved by diazonium salts (Scheme 97).3W Yields and reaction rates vary widely. 

Styrenes and stilbenes are cleaved by sodium hydrazide in boiling 
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- foTNso2Ph PhS02N3 

CONHSO2Ar 
ArSO2N3 

(86) 
Scheme 96 

R', R3 02N 

Ozonolysis of cyclic alkenes in aqueous ammonia yields a variety of products, depending on starting 
material;305 for example, indene yields isoquinoline (62%). Other less general reactions include conver- 
sion of 1 ,Ccyclohexadiene to N-(methoxycarbony1)azepine in four steps (INCO, NaOMe, Br2, 
NaOMe);306 a somewhat similar cleavage has been reported in a [3.8.3] fused ring ~ y s t e m . 3 ~ ~  In both 
cases, the key concept is, in effect, aziridination of the central bond of an (incipient) 1,3,5-triene, and the 
resulting adduct is then set up to lose the second of the original alkenic bonds in a Cope rearrangement. 
Enamine aldehydes and ketones are cleaved by reactive azides, e.g. Scheme 98, which depicts the first 
synthesis of a diaz~aldehyde.~O* 

I N  
N- N" CHO 

X = NC, picryl or Ts 

Scheme 98 

Cyclic enol ethers are cleaved by butyl nitrite in acidic ethanol, providing a useful synthesis of oxim- 
inomacrolides (Scheme 99).- 1 ,2-Dichloroazides, from addition of chlorine azide to 1 ,Zdichloroal- 
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kenes (Scheme 100) (and also from addition of chlorine to vinyl azides), are unstable, and fragment to 
yield alkyl halides, cyanides and nitrogen.3l0 

BuONO/ 50% aq. EtOH 
+ AcOH (or 10% HCI) 

n = 2-4, or 8; almost quantitative 

Scheme 99 
0 

Steroidal alkenes, with lead(IV) azide/acetate, can yield cleaved derivatives such as (87),31 ’ or its des- 
azido analog, or the uncleaved azido ketone,154 or the allylic azide,311 according to conditions, as well as 
the 1,Zdiazides mentioned earlier (Section 3.5.3.2). 

3.5.11 REFERENCES 
1. M. B. Gasc, A. Lattes and J. J. Perie, Tetrahedron, 1983,39, 703. 
2. G. H. Whitham, in ‘Comprehensive Organic Chemistry’, ed. D. H. R. Barton and W. D. Ollis, Pergamon 

Press, Oxford, 1979, vol. 1, p. 144. 
3. L. A. Lazukina and V. P. Kukhar, J. Gen. Chem. USSR (Engl .  Transl.), 1988, 58, 833; Zh. Obshch. Khim., 

1988,58,939 (Chem. Abstr., 1989,110,75 64Og). 
4. A. Padwa and A. D. Woolhouse, in ‘Comprehensive Heterocyclic Chemistry’, ed. A. R. Katritzky and C. W. 

Rees, Pergamon Press, Oxford, 1984, vol. 7, p. 47. 
5. J. A. Deyrup, Chem. Heterocycl. Compd., 1983,42 (l), 1. 
6. P. E. Fanta, in ‘Heterocyclic Compounds with Three- and Four-Membered Rings’, ed. A. Weissberger, Wiley, 

New York, 1964, part 1, p. 524. 
7. 0. C. Dermer and G. E. Ham, ‘Ethyleneimine and Other Aziridines’, Academic Press, New York, 1969. 
8. A. Laurent, Bull. SOC. Chim. Belg., 1983, 92,797 (Chem. Absn., 1984, 100, 51 369t). 
9. H. Stamm, A. Onistschenko, B. Buchholz and T. Mall, J. Org. Chem., 1989,54, 193. 

10. N. Furukawa, S. Oae and T. Yoshimura, Synthesis, 1976, 30. 
11. N. Furukawa, T. Yoshimura, T. Omata and S .  Oae, Chem. Znd. (London), 1974,702. 
12. K. Buggle and B. Fallon, J. Chem. Res. ( S ) ,  1988, 349; J. Chem. Res. ( M ) ,  1988,2764. 
13. N. Farukawa, T. Yoshimura, M. Ohtsu, T. Akasaka and S .  Oae, Tetrahedron. 1980,36,73. 
14. D. 0. Spry, Tetrahedron Lett., 1977, 3611. 
15. E. Schmitz and K. Jghnisch, Chem. Heterocycl. Compd. (Engl. Transl.), 1974, 1432; Khim. Geterotsikl. 

Soedin., 1974, 1629 (Chem. Abstr., 1975,82, 11 1 8592). 
16. E. Schmitz, Adv. Heterocycl. Chem., 1979,24,63. 
17. M. J. Haddadin and J. P .  Freeman, Chem. Heterocycl. Compd., 1985,42 (3). 283. 
18. P. MCtra and J. Hamelin, J. Chem. SOC., Chem. Commun., 1980, 1038. 
19. J. C. Bottaro. J .  Chem. SOC., Chem. Commun., 1980,560. 
20. 0. Cervinka, Method. Chim., 1975.6.591 (Chem. Abstr., 1976,85.20 958b). 
21. D. L. Nagel and N. H. Cromwell, J .  Heterocycl. Chem., 1974,11, 1093. 
22. G. R. Harvey, J. Org. Chem., 1968,33, 887. 
23. E. Schmitz, U. Bicker, S. Schramm and K.-P. Dietz, J. Prakt. Chem.. 1978, 320,413 (Chem. Abstr., 1978, 89, 

215 13Or). 
24. I. Ikeda. Y. Machii and M. Okahara, Synthesis, 1980,650. 
25. Y .  Minoura. M. Takebayashi and C. C. Price, J. Am. Chem. Soc., 1959,81,4689. 



Addition Reactions with Formation of Carbon-Nitrogen Bonds 509 

26. (a) D. Tanner and P. Somfai, Tetrahedron, 1988, 44, 619; (b) J. Legters, L. Thijs and B. Zwanenburg, 
Tetrahedron Lett., 1989,30,4881. 

27. R. K. Sehgal, B. Almassian, D. E. Rosenbaum, R. Zadrozny and S. K. Sengupta, J. Med. Chem.. 1987.30, 
1626. 

28. A. Hassner, G. J. Matthews and F. W. Fowler, J. Am. Chem. Soc., 1969.91.5046. 
29. M. M. Campbell, N. Abbas and M. Sainsbury, Tetrahedron, 1985,41.5637. 
30. D. Van Ende and A. Krief, Angew. Chem., Int. Ed. Engl., 1974, 13,279. 
31. C. H. Heathcock and A. Hassner, Org. Synth., 1971, 51,53. 
32. C. H. Heathcock and A. Hassner, Org. Synth., 1971,51, 112. 
33. R. M. Saito, Y. Kayama, T. Watanabe. H. Fukushima, T. Ham, K. Koyano, A. Takenaka and Y. Sasada. J. 

Med. Chem., 1980,23, 1364. 
34. P. Ptkhlauer and E. P. Muller, Helv. Chim. Acta, 1984.67. 1238. 
35. G. Lamaty, A. Delbord and W. Werner, Jusfus Liebigs Ann. Chem., 1969,726,77. 
36. G. L. Grunenwald, A. M. Warner and S .  L. Hays, J .  Med. Chem., 1972. IS, 747. 
37. G. L. Closs and S .  L. Brois, J .  Am. Chem. SOC., 1960.82.6068. 
38. L. M. Kogan, Russ. Chem. Rev. (Engl. Transl.), 1986, 55, 1164; Usp. Khim., 1986, 55, 2045 (Chem. Abstr., 

1987,107,38 774w). 
39. M. E. Hermes and F. D. Marsh, J. Org. Chem., 1972,37,2969. 
40. H. C. Brown and A. Tsukamoto, J. Am. Chem. SOC., 1%1,83,4549. 
41. R. S. Atkinson and B. D. Judkins, J.  Chem. Soc., Perkin Trans. I ,  1981.2615. 
42. Y. Ito, H. Ida and T. Matsuura, Tetrahedron Lett., 1978, 31 19. 
43. J.-E. Bllckvall, J. Chem. SOC., Chem. Commun., 1977,413. 
44. B. Akermark, J.-E. Blckvall, K. Siirala-Hanseh, K. Sj6berg and K. Zetterberg, Tetruhedron Lert., 1974, 1363. 
45. B. Akermark, J.-E. Bllckvall and K. Zetterberg, Acra Chem. Scand., Ser. B,  1982.36,577. 
46. K. Harada and I. Nakamura, Chem. Lett., 1978,1171. 
47. K. Harada and I. Nakamura, J. Chem. SOC., Chem. Commun., 1978,522. 
48. A. B. Levy and H. C. Brown, J. Am. Chem. SOC., 1973,95,4067. 
49. R. Appel and M. Halstenberg, Chem. Ber., 1976,104, 814. 
50. I. Shahak, Y. Ittah and J. Blum, Tetrahedron Lert., 1976,4003. 
51. R. Huisgen, G. Szeimies and L. Mobius, Chem. Ber., 1967,100,2494. 
52. W. Broeckx, N. Overbergh, C. Samyn, G. Smets and G. L’Abbt, Tetrahedron, 1971.27.3527. 
53. P. K. Kadaba, B. Stanovnik and M. TiSler, Adv. Heterocycl. Chem., 1984,37.219. 
54. P. A. S. Smith, in ‘Azides and Nitrenes, Reactivity and Utility’, ed. E. F. V. Scriven, Academic Press, New 

York, 1984, p. 95. 
55. K. Burger, J. Fehn and A. Gieren, Justus Liebigs Ann. Chem., 1972,757,9. 
56. A. Hassner, in ‘Azides and Nitrenes, Reactivity and Utility’, ed. E. F. V. Scriven. Academic Press, New York. 

1984, p. 35. 
57. Y. Nomura, N. Hatanaka and Y. Takeuchi, Chem. Lett., 1976,901. 
58. G. M. Rubottom, in ‘Oxidation in Organic Chemistry’, ed. W. S. Trahanovsky. Academic Press, New York, 

1982, p. 1. 
59. T. Kametani and T. Honda, Adv. Heterocycl. Chem., 1986, 39, 181. 
60. E. F. V. Scriven and K. Turnbull, Chem. Rev., 1988,88,297. 
61. W. Nagata, S. Hirai, T. Okumura and K. Kawata, J .  Am. Chcm. SOC., 1968.90, 1650. 
62. P. G. Gassman and J. G. Schaffhausen, J. Org. Chem., 1978,43,3214. 
63. F. Texier and R. Carrie, Tetrahedron Lett., 1969,823. 
64. R. A. Abramovitch, S. R. Challand and Y. Yamada, J .  Org. Chem., 1975,40, 1541. 
65. R. A. Abramovitch and S .  R. Challand, J.  Chem. SOC., Chem. Commun.. 1972, 1160. 
66. H. Takeuchi and R. Ihara, J .  Chem. SOC., Chem. Commun., 1983, 175. 
67. H. Takeuchi, Y. Shiobara, M. Mitani and K. Koyama, J. Chem. SOC., Chem. Commun., 1985, 1251. 
68. M. De Poortere and F. C. De Schryver, Tetrahedron Lett., 1970,3949. 
69. P. Spagnolo and P. Zanirato, J. Chem. SOC., Perkin Trans. I ,  1988,3375. 
70. J. W. Cornforth, in ‘Heterocyclic Compounds’, ed. R. C. Elderfield, Wiley, New York, 1957, vol. 5. p. 377. 
71. D. H. Boschelli, Synth. Commun., 1988,18, 1391. 
72. (a) W. Lwowski, in ‘Azides and Nitrenes, Reactivity and Utility’, ed. E. F. V. Scriven. Academic Press, New 

York, 1984, p. 205; (b) S. Rhouati and A. Bernou, J. Chem. Soc.. Chem. Commun., 1989,730. 
73. R. Huisgen, L. M6bius, G. Muller, H. Stangl, G. Szeimies and J. M. Vernon, Chem. Ber., 1965,98, 3992. 
74. V. P. Semenov, A. N. Studenikov, A. P. Prosypkina and K. A. Ogloblin, J .  Org. Chem. USSR (Engl. Transl.), 

1977, 13,2056; Zh. Obshch. Khim., 1977,13,2207 (Chem. Abstr., 1978.88.50 560v). 
75. D. H. Aue, H. Iwashashi and D. F. Shellhamer, Tetrahedron Lett.. 1973, 3719. 
76. G. R. Felt and W. Lwowski, J .  Org. Chem., 1976,41,96. 
77. G. T. Tisue, S. Linke and W. Lwowski. J. Am. Chem. SOC.. 1967.89.6303. 
78. D. Mansuy, J.-P. Mahy, A. Durbault, G. Bedi and P. Battioni, J .  Chem. SOC., Chem. Commun., 1984. 1161. 
79. V. V. Dimens, Yu. Sh. Goldberg and E. Ya. Lukevits, Dokl. Chem. (Engl. Transl.), 1988.298 (l), 116 (Chem. 

Abstr., 1989, 110, 270~).  
80. J. S. McConaghy, Jr. and W. Lwowski, J.  Am. Chem. Soc., 1967,89,2357. 
81. (a) M. Seno, T. Namba and H. Kise, J. Org. Chem., 1978, 43, 3345; (b) E. Ya. Lukevits. V. V. Dimens, Yu. 

Sh. Goldberg and E. Liepins, J .  Organomet. Chem.. 1986,316,249. 
82. P. Scheiner, J .  Am. Chem. SOC., 1966, 88,4759. 
83. A. Mishra, S. N. Rice and W. Lwowski, J. Org. Chem., 1968,33,481. 
84. J. S. McConaghy, Jr. and W. Lwowski, J.  Am. Chem. SOC., 1967,89,4450. 
85. A. C. Oehlschlager, P. Tichman and L. W. Zalkow, J .  Chem. Soc., Chem. Commun., 1%5,596. 
86. Young Hwan Chang, Fang-Ting Chin and G .  Zon, J .  Org. Chcm., 1981,46,342. 
87. E. Kozlowska-Gramsz, Pol. J .  Chem., 1980,54, 1607 (Chem. Abstr., l981,95,6326u). 



510 Oxidation of C 4  Bonds 

88. P. P. Nicholas, J. Org. Chem., 1975,40,3396. 
89. A. V. Kamernitskii, 2. 1. Istomina, E. P. Serebryakov and A. M. Turuta, Izv. Akad. Nauk SSSR, Set. Khim., 

1979 ( l ) ,  186 (Chem. Abstr., 1979,91,20 886a). 
90. L. Pellacani, F. Persia and P. A. Tardella, Tetrahedron Lett., 1980, 21,4967. 
91. J. Fioravanti, M. A. Loreto, L. Pellacani and P. A. Tardella, J. Org. Chem., 1987,50,5365. 
92. R. A. Aitken, I. Gosney, H. Farries, M. H. Palmer, I. Simpson. J. I. G. Cadogan and E. J. Tinley, Tetrahedron, 

1985.41, 1329. 
93. Sang-Hun Jung and H. Kohn, J. Am. Chem. SOC., 1985,107,2931. 
94. Sang-Hun Jung and H. Kohn, Tetrahedron Lett., 1984,25,399. 
95. A. G. Anastassiou, J. N. Shepelavy, H. E. Simmons and F. D. Marsh, in ‘Nitrenes’, ed. W. Lwowski, 

Interscience, New York, 1970, chap. 9, p. 305. 
96. J. E. G. Kemp, D. Ellis and M. D. Closier, Tetrahedron Lett., 1979, 3781. 
97. M. G. Hutchings and D. Swern, J. Org. Chem., 1982,47,4847. 
98. M. E. Hermes and F. D. Marsh, J. Org. Chem., 1972,37,2969. 
99. K. Ponsold and W. Ihn, Tetrahedron Lett., 1970, 1125. 

100. R. S. Atkinson and B. J. Kelly, J. Chem. SOC., Chem. Commun., 1987, 1362. 
101. R. S. Atkinson and J. R. Malpass, J. Chem. SOC., Perkin Trans. I ,  1977, 2242. 
102. P. D. Bartlett, Rec. Chem. Prog., 1950, 11,47. 
103. (a) R. S. Atkinson, personal communication, 1989; (b) R. S. Atkinson and B. J. Kelly, J. Chem. SOC., Perkin 

Trans. I ,  1989, 1657; (c) R. S. Atkinson and B. J. Kelly, J. Chem. SOC., Chem. Commun., 1989, 836. 
104. M. Edwards, T. L. Gilchrist, C. J. Harris and C. W. Rees, J. Chem. Res. ( S ) ,  1979, 114; J. Chem. Res. (M), 

1979, 1687. 
105. L. A. Carpino, R. E. Padykula, Sung-Nung Lee, G. Y. Han and R. K. Kirkley, J. Org. Chem., 1988.53.6047. 
106. R. S. Atkinson, M. J. Grimshire and B. J. Kelly, Tetrahedron. 1989,452875. 
107. R. S. Atkinson and B. J. Kelly, J. Chem. SOC., Perkin Trans. 1,  1989, 1515. 
108. R. S. Atkinson, in ‘Azides and Nitrenes, Reactivity and Utility’, ed. E. F. V. Scriven, Academic Press, New 

York, 1984, p. 35. 
109. R. W. Butler, in ‘Synthetic Reagents’, ed. J. S. Pizey, Horwood, Chichester, 1977, vol. 3, p. 277. 
110. R. S. Atkinson, J. Fawcett, D. R. Russell and G. Tughan, J. Chem. SOC., Chem. Commun., 1986,832. 
1 1  1.  R. S. Atkinson and G. Tughan, J. Chem. SOC., Chem. Commun., 1986,834. 
112. S .  Shafiullah and J. A. Ansari, J. Chem. Res. (S), 1988, 226. 
113. C. D. Campbell and C. W. Rees, Chem. Commun., 1965, 192. 
114. F. Schr6ppel and J. Sauer, Tetrahedron Lerr., 1974,2945. 
115. R. S. Atkinson and G. Tughan, J. Chem. Soc., Perkin Trans. I ,  1987,2787. 
116. (a) R. S. Atkinson and G. Tughan, J. Chem. SOC., Chem. Commun., 1987, 456; (b) R. S. Atkinson, B. J. Kelly 

and C .  McNicolas, J. Chem. Soc., Chem. Commun., 1989, 562. 
117. S. Calet, F. Urso and H. Alper, J. Am. Chem. Soc., 1989,111,931. 
118. R. K. Muller, R. Joos, D. Felix, J. Schreiber, C. Wintner and A. Eschenmoser, Org. Synth., 1976.55. 114. 
119. G. R. Meyer, C. A. Kellert and R. W. Ebert, J. Heterocycl. Chem., 1979,16,461. 
120. L. Hoesch, N. Egger and A. S .  Dreiding, Helv. Chim. Acta, 1978,61, 795. 
121. A. Padwa and Hao Ku, Tetrahedron Letr., 1980,21, 1009. 
122. R. S. McDaniel and A. C. Oehlschlager, Can. J. Chem., 1968,46,2318. 
123. A. Zwierzak and K. Osowska, Angew. Chem., Int. Ed. Engl.. 1976. 15,302. 
124. B. Davidowitz, T. A. Modro and M. L. Niven, Phosphorus Sulfur, 1985.22.255. 
125. F. A. L. Anet, R. D. Trepka and D. J. Cram, J. Am. Chem. SOC., 1967,89,357. 
126. B. V. Ioffe and E. V. Koroleva, Tetrahedron Lett., 1973,619. 
127. B. V. Ioffe, Yu. P. Artsybasheva and I. G. Zenkovich, Dokl. Chem. (Engl. Transl.), 1976, 231, 742; Dokl. 

Akad. Nauk SSSR, 1976,231, 1130 (Chem. Abstr., 1977,86,105 794r). 
128. R. S. Atkinson, B. D. Judkins and N. Khan, J. Chem. SOC., Perkin Trans. 1, 1982,2491. 
129. R. S. Atkinson, M. Lee and J. R. Malpass, J. Chem. SOC., Chem. Commun., 1984,919. 
130. W. Bludsuss and R. Mews, Chem. Ber., 1981, 114, 1539. 
131. W. Bludsuss, 0. Glemser and G. G. A. Lange, Isr. J. Chem., 1978, 17, 137 (Chem. Abstr., 1978, 89, 

107 969n). 
132. M. S. Kharasch and H. M. Priestley, J. Am. Chem. SOC., 1939,61,3425. 
133. J.-P. Mahy, G. Bedi, P. Battioni and D. Mansuy, J. Chem. SOC., Perkin Trans. 2 ,  1988, 1517. 
134. J.-P. Mahy, G. Bedi, P. Battioni and D. Mansuy, Tetrahedron Lett., 1988,29, 1927. 
135. M. Hedayatullah and A. Guy, J. Heterocycl. Chem., 1979, 16, 201. 
136. P. N. Becker and R. G. Bergman, Organometallics, 1983,2,787. 
137. J.-E. Blckvall, Tetrahedron Lett., 1978, 163. 
138. A. 0. Chong, K. Oshima and K. B. Sharpless, J. Am. Chem. SOC., 1977,99,3420. 
139. J. P. M. Heude and J. Lambert, Ger. Pat. 2 047 995 (Chem. Absrr., l971,75,5219m). 
140. C. J. Michejda and D. H. Campbell, J. Am. Chem. SOC., 1974,96,929. 
141. V. G. Aranda, J. Barluenga and F. Aznar, Synthesis, 1974,504. 
142. J. Barluenga, L. Alonso-Cires and G. Asensio, Synthesis, 1979,962. 
143. H. Natsugari, R. L. Whittle and S. M. Weinreb, J. Am. Chem. SOC., 1984, 106,7867. 
144. K. B. Sharpless and S. P. Singer, J. Org. Chem., 1976,41, 2504. 
145. S. Ghomi and D. E. Orr, Chem. Ind. (London), 1983,928. 
146. A. Dureault, L. Tranchepain, C. Greck and J .C.  Depezay, Tetrahedron Lett., 1987,28,3341. 
147. M. Egli, L. Hoesch and A. S. Dreiding, Helv. Chim. Acta, 1985,68,220. 
148. M. J. Fazio, J. Org. Chem., 1984, 49,4889. 
149. W. E. Fristad, T. A. Brandvold, J. R. Peterson and S. R. Thompson, J. Org. Chem., 1985, 50,3647. 
150. R. M. Moriarty and J. S .  Khosrowshahi, Tetrahedron Lett., 1986.27, 2809. 
151. F. Minisci, Acc. Chem. Res., 1975,8, 165. 



Addition Reactions with Formation of Carbon-Nitrogen Bonds 511 

152. E. Zbiral, Synthesis, 1972, 185. 
153. R. Galli and V. Malatesta, Org. Prep. Proced. Int., 1971, 3, 231. 
154. R. W. Draper, J .  Chem. SOC., Perkin Trans. I ,  1983, 2787. 
155. Yuan L. Chow, C. J. Colon, D. W. L. Chang, K. S. Pillay, R. L. Lockhart and T. Tezuka, Acra Chem. Scand., 

Ser. B, 1982,36,623. 
156. A. J. Bloom, M. Fleischmann and J. M. Mellor, J .  Chem. SOC., Perkin Trans. 1, 1984,2357. 
157. J. L. Riebsomer, Chem. Rev., 1945,36, 157. 
158. 0. H. Giamalva, G. B. Kenion, D. F. Church and W. A. Pryor, J .  Am. Chem. Soc., 1987,109,7059. 
159. M. L. Scheinbaum, J .  Org. Chem.. 1970,35,2785. 
160. A. F. Ellis (Gulf Res. and Dev. Co.), US Par. 3 379 710 (1968) (Chem. Absrr., 1968,69,51 568y). 
161. J. F. Brown, J .  Am. Chem. Soc., 1957,79,2480. 
162. J. M. Birchall, A. J. Bloom, R. N. Haszeldine and C. J. Willis, J. Chem. Soc., 1962, 3021. 
163. E. Bagley, J. M. Birchall and R. N. Haszeldine, J .  Chem. SOC. (C) ,  1966, 1232. 
164. S. G. Hentges and K. B. Sharpless, J. Org. Chem., 1980,45, 2257. 
165. (a) J. S. M. Wai, I. Mark6, J. S. Svendsen, M. G. Finn, E. N. Jacobsen and K. B .  Sharpless, J .  Am. Chem. 

SOC., 1989, 111, 1123; (b) M. Hirama, T. Oishi and S .  Ito, J .  Chem. Soc., Chem. Commun., 1989,665. 
166. D. W. Patrick, L. K. Truesdale, S. A. Biller and K. B. Sharpless, J. Org. Chem., 1978,43,2628. 
167. E. Herranz and K. B. Sharpless, Org. Synrh., 1982.61, 85.  
168. K. B. Sharpless and E. Herranz, Org. Synth., 1982,61, 93. 
169. E. Herranz and K. B. Sharpless, J. Org. Chem., 1980,45,2710. 
170. S. K. Dubey and E. E. Knaus, Can. J. Chem., 1983.61.565. 
171. H. Friege, H. Friege and I. Dyong, Chem. Ber., 1981,114, 1822. 
172. W. P. Griffith, N. T. McManus and A. D. White, J .  Chem. Soc., Dalton Trans., 1986, 1035. 
173. K. Kato, T. Saino, R. Nishizawa, T. Takita and H. Umezawa, J .  Chem. Soc., Perkin Trans. I ,  1980, 1618. 
174. J.-E. Biickvall and E. E. Bjbrkman, J .  Org. Chem., 1980,45, 2893. 
175. J.-E. Biickvall, E. E. Bjbrkman, S. E. BystrOm and A. Solladit-Cavallo, Tetrahedron Letr., 1982.23, 943. 
176. J. Barluenga, L. Alonso-Cires and G. Asencio, Synthesis, 1981, 376. 
177. R. A. Kretchmer and P. J. Daly, J. Org. Chem., 1976, 41, 192. 
178. K. E. Harding, T. H. Mannan and Do-hyun Nam, Tetrahedron, 1988,44,5605. 
179. J. Beger, C. Pbschmann and I. Thomas, J .  Prakt. Chem., 1984,326, 519 (Chem. Absrr., 1986,101, 173 457m). 
180. B. M. Trost and A. R. Sudhakar, J. Am. Chem. SOC., 1987,109,3792. 
181. R. S. Garigipati and S. M. Weinreb, J .  Am. Chem. SOC., 1983, 105,4499. 
182. G. Emmer and E. Zbiral, Jusrus Liebigs Ann. Chem., 1979, 796. 
183. N. X. Hu, Y. Aso, T. Otsubo and F. Ogura, J .  Chem. SOC., Chem. Commun., 1987, 1447. 
184. A. Bongini, G. Cardillo, M. Orena, S. Sandri and C. Tomasini, J. Chem. Soc., Perkin Trans. 1. 1985,935. 
185. B. Bernet and A. Vasella, Tetrahedron Lett., 1983, 24,5491. 
186. S. Knapp and D. V. Patel, J. Org. Chem., 1984,49,5072. 
187. P. G. Sammes and D. Thetford, Tetrahedron Lett., 1986.27.2275. 
188. (a) J. Das, Synth. Commun., 1989, 18, 907; (b) S. Karady, E. G. Corley, N. L. Abramson and L. M. 

Weinstock, Tetrahedron Lett., 1989,30, 2191. 
189. L. E. Overman and L. A. Flippin, Tetrahedron Lett., 1981,22, 195. 
190. M. Emziane, K. I. Sutowardogo and D. Sinou, J .  Organomet. Chem., 1988,346, C7. 
191. K. Faber, H. Honig and P. Seuferwasserthal, Tetrahedron Lett., 1989. 29, 1903. 
192. W. Kisan and W. Pritzkow, J .  Prakt. Chem., 1978,320,59 (Chem. Absrr., 1978,88, 136 0920. 
193. Y. Ogata, in ‘Oxidation in Organic Chemistry’, ed. W. S. Trahanovsky, Academic Press, New York, 1978, 

Part C, p. 307. 
194. D. L. H. Williams, ‘Nitrosation’, Cambridge University Press, Cambridge, 1988, chap. 2. 
195. S. G. Zlotin. M. M. Krayushkin, V. V. Sevost’yanova and S .  S. Novikov, Izv. Akad. Nauk SSSR, Ser. Khim., 

1977, 2362; Bull. Acad. Sei. USSR, Div. Chem. Sci. (Engl. Transl.). 1977, 2196 (Chem. Absrr., 1978, 88, 
61 948d). 

196. A. V. Fokin, Yu. N. Studnev, A. I. Rapkin, V. G. Chilikin and 0. V. Verenikin, Izv. Akad. Nauk SSSR, Ser. 
Khim., 1983, 1437; Bull. Acad. Sei. USSR, Div. Chem. Sei. (Engl. Transl.), 1983, 1306 (Chem. Absrr., 1983, 
99, 157 784a). 

197. L. Benati, P. C. Montevecchi and P. Spagnolo, Tetrahedron, 1986,42, 1145. 
198. T. Kamiya, T. Teraji, M. Hashimoto, 0. Nakaguchi and T. Oku, J .  Am. Chem. Soc., 1975,97,5020. 
199. M. Ihara, Y. Haga, M. Yonekura, T. Ohsawa, K. Fukumoto and T. Kametani, J .  Am. Chem. Soc., 1983, 105, 

7345. 
200. P. Brownbridge, Tetrahedron Lett., 1984,25, 3754. 
201. B. M. Trost and T. Shibata, J .  Am. Chem. SOC., 1982, 104, 3225. 
202. N. S. Zefirov, N. K. Sadovaya, A. M. Magarramov and I. V. Bodrikov, J. Org. Chem. USSR (Engl .  Transl.), 

1977,13,221; Zh. Org. Khim., 1977,13,245 (Chem. Absrr., 1977,87,22 465d). 
203. A. Bewick, D. E. Coe, J. M. Mellor and W. M. Owton, J .  Chem. SOC.,  Perkin Trans. I ,  1985, 1033. 
204. A. Bewick, J. M. Mellor and W. M. Owton, J .  Chem. Soc., Perkin Trans. I ,  1985, 1039. 
205. T. Mall and H. Stamm, Chem. Ber., 1988,121, 1353. 
206. D. Wagner, D. Gertner and A. Zilkha, Tetrahedron Lett., 1968,4875. 
207. A. Toshimitsu, T. Aoai, H. Owada, S. Uemura and M. Okano, J. Org. Chem., 1981,46,4727. 
208. A. Toshimitsu, G. Hayashi, K. Terao and S. Uemura, J .  Chem. Soc., Perkin Trans. I ,  1988,2113. 
209. A. Bewick, D. E. Coe, G. B. Fuller and J. M. Mellor, Tetrahedron Lerr., 1980,21, 3827. 
210. C. G. Francisco, E. I. Le6n, J. A. Salazar and E. SuBrez, Tetrahedron Lett., 1986,27.25 13. 
211. D. L. J. Clive, V. Farina, A. Singh, C. K. Wong, W. A. Kiel and S. M. Menchen, J .  Org. Chem., 1980, 45, 

2120. 
212. A. Toshimitsu, K. Terao and S .  Uemura, J. Org. Chem., 1986,51, 1724. 
213. A. Toshimitsu, K. Terao and S .  Uemura, J .  Chem. SOC., Chem. Commun., 1986,530. 



512 Oxidation of C==C Bonds 

214. A. Toshimitsu, S. Uemura, M. Okano and N. Watanabe, J. Org. Chem., 1983,48,5246. 
215. J. N. Denis, J. Vicens and A. Krief, Tetrahedron Lett., 1979,2697. 
216. A. Hassner and A. S .  Amarasekara, Tetrahedron Lett., 1987, 28,5185. 
217. T. Hayama, S. Tomoda, Y. Takeuchi and Y. Nomura, Tetrahedron Lett., 1982.23,4733. 
218. T. Hayama, S. Tomoda, Y. Takeuchi and Y. Nomura, J .  Org. Chem., 1984,49,3235. 
219. (a) Nan Xing Hu, Y. Aso, T. Otsubo and F. Ogura, Chem. Lett., 1987, 1327; (b) Nan Xing Hu, Y. Aso, T. 

Otsubo and F. Ogura, J .  Org. Chem., 1989, 54, 4398; (c) Nan Xing Hu, Y. Aso, T. Otsubo and F. Ogura, J .  
Chem. SOC., Perkin Trans. I ,  1989, 1775; (d) Nan Xing Hu. Y. Aso, T. Otsubo and F. Ogura, Phosphorus 
Sulfur, 1988.38, 177; (e) C. Degrand, R. Prest and M. Now, Phosphorus Sulfur, 1988,38,201. 

220. A. Bensadat, G. Bodennec, E. Laurent and R. Tardival, N o w .  J. Chim., 1981,5. 127 (Chem. Abstr., 1981,95, 
79 526u). 

221. T. N. Wade, J. Org. Chem., 1980,45,5328. 
222. G. Alvernhe, S. Lacombe and A. Laurent, Tetrahedron Lett., 1980,21,289. 
223. E. Maxa, E. zbiral, G. Schulz and E. Haslinger, Justus Liebigs Ann. Chem., 1975, 1705. 
224. B. Baasner, H. Hagemann and E. Klauke (Bayer A. G.), Ger. Pat. 3 305 201 (1984) (Chem. Abstr., 1985, 102, 

5684k). 
225. B. Damin, J. Garapon and B. Sillion, Tetrahedron Lett., 1980,21, 1709. 
226. D. J. Nelson and R. Soundararajan, Tetrahedron Lett., 1988,29,6207. 
227. J. R. Whittle and 0. W. Rigden (Texaco Inc.), US Pat. 4 089 903 (1978) (Chem. Abstr., 1978.89, 108 101k). 
228. C. B. Colburn, W. E. Hill and R. D. Verma, J .  Fluorine Chem., 1981, 17, 75 (Chem. Abstr., 1981, 94, 

208 022g). 
229. T. A. Foglia and D. Swern, J .  Org. Chem., 1966,31,3625. 
230. (a) F. A. Daniher and P. E. Butler, J .  Org. Chem., 1968, 33, 4336; (b) T. Akasaka, N. Furukawa and S. Oae, 

Tetrahedron Lett., 1979,2035. 
231. H. Driguez and J. Lessard, Can. J. Chem., 1977.55, 720. 
232. J. Lessard and J. M. Paton, Tetrahedron Lett., 1970,4883. 
233. (a) L. Stella, B. Raynier and J.-M. Surzur, Tetrahedron Lett., 1977, 2721; (b) J.-L. Stein, L. Stella and J.-M. 

Sunur, Tetrahedron Lett., 1980,21,287. 
234. J. Lessard, M. Mondon and D. Touchard, Can. J. Chem., 1981. 59.431. 
235. T. P. Seden and R. W. Turner, J .  Chem. SOC. C, 1968, 876. 
236. N. A. Rybakova, V. I. Dostovalova, A. A. Slepushkina, V. I. Robas and R. Kh. Freidlina. Izv. Akad. Nauk 

SSSR, Ser. Khim., 1973, 359; Bull. Acad. Sci. USSR, Div. Chem. Sci. (Engl. Transl.), 1973, 342 (Chem. Abstr., 
1973,78, 147 491e). 

237. A. Hassner and F. P. Boerwinkle, Tetrahedron Lett., 1969, 3309. 
238. A. Hassner and C. H. Heathcock, J .  Org. Chem., 1963,29, 1350. 
239. S. Bresadola, P. Canal, A. Nenz and E. Gallinella, Chim. Ind. (Milan), 1963, 45, 937 (Chem. Abstr., 1963, 59, 

977 1 e). 
240. H. Schechter, F. Conrad, A. L. Daulton and R. B. Kaplan, J. Am. Chem. SOC., 1952,74,3052. 
241. Fu-Lung Lu, Y. M. A. Naguib, M. Kitadani and Yuan L. Chow, Can. J. Chem., 1979,57, 1967. 
242. G. Peiffer, J. C. Traynard and A. Guillemonat, Bull. Soc. Chim. Fr., 1966, 1910. 
243. G. E. Heasley, J. M. Janes, S. R. Stark and B. L. Robinson, Tetrahedron Lett., 1985,26, 181 1. 
244. A. Osowska-Pacewicza and A. Zwierzak, Tetrahedron, 1985,41,4717. 
245. S .  Zawadzki and A. Zwierzak. Tetrahedron, 1981,15,2675. 
246. Shi-Ching Chang and D. D. DesMarteau, J. Org. Chem., 1983,48, 895. 
247. A. Hassner and F. P. Boerwinkle, J .  Am. Chem. SOC., 1968,90,216. 
248. A. Hassner, F. P. Boerwinkle and A. B. Levy, J. Am. Chem. SOC., 1970.92.4979. 
249. F. P. Boerwinkle and A. Hassner Tetrahedron Lett., 1968, 3921. 
250. E. J. Corey and H. Estreicher, J.  Am. Chem. SOC., 1978,100,6294. 
251. A. Hassner, R. P. Hoblitt, C. H. Heathcock, J. E. Kropp and M. Lorber, J .  Am. Chem. SOC., 1970,92,1326. 
252. C. G. Gebelein, S. Rosen and D. Swern, J .  Org. Chem., 1969, 34, 1677. 
253. A. Hassner, M. Lorber and C. H. Heathcock, J .  Org. Chem., 1967.32.540. 
254. A. Hassner and C. H. Heathcock, Tetrahedron, 1964,20, 1037. 
255. (a) C. G. Gebelein, Chem. Ind. (London), 1970, 57; (b) J. E. Baldwin and Y. Yamaguchi, Tetrahedron Lett., 

1989,30,3335; (c) J. Barluenga, J. M. Gonzalez, P. J. Campus and G. Asensio, Angew. Chem., Int. Ed. Engl., 
1985,24, 319. 

256. F. W. Fowler, A. Hassner and L. A. Levy, J .  Am. Chem. SOC., 1967,89,2077. 
257. A. Hassner, Acc. Chem. Res., 1971,4,9. 
258. S. Sivasubramanian, S. Aravind, L. T. Kumarasingh and N. Arumugam, J .  Org. Chem., 1986,51, 1985. 
259. A. Hassner, personal communication, 1989. 
260. G. Mehta, P. K. Dutta and P. N. Panday, Tetrahedron Lett., 1975,445. 
261. R. C. Cambie, R. C. Hayward, P. S. Rutledge, T. Smith-Palmer, B. E. Swedlund and P. D. Woodgate. J. 

Chem. SOC., Perkin Trans. I ,  1979, 180. 
262. L. Ghosez, F. Sainte, M. Rivera, C. Bernard-Henriet and V. Gouverneur, R e d .  Trav. Chim. Pays-Bas, 1986. 

105, 456. 
263. A. Hassner, J. E. Knopp and G. J. Kent, J .  Org. Chem., 1969,34, 2628. 
264. Wing-Wah Sy and A. W. By, Tetrahedron Lett., 1985.26, 1193. 
265. T. E. Stevens and W. D. Emmons, J .  Am. Chem. SOC., 1958,80,338. 
266. J. E. McMurry and J. H. Musser, Org. Synth., 1977,56,65. 
267. J. W. Patterson and J. E. McMurry, J .  Chem. SOC., Chem. Commun., 1971,488. 
268. S .  Knapp and A. T. Levorse, J. Org. Chem., 1988, 53,4006. 
269. A. Bongini. G. Cardillo, M. Orena, S. Sandri and C. Tomasini, J .  Chem. SOC., Perkin Trans. I ,  1985, 935. 
270. M. J. Kurth and S .  H. Bloom, J. Org. Chem., 1989,54411. 
271. M. Hirama, M. Iwashita, Y. Yamazaki and S. It8, Tetrahedron Lett., 1984,25,4963. 



Addition Reactions with Formation of Carbon-Nitrogen Bonds 513 

272. A. J. Biloski, R. D. Wood and B. Ganem, J. Am. Chem. SOC.,  1982,104, 3233. 
273. (a) Y. Tamaru, S. Kawamura, K. Tanaka and Z. Yoshida, Tetrahedron Lett., 1984,25, 1063; (b) H. Takahata, 

T. Takamatsu and T. Yamazaki, J. Org. Chem., 1989, 54, 4812; (c) Y. Tamaru, S. Kawamura, T. Bando, K. 
Tanaka, M. Hojo and Z. Yoshida, J. Org. Chem., 1988, 53, 5491; (d) T. W. Balko. R. S. Brinkmeyer and N. 
H. Terando, Tetrahedron Lett., 1989, 30,2045. 

274. G. Rajendra and M. J. Miller, Tetrahedron Lett., 1985,26, 5385. 
275. T. Aida, R. Legault, D. Dugat and T. Durst, Tetrahedron Lett.. 1979,4993. 
276. (a) D. R. Williams, M. H. Osterhout and J. M. McGill, Tetrahedron Lett., 1989, 30, 1327; (b) D. R. Williams, 

M. H. Osterhout and J. M. McGill, Tetrahedron Lett., 1989.30, 1331. 
277. T. Petrzilka, K. K. Prasad and G. Schmidt, Helv. Chim. Acra, 1977,60, 2911. 
278. J. G. Henkel, W. C. Faith and J. T. Hane, J. Org. Chem., 1981,46,3483. 
279. M. E. Kuehne and D. A. Home, J. Org. Chem., 1975,40, 1287. 
280. P. Mackiewicz, R. Furstoss and B. Waegell, J. Org. Chem., 1978,43, 3746. 
281. J. Lessard, R. Cote, P. Mackiewicz, R. Furstoss and B. Waegell, J. Org. Chem., 1978,43. 3750. 
282. B. Akermark, J.-E. Bickvall, A. Lawenborg and K. Zetterberg, J. Organomet. Chem., 1979,166, C33. 
283. M. Sabuni, G. Kresze and H. Braun, Tetrahedron Lett., 1984,25,5377. 
284. H. Braun, R. Charles, G. Kresze, M. Sabuni and J. Winkler, Liebigs Ann. Chem., 1987, 1129. 
285. J. Barluenga, J. M. Gonzalez and G. Asensio, Tetrahedron Lett., 1988,29, 6497. 
286. R. A. Abramovitch, M. Ortiz and S. P. McManus, J. Org. Chem., 1981,46,330. 
287. A. J. Bloom and J. M. Mellor, J. Chem. SOC.,  Perkin Trans. 1 ,  1987, 2737. 
288. A. Toshimitsu, S. Ucmura and M. Okano, J. Chem. SOC., Chem. Commun., 1982, 87. 
289. B. E. Kogai, V. K. Gubernantorov and V. A. Sokolenko, J.  Org. Chem. USSR (Engl. Transl.), 1984,20,2324; 

Zh. Org. Khim., 1984,20, 2554 (Chem. Abstr., 1985, 102, 184 958x). 
290. K. B. Rall and A. A. Petrov, J. Org. Chem. USSR (Engl. Transl.), 1966, 2, 3669; Zh. Org. Khim., 1964, 34, 

3621) (Chem. Abstr., 1965,62, 89890. 
291. R. S. Neale and R. L. Hinman, J. Am. Chem. Soc., 1963,85,2666. 
292. N. N. Labeish, Yu. I. Porfir’eva and A. A. Petrov, J. Org. Chem. USSR (Engl. Transl.) 1984, 20, 430; Zh. 

Org. Khim., 1984, 20,477 (Chem. Abstr., 1984, 106, 90 3773’). 
293. K. Wieser and A. Berndt, Angew. Chem., Int. Ed. Engl., 1975,14,69. 
294. A. Hassner and J. Keogh, J. Org. Chem., 1986,51,2767. 
295. T. L. Jacobs, in ‘The Chemistry of the Allenes’, ed. S. R. Landor, Academic Press, New York, 1982, vol. 2, p. 

417. 
2%. F. Minisci, R. Galli and G. Pollina, Chim. lnd. (Milan), 1965, 47, 736 (Chem. Abstr., 1966, 64,691b). 
297. V. Nair, Chem. Heterocycl. Compd., 1983,42 (l), 215. 
298. J. E. Franz, H. W. Dietrich, A. Henshall and C. Osuch, J. Org. Chem., 1966,31, 2847. 
299. R. A. Wohl, Helv. Chim. Acta, 1973, 56, 1826. 
300. J. E. McMurry and A. P. Coppolino, J. Org. Chem., 1973, 38, 2821. 
301. T. Shioiri and N. Kawai, J. Org. Chem., 1978,43,2936. 
302. N. Kato, Y. Hamada and T. Shioiri, Chem. Pharm. Bull., 1984.32, 2496. 
303. T. Kauffmann, H. Henkler, C. Kosel, E. Rauch, J. Schulz and R. Weber, Angew. Chem., lnr. Ed. Engl., 1962, 

1,456. 
304. H. Marxmeier and E. Pfeil, Chem. Ber., 1964,97, 815. 
305. M. I. Fremery and E. K. Fields, J. Org. Chem., 1964,29,2240. 
306. L. A. Paquette, D. E. Kuhla, J. H. Barrett and R. J. Haluska, J .  Org. Chem., 1969,34,2866. 
307. A. G. Anastassiou and R. L. Mahaffey, J. Chem. SOC.,  Chem. Commun., 1978,915. 
308. J. KuCera and Z. Arnold, Tetrahedron Lett., 1966, 1109. 
309. J. R. Mahajan, G. A. L. Ferreira and H. C. Araujo, J. Chem. SOC., Chem. Commun., 1972, 1078. 
310. R. D. Bowen, J. N. Crabb, C. W. G. Fishwick and R. C. Storr, J. Chem. Res. (S), 1984, 124. 
311. H. Hug1 and E. Zbiral, Tetrahedron, 1973.29, 759. 



3.6 
Addition Reactions with Formation 
of Carbon-Sulfur or 
Carbon-Selenium Bonds 
KEVIN A. SWISS and DENNIS C.  LIOTTA 
Emory University, Atlanta, GA, USA 

3.6.1 INTRODUCTION 

3.6.2 FORMATION OF CARBON-SULFUR BONDS FROM ADDITIONS TO --BONDS 
3.62.1 Formation of Thiiranes 
3.62.2 Electrophilic Sulfur Additions 
3.6.2.3 Radical Sulfur Additions 

3.6.3 FORMATION OF CARBON-SELEMUM BONDS FROM ADDITIONS TO IT-BONDS 
3.63.1 Regiochemistry of Additions 
3.63.2 Seleno-Heteroatom Additions 
3.63.3 Selenium-induced Cyclizations 

3.6.4 REFERENCES 

515 

515 
515 
516 
518 

520 
520 
522 
523 

525 

3.6.1 INTRODUCTION 

Organosulfur and organoselenium reagents offer many advantages over their first row counterparts for 
effecting a wide range of important synthetic transformations. These materials can be introduced into 
substrates either as nucleophiles, radicals or electrophiles. Once introduced, they can facilitate a variety 
of different processes by stabilizing adjacent positive or negative charges. Finally, after serving their pur- 
pose, they can be removed either oxidatively or reductively, thereby introducing either unsaturation or 
saturation, respectively. 

In this chapter addition reactions involving organosulfur and organoselenium reagents are discussed. 
The examples to be discussed here emphasize those processes which appear to be relatively general and 
efficient. Although exceptions exist, organoselenium derivatives have generally proven to be more effec- 
tive than comparable organosulfur derivatives.' 

3.6.2 THE FORMATION OF CARBONSULFUR BONDS FROM ADDITIONS TO T-BONDS 

3.6.2.1 Formation of Thiiranes 

Thiiranes are prepared by two major pathways. The first pathway is the conversion of alkenes to inter- 
mediates, such as dihalides, halohydrins or epoxides, followed by nucleophilic attack and subsequent 

515 
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closure of the thiirane sulfur.2 The other pathway, discussed here, involves the reaction of the alkenes 
with electrophilic sulfur reagents to produce a-halo-P-sulfur intermediates, which can then be induced to 
cyclize to thiiranes. There are two methods of introducing sulfur oxidatively to alkenes; these involve the 
use of either sulfur monochloride or arenethiosulfenyl chloride. In both these methods, the sulfur is intro- 
duced stereoselectively (e.g. with trans-alkenes, trans-substituted thiiranes are produced; Scheme 1). 

s2c12 c1 NazS 

R 100% R yR sscl - 1648% R""' 

(1) 

R 

ArSSCl R NaZS 

R 

Scheme 1 

The first method involves sulfur monochloride addition to alkenes forming an crchloro-P-disulfide 
(l), which can be reduced with sodium sulfide or aluminum amalgam. Unfortunately this procedure suf- 
fers from three drawbacks: (i) low yields are realized on reduction of the disulfide; (ii) an excess of al- 
kene (2-3 equiv.) is required to produce good yields; and (iii) the reactions occur poorly with acyclic 
molecules in general.3 

A more promising method involves the use of arenethiosulfenyl chlorides. These reagents oxidize al- 
kenes to a-chloro-P-disulfidearenes (i.e. 2) in high yields. The intermediates are then reduced by sodium 
sulfide and cyclized to thiiranes in good to moderate yield. Unfortunately these arenethiosulfenyl 
chlorides must be prepared from arenethiols and sulfur dichloride; nevertheless, the yields of acyclic ad- 
ducts are reliably moderate. In addition, the arene substituents may be changed to modify the nucleophil- 
icity and reducibility of the reagent.4 

For the formation of thiiranes from alkenes, it seems best to use the arenethiosulfenyl chloride method 
since this appears to result in the highest yields. While the sulfur monochloride method can be used, the 
yields are typically poor to moderate over a wide range of substrates. For both methods there are some 
common problems which include competing group reactivity (other alkenes or electron-rich groups) and, 
of course, the stench associated with many sulfides. 

3.6.2.2 Electrophilic Sulfur Additions 

Electrophilic sulfur reagents have been little used in organic synthesis. The reasons include sluggish 
reactivity, low stability and good alternative methods, such as organoselenium electrophiles. The addi- 
tions of electrophilic sulfur reagents to alkenes occur in good to excellent yield. Some good examples of 
electrophile-induced cyclizations are known. Although the electrophilic sulfur reagents are usually dival- 
ent, a few reports of hexavalent sulfur electrophiles are also known. These organosulfur reagents offer 
some synthetic utility, but have seen limited use. 

Several types of sulfenyl chlorides are known. Sulfur monochloride and dichloride can add to dienes 
forming sulfur bridges>I6 The most commonly used sulfenyl halides are benzenesulfenyl chlorides and 
methanesulfenyl chloride. Other sulfenyl halides, such as acetylthiosulfenyl chloride and thiocyanogen 
chloride, have been added to alkenes, but few subsequent transformations have been carried out with 
those  intermediate^.^** 

The regiochemistry of additions of alkenes with sulfenyl chlorides exhibits some unusual trends. 2.4- 
Dinitrobenzenesulfenyl chloride reacts with alkenes, only forming Markovnikov addition products. 
These results suggest the transition structure possesses little thiiranium character and a large amount of 
carbonium ~haracter.~ However, methanesulfenyl chloride typically gives anti-Markovnikov addition 
products (80-95% anti-Markovnikov) with alkyl-substituted terminal alkenes under kinetic control. 
These initially formed products can be equilibrated to Markovnikov products (all 88% Markovnikov) by 
trace acid (equation 1). Methanesulfenyl chloride reacts with phenyl-substituted terminal alkenes produc- 
ing a high preponderance of Markovnikov addition (9&98%). With sterically encumbered terminal al- 
kenes (4-methylbut- l-ene), the degree of anti-Markovnikov addition increases to 95%. Benzenesulfenyl 
chloride also gives mixtures of regioisomers (6347%). with anti-Markovnikov products predominating. 
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These addition products may also be equilibrated to Markovnikov products.1° The regiochemistry of the 
addition of sulfenyl chlorides to alkenes is determined by the polarity of the sulfenyl chloride, the 
relative stability of the carbonium ion intermediates and the steric bulk at or around the alkene. 

MeSCl clq + "q __f AcOH "q + Mesq 
SMe c1 SMe c1 

7- 
80% 20% 17% 83% 

Benzenesulfenyl chloride alkene adducts may be transformed to many useful molecules. Intermedi- 
ates, such as (3), can be treated with base to produce vinyl or allyl sulfides (equation 2). Alternatively, 
the adducts can be oxidized and treated with base to yield vinyl sulfones in high overall yield (equation 
3)." The thiirane intermediates or adducts, i.e. (3), may be alkylated with alkyl-titanium and -aluminum 
reagents which replace the chloride substituent with retention of configuration. l2 

MCPBA DBU 

99% 

(3) 

(3) 

Cyclizations involving sulfenyl chlorides must be designed carefully, since these reagents can also re- 
act with alcohols, amines and other  nucleophile^.'^ Benzenesulfenyl chloride has been used to cyclize a 
1,4-diene. For example, diene (4) cyclizes in good yield to tricyclic heptane product (5). This material 
was then further elaborated to a cyclosativene precursor ( 6  equation 4).14 

CxCN PhSCl 

CHzClz 
85% 

PhS J-PCN - c1 Po (4) 

Another useful cyclization results in the stereoselective synthesis of p-lactams from thiiranium ions 
derived from a$-unsaturated amides. Unsaturated amides are treated with benzenesulfenyl chloride and 
the product is subsequently treated with base under phase transfer conditions. The reaction regenerates a 
thiiranium ion in the presence of amide anion, which then cyclizes to form 9-lactams. The regiochem- 
istry of the alkene addition determines the eventual stereochemical outcome (e.g. cis-alkenes produce 
cis-p-lactams; Scheme 2). The yields of the cyclization products are quite sensitive to the amide-protect- 
ing group which was employed. With 4-anisyl amide the yield is moderate (73%), but with 4-nitrophenyl 
amide the yield is excellent (97%), suggesting that the amide must be deprotonated before cyclization 
can occur.1s 

Benzenesulfenyl chloride can convert unsaturated acids to lactones. The unsaturated acid (7) is treated 
with benzenesulfenyl chloride, followed by Raney nickel, to afford the y-lactone (8) in excellent overall 
yield (equation 5) .  Another acid (9) has been lactonized to produce the spiro-e-lactone (10) which rear- 
ranges on silica gel to y-lactone (11; equation 6). &Lactones have been also prepared using this ap- 
proach. An additional advantage of this approach is that the phenyl sulfide moiety can be manipulated 
into a variety of functional groups to facilitate cyclization.16 In summary, successful cyclization nactions 
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0 0 0 

I PhS 

'J 0" 'Ar 

Scheme 2 

can be achieved, provided the precursors lack functionality which can react competitively with sulfenyl 
halides. 

Arylsulfenyl trifluoroacetates have been generated in situ and used for the hydroxysulfenylation of al- 
kenes. These reagents are prepared from diary1 disulfides and LTA in trifluoroacetic acid. Yields for the 
addition are generally good (42-95%). The hydroxysulfenate intermediate can be oxidatively cleaved by 
LTA (provided the groups can achieve an antiperiplanar arrangement) to form an a-aldehyde+-acetoxy 
sulfide in good yield (40-8895; Scheme 3)." 

% 88% PhS L C H O  
OH 

i, ii 

i, LTA, PhSSPh, TFA, ii, HzO, NaHCO3; iii, LTA, pyridine, AcOH 

Scheme 3 

Arenesulfonyl halides can add to alkenes with the assistance of a metal catalyst. Several types of cata- 
lysts have been employed with varying degrees of success. Substituted phenyl vinyl sulfones, although 
only the (E)-isomers have been prepared from styrenes, benzenesulfonyl chlorides and a ruthenium cata- 
lyst in good yield.18 This same reaction has been tried with chiral ruthenium catalysts with modest suc- 
cess (2040% ee).'9 

3.623 Radical Sulf'ur Additions 

The number of reported additions of sulfur radicals to +bonds, while very limited, is growing fast. In 
general, the major problem which must be overcome in these reactions is the recombination of thiyl radi- 
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cals to form stable disulfide bonds. This has been partially achieved by the use of dilution techniques and 
by the use of selenosulfur reagents. 

The early work with thiyl radicals primarily involved the intramolecular cyclization of alkenes. The re- 
action appears to be useful since high yields and stereoselective formation of products are observed 
(equation 7). Under a variety of conditions the diallyl diester (12) produces a 6:l mixture of stereo- 
isomeric cyclopentanes (13) and (14) in high yield.20 When enynes are treated with thiyl radicals, low to 
moderate yields of addition products are observed (equation 8).21 

i, (CHzSHk, 

(7) 
Phssph. Ph€I 

92% 

(12) (13) 86% (14) 14% 

87% 13% 

A large amount of work has been accomplished using mixed sulfur/selenium reagents, such as seleno- 
sulfides and selenosulfones. One example of selenosulfide addition via radicals is selenothiolactoniza- 
tion. When selenosulfide (15) is treated with AIBN, a mixture of y-seleno-substituted thiolactones is 
produced (equation 9). Although these lactonizations result in mixtures of stereoisomers, they usually 
can be separated.22 In addition to these reports, selenosulfones have been used to form allenic sulfones, 
alkynic sulfones and (phenylsulfony1)dienes (Scheme 4).23 

R Arso2sePh 
k * 

PhH, AIBN 

92% 8% 

R 
S02Ar - - 

73-98% 

R-PSo2h PhSe 

\ 
s3-ss\ 

PhSe E 

Scheme 4 

In summary, much work has been accomplished with selenosulfur radicals, while little has been done 
with thiyl radicals. 
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3.63 FORMATION OF CARBONSELENIUM BONDS FROM ADDITIONS TO W-BONDS 

3.63.1 Regiochemistry of Additions 

Selenium electrophiles add to a wide range of v-bonds, usually with good regiochemical and stereoc- 
hemical results, to form a variety of selenium-containing intermediates." These intermediates can be fur- 
ther elaborated to desired products. 

Selenium electrophiles, such as benzeneselenenyl chloride, add to unactivated monosubstituted al- 
kenes, forming Markovnikov or anti-Markovnikov addition intermediates depending on conditions em- 
ployed. Markovnikov addition products (thermodynamic control) are observed using polar solvents or 
ambient temperature. Anti-Markovnikov (kinetic control) adducts are initially formed at low temperature 
and in nonpolar solvents. These adducts can be isolated directly or isomerized to Markovnikov adducts 
upon warming (equation The isomerization is caused by a reversible seleniranium ion formation 
and subsequent halide reopening, a process which is accelerated by polar solvents and higher reaction 
temperatures. Under these conditions 1 ,2-disubstituted alkenes provide mixtures of regiochemical ad- 
ducts, while trisubstituted alkenes only give Markovnikov adducts.24*25 

PhSeCl PhSeCl - ""r" (10) Bun/= 
c1 CD$N, 25 OC CCl,, -10 oc PhSe 

94% 100% 

BunPsem - 
Benzeneselenenyl chloride adds to allylic alcohols and acetates in a highly regio- and stereo-selective 

fashion. Substituted cyclohexenyl acetates and benzoates react with benzeneselenenyl chloride, only for- 
ming one diastereomer (equation 11). The adduct (16) can then be elaborated to an enone. The proposed 
mechanism for explaining the observed regio- and stereo-selectivity involves the formation of a selenira- 
nium ion syn to the ester. The seleniranium ion is then opened by an axial attack of halide ion. With non- 
cyclic allylic acetates, good yields of products possessing the same regio- (>96%) and stereo-chemistry 
are seen. In additions to allylic alcohols, the syn stereochemistry is preserved, but mixtures of regio- 
isomers are observed (70:30).26 

r 1 

L cl- J 
(16) 

Selenium electrophiles add to conjugated dienes, only forming 1,2-adducts. Although Markovnikov 
addition is seen, only a few examples have been rep~rted.~' With allenes the additions are regiospecific, 
with the phenylseleno group usually adding to the sp-carbon. Unfortunately, all four stereoisomers of 
halide attack are seen with unsymmetrically substituted allenesaZ8 

The addition of selenium electrophiles to activated v-bonds (i.e. enol ethers) occurs readily. Enol 
ethers react with benzeneselenenyl chloride to produce cis- and trans-a-chloro-P-phenylseleno adducts. 
These adducts can be transformed into a,&dichlorides or allylic  chloride^.?^ If the reaction is canied out 
in the presence of alcohols, stereoisomers of P-seleno mixed ketals are isolated (equation 12)?O 

q r B ;  (12) 

\\+' 

BnO q) z BnO + BnO 
76% 

71% 29% 

It has been found that selenium electrophiles add to electmn-deficient alkenes to form mixtures of ad- 
ducts. Benzeneselenenyl chloride adds to chlorocyclohexene (17), producing a mixture of adducts (equa- 
tion l 3).3i l ,  l-Difluoroethylene furnishes only one regioisomer (equation 14).32 Benzeneselenenyl 
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chloride adds to several acrylates (Le. ethyl acrylate, acrolein and others) to produce good yields of re- 
gioisomeric adducts. The mixture always favors Markovnikov addition (73-95%), presumably due to 
electronic effects.33 However, the pyridine-benzeneselenenyl chloride complex adds to cyclic enones to 
produce 2-(phenylse1eno)enones in good yields. The mechanism is thought to involve a Michael reaction 
between the enone and pyridine. The enolate is subsequently attacked by the benzeneselenenyl moiety, 
followed by elimination of pyridine forming the product (equation 15).34 

75% 25% 

Benzeneselenenyl chloride adds to alkynes to produce mixtures of trans-alkene adducts. For example, 
the addition of benzeneselenenyl chloride to the alkyne (18) produces the alkene (19), which can be 
transformed to yield the unusual diene (20  equation 16).35 Alkynic alcohols give anti-Markovnikov ad- 
dition products under kinetic control. The reaction is thought to proceed through the selenirenium ion 
(21; equation 17).36 Selenium electrophiles add to cu,P-alkynic carbonyl moieties to produce cis adducts 
in good yield (equation 18).37 

c1 

(16) 
Cl PhSeCl 

SePh 

(17) 

P h S e 5  OH 

CHCb C1 C02H 
6649% R 

(18) 

In summary, several types of carbon mbonds react with benzeneselenenyl halides producing usually 
one or more regioisomers. Several of these regioisomers may be equilibrated via their seleniranium ions. 
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3.63.2 Seleno-Heteroatom Additions 

Several different functional groups can be introduced by selenenylation. The benzeneselenenyl ion tol- 
erates a wide range of anionic groups. However, with differing anionic moieties the nactivity of the ben- 
zeneselenenyl ion varies greatly. All adducts can be subsequently converted to either allylic or vinylic 
moieties by the syn elimination of the corresponding selenoxide (oxidized selenide). 

Benzeneselenenyl azide adds to alkenes readily. The addition of the selenenyl azide always occurs 
with trans Stereochemistry. The yield of adducts is reliably high with several different alkenes. Unlike 
benzeneselenenyl chloride, mixtures of regioisomers are found with simple primary alkenes. No addition 
occurs between benzeneselenenyl azide and ethyl crotonate. The reagent adds to conjugated dienes in a 
trans 1,rl-fashion which is thought to be due to an initial trans 1,2-addition, followed by a facile 1,3- 
allylic azide shift (equation 19). Unfortunately, this reagent must be prepared and used in situ?* 

Cyanoselenenation of unactivated alkenes occurs only under harsh conditions, such as strong Lewis 
acid catalysis (e.g. tin(1V) chloride). The yields are usually good and only trans stereoisomers are ob 
served. Unfortunately, unsymmetrical (terminal and trisubstituted) alkenes yield regioisomeric mixtures. 
This method provides easy access to unusual trisubstituted carbonitriles starting from relatively simple 
alkenes (equation 20). Several different cyanoselenates are readily available.39 6 PhSeCN b + 

SnC4, CHzClz 
87% 

83% 17% 

Hydroxyselenenations can be accomplished in good yields by using phenylselenenyl trifluoroacetate. 
Although the product stereochemistry is consistently trans, the observed regioselectivity is poor for un- 
symmetrical alkenes. The reagent adds to ethyl acrylate, but again the adducts are a mixture of regio- 
isomers. This reagent also adds to alkynes to produce, after hydrolysis, a-phenylseleno ketones (equation 
21). This procedure represents an efficient method for the preparation of rearranged allylic alcohols from 
alkenes similar to allylic oxidations with singlet oxygen but complementary to those obtained from sele- 
nium dioxide. The reagent must be prepared in situ.@ 

Ph -- PhSeOzCCF3 L [F3cc::h 1 - KOH 
PhH SePh EtOH Ph SePh 
68% 

Another method of hydroxyselenenation involves trapping the seleniranium ion by water. The use of 
N-phenylseleno-succinimide (N-PSS) or -phthalimide (N-PSP) as the selenium electrophile facilitates the 
reaction, since the succinimide or phthalimide anion is not as nucleophilic as water. With dienes, trans- 
annular cyclizations can occur, forming bis(phenylse1eno) ethers in good yields (equation 22).41 

\,,,, SePh 
L 

N-PSP or N-PSS PhSe ,,,,, 

CHZC12, H20 0 9 5 9 7 %  

\,,,, SePh 
L 

N-PSP or N-PSS PhSe ,,,,, 

CHZC12, H20 0 9 5 9 7 %  

A method for the conversion of alkenes to a-phenylseleno carbonyl compounds involves the use of 
benzeneselenenic anhydride. This reagent, which has a relatively short lifetime, is prepared in situ from 
diphenyl diselenide and t-butyl hydroperoxide. The alkene is converted to a phenylseleniranium ion 
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which is opened by benzeneselenenic acid. The adduct then loses benzeneselenol, forming the desired 
product. Unfortunately, high temperatures are required for reaction and all of the adducts from unsym- 
metrical alkenes are mixtures of regioisomers (equation 23).42 

0 SePh 

Another interesting sequence is the amidoselenenation of alkenes for the synthesis of allylic amides. 
The seleniranium ion is trapped by a nitrile group which is first converted to an iminium chloride and 
then hydrolyzed to the amide (similar to the Ritter amide synthesis). Several differing nitriles (e.g. 
methyl to phenyl) have been utilized and all provide good yields of amides. The stereochemistry of addi- 
tion is always trans but mixtures of regioisomers occur with terminal and unsymmetrically substituted 
olefins (equation 24). The p-seleno amide is easily converted to the allylic amide by oxidation of the 
phenyl selenide using the standard c0nditions.4~ 

r c1 1 0 

Selenosulfonates (see also Section 3.6.2.3) add to alkenes when catalyzed by Lewis acids. These ad- 
ducts are transformed via oxidative elimination to vinyl sulfones in good overall yields. Similar to other 
methods only trans addition is observed. Mixtures of regioisomers are often produced with unsymmetri- 
cal unactivated alkenes. All other alkenes (i.e. styrene and acrylonitrile) provide Markovnikov additions. 
Radical processes yield anti-Markovnikov adducts. Thus, either regioisomeric vinyl sulfone may be pre- 
pared from almost any activated alkene by simply varying the mode of addition.44 

3.633 Selenium-induced Cyclizations 

Several electrophilic selenium-induced cyclizations are known. They include etherifications, lactoni- 
zations and lactamidation. Some reasons why selenium electrophiles are used extensively in cyclizations 
include consistently good yields, few by-products and mild reaction conditions, as well as the ability to 
further manipulate the seleno group in a variety of straightforward fashions. 

Electrophile-induced alkenol cyclizations are well known with many ele~trophiles.4~ Benzeneselen- 
enyl electrophiles are effective cyclization agents, forming cyclic ethers in high yield. In cyclizations 
which can involve either a 5-ex0 or a 6-end0 transition state, the 5-ex0 is highly favored @e., tetrahydro- 
furans, THFs, are produced instead of tetrahydropyrans, THPs). Two examples (equations 25 and 26) il- 
lustrate the methodology. When alkenol (22; equation 25) is allowed to react with benzeneselenenyl 
chloride, the allylic ether (23) is produced as the only THF.& A particularly useful cyclization agent is 
N-phenylselenophthalimide (N-PSP), which possesses a strong selenenylating agent and a very weak nu- 
cleophile (phthalimide ion). Using this reagent, ketone alcohol (24; equation 26) is transformed to the 
spiroketal (25), a functional group which is often found in ionophore  antibiotic^.^^ Cyclization can also 
involve ketones instead of alcohols. For example, ketone (26; equation 27) could be cyclized to a mix- 
hut of stereoisomeric tetrahydrofurans (27) and (28). These adducts could be further functionalized via 
both the enol and the phenylseleno 

Several lactones are ubiquitous in nature. Early workers found that iodine cyclizes unsaturated acids to 
lactones (iodolactonization). However, since the regiochemistry of selenoxide eliminations is often com- 
plementary to the regiochemistry of dehydrohalogenations, selenolactonizations possess obvious syn- 
thetic utility. With this methodology several lactones containing five-, six- and seven-membered rings 
have been prepared in good yield. Also a large macrocyclic lactone (16-membered ring) has been pre- 
pared using similar method~logy.~~ The fmt example depicts the conversion of the unsaturated acid (29) 
to the bicyclic lactone (30; equation 28). 
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c \ s  PhSeCl 1 7 s  q-w - y-Q 
SePh 

OH 

(22) (23) 

OSiM%But OSiMe2But 

+E&( (27) 

OSiM%But N-PSP - 
12. THF E / 
61% 

SePh SePh 

(27) 30% (28) 70% 

MeOzC +c- 
(26) 

Several other transannular lactonizations and reductions have been reported to proceed in high overall 
~ields.4~ Also other acid derivatives, such as amides and esters, cyclize to form lactones.50 Alkynoic 
acids have been lactonized to y-alkylidene-y-lactones in good yield, e.g. the conversion of (31) to (32; 
equation 29). Unfortunately the vinyl selenide product can isomerize from (E) to (Z) in a secondary pro- 
cess?l Analogous lactam formation is also known. Unsaturated amides, when cyclized with benzenese- 
lenenyl halides, produce good yields of lactams or iminolactones depending upon the alkene utilized.s2 
The amide (33) cyclizes to the iminolactone (M), producing a mixture of stereoisomers (6535; Scheme 
5). The amide (35) is cyclized to lactam (36) in moderate yield. 

Heterocycles can be prepared from seleniuminduced cyclizations of urethanes, thioesters and alkenes. 
These cyclizations are seen infrequently, but have much potential in heterocyclic synthesis. The aniline 
(37) was treated with benzeneselenenyl chloride and silica gel (to facilitate the ring closure) to produce 
the hexahydrocarbazole (38) in good yield (equation 30).53 Sulfur heterocycles are prepared similarly to 
nitrogen heterocycles.M 

Selenium reagents can be used to form carbocycles. A good example of the formation of carbocycles 
is the elegant synthesis of hirsutene (equation 31). The key step involves the attack of an enol on a 
seleniranium ion. This type of carttocyclization proceeds very nicely and in high yieldnSs 
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PhSeCl PhseQr ,,\” 

w 

I 
MeCN Ph 

Bu Ph TNHBU 73% 

Scheme 5 

(‘1 PhSeC1,SiOz 

(37) 

N \  -. 
I SePh COzEt 

Me02C 

N-PSP, SnC14 
c 

CHZCl, 
90% H 
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3.7.1 OXIDATIVE HALOGENATION WITH HALOMETALLIC REAGENTS 

Transition metal species play an important role in oxidative halogenation of alkenes, leading to ha- 
logenated compounds.' Certain oxo-metal compounds, e.g. CrO2C12, VOCb, MoCls and Sbcls, are ad- 
vantageous for this type of halogenation. Chromyl chloride (CrOzClz), especially, reacts in unique ways 
with alkenes, to which its oxygen and halogen atoms transfer. The reaction proceeds via initial attack at 
the metal center. On the other hand, molecular halogens and halide salts, when combined with oxidizing 
agents such as CrO3, Cu(0Ac)z and Pb(OAc)4, are capable of converting alkenes to halohydrins and a- 
halo ketones. Manganese(II1) and iron(II1) reagents are also beneficial for oxidative halogenation of al- 
kenes through a radical process. 

The oxidation of alkenes with CrO2C12 (1.3 equiv.) in CHiClz at -78 'C proceeds in a cis stereospe- 
cific manner to produce the corresponding chlorohydrin and epoxide. Typically, (E)-cyclododecene (1; 
equation 1) gives the corresponding cis-chlorohydrin (2; 60%), epoxide (3; 20%), a-chloro ketone ( 4  
8%) and others (7%).2 In contrast, the reaction with 2 equiv. of CrO2C12 in acetone gives preferentially 
the a-chloro ketones (5) and (6; equation 2): cisChlorohydrin acetate (7) is formed similarly in a 

1.3 equiv. CrO2C12 

CH2C12, -78 "C 
+ + 

2 quiv .  C102C12 

acetone, -78 OC 

527 



528 Oxi&tion of C-C Bonds 

CHKldAcCl (2:l) system as shown in equation (3).3 This procedure provides a method which may 
avoid the over-oxidation of products. Sharpless has proposed a chromyl chloride-alkene v-complex as 
an intermediate in terms of its cis addition. A coordinated alkene (8) probably adds to a chlorine-chro- 
mium bond to produce an alkylchromium intermediate (9; cis chlorination), which gives chlorohydrin 
(12) by migration of the alkyl group from chromium to oxygen via a chromium derivative (11) together 
with dichloride (10) by reductive elimination, as shown in Scheme le2 Migration of the 0-0 bond of 
the C 4 r  complex (13) occurs with retention of configuration, giving the epoxide (15). tram-Chlorohy- 
drin and a ketone are produced by an acid-catalyzed ring opening of the epoxide with either HCl or 
Lewis acidic chromium  specie^.^.^ 

~- 
56% 

R 

(3) 

Scheme 1 

Norbomadiene can be oxidized with chromyl chloride to give cis-l,2-chlorohydrin (16; 50%) and rear- 
rangement product (17; 3796, equation 4). Thus, chromyl chloride oxidation of norbornadiene generates 
partially a species of sufficient carbenium ion character to promote the Wagner-Meenvein rearrange- 
ment? Similarly, the oxidation of norbornene at -80 'C affords the corresponding exo-cis-chlorohydrin 
(63%), 3-exothloronorcamphor (1 1%) and norcamphor (3.1%; equation 5).8 The chromyl chloride oxi- 
dation procedure can be successfully applied to the fomation of aldehydes from exo-alkenes in monoter- 
penoid synthesis, e.g. the conversion of (18) to (19) in good yield, by the combination of zinc dust 
reduction (equation Chromyl fluoride, prepared from CrO3 and cobalt(II1) fluoride at 450 'C,'O can 
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react with ergosteryl acetate (20) to give 5a-hydroxy-6a-fluoro derivatives (21) in 43% yield (equation 
7).11 However, the oxidation of other steroid alkenes with CrO2X2 (X = C1, F) is affected by the structure 
of substrates. For example, cholesteryl acetate (22), when treated at -70 to -30 'C, produces 3@-acetoxy- 
5aehlomholestan-6-one (23; 12%), a mixture of a- and Pcholesteryl acetate epoxides (U, 4%). 38- 
acetoxy-6~chlorocholestan-6u-ol (25, 9%) and 3~-acetoxy-5aehlorocholestan-6l3-ol (26; 18%; 
equation 8).* 

,OH 

cro2c12 - + + & (5)  
-8ooc 

63% 11% 3.1% 

(25) 9% (26) 18% 
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Perrhenyl chloride (Re03Cl) can react with alkenes to produce cischlorohydrins, while CrOC13,Z 
h h ~ b 2  and VOC13/pocb12 result in chlorination. 
The silver ~hrornate-iodine~~ or pyridinium chl~mhromate-iodine~~ reagents can be used for the oxi- 

dation of double bonds, leading to the corresponding a-iodo ketones. In the case of the former reagent, 
the nucleophilic addition of a hypoiodous chromic acid mixed anhydride (27) probably produces a-iodo 
ketones (28) in an analogy to a Prevost reaction (Scheme 2). The oxidation of trisubstituted alkenes by 
use of iodine and pyridinium dichromate (PDC) produces the corresponding iodohydrin (29) in a regio- 
selective and stereospecific manner (equation 9).lS a-Chloro ketones (30) are also obtained in 60-9096 
yields by the oxidation of di- and tri-alkyl-substituted alkenes with a CxOmS-CVCCh system, whose 
selectivity and yields are superior to those in the chromyl chloride system (equation 10). In this conver- 
sion, polyoxwhromium dichloride [Cl(C102)~Cl] is postulated as an active oxidizing species.16 

/== 
R 

+ 
0 9 

It 
A g o  - Cr - 01 

6 
(27) 

+ 

OAg OAg 

Scheme 2 

R R OH 
9 

12, 

U U 4Amolecuiar sieves 
CH2CIz 

(29) 5 0 4 0 %  

(28) 60430% 

2 equiv. CrO3,2 equiv. MesSiCl 

CCb, 18 h 
68% 

Halogenation of enol ethers and enol esters, leading directly to a-halo ketones is realized by use of 
molecular halogen or halide salts and metal oxidants. Pyridinium chlorochromate (PCC)/12,17 
CrOdl%fS-Cl/12,18 AgOAc/I2,I9 T1OAc/I2,Z0 Pb(OAc)4 and metal halides2’ and Cu(OAc)dIzZ2 are useful 
classes of reagents for this conversion, and some examples are listed in Table 1. 

Antimony(V) chloride (SbC1323324 and molybdenum(V) chloride ( M O C ~ S ) ~ * ~ ~  can react spontaneously 
with alkenes to give predominantly the corresponding cis-1,2-dichlorides (equation 11). The reaction 
probably proceeds through a successive insertion and reductive elimination sequence. The chlorination 
of butadiene with SbCls” and copper(I1) chloridS7 results preferentially in the fornation of (a- and (E)-  
1,4-dichloro adducts,” while the reaction with chlorine gives an 1:l mixture of 1,2- and 1 ,4-adducts, as 
shown in Table 2 and equation (12)F8 The fonnation of (Z)-1,4-dichloro-2-butene may be ascribed to a 
transition state as shown in Scheme 3. 

Enol silyl ethers can lead to a-chloro ketones on treatment with anhydrous copper(I1) chloride in DMF 
or iron(II1) chloride in acetonitrile (equation 13, Table l).29 The chlorination of (36; equation 14) pro- 
ceeds through a cation radical intermediate formed by an electron-transfer process with metal halides. 
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Table 1 Halogenation of Enol Ethers and Esters with Metallic Reagents 

Alkene Reagents and conditions Product Yield (%) Ref. 

OSiMe, 
I 

0 
2 equiv. PCC, 1 equiv. 12, CH2C12 
2 equiv. C103/ClSiMe3, 1.5 equiv. 12 
1 equiv. AgOAc, 1 equiv. 12, CH2Cl2 
1 equiv. TlOAc, 1 equiv. 12, AcOH 
3.3 equiv. Pb(OAc)4,2.2 equiv. NaBr, MeOH 
3.3 equiv. Pb(OAc)4,2.2 equiv. NaI, MeOH 
3 equiv. CuC12, DMF 
5 equiv. FeC13, DMF 

OAc 

3.3 equiv. Pb(OAc)4,2.2 equiv. NaBr, MeOH 
3.3 equiv. Pb(OAc)4,2.2 equiv. CuC12, MeOH 

3.3 equiv. Pb(OAc)4,2.2 equiv. NaBr, MeOH 

AcO 

1.1 equiv. Cu(OAc)z, 1.1 equiv. 12, AcOH 

0 

5” 
X = I  
X = I  
X = I  
X = I  
X = Br 
X = I  
x = c 1  
x = c1 

76 
83 
84 
M(11) 
47 
87 
58 
52 

82 
99 

X = B r  
x = c1 

X = B r  90 

71 

17 
18 
19 
20 
21 
21 

22 
22 ; 

21 
21 

21 

22 

Table 2 Halogenatiop of 1,3-buradiene 

Reagent Solvent I ,4-Add~ct:l  J-AddUct Ref. 

43.5:56.5 
62:38 
85:15 

28 
24 
27 
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L C l  \ I  

Sb - C1 
c1' &* 

Scbeme 3 

The reaction of indole (38) with copper(I1) chloride also proceeds through a cation radical intermediate 
(39) to give mainly 2-chloroindole (a), together with a dimeric by-product (41), as shown in equation 
(15).m 

I 
H 

(38) 

3 equiv. CuCl2 
* -  c1 

0 
(35) 

0 

5 equiv. FeC13 

MeCN, 50 OC 
58% OSiMe, 

(36) (37) 

Manganese(II1) acetate or chloride salts [WO(OAc)7HOAc, MnCb] can react with alkenes to afford 
1,2-dichlorides and chlorohydrin acetates (equation 16)?l The manganese(II1) reagent promotes the 
chlorination of 1,Gheptadiene (42) to afford almost equal amount of open chain and cyclized dichlorides 

v (16) 

c1 CI 
i, [Mn3OYCaC12, AcOH, 110 "C 81% - 

ii, MnCl3, AcOH, 25 "C 52% 11% 
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. c1 

(42) (43) (44) 

i, [Mn3O]/CaCl2, AcOH, 110 "C 40.9: 1 
1.12:l ii, MnCl3, AcOH, 25 OC 

Scheme 4 

(43) and (44; equation 17), depending on reaction conditions, which suggests the mechanism involving 
the radical intermediate as shown in Scheme 4. 

Oxidation of pregnenolene (45) with Bornstein's reagent IpbFz(OAc)2] or Pb(OAc)4-HF (1:4) pm- 
duces an organolead complex (46), and the subsequent treatment with bromine gives a 6P-bromo-Sa-flu- 
or0 derivative (47), a reversed regiochemical bromofluoro isomer which can be obtained by a usual 
FBr-releasing reagent (equation 18).32 

HO & A c p b F 2 ( o A c ) 2 - H o y 7  F f  Pb(OAC),F b::, ; o $ 5 1 @  Br 

(45) (46) (47) 95% 

Direct synthesis of a-bromo ketones from alkenes is carried out by use of sodium bromite ( N ~ B I O ~ ) . ~ ~  
The reaction proceeds via the bromohydrin (48) as intermediate (equation 19). 

HO 0 

3.7.2 HALOFUNCTIONALIZATIONS WITH Hg", TI1" AND TdV REAGENTS 

1.2-Bifunctionalization of alkenes has been performed by the reaction of mercury(II) salts (chloride, 
fluoride, nitrate, erc.) and halogens (Br2 or 12) with alkenes, through the addition of halogen and mer- 
cury(I1) salt anion.*36 The mercury(I1) salt-halogen combination method provides a potential method 
for the preparation of a variety of 1,Zbifunctionalized organic halides. For instance, the reaction of al- 
kenes with bromine or iodine and different mercury(I1) salts (HgX2; X = F, C1, Br, HC02, AcO, CRC02, 
EtCOt, PhCO2, N03, MeS03,4-Mec6&so3, SCN or 4-MeCjH4S02) in CHzClz affords the correspond- 
ing 1,2-bifunctionalized products (49) as shown in equation (20). P-Bromoalkyl nitrates (SO) are formed 
by treating alkenes with mercury(I1) nitrate and bromine, in which the alkenes react rapidly and revers- 
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ibly with mercury(I1) nitrate to give P-nitratoalkylmercury(I1) nitrates which undergo brominolysis to 
give the product (50  equation 21).3537 Nitromercuration of alkenes followed by demercuration of the re- 
sulting (51) produces nitroalkenes as shown in equation (22).38 This nitration of alkenes is improved by 
using nitryl iodide prepared from AgN02 and I2 (equation 23).39 

R 2  

(50) X = Br, I 

The reaction of alkenes with thallium(I1I) acetate (lTA) forms oxythallium adducts (52) in a similar 
manner to the case of oxymercuration. The thallium moiety of adducts can be replaced by a halogen 
atom by heating with copper(1) salts (CuX-Kx, X = I, Br, C1) in acetonitrile (equation 24).40,41 

b - M e o y I  (24) 
CUI-KI 7 'WOAdz 

m(OAc)3 Me0 

MeOH Ph MeCN, 80 OC Ph 
Ph- 

89% 
(52) 

Selenium and tellurium reagents have been used for stereoselective halogenations of alkenes. For 
example, trans addition of benzeneselenenyl chloride to alkenes followed by the displacement of the 
seleno moiety with chloride can lead to cis-1,2-dichlorides (equation 25).42 The addition of 2-naph- 
thyltellurium trichloride proceeds in an anti stereospecific manner (equation 26), whereas tellurium tetra- 
chloride gives a mixture of syn and anti add~cts.4~ The reaction of allyl esters with tellurium 
tetrachloride accompanies acyl migration to give the f -(trichlorotelluro)-3-chloro adduct (54; equation 
27).44 

Y = C1, PhSe 
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,\+' 

- 01" ArTeC13 

TeC1,Ar CH2Clz 

(53) >97% anti 

OCOPh 
T e c h  

-0COPh .-- CI3Te&C1 
CHC13 
94% (54) 

3.73 OXIDATIVE HALOGENATION WITH NONMETALLIC REAGENTS 

Generation of positive-like halogen species in situ has been realized by the oxidation of halide salts 
with m-chloroperbenzoic acid (MCPBA). The procedure can be used for haloetherification and lactoni- 
zation (equation 28).45 Oxidation of potassium bromide with MCPBA in the presence of 18-crown-6 (10 
mol %) produces rn-chlorobenzoylhypobromite, which adds across the double bond to furnish trans-l,2- 
bromocarboxylates (55; equation 29).46 

(28) 
MCPBA, NaBr 

CHzC12 
80% 

MCPBA, KBr 
18-crown-8 - 

CHzCl2 
85% 

(55) 

The fluorination of uracil (56) and cytosine (57) in a FdAcOFlaq. AcOH system has been performed 
via a radical cation fluoride complex (58). This radical cation intermediate (58) is probably formed by an 
electron transfer due to the action of hypofluorite (AcOF) as shown in Scheme 5.47 

X 

path I 

x f  F- 7 

I \ path11 

= 0: Uracil (58) 
= NH; Cytosine 

I I 
H H 

H H 
R = H or OAc 

Scheme 5 

Positive halogen complexes with pyridine bases are known as versatile halogenating reagents.48 
Bis(sym-collidine)iodine(I) tetrafluoroborate (59) in dimethyl sulfoxide is a potential reagent for the di- 
rect conversion of alkenes to a-iodo carbonyl compounds (Scheme 6).49 The oxidation involves the 
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transfer of an iodo cation species to the carbon-carbon double bond, forming a three-membered iodo- 
nium ring intermediate. Subsequent nucleophilic addition of DMSO, forming a dimethyloxosulfonium 
salt, followed by proton abstraction with collidine gives the a-iodo carbonyl compound (Scheme 6). Gly- 
cals (60) can be converted into the conesponding a-iod0-a.P-unsaturated lactones (61) with this reagent 
(equation 30). On the other hand, the reaction of alkenes with this reagent (59) in CH2CL results in the 
formation of 1,2-iodofluorides.~ 

r 1 

Intramolecular bromoalkylamine addition to alkenes has been performed by using bis(sym-co1- 
lidine)bromine(I) perchlorate (62; equation 31):l The method plays an important role in the key step of 
(f)-sporamine synthesis (63) + (65). The reaction of I@y)2BF4 and alkenes in the presence of nucleo- 
philes produces 1 ,Zbifunctionalized iodo compounds (equation 32).52 The reaction of 1.3-dienes with 
I(py)zBF4 allows the regiospecific 1,2-addition of iodine and a nucleophile to terminal dienes to give (69 
equation 33) and the 1,4-addition to internal Id-dienes to give (70; equation 34)?3 1,4-Addition with 
this reagent is enhanced by the addition of tetrafluoroboric acid. Iodine-induced cyclization of arylalkene 
system (71) occurs with this reagent as shown in equation (35)."*55 

SMe 

OH 
~ H O D \ \ \ J " H  (31) 

OANMe 0400; 04 
i, ii 

N MeHN I 
I 

.=(OD - 
N 
I 

Me OMe Me OMe OMe 
(63) (64) (65) 

i, Br(c011idine)~ClO~ (62); ii, Na2C03, H 2 0  
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I(pyhBF4 

ZHBF,, DMF/CH2CI, ( 1 : 1) 
@ 

OCHO 

(68) (69) 30% 

ZHBF4, MeOH I 
M e 0  -40toooc 

(70) 90% 
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(33) 

Chloramine T (CT) is a powerful positive chlorine releasing reagent toward alkenes in acetic acid, giv- 
ing mainly a trans-chlorohydrin acetate (73) as shown in Scheme 7. The similar reaction in an 
acetone/H20( 1 : 1)/Hzs04 system under reflux produces chlorohydrins in moderate  yield^?^,^' 

" T s  

(73) 53% 23% 7% 

Scheme 7 

The ene-type chlorination, specific with this halogen atom, of alkenes would account for a somewhat 
different mode of halogen addition, giving useful allylic chlorides. Efficient and convenient reagents and 
methods developed are dichlorine monoxide (Cl20; equation 36),58 t-butyl hypochl~rite?~ and electro- 
chemical reactions with chloride ion (equation 37).60 The ene-type chlorination proceeds smoothly with 
1,ldisubstituted alkenes (74) and (76) to give (75) and (77). Especially, dichlorine monoxide is a poten- 
tial reagent for complex molecules such as penicillin and cephalosporin derivatives?8 

Electrooxidation of halide salts is quite useful for the generation of reactive species of halogen atoms 
under mild conditions?' Functionalization of alkenes involving the formation of halohydrins, 1,2- 
halides, a-halo ketones, epoxides, allylic halides and others has been achieved by electrochemical re- 
actions and is well documented in the literature.62 On the other hand, electrogenerated carbenium ions 
can be captured by nucleophilic halide anions, providing a new route to halogenated compounds 
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(Scheme 8). For instance, the fluorination at the position a of ketones has been realized by the anodic ox- 
idation of enol acetates (78) in an MeCN/Et3Ne3HF/(Pt) system under potential control, giving a-fluoro 
ketone (79  equation 38).63 

Scheme 8 

- Ph%F 
MeCN/Et3N(HF)/( Pt ) 

P h T  65 % 

(78) (79) 

3.7.4 MISCELLANEOUS (PHOTOCHEMICAL AND ENZYMATIC REACTIONS) 

Photochemically induced oxidative halogenation of alkenes has been camed out in the presence of 
metal halide/oxygen complexes. The photooxidative halogenation of disubstituted alkenes (80  R = H) in 
a FeCld02 system can lead to a-chloro ketones (82).61 The initial step of the reaction involves a photoin- 
duced interligand electron transfer from the chlorine ligand to molecular oxygen through the metal ion 
and alkene molecule. The chlorine radical then adds to the alkene, and successive coupling of the result- 
ing carbon radical with an oxygen radical anion and protonation completes the process (Scheme 9). The 

(81) (82) 6MO% 

R = alkyl 
6069% 

0 
R C1 
(83) 

Scheme 9 
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hydroperoxides (81) further decompose into or-chloro ketones. The metal-catalyzed photooxidation of al- 
kenes is operated with uranyl acetate (1 equiv.) in the presence of bromotrichloromethane (equation 
39).65 

hv, U(OAc)z 

- +( + .+( + j( (39) >=/ PY 

C13CBr 

Br OH HO Br Br CC13 

30% 7% 13% 

Semiconductor-mediated photoelectrochemical oxidation of halide salts provides a procedure for the 
halogenation of alkenes via excitated halide species.% For example, bromination of cyclohexene has 
been performed in a TiOdBuNBr (or Ph3PMeBr) /02 system. The reactive bromine species probably 
arise from a one-electron oxidation of adsorbed bromide ions on the semiconductor by photoirradiation, 
which produces surface-bound bromine atoms (equation 40). 

hv ( 3 2 W  run) 
TiO,’, PPh3MeBr, O2 - 0”‘. 9 + 9 + (JBh) 

MeCN ‘“‘ Br %OH 

0 OH 68% 

54% 14% 3% 2% 

Enzyme-catalyzed halogenation has been found in biological processes. In the haloperoxidase re- 
action, halide ions are converted to positive halogen species by hydrogen peroxide. For example, ha- 
loperoxidase catalyzes the chlorination, bromination and iodination of cytosine, uracil, erc., to give the 
corresponding halogenated compounds (84; equation 41).6’ The reaction is carried out in a phosphate 
buffer at pH 3 in the presence of KC1, KBr, or KI by gradually adding H202. 

halopexoxidase. 
KCl, KBr, or KI 

phosphate buffer-H,O, pH 3 0 
I 
H 

1 

H 
(84) X = C1, Br, I 
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3.8.1 INTRODUCTION 
Oxidative cleavage is a procedure often employed to degrade large compounds or to introduce differ- 

ent functionality into complex molecules. A number of reagents have been used for this purpose with 
generally good success.14 

The nature of the products obtained is dependent on the choice of oxidant, the structure surrounding 
the double bond, the reaction conditions, and the work-up procedures. In general, if the double-bonded 
carbon is tertiary, then ketones or secondary alcohols can be easily obtained. However, if the carbon is 
secondary, the products will be primary alcohols, aldehydes or, most likely, carboxylic acids. Because 
they are very susceptible to further oxidation, the most difficult of these products to obtain are the alde- 
hydes. Selective oxidants and mild conditions are required to produce good yields. 

54 1 
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Some procedures result in the introduction of nonoxygen functionalities when cleavage occurs. For 

Equations (1)+ summarize the types of reactions that will be discussed in this chapter. 
example, both nitriles and sulfides can be obtained by the use of appropriate reagents and conditions. 

R y R' i, 0 3  

R 
c 

ii, L iAIh  or N a B h  

R O3 or O s O ~ a I 0 4  

R 

>-/", - 
or KMn04 

R KMn04 or Ru04 

R or Cr"' 

)& R' c 

R 

R 
)-OH + 

R 8, + 

R K, + 

* Ph<sEt 
AIClfitSH 

Ph SEt 

0 

R K , H  
(3) 

(4) 

Transition metal oxidants such as permanganate, ruthenium tetroxide and chrornium(V1) oxide are 
convenient and efficient reagents for routine cleavage reactions. The use of phase transfer catalysts (qua- 
ternary ammonium and phosphonium ions, primarily) has made it possible to solubilize transition metal 
oxides such as permanganate and chromate in nonaqueous solvents, and to thereby increase the scope of 
these reactions substantially .5 

Sodium periodate, used along with catalytic amounts of osmium tetroxide, ruthenium dioxide or potas- 
sium permanganate, can also be employed to cleave carbon-carbon double bonds. When used with os- 
mium tetroxide, carbonyls are produced; however, the presence of permanganate results in the formation 
of more highly oxidized products (carboxylic acids) from secondary carbons. 

Ozone, while somewhat inconvenient to use, is very specific in its reactions with alkenes.68 It is wide- 
ly employed for selective synthesis, for qualitative and quantitative analysis of unsaturated compounds, 
and for studying the position of double bonds in macromolecules. The nature of the products obtained 
from ozonolysis reactions is determined by the way in which the reaction is carried out. Different work- 
up procedures (hydrolytic, reductive or oxidative) can be used to produce alcohols, aldehydes, ketones, 
carboxylic acids or esters. 

Oxidative cleavages have been categorized in this chapter according to the products that are produced. 
Section 3.8.2 describes methods for the cleavage of double bonds to primary or secondary alcohols. Sec- 
tion 3.8.3 describes the formation of carbonyl compounds and Section 3.8.4 those reactions that result in 
the formation of carboxylic acids, esters, or lactones. Cleavage reactions that give other (nonoxygen con- 
taining) functional groups are described in Section 3.8.5. The approach will be to describe sequentially 
the use of various reagents for these purposes. Each section is followed by a table of representative re- 
actions and a list of references that can be consulted for exact experimental details. 

Wherever practical, reaction mechanisms have been used to indicate why the products of a particular 
reaction can be altered by using different conditions. 
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3.8.2 CLEAVAGE OF CARBON-CARBON DOUBLE BONDS WITH THE FORMATION OF 
PRIMARY OR SECONDARY ALCOHOLS 

In practice, alcohols can always be obtained from the reduction (in a second step) of the products ob- 
tained from oxidative cleavage reactions. However, when ozone is used as the cleavage reagent it is 
possible to obtain alcohols directly without the need to isolate intermediate products. 

3.8.2.1 Ozone 

The use of ozone in organic synthesis has been reviewed by Haines,' Below? Razumovskii and Zai- 
kov? Bailey! Kuczkowski? CriegeeIO and Cmthers.I1 Although the details of the reaction of ozone 
with carbon-carbon double bonds are not all completely understood, there is good evidence that the 
mechanism proposed by Criegee'O is fundamentally correct. 

The first step, a 1,3-dipolar addition, results in the formation of a 'primary' ozonide (1; equation 6). 
This intermediate then opens to give a carbonyl and a zwitterion that can recombine to give the more 
stable 'normal' ozonide (2; equation 7). Reduction of (2), without isolation, by lithium aluminum hy- 
dride, diborane or sodium borohydride then gives either primary or secondary alcohols, depending on the 
nature of starting alkene (equation 8). 

The cleavage reaction, commonly referred to as 'ozonolysis', is carried out by bubbling ozonized 
oxygen through a solution of the alkene in various solvents, including methanol,12 di~hloromethane,'~ 
carbon tetra~hloridel~ and ethyl acetate.I5 Other solvents (ethanol, tetrahydrofuran, acetic acid, or a com- 
bination of ethyl acetate and hexane) have also been reported for use in individual reactions.lGm The re- 
action is usually performed at low temperatures (about 0 T ) ,  and, since ozonides are potentially 
explosive compounds, the intermediates are not isolated. 

For example, Magari et aLZ1 have described the preparation of alcohol (3) in 90% yield from the corre- 
sponding alkene (equation 9). It was found that each mole of ozonide required at least one mole of so- 
dium borohydride for complete reduction to the desired alcohol. 

The reaction can also accommodate other reducible functional groups, such as esters, when sodium bo- 
rohydride is used as the reducing agent. For example, Dyke et a1.22 obtained alcohol (4) from the corn- 
sponding alkene in 57% yield when using this procedure (equation IO). 

Low temperature is required for most reactions, as for example in the preparation of (5) recently re- 
ported by Boger and Coleman (equation 1 I).u 
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i, 0 3  

ii, NaBb 
* 

OH C02Et 
(4) 57% 

* doH i, 03, MeOH, 0 OC 

ii, N a b ,  EtOwHzO (1: 1) 

SO2Ph soph 
(5) 

In a typical procedure,u a solution of 3-vinylindoline (65 mg, 0.23 mmol) in 2.0 mL of methanol was 
cooled to 0 'C and treated with a stream of 3 4 %  ozone in oxygen (300 mL min-l, 20 min). The reaction 
mixture was then stirred for an additional 20 min (0 'C) before the excess ozone was removed by passing 
a stream of nitrogen through the reaction mixture (10 min). Fifty percent aqueous ethanol (1.0 mL) was 
added at 0 'C, followed by the careful addition of excess sodium borohydride (20 mg, 2.1 mmol). The 
mixture was allowed to warm up and stirred for 1 h at 23 'C. It was then poured into 10 mL of 10% 
aqueous HCl and extracted with EtOAc (30 mL). The organic extract was washed with saturated 
NaHC03 (10 mL), water (10 mL), saturated aqueous NaCl(l0 mL) and dried (MgSO4). Removal of the 
solvent in vacuo and flash chromatography (1 x 15 cm Si02,3&100% Et20bexane gradient elution) af- 
forded the hydroxymethylindoline (5) in 59% yield (38.6 mg). Other examples of the formation of alco- 
hols from the cfeavage of carboxwarbon double bonds by ozone are summarized in Table 1. 

3 8 3  CLEAVAGE TO CARBONYL COMPOUNDS 
The conversion of tetrasubstituted double bonds to the corresponding ketones is easily achieved using 

a number of oxidants. However, if one or more of the alkenic carbons is secondary, the product will be 
either an aldehyde or a carboxylic acid. Ozone and a combination of osmium tetroxide and sodium meta- 
periodate are recommended if the desired product is an aldehyde. Under carefully controlled conditions it 
is also possible to obtain good yields of the aldehyde when permanganate is used as the oxidant. All 
methods that give aldehydes from secondary carbons can also be used to prepare ketones from tertiary 
carbons. 

383.1 Ozone 

Hydrolysis of ozonides produces carbonyl compounds and hydrogen peroxide, as in equation (12). 

O'O'O 
+ 0 3  + + 2)=0 + H202 (12) 

Since the formation of peroxides is highly undesirable, a mild reductant is usually added to the re- 
action medium. Many reducing agents including hydrogen and a catalyst, zinc and acetic acid, potassium 
iodide and acetic acid, sulfides, disulfites, and phosphenes have been used for this purpose.*39 How- 
ever, the most convenient and efficient reagent is dimethyl sulfide (DMS). It is effective under neutral 
conditions and highly selective for peroxides, but it does have a low boiling point (37 'C) and a rather 
obnoxious odor. These disadvantages can be overcome by using thiourea instead of DMS as the reducing 
agent.40 Yields of aldehydes and ketones are comparable with both reagents. 

In a typical experhenfa ozonized oxygen (1.22% w/w 0 3  in 0 2 )  was bubbled through a solution of 
(+)-3-carene (2.74 g, 0.02 mol) in anhydrous methanol (30 mL) at -10 to -15 'C until the required quan- 
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tity of 0 3  had been passed (65 min). Nitrogen was then bubbled through the solution for about 10 min 
and thiourea (0.767 g. 0.01 mol) in dried methanol (3 mL) was added at 0 'C with stirring. Thiourea Sdi- 
oxide deposited as white crystals. After continued stirring for another 40 min, the mixture was filtered 
and the filtrate evaporated under reduced pressure (150 mmHg). The residue was dissolved in light petro- 
leum (b.p. 60-80 'C, 60 mL), washed with 1% sodium bicarbonate (10 mL) and water (3 x 10 mL), and 
dried (NazS04). Distillation of the dried solution gave 2,2-dimethyl-3-(2'-oxo)propylcyclopropane- 1- 
acetaldehyde dimethylacetal. Other examples of this reaction are summarized in Table 2. 

Selective cleavage of compounds containing two or more sites of unsaturation can also be achieved by 
the use of ozone. Some examples are given in Table 3. Optimum yields in these selective cleavages re- 
quires use of an appropriate amount of oxidant. Addition of too much ozone with subsequent attack on 
the second site of unsaturation can be avoided by careful m o n i t ~ r i n g ~ * ~ ~  or by use of an appropriate dye 
as an internal standard. Compounds (6) and (7) have been used for this purpose by Veysoglu et ~ 1 . ~  

Et" 

D N . . s  \ \ D":% \ 

(7) (6) 

Pyridine has also been used to enhance selectivity.61*62 When present, reaction occurs at exocyclic 
rather than at endocyclic double bonds of steroid derivatives, as in equation (13). 

AcO 
0 

"t,,,, CHO 

(13) 
I i  

AcO 
0 

These reactions are known to benefit from the addition of phase transfer agents under certain condi- 
tions. For example, 3,5,5-trimethylcyclohex-2-enone was cleaved, with loss of one carbon atom as illus- 
trated in equation (14), when Adogen 464 (a quaternary ammonium chloride) was present. 

03, Adogen 464, CHzClz 

Hz02,NaOH 

92% 

Ozone adsorbed on silica gel has also been found to be an effective cleavage reagent.56-76 For example, 
compound (8), which is normally very difficult to cleave, underwent the reaction indicated in equation 
(15) without loss of chirality. 

i, p-TsOH 

ii, Oddsilica gel L * O B o H  

OH OH 

Me0 
A O H  

iii, DMS, MeOH 

72% " M e  

(8) 

The product distribution and mechanism of ozonolysis differ when the oxidant is adsorbed on silica 
gel. When dried silica gel was used, Besten and Kinstle" found that the products were similiar to those 



Table 2 Cleavage of Double Bonds with Ozone to give Carbonyl Compounds 

Substrate Oxidant and conditions Product Yield(%) R 4  

R 

R u 
i, 0 3 ,  CH2C12, -78 "C; ii, DMS 

i, 0 3 .  CH2Clz. -60 "C; ii. DMS 

i, 03, CH2C12; ii. DMS 

i, 0 3 ,  MeOH ii. DMS 

OHC-R 80 41 

R u 42 

OHC O O S i M Q B u '  73 43 

A 2  44 

X 0 0  

F- i, 0 3 ,  MeOH, -78 "C; ii, PPh3 

i. 0 3 ,  MeOH, ii, DMS 

i. 0 3 ,  MeOH, -78 "C; ii. DMS, r.t. 

85 45 

46 

41 
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Tabbe 3 selective Cleavages by Ozone 

Substrate Oxi&nt and conditions Product Yield(%) R d .  

0 i, 0, (1.5 mol), CH2C12 

2) 0 

0 4 
i, 03. EtOH ii, DMS 

i. 03, CH2C12/Et0H (21); ii, DMS 

i. e. MeoH/EtZO (1:l); ii, DMS Jb 

CO Et 
OHC+ 

CO Me 
OHC+ 

OHC 

0 

90 68 

0 & 

70 74 

85 68 

90 75 

85 68 

64 68 

m 
m 
4 



558 Oxidation of C 4  Bonds 

obtained in aprotic and nonparticipating solvents?JO However, when the silica gel was wet, double bond 
cleavage resulted in the formation of equimolar amounts of aldehyde and carboxylic acid. For example, 
the oxidative cleavage of cyclopentene by ozone on silica gel containing 5% water gave 5-oxopentanoic 
acid in 80% yield (equation 16).76 

03/Si02  (5% water) 
OHC-COZH (16) 

80% Q -78 o c  

383.2 Permanganate 

3.83.2.1 Aqueous potassium permanganate oxidations 

It is difficult to prepare aldehydes by the cleavage of carbon-carbon double bonds with permanganate 
under aqueous conditions. In water, aldehydes exist at least partly as the corresponding hydrates, 
RCH(OH)2, and are therefore very susceptible to further oxidation by permanganate. Consequently the 
products obtained are usually carboxylic acids. Aldehydes have been obtained in good yields only when 
the products are deactivated, as in equation ( 17).77 

Wiberg and Saegebarth7* also obtained fair yields of cyclopentane-1,3-dialdehyde from the oxidation 
of bicyclo[2.2.l]hept-2-ene under mild conditions (equation 18). However, the oxidation of unsaturated 
tertiary carbons to the corresponding ketones is much more typical. The reaction depicted in equation 
(19), where a trisubstituted double bond is cleaved to a ketone and a carboxylic acid, is exemplary of the 
products that are normally produced when alkenes react with aqueous pe~manganate.~~ 

KMn04, MgS04. -15 OC ~ $ 
CHO 

54-6645 

71% 

3.8333 Mixed solvent systems 

Since organic compounds are o h n  not sufficiently soluble in water to permit oxiLtion in completely 
aqueous systems, several authors have reported the use of mixed solvent systems (such as acetone and 
water or alcohol and water) in which the oxidant and reductant are mutually s o l u b l ~ . ~ ~  Recent work has 
shown that the best solvent system to use for the preparation of aldehydes from permanganate cleavages 
is THF and water. Simandi and coworkersso have reported that the treatment of a concentrated aqueous 
solution of permanganate with a dilute solution of alkene in THF affords the desired aldehydes in good 
yields. The authors have suggested that the solvent, under these conditions, acts as a quenching reagent 
that prevents over-oxidation. 
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In a typical experiment!O a solution of 4-formyl-2,2-dimethy-lH-l,5-benzodiazepine (0.036 mol) in 
THF (300 mL) was added in small portions to a solution of potassium permanganate (0.063 mol) in 
water (100 mL) over a period of 3.5 h. (Addition of solid KMn04 to neat THF could produce an explo- 
sive mixture, and should therefore be avoided.) During the addition, the mixture was allowed to warm to 
about 40 'C. The mixture was then filtered to remove manganese dioxide and the filtrate was concen- 
trated and extracted with diethyl ether. After drying, the extract was concentrated and the resulting 
product crystallized from diisopropyl ether. The overall yield was 7 g (79%). 

3.8.3.23 Phase lransfer assisted oxidative cleavages 

As depicted in equation (20), the addition of a phase transfer agent, Q+ (eg. quaternary ammonium or 
phosphonium ions), brings permanganate into solution in nonaqueous  solvent^.^ Once solubilized, it 
reacts with alkenes to produce an intermediate that has been characterized by Ogino et ai?' as a cyclic 
manganate(V) diester (9), that can be decomposed by acidic solutions to yield aldehydes or by mild base 
to give the corresponding a-diol, as in Scheme 1. 

& H 
83% 4 

aq. AcOH, AcONa 

(PH 3) 
- H  OHC 

aq. AcOH, AcONa 

(PH 3) 
- H  OHC 
81% 

Scheme 1 

Under phase transfer conditions Rathore and Chandrasekaran*2 have shown that permanganate selec- 
tively cleaves aryl-substituted double bonds in the presence of alkyl-substituted double bonds (equation 
21), and that oxidative cleavage can be effected in the presence of other oxidizable functional groups 
(equation 22). 

Ph 

Ph Ph 
* \/\// + )=o (21) 

P h Y  Q'Mn04, CH2Cl2 OHC 

71% 83% 

Q'MnOd-, CH2CI2 

OH OH 
94% 

A typical procedure is provided by the oxidative cleavage of endu-dicyclopentadiene to the corre- 
sponding dialdehyde (Scheme l).*I A solution of potassium permanganate (3.41 mmol) and tri- 
ethylbenzylammonium chloride (3.41 mmol) in dichloromethane (40 mL) was added dropwise to a 
solution of endu-dicyclopentadiene (2.27 mmol) in 20 mL of the same solvent maintained at 0-3 'C. 
After the addition, which took 40-50 min, stirring was continued for an additional 30-40 min by which 



Tab& 4 The Oxidative Cleavage of Double Bonds to Carbonyl Compounds by Permanganate 

Substrate Oxidant and conditwns Product Yield (96) Ref. 

@ \ 

aq- -4 

M,,CHO 14 80 

J3OzC-CHO 

0 

OCHO 

48-5 1 80 

% 

71 79 

38 80 

71 80 

74 81 

92 82 



Table 4 (continued) 

Substrate Oxidant and conditions Product Yield (%) Ref. 

Ph 

0"'" \ 

Q 

KMnOmgS04, HZO/acetone. 0 "C, 2 h 
or KMn04, HzO/NaOH-acetone, 0-5 "C, 2 h 

KMnO4. THF. H20 
q O  I 

H 

Bis(2,2'-bipyridyl)copperO permanganate, acetone (JCHO 

QMnO4, CH2C12.25 "C, 2 h 

QMnO4, CH2CI2. 25 "C. 2 h 

63-72 84 

40-70 84 

79 80 

80-90 85 

94 82 

96 82 

86 82 
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564 Oxidation of C 4  Bonds 

time the permanganate had been completely consumed with the formation of a dark brown solution. 
Treatment of this solution with 30 mL of water, buffered at pH 3, produced an 81% yield of dialdehyde. 

Additional examples of the oxidative cleavage of double bonds by permanganate to produce aldehydes 
and ketones are summarized in Table 4. A detailed study of the reaction mechanism has also been re- 
polted.83 

3.833 Osmium Tetroxide and Sodium Periodate 

Osmium tetroxide reacts with double bonds to form cyclic osmate(VI) diesters (lo), which can then be 
hydrolyzed to provide vicinal diols in good If, however, sodium periodate is also present, the 
diol is cleaved, as in Scheme 2, and carbonyl compounds are the final products. Periodate serves the ad- 
ditional purpose of regenerating osmium tetroxide, thus permitting the use of this expensive and toxic re- 
agent in minimum mounts. 

HzO~04 + IO4- - OsO4 + 103- + H20 

Scheme 2 

The reaction is usually carried out in a mixed solvent containing water and dioxane, acetone, acetic 
acid or t e t r a h ~ d r o f u r a n ? ~ ? ~ ~ ~ ~  Nonaqueous solvents can also be used if a phase transfer agent is added to 
bring the periodate ion into s o l ~ t i o n ~ ~ ~ ~  or, alternatively, by use of periodic acid in THF.% 

In a typical example?' sodium periodate (18.2 g, 85 mmol) was added in small portions over a 45 min 
period to 1,4-dioxa-6-acetyl-6-allylspiro[4.5]decane (8.9 g, 40 mmol) and osmium tetroxide (0.10 g, 0.39 
m o l )  in a solution of THF (1 26 mLJ and water (42 mL) at room temperature. The mixture was s h e d  
for 2 h at this temperature during which time the black slurry turned brown. Water (600 mL) was intro- 
duced, and the mixture was extracted with ether. The extract was dried over anhydrous magnesium sul- 
fate and stripped of solvent to give 7.4 g of crude aldehyde. (Because osmium tetroxide is a toxic and 
volatile imtant, all preparations should be carried out in a fume hood with use of adequate personal pro- 
tection, gloves and safety glasses.) Other examples of the use of this reagent have been summarized in 
Table 5. 

313.4 Ruthenium Tetroxide 

The physical properties, preparation and reactions of ruthenium tetroxide have been reviewed by Lee 
and van den Engh,log Rylander,llo Hainesl and Henry and Lange? A more vigorous oxidant than os- 
mium tetroxide, its reaction with double bonds produces only cleavage products.lll Under neutral condi- 
tions aldehydes are formed from unsaturated secondary carbons while carboxylic acids are obtained 
under alkaline or acidic conditions. For example, Shalon and Elliott112 found that ruthenium tetroxide re- 
acted with compound (11) to give the corresponding aldehyde under neutral conditions, but that a car- 
boxylic acid was formed in acidic or alkaline solvents (equation 23). 

When used in stoichiometric amounts, ruthenium tetroxide is usually prepared by oxidation of hy- 
drated ruthenium dioxide or trichloride with aqueous periodate or hypochlorite and then extracted into 
carbon teuachloride.86*10g However, since ruthenium compounds are expensive it is more common to use 
only catalytic amounts of RuO~2Hfl or RuCl~H20 in the presence of a cooxidant that continuously re- 
generates ruthenium tetroxide. 



Table 5 Cleavages to Carbonyl Componds by use of Osmium Tetroxide with Periodate as a Cooxidant 

Substrate Oxidant and conditions Product Yield (%) Ref. 

OsO.&IO6. THF, r.t. -CHO 86 % 

Os04/Na104, dioxanelH20.24-26 “C. 2 h -CH0 68 93 

0 8 “0, 

aOR 
0 w 

osoq/NaIO4. Et@, H20.12 h 

OSO&IIO~, 4. dioxane 

OSOs/NaI04. aq. dioxane 

CHO 

O A O R  0 

0 JP 
*%( H 0 

70 90 

80 91 

83 97 

90 98 
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Ph 

i 73% 

76% 

i, RuO4, CC4, acetone/H20, ii, Ru04, CC4, AcOH/H20 

A two-phase system (carbon tetrachloride and water) is often used for these reactions. It appears that 
contact between ruthenium tetroxide and the alkene takes place in the organic phase where they are both 
most soluble. The ruthenium dioxide produced when oxidation occurs is insoluble in all solvents and mi- 
grates to the interphase where it contacts the cooxidant (in the aqueous phase) and is reoxidized, as sum- 
marized in Scheme 3. Because good contact between all components is essential, best results are 
obtained when the mixture is shaken or stirred vigorously throughout the course of the reaction. Sharp- 
less and his coworkers11s have also found that the addition of acetonitrile to the two-phase mixture im- 
proves yields. 

0 
+ RuO4 - __c 2 A  + R u O ~  

,,Ra 
0 0  

RuO~ + 2Nal04 RUo4 + 2NaIO3 

Scheme 3 

In a typical experiment,113 a flask was charged with carbon tetrachloride (2 mL), acetonitrile (2 mL), 
water (3 mL), alkene (1.0 m o l ) ,  sodium periodate (877 mg, 4.1 equiv.) and RuCl~Hz0 (5 mg, 2.2 mol 
%), and the entire mixture was stimd vigorously for 2 h at room temperature. Then dichloromethane (10 
mL) was added to assist in the separation of the phases and the aqueous phase was extracted three times 
with additional volumes of CH2Clz. The combined organic extracts were dried over anhydrous magne- 
sium sulfate and concentrated. The residue was dissolved in 20 mL of ether, filtered through a Celite pad 
to remove traces of ruthenium dioxide and concentrated again to give the crude carbonyl products. A few 
typical examples of this reaction have been summarized in Table 6. 

3.83.5 Hexavalent Chromium Compounds 

The reactions of alkenes with chromate or dichromate ions usually leads to an array of products arising 
from oxidative attack at the double bond and the allylic  position^.^ Only in special cases where the 
double bond bears one or more phenyl1I8 or alkoxy119 substituents have good yields of the corresponding 
carbonyl compounds been reported. 

Chromium trioxide adsorbed on silica or alumina has been used for the oxidative cleavage120 of al- 
kenes to aldehydes or ketones with little or no formation of carboxylic acids. A solution of bis(triphe- 
nylsilyl) chromate has also been used for the selective cleavage of double bonds to carbonyl 
compounds.lzl 
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Finally, a compound formed by dissolving chromium trioxide and 2,2-bipyridyl in glacial acetic acid 
saturated with dry hydrogen chloride has been reported to cleave double bonds without complicating side 
reactions.122 Unfortunately this oxidant, which is reported to have the formula of (bipy)H2CrUCls, is ef- 
fective only with phenyl-substituted double bonds. 

Some examples of the use of hexavalent chromium compounds for oxidative cleavages are given in 
Table 7. 

3.8.4 CLEAVAGE OF DOUBLE BONDS TO YIELD CARBOXYLIC ACIDS, ESTERS OR 
LACTONES 

Oxidative cleavage of a carbowarbon double bond produces ketones from tertiary carbons with al- 
most all oxidants. If, however, one or both of the carbons are secondary, either aldehydes or, more gener- 
ally, carboxylic acids are obtained. In some cases these latter products undergo subsequent reactions to 
form either esters or lactones. 

If carboxylic acids are the desired products, the double bonds should be oxidized by potassium per- 
manganate, ruthenium tetroxide, hexavalent chromium, or ozone followed by an oxidative work-up. 

3.8.4.1 Ozone Followed by an Oxidative Work-up 

Carboxylic acids are produced in good yields if the ozonide, formed when ozone reacts with a double 
bond as in equation (6), is subjected to oxidative hydrolysis. Although a variety of oxidants (e.g. chromic 
acid, permanganate ion and peroxy acids) have been used for this purpose, hydrogen peroxide is most 
commonly employed. 

Two typical examples are illustrated in equations (24)125 and (25).126 

H02C 

i, 03, MeOH 

ii, H202 

91% 

0 0 
i, 0 3 ,  CH2C12 - D$N@ 

ii, 30% H202 HO,C 
(25) 

0 0 
99% 

If the reaction is carried out in an emulsion of sodium hydroxide and hydrogen peroxide, the ozonide 

Oxidative cleavage of y-hydroxyalkenes results in the formation of lactones in good yields (equation 
intermediates are converted to carboxylic acids directly, with a consequent increase in yields.lZ7 

26).12* 

(26) - 9 0  

i, 03, acetone 

ii, Jones' reagent 
65-948 

Ozonolysis of 1,2-dichloroalkenes in methanol affords the corresponding methyl esters in good yield 
(equation 27).140 It has been suggested that the intermediates in these reactions must be either the corre- 
sponding acid chlorides or a-chloro-a-methoxyalkyl hydroperoxides, as in Scheme 4. 

When the alkene bears an oxygen or nitrogen substituent in the allylic position, oxidation often pro- 
ceeds with the loss of one carbon atom, as in equation (28).lz7 

In a typical experiment,lZ6 ozone was bubbled into a solution of alkene (8.8 mmol) dissolved in dichlo- 
romethane (120 mL) at reduced temperatures (-78 'C) until TLC analysis indicated no starting material 
remained (about 2 h). Then 30% hydrogen peroxide (2 mL) was added and the reaction mixture stirred at 
room temperature for 18 h. The product mixture was washed with water, dried over anhydrous sodium 



Table 7 Cleavage of Double Bonds to Carbonyl Compounds by Hexavalent Chromium Compounds 

Substrate Oxidant and conditions Product Yield (%) Ref 

Cr03/siwA1203. cyclohexane 

(Ph3SiO)$hQ,. heptane or CC4 

HCHO 

/\/a0 

120 

121 

>=( 
0" \ 

Ph 

h 

(bipy)H$rOCls (2 equiv.), CH2C12, r.t.. 0.5 h 

(Ph3SiO).LCIo. hepane CC4 

Cto3/siQ/Alfi, cyclohexane 

(bipy)HflrOC15 (4 equiv.). CH2Cl2, r.t.. 4.5 h 

CrO3/siwAl203, cyclohexane 

(bipy)H2CrOCls (2 equiv.), CH2Cl2, r.t.. 2 h 

@ipy)HgrOCls (2 equiv.). CH2C12. r.t., 0.75 h 

m C H 0  

>O 

o+fi Ph 

Ph 

Q-p 
0 

80 122 

121 

120 

122 

120 

70 122 

90 122 



Table 7 (continued) 

Product Yield(%) Rd. Substrate Oxidant and conditions 

/ \  % \ /  - 

c l o 3 . 3 0  "C 

n 

U 
n=3-6 

H$cYph 0 

-100 

96 

2644 

43-70 

im 

122 

123 

121 

124 

118 
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C02Me 

- @  C02Me 

100% 

14 MeOH - 
R OMe 

Me0 14 R OMe 

Scheme 4 

R R 

0 w 
84% 

sulfate, and concentrated to give crude product (!39% yield). Other examples of this reaction are sum- 
marized in Table 8. 

38.4.2 Permanganate Reactions 

3.8.4.2.1 Aqueous potrrssium permanganate oxidations 

The oxidative cleavage of carbon-carbon double bonds has been reviewed by Stewart.150 In general, 
carboxylic acids are produced under acidic conditions. However, since many alkenes lack sufficient solu- 
bility in water, cosolvents such as pyridine, acetone or acetic acid have often been used to bring the oxi- 
dant and reductant into contact. For example, a good yield of 2,6diphenyl4-pyridinecarboxylic acid was 
obtained from the reaction depicted in equation (29).lS1 Table 9 contains additional examples. 

Ph Ph 

- N>C02H (29) 
-04, PYl&o (3: 1 ) 

0 OC 

Ph Ph 
72% 

3.8.4.2.2 Phase trangfer asshted permanganate oxidations 

The ability to dissolve permanganate in nonaqueous solvents by use of phase transfer agents (as pre- 
viously discussed in Section 3.8.2.3.3) extends its use for oxidative cleavages to compounds that are not 
soluble in aqueous solutions. It has been reported, for example, that l-eicosene and other long-chain al- 
kenes can be converted into the corresponding carboxylic acids in good yields by use of the following 
procedure.1M 



Table 8 Cleavage of Double Bonds to give Carboxylic Acids or Esters using Ozone 

Yiefd(%) R 4 .  

85 18 

Product Substrate Oxidant and conditions 

R- i. 03. THF; ii, Hfld. CaCO3. PbO R-C02H 

I MOMO 

"c  ̂C%Me 

i, 03, CHC13, -5 "C; ii. Ag20, NaOH +CO2H 

i. 0, (excess), CH2C12, -78 "C, 15 min, ii. DMS, MeOH 
-78 to 25 "C, 20 min 

MOMO 

0 3 ,  CH2C12, Py. -78 "c 

i, 03;  ii, H&. 1 M NaOH Ho2cr- COzMe 

i. 03. EtOAc; ii, H& 

0 3  

03, HCI. MeOH R-CqMe 

OR2 
i. 03. CH2Cl2, -78 "C; ii, 12% H202. AcOH. 60 "C. 30 min HO2C 3 

C02H 

94 130 

>47 131 

n 
F %o 132 

2 
2 
8 

>95 133 

85 134 

I 35 

62-85 136 

>30 137 



T-8 (continued) ul s 
Yield(%) Rt$ Substrate Oxidant and conditions Product 

C02Me 
>95 133 

OMOM -.+ 30 

03. 30% H z o r " ,  Adogen 464 92 127 

78 144 
\ 
OSimBu' 

85 145 

i, 03, AcOH, ii, H&, HCl, A 146 N 
A 



Table 8 (continued) 

Oxi& and condifions Product Yield(%) R&. substrate 

x 
0 

n=4-10 

&OH 

i. e, MeOH, -70 "C; ii, H A ,  AcOH 

i, q. AcOH, 0 "C; ii. AcOOH, AcOH 

i, 4. AcOH, 0 "C; ii. H2Cf14, 50 "C, 12 h 

i, a. TIIF; ii, H a  CaC03, WO 

0 0  L T C O Z H  

92 140 

85 141 

86 142 

71 142 0 
3 

2 
2 
5l 

i: 

78-99 18 w g. 

83 129.1 39 

63 143 

84 140 
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Table 9 Cleavage of Double Bonds by Permanganate Solutions 

Substrate Oxidant and Conditions Product Yield (96) Ref. 

& C02H 
0 0 

KMnO4, NaIO4, Bu’OH/H20 81 bNo2 
54 0 Ho2cQo HN KMn04, H2SO4 

44 

152 

153 

A 5 L three-necked round-bottomed flask fitted with a mechanical stirrer is placed in an ice bath and 
charged with lo00 mL of distilled water, 120 mL of 9 M sulfuric acid, 3.0 g of Adogen 464, 20 mL of 
glacial acetic acid, lo00 mL of dichloromethane, and 0.2 mol of alkene. The solution is rapidly stirred 
and 80 g (0.544 mol) of potassium permanganate is added in small portions over a 3 h period. Stirring is 
continued for an additional 18 h at room temperature. The mixture is cooled in an ice bath, and 60 g of 
sodium hydrogensulfite is added in small portions to reduce any precipitated manganese dioxide. The 
solution is acidified, if basic, with sulfuric acid and separated. The aqueous layer is extracted with two 
400 mL portions of dichloromethane. The organic extracts are combined, washed with two 400 mL por- 
tions of water, washed once with brine, and concentrated to 400 mL on a rotary evaporator. The resulting 
mixture is heated to dissolve any precipitated product, a small amount of amorphous solid is removed by 
filtration, and the filtrate is cooled to 0 ‘C. A first crop of white crystals is collected by suction filtration 
and washed with a minimum amount of ice-cold dichloromethane. Concentration of the mother liquor to 
150 mL, and cooling to 0 ‘C yields a second crop of crystals. The yield is 55-90%.1”.158 

Acetic acid is used in these procedures to neutralize the base that is produced whenever permanganate 
is reduced (equation 30). 

Over-oxidation occurs if the solution is permitted to become basic. For example, 3-phenylpropene 
gives approximately equal amounts of phenylacetic acid and benzoic acid when oxidized under phase 
transfer conditions using a two-phase benzene/water solvent system. However, when acetic acid is 
added, the yield of phenylacetic acid increases to 80%.155 

Best results are usually obtained for these reactions when permanganate is transferred into the organic 
phase from an aqueous solution rather than from a solid (KMn04) phase. When it is necessary to use 
solid -04 as the oxidant, care should be taken to add the phase transfer agent to the organic phase be- 
fore the alkene. When the reverse procedure is followed, the alkene may occasionally form an unreactive 
complex on the surface of the solid KMn04.1S6 Several examples of preparations using these procedures 
have been summarized in Table 10. 



Table 10 Phase Transfer A s s i i  Permanganate ONdations 

Substrate Oxiaht and conditions Product Yield(%) R d .  

OMe 

M** / 

OR 

KMnO4, Niquat 336, benzene/H@/glacial acetic acid 

KMn04 (s). dicyclohexano-18c-6, benzene 

KMnO4. Aliquat 336. benzene/H@/AcOH 

KMnO4, Adogen 464, CH2Clfl2SO~AcOH/H20 

KMn04, Aliquat 336. benzene/H2O/AcOH 

KMn04, Adogen 464, CH~CI~~~SO~/ACOH/H@ 

KMnO4, Adogen 464, CHflIfl2SO4/AcOH/H20 

KMn04, 18crown-6 

-04, Adogen 464, CH~CI~/H~SO~/ACOH/H~O 

KMn04, Adogen 464, CH~c12/HZSO4/AcOH/H20 

OMe 

M a e C 0 2 H  

OR 

80 155 

86 157 

83 155 

81 154 

90 155 

84 154 

88 158 1 4 

% 
102 B 

>70 159 

% 154 
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3.8.4.23 Heterogeneous permanganate oxidations 

Potassium permanganate adsorbed on either silica or alumina can also be used to cleave double bonds 
under mild conditions and in good yields. In one procedure the alkene, dissolved in benzene, is passed 
through a column packed with - 0 4  on a silica gel support.162 The reaction occurs rapidly at room 
temperature and is equally effective for the cleavage of all types of double bonds, even some that are 
inert to other traditional meth&.l62 

It has also been found that it is not necessary to pack the oxidant into a column.la The alkene, dis- 
solved in dichloromethane, can be cleaved by adding it to a flask containing K M d 4  and silica gel that 
have been mixed mechanically. After shaking or stirring the mixture for an appropriate time, the product 
can be isolated by filtration and evaporation of the solvent. Alumina can also be used equally well as the 
solid support. 163 Additional examples are summarized in Table 11. 

Table 11 Oxidative Cleavages by Permanganate on Solid Supports 

Substrate Oxidant and Conditions Product Yield(%) Ref. 

KMnO4, Si02 (support), benzene 

C02Me 

KMnO4, Si02 (support), CH2Cl2 
or KMnO4, A1203 (support), CH2C12 

OAc 

-04, Si02 (support), benzene 

0 KMnO4, Si02 (support), benzene 

HOzC 85 162 0'"'" 
50-70 163 

COzMe 

84 162 

OAc 

62 162 

COzH 

74 162 

3.8.4.2.4 Permanganatelpenodde 

A mixture of potassium permanganate and sodium periodate has also been used to cleave double 
bonds. This procedure, usually referred to as the Lemieux-von Rudloff reaction," can be canied out in 
several mixed solvent systems such as butanol and water,lM dioxane and waterla or acetone and 
water.lM It has also been claimed that the addition of phase transfer agents improves ~ie1ds.I~' 

In a typical pro~edure,~ a solution of KMnO4 (7 mg), N d 0 4  (225 mg) and KzC03 (29 mg) in 29 mL 
of 7:3 r-butyl alcohoVwater was added to a solution of alkene (0.213 mmol) in 2 mL of ?-butyl alcohol. 
After 2.5 h the reaction mixture was poured into 50 mL of ether and 30 mL of water acidified to pH 2 
with 1 M HCl. The aqueous phase was drawn off and extracted with 50 mL of ether. The combined or- 
ganic layers were washed with 60 mL of 0.1 M HCl, dried (Na2S04) and concentrated under reduced 
pressure to furnish the expected product. 
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3.8.4.3 Ruthenium Tetroxide 

Although aldehydes are obtained from the cleavage of double bonds by ruthenium tetroxide under 
neutral conditions (Section 3.8.3.4), carboxylic acids are produced under alkaline or acidic conditions.112 
For example, the oxidation of cyclohexene by RU04 under alkaline conditions has been reported to give 
adipic acid in yields of 86-95%.16* 

Mechanistic studies have indicated that this reaction pmeeds as in equations (31) and (32), wirh the 
initial step being a direct electron transfer that results in the formation of a radical cation-perruthenate 
complex.169 

0 0 

When ruthenium dioxide or ruthenium trichloride is used to catalyze periodate cleavages, it is likely 
that Ru04 is first formed (equation 33) and then reacts with the double bond as depicted in equations 
(31) and (32). Sharpless and coworkers113 have demonstrated that the best solvent system for this re- 
action is a mixture of carton tetrachloride, acetonitrile and water, in a volume ratio of 2:2:3. 

RuOz + 2NaIO4 - Ru04 + 2NaIO3 (33) 

3.8.4.4 Chromium Trioxide 

Under acidic conditions CrO3 will cleave double bonds to give the corresponding carboxylic acids. 
When the alkene also contains a hydroxy group lactones are readily formed, especially when acetic an- 
hydride is used as a cosolvent (equation 34).170 

(2103, AcOWAC~O 
(34) 

3.8.4.5 t-Butyl Peroxide and Molybdenum Dioxide Diacetyiacetonate 

MoO2(acac)2 and t-butyl peroxide when dissolved in benzene form a reagent that can be used for the 
specific cleavage of silyl enol ethers.171 For example, the silyl ether of p-ionine is selectively cleaved as 
indicated in equation (35). to give ~-(2,6,6-trimethylcyclohexyl)acrylic acid. 

OSiMe3 

C &CQH (35) 
MOO,( a~ac)~/l3u'OOH 

benzene, 60 O C  

85% 

Since the formation of silyl enol ethers from the corresponding ketones is subject to either thermo- 
dynamic or kinetic control, this reagent can be used (as demonstrated in equation 36) to achieve useful 
regiospecific cleavages. 
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i, ii c iv, v 

OSiMe3 
I 

OSiMe3 
I 

iii - 

iii 

G 0 

"iy COzH 

i, Me3SiC1, DMF, Et3N, 4 ii, NaHC03, H 2 0  iii, M~O~(acac)~, Bu'OOH; iv, LDA, DME; v, Me3SiC1 

385 CLEAVAGE WITH THE INTRODUCTION OF NITROGEN AND SULFUR 
FUNCTIONAL GROUPS 

385.1 Trimethylsilyl Azide and Lead Tetraacetate 

Trimethylsilyl azide, (TMSN3) reacts with carboneubon double bonds to form a compound which 
can be cleaved by lead tetraacetate (or phenyliododiacetate) to yield a carbonyl and a nitrile, as in equa- 
tion (37).1729173 The reagent has been applied extensively to the cleavage of unsaturated steroids, as illus- 
trated in equation (38). 

30% 

In a typical procedure,172 lead tetraacetate (2 mmol) in 50 mL of absolute dichlorornethane was slowly 
added (over a period of 1.5 h) while stirring to a cold (-15 'C) solution of the steroid (2 mmol) and tri- 
methylsilyl azide (8 m o l )  in 250 mL of absolute CHzClz. After cooling for an additional 15 h, the red 
heterogeneous solution was slowly warmed to rwm temperature. Water was added and the precipitate 
removed by filtration through glass wool. The filtrate was washed with saturated N8.Hc03 and dried over 
anhydrous Na2S04. The solvent was removed under vacuum and the residue separated by use of silica 
gel column chromatography. 

385.2 Ethanethid and Aluminum Chloride 

Double bonds activated by the presence of electron withdrawing groups ( N 0 2 ,  COzEt, COMe, CN) 
can be cleaved by use of ethanethiol and a hard Lewis acid such as AlC13, AlBr3, FeCl3 or ZnCh to give 
dithioacetals in good yields.174,175 For example, dicyanostyrene (12) can be converted into the com- 
sponding dithioacetal(l3) in quantitative yields when treated with aluminum chloride and ethanethiol 
(equation 39). 
The general procedure reported by Fuji et al.175 involves addition of a solution of the alkene (0.5 

mmol) in dichloromethane (1 mL) to a mixture of Lewis acid (1.5 mmol) in ethanethiol (1 mL) with ice 
cooling and under argon. After stirring for an appropriate time, the reaction mixture is poured into 
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(39) 

ice/water and extracted with dichloromethane. The organic layer is washed with brine, dried over 
NazS04 and evaporated to give the dithioacetal. 
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4.1.1 INTRODUCTION 

Carbon-boron bonds are generally rather easily oxidized and indeed volatile triakylboranes such as 
trimethylborane and triethylborane are spontaneously inflammable when exposed to air. Less volatile or- 
ganylboranes do not spontaneously inflame but are nevertheless readily oxidized by oxygen and a variety 
of other reagents. Consequently, it is normally necessary to carry out organoborane reactions in an inert 
atmosphere. 

The high reactivity of organoboranes to oxidizing agents can be ascribed to the availability of a vacant 
p-orbital on boron, which provides the opportunity for a kinetically favorable attack, and to the thermo- 
dynamic stability of the B-O bond (1 11-120 kcal mol-'; 1 cal = 4.18 J) compared with the B-C bond 
(81-88 kcal mol-l).* 

593 
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Although oxidation of R-B bonds may be defined very generally, for the purposes of this review only 
processes leading from R-B to R-X, where X is a group bonded via an atom more electronegative 
than carbon (in particular OR, NR2, SR, SeR, halogen), and processes leading to alkenes [R(-H)], are in- 
cluded. 

Oxidations of organoboranes involve numerous reagents and several different general mechanisms, 
most of which parallel those which occur for other types of organoborane reactions. The mechanisms fall 
under three broad headings: (i) ionic, with a 13-shift from boron to a heteroatom (equations 1-3); 
(ii) radical; and (iii) electrocyclic. 

R R - R 
B-R + X-Y - R-ig-X-Y - B-X-R + Y- (1) 

R' R R 
R + R - +  R 

'B-R + x-y - R-X-X-Y - 'B-X-R + Y (2)  
R R d 

In general, the ionic reactions of equations (1) to (3) proceed with retention of configuration of the mi- 
grating organyl group. 

There are two common types of radical reactions of organoboranes: bimolecular homolytic substitu- 
tion (h2; equation 4); and a-abstraction processes (equation 5) .  Both of these can lead to final products 
by chain processes, as illustrated for the a-abstraction reaction by the continuation shown in equation 
(6). The radicals produced in these reactions are unlikely to retain complete stereochemical integrity ex- 
cept in special circumstances. The nature of the further reactions, such as equation (6), determines 
whether or not the products are such as to be included in this section.2 

R 
x' + R B-R - [X ...i--.R]' - ' B-X + 

R R 

R' 
x' +I$-< - )-< + H x  

R2 R R2 R 

R' (4) 

Electrocyclic reactions (equation 7) may also lead to oxidation of organoboranes, usually with reten- 
tion of configuration of the organyl group. 

I 
-B-R \ - B-W + X = Y  + RZ (7) I 4 r , z  / 

x-Y 

Oxidation reactions of organoboranes have been extensively reviewed as subsections of general ac- 
counts of boron chemistry," of which reference 3 is the latest and most complete. In the remaining sec- 
tions of this review, the essential features of the more synthetically useful oxidation reactions are 
considered in detail. 
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4.1.2 OXIDATION WITH ALKALINE HYDROGEN PEROXIDE 

The reaction of organoboranes with alkaline hydrogen peroxide (equation 8) is one of the 01desP*~ and 
most widely used methods for the release of organyl residues from organoboranes. The reaction proceeds 
with retention of configuration for all three alkyl groups.1o*" This property is proving invaluable for the 
production of alcohols of high optical purity. Thus, enantiomerically pure (+)-IpczBH gives (S)-(+)- 
butan-2-01 of 98.4% enantiomeric purity by hydroboration of cis-but-2-ene followed by alkaline hy- 
drogen peroxide oxidation of the intermediate organoborane.12 Similarly, 3-methylbutan-2-01 of 99.6% 
optical purity has been prepared by the oxidation of diethoxysiamylborane with alkaline hydrogen perox- 
ide. 13,127 

R 
B-R + NaOH + 3 H202 - 3 ROH + NaB(OH)4 (8) 

R 

The mechanism of the rea~t ion '~ . '~  is believed to be that shown in equation (9). this being a specific 
example of equation (l) ,  with hydroperoxide anion being the reactive species. Detailed study14 has led to 
the proposal of various transition states at different pH values.16 However, the reaction may be carried 
out satisfactorily over a wide range of concentrations of base and hydrogen peroxide'' providing that the 
reaction mixture is kept alkaline, as otherwise radical reactions may intervene with deleterious stereoc- 
hemical consequences. 

, 
B-OR (9) 

R RO, 

R R O  [ - :-OR Z B-R + 0 - O H  - R-,B-0 
- R 

In general, oxidation is carried out in the medium used for hydroboration (THF, glyme, diglyme). Im- 
miscibility is generally not a problem, though sometimes ethanol may be added to aid miscibility. 
Aqueous alkali is added first to the organoborane and then hydrogen peroxide, with cautionm3 Isolation of 
products is simple, though when 1,2- or 1,3-diols are produced, it is an advantage to add mannitol to lib- 
erate them.18 The reaction mixture is frequently opened to air during the oxidation. However, this may 
lead to radical oxidation by oxygen competing with alkaline hydrogen peroxide oxidation. Hence, when 
retention of stereochemistry is important, it is sensible to maintain an inert atmosphere until oxidation is 
complete. 

Oxidation with alkaline hydrogen peroxide is remarkably specific for cleavage of the C-B bond and, 
in the usual conditions, will tolerate acetal, aldehyde, alkene, alkyne, carboxylic acid, ester, ether, ke- 
tone, halogeno, nitrile, silyl and sulfonyl groups. l7 Cyclopropylboranes may need special conditions, l9  
though not always.20.21 In certain cases, such as readily hydrolyzed phenolic esters, the use of acetate or 
phosphate buffers at pH = 8 is advantage~us?~.~~ It is even possible to selectively oxidize an organobo- 
rane containing a sulfide group as long as 3 mol equiv. or more of sodium hydroxide to 1 of trialkylbo- 
rane are 

Alkaline hydrogen peroxide easily oxidizes practically all alkyl- and cycloalkyl-boranes in a rapid and 
quantitative fa~hi0n.l~ There is a reactivity trend of R3B > R2BX > RBX2 (X = halogen, OH, OR; note 
that boron halides will anyway be hydrolyzed to hydroxides under the oxidation conditions), which is 
consistent with reduced acceptor ability of the boron atom when an electron pair of an adjacent group in- 
teracts with the vacant boron ~ r b i t a l . ~ . ~  Increasing the steric hindrance around the boron atom may inhibit 
the reaction to the point at which it ceases a l t ~ g e t h e r . ~ ~ , ~ ~  

Although hydroboration of alkenes is the most widely used method for the production of organobo- 
ranes, some alkylboranes as well as allyl- and aryl-boranes cannot be made by this method. Another 
general process that can then be used, and that proceeds in reasonable yields, is the reaction of a boron 
compound such as d i b ~ r a n e ~ ~ . ~ ~  or, more commonly, an a lk~xyborane~~ with an organometallic com- 
pound. The organometallic compound may be an organolithium? organomagnesium28 or organomer- 
cury(I1) compound.31 Thus, the overall process of reaction of the organometallic with the boron reagent 
followed by alkaline hydrogen peroxide allows 'one pot' oxidation of many organometallic compounds 
(equation lo). 

OMe 
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Many aromatic boron compounds are readily oxidized to phenols, as illustrated in equation (1 1)  for the 
oxidation of aryldihydroxyboranes (arylboronic acids). This is a useful synthetic pathway as arylboronic 
acids can resist both alkaline permanganate and nitric acid, so that many derivatives are available.32 

OH 

OH 
Ar-B, + NaOH + H202 - ArOH + NaB(OH)4 (1 1) 

The process has been used with heteroaromatics, examples being the production of 2- and %thiol- 
enones (equation 12),33a thienylmethacrylate~~~~ and butenolides.% 

Oxidation of alkenylboranes with alkaline hydrogen peroxide is an important pathway to aldehydes 
and ketones (equation 13). Care must be taken to inhibit hydrolysis of the alkenylborane to the corre- 
sponding alkene and hence buffered conditions are frequently The reaction tolerates the same 
wide range of functionality as the oxidation of alkylboranes. 

- F5 
R2 BX, 0 

Allylboranes, which are available from organometallics or by hydroboration, undergo oxidation with- 
out allylic transposition and with retention of stereochemistry. This applies both to regio- and stereo- 
chemically defined allylic dialkylbory13* and allylic dialk~xyboryl~~ compounds (equations 14 and 15). 

1,1 -Diboryl compounds do not yield aldehydes with alkaline hydrogen peroxide. Instead there is rapid 
hydrolysis, presumably via a boron-stabilized carbanion (see Volume 1, Chapter 2.6) which is protonated 
and then oxidized to the alcohol (equation 16).35 

\ 
H z q ,  NaOH - R-OH (16) 

NaOH - /  
rB\ - 

R 
R+B- 

Boracyclanes are oxidized in the usual fashion to yield either diols or triols (e.g. equations 1740 and 
1841), as are compounds containing two or more independent boryl groups. 

(17) 
HO 

m -  H O A F H  
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4.13 OXIDATION WITH HYDROGEN PEROXIDE IN AN ACIDIC MEDIUM 
Organoboranes may be oxidized by hydrogen peroxide in an acidic medium. The mechanism of oxida- 

tion of alkyldihydroxyboranes in such conditions has been studied and the protonated transition state (1) 
proposed, as compared with transition state (2) for the reaction in an alkaline medium.14 * + 

The acid reaction has been used in cases in F. ..ich complications have been noted with the alkaline hy- 
drogen peroxide reaction. Thus, 1,l -bis(boronates) smoothly yield aldehydes and 1,2-bis(boronates) give 
1,2diols (equations 19 and 20) when oxidized with acidic hydrogen pero~ide.4~1~~ 

Vinylboranes react with acidic hydrogen peroxide to give aldehydes,M whilst the oxidation of u-halo- 
boronic acids in the presence of DNP/H2S04 to give aldehyde-2,rl-DNPs in good yields was used as a 
proof of structure (equation 2i)P5 

Hal 2.4-DNP '."2 
H \ = /  

Though oxidation with acidic hydrogen peroxide is rarely used, alkyl- and aryl-boronic acids are read- 
ily attacked with a migratory order of But = PhCHz > Bus > Bun > Ph > vinyl >> Me. It appears, there- 
fore, that the reaction might be useful for selective oxidations as well as for oxidations of base labile 
organoboranes.14 

4.1.4 OXIDATION WITH TRIMETHYLAMINE N-OXIDE 

Trimethylamine N-oxide, either anhydrous46 or as its readily available dihydrateP7 smoothly oxidizes a 
wide variety of alkyl, cycloalkyl, aryl and heterocyclic boron derivatives to the corresponding organyl- 
oxyboranes (equation 22) which, in the case of the dihydrate, are hydrolyzed in the reaction mixture. An- 
hydrous trimethylamine N-oxide is simply prepared48 and this reagent must be used for the oxidation of 
alkenylboranes if prior hydrolysis is not to compete with 0xidation.4~*~~ Alkynylboranes are not oxidized 
by trimethylamine N-oxide.46 

Rot HzO R 
B-R + 3Me3NO 3 NMe3(g) + ,B-OR - 3 ROH (22) 

R' RO 

Oxidation with trimethylamine N-oxide is not complicated by side reactions and proceeds in a step- 
wise fashion such that one primary alkyl goup is oxidized at 25 'C, the second at 65 'C and the third at 
120 'C?O The trimethylamine evolved can be estimated and thus the method can be used for the quantita- 
tive estimation of organoboranes.46 The rates of oxidation are not markedly solvent dependent and there 
is a clear cut ease of oxidation in the order tertiary alkyl > secondary cycloalkyl> secondary alkyl > pri- 
mary alkyl > branched primary alkyl > vinyl. Some examples of useful differentiation are shown in equa- 
tions (23)51 and (24)?2 
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R R 

% B f l  - Me3NO +B-O+ 

R F R F 
2 Me3NO 

The oxidation tolerates many functional groups, including alkyl sulfide?5 and has been used for the 
oxidation of cycl~propylboranes~~ (see references 19 and 54); however, it has also been used to produce 
acylsilanes (equation 25)55 which are particularly sensitive to alkaline hydrogen peroxide. 

The reaction proceeds with retention of configuration, as illustrated for the oxidation of a chiral or- 
ganoborane in equation (26), which goes in good yield to give product of 98% optical purity.56 The 
mechanism is expressed by equation (27) and is an example of general equation (2). Certain betaines (3), 
particularly those derived from tripr~pynylborane?~ tripheny1borane5* and BF3,59 are reasonably stable 
and can be characterized. 

The action of N-oxides of a-dimethylaminocarboxylic acids on dihydmxyphenylborane produces the 
internal chelates of the oxidation products.@’ Various pyridine and quinoline N-oxides may be used to ox- 
idize organylboranes, but there can be some alkylation of the heteroaromatic rings.61 

4.15 AUTOXIDATION 

topic.57 

pure oxygen and in the presence of THF the reaction may be taken to completion (equation 29ha 

The autoxidation of organoboranes has been extensively studied and there are many reviews of the 

Autoxidation of organoboranes generally proceeds to give dialkoxyboranes (equation 28) but by use of 

OR R 

R OR 
B-R + 0 2  - - R-B: 

R RO 

It is generally agreed,617 on the following grounds, that autoxidation is a radical chain process: (a) reac- 
tive radical scavengers (galvinoxyl or iodine) exhibit a measurable inhibiting effect; (b) the reaction can 
be initiated by radical generators such as BuQCl; and (c) stereodefined alkyl groups lose their stereo- 
integrity in forming the intermediate alkylperoxyboron compounds. The kinetic behavior is reminiscent 
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of hydrocarbon oxidation, but the sH2 step is up to lo7 times faster than for the corresponding reaction of 
hydrocarbons. 

The initiation step remains in doubt. It may involve a transient 02BR3 complex which rearranges, fol- 
lowed by homolytic cleavage to give a supply of radicals. Alternatively, a displacement reaction (equa- 
tion 30) might occur. The initiation step is first order in borane and also in oxygen and there is a large 
steric effect on both its induction period and rate.62f'3 Thus, tri(primary alky1)boranes generally undergo 
initiation more readily than tri(secondary alky1)boranes but an order of tricyclohexylborane > BuS3B > 
Bu$B suggests that steric factors cannot be considered 

For the overall reaction the first B-C bond oxidizes faster than the second and this, in turn, much fas- 
ter than the third. The observed trends are R3B > RzBX > RBXz (X = OR, OH, Cl), and Rt-B > RS-B > 
Rn-B > Me-B > vinyl-B. The overall process has been expressed7 as in equations (30x33). 

R3B + 02 - R' + RzB02' (30) 

(32) ROz' + R3B - R02BR2 + R' 

2 ROz' or 2 R' - stable products (33) 

Although this is the mechanism which is generally written, it has not been rigorously verified and is 
incomplete. It does not indicate how R2B02R is converted into RB(OR)2 and it may be that this step is 
not radical in nature. Further evidence for this is that boron peroxides (R02)3B and (R0)2BOOR1 decom- 
pose only above 100 whereas reaction of Pr3B with BuQB(OBu)z proceeds rapidly at room tem- 
perat~re.6~ Studies on Bu02BBuz and its analog indicate that their decomposition does not proceed by a 
radical mechanism.66 Furthermore, although simple chiral boranes autoxidize with r a c e m i z a t i ~ n , ~ ~ . ~ ~  this 
loss of steric integrity need not be total, as shown in equation (34).69 

ii, i, 0 2 ,  aq. NaOH THF * ~ ~ ~ ~ ~ I O H  + &OH 

81% 19% 

(34) 

Whereas the use of 1.5 equiv. of oxygen to 1 of trialkylborane leads to quantitative yield of alcohol, as 
in equation (29), use of 2 equiv. of oxygen followed by addition of hydrogen peroxide (to prevent inter- 
nal redox reactions) proceeds according to equation (35) to give 2 mol equiv. of alkyl hydroperoxide per 
mol of trialkylb~rane.~~ 

,OoR H 2 0  - 2ROOH + ROH (35) 
/ 'OR H202 - RO-B\ 

2 0 2  
B-R - R-B\ 

R 

R OOR OOR 

This reaction wastes one of the three alkyl groups, a limitation overcome by use of alkyldichlorobo- 
rane etherates (equation 36), which are the precursors of choice for the preparation of alkylhydroperox- 
ides.71 

02,EtzO c1 H 2 0  - R-B, ROO -B: - ROzH (36) 
c1 c1 -18°C 

4.1.6 OXIDATION BY PERACIDS 

It was early reportedsa that perbenzoic acid in chloroform at mom temperature quantitatively oxidizes 
tri-n-butylborane as in equation (37). The reaction with peroxytrifluoroacetic acid has been used analyti- 
 call^'^ but very little in synthesis. 
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R 
(37) B-R + 3PhC03H - 3ROH + (PhC02)3B 

R 

The mechanism of the reaction is not certain, but it appears to have analogies with the protonolysis of 
organoboranes by carboxylic acids and on that basis could be formulated as in equation (38). which is an 
example of general equation (7). 

1 
O I  

ROH + R I K o r B ,  

Although oxidation of 1,l -bis(dialkylboryl) compounds with alkaline hydrogen peroxide proceeds 
with initial hydrolysis rather than oxidation (equation 16), oxidation with excess MCPBA yields carbox- 
ylic acids in good yields. The overall process is an excellent route from 1-alkynes to carboxylic acids 
(equation 39).73 

Oxidation of 1,l-bis(dialkoxybory1)alkanes with MCPBA gives aldehydes, and similar oxidation of 
2,2-bis(dialkoxyboryl)alkanes yields ketones.74 

Oxidation by MCPBA offers advantages when other methods give problems. Thus, a series of alke- 
nylboranes containing malonate or acetoacetate units could not be converted directly to the correspond- 
ing ketones using alkaline hydrogen peroxide due to complications arising from ester hydrolysis. 
However, MCPBA oxidation gave the ketones in excellent yields (e.g. equation 40).23 

(Hex)zB MCPBA Hex* (40) 
Hex C02Et 0 CO2Et 

Similarly, an acetoxyphenyl-substituted boron heterocyclic compound, resulting from a cyanoborate 
reaction, lost the phenolic acetate group even when buffered hydrogen peroxide was used. However, 
MCPBA gave the required ketone retaining the labile ester group (equation 41).75 

(41) 

F3C 

Peracid oxidation of organylboranes is a smooth and operationally simple procedure that proceeds in 
mildly acidic conditions in anhydrous solvents. Yields are generally high and the method, though infre- 
quently used at present, should always be considered as an alternative to oxidation with alkaline hy- 
drogen peroxide. 

4.1.7 OXIDATION WITH CHROMIUM REAGENTS 

4.1.7.1 Chromic Acid 

The oxidation of (secondary alky1)boranes with chromic acid leads to ketones,7G78 and in combination 
with hydrobration provides a high-yielding route from alkenes to ketones. The reaction gives ketones at 
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pH < 3, whereas at pH 3-7 secondary alcohols are produced.78 Therefore, 4M H2Cr207 in a water-ether 
two-phase system has been recommended for conversion of cycloalkylboranes to cycloalkanones.n The 
method has been used widely in synthes i~ ,~ ,~  an example being given in equation (42) in which a chiral 
ketone is p r o d u ~ e d ? ~ , ~ ~  

The ketone produced is generally that to be expected, but occasionally the strong acid conditions may 
lead to unexpected products, as shown in equations (43)81 and (44).82 

H 

1,2-Diboryl compounds yield alkenes on reaction with chromic acid (equation 45),83 a reaction also 
noted in a peracid ~xidation’~ and oxidation with pyridinium chlorochromate.84 

Chromic acid is particularly useful for the oxidation of heterocyclic boranessH7 which are resistant to 
oxidation by the usual oxidants (NaOH/H202; &NO; 02), e.g. equation (46).85 

4.1.7.2 Chromyl Trichloroacetate 

but the reagent has not been widely used. 
Some 2,54iboradihydrqyrazines have been successfully oxidized with chromyl trichlomacetate,88 

4.1.73 Pyridinium Chlorochromate 

Pyridinium chlorochromate (PCC) is a very useful reagent for the oxidation of organoboranes to car- 
bonyl compounds in mildly alkaline and anhydrous  condition^.^^ As well as oxidizing (secondary 
alky1)boranes to PCC oxidizes (primary aky1)boranes to aldehydes in excellent yields 
(equation 47).89 The latter transformation cannot be accomplished with chromic acid. The reagent tol- 
erates the presence of alkene, ester and acetal groups.” 
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PCC 
3 RCHO - R - 7  

. B 7  (47) 
RJ R 

The observationw that txialkylboranes are oxidized to aldehydes as fast as the free alcohols and much 
faster than acetates prompted the introduction of an efficient one-pot procedure for the conversion of 
acids to aldehydes (equation 48) in 69-82% isolated overall yields.93 

PCC oxidizes gem-diboryl compounds to ketones.84 

4.1.8 MISCELLANEOUS CHEMICAL OXIDIZING AGENTS 

Almost any oxidizing agent might be expected to oxidize an organoborane, but few have received sys- 
tematic investigation. Moreover, aryldihydroxyboranes are relatively resistant to oxidation and nitration 
of the ring?4 and oxidation of a methyl group to a carboxy group with potassium permanganateg5 has 
been achieved without breaking the Ar-B bond. 

The reagent Moos-pyridine-HMPA (MOPH) was introduced for the anhydrous, ambient temperature 
oxidation of intermediates in aldol reactions of alkenyloxyboranes.% It also oxidizes simple organobo- 
ranes, the oxidation proceeding with retention of configuration of the alkyl groups.97 

A mixture of ruthenium tetroxide, sodium periodate and sodium acetate was effective for the conver- 
sion shown in equation (49).98 

0 

The action of lead tetraacetate on trialkylboranes produces alkyl a~etates.9~ 
Although aryldihydroxyboranes appear to resist alkaline pem~anganate?~*~~ butyldihydroxyborane is 

Dialkoxy(a-pheny1thio)alkylboranes are readily converted to monothioacetals by N-chlorosuccinimide 
oxidized to butanol with this reagent.lm 

in methanol (equation 50).'01 

OMe 

R A S P h  

-fc NCS 
OyO - 

MeOH I 
R* SPh 

Sodium hypochlorite oxidizes aryldihydroxyboranes to phenolslo2 and trialkylboranes to the corre- 
sponding alcohols.103 Use of sodium hypobromite for the oxidation of phenyldihydroxyborane gave 
2,4,6-tribromophenol, regardless of the ratio of the reactants. lo* 

Sodium perborate has been recommended for the oxidation of alkenyldialkoxyboranes to aldehydes. lo4 
In particular, the reagent avoids the formation of possibly hazardous 2: 1 aldehyde-hydrogen peroxide 
adducts as well as C-C bond cleavage.lMa Sodium percarbonate is an air-stable solid, inexpensive and 
self-buffered, that appears to be a promising oxidant. lMb 

Alkyl- and phenyldihydroxyboranes, their anhydrides and dialkoxy derivatives axe oxidized with 
alkyl hydroperoxides to the corresponding alcohols and phenols. lo5-lo7 

4.1.9 ELECTROCHEMICAL OXIDATION 

Electrochemical oxidation of organoboranes can lead to a variety of products, depending on the na- 
tures of the electrodes, solvents and electrolytes. It appears that radicals, R., are generated and that these 
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may couple to give dimeric alkanes, react with other species present or be further oxidized to cations, R+, 
which then react. Thus, when trialkylboranes, R3B, are subjected to electrolysis in methanolic KOH solu- 
tion between platinum electrodes, the alkyl residues couple to each other to give dimeric alkanes 
R-R.lo8 However, when a graphite anode is used in a methanolic solution containing NaOMe and 
NaC104, then trialkylboranes yield alkyl methyl ethers (ROMe) in 84-100% yield.'@ This reaction is 
thought to pass through R+, as isomerization occurs to an appreciable extent. Thus the oxidation of 
tri-n-octylborane gives a mixture of 1-, 2-, 3- and 4-methoxyoctanes with a ratio of 8:66:25:1. In the 
presence of sodium acetate, electrolysis of R3B gives alkyl acetates.lW When acetonitrile is used as the 
medium then RCHzCN is obtained1lo and if nitromethane is used then RCHzNOz results.*" 

Sodium tetraphenylborate' l2  and diphenylhydroxyborane' l3  both yield biphenyl on anodic oxidation. 
Similar results can be obtained using a variety of chemical oxidants.l14 

4.1.10 OXIDATION BY CARBONYL COMPOUNDS TO PRODUCE ALKENES 

Trialkylboranes reduce carbonyl compounds by utilizing a P-hydrogen atom, as in equation (51).l l5 

\ 

The reaction was first explored with triethylborane116 and then extended to higher alkylboranes.'" 
Only two unbranched alkyl groups participate and even then prolonged heating at 150-200 'C is re- 
quired."' Only the exocyclic alkyl groups of B-alkyl-9-BBN compounds participate in the reaction and 
hence such compounds may be used as a probe of the intrinsic ease of oxidizability of different alkyl 
groups.118 The results show that branching at the P-position strongly enhances the ease of oxidation. The 
relative rates of oxidation of the trans-2-methylcyclopentyl, siamyl, cyclopentyl, isobutyl and ethyl 
derivatives are 1000:364:267:50:0.72, respectively. l8  Since B-alkyl-9-BBN derivatives are mostly pre- 
pared from alkenes by hydroboration with 9-BBN-H, the process has little preparative value for the syn- 
thesis of alkenes. Instead, the reaction is useful as a very specific method for the reduction of the 
carbonyl compound, and for this purpose B-siamyl-9-BBN has been used for the reduction of alde- 
hydes.' l9 a,@-Unsaturated aldehydes yield only allylic alcohols.11g The rates of reaction of aldehydes 
vary very little but ketones react at least two orders of magnitude more slowly, thus allowing highly 
selective reductions to be carried out. The process has been shown to tolerate alkene, amino, aryl, ether, 
halogen and nitro groups.' l9 

3-Pinanyl-9-BBN (Alpine borane; 4) is a chiral borane that is readily oxidized by aldehydes. Aliphatic 
deuterioaldehydes undergo chiral reduction to give alcohols with 84-98% e.e.lZo The chiral alkene is re- 
generated in the process, only the hydrogen at the 2-position having been utilized, and can be reused. 
Equation (52) serves as an illustration of the stereochemistry of the process. 

a$-Alkynyl ketones are excellent substrates for chiral reduction by Alpine borane.121 The stereoc- 
hemistry of the product alcohol is predicted by replacement of the deuterium atom in equation (52) by 
the alkynyl group.lz2 Use of neat reagentslZ3 and/or pressure1z4 allows the reduction of simple ketones, 
a-halo ketones, a-keto esters and a-ketonitriles, 

The nopol derivative (5) has advantages in some casesiz5 but the most striking advance has been the 
introduction of commercially available chloroborane (6). Compound (6) is a stronger Lewis acid 
than (4) or (5) and also less subject to steric hindrance.lZ6 It readily reduces acetophenone (98% ee), 
2,2-dimethylcyclopentanone (98% ee) and pinacolone (95% ee). lZ6 

Another important application of the alkene displacement process is in the synthesis of a whole series 
of alkyldiethoxyboranes of very high optical purity by displacement of a-pinene from 3-pinanylalkyl- 
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ethoxyboranes, as in equation (53).12' The chiral alkyldiethoxyborane products are certain to have enor- 
mous influence on the field of chiral synthesis.127 

OEt 
I 

d B y )  ~ j McCHO y\'' MeCHO B(OW2 + ',,,+" \ (53) 

4.1.11 CHLORINOLYSIS OF C-B BONDS 

The chlorination of trialkylboranes has not been well studied. The chlorination of Me3B at -95 'C 
yields ClCH2BMe2. 128 The oxidation of dialkoxy(u-pheny1thio)alkylboranes with NCS has been referred 
to in Section 4.1.8 (equation 50). The reaction of thionyl chloride with PhSCH2B(OR)2 yields 
P~ISCH~C~. '~ '  

Direct chlorination has not been used for the production of organyl chlorides from aialkyl- or triaryl- 
boranes. Chlorinolysis has been achieved by the reactions of organoboranes with aqueous copper@) 
chloridelB and iron(1II) chloride.13o However, only two of the three alkyl residues on boron are utilized 
(equation 54). Arylboranes are also converted to aryl chlorides with copper(I1) ch10ride.l~~ 

R OH 

d OH 
'B-R + 4CuCl2 + 2HzO - 2RCl + 2Cu2C12 + 2HCl + R - B  (54) 

Nitrogen trichloride converts all three alkyl groups of R3B into alkyl chlorides, but 3 equiv. of a haz- 
ardous and not readily available reagent must be used.132 Chl~rodimethylamine'~~ or dichloramine-T 
(equation 55)'% may be used, but here too there is poor utilization of alkyl groups, a problem eased, but 
not completely overcome, by the use of B-alkyl-9-BBN derivatives.'" 

R3B + C12NSOzCaMe - RCl + RzBNClS02CaMe (55)  

4.1.12 BROMINOLYSIS OF C-B BONDS 

All t h e  organyl groups of trialkylb~ranes~~~ or triphenylb~ranel~~ can be cleaved by reaction with 
bromine in the presence of sodium methoxide. High yields of bromoalkanes (equation 56) or bromoben- 
zene are obtained. 148 

R3B + 3Br2 + 4NaOMe - 3RBr + 3NaBr + NaB(0Me)l (56) 

The brominolysis of trialkylboranes is unusual among the reactions of organoboranes in that it pro- 
ceeds mainly with inversion. Thus, tris-exo-2-norbomylbrane gives 75 % of endo-2-bromonorbomane 
and 25% of the ex0 isomer.137 Over 95% inversion has been observed in the bromination of the rhreo and 
erythro isomers of tris(3,3-dimethyl-l-butyl-l,2-d~)borane in the presence of NaOMe (equation 57).138 

H,@l Brz, NaOMe b :@: 
D 

B Br 

erythro threo 
/ \  

(57) 
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A modification involving the use of sodium bromide in the presence of chloramine-T has been devised 
to allow optimum incorporation of radioisotopic bromine. 139 

In neutral conditions bromine reacts with triorganylboranes to convert one organyl group into the 
corresponding bromoallcane.140 The reaction involves a free radical a-bromination (see equations 5 and 
6), followed by cleavage with hydrogen bromide, and therefore the product bromide does not retain the 
configuration of the original organoborane.140 Although there is normally a strong preference for re- 
action with secondary rather than primary alkyl g r o u p ~ , ' ~ ~  B-alkyl-9-BBN derivatives react with com- 
plete conversion of the primary B-alkyl group into the alkyl bromide.14* The overall process is an 
efficient anti-Markovnikov addition of HBr to a terminal alkene (equation 58). 

R6 Br (58) R* + 9-BBN-H - 
An alternative indirect but efficient method for the bromination of all three groups of tri(primary 

alky1)boranes involves initial reaction with mercury(I1) acetate followed by in situ bromir1ati0n.l~~ 
Alkenyldialkylboranes react with bromine to give bromoalkenes via an addition-elimination mechan- 

ism.144 The method of elimination controls the stereochemistry of the product bromoalkenes (Scheme 1). 
For reasons which are not clear, exactly opposite stereochemical results are obtained from (aryl- 
etheny1)dialkylboranes as compared with (alkyletheny1)dialkylboranes (Scheme 1). 144 

Br -R 

t 

Br+ 

R 
Br 

Ph 
Sia2B,, Si3B 

',# 
ii \ = , -  

Ph I 
Br 

i, SiazBH, THF; ii, Brz, CC4,O "C; iii, NaOH, 0 OC; iv, 76 "C 

Scheme 1 

Alkenyldihydroxyboranes react with bromine and base with inversion of configuration irrespective of 
the nature of the alkenyl group (equation 59).145 Use of excess bromine allows utilization of catecholbo- 
rane derivatives. 145 
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4.1.13 IODINOLYSIS OF C-B BONDS 

In the presence of sodium methoxide, tri(primary alky1)boranes react smoothly to yield 3 mol equiv. of 
iodoalkane.146 In the presence of sodium hydroxide, two C-B bonds of tri(primary alky1)boranes are 
cleaved to the corresponding iodides.147 In the same conditions tri(secondary alky1)boranes react signifi- 
cantly more slowly and only one C-B bond is b r ~ k e n . ' ~ ~ , ' ~ ~  For anti-Markovnikov addition of HI to ter- 
minal alkenes the process shown in equation (60) is therefore app1i~able.l~~ 

Like brominolysis, iodinolysis of hialkylboranes occurs with inversion of stereochemistry of the dis- 
placed carbon atom.149J50 

Sodium iodide and chloramine-T can be used for the production of iodides,15o a process that has par- 
ticular application to the introduction of radioactive iodine.lS1 

The reactions of alkenyldialkylboranes with iodine lead to rearrangements rather than iodinolysis. 
However, alkenyldihydroxyboranes undergo iodinolysis with retention of configuration, in contrast to 
the corresponding reaction with bromine, to give high yields of the corresponding iodoalkenes (equa- 
tion 61).152 

4.1.14 REPLACEMENT OF BORON BY NITROGEN 

4.1.14.1 Synthesis of Primary Amines 

Amines containing good leaving groups, such as hydroxylamine-0-sulfonic acid15s155 and chlor- 
amine, 153 yield alkylamines on reaction with organoboranes (equation 62). Mesitylenesulfonylhydroxyl- 
amine is more soluble in THF than are the other reagents and reacts faster.156 Chloramine may be fonned 
in situ from ammonium hydroxide and sodium hypochlorite in a reaction designed for the incorporation 
of 15N.157 Two of three alkyl groups on boron are displaced and hindered organoboranes may require 
forcing conditions. 154 The reactions proceed with strict retention of configuration at carbon and probably 
by an ionic 1,2-migration process,158 an example of general equation (3). 

OH 2 NaOH NH2R 
R-B: + 2X- - 2 R " 2  + R-B, + 2NaX (62) 

NH2R OH 

Primary amines of high optical purity can be obtained with full utilization of the organyl group 
through the intermediate formation of alkylmethylalkoxyboranes (equation 63). 159 

Me 
i, MeLi I i, NH2OSO3H - R*-NH, (63) 

ii, HzO 
R* 'O-OAc 

0 ii, AcCl 

For the replacement of boron by an amino group in aryl-, styryl- and femenyl-dihydroxyboranes, the 
reaction of copper(I1) phthalimide followed by hydrazinolysis or hydrolysis, has been used (equa- 
tion 64).16OJ61 
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4.1.14.2 Synthesis of Secondary Amines 

Trialkylboranes and triphenylborane react with alkyl, cycloalkyl and aryl azides with the evolution of 
nitrogen and the formation of dialkyl(dialkylamino)boranes, which yield secondary amines on solvo- 
lysis.16* As only one of the organyl groups is utilized it is advantageous to use organyldichloroboranes 
(equation 65), which have the further advantage of requiring milder conditions. 163 The reactions proceed 
with retention of configuration.'@ 2-Iodoalkyl azides react at room temperature with phenyl- and alkyl- 
dichloroboranes to give products that on treatment with base give aziridines (equation 66). 165 

R'\ ,Cl c1 

c1 R2' C1 

+ / 
R'-B\ + R ~ - R - N E N  - N2(g) + N-B, - R'R2NH (65) 

In one instance a secondary amine has been produced by two migrations from boron 
a reagent with two good leaving groups attached to nitrogen.lM 

(66) 

to nitrogen using 

4.1.14.3 Synthesis of Tertiary Amines and Other Derivatives 

N-Chlorodimethylamine reacts with trialkylboranes to give alkyldimethylamines, so long as the alter- 
native radical reaction leading to alkyl chlorides is suppressed by use of the radical scavenger, galvin- 
oxy1 (equation 67).*33 

galvinoxyl 
R3B + ClNMe2 - R2BCl + RNMe2 (67) 

Trialkylboranes react with chloramine-T to give alkyl toluenesulfonamides in good yields based upon 
the transfer of one alkyl group (equation 68).16' 

(68) 
NaOH R3B + NaNClSOzAr - R2BNRS02Ar - R"SO2Ar 

Trialkylboranes react with sodium azide in the presence of hydrogen peroxide and iron compounds to 
give azidoalkanes (RN3) in fair yields based upon the transfer of one alkyl group.16* 

4.1.15 REPLACEMENT OF BORON BY SULFUR OR SELENIUM 

Dialkyl or diary1 disulfides react with trialkylboranes in the presence of oxygen or light to give dialkyl 
or alkyl aryl sulfides in good yields based upon the transfer of one alkyl group (equation 69).'@ If it is 
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necessary to conserve alkyl groups then B-alkylborinanes may be used, as only the B-alkyl group is 
utilized in excellent yield. 169 

Alkyl thiocyanates are obtained by the reaction of iron(II1) thiocyanate on trialkylboranes in a fashion 
reminiscent of the reactions of iron(II1) chloride (Section 4.1.11). It is not clear whether there is 60% 
usage of three alkyl groups or whether only two groups are in fact ~ti1ized.l~~ Equation (70) shows the 
reaction based on the assumption of usage of three groups. 

R3B + 6Fe(SCN)3 + 3H2O - 3RSCN + B(OH)3 + 6Fe(SCN)2 + 3HSCN (70) 

A similar reaction yielding alkyl selenocyanates occurs between trialkylboranes and sodium selenoiso- 
cyanate in the presence of iron(n1) ions.171 There is a strong preference for the transfer of secondary or 
tertiary as compared to primary alkyl groups. This allows selective transfer reactions to be canied out in 
yields of 57458% (equation 71) and 67-78% (equation 72).171 

OH 

RS' RS' OH 
(71) 

RS\ 
B-Rn - 2RSSeCN + Rn-B: 

RS\ 
B-H - 

(72) 
H R" R"\ 

H R" R"' 
R'SeCN + B-OH R'-B R'-B - 

In the presence of base, phenylselenenyl bromide reacts with alkenyldihydroxyboranes to give alkenyl 
phenyl selenides with retention of configuration at the double bond (equation 73).17* 

R 
c \=\ PhSeBr, NaOH R 

B(OH)2 SePh 
* (73) 
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4.2.1 INTRODUCTION 

Organometallic compounds based on very electropositive elements such as lithium and magnesium 
have long served as carbanion sources, but far less frequently in tactical oxidations. Oxidation of Grig- 
nard reagents and organolithium compounds to form alcohols has been employed, particularly when the 
direct halide to alcohol conversion is unattractive, for example because of P-branching.' Although or- 
ganometallics may be formed in a wide variety of ways, their value in synthesis depends on the ease with 
which the carbon-metal bond may be transformed into some other desired functionality. Thus, in prin- 
ciple there should exist a range of synthetic applications for the oxidation of relatively weak carbon-met- 
al bonds provided some (or most) of the following criteria are met: (a) the metal-containing moiety can 
be introduced easily and preferably in a number of ways which exhibit high levels of regio- and stereo- 
control; (b) the method of introduction shows good functional group tolerance and hence minimizes pro- 
tection4eprotection sequences; (c) the resulting organometallic is stable enough to withstand standard 
manipulations if necessary; (d) subsequent oxidation proceeds under suitably mild conditions with re- 
agents that are chemoselective for the carbon-metal system; and (e) the oxidation pathway exhibits a 
high level of regio- and even stereo-control and is synthetically efficient. 

The carbon-metal systems considered appropriate for this section (and not covered elsewhere in this 
series) are carbon-tin, carbon-mercury and, to a restricted extent, carbon-palladium bonds. Although or- 
ganomercurials and organostannanes have been studied for over a century, the former continue to attract 
attention because of their controlled formation by the Markovnikov oxymercuration reaction (OM) and 
its variants? and the latter because of newer and regiospecific methods for forming C - S n  bonds and 
oxidatively cleaving them. In both cases, significant examples of synthetically useful oxidations have 
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appeared in recent years and form the substance of this chapter. Organothallium compounds, sometimes 
usefully compared with the isoelectronic organomercury systems, also exhibit synthetic utility but in 
general are less stable, less generally acquired and more prone than the mercurials to rearranging (carbo- 
cationic), dethallation reactions etc. The synthetic aspects of organothallium chemistry have been re- 
viewed re~ently.~ 

4.2.2 OXIDATION OF CARBON-TIN BONDS 

4.23.1 Introduction 

Although organotin compounds (Le. with at least one carbon-tin bond) date back to 1849, only rela- 
tively recently has there been general recognition of the many roles organostannanes have in synthesis. 
For example, organostannanes find important applications in the free radical based generation of C-H 
and C - C  bonds, transmetallation reactions providing a range of organolithium reagents, and a number 
of transition metal catalyzed reactions. Much of this chemistry has been nicely organized and discussed 
elsewhere? A newer and expanding role is related to their entry into oxidation reactions and this aspect 
is discussed below. 

Most organostannanes are relatively stable liquids or solids, which are easily handled in air and are, by 
and large, insensitive to moisture. The toxicity of organostannanes has been extensively investigated, and 
as a rule these compounds should be regarded as hazardous and use of gloves and operating in an effi- 
cient fume hood are strongly re~ommended.~ Methyl- or ethyl-tin derivatives have the highest mamma- 
lian toxicity, whereas n-butyl derivatives are significantly less toxic. This factor, coupled with the 
commercial availability of the cheaper n-butyl derivatives, indicates that unless methyl derivatives have 
special advantages, the n-butyl derivatives should be preferred. Reactions involving trialkylstannanes 
(RsSnR’; R = Me, Bun) produce one equivalent of ‘trialkyltin salt’ (RsSnX), which is generally removed 
by thorough washing with aqueous fluoride solution, forming the sparingly soluble RsSnF derivatives. 
This procedure works well for Me9nX, but less well for Bun3SnX. Washing the organic phase with 
aqueous ammonia may be advantageous in those cases. 

Two general categories of oxidation may be recognized (a) ‘direct’ oxidation of the C-Sn bond to 
C - 0  groupings as in alcohols or ketones; and (b) ‘oxidative fragmentations’ of certain specifically 
functionalized organostannanes, usually under free radical conditions. With respect to cleavage of the 
C-Sn bond, the large covalent radius of tin (0.14 nm), the long C P n  bond (0.22 nm), the relatively 
low mean C-Sn bond dissociation energy (-50 kcal mol-’; 1 kcal = 4.18 kl) and the polarizable but es- 
sentially covalent C C n  bond should be noted. Thus it is no surprise that the C-Sn bond exhibits con- 
venient reactivity under both free radical and polar conditions. 

4222.2 Unactivated Carbon-Tin Bonds 

That unactivated carbon-tin bonds could be oxidized directly in a potentially useful synthetic way was 
demonstrated in 1964. Symmetrical tetraalkylstannanes reacted with chromic anhydride ( C a s )  in acetic 
acid to yield aldehydes and acids depending on the conditions (equation 1). Using a large excess of oxi- 
dant (12-fold excess) and long reaction times (360 h at 20 ‘C) a near quantitative yield of n-butanoic acid 
was obtained from B u % S ~ . ~  

ca3 
Bun&% - W H O  + PCOzH + otherproducts 

AcOH 

Development of this approach to a synthetically useful level was reported by Still, who employed large 
excesses of the Cas-pyridine oxidant? The trimethylstannyl group was introduced either by bromide 
displacement or conjugate addition to enones (using MesSnLi) to provide a range of secondary or tertiary 
stannanes. Oxidation with C r 0 3 . 2 ~ ~  (py 1 pyridine) led to ketones, ketols or alcohols depending on the 
system (Scheme 1). 

In the case of tertiary stannanes, oxidation leads to mixtures of alcohols and alkenes and some allylic 
oxidation, although 1 -adamantyltrimethylstannane, incapable of elimination, provided the tertiary alco- 
hol in good yield (Scheme 2). 
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i, Me3SnLi 

ii, 15 equiv. Crop2 py 
10% 

0 Br 

rn 

i, Mc3SnLi 

Me3Sn ii, H ~ O +  
O iii, - Li 

Y 

Scheme 1 

0 

50% 50% 

0 - [Ol + otherproducts 
0 0 

SnMe3 

Scheme 2 

The examples shown in Scheme 2 illustrate: (a) a method for R3C-Br + R 2 C 4  or R 3 C 4 H ;  and 
(b) dialkylative enone transposition as shown in essence in equation (2). The sequence R2CH-Cl + 
RzCH-Sn + R 2 M  was crucial in a synthesis of the troponoid nezukone (1), as other methods of 
functionalizing the R 2 C H 4 1  system in this ring failed (equation 3).* The dialkylative enone transposi- 
tion (equation 2) was illustrated by a short synthesis of dihydrojasmone (equation 4).' 

i, R2Li - 
Me3Sn 

R' ii, H~O+ 

i. MeaSnLi 

ii, R1-X 
R' 

0 J+R2 

R' 

Oxidation of dimethylhalotin groups to hydroxy groups with retention of configuration can be 
achieved under relatively mild conditions using alkaline hydrogen peroxide? a procedure of importance 
for the oxidation of carbon-silicon bonds (see Volume 7, Chapter 4.3). Thus the iadine(II1)-mediated 
cleavage of Me3SnR to MezSnClR, followed by oxidation, provides an efficient route for R2CH-SnMe 
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i,Me,SnLi b & i,MeLi - & (4) 

ii, n-CsH1II ii. CrQ3.2 py 
iii, NaOH 

SnMe, 0 
b 

-+ RzCH-OH with configurational retention (equation 5). This finding may have applications in the 
synthesis of various hydroxylated natural products based on organotin intermediates. 

i, (PhIO),, BF3*Eb0 - 6 30% H@z, KHc03 L 6 
SnMez 75-8096 OH 
c1 

(5 )  
ii, NH&I THF-MeOH 

I 

4333 Allylic Stannanes 

In contrast to the oxidation of unactivated stannanes, allylic derivatives are expected to be more reac- 
tive, and mild conditions and oxidizing agents can be employed successfully. A particularly useful re- 
action involves the conversion of an allylstannane to the allylic alcohol, and the commercially available, 
solid, easily handled m-chloroperbenzoic acid (MCPBA) is the reagent of choice for oxidations ern- 
ploying organic solvents such as dichloromethane. Under these conditions epoxystannanes cannot be is& 
lated and allylic alcohols form directly (equation 6).'OJ1 

However, given the periodicity of the Group XIV congeners, and that epoxysilanes can be isolated 
from reactions of allylsilanes and MCPBA,12J3 it is reasonable that epoxystannanes are intermediates in 
the overall conversion. Just as the 'P-silicon effect' may be regarded as dominating the chemistry of 
allylsilanes with electrophilic reagents,14 the influence of the SnR3 group in allylstannanes is similarly 
dominant. Thus epoxidation of allylstannanes may be viewed as electrophilic addition to the double bond 
(probably anti to the tin moiety), followed by rapid acid-promoted ring opening and destannylation. This 
yields the allyl alcohol in a regiospecific manner with allylic transposition. 

It is possible to write a cyclic destannylation mechanism for allyl alcohol formation as shown in 
Scheme 3, but this implies hydroxylation syn to the departing tin group, and there is evidence that this 
concerted route (2) is not dominant (Scheme 3).15 

There thus exists a preference for anti (or antara) hydroxylation in these cyclohexenylstannanes, 
where electrophilic substitutions are known to proceed faithfully with allylic rea~~angement. '~.~~ A more 
likely pathway is shown in Scheme 4, which is supported by results with optically active allylsilanes,'* 
which require anti attack by MCPBA on the silane conformation maximizing C C i  u+r interaction. 
This chemistry forms the basis of a general method for 1.3-hydroxy transposition in allylic alcohols 

(equation 7).19 The starting alcohol is converted by 3,3-sigmatropic rearrangement of the 0-allyl-S- 
methyldithiocarbonate followed by hydrostannolysis to the allylic stannane, which is oxidized by 
MCPBA in a completely regiospecific manner. A similar sequence has been reported for allylsilanes." 
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dQ 
HO 4 MCPBA -n &P R' snR23 OH 

cis:trans 
22:78 
63:27 

cis:trans 
5644 
3466 

Scheme 3 

- MCPBA 9,,,y3 H+ HO 

Scheme 4 

Some typical results are shown in Scheme 5 ,  and other oxidants such as LTA and bisacetoxyphenyl- 
iodine were unsatisfactory. 

60% 

Ph 

60% OH 

61% - 
OH 

66% 
___) Ph 

OH 

59% A? 
Y - x  

Scheme 5 

MCPBA oxidation of an allylic stannane is a key step in the overall conversion of an a$-unsaturated 
aldehyde to an (E)-P-bromo-a-enone, as shown in equation (8).21 

R + 
0 

CHO 

Addition of BuSSnLi to the a,p-enal provides the sensitive a-hydroxyallylstannane, which is con- 
verted directly to the a-bromoallylstannane without allylic rearrangement. Subsequent oxidative destan- 
nylation with MCPBA is accompanied by allylic rearrangement, and further oxidation yields the 
P-bromoenone (Scheme 6). 
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MCPBA OH i, PCC. CH2Clz 'i' 
C e snBu3 CH2C12,O "C e Br ii, TsOH, PhH, 50 'C 

0 

Br 
Scheme 6 

Replacement of a trialkyltin group with the acetoxy group using LTA in CHzClz proceeds with accept- 
able yields for 0-activated, allylic and vinylic C - S n  bonds. These sequences may involve intermediate 
organolead triacetates (RPbOAcs), which demetallate to yield carbonium ions (Scheme 7).' 

CHzClZ LTA - -)-OAc 

0'"" 67% 0"' 
Scheme 7 

Heterocyclic stannanes were also employed and yielded 5-acetoxyfuran-2(5H)-ones and 5-acetoxy- 1- 
methyl-3-pyrrolin-2-one from 2-stannylfurans and 2-stannyl-N-methylpyrrole, respectively (Scheme 
QZa in the furan system, it appears initial oxidation of the stannane provides the 2-fury1 acetate, which 
is known to undergo further oxidation with LTA (Scheme 8).23 

R = H  x=o 60% 
(3) R - M e  x=o 91% 

R - H  X = NMe 20% 
(4) R=PhCH$H, X - 0  55% 

Scheme 8 
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Compound (3; Scheme 9) on elimination of AcOH provided (9, which dimerized to the natural prod- 
uct anemonin (6). This approach provides access to 4-ylidenebutenolides, an arrangement frequently 
found in biologically active natural products (Scheme 9). 

Go 53% 

- p" AcOH, A c ~ O  

0 

(3) (5) 
AcO H2S04 (cat.), 80 "C 

Ph-0 438 P h G o  
0 0 AcO 

(4) 
Scheme 9 

The p-stannyl silylenol ether is a useful protection device for a,penones, as the ethers are relatively 
unreactive towards most nucleophiles and are reconverted to the enone on mild oxidation. This form of 
protection was developed and employed in the acquisition of a crucial disubstituted cyclohex-2-enone (7) 
required in the synthesis of (f)-periplanone-B, a sex pheromone of the American cockroach.z4 Similarly, 
this sequence was successful in effecting (Z,,!?) to ( E a  isomerization of isoacoragermacrone (8) to 
acoragermacrone (9), when other methods (e.g. photoisomerization) failed (Scheme lo).= 

i, Me3SnLi 

ii, Me3SiC1 
- i, LDA 

ii, A C H O  
iii. AczO OAc 

EEO 

-q OSiMe3 
i, M e @ L i  

ii, MCPBA 

EEO; 

Me3snq- - OAc 

E E O ~  

(7) 74% overall 

Scheme 10 
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4.23.4 Vinylstannanes 

In 1973, it was demonstrated that 1.2-epoxystannanes, produced from vinylstannanes and MCPBA, 
could be isolated and characterized,1° in comparison with 2,3-epoxystannanes (from allylstannanes), 
which are extremely reactive and have not been isolated (see Section 4.2.2.3). Subsequently, useful ap- 
plications of 1,2-epoxystannanes have been reported, including the internal alkyne + ketone conversion, 
in the carbapenem and carbacephem (p-lactam antibiotic) skeletons. Ketone (10) should be of value in 
the construction of the biologically interesting 1 carbapen-2-ene ring system. Synthesis of ketoacetates 
of potential use in the carbacephem system (e.g. 11 and 12) was also achieved by similar sequences 
shown in Scheme 1 1.26 

Bu3SnH &*23 +/sa2. 

0 ‘R’ 0 ‘R’ 
AIBN, 91 oc, o.5 * 

/ 
0 

R2 = Bun 33% 
MCPBA 

i, HCOzH (20 equiv.) L f l  
ii, LiOH/H20/l”F 

7096 0 

(10) 

Bu3Sn OH B r r L  FoAC MCPBA ~ 

0 
0 ‘R 

HCOzH L / +  flAc 
CHzCl, 

0 R 0 

50% overall 
Scheme 11 

Oxidation of vinylstannanes with LTA is a critical aspect of the introduction of angular ethynyl 
groups, for which the Cu*-based methodology, so useful for angular vinyl groups, is precluded because of 
the efficient binding of ethynyl ligands by copper. Treatment of a range of alkenylstannanes with LTA in 
acetonitrile resulted in conversion to terminal alkynes,” and this novel transformation was rationalized 
as involving a ‘Pb for Sn’ substitution to produce (13) and (cationic) deplumbation. The approach is 
shown in Scheme 12 in general terms and then for the bicyclic ketone (14). 

a-Alkenylation of P-dicarbnyl compounds has been achieved in a similar reaction by generation of 
what are presumed to be ‘alk-l-enyllead triacetates’, by treating dialk-1-enylmercurials or alk-l- 
enyltrialkylstannanes with LTA in CHCb in the presence of the P-dicarbonyl compounds.28 

It should be noted from Schemes 12 and 13 that the mode of decomposition of the presumed ‘alk-l- 
enyllead triacetate’ varies depending on the circumstances of its generation, Le. from a mercury or stan- 
nane precursor. Similarly, alk-1-ynyltrialkylstannanes (15) are oxidized by LTA in CHClj to form a 
species capable of a-alk-1 -ynylation of P-dicarbonyl compounds (Scheme 13).29 

The chemistry outlined in Schemes 12 and 13 has been developed to provide a mild method for the 
conversion of aldehydes to alkynes via vinylstannanes as intermediates, and moderately complex 
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D - R + Bu3SnOAc + Pb(OAc)2 + HOAc 
Bu3Sn i, Bu"Li Bu3Sn LTA 

% R MeCN 
D -  

SnBu3 ii, RX 

Bu3Sn i, Bu"Li 

SnBu3 ii, P r e C C u  

I 

SnBu3 
Scheme 12 

G P h  

Ph i, LTA, CHC13 

SnBu3 ii, ao COzEt 
C02Et 

ao CO2Et 

G P h  

LTA, CHCl, 
Ph SnMe3 c [ Ph--Pb(OAc)3 ] 

(15) COzEt 

Scheme 13 

systems are amenable to the general procedure as shown in Scheme 14.30 This aldehyde + alkyne trans- 
formation was applied in the synthesis of 9(0)-thia-A6-PG11 (as shown in Scheme 15)30 and a PGA2 
ethynyl derivative has been obtained using this method of ethynyl group introd~ction.~' It should be 
mentioned that the intermediate alkenylstannanes provide a route to alkenyllithium reagents from the 
starting aldehydes? 

4.2.25 y-Trialkylstannyl Alcohols; Oxidative 1,4-Fragmentation 

y-Stannyl alcohols display considerable potential for use in organic synthesis, and mention has been 
made of the chromic anhydride oxidation of certain such alcohols and its role in dialkylative enone trans- 
position (Section 4.2.2.2, equation 2).' Two other reactions which have been developed recently into at- 
tractive sequences are: (a) 1,3-elirninative cyclization of y-stannyl alcohols to  cyclopropane^;^^^^^^^ and 
(b) 1,4-fragmentation of (cyclic) y-stannyl alcohols to yield an unsaturated carbonyl compound, which 
proceeds in a stereospecific manner. 1 ,CFragmentation under Grob conditions utilizes electron-attracting 
groups, whereas cation or radical induced fragmentations are rarer. Thus oxidation of y-stannyl alcohols 
with a hypervalent organoiodine compound (in the presence of DCC)M proceeds differently from the 
chromic anhydride reaction (equation 9).' 
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LTA, MeCN DBU, M e  
L R+sflu3 - R- 

80% Br 1 10 OC, 2 h 65% 

>90% 

- R - f S n B U 3  
as for Scheme 6 

R-CHO 

R - f  SnBu3 - R-= 
Br 

R-CHO - 
(1) (11) (m) 

Yieldfrom (I )  Yieldfrom (I l )  

67% 

65% 

65% 

Scheme 14 

55% 

54% 

64% 

Bu%ie$iO 

54% - 

ButMe2Si0 SnBu3 Bu'Me2Si0 
L 6 3 %  - - 9(0)-Thia-A6-PGI~ 
d- ow M- ow 

Scheme 15 

The required organostannanes are accessible by conjugate addition of triakyltinlithium reagents to cy- 
clic enones,' followed by treatment with the appropriate RLi or RMgX reagent, as shown in Scheme 16. 

Fragmentation of the isomeric mixtures of y-stannyl alcohols was achieved by adding a preformed 
solution (stir for 1 h at room temperature) of BFyEtzO and DCC to the stannane and iodosylbenzene at 
0 'C, under a N2 atmosphere. Fragmentation of five-, six- and seven-membered ring stannanes proceeded 
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R' iodox ylbenzene 

(9) 

SnBu3 SnBu3 

n =  1,5896 
n = 2,78% 
n = 3,76% 

Scheme 16 

efficiently, and secondary alcohols (from NaBH4 reduction of the stannyl ketones) provided the unstable 
enals. These results are listed in Table 1. 

Table 1 Iodine(III)-mediated 1 ,CFragmentation of y-Stannyl Alcoholsa 

System Reaction time (h) Product Yield (%) 

HO R 

SnBu3 

n = l , R = P h  
n = 2,R = Ph 
n = 3, R = Ph 

5 
4 
2.5 

R b 
n = l  
n = 2  
n = 3  

63 
81 
86 

HO R 

OHC 
SnBu3 

2 n = 2  74 n = 2, R = H  
n = 3, R = H  3 n = 3  55 

:4 
'Conditions: add preformed solution (stir for 1 h at morn temperature) of BF3-OEt2 and DCC to the stannane and 
iodosylbcnzene at 0 "C with N2 atmosphere. 

Addition of Bu3SnLi to cyclohex-2-enone followed by enolate trapping with n-decyl iodide proceeded 
with high diastereoselectivity to provide the 2.3-truns-stannyl ketone (16), which could be equilibrated 
with the cis diastereomer (17) upon treatment with base.35 LAH reduction, followed by separation of the 
diastereomers, afforded samples of the 2-alkyl-3-stannylcyclohexanols as shown in Scheme 17. 
Iodine(II1)-mediated fragmentation was shown to proceed in a stereospecific anti manner, with either of 
the rruns-2,3-cyclohexanols affording (&-end (18). and the cis-2,3-alcohol the (a-enal (19; Scheme 
17). End (18) was then utilized in a stereoselective synthesis of the mosquito pheromone, erythro-dace- 
toxyhexadecan-5-olide (20; Scheme 1 8).3 
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' &+a+& OH OH OH 

NaOH 
dioxane1 
MeOH SnBU:, snBu3 snBu3 

A: 60% 40% - 
21% 36% (separated) 

LiAIH4 , J B:43% 

0 0 

(16) 62% (17) 38% 
(inseparable) 

OH 

Scheme 17 

NaOCl i, MCPBA 
CO2H 0 

ii, reflux, PhMe, 24 h 
(18) - " - C , o H 2 1 ~  

r.t., 17 h 

H H 
AqO, pyridine 

O Y O Y + O H  L 

(20) 40% from acid 

Scheme 18 

This iodine(1II) oxidative fragmentation has been exploited to generate unsaturated medium ring lac- 
tones in good yields and with complete control of double bond stereochemistry as shown in Scheme 
19?6 Use of diacetoxyiodobenzene (DAIB) instead of iodosylbenzene-BF3-Et2O-DCC resulted in much 
enhanced yields (-80%). 
LTA in refluxing benzene will also effect fragmentation of y-stannyl alcohols to (E)- and (Z)-ketoal- 

kenes in a stereospecific manner depending on the cis or trans nature of the 2.3-groups. and, for overall 
synthetic ease, the use of LTA may be more attra~tive.~' The fragmentation may be viewed as a trial- 
kyltin-triggered radical cleavage as shown in Scheme 20. Under the conditions for this cleavage of the 
y-stannyl alcohols, the corresponding silanes do not react, but there are methods for such silane re- 
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1 I111 3 

76% 

0 

($3 H - 5 O Q ,  

Bu3Sn 
Scheme 19 

actions.38 The LTA-based cleavage has been elegantly applied to part of the sequence leading to brefel- 
din A seco acid (21)39 and has found application also in the synthesis of dienones4 capable of ready ela- 
boration to various spiroacetal systems, for example (E,E)-2-ethyl-8-methyl- 1,7-dioxaspiro[5.5]undecane 
(22; Scheme 21). 

LTA, PhH 
w 

95% 
uc"SnBu3 

91% 
uSnBu3 

Bun LA/ 
Bun % 

c 

0 - ___c + Bu3Sn* 
wSnBu3 R 

uSnBu3 LJ 

Scheme 20 

Oxidative fragmentation (and oxidation) of carbon-tin bonds are part of an overall sequence based on 
Michael-Michael ring closure reactions (MIMIRC) which represent extraordinarily easy, high yielding, 
one-pot, four-component coupling reactions, which may lead finally to functionalized cyclohexenes, cy- 
clohexanols, cyclodecenones and aromatic systems, as shown in Scheme 2L4' Quenching of the trial- 
kyltin enolate with 2 equiv. of methyl acrylate or methyl a-bromoacrylate provides ester enolates which 
spontaneously execute intramolecular aldol cyclizations to form polyfunctionalized cyclohexanols (23) 
and (24), each as a mixture of two diastereomers only. LTA cleavage (of each separated diastereomer) 
resulted in a stereodefined richly functionalized cyclodecene system (25) related to the germacrane class 
of sesquiterpenes, whereas oxidation4ehydrobromination formed regiospecifically tetrasubstituted aro- 
matics (26; Scheme 22). 

This general strategy was extended to include five- and seven-membered ring a,penones, which also 
underwent 'one-pot' Michael reactions with BusSnLi, followed by enolate 1.4-addition to vinyl ketones 
and aldol reactions with aldehydes to provide cyclic hemiketals (MIMIARC)$2 LTA fragmentation re- 
sults in four-atom enlarged, vicinally disubstituted, regio- and stereo-specifically unsaturated macrolides 
as summarized in Scheme 23. Yields of chromatographically pure macrolides were in the 3047% range. 
Exclusive formation of the (E)-alkenolides (Scheme 23) is due to the trans nature of bonds a and b in the 
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ii, NaBH, 

0 

(22) 

Scheme 21 

ii, 2 J, X COZMC 

(23) X = H, R = Bun; 78% 
(24) X = Br, R = Me; 74% 
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hemiketals, and the anti elimination involved in the oxidative cleavage of the y-stannyl4ydroxy ar- 
rangement. 

R2 = Me R' =Et  47% 
R2 = H2CICH R' =Et  39.5% 
R2 = o-IC& R' =Et  37% 

Scheme 23 

The general attractiveness and flexibility were illustrated by acquisition of 2,34substituted quinolines 
(27) and also phorocantholide (a), a natural 10-membered ring lactone constituent of an insect secre- 
tionj2 The use of a,p-unsaturated ketones as initial receptors lends extra scope to the overall sequence, 
and permits preparation of substituted 9-, 10- and 11-membered unsaturated mmlides  (29) bearing 
double bonds of fixed geometry at specific positions in lactone rings (Scheme 24).43 As illustrated in 
Scheme 24, intramolecular cyclizations of the vic groups may also lead to regiospecifically substituted 

0 i, Bu3SnLi; ii, q R  ; iv, LTA Dphm$R 0 8 iii. 9 NPhth M e 0  
ii, i.MeNH2, CHzN2 3 R 

CHO 

(27) R = Et, 27% overall 
R = Ph, 31% 

I 

(28) 27.5% overall 

i,BqSnLi;ii, qEt 0 3 COzEt - 
iii, RCHO, iv, LTA 

(29) 
R = c-C~HS 44% overall 
R = M e  36% 
R=3-MeOC,& 42% 

Scheme 24 
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naphthalenes, quinolines, benzofurans and benzothiophenes. This great versatility and flexibility coupled 
with regio- and stereo-control make the MIMIRC and MIMIARC reactions very attractive, but control is 
due to the stereochemistry of enolate alkylation and the anti fragmentation of the y-stannyl alcohols. 

4.23.6 P-Stannyl Hydrazones, Oximes and Carboxylic Acids 

Triakyltin-triggered oxidative fragmentations of hydrazones, oximes and carboxylic acids have been 
reported, and may develop into very useful procedures. p-Stannyl phenylhydrazonefl on oxidation with 
NBS provided the interesting azocyclopropanes (30), which could be transfonned to the pyrazolines (31) 
by treatment with SnC12 in refluxing benzene. DDQ and LTA were also efficient oxidants. Homolytic 
cyclopropanation was suggested (Scheme 25) and shown to proceed with inversion of the C 4 n  con- 
figuration, eventually yielding pyrazolines, regio- and stereo-specifically (Scheme 25). 

Ph 

R = Me: 
R = But: 
R=Ph:  

0 0 )  
64% 
91% 
87% 

R 
(31) 
87% 
96% 
91% 

Ph Ph 
I 

.N - N ’  I RL SnBu3 R W S n B u 3  ‘ 

NHPh Ph Th [OI N z  N’ SnC12 

Ph 
Me3Sn ~ 

Scheme 25 

A2-Isoxazolines exhibit considerable versatility in synthesis and one-pot oxidative ring contraction of 
stannyl oximes to A*-isoxazolines with stereocontrol results from the strong directing effect of the tin 
group, followed by 1,3-dipolar cycloaddition (Scheme 26).45 In conjunction with other results, it was 
suggested that oximes with the stannyl group too far removed from the iminoxyl group (3-electron 
o-radical) for direct interaction react by fragmentation-recombination, whereas sufficient proximity 
leads to direct C-0 bond formation. 

p-Stannyl- (and p-silyl-) carboxylic acids undergo oxidative decarboxylation with LTA under mild 
conditions to provide the corresponding alkenes.46 This represents an improvement on the well-known 
alkene-forming decarboxylation of acids with LTA, which requires thermal or photochemical conditions, 
for e~arnple.4~ The directing metal effect leads to improved yields and regioselectivity. However, stereo- 
specific alkene formation did not occur and this could imply free radical involvement or transmetallation 
(Pb for Sn) (stereochemistry?) followed by cation formation, see for example Scheme 27. 
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LTA, CHzCIz - Ph- 

47% Bu3Sn 0°C,2h 

70% 

M = Me3Si, Sn 

Scheme 27 

4.23 OXIDATION OF CARBON-PALLADIUM BONDS 

The oxidative cleavage of the bond between carbon and palladium is often a key step in Pd-catalyzed 
reactions, in which transiently formed organopalladium systems are implicated. These latter aspects are 
covered elsewhere (Volume 7 Chapter 3.4) and the present discussion is restricted to oxidation of pre- 
formed, stable organopalladium compounds. 

4.23.1 n- Aliylpalladium Complexes 

Despite the existence of a formidable literature on systems in which transitory n-allylpalladium com- 
plexes are only a few papers describe the oxidation of preformed n-allylpalladium complexes 
to alcohols, rather than to carbonyl compounds. Nevertheless, these reports suggest that the procedure 
has considerable potential, in view of the stereoselectivities reported. in the steroid area, it was estab- 
lished that n-allyl-Pd complexes were oxidized regiospecifically and with high stereoselectivity to 
allylic alcohols by MCPBA, using pentane-pyridine as s0lvent.4~ The hydroxy group was delivered pref- 
erentially to the same diastereotopic face of the allyl system as that originally occupied by palladium. 
These oxidations have severe solvent effects, with pyridine appearing to suppress carbonyl compound 
formation, and enhancing the regio- and stereo-selectivity of the oxidations (Scheme 28). Some studies 
of the oxidation of organopalladium compounds with Crvr reagents have also been reported, and only 
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Collins reagent (Cr“’ oxide-2py) appears to provide acceptable yields (4040%) of aldehydes and 
ketones (Scheme 28).50 

MCPBA 

Pentanc-PY 
66% 

OH 

Scheme 28 

4.23.2 Cyclopalladation-Oxidation 

The Shaw cyclopalladation reaction (equation lo), reported in 1978, has been developed sufficiently to 
conclude that it has considerable potential for functionalization of unactivated methyl groups in the vi- 
cinity of a ketone, via the oxime.51 This was demonstrated with lanost-8-en-3-one, which furnished a cy- 
clopalladated derivative (32), which allowed functionalization of the 4-Me group to CHD (NaBD4) and 
CHd (12/CHC13)?2 Attempted oxidation of the cyclohexanone derivative (33) with MCPBA unexpected- 
ly provided the chloromethyl compound (Scheme 29). 

\ /  
NaPdC4 HO, - Pd xo. 

(10) ’$( EtOH * 

However, smooth conversion in the sense C-Pd + C - 0  was achieved when LTA-Py was em- 
ployed as oxidant, and very high yields (8CL10096) of 0-functionalized methyl compounds were ob- 
tained (Scheme 30)?3 Notice that the second palladation to form (34) occurs regiospecifically on the 
second methyl group in 2,2-dimethylcyclohexanone. Hindered ketones, such as 2,2,6,6tetramethylcyclo- 
hexanone also behaved in excellent fashion. An argument based on conformational control has been 
presented to account for the regiospecificity of the second palladation step.” Lupanone oxime (35) was 
successfully converted in high yield to the expected 23-acetoxy derivative (36) by this sequence (Scheme 
30).” Cyclopalladation-oxidation has found interesting applications in the synthesis of carbohydrate- 
derived, quatorially functionalized gerndiC-alkyl derivatives, which are important for certain enantio- 
selective synthese~.~~ Thus (37; Scheme 30) provided a single acetoxy oxime (38) in nearly quantitative 
yield, and the stereospecific functionalization is attributed to the necessity for a nearly coplanar arrange- 
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\ 
X 
X = D, 78% 
X = I ,  40% 

Scheme 29 

ment of the oxime carrying Pd and the methyl group. The use of NaBH4 as the final step in the synthetic 
sequence prevents trapping of PdI1 by the oxime, by reduction to Pdo. 

N 
HO. 

ijc 
i, Na2PdCh; ii, py 

iii, LTA; iv, NaBH4 

HO . 

&OAC 

---c- 

82% 

96% (34) 

D 

i, Na2PdC14; ii, AczO 

iii, py; iv, LTA; v, NaBH4 
90% 

as for (35) --f (36) ph 

N 
‘OH ‘OH OAc 

(37) (38) 

Scheme 30 

43.4 OXIDATION OF CARBON-MERCURY BONDS 

4.2.4.1 Introduction 
Applications of organomercury compounds in ~ y n t h e s i s ~ . ~ ~  overwhelmingly concern Markovnikov 

conversion of alkenes, allenes and cyclopropanes to alcohols, ethers, amines, peroxides and azides by 
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oxy-, alkoxy-, amino-, peroxy- or azido-mercuration of the unsaturated group, followed by reductive 
demer~urat ion.~.~~ Sodium borohydride is routinely used to effect reductive demercuration and there has 
been considerable interest in the mechanism of this step. This sequence is shown in equation (1 1) for the 
more common oxymercuration-reductive demercuration. Full details and discussion of these procedures 
have been presented elsewhere.2 

There is persuasive evidence that reductive demercuration involves a noncage free radical chain mech- 
anism with a common hydrogen source (RHgH) irrespective of the hydride employed (NaBH4, BusSnH, 
LAH) (equations 12-14).58-60 

[HI 
RHgX - RHgH 

R* + RHgH - RH + R* + Hg (14) 

Hill and Whitesides demonstrated that reduction of organomercurials with NaBH4 in the presence of 
oxygen gave a spectrum of products in line with free noncaged alkyl radicals as intermediates, and sug- 
gested that efficient oxygen-trapping of such radicals would provide a useful method of carbon-oxygen 
bond formation, and generally of adding functionality to alkene moieties (equations 15 and 16).58 

H x  reduce 
ROO* - ROOH ROH (16) 

4.2.4.2 Oxymercuration-Oxidative Demercuration 

Oxymercuration-oxidative demercuration (OM-OD) has considerably broadened the utility of organo- 
mercurial applications in ~yn thes i s .~~  Typically, a solution of the mercurial in DMF (room temperature) 
was added to a DMF solution of NaBH4, through which oxygen was rapidly passed.58 Generally 1.2-1.3 
mol of borohydride was required to effect complete demercuration. In addition to the expected alcohols 
and hydrocarbons, other products presumed to be alkoxyboron compounds were also formed, but these 
could be hydrolyzed to alcohols. A typical result is shown in equation (17), with yields after the hydro- 
lysis step. 

o H g B r  NaBHHOz - ~oH+o:'o".Q OMe +(J( 17) 

''+'OMe ''%OMe ""OMe 

52% 35% 4% 5% 

Thus good yields of P-alkoxy alcohols can be obtained, albeit as diastereomeric mixtures, but unfortu- 
nately hydroxymercurated alkenes under similar conditions do not lead to useful products.s8 Despite this 
apparent limitation, alkoxymercuration-oxidative demercuration has been very effective in a number of 
systems described below, and there is no doubt it is a procedure worth consideration for hydroxy group 
introduction. 

The first general application of this procedure was to the synthesis of tetrahydrofurfury1 alcohols, the 
precursor mercurials of which resulted from an intramolecular reaction of alkenic alcohols (Scheme 
31).61.62 Both mercurials and alcohols were formed as diastereomeric mixtures, the latter in moderate 
yields (Table 2). 
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i, Hg", H20 
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Table 2 

\ - kz 
OH 

Mercurial Hydroxy derivative Yield (%) 

(H"" 
0 

X-)_.HgC' 

0 

w HgCl 

HgCl 

w 0 10 

w 0 20 

ph w 0 25 

&OH H 60 

v OH 45 

m 60 
OH 

Oxidative replacement of HgX by hydroxy is straightforward in more complex systems. For example, 
this conversion was an important step in the total synthesis of the potent antiviral agent aphidicolin (39), 
shown in Scheme 32.63 The 6,l la-oxygen ring system was introduced by a (cyclization) oxymercura- 
tion-oxidative demercuration sequence in the synthesis of 5 0 -  and 5(Z)- 1 1-deoxy-6,1 1-a-epoxy-A5- 
prostaglandin Fia in a most efficient manner (Scheme 33).64 A number of other cyclization methods (12, 
selenium reagents) were tried but were unsuccessful. Thus oxymercuration-cyclization provided the bi- 
cyclo[3.2.1] system in good yield, which was then acetylated (for subsequent differentiation of the C-15 
and C-5 hydroxy groups) and oxidatively demercurated to provide a separable diastereomeric set of C-5 
alcohols. This type of approach has also been employed in the synthesis of 5-hydroxy-PGI2.65 
Mercuricyclization-oxidation has been utilized in a short stereoselective approach to the trans-fused 

pyranopyran ring system (40). which is found in some squalene-derived tetracyclic ethers such as thry- 
siferol and venustatriol.66 Unsaturated hydroxy nitrile (41) on Hg" cyclization (with Hg(OCOCF3)z in 
DMF), followed by metathesis to the chloride afforded the tetrahydropyranylmerurial, which on oxida- 
tive demercuration provided an easily separated alcohol mixture, with the desired axial alcohol (42) 
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-- i, N a b ,  02; ii, PCC; iii, BQIW 

- 0"" 
iv, Bus3BHLi; v, Bu'CHO/H+ 

Bu'MezSiO 58% But 

HOi 
(39) 

Scheme 32 

ii, NaCl 
57% 

HO OH 

Scheme 33 

predominating. Alcohol (42) was converted to the chair-boat pyrano-pyran system (43). again utilizing 
mercuricyclization-oxidation (Scheme 34). 

The synthesis of the limonoid azadiradione, utilizing a Hgn cyclization-oxidative demercuration se- 
quence with an enol phosphate derived from truns,rruns-famesol has been reported.67 Azadiradione, a te- 
tracarbocyclic member of the limonoid group isolated from the neem tree, Azudiruchru indica, has been 
converted to other tetracyclic limonoids, and is thus a key intermediate. The sequence is shown in 
Scheme 35. 

Organomercurial intermediates have also been utilized in the biomimetic conversion of communic 
acids to the pimarane system, during which the radical involved in the Nab-demercuration step was 
captured by oxygen.68 Treatment of trans-communic acid with Hg(0Ac)a (2 equiv.), followed by reduc- 
tion, led to (44) and (45) and other products. These results are consistent with the intervention of the 
radical formed from the dimercurial(46) and, indeed, separate reduction in the presence of oxygen pro- 
vided the peroxy compound (45) directly (Scheme 36). 

In the area of pheromone synthesis, oxymercuration-oxidative demercuration has also proven valu- 
able. For example, all four stereoisomers of tetrahydro-2,2,6-trirnethyl-W-pyran-3-01, from the elm bark 
beetle Preleobius viffufus have been acquired by a sequence from (R)- and (S)-sulcatol, which incorpor- 
ates this mercury chemistry.@ The epimeric alcohols (47) and (48; Scheme 37) were separable (MPLC) 
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23 OC 
C02Me L 

ii, IN HzSO4,IO O C  
iii, 8N Jones reagent, 

0 "C 

i. Hg(OCOCF3)2, MeNO2 

ii, NaCUH20 
27% ClHg 

C02Me - - 0 

86% 
Azadiradione 

Scheme 35 

and shown to possess ca. 100% ee. In the same manner, the (3R,6S)- and (3S,6S)-stereoisomers were o b  
rained. A number of naturally occurring spiroacetals bearing hydroxy substituents have been described 
and mercury chemistry was employed to obtain (E,E)-2-hydroxymethyl-8-methyl- 1,7-dioxaspir0[5.5]~~ 
decane (49), a component of the rectal gland secretion of the cucumber fly D. cucumis (Scheme 37).'O 

Useful transformations in the carbohydrate field have also been reported.71 Wittig reaction of 2,3,4,6- 
tetra-0-benzyl-&glucopyranose provided alkene (50). which on Hg"-mediated cyclization provided 
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i, H~(OAC)~ ,  H20 

ii, NaBH, 
c 

. J '"'+ 

(46) 
Scheme 36 

i, Hg(OAc)*, H20 

60% 

50% 

Scheme 37 

essentially pure cy-chloromercurial product (51) in high yield. Thus the axially oriented mercury group 
was well equipped for a range of further transformations and this cyclization provides an entry to 1.5- 
rruns (e.g. a - D )  C-glucopyranosyl derivatives (Scheme 38). 

An especially important example of ring-forming aminomercuration-oxidation has been outlined in 
the synthesis of 1 -deoxynojirimycin (52) and l-deoxymannojirimycin (53). which are an interesting class 
of glycosidase inhibitors.'* The reported method (Scheme 39) allows the conversion of a natural sugar 
into an azaalditol possessing the same relative and absolute configuration. Thus aminoalkene (54) (from 
tri-O-benzyl-6-bromopyranoside) on cyclizing aminomercuration erc. provided bromomercurials (55) 
and (56). Oxidation provided (57), which on hydrogenolysis erc. led to (52). The minor mercurial (56) 
after oxidative demercuration could be oxidized (Swern) to the aldehyde, followed by epimerization 
(DBU) and reduction (NaBH4) to afford additional (57). Use of methyl-a-D-mannopyroside provided the 
epimeric aminoalkene (58), which was then transformed as described for (52) to (53) in 15% overall 
yield, although the mercuricyclization provided predominantly the unwanted isomer, which was epi- 
merized as outlined (Scheme 39). 
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OBz i, Hg(OAc)z Bz(;~&,, 

B z O S  OH - B z O h  BzO OBz ii, NaCl BzO 
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HgBr B Z C l o S Z  
OBz ii,NaBr * BzO*z BzO + ( OBz 

OBz HgBr 

BzO w z  i +  Hg(oTFA)2 
BzO 

(54) (55) 61% (56) 39% 

HO OBz 
15% 

HO BzO 

4.2.43 Miscellaneous Oxidations 

Some other reactions involving oxidation of the C-Hg bond have been known for some time, but 
these are either of limited synthetic appeal or have experienced no significant development in recent 
years. Thus ozonolysis of the C-Hg bond to form carboxylic acids or ketones falls into the first cat- 
egory?* whereas allylic acetoxylation of alkenes by Hg(0Ac)z falls into the second category. Neverthe- 
less, this allylic oxidation (Treibe's reaction) has considerable synthetic utility, and has been reviewed 
quite recently.56.73 

It is worth noting at this point that palladium(I1) salts intervene in a synthetically useful way when 
alkenes are reacted with Hg" salts in either water or a l ~ o h o l s . ~ ~ ~ ~ ~  Thus oxymercuration-palladation- 
depalladation ensues and results in alkene + ketone conversions (equation 18).56 The reaction can be 
catalytic in Pd", if a reoxidant such as Cu" is employed. 
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43.1 INTRODUCTION 

This chapter concentrates on those processes in which oxidative cleavage of a carbon-silicon bond re- 
sults in production of the alkyl/aryl fragment as an alcohol/phenol. Other cleavage processes are dealt 
with, but more briefly. 

The first example of such cleavage was reported in 1958 by Buncel and Davies, in a pioneering study' 
of the rearrangement of triorganosilyl perbenzoates to yield alkoxy- or aryloxy-silanes (Scheme 1). Hy- 
drogen peroxide can also be employed as oxidant, in a sequence which illustrates the migratory pref- 
erence of the phenyl group. Later kinetic studies* confirmed that the rearrangement was intramolecular. 

Until recently, little attention has been paid to the synthetic potential of this oxidative cleavage. Due 
largely to the studies3 of Tamao and Kumada and, independently, those of Fleming? and their cowork- 
ers, such potential has now been revealed. It is the purpose of this chapter to highlight some of its appli- 
cations. Since the emphasis is on synthetic utility, only high-yielding reactions have been selected for 
inclusion. Unless otherwise stated, all compounds shown are racemic; only one enantiomer is shown for 

For successful cleavage, the silane must carry at least one electronegative substituent, such as alkoxy 
or fluorine. This requirement can be fulfilled either at an early stage by hydrosilylation of alkenes or al- 
kynes using suitably functionalized hydridosilanes, or by late-stage electrophilic desilylation of phe- 
nyldimethylsilyl or allyldimethylsilyl moieties in the presence of a source of fluoride ion. Either excess 
hydrogen peroxide or MCPBA may be used as oxidant, and the alcohol is produced with retention of 
configururion. Fluoride ion is normally a mandatory additive in what is believed to be an assisted rear- 
rangement of a silyl peroxide, as shown in Scheme 2. 

Anhydrous aimethylamine N-oxide5 has been suggested6 as an alternative, neutral oxidant, although 
with dialkoxysilanes relatively high reaction temperatures are required. Alkyltrifluorosilanes, on the 
other hand, undergo cleavage with this oxidant at room temperat~re.~ 

clarity. 

641 
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43.2 GENERATION OF ORGANOFLUOROSILICATES 

433.1 By Hydrosilylation 

4.3.2.1 .I Hydrosilylation of alkenes w a  CI3SiH 

Catalyzed addition of trichlorosilane to terminal alkenes and alkynes, followed by the addition of an 
aqueous solution of potassium fluoride, produces highly reactive organopentafluorosilicates8 (Scheme 3). 

i, CI3SiH, HzPtC16 cat.; ii, KF 

Scheme 3 

Alkylpentafluorosilicates react, in some cases exothermically, with a wide range of electrophilic re- 
agents such as MCPBA: and halogens and halogenoids? Careful stereochemical investigation has 
shown that oxidative cleavage using MCPBA produces an alcohol with predominant refenrion8 of stere- 
ochemistry, whereas cleavage using NBS gives an alkyl bromide with predominant inversion (Scheme 
4).1° Single-electron transfer processes have been implicated." When combined with asymmet~k 
hydrosilylation using a chiral catalyst, optically active alcohols can be generated.12 
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r 1 2- 

Br 

i, C13SiH, chiral Pdu cat.; ii, KF; iii, NBS; iv, MCPBA 

Scheme 4 

43.2.1.2 Hydrosilyhtion of alkynes with MezSiClH and MeSiClzH 

Reaction of H ~ C 4 S i M e C l z  (obtained from the catalyzed hydrosilylation of acetylene with 
MeSiC12H) with an ephedrine-derived lithium dialkylamide produces the chiral vinylsilane (1). Addition 
of BuLi to this vinylsilane followed by treatment with MgBrz gives the corresponding Grignard reagent 
(2). This latter species can be transformed as shown in Scheme 5 into chiral alcohols in reasonable 
enantiomeric excess (ee)." 

SiMeR2 
SiMeR2 
d 

i, ii 
___c 

-D - 
28% ee 60% ee 

i, Bu"Li; ii, MgBr2; iii, D20 iv, H30'; v, H202; vi, H2C=CHCH2Br, CUI; vii, KHF2, H202 

Scheme 5 

The isomeric epoxysilanes (3) and (4), prepared as shown in Scheme 6, undergo a copper-catalyzed 
Grignard r ing-~pening~~ to give P-hydroxysilanes. Oxidative cleavage then completes this selective route 
to either syn (5) or anti (6) 1.2-diols. Such methodology has been utilized in a synthesis of (f)-exo-brevi- 
comin. 

43.2.1.3 Hydrosilyhtion of Alkynes with (Et0)MeSiU 

Hydrosilylation of terminal alkenes using the air-stable silane (Et0)NeSiH in the presence of either 
H?PtCla or (Ph3PhRhCl results in the introduction of silicon exclusively at the terminal carbon atom. 
When coupled with oxidative cleavage, this protoc01'~ provides a simple one-pot synthesis of anti-Mar- 
kovnikov alcohols from terminal alkenes (Scheme 7). 
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vi, vii 
R1- - SiMezH - iv - iii R1wsiMyo* - 

0 
(4) 

OH 

(6) 

i, Me$", HzRC16 cat.; ii, *OH, Et3N iii, MCPBA; iv, RZMgX, CuCN; v, H2O2, KF, 
KHC03, MeOH, THF, vi, hydroalumination then hydrolysis; vii, M H ,  HzPtC16 cat. 

Scheme 6 

-OH 
R i ii R -SiMe(OEt), - L -  

i, (EtO)zMeSiH, cat.; ii, HzOz, KHFz, DMF or MCPBA, KHF2, DMF 

Scheme 7 

A related sequence involving alkynes, with the intermediacy of vinyl(aikoxy)silanes, has been 
described in detail; l6 the various oxidation conditions are summarized in Scheme 8. 

SiMe(0Et)z (EtO)2MeSiH. cat. 
4 R-R 

R R  
- (Et0)2MeSiH, cat. 

R- 
R 

neutral or - R-CHO 

- R"CO~H 

basic conditions 

acidic 

conditions 

R 

R' 'R conditions 0 

Neutral conditions = 30% HzOz. KHF2, DMF, r.t. to 60 "C 
Acidic conditions = 30% H202, AqO, KHFz, DMF, r.t. 
Basic conditions 5: 30% H202, KHC03, MeOH, THF, 60 O C  

Scheme 8 
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Addition" of organolithium and organomagnesium reagents to such vinyl(alkoxy)silanes, followed by 
catalyzed coupling of the new organometallic with either vinyl or allyl bromide, leads,l* after oxidative 
cleavage, to allylic or homoallylic alcohols, respectively (Scheme 9). 

R& - iii R& 
ii/ 

iv OH 

- i 
siR3 a 

SiR3 = SiMe(OEt)2, erc. 

i, RM; ii, H2C=CHBr, cat.; iii, MCPBA, KF; iv, H,C=CHCH,Br, cat. [catalyst either NiCl, or PdCl,(DPPF)] 

Scheme 9 

43.2.1.4 Intramolecular hydrosilylation of allylic and homoallylic alcohols 

Intramolecular hydrosilylation of allyl and homoallyl alcohols, with subsequent oxidative cleavage of 
the resultant C - S i  bond, has provided19 a new approach to the regiocontrolled synthesis of 1,2-and/or 
13-diols (see also Section 4.3.2.2.3). The example shown20 (Scheme 10) illustrates nicely the use of syn 
stereoselection in a reiterative manner. 

i, ii iii iv, i, ii /+\ - q - /* L 

OH 0 - SiMe2 OH OH 

V - 
Me2Si- 0 OSiMezBu' HO HO OSiMezBu' 

2,3 syn:unti 10: 1 
3,4 syn:unti 13: 1 

i, (HMe,Si),NH, r.t. to 60 OC; ii, H2PtC16 cat., 60 OC; iii, Hz02, NaHC03, MeOH, THF 
iv, Bu'Me2SiC1, Et3N, DMAP; v, H202, KF, KHCO,, MeOH, THF 

Scheme 10 

In an extension of this process, the intramolecular hydrosilylation of a-hydroxy enol ethers has been 
presented2' as a new, syn selective route to 1,2,3-triols (Scheme 11). With such sensitive substrates, a 
neutral hydrosilylation catalyst, Pt{ [(CH2=CH)Me2Si]20}2?2 must be used. The utility of this method 
has been demonstrated in a synthesis of the pentitols, D-arabinol and xylitol (as their pentaacetates), in 
optically pure form. 

of the Lewis acid catalyzed intramolecular hydrosilylation of p-silyloxy ketones, 
anti selective hydrosilylation has been observed. 

In a related 
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OH OSiMezH 

syn:anti up to >99: 1 

i, BuLi; ii, R2CH0 iii, (HMeSi)2NH, NH4Cl cat.; iv, Pto cat.; v, H202, KOH, MeOH, THF 

Scheme 11 

43.2.2 From Functionalized Silanes 

4.3.2.2.1 Use of PhMezSi moieties 

Extensive studies4 by Fleming and his group have elegantly demonstrated the utility of lithium 
bis(phenyldimethylsilyl)cuprate, (PhMezSi)zCuLi, for the stereocontrolled nucleophilic introduction of 
hydroxy groups. Conjugate addition of this reagent to an a,p-unsaturated esteS4 (or an a,p-unsaturated 
6-lact0ne~~) produces an intermediate P-silyl enolate, which can be trapped with electmphiles such as io- 
domethane to produce the anti diastereoisomer selectively. Access to the syn diastereoisomer is provided 
by similar conjugate addition to the a-methyl-a$-unsaturated ester followed by protonation (Scheme 
12). In either case, the PhMezSi group can be convertedz6 in two steps into a hydroxy group with reten- 
tion ofconfiguration, by protiodesilylation using either HBF4 or BF3.2AcOH to generate the required flu- 
orosilane (and benzene), followed by a peracid-mediated rearrangement. It can also be applied to the 
synthesis of chiral P-hydroxy  ester^^^.^^ and amides, in those cases where the a$-unsaturated carbonyl is 
functionalized by a chiral alcohol or amine auxiliary. 

PhMe2Si 0 
iii. iv 

PhMe2Si OLi 

Ph-OMe - ii 

uOMe - Ph AOMe Ph 
i 

anti:syn 97:3 OH 0 

PhMezSi OLi PhMe2Si 
P h 4 O M e  - i P h v O M e  ph+ OMe - iii. iv 

i, (PhMe2Si)2CuLi; ii, MeI; iii, HBF4; iv, MCPBA, Et3N; v, NH4CI 

Scheme 12 

Such p-silyl enolate intermediates also react with aldehydes29 with high diastereoselectivity with re- 
spect to both new chiral centers being created, the relative stereochemistry in the aldol reaction being de- 
pendent upon the original geometry of the enolate double bond (Scheme 13). This aldol reaction has 
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been applied to a formal synthesis of thienamycin?O and, with imines as the electrophilic partners, to a 
stereocontrolled route3I to 3 4  l-hydroxyethyl)azetidin-2-ones. 

vi, vii 

PhMezSi I 

\,+' COzMe ii 

R' 
R1+ - 

iii-v, iii 1 

iii-v, iii I 

i, (PhMe2Si)2CuLi; ii, R2CH0, -78 "C, iii, Ac20, Et3N iv, BF,*AcOH; v, MCPBA, Et3N; 
vi, NH4CI; vii, LDA, -78 "C 

Scheme 13 

This two-step protiodesilylation/oxidative cleavage, converting a PhMezSi function into a hydroxy 
group, can be carried out in one pot?2 using either Br2 or mercury(I1) in an acetic acid solution of per- 
acetic acid. The bromine may be generated by adding the peracid solution to KBr, making it unnecessary 
to handle bromine itself, and sodium acetate may be used to buffer the sulfuric acid present in commer- 
cial peracetic acid. However, the latter device, useful when acid-sensitive groups are present, only works 
in those reactions using bromine. When using mercury(I1). acid is needed to catalyze the mercuration of 
the benzene ring. 

was unable to effect selective protiodesilylation, using HBF4, of 
a PhMezSi group in the presence of a benzyl ether. However, alternative use of a 2-furyldimethylsilyl 
group obviated this difficulty, due to the enhanced reactivity of the furan ring towards fluoride displace- 
ment under neutral conditions. 

In a synthesis of (-)-reserpine, 

4.3.2.2.2 Nucleophilic hydroxymethylating agents, &-methanol synthons 

The Grignard reagent (PriO)2MeSiCH2MgC1 takes part in a metal-catalyzed coupling reaction34 with 
alkyl, vinyl (stereochemistry retained), allyl (stereochemistry and regiochemistry retained), aryl and 
heteroaryl chlorides and bromides. With functionally substituted aryl or heteroaryl halides, conversion 
into the corresponding organozinc reagent confers increased chemoselectivity . Reaction of the adducts 
with KF or KHF2, followed by oxidative cleavage using either H202 or peracetic acid results in the over- 
all nucleophilic introduction of a h droxymethyl group, as exemplified in Scheme 14. One application of 

alkyl mesylate. 
Later studies have shown that a single isopropoxy group suffices for successful oxidative cleavage. 

The Grignard reagent Pr'OMe2SiCHNgCl adds36 to ketones and aldehydes to give adducts which, upon 
oxidative cleavage, yield l,Zdiols, as shown in Scheme 15. This reagent also effects a copper-catalyzed 
coupling with allylic chlorides, as demonstrated in a synthesis of (+)-casbene?' 

The latter reagent undergoes 1,2-addition to ar,P-unsaturated aldehydes; 1,4-addition, with copper 
catalysis, is observed with cyclohexenone alone. A more satisfactory reagent3* for the conjugate intro- 
duction of the hydroxymethyl group is the allyldimethylsilylmethyl Grignard reagent 

its use can be seen in a synthesis3 Y of (-)-asperdiol, in this case with copper-catalyzed coupling with an 
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* JoH 
Br 

iii, iv 
n-C6H 13 

i, (M)zMeSiCH2MgCl, CUI cat. ; ii, 90% H202; iii, (R'O)2MeSiCH2MgCl, NiCl?(DPPP) cat.; iv, 30% H202 

Scheme 14 

OH 
i R' L S i M e 2 0 p r '  - ii R' E O H  

R' 

i, Pr'OMezSiCHzMgCk ii, H202, NaHC03, MeOH, THF 

Scheme 15 

(CH.2cpcHCHz)MezSiCHzMgc1. Protidesilylation of the intermediate adduct from isophorone in the 
presence of fluoride ion generates the fluorosilane (7), which then undergoes oxidative cleavage under 
the nonnal conditions (Scheme 16). One limitation of this sequence is that it cannot be applied to 
cyclopentenone nor to Ai19-2-octalone systems. 

- i, ii Q iii Q iv Q 
SiMe2 SiMe2F OH 

b (7) 

i, (H2C=CHCH2)Me2SiCH2MgC1, CUI cat.; ii, "&I; iii, KHF2, TFA; iv, H202, NaHC03, MeOH, THF 

Scheme 16 

436.23 Radical cyclization of halomethylsilyl ethers of allylic alcohols 

Silylmethyl radi~als, '~*~ generated for halomethylsilyl ethers of allylic alcohols, can provide an indi- 
rect method of achieving acyclic stereocontrol. Depending on the substrate substitution pattern, either 6- 
endo- or 5-exo-trig cyclization can predominate. Stork and coworkers have developed an excellent 
m e t h d l  for the conml of ring junction stereochemistry using such radicals (Scheme 17). In such a 5- 
exo-rrig process, transition state geometry dictates a cis fusion of the new five-membered ring. The re- 
sulting radical, being cup shaped, allows ready access to tributylstannane only from the convex face, 
resulting, after oxidative cleavage, in the effective overall anti addition of a hydroxymethyl group and a 
hydrogen to the original double bond. 
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i, Me;?Si(C1)CH2Br, Et3N, DMAP; ii, Bu3SnH, AIBN cat., PhH or NaCNBH3. Bu3SnC1 cat., 

AIBN cat., Bu’OH iii, H202, KF, DMF 

Scheme 17 

Similar methodology can be used in acyclic systems42 for the diastereoselective, and sometimes dia- 
stereoselective (Scheme 18), foxmation of 1,3-diols. With some substrates, the proportion of products 
arising from 6-endo-trig cyclization can be significant. 

F% 

i, BusSnH, AIBN cat., PhH; ii, H202, KF, DMF 

Scheme 18 

Indeed, in certain steroidal systems, dendo-trig cyclization becomes preferred, with ultimate regio- 
and stereo-controlled production43 of 1.4-diols (Scheme 19). However, other steroidal systems which 
react by 5-exo-trig cyclization have been described.44 

i, BusSnH, AIBN cat., PhH, ii. H202, KHC03. MeOH, THF 

Scheme 19 

433 MISCELLANEOUS 

Aryltrimethylsilanes undergo a facile mewmetal exchange4S with lead(1V) trifluoroacetate; the inter- 
mediate aryllead species then eliminate lead(I1) acetate to form the corresponding aryl trifluoroacetates 
in almost quantitative yield (Scheme 20). 

Benzyltrimethylsilanes, on the other hand, give products of C S i  cleavage, i.e. benzyl nitrate and ace- 
tate, on treatment with cerium(1V) ammonium nitrate in AcOH based on ring substituent effects, 8 one- 
electron transfer mechanism4 seems to be in operation. 
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X = F, C1, Br, Me 

Scheme 20 

Methoxy(trimethylsily1)methane and methoxybis(trimethylsily1)methane have been as new 
synthons for the formyl anion and the methoxycarbonyl anion, respectively; after alkylation, C-Si cleav- 
age is achieved by anodic oxidation. Similar electrochemical oxidative cleavage48 of acylsilanes reveals 
their potential as acyl cation synthons. Anodic oxidation49 of N-silylmethyl carbamates in methanol pro- 
duces N-methoxymethyl carbamates in high yield. 

Treatment of tetramethylsilane with TfOH yieldss0 trimethylsilyl triflate (Scheme 21). Although not a 
direct oxidation, this is an excellent, simple method for the preparation of a most useful reagent.5l 

Me4Si + CF3COOH - Me3SiOCOCF3 + C& 

Scheme 21 
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4.4.1 INTRODUCTION 

Halides are extremely versatile intermediates. One of their more valuable and interesting transfonna- 
tions is their oxidation to carbonyl compounds, thus providing straightforward routes to relatively inac- 
cessible compounds such as l,2-diketones and heterocyclic aldehydes. As will be seen below, there are 
many, often complementary, synthetic methods for the oxidation of organic halides. The oxidation of 
halomethyl compounds has been reviewed recently. 

4.4.2 KORNBLUM OXIDATION AND RELATED METHODS 

4.4.2.1 Oxidation with Dimethyl Sulfoxide 

Known as the Kornblum oxidation, this is perhaps the most widely used and best-known method for 
the oxidation of  halide^.^.^ It works best with activated halides such as benzyl halides, a-halocarbonyl 

653 
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compounds and iodides, though unactivated bromides also work reasonably well. Experimentally, the 
method consists of heating the halide in DMSO, usually in the presence of a base such as sodium bicar- 
bonate to scavenge the HX. The reaction proceeds by an S N ~  displacement by the oxygen atom of the di- 
methyl sulfoxide, followed by proton loss and 3,2-sigmatropic rearrangement of the resulting sulfur 
ylide. The mechanistic analogy with the Swern oxidation is clear, since only the route to the sulfonium 
ion intermediate differs (Scheme 

Me 

R7 + 
OH 

R 8, + 

C1 ,+,Me 

Me 
s 

MezS 

Scheme 1 

However, as shown in Scheme 2, a different mechanism intervenes when R is a carbonyl group, since 
the protons adjacent to it are now more acidic than those of the methyl groups of the sulfonium ion.5 

0 

Ph Me& - Ph & O G , M e  S - ph&o + Me2S 
I 

t H M e  H 
-J 

B 
Scheme 2 

As can be seen from Table 1 the method is general for a wide variety of activated halides, and provides 
an excellent alternative to selenium dioxide for the synthesis of 1,Zdiketones and keto aldehydes. It con- 
stitutes, perhaps, the definitive synthesis of glyoxylates. It is not necessary to heat many or-bromo 
ketones since the reaction often proceeds smoothly at room temperature. 

There are some important limitations on the Kornblum oxidation, however, as would be expected for a 
reaction relying on an sN2 displacement as the first step. Secondary halides are prone to elimination 
under these conditiom6 Similarly, if the approach of the DMSO is hindered, e.g. by a 13-diaxial interac- 
tion, the oxidation proceeds poorly (equation l).’ Overoxidation can also occur, at least in steroidal 
or-bromo ketones (Scheme 3).* 

-&% 

0 & - 1  DMSO/NaHC03 125-180°C * 0 @J / + 
i H  
Br OH low yield 

Kornblum et af. had asserted9 that it was necessary to convert primary iodides to tosylates for the oxi- 
dation to proceed. However, Johnson and PelterlO have claimed that primary iodides can be oxidized di- 
rectly. They observed that ketonic substrates failed, undergoing aldol condensation under the reaction 
conditions, but that hydroxycontaining halides reacted normally. For substrates insoluble in DMSO such 
as 1-bromododecane, they found that DME worked well as a cosolvent. The most interesting example 
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Table 1 

Halide Conditions Product Yield (%) Ref. 

Br DMSO, 25 OC 
Ph 

O 2 N e B r  - 

Ph& Ph DMSO, 45 "C 

BrCH2C02Et <Oph , DMSO 

DMSO, MeCN, 25 "C 

Br 

B r T o A c  DMSO, NaHCO3,25 O C  

0 
71 18 

PhKCHO 

I8 

OHCCO2Et 70 19 

OHC LOAc 81 20 

3% 6M5% 

Scheme 3 

was the oxidation of 2-iodooctane to the ketone, albeit in a yield of 32%. showing that secondary sub- 
strates are sometimes feasible. 

Omission of the base in the Kornblum oxidation can have interesting consequences. Bromine, pro- 
duced by the oxidation of the liberated HBr by DMSO," may lead to bromination of the primary oxida- 
tion product in good yield (equation 2).12 Note the use of epichlorohydrin as an HBr scavenger 
(equation 3). 

&OH 
Br DMSO, no base 

Br 70% 

One way to increase the nucleofugacity of halides is to invoduce silver ion. Komblum reported that 
primary unactivated chlorides, bromides and iodides could be oxidized by prior conversion to the tosyl- 
ate with silver tosylate, followed by reaction in DMSO (Scheme 4).9 
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AgOTs DMSO 
RAX - R-OT~ - R 

MeCN, 25 "C NaHCO3 
100 OC 

R X Yield (%) 

n-C7H15 c1 71 

C6H13 I 70 

Scheme 4 

However, the neopentyl example still failed. Later it was found that addition of a silver salt to the 
DMSO solution was equally effective (Table 2). In two of the three  report^'^*^^ triethylamine was added 
as a base after formation of the sulfonium salt. Silver perchlorate is claimed to be superior to silver ni- 
trate.15 The method fails for unactivated chlorides, for deactivated bromides, and for substrates where 
solvolytic reactions are possible. 

Table 2 

Halide Conditions Product Yield (%) Ref 

& Br 

Br+ Br i, AgBF4, DMSO, 25 "C; ii, Et3N oHc+CHO 60 13 

i, AgBF4, DMSO, 25 OC; ii, Et3N - 0 13 

The Kornblum oxidation can be combined with halogenation to provide a very convenient synthesis of 

The procedure could also be used to synthesize 2,4- and 2,6-pyridinedicarbaldehydes from the 

Reaction of cyclic 13-diones with DMSO containing catalytic bromine gives 1.23-triones via the 

2- and 4-pyridinecarbaldehydes from the corresponding picolines (equation 4). l6 

lutidines. 

2-bromodione (equation 3.'' Unfortunately, the reaction gives only poor yields with acyclic diones. 
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i, I2 

ii. DMSO, 140-160 OC 
3 1 4 8 %  

X = Me, Et, C02Me. CHNOH 

0 

657 

(4) 

4.4.2.2 Oxidation with Selenoxides 

Use of dimethyl selenoxide2’ or di(4-anisyl) selenoxide22 in place of DMSO is claimed to offer some 
advantages in terms of mildness for polysubstituted or base sensitive benzyl halides. Problems of cost, 
accessibility and toxicity are not addressed. 

4.43 THE KROHNKE OXIDATION 

One of the oldest and most popular methods for oxidizing activated halides is the three-step Kr6hnke 
oxidation.23 The individual steps are: (i) quaternization of the halide with pyridine; (ii) deprotonation in 
base and reaction of the resulting pyridinium ylide with NJV-dimethyl-4-nitrosoaniline; and (iii) acid 
hydrolysis of the nitrone to the carbonyl compound (Scheme 5) .  

1 it J 
0- 

__c 

R H30+ R LR 
NMe2 

Scheme 5 

The method is limited to activated halides which are stable to alkoxide bases and aqueous acids. Ac- 
cording to the discovererF3 the Kr6hnke oxidation is inferior to the Sommelet reaction for benzyl 
halides, especially those bearing electron-withdrawing groups, such as nitro. Some representative exam- 
ples are shown in Scheme 627 and equations (6)-(12).2&34 As can be seen, the Krtihnke oxidation is an 
excellent method for the preparation of heterocyclic aldehydes which would otherwise be difficult to 
synthesize. The preparations of a phthalimidoketo aldehyde (equation 1 1) and benzene- 1,3,5-tricarbalde- 
hyde (equation 12) are also noteworthy. 

The Krtihnke oxidation often gives good results when other methods fail. In the example given (equa- 
tion 13)35 neither the Sommelet or the Hass-Bender method gave any aldehyde. 

Similarly, in the preparation of 2-acetoxy-5-nitrobenzaldehyde from the benzyl bromide, the Som- 
melet reaction affords only 7% of the product, whereas the Krtihnke method worked in good, but unspec- 
ified yield.” 

For acid sensitive substrates, the nitrone can be removed by hydrazinolysis followed by diazotiza- 
t i ~ n . ~ ~  In the example given (equation 14),25 direct acid hydrolysis of the nitrone with 1 M HC1 gave 
only a 4% yield. 
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___) D 

NaOHlEtOH 
CHCI3 

85% 0 

93% for 2 steps 

H 

Scheme 6 

i, pyridine 

N-N\ 
R 

\\ 
N-N\ 

iii, H30+ R 

7848% overall 

c1 
i, pyridine 

ii, Me,N 0 NO, NaOH 

R-.J\+ , 4 R . !, NLY CHO 

N = N  N = N  
(7) 

i, pyridine 

ii, ~ M C ~ N C A N O  
D 

iii, H30+, no yield 

By combination of the King-Ortoleva reaction and Krtihnke oxidation, activated methyl groups have 
been transformed directly into carbaldehydes (Scheme 7).26 
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i, pyridine, 98% 

Br &? ii, MqN 0 NO, NeOH, 50% H 

0 0 iii, 5 M HCI, no yield 

[a]D'O = 177.6 ( a ] ~ ' *  = 1.34 O 

Br 

i, Py/MeOH, 85% 
0 

iii, H,O+, 7448 Br 
CHO 

c1 

NF i,pyridine,98% 0 N P C H O  N ,  (13) 

N \  0 ii, Me2N 0 N o  , NaZCOfitOH, 93% 

c1 iii, H3O+, 94% 

Q 
,+" - 
f 0  

"2 I 

PN 

c1 
I 

C1 

CHO 

I 

3 M HCI, 
39% overall 

N as perchlorate salt 

12, pyridine 

N 

4.4.4 THE HASS-BENDER REACTION 

Reaction of a disubstituted nitronate anion with an allylic or "enzylic halide leads not to the expected 
C-alkylated nitro compound, but rather to the carbonyl product?6 Presumably this reaction, known by 
the names of its discoverers, proceeds by the displacement of the halide ion by nitronate oxygen fol- 
lowed by loss of the oxime (equation 15). 

- tl, + H O " 7  (15) 
R 

R -O.+ 
N 
I 

-0." 
RABr + I 

-0 0- 
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Representative examples of the reaction are shown in equations ( 16)-(20)?741 The method works well 
for primary allylic and benzylic chlorides and bromides. There appear to be no examples of the oxidation 
of secondary halides to ketones by this method, presumably for reasons of lower reactivity. Neither are 
there any reports of the oxidation of a-halocarbonyl compounds, which is curious since these would be 
expected to be good substrates. 

Y 

NaOEt/ A DMSO 
89% 

80% 

* c1 

c 

70% 

C C H O  

mCHO \ 

CHO 

CHO 

(20) 

The Hass-Bender oxidation is often competitive with other methods: in equation ( 16)37 the Sommelet 
reaction gave only 20% of the aldehyde, whereas in equation (20)41 DMSO and sodium hydrogen 
carbonate failed to furnish any of the desired product. 

There is an interesting limitation to the method: 4-nitrobenzyl chloride gives only 1% of the aldehyde, 
the major product being the result of single-electron transfer and radical coupling (equation 21).42 

A Pdo catalyst has been used in situ to isomerize a secondary allylic halide prior to oxidation (equation 
22).43 In this case it is possible that reaction is occurring by attack of the nitronate anion on the T-allyl- 
palladium complex rather than on the chloride itself. 
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-0 If 0- 
* 

Pd(PW4.  ), 

68% 
BnO 

95% (E)  
BnO 

e1 

4.45 OXIDATION WITH N-OXIDES, N-HYDROXYPYRIDONES AND HYDROXYLAMINES 

66 1 

(22) 

4.45.1 Pyridine N-Oxides and Derivatives 

The oxidation of alkyl halides to carbonyl compounds with pyridine or 2-picoline N-oxide is a popular 
and general method, applicable even to unactivated substrates. The reaction may be performed in two 
ways. In the first, the halide is heated with the N-oxide in the presence of a base such as sodium hy- 
drogen carbonate. In the second, the intermediate N-alkoxypyridinium salt is isolated before base treat- 
ment. The reaction has been shown by labeling to proceed via the pyridinium ylide,44 or, in the case of 
picoline N-oxide, via the anhydrobase (Scheme 8).45 Some typical examples are shown in equations 
(23)-(25).-* 

Br OAc 

R' 
Scheme 8 

50% 

X = COZMe, 75% 
X = CH,OTHP, 40% 

i, 6 +N-OYMeCN w 
ii, NaOH, 60% 

c 

The example in equation (24) demonstrates how the yield of these oxidations is sensitive to remote 
substituents, possibly due to cleavage of the THP ether under the reaction conditions. 

The method is excellent for the preparation of a-keto esters and a-keto acids. In the examples given 
(equations 26-28) the a-bromo ester or acid was treated with pyridine N-oxide and silver nitrate at 0 'C. 
Decomposition of the isolated salt with base gave the dicarbonyl compounds in high yield.49 
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w 

i, Py+-C-/AgNO$CH~CI, 

BrAC02Et 
ii, Et3NNeOH. 87% 

I 

i, P~+-O-~A~NO~CH,CI, 

Br -C02Bu' 
ii, Et3N/MeOH, 87% 

i, P ~ + - c - ~ A ~ N o ~ ~ H , c ~ ,  - 
Co2H ii, Et3N/MeOH, 87% 

(27) 

The transformation shown in equation (27) is impressive since DMSO had previously been tried and 
shown to fail for this substrate.so The reaction was also performed as a one-pot procedure, with pyridine 
N-oxide and silver nitrate in acetonitrile followed by addition of triethylamine. This is the preferred 
method of these authors for these substrates. 

It is curious that under thermal conditions Cy-bromo acids preferentially undergo oxidative decarboxyl- 
ation rather than oxidation to the a-keto acid (equation 29)?' 

0.' H 

The 1-N-oxide of 4dimethylaminopyridine would be expected to be a more powerful nucleophile than 
the parent compound. This is indeed the case (equations 30-32), and DMAP 1-oxide is able to displace 
bromide even from secondary unactivated substrates, e.g. equation (31). However, the method still fails 
due to elimination with cyclohexyl bromideqS2 

C,H,,A Br 

Br 

PhAC02Et 

. .. 

ii, DBU 

(31) 
i, MezN 

ii, DBU, 98% (GC) 

c N + -  d/hleCN/A 0 - i, Me,N 
ii, DBU PhKC02Et (32) 

4.453 N-Hydroxypyridones 
The use of N-hydroxypyridone salts offers some advantages over the procedures above in that the sec- 

ond step can be done under nonhydrolytic conditions either thermally or photochemically (equation 
33).53 This could be advantageous for base sensitive substrates. However, these methods are unsuitable 
for aliphatic halides (alcohols are the major product), and there appear to be no a-halocarbonyl exam- 
ples. For photochemical cleavage, the N-oxides (1) and (2) offer some advantages."*55 However, the 



Oxidation of Carbon-Halogen Bonds 663 

need to prepare these rather elaborate and high molecular weight reagents would seem to be a disadvant- 
age. 

bo ph&J 2% phd + K, 0 (33) Ar 
6040% 

OH Ph I yJ Lo 

YH 
0- Na’ On H 

Ar 

0 

4.45.3 Amine Oxides and Hydroxylamines 

Amine oxides can be used in place of pyridine N-oxide for the oxidation of activated and unactivated 
bromides and iodides (equation 34).56,57 Scope and limitations are similar, though the yields appear to be 
somewhat lower. 

M ~ ~ N + o -  + 
* n-C,H15-0’ ’ 

CHCIJA 
n-C7H15 -1  

However, more recently the use of a polymer amine oxide for the oxidation of an alkyl iodide has been 
reported (equation 35).58 The yield and experimental simplicity are impressive. The polymer may be re- 
generated. 

I +  @- CH2NMe2 

* C6H13 
PhWO OC/lZ h 

c6H13/’ I (35) 

95% 

There is one report of the use of NJV-dialkylhydroxylamhes to oxidize phenacyl bromides (equation 
36).59 

+ Et,N-OH, MeOH, A 0 

(36) + Et2NH2Br- 
Ph 78% PhKCHO 

Advantages over the other methods are not obvious, and the method is not applicable to other a-halo- 
carbonyl compounds such as 2-chlorocyclohexanone and a-bromopropiophenone. 

4.4.6 CHROMIUM-BASED METHODS 

Chromate and dichromate are capable of displacing halide from benzylic and allylic halides. Oxidation 
with dichromate has been performed under ‘traditional’ conditions (equation 37)@’ with the aqueous so- 
dium salt, or with a quaternary ammonium salt in an aprotic solvent (equation 38):’ Of the two pme-  
dures the first would seem to be preferable from the point of view of simplicity and safety. 

Two procedures exist for the oxidation of allylic and benzylic halides with chromate ion. In the frrst,62 
the halide is heated with potassium dichromate in dry HMPA in the presence of 18-crown-6 (equation 
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b Na$r20$Hz0/0 OC 
(37) 

39). Fortunately the same authors report a far more pleasant and less hazardous procedure utilizing a 
polymer-supported hydrogen chromate ion (equation 40).63 The yields are all in excess of 9596, and the 
experimental simplicity is commendable. 

K2cf14 rcl HhPN18-100 "C/2 h 
82% 

+ 
@- CaH4NMe3 HCrO; CHO - E t 0 2 C 7  

W A  
95% 

4.4.7 METAL NITRITES AND NITRATES 

4.4.7.1 Silver Nitrate 

Reaction of halides with silver nitrate to give nitrate esters has been known for years, but its synthetic 
application is more recent. Komblum showed that the nitrate esters derived from a-bromo ketones and 
esters decompose smoothly with catalytic sodium acetate in DMSO to give the a-&carbonyl compounds 
in high yield.64 It was found unnecessary to isolate the nitrate ester; after reaction of the halide with sil- 
ver nitrate the solution was filtered to remove AgBr, concentrated, and added to DMSO containing cata- 
lytic sodium acetate!. The method complements the others for the synthesis of a-dicarbonyl compounds 
since it employs nonacidic, nonbasic conditions. Unfortunately, the method gave variable results with 
benzyl halides. The application of the method to bromo esters other than bromoacetates was not remrted. 
Some related oxidations are shown in equations (41) and (42), and Schemes 9 and ' 

of an iminium salt is notable. 

AgN03 R)$o.+,o- DMSO 
N c 

cat. NaOAc*3Hz0 

82-95% overall 
R &  r.t. 

MeCNlr.t./24 h R 

R = Ph, p-C6H4Cl, Br, NO2; R = H, Me, Ph 

R O q H  
i, AgNOgMcCN/r.t. 

ii, cat. NaOAc*3H20/DMSO 
Br 

RO 
82-95% overall 0 
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M e O e  N =  

Me0 \ 

H TO2 Meofl 
Me0 \ 

spontaneous 1 

Me0 

c-- 70% 1 M e O e  

\ Me0 

Scheme 9 

l&ONO* 

AgN03, aq. dioxane 

r.t.R h 
94% 

Scheme 10 

4.4.7.2 Other Metal Nitrates and Nitrites 

The difficulty experienced by Komblum in the oxidation of benzylic halides (vide supra) was solved 
by McKillop and Ford6' who found that mercury(I1) nitrate gave the requisite nitrate esters in high yield 
with a wide variety of benzylic substrates (equation 43). However, problems were encountered at the hy- 
drolysis stage. If the phenyl ring is substituted at positions 2 or 4 by an alkoxy group, the benzyl alcohol 
results rather than the aldehyde, due to expulsion of a nitrate ion. No recognizable products resulted 
when the ring bore a 4-nitro group. The successful oxidation of 2,6-dichlorobenzyl bromide is interest- 
ing. 

8, (43) 
Hg(N03)2 NaOH 

DMEJA EtOH 

Ar = Ph, 3- and 4-MeC6H4, 3-Meoc6H4, 2- and 4-BrC6H4, 2,6-ClzC6H3, 1-naphthyl 

Ar-Br - ArAON02 ' A r  

5694% 

Sodium nitrite in DMSO is a powerful nitrogen nucleophile,6* and this property has been used in a 
very mild, nonhydrolytic method for the oxidation of activated and unactivated bromides.@ A particular- 
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ly impressive feature is the successful oxidation of secondary unactivated bromides prone to elimination 
(equations 44 and 45). 

0 
R"ON0 It - NaNOz 

R R DMSO R NaNO2 
6748% 

-6 i 50% 

i, N a N W M S O  

ii, R"ONO/NaNO2 
(45) 

For the sake of completeness, examples of benzylic halide oxidation with copper@) nitrate70 and 
lead(II) nitrate71 are shown in equations (46) and (47). It is probable that the more modem methods 
would give better yields. 

4.4.8 THE SOMMELET OXIDATION 

This is one of the oldest methods for the oxidation of halides,'2 and has been used quite widely for the 
preparation of benzaldehydes and heteroaromatic aldehydes from the halomethyl compounds. Unacti- 
vated aliphatic halides give reduced yields. 

The reaction is experimentally simple: either the halide is heated with hexamethylenetetraamine 
(HMTA) in a polar solvent such as aqueous acetic acid, or, with unreactive halides, the quaternary salt is 
fmt prepared in chloroform and then decomposed in a protic medium. The reaction is believed to pro- 
ceed as shown in Scheme 1 1. 

F H 2  Me 
N H3O' 

+ 
A r O X  

(N) /Fw - M H O  fNQ - N- fNQ+ - 
N- 

L N A  
N- N+ 

L N a. CH2Ar L N A  L N A  

Scheme 11 

At the end of the reaction it is normal to add hydrochloric acid to ensure the hydrolysis of the Schiff 
base. In some cases isolation was performed by steam distillation. As can be seen in equations (48)-(52), 
the yields are variable but often reasonable?*77 

P1 CHO 

HMPA/aq. AcOWA 

77-8295 
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dC1 -NcHc'dA- dCHO S 
S 32% 

667 

(49) 

c (50) 
HMPA/EtOWA 

COzH 70% COzH 
CHO 

rcl CHO 
I 

HMF'Naq. AcOH 

QCHO OH 65% P C H O  OH 

The method has an advantage over those involving base since it is applicable to phenolic substrates. 
The limitations are as one would expect; highly hindered substrates such as 2,6-disubstituted benzyl 
halides are unreactive, though mononitro-substituted substrates are oxidized. 

4.4.9 MISCELLANEOUS METHODS 

4.4.9.1 Oxidation via the Pummerer Rearrangement 

which the key step is the Pummerer rearrangement of a pyrazinyl sulfoxide (Scheme 12).78 
A Japanese group has reported a general oxidation method for activated and unactivated bromides in 

CozH CO2H - RCH2BrA'aH or Na2C03 + 

62-99% 9x2 68-99% 

+:&R 0- I R 

Scheme 12 

This is an improvement of an earlier procedure79 in which benzenethiol was used as the precursor. The 
method gives high yields, but several steps are involved and the pyrazinethiol must be prepared separate- 

Paquette has reported a related method based on the chlorination of sulfides (Scheme 13).80 
lY * 
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c1 
- R-SPh * RASPh * R  x, NaSPhhfeOH NCS/CCI, NazC03 or HgC12KdC03 

90-9776 
R* ~r 

Scheme 13 

Problems can arise at the last stage due to difficulties in the isolation of the aldehyde and/or preferen- 
tial vinyl sulfide formation. Nonetheless, the method has some potential. Sulfoxides are prone to thermal 
elimination, and this has been used by Trost in his method?' which can also be used for the oxidation of 
primary amines (Scheme 14). The procedure is limited to benzylic and allylic bromides. 

Scheme 14 

4.4.9.2 Triflamides and Triflic Hydrazides 

The anion of N-phenyltriflamide is nucleophilic enough to react with activated and unactivated halides 
under mild conditions. Base treatment of the adduct eliminates triflinate (trifluoromethanesulfinate, 
CF3S02-) to give the anil, which is then hydrolyzed in acid to the aldehyde (Scheme 15).82 The method 
works quite well with a-bromocarbonyl compounds (Scheme 16).83 

Scheme 15 

L 

R R' Yield(%) 

Me Ph 73 

Pr OEt 67 
Me C8H17 79 

C&13 OEt 62 

Scheme 16 

With benzylic halides, the elimination requires sodium hydride in hot DMF, whereas aliphatic sub 
strates do not undergo elimination at all. This drawback was surmounted by the use of N-rl-acetoxyphe- 
nyl~if lamide.~~ Elimination now occurs via the quinoneimines under mild conditions, even with aliphatic 
substrates (Scheme 17). Despite the ingenious chemistry, there appear to be few advantages over other 
methods. A procedure exists for the synthesis of hydrazones from halides (Scheme 18).84 



n-C7H151 + 0 2 0 
72.5% 

OAc OAc 

I 
80% OH 

I 
0- 

NaOEt - 
k 
0- 

0 

Scheme 17 

R R' R" X Yield (%) 

Ph H Ph Br 90 
Et H Ph I 96 
Ph Me Ph Br 70 
N H H Br 87 

Ph H But Br 85 

-CF3S02H 

0 
N. K RY R" - 

R' H 

Scheme 18 
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5.1.1 INTRODUCTION 

The oxidation of ketones with organic peroxy acids, hydrogen peroxide or alkyl hydroperoxides to 
give estersflactones or derived alcohols and acids is known as the Baeyer-Villiger reaction.'-l5 Similar 
oxidations of aldehydes to the corresponding formate esters or their hydrolysis products also belong to 
this class of reactions.1v2p16 The Baeyer-Villiger reaction is of considerable synthetic use as a component 
of methods for shortening carbon chains, hydroxylating aromatic rings, converting carbocycles to hetero- 
cycles and opening cyclic arrays to prepare functionalized chains and/or rings. 

5.1.2 MECHANISM 

5.1.2.1 General 

The accepted two-step mechanism (Scheme 1) for the Baeyer-Villiger reaction is based upon kinetic, 
isotopic substitution, stereochemical and substituent effect studies? In step 1 of the reaction, addition of 

67 1 
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proxy acid to the ketone carbonyl gives a Criegee intermediate (1). In step 2, which is usually rate 
determining, (1) rearranges to product (2). Migration of the RM group from carbon to oxygen in step 2 is 
normally concerted with 0-0 bond breaking, although stepwise processes have been noted.9 Acid cata- 
lysts facilitate breaking of the 0-0 bond by protonation of the carbonyl oxygen. Bases aid the rear- 
rangement by removal of the hydroxy proton. Either electron-donating groups on RM and RR or 
electron-withdrawing groups on RL facilitate migration.2 

The stereoelectronic requirements proposed for the migration step axe an antiperiplanar arrangement of 
the C-RM bond and the breaking 0-0 bond. It has been further suggested that one of the hydroxy non- 
bonding electron pairs must be antiperiplanar to the migrating carbon atom, as in (3).9 

.. 

5.1.2.2 Stereochemistry 

The Baeyer-Villiger reaction occurs with retention of stereochemistry at the migrating center.’ This 
stereoselectivity has been utilized in a practical method for the preparation of isotopically c h i d  methyl 
acetic acid (5) from [2-3H]cyclohexanone (4) prepared by enzyme-catalyzed stereoselective exchange of 
the pro-R a’-proton and enantioconvergent exchange of the a-proton with deuterium (Scheme 2).” As a 
cautionary note, prior epimerization of an acyl group prior to oxidation has been observed.’* 

i, TsCl 

ii, LiBEt,H T 70% 

(5) 

Scheme 2 
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5.133 Regiochemistry 

The usual migratory preference of alkyl groups in the Baeyer-Villiger reaction is tertiary > secondary 
> primary > m e t h ~ l . ~ J ~  This order has been attributed to the greater electron-releasing powerlo of, or to 
steric acceleration of migration by, the larger g r 0 ~ p . l ~  Conformational, steric and electronic factors can 
alter the normal migratory preferen~e.~ Allyl" and alkenyl2' migrations occur in preference to that of a 
primary alkyl group. Phenyl alkyl ketones with trifluoroperoxyacetic acid (TFPAA) undergo migration 
of the phenyl group if the alkyl group is primary, but secondary alkyl group rearrangement is favored 
over phen~1.l~ Aryl substituents may alter this preference (equation 1).22 Cyclopropyl migration is fa- 
vored over methyl migration? but not over migration of other primary alkyl s~bst i tuents .~~ 

- (1) 
TFPAA, Na2HPO4 

AcO CH2Clz 
AcO 88% 

An a-acyloxy or -ether substituent facilitates migration, even in competition with a secondary carbon 
(equation 2),24 while an a-halogen substituent retards migration.25 Despite its electron-withdrawing ca- 
pability, an a-ethoxycarbonyl group in (6) is not sufficient to deter migration of the attached carbon 
(equation 3).26 

i, ii I OMe 

i, MCPBA, ether; ii, M e o w  

COMe TFPAA, NaZHP04 OAc 
c E,,,A; CH2C12 EtO2C 

89% 

(6) 

(3) 

A @-silicon atom directs migration of the proximate carbon (equation 4).27 Conversely, electron-with- 
drawing @-substituents retard migration of the carbon near to these groups even, as in (7), in competition 
with a methyl group (equation 5).2* 

0 
I 1  0 

SiMe3 

CF3CONHyCOMe CF3CONHyOAc CF3CONHyC02M~ 
+ (5) __..) 

Me02C D t33ZCl2 Me02C D Me02C D 
51% 

(7) 37% 63 % 

Substituent effects can be catalystB and pemxy acid dependent (equation 6)?O Occasionally, when re- 
gioisomeric lactones are formed, preferential base hydrolysis of one of them may facilitate isolation of a 
pure p r o d ~ c t . ~ , ~ '  

A reaction sequence which complements the Bacyer-Villiger reaction has been described (equation 
7).32 Regioselective silylenol ether formation allows for introduction of oxygen away from the more 
highly alkylated side of a ketone. 
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i, 38% 
ii, 59% 

0 
82 

100 
18 

i, PAA, NaOAc, AcOH, 72 h; ii, MCPBA, NaHC03, CH2C12, 72 h & i Me3Si0 & i i i ;  H O u C O 2 H  

(7) 

i, LDA, Me3SiC1; ii, 0 3 ,  CH2C12, MeOH; iii, N a B h  

5.13 REACTION METHODS 

The oxidizing power of a Baeyer-Villiger reagent is related to the strength of the conjugate acid of the 
leaving group; thus, the reactivity order is Bu'OOH c HOOH cc peracetic acid (PAA) c perbenzoic acid 
(PBA) c MCPBA = HC03H33 < p-nitroperbenzoic acid" (PNPBA) c mono-o-peroxyphthalic acid 
(MPPA) c monoperoxymaleic acid (PMA)33 c Among this group, commercial availability, 
ease of handling or oxidizing power make peracetic acid (40%), m-chloroperbenzoic acid (85%) 
(MCPBA) and TFPAA (90%) the most commonly reported organic peroxy acid reagents used in 
Baeyer-Villiger oxidations. 

PAA solutions of differing strengths can be prepared by adding hydrogen peroxide of varying power 
to acetic anhydride?s glacial acetic acid36 or aqueous acetic acid37 containing a catalytic quantity of sul- 
furic acid. Sodium acetate is the most commonly used buffering agent. Reaction times of one to several 
days at room temperature are common. 

Commercially available 85% MCPBA is generally employed in chlorinated hydrocarbon solvents at 
room temperature. Reaction times are typically a few hours to several days. Buffers utilized include di- 
sodium hydrogen phosphate, sodium acetate and sodium bicarbonate, the catalytic effect of which has 
been occasionally noted.38 Acid catalysis with sulfuric acid or Nafion-H are  alternative^.^^ Oxidations 
have been performed at elevated temperature with the aid of radical scavengers.a 

TFPAA, a remarkably powerful reagent, is prepared prior to use by adding trifluoroacetic anhydride to 
a suspension of the appropriate strength hydrogen peroxide in dichloromethane at 0 eC.2*3 Reactions are 
generally performed in dichloromethane in the presence of dibasic hydrogen phosphate buffer, and are 
canied out at between 0 'C to reflux temperature for several hours. 

Because of safety considerations, 90% hydrogen peroxide, used in most TFPAA oxidations, and 85% 
MCPBA may soon become commercially unavailable. Possible alternatives are magnesium monoper- 
oxyphthalate for MCPBA4' and the easily handled acid catalyst Nafion-H which facilitates oxidations 
with 30% H202.39 Weaker strength TFPAA acid solutions are effective$2 and the strength of MCPBA is 
easily increased by washing with buffer solution.43 

Peroxysulfuric acid, PBA and MPPA, common reagents of the past,' appear less frequently in the cur- 
rent literature. Basic 30% hydrogen peroxideu or t-butylhydroper~xide~~ have special utility for oxida- 
tion of cyclobutanones and strained, bridged cycloalkanones to lactones. Basic 3 4 %  hydrogen peroxide 
is used in the Dakin oxidation of aryl aldehydes to phenols,'~~ while peroxymonophosphoric acid ox- 
idizes aryl ketones to phenolic acetates."6 

Rarely used oxidants with potential advantages as chemoselective or regioselective reagents include 
silylated forms of HOOH and peroxysulfuric a ~ i d $ ~ + ~ *  and the safe and inexpensive weak oxidant so- 
dium ~erborate.4~ Benzeneseleninic acid/30% hydrogen peroxide has been reported as a polystyrene- 
bound version?O as has peroxyarsenic acidss1 



The Baeyer-Villiger Reaction 

5.1.4 CHEMOSELECTIVITY 
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5.1.4.1 Competitive Reactions with Other Functional Groups 

Many of the oxidizing agents used in Baeyer-Villiger oxidations of ketones will also E ct with al- 
kenes, amines, sulfides and selenides. Reagents have been developed which allow selective oxidations in 
the presence of some of these functional groups. The reactivities of alkenes and ketones with organic 
peroxy acids are comparable and are reagent sensitive. Thus, it is possible to either ring expand (equation 
8) or epoxidize (equation 9) 2-allylcyclohexanone (8).52 Basic hydrogen peroxide, which does not epox- 
idize isolated alkenes, will effect Baeyer-Villiger oxidation of strained cyclic ketones (equation 
If alkene epoxidation cannot be avoided, protection as a dibromide prior to oxidation may be necess- 
ary.” Baeyer-Villiger oxidations withss and withouts6 N-oxide formation have been reported. Only hete- 
roatom oxidations of a-thiophenyls7 and a-selenenylphenyls8 ketones have been reported with MCPBA. 

50% HZO,, KHCO, 
PhCN, MeOH 

5.1.4.2 Competitive Baeyer-Villiger Reactions 

Molecules containing multiple carbonyl groups may be oxidized with group selectivity. For example, 
cyclobutanones are highly reactive and ring expand even with basic HOOH.2 Relative reactivities of ste- 
roidal ketones depend upon the position of the carbonyl group (equations 11 to 13).21.s9*60 Cyclohexa- 

PBA, TsOH, CHC13 
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nones are normally oxidized faster than acyl side chains;61 however, steric effects may alter this re- 
activity pattern (equation 14).62 

($5 H PBAIAcoH- 77% eo H H  (13) 

AcO""' Ace'"“ 
H H 

%oAc 

MCPBA, CHzCl2 

77% 
%,, Ac 

5.1.5 RECIOSELECTIVITY 

5.15.1 Acyclic Aliphatic Ketones 

The regioselective Baeyer-Villiger oxidation of acyclic aliphatic ketones normally results in the inser- 
tion of oxygen next to the bulkier alkyl chain. Since methyl is a poor migrating group, a common use of 
this reaction is to reduce the chain length of methyl ketones by two carbons to provide alcohols, after hy- 
drolysis. The ability to synthesize methyl ketones from acids63 and methyl-substituted alkenes (equation 
15)64 extends the utility of this method. Complementary to this chain cleavage is the formation of car- 
boxylic acids, following migration of the larger alkyl group attached to the carbonyl group (equa- 
tion 16).65 

i, proxy acid 

ii, hydrolysis 
- ROH (15) 

0 

-OH i- BuQH (16) 
i, proxy acid 

0 0 

(11) (12) 

i, NaOH, EtOH; ii, 3,5-(02N)2PBA, Na2C03, ClCH2CH2Cl, 4,4-thiobis(6-r-butyl-3-methylphenol), 54 "C 

Scheme 3 
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as part of a total synthesis of gibberellic acid (12). required the hydroxylated bicy- 
clo[3.2.l]octane (11) shown in Scheme 3. An acyl group was first used as the nucleophilic partner in an 
intramolecular aldol condensation of the keto aldehyde (9). The acyl group in (10) was subsequently ox- 
idized to become the precursor of the required bridgehead oxygen functionality of (12). 

During the synthesis of the Woodward reserpine precursor (17; Scheme 4). Pearlman6' used the pm- 
tected acylacetal (13) to control the stereochemistry of an intramolecular photochemical cycloaddition to 
(14). The strategy for opening the cyclobutane ring employed the Baeyer-Villiger reaction to convert the 
y-keto ester (15) to a P-hydroxy ester (16), which underwent retroaldolization to (17). 

Corey and 

TFPAA 
Na2m4 

__c - M d 2 C  ___) 

Me02C MeOH CH2CI2 
OMe 59% 30% 

i-iii Lo & OMe MeOzC MeOzC OMe 

OMe 0 
Me0 

(17) 

"O& - 
(16) 

i, MeOH, H2S04; ii, [3,4,5-(MeO),C6H2CO]~0, p-Me2NC6H4N; iii, H30+ 

Scheme 4 

Hart and T ~ a i ~ ~  have found that the allylic acetate (18) undergoes directed radical cyclization to afford 
the pyrrolizidinone (19) with good stereoselectivity (Scheme 5). The adduct (19) was converted to iso- 
retronecanol(21) following conversion of the side chain to methyl ketone (20), which was oxidized with 
TFPAA. 

+ stereoisomers 

0 
(18) (19) 86% 14% 

i, NaOH, MeOH, H2O; ii, (COCI)z, DMSO, Et3N; iii, TFPAA; iv, L iAIh  

Scheme 5 



678 Oxidation of C 4  Bonds 

5.15.2 Acyclic Diary1 and Aryl Alkyl Ketones 

A two-step procedure consisting of Friedel-Crafts acetylation followed by Baeyer-Villiger oxidation 
is a useful method for the introduction of oxygen onto an aromatic ring. A conversion of L-tyrosine (22) 
to L-dopa (23) utilized this procedure (Scheme 6).@ An attempt to use this method to introduce a hy- 
droxy group into the 6-position of l-methylindole-3-carboxylate by oxidation of the 6-acetyl derivative 
with MCPBA failed.70 By using a chloro substituent to discourage migration of the attached alkyl carbon 
atom, the chloroacetylated indole (24) was selectively converted to the desired phenol precursor (25; 
equation 17). 

- \ 

COzH i, AlC13, AcCl 

HO ii, 30% H202. NaOH 
HO m H 2  48% 

(L)-(22) (L)-(23) 

Scheme 6 

A procedure to introduce a C-11 methoxy group into the aryl ring of (26; Scheme 7) also used a 
Baeyer-Villiger rea~tion.~' Ring opening and subsequent Friedel-Crafts ring closure at a free aryl posi- 
tion afforded the dimethoxypodocarpic acid derivative (27). 

OMe OMe 
I 

(26) (27) 
i, MCPBA; ii, MeOH iii, Me2S04; iv, 10% K2CO3; v, WM, vi, KOH, MeOH 

Scheme 7 

5.15.3 Monocyclic and Spirocyclic Ketones 

Because it is often possible to control the stereochemical orientation of substituents on a cyclic array, 
Baeyer-Villiger cleavages of substituted cyclic ketones have been used extensively in the stereocon- 
trolled syntheses of substituted carbon chains. An asymmetric synthesis of L-daunosamine intermediate 
(30) from a noncarbohydrate precursor employed the cyclopentenol (a), prepared in optically pure fonn 
(95% ee) from 2-methylcyclopentadiene using asymmetric hydroboration (Scheme 8).72 Stereoselective 
epoxidation, conversion to the ketone and regioselective Baeyer-Villiger oxidation afforded lac- 
tone (29). 

The total synthesis of erythronolide B, the biosynthetic progenitor of all the erythromycins, employed 
a Baeyer-Villiger oxidation of the substituted cyclohexanone (31; equation 18). The oxidation was sur- 
prisingly slow using customary procedures, but Corey et found that forcing conditions provided the 
required lactone (32). 
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0 0 OMe OMe 

(28) (29) (30) 
33% 67% 

i, MCPBA, NazCO3; ii, Cr03; iii, DIBAL-H, iv, MeOH, BF3 

Scheme 8 

OB2 25% 6 d, PAA, 55-58 ,04b EtOAc OC ?-OB' 

c 

Integemnecic acid (36), which occurs as the dilactone in the pyrrolizidine alkaloid integemmine (33; 
Scheme 9), was obtained from ketone (34). The observed regioselectivity in the oxidation leading to (35) 
presumably results from steric and dipolar effe~ts.7~ 

15% (35) 85% 

0 $q ,,IO' 

i-iii 1.. 

(33) 
(36) 

i, LDA; ii, MeCHO; iii, 2-F-l-MeC5H3N+OTos- 

Scheme 9 

The Baeyer-Villiger oxidation can be used to convert large ring cyclic ketones to macrocyclic lac- 
t o n e ~ . ' ~ ~  Lactones can be precursors of cyclic ethers. Chiral ketone (37) was oxidized to lactone (38) and 
subsequently stereoselectively converted to the cis-2.8-disubstituted oxwane (39 Scheme 
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5.15.4 Fused Ring Bicyclic and Polycyclic Ketones 

The Baeyer-Villiger reaction has been used to synthesize naturally occumng lactones, such as brassi- 
nolide (41), a plant growth promoter (equation 19).76 The usual secondary > primary migratory pref- 
erence observed during TFPAA oxidation of acyclic ketones is not followed in the oxidation of the 
B-ring of (40) under buffered conditions. Similarly unusual is the completely regioselective oxidation of 
the cyclobutanone (42), observed by Corey et ~ l . , ~ '  during an early stage in the synthesis of the trilactone 
ginkgolide B (43). the platelet-activating factor in ginkgo extract (Scheme 11). Introduction of oxygen 
into a steroidal A-ring of (44), however, follows with the usual regioselectivity, giving an intermediate 
which leads to a steroidal 3-oxo-4-ene (45; Scheme 12)?8 

AcO 
r 1  

30% TFPAA 

Na2HP04, CHzClz 
-. 

83% Ace"“' 
0 

0 

0 

TrOOH 

acetone, NaOH 
86% 

(42) 

Scheme 11 

Fused ring ketones have been utilized as templates for stereocontrolled elaboration of substituents 
fused to smaller rings. Ohno and coworkers79 have described a regio- and stereo-controlled process for 
the preparation of the thienamycin intermediate (48; Scheme 13). Oxidation of ketone (46) provided lac- 
tone (47), which has three of the required c h i d  centers of thienamycin. 

Murai et ~ 1 . , 8 ~  in their total synthesis of glycinoeclepin A (53), exploited the chirality of (R)-(-)-car- 
vone (49) in the preparation of the functionalized cis-decalin (50; Scheme 14). Removal of the stereo- 
controlling isopropenyl side chain from (50) involved Baeyer-Villiger methodology. Likewise, a second 
Baeyer-Villiger oxidation revealed the four contiguous chiral centers of the C-D rings of glycinoeclepin 
A in (52). 
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(44) (45) 
i, CrO3; ii, AczO, EtOAc; iii, MeMgI; iv, MeOH, NaOH 

Scheme 12 

i, ii - 
&H H O  -- 75% 

i, Hz, Pd/C; ii, CrO3, C5H5N iii, DIBAL-H, Bu"Li; iv, NaBH4 

Scheme 13 

OML? OMe 

OMe 
(52) (53) 

i, 03, Me,S; ii, TFPAA; iii, LiAlH,; iv, Cr03 

Scheme 14 
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5.1.5.5 Bridged Bicyclic and Polycyclic Ketones 
The ability to control substituent stereochemistry and regiochemistry during formation and elaboration 

of bridged bicyclic ketones combined with regioselective Baeyer-Villiger oxidations provides a useful 
route to stereoselectively functionalized cycloalkanes. The lactone (55). which is available from norcam- 
phor!l has been used by Takano et a1.82 for the preparation of a number of alkaloids, of which antirhine 
(56 Scheme 15) is one example. Norbomenone (57), disubstituted at (2-7, has been exploited by Grieco 
et aLE3 in a stereocontrolled synthesis of estrone (58; Scheme 16). Both norbomanes and norbomenes 
have also been used extensively in prostaglandin 

‘ N , H S 4  \ 
- 

3 

2 
3 ~ 2 C 1 2  o - -  % H 

& :E:; &J 
86% 

HO 
(54) (55) (56) 

Scheme 15 aoMe 
i-vi 

60% 
- vii-ix 

74% 
__c 

(58) 

i, 30% HzOZ, NaOH, ii, CHzN2; iii, HflO,; iv, LiAlH,; v, p-N02C6H4SeCN, Bu3P; 
vi, 50% Hz02; vii, o-ClzC6H4, 200 “C; viii, cr03; ix, BBr3 

Scheme 16 

Stereocontrolled approaches to natural C-nucleosides have been based upon Baeyer-Villiger ring 
opening of bridged oxygen heterocycles. Noyori et a1.86 have successfully converted lactone (59) to 
pseudocytidine (60; Scheme 17). 

a 
- I How” 

92% 

0 
HO OH 

Scheme 17 
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An example of the utilization of a bridged bicyclic ketone for preparation of an acyclic moiety is the 
stereoselective synthesis of the C-21 to (2-27 segment of rifamycin-S, a member of the ansamycin family 
of antibiotics (Scheme 18). Rao et aLs7 used ketone (61). derived from furan, to prepare lactone (62). Ex- 
haustive reduction of (62) provided the segment (63), which contains five chiral centers of rifamycin-S. 

The Baeyer-Villiger oxidation has been utilized as an element of several novel functional group man- 
ipulations. Suginome and Yamadass converted adamantanone (64) to 2-thiaadamantane (66) via the lac- 
tone (65; Scheme 19). Eaton et in the synthesis of pentaprismane (70) from homopentaprismanone 
(67; Scheme 20), required that a leaving group be introduced a to the carbonyl group in order to carry 
out a Favorskii ring contraction. Oxidation of (67) afforded lactone (a), which was converted in several 
steps to the requisite hydroxy ketone (69). 

MCPBA, TsOH 

100% 

0 
(64) (65) (66) 

i, McLi; ii, HgO, I,, hv; iii, M Q i I  ; iv, Na2S, EtOH 

Scheme 19 

0 0 

i, KOH ii, RuO,, NaI04; iii, CH,N2; iv, Na/”,; v, C12/Me2S, Et3N; vi, TsCI; 
vii, KOH vii, CICOCOCI; ix, Bu’OOH; x, heat 

Scheme 20 

A 4,4-disubstituted cyclohexenone synthesis has been developed by Holmes and Madgeago The proce- 
dure is based upon PAA oxidation of anisole-derived bicyclo[2.2.2]oct-5-en-2-ones, followed by acid- 
catalyzed isomerization of the products (Scheme 21). 

i, ii - 52% 0 ecozMe 
i, PAA, NaOAc, AcOH; ii, Me~S04, NaOH 

Scheme 21 
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5.1.5.6 a,&Unsaturated Ketones 

Montury and Goreg1 have developed a 1,2-ketone transposition method (Scheme 22). Baeyer-Villiger 
oxidation of conjugated ketone (71) afforded an enol acetate and subsequent hydrolysis revealed a carbo- 
nyl group, one carbon removed from the original position. 

nu 

P 0 

do" ___) v*v i  44% o&oH 

H H 

(71) 

i, C4H@4/H+; ii, AcCl; iii, BH3; iv, AcOH v, MCPBA; vi, hydrolysis 

Scheme 22 

Silverstein and coworkersg? have used the peroxy acid oxidation of em-alkylidene cycloalkanones as a 
route to keto acids (Scheme 23). Oxidation of pulegone (72) and hydrolysis of the derived enol lactone 
led to the keto acid (73). 

I 

Scheme 23 

5.1.5.7 1,2-Dicarbonyl Compounds 

Peroxy acids normally form anhydrides when reacted with 1,2dicarbonyl compounds in inert solvents 
or acids in alkaline or acidic media.' An exception to this generality is the oxidation of the keto ester (74; 
Scheme 24), in which the ring oxygen facilitates tetrahydrofuran ring migration. Ohno and coworkers93* 
have exploited this reaction to develop a chemicoenzymatic approach from furan to the protected ~-ribo- 
furanoside (75). 

5.1.5.8 Aryl- and Alkyi-carbaldehydes 

A convenient and inexpensive method to transform electron rich aromatic aldehydes to phenols?3b or 
a,@-unsaturated aldehydes to vinyl formates, utilizes 30% hydrogen peroxide catalyzed by bis(o-nitro- 
phenyl) d i~e len ide .~~  A two-step formylation/MCPBA oxidation procedure (Scheme 25) was utilized by 
Kishi and coworkersM in the 100 g scale conversion of 2,6-dimethoxytoluene to the mitomycin precursor 
(76). An organic peroxy acid was not required for the conversion of 9-formyl-6-methylellipticine (77) to 
9-hydroxyellipticine (78 Scheme 26)." Under these conditions, the pyridine nitrogen was not oxidized. 
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CO2Me - - 
77% 

iv 

. -  
i-iii 

96% 100% 

(74) 
p 

Me02C -f 
O ~ C O Z M ~  vi, vii 

67% 
77% ee 

- - -  . -  

ox 
(75) 

ox 
i, Os04, NMO ii, 2,2-dimethoxypropane, TsOH; iii, pig liver esterase; iv, 03, MeOH 

v, MCPBA; vi, HCI, MeOH; vii, LiAlH4 

Scheme 24 

MeO-b-- __..) i MeO&OMe ii,iii ~ M e O b O M e  

95% 
CHO OH 

i, C12CHOMe, TiCI,; ii, MCPBA; iii, NaOMe, MeOH 
Scheme 25 

Me 

i, ii 

>90% 
___c 

OHC 

Me 
(77) 

Me 

(78) 
i, CICH2OCHC12, AlCI,; ii, hydrolysis; iii, 35% H202, HzSO4, MeOH 

Scheme 26 

5.1.6 SIDE REACTIONS 
While Baeyer-Villiger oxidations of saturated ketones generally occur without skeletal rearrange- 

ments, heterolytic cleavages may occur if cations are readily accessible. For example, ring A of aiterpe- 



686 Oxidation of C-C Bonds 

noid (79; Scheme 27) can be converted into the lactone (80) by exhaustive Baeyer-Villiger oxidation 
using an acid catalyst. The lactone (SO) can be converted to the steroidal enone (81).% 

i 

33% 
- ii-iv 

58% 
- 

(80) (79) 

0 
(81) 

i, 40% PAA, BF3 etherate; ii, MeLi; iii, PDC, iv, MeOH, NaOH 
Scheme 27 

Rearrangements can provide access to novel ring structures; The strained 1,3-bishomocubanone (82) 
led to significant amounts of rearranged lactone (83; equation 20).sn Galteri et aL9* have found syntheti- 
cally useful ring contractions of a-acyldecalones (equation 21). Peroxy acid attacks the exocyclic ketone 
of (84) and the bond between this carbonyl group and the ring cleaves during rearrangement to (85). 

&ok &$o + & (20) 

0 
60% 40% 

(82) (83) 
i, MCPBA, 1:l dioxane:HzO, 1 h 

Cationic rearrangement of the bridged bicyclic lactone (86) provides a less-strained fused lactone (87; 
equation 22).* This rearrangement has proven useful in prostaglandin synthesis.wJOO Other oxidative re- 
arrangements are discussed in more detail in Chapter 7.2 of this volume. 
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5.2.1 INTRODUCTION 

The preeminence of the Beckmann reaction among oxidative synthetic transformations since its dis- 
covery' over a century ago is borne witness by its frequent review.*-'' The reaction has found most 
widespread use in the rearrangement mode, and may be regarded as the nitrogen analog of the Baeyer- 
Villiger reaction. Thus, nitrogen may be inserted into carbonyl carbon-a-carbon bonds of aldehydes and 
ketones via rearrangement of the derived oximes. The stereoselectivity of the rearrangement allows dis- 
tinction to be made between the a- and a'-carbon atoms flanking a ketone group (Scheme 1). 

Only in relatively recent times has the potential for Beckmann-type reactions other than rearrange- 
ments been exploited fully. Reactive Beckmann intermediates have been intercepted successfully both 
inter- and intra-molecularly, with both carbon and heteroatomic nucleophiles. Reactions in the presence 
of reducing agents give the products of redox processes insofar as the migrating carbon atom undergoes 
oxidation whilst the ex-carbonyl carbon is reduced. In certain circumstances fragmentation, rather than 
rearrangement, becomes dominant, and such reactions have found particular application in ring-cleavage 
processes. 

This chapter is divided into the three broad categories described above, namely rearrangement, addi- 
tion and fragmentation. Although it is beyond the scope of this account to provide exhaustive coverage 
of this active area, close attention has been paid to work published since the last major review." Neither 
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H 
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a a' H 

R1+ 
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Scheme 1 

the photochemically induced Beckmann rearrangement12 nor the Schmidt reaction of ketones13 has been 
covered. 

Throughout this chapter, (E)- and (3-nomenclature refers to oxime geometry, and has been indicated 
whenever specified in the original work. 

5.2.2 REARRANGEMENT REACTIONS 

5.2.2.1 Mechanism and Stereochemistry 

The generally accepted mechanism for the Beckmann rearrangement is presented in Scheme 2. The N- 
hydroxy group of the oxime is rendered more nucleofugal either by protonation or esterification. Migra- 
tion of hydrogen, alkyl or aryl groups from carbon to nitrogen may be followed by attack of an oxygen 
nucleophile at the incipiently cationic ex-carbonyl carbon to yield an imidate; this may then undergo 
Chapman rearrangementI4 to give an N-substituted amide. Alternatively, in some instances, free nitrilium 
species have been implicated. It has also been suggested that nitrenium ions and tetrahedral intermediates 
may be involved in certain cases. 

,OH HO. 

R' R2 R' R2 
I 

X-Y, -HY I X-Y, -HY 1 
,ox xo. 
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R' R2 R' A RZ 

rearrangement 
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rearrangement 
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The Beckmann ana' Related Reactions 69 1 

It has long been considered that migration of the substituent anti to the leaving group on nitrogen pre- 
dominates to the extent that product identity may serve as a reliable indicator of oxime geometry. How- 
ever, the tendency for oxime isomerization to occur under certain reaction conditions, and the differing 
migratory aptitudes of oxime substituents are such that this 'rule' should be used with caution. The de- 
pendence of product composition upon the rearrangement conditions employed further suggests that 
varying mechanisms may be operative. Mechanisms are discussed in greater depth in the context of the 
specific examples presented below. 

5.2.2.2 Ketoximes 

5.2.2.2.1 0-UnsubsWed ketoximes 

Ketoximes may be rearranged directly to amides under a wide variety of conditions. Phosphorus pen- 
tachloride, phosphorus oxychloride, thionyl chloride, trimethylsilyl iodide (TMS-I), formic acid, poly- 
phosphoric acid, trimethylsilyl polyphosphate and mineral acids have all been successfully employed. 
Representative procedures using these and other reagent systems have been documented previously?.' 

Compelling evidence for the isomerization of oximes prior to rearrangement was provided by studies 
on the menthone-derived oxime (1) shown in equation The use of strong anhydrous acid in these 
reactions resulted Vin amides formed via rearrangement of ostensibly the less thermodynamically stable 
(a-oxime. This was also observed in the acid-mediated reaction of the (E)-polycyclic oxime (2),16 which 
rearranged with migration of the syn-alkyl rather than the anti-aryl group (equation 2). It was argued that 
whilst the (a-isomer would be thermodynamically disfavored due to steric interactions between the 
oxime oxygenV and the ortho hydrogen atom, it would be more reactive for the same reason, and apparent 
syn migration would result. 

Under conditions where oxime isomerization is facile, product distribution is clearly the result of a 
subtle combination of factors, including relative migratory aptitudes of substituents as well as the 

h N , O H  - 
A 

(1) 
P0Cl3, pyridine 
S0Cl2, pyridine 
20% aq. H2S04 
HCVJ3t20 

I H  

98% 
90% 
43% 

5 %  & $  .OH 

PPA, 80 "C, 3 h - 
\ 76% 

N 

(2) 

0 

2% 
10% 
57% 
95 % 

H 

(3) 

thermodynamic stability of oxime isomers. Both geometric isomers of (3) gave the lactam (4) upon treat- 
ment with hot polyphosphoric acid (equations 3 and 4).17 In contrast, identical processing of tetralone 
oxime (5) gave exclusively e-lactam (6),18 the product of aryl rather than alkyl migration (equation 5).  

The indanone oximes (7) gave the aryl- and alkyl-migrated products (8) and (9) (equation 6), with the 
proportion of (9) increasing with increasing steric demand of arene substituents at the 4- and 7-psi-  
tions.l8 Exposure of the (a-oxime (10) to phosphorus pentoxide and methanesulfonic acid19 gave the 
product (11) of migration of the syn-alkyl group,2o presumably via the Q-isomer (equation 7). 
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PPA, 110 "C, 10 min aQN 73% - (4) 

- Q  PPA. 11&120 "C, 5-10 min 

no yield given 
' 0  H 

N"OH 
(5) (6) 

(4) 

R' 

PPA, 110-120 no yield "C, given 5-10 min - w0 + wN. H (6) 

R2 R2 H R2 0 

(8) (9) 

@ -OH 
(7) 

0-Unsubstituted ketoximes undergo rearrangement in nonacidic media also. Thus, both geometric 
isomers of cholest-4-en-3-one oxime (12) rearranged to (13) in the presence of triphenylphosphine in re- 
fluxing tetrachloromethane (equation 8);21 the apparent reluctance to migrate of endocyclic unsaturated 
substituents has also been observed for 0-substituted oximes (vide infra). 

C8H 17 &j5 fisP.CCL%nfl"x* 82% 

/ 
N' 
t 0 
OH 

(12) (13) 

When treated with benzoic acid in the presence of triphenylphosphine and diethyl azodicarboxylate, 
benzophenone oxime gave a high yield of N-benzoylbenzanilide (14), formed via rearrangement of the 
intermediate 0-benzoyloxime ( 15)>2 Reaction of p-methoxyacetophenone oxime with 1 , 1'-car- 
bonyldiimidazole (16) gave the 0-substituted derivative (17)123 whereas in the presence of allyl bromide 



The Beckmunn and Related Reactions 693 

efficient Beckmann rearrangement was observed (equation 9). Bentonite clay has been effectively 
employed as a rearrangement prom0ter.2~ 

0 
,ocoPh 

Ph Ph 

H 
I 

c 

(161, CH2=CHCH2Br, MeCN, reflux 

93% 
Me0 Me0 

5.2.2.2.2 0-Substituted ketoximes 

0-Tosyl ketoximes generally rearrange smoothly and with exclusive anti migration when dissolved in 
polar media; a typical example is depicted in equation (lo)? The tosyl derivatives frequently rearrange 
under the conditions of their formation (equation 1 1)?6 and the mildness and specificity of this procedure 
recommend it for use with acid-sensitive substrates (equation l2).” 

,4 (10) 
if‘l KOAc, aq. EtOH, reflux 

84% 

‘ .o H 

HO OH 

Q I 

w (1 1) 
TsCl, pyridine, 25 OC 

TsO 70% 

TsCl, pyridine 
~- 

60% 

Oxime methanesulfonates are also suitable rearrangement substrates. Thus, the azetidinone oxime 
methanesulfonate (18) underwent smooth rearrangement2* upon exposure to basic alumina (equation 
13);29 more conventional mineral and organic acid based reagents were ineffective in promoting this 
transformation. 

A striking example of the differing migratoq aptitudes of saturated and unsaturated endocyclic groups 
is represented in equation (14). Under identical conditions, (E)-(19) was unreactive.30 
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MsO 
N 4 I 

basic AIzO3, benzene H - N  
b 

L N  91% 
COzEt CO2Et 

h, 
(18) 

In contrast, exocyclic vinylic groups migrate readily. (E)-a-Benzylidenecyclohexanone oxime (20) 
formed a stable, crystalline addition product (21) upon tosylation in pyridine; dilute acidolysis gave the 
caprolactam derivative (22) in high overall yield (Scheme 3)?O 

Grob and coworkers have presented evidence for wparticipation by migrating acyclic vinylic groups: 
the 2,4-dinitrophenol derivative (23) rearranged more than 2000 times faster than the saturated analog 
(24).31 

5.2.2.23 Direct conversion of ketones to amides 

Under appropriate conditions, ketones may be converted directly to amides. The facility of ketoxime 
formation from ketones strongly suggests that the former are reactive intermediates in these processes. 
Treatment of the strained bicyclic ketone (25) with 0-(mesitylsulfony1)hydroxylamine gave a mixture of 
the isomeric lactams (26) and (27) in good yield, and with moderate stereoselectivity (equation 15).32 

0 H 

(26) 79% (27) 21% 



The Beckmann and Related Reactions 695 

Bicyclo[3.2.l]octan-2-one underwent a highly selective Beckmann rearrangement in the presence of 
hydroxylamine 0-hydrogensulfate and formic acid (equation 16).33 A modification of this procedure 
using catalytic trifluoromethanesulfonic acid has been reported.34 

4 + 4 (16) 

0 H’ 0 O H  
95% 5% 

5.2.23.4 Miscellaneous reactions 

Migration of an acyl substituent was observed during rearrangement of the a-diketone monooxhe 
(28)p5 with formation of the tetrasubstituted isoquinoline (29) presumably occurring via a cyclic imide 
intermediate (equation 17). 

(17) dN, (28) OH 97% -d (2% c1 

E l , ,  HCl, POC1, 

A diastereomeric mixture of heterocyclic ketones (30) formed a single bicyclic ketolactam (31) when 
heated in refluxing trifluoroacetic acid (equation 1 8).36 Ring contraction similarly occurred on ther- 
molysis of (32; equation 19).37 

0 
H 

0 
H 

* O d 0  N j  

TFA, 72 OC 

70% 

Pi 
(31) 

H 

- 
N, Ph 1950c 53% c1 P 

0 

5.2.2.3 Aldoldmes 

Under a variety of conditions, aldoximes almost invariably rearrange in a nonstereospecific manner to 
give primary amides. Reagents which have been used to effect this transformation include boron triflu- 
oride, phosphorus pentoxide and methanesulfonic acid, transition metal complexes and silica gel. Certain 
reagents may promote stereospecific anti migration in (E)-benzaldoximes to give formanilides. A com- 
prehensive bibliography is provided in ref. 11. 

5.23 ADDITION REACTIONS 

One of the most useful variants of the Beckmann reaction is that in which the intermediate is trapped 
with a nucleophile other than water. Both carbon and heteroatomic nucleophiles have been used in this 
context. Intramolecular interception gives cyclized products. 
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533.1 Intermolecular Reactions 

Treatment of the carbonate derivative (33) of acetophenone oxime with TMS-I gave a quantitative 
yield of the imidoyl iodide (M), as determined by 'H NMR (equation 20). The reactive product could be 
reacted further with a range of nucleophiles giving substituted imines in high yields?* Interestingly, ex- 
posure of acetophenone oxime itself to similar conditions gave the aryl-migrated Beckmann rearrange- 
ment product in moderate yield.39 

Me3SiI, CDC13 

100% 
'0 OEt 

Intermediates have been trapped by distal attack of halide ion. Reaction of the a,p-unsaturated oxime 
(35) with E l 5  gave a good yield of N-phenyl-3-chloropropionamide (equation 21).@ Similar reactivity 
was observed with the alkynic oxime (36; equation 22).4l 

H ,OH 

HO, 

El , ;  H 2 0  work-up- NHMe 

100% / 

(36) 

Azide ion has been shown to be an effective trap for a Beckmann intermediate. Treatment of acetophe- 
none oxime with thionyl cloride in the presence of hydrazoic acid gave tetrazole (37), as shown in equa- 
tion (23)."* Thiolates participate efficiently in Beckmann reactions, and the sulfur nucleophile may be 
incorporated into a Lewis acidic reagent, as demonstrated in equation (24).43 

Socl,, CCI,, "3 " 

no yield given 

,OMS 

1 
U 

,OMS 

Bui2AISEt, CH2C12,O 'C e 62% 
I I w f Ny Bui2AISEt, CH2C12,O 'C 

62% W 

This general strategy has also successfully been exploited for the formation of carbon-carbon bonds. 
Compound (38) underwent ring expansion with concomitant formation of two new carbon-carbon bonds 
when treated sequentially with Grignard reagents as depicted in equation (25).44 Similarly, treatment of 
cyclic ketoxime methanesulfonates with trimethylaluminum in dichloromethane gave cyclic imines, the 
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products of formation of a single new carbonxarbon bond.43*45 In situ treatment of the imines with 
DIBAL-H gave cyclic amines in good yields, as represented in equation (26)j31* 

i, MeMgI, PhMe 
ii, CHdHCH2MgBr 

72% 
(3) 

H 
i, BunMgBr, PhMe 

ii, DIBAL-H 

63% 
(26) (3) 

Lewis acid induced Beckmann reaction in the presence of silyl enol ethers has been used to prepare 
vinylogous amides (equation 27)j7 

OSiMe3 H 

5.23.2 Intramolecular Reactions 

The use of internal nucleophiles in the Beckmann reaction has been demonstrated to be an effective 
method for the synthesis of N-heterocycles. Substituted pyrrolines are readily available via this approach, 
as exemplified in equation (28)?* 

- P2OS 72% & (28) 

Endocyclic cyclization of double bonds onto Beckmann intermediates gives doubly unsaturated 
N-heterocycles, which may be oxidized under mild conditions to give aromatic products (Scheme 4).49 

5 
(39) 

Me,SiOTf @ Scheme 4 

80% overall 
from (39) 

The imines formed in the cyclization reactions may be trapped reductively (vide supra)?9 Reaction of 
the intermediate formed by ring-closure with trimethylaluminum to give a gem-dimethyl group as in 
equation (29)49 further increases the scope of this transformation. 

63 % 

"Ph 
-Ph 
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Benzoxazoles have been prepared by intramolecular reaction of a phenolic 4 H  group with a Beck- 
mann intermediate (equation 30).50 A cyclic imidate was isolated in high yield from tosylation and in situ 
Beckmann reaction of the erythromycin-derived oxime (40, equation 31).51 

N .  OH 

* (30) 
POCl,, DMA, e30 OC 

88% But But 

5.2.4 FRAGMENTATION REACTIONS 

Fragmentation reactions, in which the a-carbon-carbon bond breaks, rather than migrates, may com- 
pete significantly with rearrangement processes when there is assistance from a neighboring center. Such 
assistance may be provided in the form of hyperconjugation (in the case of quaternary carbon atoms), or 
by mesomerically electron-donating heteroatoms. These processes may be stepwise, with the aforemen- 
tioned assistance taking place during the break-down of the intermediate imidate. Substrates may under- 
go both rearrangement and fragmentation, depending on the reagents and reaction conditions employed. 
The fragmentation of aldoximes to give nitriles has been extensively reviewed elsewhere" and will not 
be considered here. 

5.2.4.1 Carbon-assisted Fragmentations 

Reaction via the fragmentation pathway increases with the ability of the a-carbon atom to support 
positive charge. Fragmentation of cis- 1 -methylbicyclo[4.3.0]nonan-2-one oxime (41) competed with 
nonnal Beckmann rearrangement to the extent shown in equation (32). The 1-unsubstituted analog gave 
exclusively the 8-lactam corresponding to (42)?2 Analogously, bicyclic oxime (43; R = Ph) gave only 
the fragmentation product (44; equation 33), whilst Beckmann rearrangement product (45) was the sole 
compound isolated when (43; R = H) was subjected to the same  condition^.^^ 

SWl2, 8090 dioxane *m+-jJ" (32) 

H H 
50% (42) 50% 

d - O H  

(41) 

The reactivity of spirooxime (46) was found to depend on the reagent system employed. In the absence 
of water, ring cleavage occurred to give unsaturated nitrile (47) as the only product. Reaction of (46) 
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PhS02CI. aq. NaOH 

77% 
"'OH 

M e 0  

Me0 & 
(43) 

699 

(33) 

with benzenesulfonyl chloride in aqueous acetone gave exclusively the Beckmann rearranged spirolac- 
tam (a)." 

g N O O H  @ , C N  go 
Under forcing conditions, the presumed intermediate (49) of fragmentation of oxime (50) underwent 

recyclization to give the product (51) of overall ring contraction, albeit in low yield (Scheme 5).55 

Ph 1 Ph 

Scheme 5 

Fragmentations may be governed by stereoelectronic factors.'' The steroidal oxime (52; equation 34) 
fragmented with loss of a deuteron from the 4a-methyl group, whereas the A5va analog (53; equation 35) 
fragmented with proton abstraction from the 4p-methyl g r o u ~ . ~ ~ . ~ ~  

C8H17 

@ H %, TsC1,pyridine 

HO, N' ,..' 
D3C CH3 

(52) 

Hi- "-"T 
D3C CH3 

(53) 

TsCl, pyridine 
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53.4.2 Heteroatom-assisted Fragmentations 

The oxime (54), derived from dihydmamphorquinone, fragmented under phase transfer conditions, 
with oxime --OH activation presumably taking place via nucleophilic attack on dichlomarbene (equa- 
tion 36).58 Carbonyl oxygen assisted ring opening was observed in the fragmentation of the cyclic adi- 
ketone monooxime (S5),59 probably viu a tetrahedral intermediate (equation 37).11 Fragmentation of 
oxime orthoester (Sa) using catalytic MsOH gave a quantitative yield of methyl acetate, trimethyl ortho- 
formate and acetonitrile.60 

CHCI,, EtOAc, 40% aq. NaOH 

BuEt,N+Cl- 

85% 

CHCI,, EtOAc, 40% aq. NaOH 

r OH BuEt,N+Cl- 

85% 

NOH CN 

Distal oxygen functionality may assist fragmentation. Basic ethanolysis of the bicyclic ketoxime (57) 
gave the acyclic unsaturated nitrile ester (58) as a single geometric isomer (equation 3Q6* 

NaOEt, EtOH @ I H  100% * doEt 
N 

(57) (58) 
TsO' 

Analogously with the reaction depicted in equation (37), a-N-morpholino oxime (59) underwent oxi- 
dative ring cleavage under standard Beckmann conditions (equation 39).62 Azide nitrogen assisted cleav- 
age of the steroidal azido oxime (60) gave a dinitrile (equation 40).63 

X I S ,  Et20,O 'C 

84% - NCwoCHo (39) 
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b I 
94% 

70 1 

(40) 

The ability of silicon to stabilize positive charge p to itself has been exploited in silicondirected frag- 
mentations of p-silyl oximes. Oxime 0-acetate (61) fragmented stereospecifically to the (E)-alkenic 
product in the presence of catalytic TMSOTf (equation 41).64 

AcO . 
,,""\ 10 mol 96 Me3SiOTf, CH,CI,, 0 OC 

NC Ph (41) 4 Ph 93% 
SiMe3 

(61) 

M e s x 5 t  N' H 

(62) 

- Mesd' NC H 

MsCI, pyridine, 115 'C 

45% 

OH 

Adjacent sulfur substituents have been observed to promote fragmentation of oximes under Beckmann 
conditions. The bicyclic a-methylthio ketoxime (62) gave a thio enol ether on mesylation in pyridine 
(equation 42).65 Anchimeric, rather than mesomeric assistance was observed for the fused tetrahydrothio- 
phene derivative (63) (Scheme 6);66 the involvement of sulfur was strongly implicated by the resistance 
to fragmentation of the corresponding sulfoxide under similar conditions. 

SOCl2, CHzC12,O "C 

75% overall 
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53.1 INTRODUCTION 

This chapter discusses the oxidative carbon-carbon bond cleavage of vicinal diols (a- or 1.2-glycols) 
and related functional groups. There are many oxidants which can effect this transformation; however, 
the classical oxidants LTA, periodic acid and its salts are still the reagents of choice. The glycol fission 
reactions by these oxidants are usually very rapid, clean, quantitative and specific. Sodium periodate is 
particularly popular, attributable to the neutral and mild conditions used which are compatible with a 
wide range of functionalities. The studies of other reagents have been mainly exploratory or mechanistic. 
Some have shown promise for a specific application which is indicated in each section, but none has 
demonstrated the versatility exhibited by LTA and periodate in natural product synthesis. Several re- 
views of glycol cleavage reactions have appeared.*-s 

53.2 SODIUM BISMUTHATE 

Sodium bismuthate (NaBiOs) was first used by Rigby6p7 as an oxidant for a-glycol cleavage Deactions 
to give carbonyl compounds (equation l), and was found to be similar in scope to lead tetraacetate and 

703 
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periodic acid. Like lead tetraacetate but unlike periodic acid, it readily cleaves a-hydroxycarboxylic 
acids apd a-hydroxy ketones. Aldehydic products, except formaldehyde! are not oxidized further by the 
reagent which also oxidizes phenols and alkenes. The rate of alkene oxidation is slow compared with that 
of glycol ~leavage.~ Sodium bismuthate is generally used in combination with acetic or phosphoric acid 
in aqueous alcohol and the relatively harsh conditions required limit its synthetic applications. The mech- 
anism of glycol cleavage by sodium bismuthate is still obscure. Since oxidation of truns-cyclopentane- 
12-diol with sodium bismuthate gives glutardialdehyde (equation 2),1° and no difference in reaction rate 
is observed for the oxidation of cis- or rruns-cyclohexane-l,2-diol, the proposed7 mechanism involving a 
bismuth diester intermediate is not justified. 

R' R3 
R 2 w R 4  - R2YR1 + R3YR4 (1) 

HO OH 0 0 

p - OHC CHO (2) 

HO ',OH 

Selective oxidative cleavage of the corticosteroid side chain by sodium bismuthate was used as an ana- 
lytical technique for the determination of urinary corticosteroids." Sodium bismuthate was chosen since 
it cleaves a-hydroxy acids readily (unlike periodic acid) and tolerates the water in urine samples (in con- 
trast to LTA). 

5 3 3  PENTAVALENT ORGANOBISMUTH REAGENTS 

Pentavalent derivatives of triphenylbismuth such as poxobis(chlorotripheny1bismuth) (1) and aiphe- 
nylbismuth carbonate (2) have been developed12 recently as oxidizing agents which cleave a-glycols into 
the corresponding carbonyl derivatives (equation 1). Aldehydic products do not undergo further oxida- 
tion. Reagent (1) also oxidizes saturated alcohols as well as allylic and benzylic alcohols, whereas (2) 
selectively oxidizes allylic alcohols in the presence of saturated alcohols.I2 

Triphenylbismuth carbonate (2) displays remarkable chemoselectivity, allowing alcohol oxidation in 
the presence of benzenethiol, pyrrolidine, indole, aniline, dimethyl aniline and 3-pyrolidinocholesta-3,5- 
diene. The diol moiety in (3) is cleaved selectively without oxidizing the dithioacetal function (equation 
3).13 The rate of the stoichiometric oxidative cleavage of cis-cyclohexane- 1,2-diol to adipic aldehyde 
with PhsBiCOs is faster than that of the trans isomer, suggesting the formation of a cyclic organobismuth 
intermediate (4; Scheme 1). l2 

(3) 
25% HO' P O B z  

OH OH 
(3) i, PH,BiCO,; ii, NaBH4 

A catalytic bismuth system (PhsBi-NBS-K2COs-MeCN with 1% water) has been reportedI4 to cleave 
a range of 13-glycols efficiently and is shown to have a different mechanism from the cyclic process ob- 
served with the stoichiometric bismuth reagent (2). The catalytic system cleaves cis- and rruns-decalin- 
9,lOdiols at nearly the same rate, whereas the stoichiometric reagent (2) does not cleave the trans 
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R' R3 

__f R2yR1 + R3vR4 + Ph3Bi 
R' R3 R2 *-R4 

R2+R4 - 0, ,o 
HO OH Bi. 0 0 

Ph' bhph 

(4) 
Scheme 1 

isomer. The mechanism involves the formation of a hypobromite which oxidizes Ph3Bi to give a penta- 
valent alkoxy intermediate (5). Base-induced reductive elimination of (5) then gives the carbonyl deriva- 
tives and triphenylbismuth (Scheme 2).14 

R' R3 R' R3 
R2 *R4 ___c NBS R2 f i y R 4  + 
HO OH HO OBr 

0 

+ 
R' R3 

0 0 
I 

B A  
(5) 

Scheme 2 

53.4 CERIUM(1V) REAGENTS 

Cerium(1V) is an efficient reagent for a-glycol cleavage (equation 1). Vicinal and polyhydric alcohols 
are quantitatively broken down by the cerium(1V) ion.15 There are no large differences in the overall oxi- 
dation rates of cis- and trans-cyclohexane- 1,2-diols and of cis- and trans-cyclopentane-1,2-diols. How- 
ever, the effect of ring size is considerable, cyclopentanediols reacting more rapidly than 
cyclohexanediols. It is noteworthy that cerium(1V) also cleaves 2-methoxycycloalkanols to give the 
corresponding dialdehydes.16 The mechanism for the 1,2-glycol cleavage by cerium(1V) involves the for- 
mation of a monodentate complex followed by a one-electron cleavage to give an intermediate radical 
which is then further oxidized (Scheme 3). The main support for this mechanism comes from the similar 
rates of oxidation of glycols (6) and (7) and the monomethyl ether @),la radical-trapping experimentd7 
and parallel studies of lead(1V) and cerium(1V) glycol cleavage oxidations.18 However, the synthetic as- 
pects of cerium(1V) oxidation require further investigation. 

Scheme 3 
J 
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535 CALCIUM HYPOCHLORITE 

Calcium hypochlorite, Ca(OC1)2, an inexpensive and easily stored oxidant, can be used to cleave a- 
glycols to the corresponding carbonyl compounds. a-Diones, a-hydroxy ketones and a-hydroxy and a- 
keto acids are also oxidatively fragmented.lg Aldehydic products are further oxidized to acids with an 
excess of the reagent. Consequently, this reaction is more suitable to produce carboxylic acids from 1,2- 
diols on a preparative scale. a,P-Unsaturated aldehydes and aromatic aldehydes with electron-donating 
groups undergo a competing nuclear chlorination, whereas aliphatic aldehydes and aromatic aldehydes 
with electron-withdrawing groups give the expected acids.20 Reactions are carried out at room tempera- 
ture in aqueous acetonitrile/acetic acid solution. 

53.6 CHROMIUM(V1) REAGENTS 

Glycol cleavage oxidation by chromic acid usually affords ketones and acids since the first formed al- 
dehydes undergo rapid oxidation.21 The synthetic aspects of these oxidations have received little atten- 
tion, probably owing to the relatively harsh conditions used. Recently, PCC has been employed to effect 
the fission of simple vicinal diols under very mild conditions (a few hours at room temperature in dichlo- 
romethane solution) to give aldehydes and ketones in good yields.22 The oxidative cleavage seems to in- 
volve an intermediate chromate ester (9). However, the reaction is sensitive to steric crowding: 
benzpinacol failed to react even after prolonged heating with a large excess of oxidizing agent.22 

53.7 COBALT(II) REAGENTS 

Cobalt(1I) salts are effective catalysts for the oxidation of 1,2-glycols with molecular oxygen in aprotic 
polar solvents such as pyridine, 4-cyanopyridine, benzonitrile, DMF, anisole, chlorobenzene and sulfo- 
lane.23 Water, primary alcohols, fatty acids and nitrobenzene are not suitable as solvents. Aldehydic 
products are further oxidized under the reaction conditions. Thus, the oxidative fission of truns-cyclo- 
hexane-l,2-diol gives a mixture of aldehydes and acids. However, the method is of value in the prepara- 
tion of carboxylic acids from vicinal diols on an industrial scale; for example, decane- 1.2-diol is cleaved 
by oxygen, catalyzed by cobalt(II) laurate, to produce nonanoic acid in 70% ~ i e l d . 2 ~ 1 ~ ~  

5.3.8 IODO REAGENTS 

Alicyclic, aromatic, aliphatic, steroidal and triterpenoid 1 ,2-diols are cleaved by iodine triacetate and 
iodine(1) acetate to generate carbonyl compounds. Aldehydic products are not further oxidized.25 Iodine 
triacetate is prepared from iodine trichloride and silver(1) acetate, whereas iodine(1) acetate is prepared 
from iodine and silver(1) acetate. Reactions occur in acetic acid at mom temperature under nitrogen, and 
a radical pathway involving a hypoiodite is suggested. The cost and the availability of these reagents are 
probable reasons for their unpopularity. 

Five simple a-diols have been successfully cleaved by N-iodosuccinimide (NIS) in THF at ambient 
temperature.26 Products from the oxidation are aldehydes, ketones, iodine and succinimide. Irradiation of 
the reaction increases the cleavage rate, indicating a radical pathway. Its attractiveness is its simplicity of 
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operation and easy availability of the reagent. However, the generation of iodine during the reaction may 
pose complications with substrates containing sensitive functional groups. 

53.9 VANADIUM REAGENTS 

Although the dioxovanadium cation, V02+, is a useful oxidant for the cleavage of simple ditertiary and 
secondary-tertiary glyc0ls,2~ the strong acid conditions required for the reaction (H2S04 or HC104) limit 
its synthetic application. 

Recently, bis(acety1acetonato)oxovanadium [VO(acac)z] has been shown to be a selective oxidant for 
the quantitative cleavage of ditertiary glycols to ketones under mild conditions.28 Reactions proceed at 
room or higher temperatures (up to 70 'C) in aprotic solvents (dichloromethane, benzene or mixtures 
thereof). The selectivity of the reagent towards ditertiary glycols is demonstrated by the fact that pinacol 
and benzpinacol are smoothly cleaved to acetone and benzophenone, respectively, whereas butane-2.3- 
diol and cyclohexane-1,2-diol (cis-trans mixture) are inert under the reaction conditions. The reagent 
also shows excellent chemoselectivity, permitting glycol cleavage of substrates possessing a variety of 
functional groups (equation 4). 

OH /4 

The reaction proceeds also with catalytic amounts of [VO(acac)z], in the presence of t-butyl hydmper- 
oxide or m-chloroperoxybenzoic acid.28 

53.10 ANODIC OXIDATION 

The anodic oxidation of 1,Zdiols and their ether derivatives is a simple and clean method for the 
fission of glycols to the corresponding carbonyl compounds (equation 1). The reaction is canied out 
using carbon electrodes in methanol containing tetraethylammonium p-toluenesulfonate as a supporting 
ele~trolyte.2~ 
In contrast to other cleavage reagents, this anodic oxidation does not show stereochemical preference. 

In addition, ether derivatives are oxidized in similar current efficiencies to those of the parent 1 ,2-diols. 
Cyclohexene oxide is oxidized via the corresponding hydroxy ether. 

d- 
OH 

A 
0 

+ 

35% 35% 

0 
OH 

OH 
Scheme 4 
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Aldehydic products are usually isolated as their corresponding acetals. The ketones formed from the 
oxidatign may undergo intramolecular aldol condensation to give enones (Scheme 4)F9 

53.11 HYDROGEN PEROXIDE 

Aqueous hydrogen peroxide in conjunction with catalytic amounts of tungstate and phosphate (or ar- 
senate) ions, under acidic conditions (pH 2). provides a synthetically useful procedure for the oxidative 
fission of water soluble 1 ,2-diols to carboxylic acids.30 This method, which employs an inexpensive cata- 
lyst and a cheap, nonpolluting oxidant, is particularly suitable for large scale operations. Primary-sec- 
ondary, secondary-secondary and secondary-tertiary 1,2-diols (open chain and cyclic) can be 
satisfactorily oxidized. Thus, trans- 1,2-~yclopentanediol, cis- and trans- 1 ,2-cyclohexanediol, trans- 1- 
methyl-l,2-cyclohexanediol and 13-hexanediol react with H202, Na2W04.2H20 and H m 4  at 90 'C for 
5 h to give glutaric, adipic, 6-oxoheptanoic and valeric acid, respectively, in 87-96% yield.30 This 
method has been applied to water insoluble diols by the use of a phase transfer agent. Thus, 1.2-octane- 
diol gives 78% of heptanoic acid.30 

A related hydrogen peroxide oxidation of a-glycols catalyzed by tris(cety1pyridinium) 12-tungstophos- 
phate, [~-CsHsN(CH2)lsMe]3+(PW12040)3-, (CWP) has also been reported.31 This catalyst-oxidant sys- 
tem also epoxidizes alkenes and allylic alcohols and converts secondary alcohols to ketones. 1,2-Glycols 
react with three equivalents of H202 mediated by CWP in refluxing t-butanol to give carboxylic acids in 
good yields. The oxidation of 4-vinyl-l,2-cyclohexanediol gives 3-vinyladipic acid in 55% yield (equa- 
tion 5),  indicating that the reaction is chemoselective. The cleavage reaction involves the formation of an 
a-keto1 which subsequently undergoes C - C  bond f i ~ s i o n . ~ ~ * ~ l  This CWP-H202 system, which is also 
efficient for the oxidative cleavage of carbon+arbon double bonds of alkenes, provides a new way of 
converting alkenes into carboxylic acids.31 

53.12 MANGANESE DIOXIDE 

Vicinal diols can be cleaved smoothly under neutral conditions to give carbonyl compounds using an 
excess of activated manganese dioxide.32 The reaction proceeds under very mild conditions (stimng in 
CH2C12 at room temperature). Only 1,2-cis-diols and the analogous trans compounds with a flexible ar- 
rangement of their hydroxy groups can be oxidized. Even diols subject to extensive steric hindrance 
undergo oxidative fission (Scheme 5) .  9.10-cis-Decalindiol is easily cleaved, whereas the 9,lO-trans 
isomer remains inert. Reactions work well with glycols containing at least one tertiary hydroxy group. If 
the hydroxy groups are secondary, ketonization is observed instead of complete oxidative fission. For 
example, dodecanedial, the oxidation product of 1,2-cis-cyclododecanediol, is accompanied by 1,2-cy- 
clododecanedione (14%) and traces of 2-hydroxycyclododecan0ne.~~ The mild conditions and the ease of 
work-up of the manganese dioxide oxidation is a valuable method for the fission of 1.2-glycols contain- 
ing at least one tertiary hydroxy group. 

53.13 LTA AND PERIODATE 

53.13.1 General Characteristics 

In 1928, M a l a ~ r a d e ~ ~  discovered that periodic acid and its salts cleaved the carbon-carbon bond of 
1,Zdiols efficiently to give carbonyl compounds. Subsequently, CriegeeM found that LTA could also ef- 
fect such transformations. The glycol cleavage reactions of these two reagents are usually very rapid, 
clean, quantitative and specific. The reactions are usually stoichiometric, with one mole of oxidant being 
consumed for each carbon-carbon bond cleaved. The carbonyl compounds generated are inert towards 
further oxidation under the reaction conditions. For many applications, periodate and LTA complement 
each other. LTA is generally used in acetic acid or aprotic solvents such as benzene, ethyl acetate and 
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MnOz, CHZCIZ 

Ho&H r.t., 5 h 
I \ too% 

Scheme 5 

dichloromethane. Sodium and potassium periodate can be used only in water or aqueous organic solvents 
owing to their solubility properties, whereas periodic acid can be used in water or aprotic solvents (di- 
ethyl ether or THF).35 In order to carry out periodate oxidation in nonaqueous media, sodium periodate 
supported silica36 and quaternary ammonium period ate^^^ have been developed. Recently, polymer-sup- 
ported quaternary ammonium periodate, which was used for glycol cleavage reactions in dichiorometh- 
ane, has been reported as a practically useful a l te rna t i~e .~~ 

The fact that periodate fission functions best in aqueous media39 and LTA in organic solvents makes 
glycol scission oxidations possible with all types of substrates. These reagents were used extensively for 
structural elucidation of carbohydrates before the advent of modem spectral in~trumentat ion.~.~~ Now, 
they are generally used in synthetic work. 

53.13.2 Reaction Mechanism 

The mechanism of cleavage by periodate is consistent with a cyclic, five-membered ring intermediate 
(10) shown in Scheme 6. Support comes from the fact that the cis isomers of cyclic diols are more re- 
active than the trans isomers, threo-1,Zdiols undergo oxidation faster than the erythro isomers42 and the 
inert behavior of diaxial trans- 1,2-diols which cannot form a cyclic periodate ester.43 

The mechanistic aspects of LTA oxidation are more complicated and the results indicate several path- 
ways dependent on the steric environment of the glycols. In cases where geometry is favorable, oxidative 
scission via a cyclic intermediate (11) proceeds by a two-electron transfer (path a, Scheme 7).44 With 
trans-diols possessing antiperiplanar hydroxy groups, which for steric reasons cannot form the lead(1V) 
cyclic intermediate (11). an alternative cyclic pathway consisting of an intramolecular proton transfer in 
(12) becomes important (path b).45 In addition, the role of both base45 and acid4 in enhancing the fission 
of these trans-diols has been rationalized by involving two noncyclic transition states, such as (13) and 
(14) (paths c and d). 

53.13.3 Applications in Organic Synthesis 

In addition to the oxidative scission of 1,2-diols, the reaction can be extended to related 1,Zbifunc- 
tional compounds such as oxirane~:~ 1,2-dicarbonyl compounds, 2-hydroxy aldehydes, ketones and 
acids, a-amino alcohols, 1,Zdiamines and also to polyols.1.2 LTA cleaves a-hydroxy acids much more 
readily than do periodates and both reagents oxidize 2-hydroxy aldehydes and 1,2-dicarbonyl compounds 
relatively slowly.'.* Only periodic acid47 in water reacts with oxiranes via the corresponding diols. 
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Pb(OAc), 
/ \  

0 0  

- j-+ ,>o 
(11) 

Scheme 7 

Although periodates also oxidize polycyclic aromatic hydrocarbons, phenols, hydrazines, active 
methylene compounds and sulfides,, chemoselectivity can usually be achieved and glycol cleavage oxi- 
dation takes precedence. For example, the diol moiety in the diethyl dithioacetal derivative of D-glucose 
can be selectively oxidized in good yield (equation 6).48 In contrast, LTA is less selective than periodate 
and oxidizes a far greater variety of organic  compound^.^ Consequently, in order to minimize undesired 
reactions, it is customary to add LTA slowly to avoid contact of the initially formed products with an ex- 
cess of the oxidant (equation 7).49 

i, ii ono 
(6) - one 

HO* 78% Me02C ++ S E ~  

O 1  sEt 
Ph 

OH o, sEt 
Ph 

i ,  NaI04, aq. MeOH ii, Ph3bCHC02Me 

CO~BU 
LTA added slowly 0 

* 2 y C O 2 B u  
H benzene 

11-879b 
1:: 
COzBu 

(7) 

Periodate oxidation is sensitive to the stereo~hemist@~*~~ of the substrates: cyclic trans- 1,2-glycols 
containing a tertiary hydroxy group and conformationally biased trans-diaxial 1 ,2-diols ' are generally 
unreactive. Being a more powerful oxidizing agent, LTA complements periodates in the cleavage of 
diols which are inert to periodates.'3 An interesting application of this type of LTA cleavage is the 
fission of angular trans-diols which allows entry into medium or large rings, illustrated by equations 
(8)N and (9).51 In cases where the angular diols are cis-disposed, oxidative cleavage with periodate oc- 
curs readily and thus fragmentation into medium or large rings can be achieved from trans-angular al- 
kenes via the periodate-ruthenium tetroxide oxidation;52 an example is provided in the synthesis of the 
5-8-5 carbon skeleton of fusicoccins and ophiobolins (equation Trisubstituted alkenes yield keto 
acids (equation 1 l).54 A related reaction, known as the Lemieux-von Rudloff (periodate-permanganate) 
~xidation?~ is also used to oxidize alkenes to acids or ketones (equation 12).56 If aldehydes are required 
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from alkenes, the Lemieux-Johnson (periodate-osmium tetroxide) oxidations7 is appropriate and equa- 
tion (13p shows that a free hydroxy group is not oxidized under the reaction conditions. If LTA is used 
as the oxidant, the dicarbonyl compounds are obtained in two separate steps from cyclic alkenes. Treat- 
ment of the dicarbonyl compounds with base causes aldol condensation and hence provides a general 
method for the preparation of cyclic enones (equation 14r9 or ends (equation 15).60 

OH 

OH 

LTA, DME 
L 

C1,CCOZH 
60% 

LTA, benzene 

83% 

RuO,. Nd04 

CCI,, MeCN, HzO 
82% 

RuOz, NaI04 
* 

acetone, MeCN, HzO 
79% 

pJ 0 
(23 0 

(9) 

CN 

) 

0 

i, catalytic OsO,, NaIO,; ii, Ph3P=CMeC02Bu1 

i-iii 

58% 
- 

Me0 Me0 

i, Os04; ii, LTA, THF, iii, KOH, H20 
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OHC 

QiaOMEM 5 QifiOMEM 

\ OTHP O 'OTHP 0 

i, OsO,; ii, LTA. benzene; iii, BnzNH:CF3COz-, benzene 

Aldol-type cyclization of dialdehydes with nitroalkanes is a valuable synthetic route to amino sugars, 
amino cyclitols and nucleosides of amino sugars.61 Recently, the cyclization of the di- and tetra-alde- 
hydes derived from sucrose (15) with nitroalkanes has appeared. It is noteworthy that the oxidative 
cleavage of sucrose with LTA affords the dialdehyde selectively (Scheme 8).62 

OHC 

iii 1 

i, LTA, AcOH; ii, NaI04, HzO 
iii, MeN02, NaOMe, MeOH 

02N- OH 
Scheme 8 

Generation of aldehydes from oxidative fission of diols for further synthetic elaboration is generally 
more efficient than that from oxidation of the corresponding primary alcohols. The sequence involving a 
glycol cleavage followed by a Wittig-type homologation, illustrated in equation ( 1 6),63 is particularly at- 
tractive and finds wide application in the syntheses of arachidonic acid metabolites. Recently, a series of 
hydroxylated aldehydes which are useful intermediates in the synthesis of lipoxygenase metabolites of 
arachidonic acid have been prepared from the corresponding acetonides (equation 17).@ The use of per- 
iodic acid permits the transformation (hydrolysis followed by glycol scission) to proceed in one pot. In a 
similar way, periodic acid is useful for the hydrolysis of resistant 1,3-dioxolane protecting groups (equa- 
tion 18).65 The glycol cleavage-Wittig condensation sequence has also been employed in the total syn- 
thesis of other natural products, e.g. altholactones (equation 19),% and (S)-homolaudanosine and 
(S)-2,3,9,10,11 -pentamethoxyhomoprotoberberine (equation 20).67 

The extensive use of periodate, frequently sodium periodate, as oxidants for water insoluble glycols in 
contemporary organic synthesis contradicts the recommendation made earlies that LTA is the preferred 
reagent. Hydrophobicity of the substrates does not appear to pose problems since they are readily soluble 
in aqueous solvents. In addition, periodate cleavage can proceed in a two-phase mixture, indicated in 
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0 C O H  OH 

___) i, ii *CO2H 

50% 0,o 

+OH 
0-0 
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TCH0 + 2CH2O (18) 

C5H11 = 

i, NaIO,, MeOH, H20; ii, Ph3P=CHC02Me, MeOH 

Me0 
i, ii 

Me0 (20) 

HO 

COzMe 

OMe 

i, NaIO.,, MeOH, H20, ii, ylide derived from 3,4-dimethoxybenzyltriphenylphosphonium chloride, THF 

equation (16). More examples of the application of sodium periodate mediated glycol fission reactions in 
synthesis are illustrated in equations (21)-(25).69-72 The attractiveness of sodium periodate is attributable 
to its unique features, such as: (i) it has an indefinite shelf life and can be handled easily; (ii) it is used 
under mild and neutral conditions; (iii) it is highly specific; and (iv) isolation of the reaction products is 
by extraction into organic solvents. However, if the reaction products are highly water soluble or prone 
to hydrate formation, LTA is the preferred reagent, as used in the preparation of 2,3-f%isopropylidene-~- 
glyceraldehyde (16),73 a versatile homochiral building block. A convenient synthesis of enal(l7) results 
from a simplified work-up procedure for (16).74 The procedure involves filtration of the glycol cleavage 
reaction mixture in EtOAc through a celite/silica pad followed by neutralization of the filtrate with solid 
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NaHCO3; the resultant mixture is filtered and Ph3P=CHCHO added to the filtrate to give enal (17) in 
75% overall yield from the diol (Scheme 9). 

\OH + o A o  

i, NaI04, aq. MeOH, 0 "C to rat.; ii, Meldrum's acid, (CH#"H)+2(AcO-)2, MeOH 

PivO 
'OBn 

i, NaIO4, aq. MeOH; ii, MeOH, acid resin 

OH 
NaI04, aq. THF, 10 min 

HO c 

- OHC &,,,Me (25) 
NaI04, MeOH-H,O (3:l) 

Na2HP04, 0 OC, 40 min 
HO CO2Me 

88% 

LTA wCHo Ph3PICHCHO -CHO 

- 4" q0 OH EtOAc, ret. EtOAc, r.t. 

(16) 

Scheme 9 

(17) 
75% overall 
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5.4.1 INTRODUCTION 

The main theme of this chapter is the cleavage of alkyl-, aryl- and vinyl-carboxyl single bonds by 
means of the fragmentation (decarboxylation) of carboxyl radicals (equation 1). The fragmentation of 

717 
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acyl radicals (decarbonylation) (equation 2), although much less efficient, is also considered where a p  
propriate. 

Methods for the generation of carboxyl radicals are considered first. The trapping of the ensuing alkyl 
radicals by various radical-trapping agents allowing the overall transformation of carboxylic acids into a 
range of diverse functional groups of the first lower homolog is then discussed. 

The majority of reactions discussed are readily applicable to simple primary, secondary and tertiary 
aliphatic acids. The decarboxylation of aryl- and vinyl-carboxyl radicals is a much more difficult process 
which limits the application of many of the methods described to aliphatic acids. As such, particular at- 
tention is drawn in the text to examples of aryl and vinyl decarboxylations. 
This chapter does not include electrochemical decarboxylation processes (the Kolbe reaction, Volume 

3, Chapter 2.9) and transition metal catalyzed decarbonylation reactions. 

5.43 GENERATION OF CARBOXYL RADICALS: FUNCTIONAL GROUP 
COMPATABILITY 

The generation of carboxyl radicals requires the preparation of suitable precursors containing a weak 
carboxyl-X bond susceptible to homolytic cleavage. In the classical Hunsdiecker reaction, the precursor 
is an acyl hypohalite (X is halogen). More recently, methods have been developed in which X is a 
lead(1V) salt or a nitrogen atom. These more recent methods tolerate a much wider range of functional 
groups as they operate under much milder conditions. Throughout the text examples are chosen to illus- 
trate the degrees of functionality and complexity compatible with the various methods. Methods with 
relatively limited applications, such as the pyrolysis of peroxy esters and the silver-catalyzed oxidation 
of carboxylate salts by the persulfate anion, are discussed at appropriate points in the text. 

5.4.2.1 Acyl Hypohalites 

Acyl hypohalites are usually prepared in situ by reaction of a metal salt of the carboxylic acid with a 
halogen (equation 3). Classically the silver salt' is used, but problems associated with the preparation of 
dry silver carboxylates, as well as the more obvious economic factor, have led to the development of 
methods using mercury2 and thallium3 salts. Evidently, those functional groups which react readily with 
halogens are not compatible with this approach. A major limitation of the acyl hypohalites is the readi- 
ness with which they transfer halogen atoms to alkyl radicals; this property essentially limits their use to 
decarboxylative halogenation reactions. 

0 x2 0 
+ M x  

RKOX 
- 

RKOM 
(3) 

5.4.2.2 LeadflV) Carboxylates 

The generation of lead(1V) carboxylates involves exchange of an acetate of LTA for the acid to be de- 
carboxylated (equation 4). The weak bond cleaved to generate the carboxyl radical is a carboxyl- 
lead(1V) bond. The higher activation energy for decarboxylation of acetoxyl radicals ensures preferential 
decarboxylation of most other alkanoic acids. On the other hand, attempts at the decarboxylation of aryl 
acids fail due to competing acetoxyl decarboxylation. Evidently, those functional groups which undergo 

0 0 - 

+ Pb(0Ac)d - RAO, Pb(OAc)3 + AcoH (4) 
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facile oxidation with LTA are not compatible. An excellent review" provides further information on 
functional group compatability and experimental details. 

5.4.23 0-Acyl Oximes and 0-Acyl Thiohydroxamates 

Recently, methods have been devised for carboxyl radical generation by homolytic cleavage of weak 
carboxyl-N single bonds. Such methods have great potential in organic synthesis as precursor gener- 
ation requires neither strong oxidants nor strongly electrophilic species. Such precursors are hence com- 
patible with a wide range of functional groups. One such precursor type is composed of the 0-acyl 
benzophenone oximes, prepared5 by the reaction of activated acyl derivatives with benzophenone (equa- 
tion 5). Carboxyl radical generation is achieved by simple UV photolysis in ordinary pyrex glassware. 
The inevitable by-product from this method is benzophenone azine. 

.OH 

Phil Ph 

____) 

A second, more versatile, method involves the 0-acyl thiohydroxamates.6 These compounds are 
generally prepared7 by reaction of acyl chlorides with the commercial sodium salt (1) of 2-mercapto- 
pyridine N-oxide (equation 6; X = Cl). Use of mixed anhydrides formed by reaction of the carboxylic 
acid with isobutyl chlorofonnate (equation 6; X = OC02CH2CHMe2) renders the procedure compatible 
with unprotected indoles, phenols, secondary and, presumably, tertiary alcohols. An alternative mode of 
preparation7 of the 0-acyl thiohydroxamates involves the salt (2) in reaction with the carboxylic acid 
(equation 7). 

A wide variety of thiophilic radicals induce fragmentation of 0-acyl thiohydroxamates by addition to 
the thiocarbonyl group, and in doing so generate carboxyl radicals (Scheme 1). After decarboxylation the 

R 

Scheme 1 



720 Oxidation of C-C Bonds 

alkyl radical can be trapped with a variety of radical-trapping reagents. The most efficient reactions 
occur when the radical trap X-Y (Scheme 1) is designed to release a new thiophilic chaincarrying radi- 
cal (Ye) on trapping the alkyl radical, so setting up a chain mechanism. The reactions are initiated ther- 
mally in benzene or other appropriate solvents, or by simple white light photolysis. 

5.43 REDUCTIVE DECARBOXYLATION 

Reductive decarboxylation requires the generation of the carboxyl and hence the alkyl radical in the 
presence of a suitable hydrogen donor. Some modifications use the reaction solvent as hydrogen donor 
(cumene, p-cymene, erc.), others use added thiols or stannanes. This most basic of reactions has, until re- 
cently, been very little used in organic synthesis, owing perhaps to a shortage of suitable methodology 
for all but simple aliphatic compounds. The discovery of the 0-acyl thiohydroxamates by the Barton6 
group has made reductive decarboxylation a much more practicable possibility. 

Reductive decarboxylation of aryl and vinyl acids, not readily achieved by any of the methods de- 
scribed here, is best brought about by the classical copper/quinoline procedure.8 

5.43.1 Peroxy Esters and Hydrogen Donor Solvents 

The pyrolysis of t-butyl peroxy esters in suitable hydrogen donor solvents has been reviewed by 
Rti~hardt.~ The method involves the reaction of an acyl chloride with t-butyl hydroperoxide followed by 
thermolysis of the resulting peroxy ester in cumene or p-cymene. Yields are moderate, but the pyrolysis 
step tolerates a certain degree of functionality as illustrated in equation @).lo More recently, the use of 
ethyl phenylacetate as the pyrolysis solvent and hydrogen donor has been advocated. * 

5.43.2 LTA and Hydrogen Donor Solvents 

Reductive decarboxylation has been achieved by heating the acid with LTA in chloroform as solvent 
and hydrogen donor. Only a moderate number of examples are known.12 The more facile oxidation of 
secondary and tertiary radicals by LTA effectively limits the method to primary carboxylic acids. It 
should be noted that stoichiometric quantities of trichloromethyl radicals are generated in the course of 
this reaction. 

5.433 Persulfate Oxidation in Chloroform 

Silver-catalyzed persulfate decarboxylation of carboxylic acids in chloroform provides the noralkane 
in modest to good yields.13 Only a limited number of examples with simple aliphatic carboxylic acids are 
known. 

5.43.4 O-Acyl Benzophenone Oximes and t-Butyl Thiol 

The photolysis of 0-acyl benzophenone oximes in isopropyl alcohol in the presence of t-butyl thiol 
leads to overall reductive decarboxylation. Yields for simple aliphatic and amino acids are reported to be 
go0d.l4 It is especially noteworthy that reductive decarboxylation of 2- and 4-quinolinecarboxylic acids 
(although not of the 3-isomer, nor 1- or 2-naphthalenecarboxylic acids) was achieved in moderate yield 
by this method (equation 9). 
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(9)  

5.435 0-Acyl Thiohydroxamates and Tertiary Thiols 

The free radical chain reaction of 0-acyl thiohydroxamates with a tertiary thiol (t-butyl, triethylmethyl 
or more recently t-dodecyl) is by far the most wide-ranging reductive decarboxylation method described 
to date.7 A wide variety of functional groups, including aldehydes, ketones, esters, amides, isolated and 
conjugated double bonds, are tolerated. Representative examples are given in equations ( and (1 l).lS 

i, (COC1)z; ii, (1); iii, Bu3SnH, 80 "C 

c 
BnO,,,,, i, ii BnO,,,,, 

BnO 
OR 

BnO 

i, (2); ii, R'SH, hv 

5.4.3.6 Decarbonylation Methods 

Overall reductive decarboxylation of a carboxylic acid may be achieved16 by the reaction of the 
derived acyl chloride with triisopropylsilane (equation 12). Relatively high temperatures are required to 
bring about efficient decarbonylation of the intermediate acyl radical. A related method17 involves the re- 
action of acyl phenyl selenides with tri-n-butyltin hydride. Here again relatively high temperatures are 
required for primary and secondary, although not for tertiary, acids (equation 13). 

Ri3SiH 

14OOC 
- RH + CO + Ri3SiCI 

& \ 

Bu3SnH, hv.25OC I & 
,.-- 

(12) 
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5.4.4 OXIDATIVE DECARBOXYLATION 

5.4.4.1 LTA/Copper(II) Acetate and Carboxylic Acids 
The oxidative decarboxylation of aliphatic carboxylic acids is best achieved by treatment of the acid 

with LTA in benzene, in the presence of a catalytic amount of copper(I1) acetate. The latter serves to trap 
the radical intermediate and so bring about elimination, possibly through a six-membered transition state. 
Primary carboxylic acids lead to terminal alkenes, indicating that carbocations are probably not involved. 
The reaction has been reviewed? The synthesis'* of an optically pure derivative of L-vinylglycine from 
 aspartic acid (equation 14) is illustrative. The same transformation has also been effectedI3 with so- 
dium persulfate and catalytic quantities of silver nitrate and copper(I1) sulfate, and with the combination 
of iodosylbenzene diacetate and copper(I1) acetate.19 

(14) 
LTA/Cu(OAc)z, 80 "C 

60% I 
H 

H 

A mild, but indirect, approach to oxidative decarboxylation involves a modificationzo of the 0-acyl 
thiohydroxamate decarboxylative rearrangement (Section 5.4.6.1). An 0-acyl selenohydroxamate is 
photolyzed to give a noralkyl-2-pyridyl selenide which, after ozonolysis to the selenoxide, undergoes syn 
elimination to the alkene (equation 15). 

OH 

5.4.4.2 1,4-Dicarboxylic Acids 

The oxidation of 1,4-dicarboxylic acids with LTA in benzene results in double decarboxylation with 
the formation of a double bond (equation 16).4 Similarly, the pyrolysis of the di-?-butyl peroxy esters of 
1,4-dicarboxylic acids in high boiling solvents leads to the formation of double bonds (equation 17).21 
The method is especially useful in so far as 1,4-diacids are readily available from Diels-Alder reactions 
using derivatives of maleic and fumaric acid as the dienophile. Apparently, application of the 0-acyl 
thiohydroxamate method to 1A-diacids does not result in the formation of double bonds but rather in the 
product of double decarboxylative rearrangement (Section 5.4.6. 1).22 

I 
SOzPh SOzPh 
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PhBu', hv 

C020But 4096 

723 

(17) 

5.4.5 DECARBOXYLATIVE HALOGENATION 

5.4.5.1 Acyl Hypohalites and Related Species 

The classical Hunsdiecker reaction (equation 18). involving the reaction of silver carboxylates with ha- 
logens, and the various associated side reactions, has been reviewed several times. Optimum yields are 
obtained with bromine, followed by chlorine. Iodine gives acceptable yields provided that the correct 
stoichiometry of 1: 1 is used. The reaction is most frequently carried out in tetrachloromethane at reflux. 
From a practical point of view, one drawback is the difficulty encountered in the preparation of dry silver 
carboxylates; the reaction of silver oxide on the acyl chloride in tetrachloromethane at reflux has been 
employed to circumvent this problem.23 Evidently the use of molecular bromine limits the range of func- 
tional groups compatible with the reaction; the different reaction pathways followed by the silver salts of 
electron poor (equation 19) and electron rich (equation 20) aryl carboxylates illustrate this point well. 

- 0 2 N a B r  
Brz, CCb, A 

79% - 0 2 N 0  - C02Ag 

Me0 0 - C02Ag Brz, 92% CC4, A - M e 0  b C 0 2 H  + Me0 b B r  

(19) 

79 : 21 

An alternative method for the formation of acyl hypoiodites, developed by Barton,= involves the treat- 
ment of the acid with t-butyl hypoiodite. Subsequent white light photolysis in benzene at room tempera- 
ture gave good yields of iodides from primary, secondary and tertiary acids (equation 21). The method 
was not applicable in the presence of alcohols. A more recent techniquelg involving hypervalent iodine is 
due to Suarez: primary, secondary or tertiary aliphatic acids are heated to reflux in tetrachloromethane 
with iodosylbenzene diacetate and iodine resulting in good yields of iodides. The method is mild and, 
with obvious exceptions such as unprotected alcohols, is tolerant of many functional groups, as illus- 
trated in equation (22).25 

CO2H i 

i, BuQI; ii, Cf&, hv 

Decarboxylative fluorination, presumably via intermediate acyl hypofluorites, has been achieved26 in 
low yield by passing a dilute stream of fluorine in nitrogen into aqueous solutions of sodium carboxy- 
lates. A somewhat more promising method, tolerant of aryl groups, ketones and ethers, involves reaction 
of a dichloromethane solution of the acid with xenon difluoride and hydrogen fluoride (equation 23).2' 
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I 

PN3 Ho N3 PhI(OAc)z, CC4, A 

80% 

THPO THPO 

5.4.5.2 Mercury(II), Thallium(1) and Lead(1V) Salts 

The difficulties and expense associated with the use of silver salts have led to the development of 
methods using other metal carboxylates. The modification of Cristo12 involves the action of bromine on a 
mixture of the acid and red mercury(I1) oxide in tetrachloromethane (equation 24). The procedure is easy 
to carry out and gives good yields with simple aliphatic carboxylic acids. However, concomitant forma- 
tion of alkyl chlorides, particularly with highly reactive radicals from bridgehead acids, led several 
groups28 to prefer bromotrichloromethane as reaction solvent. Iodine has been substituted for bromine 
leading to overall decarboxylative iodination (equation 25);29 however, yields are no better than with the 
corresponding silver salt. 

2RCO2H + HgO + 2Br2 - 2RBr + HgBrz 

1 

exo:endo = 7030 

The use of stable, crystallizable thallium(1) carboxylates with bromine in tetrachloromethane at reflux 
has also been demonstrated3 to be effective in bringing about overall decarboxylative halogenation, p m  
vided the correct stoichiometry (equation 26) is adhered to. 

2RCOzTl + 3Br2 - 2 ~ ~ r  + 2C02 + TlzBr4 (26) 

Two procedures exist for decarboxylative halogenation with LTA. In the first, reported by Barton,u 
the acid is treated with a combination of LTA and iodine in tetrachloromethane, providing good yields of 
iodides (equation 27). The second, complementary technique, uses a combination of LTA and a lithium 
halide in a solution of the acid in benzene at reflux? Both lithium chloride and bromide have been em- 
ployed to good effect leading, respectively, to alkyl chlorides and bromides. Carbocations are not in- 
volved; ?-butylacetic acid gives neopentyl chloride free from ?-amyl chloride. It is thought that the radical 
is trapped by halogen abstraction from a lead(1V) halogen complex. LTA can also be used in conjunction 
with NCS as the chlorine atom donor.30 

p:a = 5050 

5.453 0-Acyl Thiohydroxamates and Halogen Donor Solvents 

The photolytic or thermal decomposition of 0-acyl thiohydroxamates in halogen donor solvents such 
as tetrachloromethane or bromotrichloromethane constitutes the most wide-ranging and generally applic- 
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able Hunsdiecker system currently a~ailable.~ Decarboxylative iodination by this method uses iodofonn 
as an iodine donor in benzene or, better, cyclohexene. The reactions proceed by chain mechanisms 
(Scheme 1; X-Y = Cl-CC13; Br-CCb;  I-CHI2) under very mild conditions; no free halogens or 
other strongly electrophilic species or oxidants and toxic metal salts are required. A wide variety of pri- 
mary, secondary and tertiary acids, ranging from steroids7 through terpenoids' to amino ac id~ '~3 '  (equa- 
tion 28), have been subjected successfully to this variant of the Hunsdiecker reaction. The synthesis32 of 
an e-chlorooxetane, albeit in low yield, by this method is worthy of particular note (equation 29). 

i. ClCOZCHzCHMe2; ii, (l), BrCCl3, hv 

i, (COCl)z, ii, (l), CCl,, A 

A variety of aromatic and vinylcarboxylic acids have also been decarboxylated by an adaptatiod3 of 
this method involving the use of AIBN as chain initiator (equations 30 and 31). Unlike the classical 
Hunsdiecker reaction this variant is applicable to both electron poor and electron rich aryl acids without 
the risk of electrophilic aromatic halogenation. 

Me0 
M e O M D C 0 2 H  6246- i, ii M e o D B r  

Me0 Me0 

i, (COC1)z; ii, (l), AIBN, BrCC13, A 

COzH 

(-J ?+aBr 
\ C02Me COzMe 

i, DCC, (1); ii, BrCCl3, A 

5.4.6 DECARBOXYLATIVE CHALCOGENATION AND PHOSPHORYLATION 

With the exception of an isolated report3 on the decomposition of diacyl peroxides in acetonitrile in 
the presence of copper(I1) isothiocyanate and potassium thiocyanate (equation 32), the only preparative 
methods available for decarboxylative chalcogenation and phosphorylation make use of the 0-acyl thio- 
hydroxamates. 

0 
Cu(NCS)z, KSCN 

* Bu-SCN 
MeCN, 0 OC 

0 
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5.4.6.1 Sulfuration 

Alkyl 2-pyridyl sulfides are formed on simple photolytic or thermal decomposition of 0-acyl thiohy- 
droxamates in the absence of other radical-trapping agents (equation 33).7 Other mixed alkyl or alkyl 
aryl sulfides can be prepared3s in good yield by irradiation of 0-acyl thiohydroxamates in the presence of 
the appropriate dialkyl or diaryl disulfide at low temperature (equation 34). 

6Ac OAc 

i, (COC1)2; ii, (l), 110 OC 

PhSSPh, CH2Cl2, hv, -78 "C - WSPh (34) 
74% 14 

N O - N y s  b 
'4 0 s 

Thiosulfonates can be ~ynthesized~~ by photolysis of 0-acyl thiohydroxamates in a 1:l mixture of di- 
chloromethane and sulfur dioxide at -10 'C (equation 35). For simple primary, secondary and tertiary 
carboxylic acids yields vary between 30% and 90%. 

5.4.6.2 Selenation and Telluration 

0-Acyl selenohydroxamates6.zo decompose analogously to 0-acyl thiohydroxamates (Section 5.4.6.1) 
to give alkyl 2-pyridyl selenides (equation 15). A more general method35 for decarboxylative selenation 
or telluration makes use of the photolytic or thermal reaction of 0-acyl thiohydroxamates with dialkyl or 
diaryl diselenides or ditellurides (equations 36 and 37). It is reported that under photolytic conditions at 
low temperature only a slight excess of diselenide or ditelluride is required in order to obtain high yields 
of mixed diselenides and ditellurides, respectively. A somewhat related using dicyanogen 
triselenide as the radical trap, leads to alkyl selenocyanates. 

MeSeSeMe, hv. -78 OC 

78% 

C02Bn 

SeMe 
I 

t-BocHN %02Me 

i, ii 

C02H 65% 
(37) 

i, (C0Cl)z; ii, (l), (mTe)2, 50-60 'c 
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f 

5.4.63 Phosphorylation 

The reaction of 0-acyl thiohydroxamates with tris(pheny1thio)phosphorus. initiated by adventitious 
oxygen at mom temperature, leads in the fmt instance to alkylbis(pheny1thio)phosphhes (Scheme 2) by 
a chain mechanism. Combination of the latter with the disulfide by-product affords a phosphorus(V) 
species which on work-up gives alkylbis(pheny1thio)phosphonates (Scheme 2 and equation 38) with 
moderate to good yields.38 This reaction sequence provides a convenient method for the overall msfor-  
mation of a carboxylic acid into a readily hydrolyzable ester of the analogous phosphoric acid. 

Scheme 2 

5.4.7 DECARBOXYLATIVE OXYGENATION 

Acetate esters are common by-products of LTA decarboxylation procedures? The yield of these pm- 
ducts, derived from further oxidation of the alkyl radical and quenching of the subsequent carbocation by 
acetate ions, can be improved by working in acetic acid in the presence of potassium acetate. Selective 
monodecarboxylation of 1.3- and 1.4-dicarboxylic acids leads, via an analogous mechanism, to y- and 8- 
lactones in moderate to good yields, as illustrated in equation (39). 

Simple alcohols can be obtained from the decomposition of peroxy acids in cyclohexane OT benzene at 
reflux. This chain reaction, which is efficient for adamantane-I-carboxylic acid (equation a), is unfortu- 
nately usually complicated by side reactions involving hydrogen abstraction from the substrate or sol- 
vent.39 

A more efficient and general procedure once again involves the 0-acyl thiohydroxamates. Decomposi- 
tion in the presence of triplet oxygen, and t-butyl thiol as hydrogen donor, provides noralkyl hydroperox- 
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ides. In the original proced~re,~ hydroperoxides obtained in this manner were not normally isolated but 
immediately reduced in siru with trimethyl phosphite to the corresponding alcohols (equation 41). An al- 
ternative work-up (equation 42)7 involves in situ treatment of the hydroperoxide with p-toluenesulfonyl 
chloride and pyridine resulting in the isolation of carbonyl compounds. One problem associated with this 
system is the difficulty encountered in maintaining a suitable concentration of r-butyl thiol in the solution 
during the passage of oxygen. A solution involves the replacement of r-butyl thiol with the less volatile 
triethylmethyl thiol. In this manner,& it is possible to prepare and isolate hydroperoxycyclooct4ene 
from cyclooctene-5-carboxylic acid (equation 43). 

i, (1); ii, 02, Bu'SH, hv; iii, (MeO)3P 

0 

i, (1); ii, 02, BUSH, hv; iii, TsCI, C5HsN 

S 

In an alternative sequence:' 0-acyl thiohydroxamates are reacted with tris(pheny1thio)antimony to 
give the corresponding alkylbis(pheny1thio)antimony compound. On admission of air this latter species 
undergoes oxygen insertion and rearrangement. Finally, hydrolysis provides the alcohol (Scheme 3 and 
equation 44). 

HZO 
ROH - 

s I O2 

0 - 
II c-- R- OOSb(SPh), RO- Sb(SPh), 

Scheme 3 

Finally, a useful, although not strictly a radical, method of effecting decarboxylative oxygenation is 
the so-called carboxy inversion reaction. The activated acid is transformed into a mixed alkyl aryl diacyl 
peroxide which suffers decarboxylative rearrangement to the alkyl ester of the aryl acid. This reaction is 
particularly useful as it takes place with retention of configuration at the migrating center (equation 
45).42 
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s -  
i-ui 82% 

C02Me 

C02Me 

i, Sb(SPh)3; ii, 02; iii, H20 

i, EtOCOCI; ii, MCPBA, -10 "C; iii, -10 "C to 0 "C 

5.4.8 DECARBOXYLATIVE AMINATION 

The overall transformation of a carboxylic acid into an amide or carbamate or similar nitrogencon- 
taining function is best achieved by one or other of the Hofmann, Curtius, Schmidt, Ussen and related 
reactions. 

Efficient preparative sequences involving radical decarboxylation followed by carbon-nitrogen bond 
formation are rare. Acyl nitrates decompose at elevated temperatures to give nitroalkanes (equation 
46)P3 but are unfortunately explosive and have to be prepared in situ and stored in solution. A note- 
worthy exception4 is found in the thermal or photochemical decarboxylation of tetrahydro-l,2-oxazine- 
3,6-diones leading to j3-lactams (equation 47). Doubtless a key factor in this reaction, considered to 
proceed via a radical cage mechanism, is the intramolecular nature of the carbon-nitrogen bond forma- 
tion. 

290 OC 0 
+ AgNO3 - R-NO2 

R'Cl 

P N .  + c02 
Ph 

A or hv 

0 - 0 (47) 
I 
Ph 

5.4.9 DECARBOXYLATION WITH SUBSEQUENT C - C  BOND FORMATION 

Alkyl radicals derived by decarboxylation of carboxyl radicals may be added to carbon4arbon 
multiple bonds resulting in an overall homologation of the starting acid. This reaction type is not strictly 
a C - C  bond oxidation; nevertheless, one of the key steps is C--C bond cleavage by decarboxylation 
and it is appropriate to briefly consider the scope of such reactions here. A more complete description of 
inter- and intra-molecular radical C-C bond-forming reactions is given in Volume 4, Chapters 4.1 and 
4.2. 
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5.4.9.1 Addition to C P  Multiple Bonds 

Decarboxylation of aliphatic acids by means of their derived U-acyl thiohydroxamates in the presence 
of an electron deficient terminal alkene results in the overall addition of an alkyl radical and a 2-pyri- 
dylthiyl radical across the double bond (equation 48). 

The alkyl radical, R., may be any primary, secondary or tertiary radical compatible with the formation 
of the U-acyl thiohydroxamate. The alkene is activated towards radical addition by any strongly electron- 
withdrawing group, commonly esters, ketones, nitriles and groups but also sulfones and phos- 
phonium4' groups. A recent report"* has shown that the use of chiral electron-withdrawing groups in this 
reaction gives moderate levels of asymmetric induction at the newly formed chiral center. With the ex- 
ception of l-nitro-l-propene,4 examples of addition to singly activated internal alkenes are very rare. 
Doubly activated alkenes such as maleic anhydride undergo the standard addition reaction but suffer in 
situ elimination of the sulfide moiety, thereby providin&s an excellent route to diversely alkylated ma- 
leic anhydrides (Scheme 4). Under thermal conditions, l ,4-benzoquinone behaves in a similar manner to 
give moderate yields of 2-alkyl- 1,4-benzoq~inone;~~ however, if the reaction is carried out photochemi- 
cally at low temperature the main product is the 2-alkyl-3-(2-pyridylthio)- 1,4-ben~oquinone?~ Evidently, 
the primary addition product evolves along different pathways depending on the reaction conditions. 
Radical alkylation of 1,4-quinones50 may also be achieved in moderate yield by LTA decarboxylation of 
alkanoic acids in the presence of the quinone. 

$ 
0 

OYO R 
0 

0 ~'"''"u"? 
W 

0 

XpJ" 

0 

X = 0, CMe2, CH=CH 

Scheme 4 

Electron deficient terminal alkenes substituted with an alkyl- or aryl-thiomethylene group at the 
2-position react efficiently with U-acyl thiohydroxamates by a distal additiodelimination s e q ~ e n c e ? ~ . ~ ~  
as illustrated in equation (49). Alkene polymerization is not a competing side reaction in this process. 

i, (COC1)2; ii, (11, ==(-""', 130 0 c 
CO2Et 

The decarboxylation of perfluoroalkanoic acids may also be achieved via the O-acyl thiohydroxa- 
mates. When canied out in the presence of electron rich alkenes such as ethyl vinyl ether the perfluoroal- 
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kyl radical adds to the terminal position of the double bond in moderate to good yields (equation 50).52 
This method provides an attractive alternative to the addition of perfluoroalkyl iodides to alkenes. 

5-Hexenyl radicals cyclize to cyclopentylmethyl radicals (see Volume 4, Chapter 4.2). Thus radical 
decarboxylation of 6-heptenoic acids, by whatever means, usually results in the formation of five-mem- 
bered rings. Although this fact had been appreciated previously1 it is only re~ently."~ with the advent of 
the 0-acyl thiohydroxamates, that it has been exploited from a synthetic point of view. An example is 
provided by the synthesis53 of bicyclo[4.3.0]proline derivatives from aspartic acid carried out by the Bar- 
ton group (equation 51). It will be noted that activation of the C--C double bond acting as a radical trap 
is not necessary in these intramolecular reactions. 

i-iii 

69% 

i, MezCHCHzOCOCl; ii, (1); iii, hv 

Radical addition to C - C  triple bonds is also possible with the 0-acyl thiohydroxamate methodology. 
As with addition to C - C  double bonds (vide supra), the triple bond must be either terminal and acti- 
vated with an electron-withdrawing group (equation 52) or doubly activated if i11ternal.4~ 

L hv mcc 
o s  "9 

5.4.9.2 Addition to C-Heteroatom Multiple Bonds 

The one-carbon homologation of alkyl radicals by trapping with C-heteroatom multiple bonds is at 
present extremely rare. Preparative procedures, using t-butyl isocyanide and formaldehyde oximes as 
one-carbon radical traps, have only recently appeared.54 Application of such procedures to radicals ob- 
tained by decarboxylation methods provides a means of reforming the original acid. This is a potentially 
important reaction sequence as the use of a 13C- or 14C-labeled trap will afford the isotopically labeled 
acid. The methodology for such a sequence has recently been published by the Barton gr0up.5~ Thus 
photolysis of 0-acyl thiohydroxamates in the presence of an isocyanide in which the electron density of 
carbon is reduced by an electron-withdrawing substituent, as for example in 4-nitrophenyl isocyanide 
and protonated 3-pyridyl isocyanide, leads after aqueous work-up to the amide of the original acid. Hy- 
drolysis to the acid can then be achieved by various methods. The application of this sequence to arachi- 
donic acid (equation 53) provides a further illustration of the mildness and applicability of the O-acyl 
thiohydroxamate chemistry. 
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5.4.93 Addition to Aromatic Systems 
Decarboxylation of alkanoic acids by means of LTA in benzene as solvent is hindered by the forma- 

tion of alkylbenzenes as by-products. This side reaction is especially pronounced with radicals derived 
from primary acids or other acids from which the radical is not easily oxidized by LTA. In some cases, 
such as that of apocamphane-lcarboxylic acid (equation 54),56 good yields of alkylbenzene can be ob- 
tained. Intramolecular versions of this reaction in which the radical cyclizes onto an aromatic nucleus at 
the appropriate position in the chain have also been observed. 

COZH Ph 

(54) 

In an analogous manner, the generation of alkyl radicals in benzene solution by the 0-acyl oxime 
method results in the formation of alkylbenzenes with moderate to good yields for simple acids (equation 
55).57 Use of pyridine as solvent leads to the formation of alkylpyridines as mixtures of ortho, meta and 
para isomers in which the para isomer predominates. The 0-acyl benzophenone oxime chemistry can 
also be applied to aryl acids in benzene or pyridine, resulting in the formation of mixed biaryl~.~ A close- 
ly related method58 involves photolysis of mixed anhydrides of arenecarboxylic acids with the hydrox- 
amic acid N-hydroxy-Zpyridone in benzene solution (equation 56). 

The simple photolytic or thermal decomposition of 0-acyl thiohydroxamates in benzene or pyridine as 
solvent yields the product of decarboxylative rearrangement, and not alkylbenzenes or alkylpyridines. 
However, photolysis in dichloromethane in the presence of protonated heteroaromatic bases results in 
the formation of alkylated heterocycles in good yield, as illustrated in equation (57).59 The great advant- 
age of this latter method lies in the fact that the base to be alkylated is not used as the reaction solvent, 
which evidently permits the use of a much wider range of bases as trapping agents. 
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6.1.1 INTRODUCTION 

The aim of this chapter is to describe the main types of functional group interconversion which involve 
oxidation at nitrogen or phosphorus. ‘Oxidation’ has been interpreted as including nitrosation, amination, 
halogenation and other reactions in which attack by an electrophilic heteroatom takes place. The material 
has been organized on the basis of the nature of the starting materials and the products, rather than on the 
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mechanism of oxidation or the type of oxidant. For example, no attempt has been made to cover compre- 
hensively the chemistry of minium cation radicals' or of aminyl radicals2 which can occur as intermedi- 
ates in the oxidation of amines (Scheme 1). Also, oxidation which results in reaction at carbon, such as 
radical coupling through carbon or reaction at a C-H bond adjacent to nitrogen, is not covered in any 
detail here, even if the initial oxidation occurs at nitrogen. Reactions of C-H bonds activated by ni- 
trogen are described in Chapter 2.5 of this volume. The biological oxidation of amines and other organic 
nitrogen compounds has also been reviewed el~ewhere.~ 

-e- R'\ -H+ R'\ R'\ 

RZ' RZ' RZ' 
t ~ - H  - N *  N-H - 

Scheme 1 

Of the many reviews on oxidation which are available, two in particular provide detailed coverage of 
the literature up to the early 1980s on aspects of oxidation at nitrogen. One of these, by Boyer, is a com- 
prehensive survey of oxidation reactions of nitrogen compounds in which the number of oxygen atoms 
attached to nitrogen is increased? The other, by Rosenblatt and Burrows, deals with oxidation of 
amines: References to the primary literature have not always been included here if they are available 
from these two reviews. 

6.1.2 OXIDATION OF THE NH2 GROUP 

6.1.2.1 Primary Amines 

6.13.1.1 Oxidation to hydroxykrmines, nitroso compounds and nitro compounds 

Aromatic and aliphatic primary amines can be oxidized to the corresponding nitro compounds by 
peroxy acids and by a number of other  reagent^.^.^ The peroxy acid oxidations probably go by way of in- 
termediate hydroxylamines and nitroso compounds (Scheme 2). Various side reactions can therefore take 
place, the nature of which depends upon the structure of the starting amine and the reaction conditions. 
For example, aromatic amines can give azoxy compounds by reaction of nitroso compounds with hy- 
droxylamine intermediates; aliphatic amines can give nitroso dimers or oximes formed by acid-catalyzed 
rearrangement of the intermediate nitrosoalkanes (Scheme 3). 

H 

OH 
R-NHZ - R-N - R-NO - R-NOz 

\ 

Scheme 2 

R' 

R2 
)= NOH 

Scheme 3 
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MCPBA has been regarded as the reagent of choice for the conversion of primary aliphatic amines into 
the corresponding nitro compo~nds.~ The peroxy acid must be used in excess to minimize formation of 
dimers of the intermediate nitroso compounds. The yield of nitroalkane is also increased if the reaction is 
carried out at elevated temperature, since this favors the monomeric rather than the dimeric form of the 
intermediate nitrosoalkane and allows it to be oxidized further? For example, cyclohexylamine gave the 
dimer of nitrosocyclohexane (43%) when oxidized by MCPBA at 23 ‘C, but at 83 ‘C (in boiling 1,2-di- 
chloroethane) the only product was nitrocyclohexane (86%). 

Ozone is an alternative oxidant for aliphatic primary amines8 The yields are generally not as good as 
with MCPBA, although a technique of ‘dry ozonation’ on silica at low temperature has been described 
which results in good conversions of cyclohexylamine and other aliphatic primary amines into the corre- 
sponding nitro compo~nds.~ Solid sodium permanganate has been used to prepare 2-methyl-2-nitropro- 
pane from t-butylamine in good yield.1° An oxidant which has given excellent yields of both aromatic 
and aliphatic nitro compounds from the corresponding amines is dimethyldioxirane (1).l1 The reagent is 
readily prepared in situ from acetone and a commercial oxidant, Oxone. When used under phase transfer 
conditions it is a mild, nonacidic oxidant which allows the selective oxidation of aromatic amines in the 
presence of indoles and furans. This reagent has also been used for the selective oxidation of primary 
amines to hydroxylamines. l2 

Y 
0-0 

Aromatic primary amines have also been converted into the corresponding nitro compounds with 
peroxy acids: trifluoroperacetic acid, peroxymaleic acid and peracetic acid have all been used. A good 
alternative reagent for aromatic amines bearing electron-withdrawing substituents is sodium perborate in 
acetic acid. 4-Nitrobenzonitrile was prepared (9 1 %) from 4-aminobenzonitrile with this reagent.13 Hin- 
dered aromatic amines are oxidized only to the nitroso compounds: MCPBA14 and perbenzoic acid15 in 
stoichiometric amounts give the nitroso compounds in good yield. Thus, 2,6-difluoroaniline is oxidized 
to 2,6-difluoronitrosobenzene (85%) by perbenzoic acid, and other 2,Qdisubstituted anilines react in a 
similar way. Fremy’s salt can also oxidize hindered arylamines to the nitroso compounds? Partial oxida- 
tion of o-phenylenediamine to 2-nitrosoaniline was achieved by dropwise addition of peracetic acid to 
the diamine? 

Corey and Gross have made use of the peracetic acid oxidation of ?-butylamine and other tertiary 
amines to nitrosoalkanes in a synthesis of di-tertiary alkylamines.16 This is illustrated in Scheme 4 by the 
synthesis of di-r-butylamine. Cyclohexylamine and other alkylamines have been oxidized to the nitroso 
compounds in high yield by a reagent consisting of sodium percarbonate, sodium hydrogen carbonate 
and tetraacetylethylenediamine in aqueous dichloromethane. l7 Several nitrosoalkanes have also been ob- 
tained from the corresponding amines by oxidation with aqueous hydrogen peroxide and sodium tung- 
state;4 various other metal catalysts, including titanium(1V) and vanadium(V) species, have been used in 
combination with r-butyl hydroperoxide.18 A procedure has been described for the low temperature oxi- 
dation of trimethylsilylamines to oximes, by way of the nitroso compounds (Scheme 5):  the oxidant is 

i 0 
But -N But -NH2 - 

86% 

But\ H ii But, 
N = N H  - But N-N - 

H H  

i, MeC03H, ii, PbO,; iii, sodium naphthalenide 

Scheme 4 
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dry air, which reacts with the lithium salts of the amines.I9 This reaction is tolerant of phosphines, sul- 
fides and other functional groups which are susceptible to oxidation. 

R'bgSiMe3 R' R' 
_c )= NOH 

R2 H - R h F  R2 0-0, R2 R2 

Li 

i, BuLi, dry air, 4 0  to -40 'C 

Scheme 5 

Hydroxylamines are commonly postulated as intermediates in these oxidations, but they are rarely iso- 
lated or detected. Two examples of reactions in which products at the hydroxylamine oxidation level can 
be isolated both involve peroxides. Oxidation of alkylamines (2; R = But, Me and PhCH2) with arenesul- 
fonyl peroxides bearing an electron-withdrawing group gave the arenesulfonyloxyamines in good yields 
(Scheme 6).20 A similar reaction of primary amines with dibenzoyl peroxide gave benzoyloxyamines.?l 

0 H 
II 

-2ooc R - N  t 
____) 

Ar-s-0, 0 
R-NH, + 6 0-s-Ar 0-3-Ar 

(2) 0 ij 

Scheme 6 

6.12.12 Oxidation to azo compounds and related dehydrogetWion 

Aromatic azo compounds can be obtained by the oxidation of primary arylamines. The reagent most 
widely used for this purpose is activated manganese dioxide.22 This converts aniline and substituted 
anilines into the corresponding azo compounds in moderate to good yield.23 At mom tem r a m  the 
products are the cis-azobenzenes, which are isomerized to the trans compounds on heating.%eIt is prob- 
able that hydrazobenzenes are intermediates in the reaction, but these are more easily oxidized than the 
starting anilines (Scheme 7). These oxidations are inhibited by electron-withdrawing substituents and 
some nitro-substituted anilines fail to react. 

i Ar, Ar - ii A r , N S N \ ~ r  
N=N' Ar-NH2 - 

H H  
i, M n 0 2 ;  ii, heat 

Scheme I 

Nickel peroxide also oxidizes anilines to azoarene~.~~ Yields are moderate, although nitroanilines can 
also be oxidized with this reagent. Other reagents which have been used are silver oxide on Celite?6 
lead(1V) acetate2' and barium manganate (which is claimed to give azo compounds in higher yield than 
manganese dioxide).28 Bispyridinesilver permanganate, pyAg+Mn04-, which is soluble in polar organic 
solvents, is also a good alternative to manganese dioxide.29 Sodium perborate is a convenient oxidant for 
the conversion of para-substituted anilines into azo corn pound^.^^ Sodium hypochlorite has been used 
for the oxidation of pentachloroaniline and other chlorinated anilines?' while potassium superoxide is 
capable of selectively oxidizing ortho- and para-substituted diamines and aminophenols to the com- 
sponding azo compounds in good yield.32 Thus, 2-aminophenol gave the azo compound (3; 70%), 

OH 

(3) (4) 
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whereas mera-substituted anilines failed to react. Oxidation of the anilines to aminyl radicals, followed 
by their combination to hydrazobenzenes, can account for the observed selectivity. 

Manganese dioxide and potassium superoxide both oxidize o-phenylenediamine to the azo compound, 
but the more powerful oxidants nickel peroxide and lead(1V) acetate cause ring cleavage; the product, 
which can be isolated in low to moderate yield, is the (Z,Z)-dinitrile (4). This oxidative cleavage can be 
brought about in high yield with oxygen in the presence of copper(1) chloride and pyridine.33 Some five- 
membered heteroaromatic amines can be cleaved to nitriles on oxidation: an example is the amine (5; 
Scheme 8) which undergoes ring opening on oxidation by lead(1V) acetate.34 

Pb(OAc).+ * P h y y y  

phYT+ph N- 71% N+N CN 

"2 

(5) Scheme 8 

Nitriles are also the usual products of oxidation of aliphatic amines RCHzNHz by nickel peroxide and 
lead(1V) acetate. Aliphatic azo compounds can be prepared from these primary amines by first convert- 
ing them into dulfamides (a), these then being oxidized with sodium hypochlorite or (better) r-butyl hy- 
pochlorite (Scheme 9).35 A few aliphatic azo compounds can be formed in good yield by direct oxidation 
of r-alkylamines; for example, AIBN was formed (86%) by oxidation of the amine MezC(CN)NH2 with 
sodium hypochlorite. A special case of azoalkane formation is the synthesis of chlorodiazirines (7) from 
amidines RC(=NH)NH2 by oxidation with sodium hypochl~ri te .~~ 

H H  0' "0 0' "0 

0" '0 R 

i I I ii R ,  ,s, 61 - s - - . -  N=N,  
R W l  R, N-N, R R  

I \  R".S.N. - N- N 
R 

R-NH2 - 
(6) 

i, SO2Cl2, pyridine; ii, Bu'OCl, BuQK 

Scheme 9 

RXC* 
N = N  

Oxidation of primary aromatic amines bearing a nucleophilic substituent at the ortho position can pro- 
vide a useful route to some heterocyclic compounds. Some examples, shown in Scheme 10, are syn- 
theses of ben~ofuroxans,~~ ben~otriazoles~~ and benzisoxaz~les.~~ 

Scheme 10 
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6.1.2.13 Diazotization 

The formation of aromatic diazonium salts from aromatic primary amines is one of the oldest synthetic 
procedures in organic chemistry. Methods based on nitrosation of the amine with nitrous acid in aqueous 
solution are the best known, but there are variants which are of particular use with weakly basic amines 
and for the isolation of diazonium salts from nonaqueous media. General reviews include a book by 
Saunders and Allen4 and a survey of preparative methods by Schank.4' There are also reviews on the 
diazotization of heteroaromatic primary amines42 and on the diazotization of weakly basic amines in 
strongly acidic media.43 The diazotization process (Scheme 11) goes by way of a primary nitrosamine. 

Scheme 11 

If the amine is basic enough to form a salt with dilute mineral acids in aqueous solution, the normal 
diazotization method of adding sodium nitrite in aqueous solution to a solution or suspension of the 
amine salt is satisfactory. Variations in the order of addition of the reagents are sometimes used, for 
example, when there is another functional group present which is sensitive to nitrous acid, or if the amine 
salt is very insoluble.4 Weakly basic amines can often be diazotized successfully either in concentrated 
sulfuric acid or in a mixture of sulfuric acid with acetic or phosphoric a~ id .4~  It is likely that nitrosylsul- 
furic acid is formed on addition of sodium nitrite to concentrated sulfuric acid, and that this is the nitro- 
sating agent when the amine is subsequently added. 

Diazotization in organic solvents allows solid diazonium salts to be isolated. Diazotization can be car- 
ried out using an ester of nitrous acid, such as pentyl nitrite, in a solvent such as acetic acid or methanol. 
A procedure has also been described for isolating diazonium tetrafluoroborates, in excellent yield, by 
carrying out the diazotization with boron trifluoride etherate and t-butyl nitrite in ether or dichlorometh- 
ane at low temperature.44 Another method for the preparation of a variety of diazonium salts in a non- 
aqueous medium makes use of the chemistry of bis(trimethylsily1)amines (8).45 These compounds react 
in dichloromethane with nitrosyl chloride and other nitrosating agents which are generated in situ. Thus, 
benzenediazonium chloride was isolated (96%) from bis(trimethylsily1)aniline. 

+ SiMe3 

SiMe, 
A r - N  - Ar-NZN C1- 

(8) 

The diazotization of aromatic amines with a nucleophilic substituent at the ortho position is a common 
method of synthesis of benzo-fused heterocyclic compounds with two or more contiguous nitrogen 
atoms. Benzotriazoles (9), benzotriazinones (lo), and benzothiadiazoles (11) are examples of hetero- 
cyclic ring systems that can be prepared in this way. 

X- SN\N N' 

0 0 
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6.1.2.1.4 Amination 

Simple primary alkylamines can be converted into the corresponding monoalkylhydrazines in moder- 
ate yield by amination with chloramine or with hydroxylamine-O-sulfonic acid.46 The method is tolerant 
of the presence of double bonds: allylhydrazine was prepared (52%) by reaction of chloramine with 
allylamine. The method is not generally applicable to the preparation of 1,Zdisubstituted hydrazines 
from primary alkylamines and N-chloroalkylamines although intramolecular examples are known?' Te- 
trahydropyrazole was prepared in moderate yield in this way (Scheme 12) and piperazine was prepared 
in low yield by the same type of reaction. 

Scheme 12 

6.1.2.1.5 Halogenation, sulfenylation and related reactions 

Methods for the N-chlorination and N-bromination of amines have been reviewed?8 Alkylamines a~ 
chlorinated by aqueous sodium hypochlorite, chlorine in aqueous sodium bicarbonate, N-chlorosuccini- 
mide, or t-butyl hypochlorite at low temperature. By using the appropriate amount of chlorinating agent, 
selective mono- and di-chlorination can be achieved. Although some of these compounds, especially 
those derived from t-alkylamines, are stable enough to be isolated, the majority are unstable since they 
can undergo further reaction associated with the loss of a proton from the a-carbon atom. N-Chloro- 
anilines are also unstable unless the ring is substituted by an electron-withdrawing group, because of the 
tendency of the chlorine to migrate to a ring carbon atom. Reagents which have been used for N-bromi- 
nation include bromine and aqueous sodium hypobromite. N-Haloamines have also been prepared by the 
action of the appropriate halogens on N-trimethylsilylamines. An indirect method of N,N-difluorination 
of t-alkylamines is illustrated in Scheme 13.49 

Ph-(OMC 
F, + OMe 

F OMe OMe 
R-N+Ph - R-NF, + 

i, CF30F, MeOH 

Scheme 13 

The reaction of primary amines with arenesulfenyl halides leads to the formation of sulfenamides 
(12).50 These compounds are most stable when the aryl group has electron-withdrawing substituents at 
the 2- and 4-positions. Selenamides are formed in an analogous manner but are somewhat less stable: ali- 
phatic amines give isolable compounds, but most anilines react with selenyl halides to give products of 
ring substitution.s' An example of an isolable selenamide is compound (U), which was prepared (79%) 
from the amine and 2-nitrobenzeneselenyl chloride.52 This compound was used as an intermediate in the 
preparation of 7a-methoxycephalosporins. 
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(12) 
C02CHPh2 

(13) 

6.1.2.2 Hydrazoneq Hydrazines and Hydroxylamines 

6.1 3.2.1 Dehydrogenation 

This section includes synthetically useful oxidative reactions of substrates of the general types 
R1R2GLN"2, R1R2NH2 and RONH2, where the groups R1, R2 and R can be alkyl, aryl or acyl. 

The oxidation of many hydrazones provides a method of preparation of the corresponding diazo com- 
pounds R'R-NZ.~~ The oxidant most commonly used for this purpose is mercury(I1) oxide.54 Fluore- 
none hydrazone is converted in high yield into diazofluorene and many other diaryldiazomethanes can be 
prepared in the same way. Diazo ketones of relatively high stability, such as phenylbenzoyldiazometh- 
ane, can also be obtained by the oxidation of 1,Zdiketone monohydrazones. Silver oxide reacts more 
rapidly with hydrazones than does mercury(I1) oxide, and it is better for the preparation of monoaryldi- 
az0methanes.5~ Activated manganese dioxide has also been used. The usual side products in these oxida- 
tions are azines R1R2G=NN==CR1R2, which are derived from the less stable diazo compounds by 
decomposition if the contact time with the oxidant is prolonged. Bishydrazones of 1 ,Zdiketones are ox- 
idized by mercury(I1) oxide to alkynes (Scheme 14). This reaction provides a good method of synthesis 
of cycloalkynes such as ~yclooctyne.~~ 

H2M N2 

Scheme 14 

The oxidation of 1,l-disubstituted hydrazines can be achieved by a wide range of oxidants. The oxida- 
tive removal of hydrogen formally leads to the production of aminonitrene, or 1,l-diazene, intermediates 
and many products of such reactions have been interpreted as being derived from aminonitrene inter- 
mediate~?~ Indeed, several of these species, derived from sterically hindered hydrazines by oxidation 
with nickel peroxide or t-butyl hypochlorite, have been detected and characterized in solution at low 
temperature. Examples include the diazenes (14)sa and (W7. The diazene (16) is stable enough to per- 
sist in solution at room temperature for several days.58 

But, N + , But 
Ph G O  ;- Ph 4- 

N -  

(14) (15) (16) 

With many oxidants the most common products derived from 1.1-disubstituted hydrazines are the te- 
trazenes R1R2NN-"R1R2. Benzeneselenic acid appears to a good reagent for their p repara t i~n~~ al- 
though several others, including mercury(I1) oxide and nickel peroxide, have been widely used. These 
tetrazenes are formally the dimers of aminonitrenes and indeed are formed from long-lived species such 
as (14) by dimerization. Another possible mode of formation of tetrazenes, which is illustrated in 
Scheme 15, is the reaction of an aminonitrene, or its precursor, with the starting hydrazine to give a tetra- 
m e ,  followed by further oxidation. This sequence was established for the oxidation of N-aminophthal- 
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imide by iodosylbenzene diacetate: the tetrazane (17) was isolated and gave the corresponding tetrazene 
with an excess of the oxidant.60 

N-NH2 H R' R' 
R1,+ R2' R1\ N-N ___c R'\ N- N, 

N - N  R2 
N-NH2 - N=N- 

N-N R2 
R2' H RZ' 

RZ' RZ' 

Scheme IS 

0 

N-N, 
H O  

Lead(1V) acetate has proved to be a most efficient oxidant for these hydrazines. The oxidation of 
N-aminoheterocyclic compounds by lead(1V) acetate has, in particular, provided several very useful 
preparative  procedure^.^^.^^ 1 -Aminobenzotriazole (18; Scheme 16) is oxidized to 1 ,Zdidehydrobenzene 
(benzyne) in high yield at low temperature.62 This reaction has been widely exploited not only for the 
generation of benzyne but for the formation of cycloalkynes and of other arynes. For example, oxidation 
of the bisaminotriazole (19) gave products derived from 1.2,4,5-tetradehydrobenzene (20).63 Campbell 
and Rees considered the possibility that benzyne was generated from 1 -aminobenzotriazole by way of an 
aminonitrene and an unstable 1,2,3,4-benzotetrazine (Scheme 16).62 A similar oxidation, of compound 
(21), did yield an isolable but unstable tetrazine (22) as the product.64 2-Aminobenzotriazole (23) clearly 
does not give the same intermediates as its isomer (18) on oxidation because it is oxidized cleanly to the 
dinitrile (4). On the other hand both 1- and 2-amino-3-phenylindazole give the same product of ring ex- 
pansion, the benzotriazine (24), on oxidation (Scheme 17).65 

N - 01". N - 01 
! \I 

"2 N -  

Scheme 16 

"2 
/ "0" N N - [lQ)l] 
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"2 

Scheme 17 

The oxidation by lead(lV) acetate of N-aminophthalimide and of several N-aminolactams leads to the 
formation of intermediates which do not undergo fragmentation or rearrangement, but which can be in- 
tercepted by alkenes, alkynes, sulfoxides and other nucleophiles. The reactions have proved particularly 
useful for the synthesis of aziridines from a variety of alkenes.55 The mechanism of these reactions has 
commonly been assumed to require the intermediacy of aminonitrenes, but this is probably not the case. 
Atkinson and Kelly have shown that oxidation of the aminolactam (25) by lead(IV) acetate at -20 'C 
leads to the formation of an unstable N-acetoxy compound.66 This is the species which can form azi- 
ridines with alkenes. The mechanism shown in Scheme 18, which is analogous to that for the epoxida- 
tion of alkenes by peroxy acids, has been proposed for the aziridination process. 

0 
R ( S I  i, PWOAC)~, -20 O C ;  ii. H2C=CHR 

Scheme 18 

Oxidation of methoxylamine and some other 0-substituted hydroxylamines by lead tetraacetate in the 
presence of alkenes can also lead to the formation of aziridines. The oxidation of 2,4dinitrobenzenesul- 
fenamide is analogo~s.~~ In view of the results reported with aminolactams, these reactions do not 
necessarily establish the intermediacy of nitrenes in the oxidations. 

6.1 22.2 Other oxidations 

1,l -Diphenylhydrazine is oxidized to diphenylnitrosamine (50%) by potassium superoxide.68 The 
same reagent also oxidizes 1 -methyl- 1 -phenylhydrazine, but here the nitrosamine is a minor product; the 
major reaction is deamination. A better method of oxidative deamination of some 1,l-disubstituted hy- 
drazines and hydrazinium salts is reaction with nitrous acid. Thus, several hydrazinium salts 
MerRN+NH2 X- were deaminated to the tertiary amine by treatment with nitrous acid.69 The method has 
also been used to deaminate N-aminoheterocyclic compounds; for example, some 1,2,3-triazoles are con- 
veniently prepared by deamination of the corresponding 1 -aminotriazoles with nitrous acid.70 

Monosubstituted hydrazines and hydrazides are converted into azides by a variety of nitrosating 
agents. The mildest reagent appears to be dinitrogen tetroxide, which can be used below 0 'C in acetoni- 
trile to convert benzoylhydrazine, p-toluenesulfonylhydrazine and 4-nitrobenzoylhydrazine, among 
others, into the corresponding azides in high yield.'l Another mild method involves the use of iron(II1) 
nitrate supported on clay.72 These reactions probably proceed by way of transient N-nitroso compounds 
(Scheme 19). 

O H  O H  0 
K I I -HzO 

R KNXH R R N3 
H H 

Scheme 19 
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Katritzky and coworkers have nitrated hydrazinium salts and 1,l-disubstituted hydrazines with nitro- 
nium tetrafhoroborate and other nitrating age11ts.7~ Thus, nitrimides R3N+N-N02 were prepared in good 
yield from hydrazinium salts derived from tertiary amines such as trimethylamine and 2-methylpyridine; 
l-aminobenzotriazole was also nitrated at the amino group. 

6.1.3 OXIDATION OF THE NH GROUP 

6.1.3.1 Secondary Amines 

6.1.3.1 .I Oxidation to n h x i d e s  and hydroxylamines 

The conversion of secondary amines R 2 ”  into nitroxides R2N0.74 has been carried out using hy- 
drogen peroxide, MCPBA and metal oxides, including silver oxide, mercury(I1) oxide and lead(IV) 
oxide. Secondary amines which have low solubility in water have been oxidized by sodium tungstate and 
hydrogen peroxide in a mixture of methanol and acetonitrile? Dimethyldioxirane (1) is also a good re- 
agent for the oxidation of hindered secondary amines to nitroxide~.’~ As illustrated in Scheme 20, such 
oxidations probably go by way of the hydroxylamines as intermediates. When the secondary amine has a 
hydrogen atom attached to an a-carbon atom, the hydroxylamine formed by oxidation with sodium tung- 
state and hydrogen peroxide reacts further by losing this hydrogen atom. For example, tetrahydroisoqui- 
noline was oxidized to the nitrone (26; 85%).76 The reaction has been modified to provide a method of 
synthesis of N-hydroxy amino acids from secondary amines. Thus, N-hydroxyproline was prepared from 
pyrrolidine by oxidation with hydrogen peroxide and sodium tungstate, the intermediate being inter- 
cepted by cyanide. This gave the hydroxylamine (27) which could then be converted into N-hydroxy- 
proline by hydro ly~is .~~ A related oxidation has been used for the conversion of tetrahydroquinolines into 
the corresponding 3 ,Cdihydro- 1 -hydro~y-2-quinolones.~* 

R R R, ,o- -Hoe R 

R R‘ R ‘OH R 
N-H N-OH - + N  - NO* 

Scheme 20 

Dibenzoyl peroxide oxidizes morpholine, piperidine and other simple secondary amines in good yield 
to the corresponding benzoyloxyamines; these compounds can then be hydrolyzed in basic conditions to 
the free  hydroxylamine^.^^ An analogous reaction takes place between secondary amines and bis(diphe- 
nylphosphinyl) peroxide; for example, diethylamine is converted into the hydroxylamine derivative 
EtzNOPOPhz (97%) by this reagent.*O The products are easily hydrolyzed to the free hydroxylamines, 
and they can also be used as aminating agents. 

6.1.3.1.2 Oxidation to aminium ions, aminyl radicals and hydrazines 

The one-electron oxidation of a secondary amine results in the formation of a secondary aminium ion’ 
which on deprotonation gives an aminyl radical (Scheme 1).2 The nature of the final products derived 
from these intermediates depends very much on the structure of the substrate and the reaction conditions. 
If the amine has a hydrogen atom on the a-carbon atom the major products usually result from deproto- 
nation at this a-position. With aromatic secondary amines, products can result from coupling of the delo- 
calized radicals at a ring carbon atom. The formal dimerization of aminyl radicals shown in Scheme 21 is 
therefore not often a useful method of preparation of hydrazines. Nickel peroxide has been used to ox- 
idize diphenylamine to tetraphenylhydrazine in moderate yield, and other secondary arylamines also give 
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mixtures of products in which the corresponding hydrazines are the major  component^.^^ The reagent 
formed by the addition of oxygen to copper(1) chloride in pyridine can also oxidize secondary aryl- 
amines. Diphenylamine was oxidized to tetraphenylhydrazine in 83% yield, and N-methylaniline gave 
the corresponding hydrazine in 52% yield.81 Lithium piperidide and lithium salts of other secondary 
amines have also been oxidized to the hydrazines with copper(1) chloride and oxygen.82 Intramolecular 
coupling of the diamines (28) to the pyrazolines (29) has also been achieved, using activated manganese 
dioxide (Scheme 21).5983 

n i 

(28) (29) 
i, Mn02, -20 O C  

Scheme 21 

6.13.1.3 Nitrosation and nitrofion 

Methods of formation of N-nitrosamines from secondary amines have been reviewed.@ The most 
widely used reagent is sodium nitrite in an aqueous acidic medium; others include nitrosyl chloride, ni- 
trogen oxides and nitrite esters. Fremy's salt [2K+ (S03-)zNO.] reacts with hydroxylamine in the 
presence of secondary amines to give N-nitrosamines, or, in the presence of an excess of hydroxylamine, 
tetrazenes RzNN=NNRz. The nitrosating agent derived from hydroxylamine and Fremy's salt is sug- 
gested to be the anion (SOr)2NON0.8* 

Direct N-nitration of secondary amines by nitric acid is possible only for weakly basic amines.86 The 
more basic amines can be nitrated under neutral conditions with reagents such as dinitrogen pentoxide 
and nitronium tetrafluoroborate, but nitrosamines are significant by-products. The nitrate ester 
CF3CMe20N02 has been recommended as a nonacidic nitrating agent for secondary amines which 
avoids the problem of contamination of the products by N-nitrosamines: piperidine and pyrrolidine were 
nitrated in yields of 75% and 72%, re~pectively.~~ Amides and imides are efficiently N-nitrated using 
ammonium nitrate in trifluoroacetic anhydride.88 

6.1.3.1.4 Amination 

The conversion of secondary amines into 1,l-disubstituted hydrazines requires the use of an electro- 
philic aminating agent. Several such reagents are available, and their use has been r e ~ i e w e d . ~ ~ ? ~ ~ ~ '  
Chloramine and hydroxylamine-0-sulfonic acid are the commonest reagents of this type. Secondary 
amines have been aminated by chloramine in moderate yield in aqueous solution, and in good yield by 
passing gaseous chloramine into methanolic solutions of the amines.46 Hydroxylamine-0-sulfonic acid is 
a more powerful aminating agent and has been used to aminate heterocyclic compounds such as benzo- 
triazole in good yield. Its disadvantage is its low solubility in nonpolar organic solvents. To overcome 
this problem several soluble 0-substituted hydroxylamines have been introduced as aminating agents. 
These include 0-mesitylhydroxylamine (30), 0-2.4-dinitrophenylhydroxylamine (31), and O-mesityl- 
enesulfonylhydroxylamine (MSH; 32). MSH is a particularly good aminating agent, but it is rather 
tedious to prepare." A promising, and much more accessible, reagent is O-diphenylphosphinylhydroxyl- 
amine (33).92 This reagent has been used to aminate imides such as phthalimide in high yield. The 
oxaziridine (34) can act as an aminating agent for amino acids and peptidesSg3 
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H 

6.1.3.1.5 Halogenation and other reactions 

Methods for the chlorination of secondary amines, secondary amides and imides have been re- 
viewed."8 Secondary alkylamines can be chlorinated by t-butyl hypochlorite at low temperature, or by 
sodium hypochlorite or N-chlorosuccinimide. N-Bromination and N-iodination can be brought about by 
using the appropriate halogen, but these N-halodialkylamines are unstable and are rarely isolated. N-Flu- 
oroamines and N-fluoroamides are also rare.% The N-fluoroimide (CF3SO2)2NF, has, however, been pre- 
pared by direct fluorination with fluorine. It is a stable liquid which shows promise as a fluorinating 
agent for aromatic compounds.g5 

N-Chloroaziridines (35) are configurationally stable, and there have been attempts to prepare them in 
optically active form by carrying out the chlorination with t-butyl hypochlorite or with N-chlorosuccin- 
imide in the presence of the optically active alcohol (S)-(+)-PhCH(OH)CF3.96 Optical yields were, how- 
ever, low (less than 10% ee). 

Secondary amines can be converted into sulfenamides by reaction of the lithium dialkylamides with 
 disulfide^?^.^^ Perchlorylamines (36) have been prepared in good yields from piperidine and other sec- 
ondary amines by reaction with chlorine(VI1) oxide.98 

$1 R 
NClO, 4, R 

(35) (36) 

6.13.2 Hydrazines and Hydroxylamines 

Methods of oxidation of hydrazo to azo compounds99 and hydroxylamino to nitroso compoundslm 
have been reviewed. Reagents which oxidize aromatic primary amines to azo compounds are also suit- 
able for the oxidation of aromatic hydrazo compounds, since the hydrazo compounds are intermediates 
in the oxidation of the amines. Thus, manganese dioxide, mercuxy(I1) oxide and lead tetraacetate are all 
suitable oxidants. Silver carbonate on Celite rapidly oxidizes both diarylhydrazines and acylhydrazines 
to the corresponding azo compounds in good yield.26 Another supported oxidant which can convert hy- 
drazobenzene into azobenzene in high yield is sodium periodate on silica gel.lol 

Two-phase oxidation systems are useful for the selective oxidation of the hydrazo to the azo group in 
the presence of other functional groups. For example, the hydrazotriazine (37) was oxidized by chlorine 
to the azo compound in high yield, without hydrolysis of the delicate ring chloride, in a two-phase sys- 
tem of chloroform and aqueous sodium bicarbonate.lo2 Aqueous potassium ferricyanide has also been 
used in a two-phase system to oxidize hydrazo compounds. A coreagent is required, which is either a 
hindered phenollo3 or carbon black.'@' In either case the active oxidant is believed to be an aryloxy radi- 
cal. This type of reagent has been used to produce AIBN and acylazo compounds such as PhN-NCOPh 
from the corresponding hydrazo compounds in high yield. Oxygen can also oxidize such hydrazo com- 
pounds in the presence of a palladium catalyst at room temperature.loS Benzeneseleninic anhydride has 
been used to convert arylhydrazones of aldehydes into a-carbonylazo compounds: for example, furfural 
phenylhydrazone gave the azo compound (38) in 92% yield (Scheme 22).lM Arylhydrazones 

c1 H N<" 

N \ t N  N<N 
h N  N i '  

)-N H c1 
CI 

(37) 
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R2C=N"Ar are also oxidized to a-acetoxyalkylazo compounds RzC(OAc)N=NAr 
acetate.99 

by lead tetra- 

(& KN, Ph 
92% 

OSePh 0 
(W 

i, (PhSe0)zO 

Scheme 22 

Several oxidants have been used to produce the highly reactive cyclic azocarbonyl compounds (39) 
from the corresponding hydrazides. lo' These include t-butyl hypochlorite, dinitrogen tetroxide and 
N-bromosuccinimide. Anodic oxidationlog and oxidation by iodosylbenzene diacetatelm are also effec- 
tive for preparing these and related azocarbonyl compounds. 

0 

ItK NO 

Aliphatic nitroso compounds can be prepared from N-alkylhydroxylamines by oxidation with bromine, 
chlorine or sodium hypochlorite in weakly acidic solution, by reaction with potassium dichromate in 
acetic or sulfuric acid, and by oxidation with yellow mercury(I1) oxide in suspension in an organic sol- 
vent.lm Silver carbonate on Celite has also been used to prepare aliphatic nitroso compounds, such as ni- 
trosocyclohexane, in high yield from the corresponding hydroxylamines.' lo Aqueous sodium periodate 
and tetraalkylammonium periodates, which are soluble in organic solvents, are the reagents most com- 
monly used for the oxidation of hydroxamic acids and N-acylhydroxylamines to acylnitroso compounds 
(40).111 These compounds are rarely isolated, but are useful as highly reactive dienophiles in the Diels- 
Alder reaction. l2  

6.1.4 OXIDATION OF TERTIARY (sd) NITROGEN 

6.1.4.1 Formation of N-Oxides 
Tertiary alkylamines can be converted into the corresponding N-oxides with hydrogen peroxide or 

with peroxy acids.'13 t-Butyl hydroperoxide has also been used in the presence of a catalyst such as 
VO(acac)2. Sharpless and coworkers have carried out the oxidative kinetic resolution of several P-hy- 
droxy tertiary amines such as (41) with ?-butyl hydroperoxide, titanium(1V) isopropoxide and (+)-diiso- 
propyl tartrate, the titanium(1V):tartrate ratio being about 2:1.1l4 After 60% conversion, one enantiomer 
was selectively oxidized, and the other enantiomer could be recovered in good optical purity (Scheme 
23). 

Tertiary alkylamines are normally autoxidized and dealkylated by oxygen, but it has been shown that 
they can slowly be converted into the N-oxides by heating at W130 'C with oxygen under pressure in a 
polar s01vent.l~~ The reaction is thought to involve electron transfer from the amine to oxygen as the 
rate-determining step. Pyridine does not react with oxygen under these conditions. The cyclic hydrazine 
N-oxide (42) has been prepared from the corresponding hydrazine by oxidation with 30% hydrogen per- 
oxide at room temperature.' l6 
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57%, 95% ee 59%. 63% ee 

i, BuQOH, Ti(OPr')4, (+)-diisopropyl tartrate; 60% conversion 

Scheme 23 

6.1.43 Other Reactions 
One-electron oxidants convert tertiary amines into aminium ions. Chlorine dioxide5 is an example of 

such a reagent; this converts triethylamine and other tertiary alkylamines into aminium ions, which nor- 
mally react further by the loss of hydrogen from an a-carbon atom. An example of a synthetic applica- 
tion of this reaction sequence is shown in Scheme 24, the intermediate iminium ion being intercepted 
intramo1ecularly.l l7 Nitrosonium tetrafhoroborate and dioxygenyl hexafluoroantimonate, @+SbF6, are 
also good one-electron oxidants which can be used at low temperature.l18 

c N 3  i_ c N 3  + e  - 03 + 626796- 03 
i, Cl02, pH 9-1 1 

Scheme 24 

Reagents for amination, nitrosation and nitration of tertiary alkylamines are discussed in the appropri- 
ate reviews listed in Sections 6.1.3.1.4 and 6.1.3.1.5. Tertiary amines can be nitrosated with dealkylation 
by dinitrogen tetroxide: for example, 1-methylpiperidine gave 1-nitrosopiperidine (80%).l l9 This re- 
action probably starts by one-electron oxidation of the amine, the aminium ion then undergoing dealkyla- 
tion. Other oxidative deacylations and dealkylations include the formation of N-nitrosodibenzylamine in 
high yield from the acid chloride (PhCH2)2NCOCl and sodium Ntrite120 and the conversion of the amine 
(43) into the nitramine (44) with nitric acid.121 

But 

(43) 

6.15 OXIDATION OF TRIGONAL (s$) NITROGEN 

6.1.5.1 N-Oxidation of Heteroaromatic Amines 

The standard methods of oxidation of pyridines and other heteroaromatic nitrogen compounds make 
use of peroxy acids or hydrogen peroxide in carboxylic acid sOlution.lu Peracetic acid, peroxymono- 
phthalic acid and MCPBA can all convert simple pyridines to the N-oxides. For example, the pyridine 
(45) was oxidized at nitrogen by MCPBA without attack on the vinyl group.'" Peroxymaleic acid has 
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been used to convert deactivated heteroaromatics, such as 2-chloroquinoline, into the N-oxides.122 Triflu- 
oroperacetic acid, or hydrogen peroxide in trifluoroacetic acid can also oxidize deactivated and hindered 
heteroaromatic compounds; for example, 2,6-dibromopyridine was oxidized in good yield by 30% hy- 
drogen peroxide in trifluoroacetic acid. 

These and more powerful oxidants are often required for the oxidation of diazines and triazines.124 
Chivers and Suschitzky succeeded in oxidizing pentafluoropyridine, tetrachloropyrazine and other poly- 
halogenated azines with !20% hydrogen peroxide in acetic and sulfuric acids or in trifluoroacetic and sul- 
furic acids.125 The hazards of handling 90% hydrogen peroxide solutions can be avoided if the 
commercially available solid adduct formed between urea and hydrogen peroxide is used instead.126 Di- 
azines and diazanaphthalenes which are sensitive to peroxy acids can be oxidized by hydrogen peroxide 
in the presence of a sodium tungstate catalyst.lZ7 Sodium perborate in acetic acid is an especially useful 
oxidant for water-soluble pyrazine N-oxides.12* 

Dimethyldioxirane (1) is a mild and efficient oxidant for pyridine; pyridines and quinolines have also 
been oxidized in good yield by t-pentylhydroperoxide in the presence of molybdenum(V) chloride.lB 

N-Halogenation and other oxidative reactions of pyridines and related heterocycles have been re- 
viewed.130 Thus, pyridines and some d i a z i n e ~ ' ~ ~  can be aminated by mesitylenesulfonylhydroxylamine 
(32) and similar reagents. N-Nitration of 2-picoline by nitronium tetrafluoroborate gives the salt (46) 
which is itself a nitrating agent. 

6.15.2 N-Oxidation of Imines 

Imines are oxidized by peroxy acids to oxaziridines, with the formation of nitrones as a competing 
process (Scheme 25).l3' Oxaziridines are probably formed by a two-step process involving nucleophilic 
addition of the peroxy acid to the C=N bond, followed by elimination, as illustrated; nitrones are 
formed by competing N-oxidation." The oxidation of chiral imines to oxaziridines by MCPBA proceeds 
with good, but not complete, diastereoselectivity . 132 
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Scheme 25 

6.153 Oxidation of Azo to Azoxy Compounds 
Methods for the oxidation of azo to azoxy compounds have been reviewed.133 Typical oxidants are 

MCPBA and other peroxy acids and hydrogen peroxide. t-Butyl hydroperoxide is also an effective oxi- 
dant for azobenzenes in the presence of molybdenum hexacarb~nyl. '~~ Trifluoroperacetic acid has been 
used to oxidize perfluoroazobenzene and other fluorinated azobenzenes to the azoxy compounds in high 
yield;*3s It is also capable of oxidizing azoxyarenes, such as compound (47), to the d i - N - o ~ i d e s . ~ ~ ~  
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Bridgehead azoalkenes (48) can be oxidized to the azoxy compounds and to the di-N-oxides with 
MCPBA.137 

N \ 
N = N  

\ 
0- 

(47) 

6.1.5.4 Oxidation of Oximes and Nitroso Compounds 

The N-oxidation of oximes leads to the formation of mi-nitro compounds. In a polar organic solvent 
such as acetonitrile these compounds are isomerized to nitro Compounds (Scheme 26) and are thus pro- 
tected from further oxidation. The reagent of choice is hifluoroperacetic acid.13* The oxidation of oximes 
derived from a-epoxy ketones results in the formation of a nitroalkene with opening of the epoxide, as il- 
lustrated in Scheme 27.139 

Scheme 26 

7 

Scheme 27 

N-Nitrosation of oximes by nitrosyl halides or nitrite esters often results in the formation of 
N-nitrimines, R1R2C=NN02, these compounds being formed by rearrangement of the initial adducts.la 
N-Amination of oximes by chloramine or by hydroxylamine-0-sulfonic acid can result in the formation 
of diazo compounds (Scheme 28). The reaction, known as the Forster has been used for the 
preparation of aryldiazoalkanes, although better methods are usually available. Diazo ketones of the 
general formula (49) have also been prepared by this method from the oximes.141 

Scheme 28 

R2 N2 

R3 

0 

(49) 

The oxidation of oximes by lead(W) acetate, chlorine and other oxidants results in the formation of 
a-substituted nitroso compounds R1R2C(X)N0 by attack of the oxidant at carbon. This is also the re- 
action commonly observed with dinitrogen tetroxide (the Ponzio reaction), the products being gem- 
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dinitro compounds or a-nitronitroso compounds.142 It has, however, been claimed that many alkyl 
ketoximes can be converted into the corresponding ketones in good yields by reaction with dinitrogen 
tetroxide at low temperature.143 Other oxidative methods of deprotection of oximes e ~ i s t . ' ~ ~ , ' ~  

Nitroso compounds are readily oxidized to the corresponding nitro compounds by peroxides, peroxy 
acids, oxygen, ozone and dinitrogen tetroxide! 

6.155 Other Reactions 

Reactions which formally involve the oxidation of azides have been reviewed by Boyer.4 Other oxida- 
tions with useful synthetic applications include two which start from nitrogen ylides. Sulfimides (50) 
derived from electron-deficient aromatic and heterocyclic amines are oxidized to the corresponding ni- 
troso compounds by MCPBA!.145 This is a very useful method of preparation of some otherwise inac- 
cessible nitroso compounds such as 2-nitrosopyridine and 1-nitrosoisoquinoline. They can be further 
oxidized, for example by ozone, to the nitro compounds. Phosphimides (51) are oxidized directly by 
ozone to the nitro compounds, although the nitroso compounds are intermediates. 146 Isocyanates can also 
be oxidized to the corresponding nitro compounds, by dimethyldioxirane (l).147 

6.1.6 OXIDATION OF PHOSPHORUS 

A comprehensive survey of the chemistry of organophosphorus compounds was published in 1982.14* 
This provides descriptions of many of the oxidation methods in phosphorus chemistry, and primary lit- 
erature references to them. Primary references are not given here if they are available from this source. 

T e r t i y  phosphines (phosphanes) are normally very easily oxidized to the corresponding phosphine 
oxides.14 The reaction can be brought about by oxygen alone or with hydrogen peroxide. Bis(trimethy1- 
silyl) peroxide has been recommended as a selective oxygenating agent for phosphines and phos- 
phites. lS0 Oxidation of the chiral phosphine (R)-(-)-methylpropylphenylphosphine proceeded with 95% 
retention of configuration and the chlorodioxaphosphorinane (52) gave the oxide (53) with complete 
retention of stereochemistry. Diary1 s e l e n ~ x i d e s ~ ~ ~  and sulfur trioxide152 have also been used for the oxi- 
dation of phosphines. Electrochemical oxidation of phosphines and phosphites proceeds in the presence 
of diethyl disulfide, which is effectively a catalyst for the r ea~ t i0n . l~~  

c1 c1 

Tertiary phosphine sulfides and selenides are readily obtained from the phosphines and elementary 
sulfur or selenium. Potassium selenocyanate provides a convenient alternative to selenium for preparing 
selenides.149 Phosphinimides (iminophosphoranes), R3P==NR', are prepared by the reaction of phos- 
phines with azides or with N-chloroamines, among other methods. Phosphines can be aminated by re- 
action with O-diphenylphosphinylhydroxylamine.a The reaction of triphenylphosphine with diethyl 
azodicarboxylate results in rapid conjugate addition of the phosphine to the N=N bond. The resulting 
betaine has been used as a method of activation of alcohols (the Mitsunobu reaction), allowing displace- 
ment by nucleophiles and conversion of the alcohols into esters and other derivatives (Scheme 29).'" 

Many reagents, including the halogens themselves, are suitable for the conversion of trisubstituted 
phosphines into dihalides R3PX2 (X = F, C1, Br or I).l55 These compounds can exist either in the pentaco- 
valent form, or in an ionic form R3PX+ R3PX3-, the covalent structure being favored in the order F > C1> 
Br > I and by solvents of low polarity. 

Secondary phosphines, RzPH, can be chlorinated under controlled conditions to give the correspond- 
ing chloroph~sphines.~~~ These compounds can be further oxidized in a number of ways (Scheme 30).15' 
The reaction of chlorodiphenylphosphine with dibenzoyl peroxide gives diphenylphosphinic acid 
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EtO7C. - ,CO,Et 

N 
‘CO2Et Ph3$‘ ‘C02Et 

+ 
Ph3P-OR + Y- - Ph3P=O + RY 

Scheme 29 

anhydride in 82% yield. With sulfur dioxide, diphenylphosphinyl chloride is formed in high yield. Oxi- 
dation with oxygen, or with sodium hydride and oxygen in the presence of a secondary alcohol such as 
diphenylmethanol, gives diphenylphosphinic acid after hydrolysis. Diphenylphosphinic anhydride can 
also be obtained by oxidation of the bisoxide (Ph2PO)z with perbenzoic acid. 

P-Cl 
Ph\ 

P i  

i, (PhC02)~; ii, S02; iii, NaH, PhzCHOH, 0 2  

Scheme 30 

Derivatives of phosphonic acids, RP==O(OH)2, can be prepared by several different oxidative meth- 
od~.’~* Primary phosphines RPH2 are oxidized to phosphonic acids by hydrogen peroxide or by sulfur di- 
oxide: thus, phenylphosphine gave benzenephosphonic acid (96%) on reaction with sulfur dioxide at 
room temperature in a sealed tube. Phosphinic acids, RP=O(OH)H, can also be oxidized to the corre- 
sponding phosphonic acids with hydrogen peroxide. Ozone oxidized the dioxaphosphorane (54) to the 
phosphonic ester in 73% yield. Ozone is also capable of stereospecific oxidation of phosphite esters to 
 phosphate^.'^^ For example, the cyclic phosphite (55) was oxidized to the phosphate (56) with retention 
of configuration. Peroxy acids and selenium dioxide are other common oxidants for phosphite esters.la phx >P 111 OMe 

(54) (55) (56) 

phx 0, p., p 
0’ OMe t.... 0 Ph Ph Ph 
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6.2.1 INTRODUCTION 

A vatiety of organo-sulfur, -selenium and -tellurium compounds can be oxidized to their correspond- 
ing higher oxidation state species. Thiols are reasonably stable in air and are oxidized by various re- 
agents to disulfides (equation l), while selenols, although isolable, are unstable in air and are oxidized 
readily to diselenides (equation 2). Tellurols are very sensitive to air and are normally present as ditel- 
lurides (equation 3). These disulfides, diselenides and ditellurides are further oxidized to various higher 
oxidation products depending on the specific reaction conditions. Sulfides (1; M = S), selenides (1; M = 
Se) and tellurides (1; M = Te) are generally oxidized to the corresponding sulfoxides (2; M = S), sele- 
noxides (2 M = Se) and telluroxides (2; M = Te), which in turn are further oxidized to sulfones (3; M = 
S), selenones (3; M = Se) and tellurones (3; M = Te), respectively (Scheme 1). These oxidized species 
are also written in the alternative formats of (4) and (9, and syntheses of chiral sulfoxides and selenox- 
ides by direct oxidation are known. A variety of chemical oxidizing agents can be employed for these 
transformations and some electrochemical, photochemical and enzymatic oxidations are also known. 

P I  
R-SH - RS-SR (1) 

ro1 
R-SeH - RSe-SeR 

[Ol 
[R-TeH] - RTe-TeR (3) 

M = S, Se, Te 

Scheme 1 

Disulfides, diselenides and ditellurides are useful compounds in their own right for introducing organic 
sulfur, selenium and tellurium moieties to other organic molecules. Oxidized species such as R1M(0)R2 
and R1M(0)2R2 also find much use in organic synthesis. Many of these applications can be seen in the 
relevant chapters of this series and the reader is referred to these reviews: (i) stabilization of carbanions 
by sulfur and selenium moieties [RSO, RS02, RSeO and RSe021 resulting in a favorable carbon-carbon 
bond formation (Volume 1, Chapters 2.3 and 2.6 and Volume 3, Chapter 1.3); (ii) selenoxide and tellu- 
roxide elimination reactions giving alkenes (Volume 6); (iii) 2,3-sigmatropic rearrangement of allylic 
sulfoxides and selenoxides affording allylic alcohols (Volume 6); (iv) Diels-Alder reaction of hetero- 
dienophiles such as alkynyl and alkenyl sulfoxides (Volume 5); and (v) substitution of RMO and RM02 
moieties by other functional groups (Volume 8). This chapter however deals with oxidation of repre- 
sentative organic sulfur, selenium and tellurium compounds shown in equations (1H3) and Scheme 1 ,  
concentrating mainly on highly selective methods using chemical oxidizing agents, and covering the lit- 
erature up to the end of 1989. 

6.23 OXIDATION OF ORGANIC SULFUR COMPOUNDS 

63.2.1 Oxidation of Thiols to Disulfides by Molecular Oxygen and Chemical Reagents 

The oxidation of thiols to disulfides is a very facile process and many reagents function as oxidants. l4 
Ease of oxidation usually decreases in the following order: ArSH > n-RSH > s-RSH > t-RSH. The use of 
vigorous conditions such as strong oxidants, excess oxidants, higher temperatures and longer reaction 
times etc. usually results in further oxidation of initially produced disulfides to give a mixture of several 
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higher oxidation products (Scheme 2). It is normally difficult to synthesize these compounds selectively, 
although a few methods for obtaining sulfinic acids (RS02H) or sulfonic acids (RS03H) directly from 
thiols have been reported. For the selective synthesis of disulfides the recommended oxidants are oxygen 
or air in the presence of metal catalysts, bromine under phase-transfer conditions, iodine, and various 
metal salts such as Few, MnIV and TllI1. 

K / 'R's-oH' - 
R-SH - RS-SR 

- R-S-OH II 
d S ' O H  6 

Scheme 2 

6.2.2.1.1 By mokculat oxygen 

The oxidation of thiols to disulfides by molecular oxygen or air is believed to proceed via two mutes 
as shown in Scheme 3.5 Thus, the reaction may be enhanced under basic conditions but more stable an- 
ions react at a slower rate, while aliphatic thiols are oxidized faster than aromatic 

4R-SH + 0 2  * 2 RS-SR + 2H2O 

Scheme 3 

The oxidation is catalyzed by various heavy metal ions such as Cu", FeIn (hemin complex), Ni" and 
Co" and their complexes,1*8-10 and more importantly, the addition of these ions leads to the selective for- 
mation of disulfides without any overoxidized products. The cluster (Bun4N)2[Fe4S4(SR)4], the analog of 
the active site of nonheme iron-sulfur proteins, catalyzed extremely smooth oxidation of thiols by 
oxygen to disulfides in acetonitrile at 0 'C (equation 4), while in the case of FeClz or FeC13 catalysts 
oxygen uptake was very slow. ' ' The catalysis by A1203 for aerobic oxidation is also common.I2 Thus, by 
stirring thiols in benzene with exposure to air at room temperature for 4-6 h disulfides were obtained al- 
most quantitatively except in the hindered case of Bu'SH. 

[Fe4S4(SR2),]*-, MeCN 

4R'-SH + 0 2  * 2R'S-SR' + 2HzO (4) 
100% 

R' = Ph, PhCH2, Et 

The use of a large excess of base and/or prolonged reaction times results in the absorption of excess 
oxygen leading to over~xidation.~J~ The type of product also varies, RS03H in the case of 
KOH/HMPAI3 and a mixture of RSOzH (major) and RS03H (minor) in the case of BUQOK/BU'OH.'~ 
More detailed  investigation^'^ indicated that the main product is RSOzH which is in accord with the lat- 
ter result. Similar overoxidation is also known in benzenethiol oxidation by the superoxide anion ( 0 2 ' )  
generated from KO2 and 18-cr0wn-6.l~ Thus, at room temperature diphenyl disulfide was formed quanti- 
tatively, while both PhSO2H and PhS03H were produced by heating with excess 0 2 '  at 60 'C. In the 
cases of benzylic thiols desulfurization occurred unexpectedly to give benzoic acids and a&enes by 
aerobic oxidation in DMSO in the presence of a basic catalyst.16 
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6.2.2.1 3 By metal ions, oxides and carboxylates 

Metal ions of higher oxidation states, such as Fen1,17 CeN, Coni and Vv,18J9 oxidize thiols effectively 
to disulfides in the absence of oxygen. A large variety of metal oxides such as Mno?, CrQ, m, F a ,  
(20203 and CuO are also useful for this transformation at low temperatures in chloroform or xylene solu- 
tions?o*21 Various modified chromium compounds such as bis(benzyltriethy1ammonium) dichromate,?2 
bis[trinitratocerium(IV)] ~hrornate?~ pyridinium chlor~chromate~~ and a combination of CrO3 with chlo- 
rosilanfl are reported to be effective oxidizing agents. Bentonite-supported iron(III) nitrate,25 C N 6  
and bis(2,2'-bipyridyl)copper(n) permanganate27 are also selective oxidants to produce disulfides. 
LTA2a31 and thallium triacetate (l'TA)32 readily effect the oxidation of thiols to disulfides (equation 5). 
The use of excess LTA in alcoholic solvents resulted in a selective overoxidation of the initially fonned 
diary1 disulfides to aromatic sulfinic esters (ArS02R).30 

CHC13, r.t., 5 h 

100% 
But-SH + TI(OAC)~ - Bu'S-SBu' + TlOAc + 2AcOH (5 )  

6.2.2.13 By organic oxides, hydrogen peroxide and organac peroxy acids 

Dialkyl sulfoxides such as DMSO work as oxidants for the selective preparation of The 
order of thiol reactivity is ArSH > ArCHzSH > RSH.34 Several amine oxides, such as pyridine N-ox- 
ides36*37 and triethylamine oxide?8 also oxidize sulfides to sulfoxides, but the reaction generally requires 
higher temperatures. 

The oxidation of thiols by H202, dialkyl peroxides and peroxy acids is known to give disulfides as the 
initial products, which are further oxidized by excess o ~ i d a n t . ~ * ~ ~ ~  Because of easy overoxidation these 
reactions are rarely used for preparative purposes of disulfides, but the method is often useful for obtain- 
ing some overoxidized compounds. Thus, RS03H is produced from tertiary thiols in high yields? and 
mercaptoimidazole (6) was oxidized by alkaline H202 to the corresponding sulfonic acid (7) in a moder- 
ate yield (equation 6).'"' Selective and effective oxidation of alkane thiols to the corresponding R S O a  
occurs by treatment with 2 equiv. MCPBA (equation 7)."2 

E t 0 2 C ~  Ph H 0 2 C 7  Ph 
15% H202/NaOH, 80-90 "C 

w 21 30% 21 (6) 
N S03H N SH 

(6) (7) 

2 equiv. MCPBA, CH2C12, -30 "C 
R- SH R-SOzH 

8 0 4 5 %  
(7) 

6.2.2.1.4 By halogens and halogen compounds 

In aqueous solvents chlorine and bromine react with thiols to give sulfonyl halides or sulfonic acids 
(equations 8 and 9). while under anhydrous conditions various reactions occur to give sulfenyl halides 
(RSX), RSX3 and/or On the contrary, oxidation with iodine is prone to give disulfides 
(equation 10) typically using a solution of I2 in acetic acid, alcohol, ether or aqueous K I ? * 3 * 4 3 9 u  Under 
two-phase conditions of aq. KHCO3/CH2C12 bromine works at room temperature as an excellent oxidant 
of general utility for the preparation of various disulfides (Scheme 4).45 2-Polyvinylpyridine-bromine 
complexM and bromodimethylsulfonium bromide (Me2S+BrBr)47 are also useful reagents for obtaining 
disulfides from thiols. 

0 
II 

R-SH + 3 x 2  + 2H2O - R-S-X + 5 H X  (8) 
6 

Several 'positive halogen' compounds such as NBS, NCS, (dichloroiodo)benzene (PhIC12), sulfuryl 
chloride, thionyl chloride, 2,4,4,6-tetrabromocyclohexa-2,5-dienone4*~4g and diethyl bromomalonak? 
etc. react with thiols to produce initially RSX, which then reacts with excess thiol to give disulfides.2 Tri- 
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0 
II 

R-SH + 3 x 2  + 3H2O - R-S-OH + 6HX 
t; 

2 R-SH + 12 RS-SR + 2HI  

76 1 

(9) 

OH OH 

Scheme 4 

chloromethanesulfonyl chloride is a very good reagent for selective disulfide formation in pyridine 
(equation 1 l)?I 

CI,CSO~CI. pyridine 
R- SH - RS-SR 

93-98% 

R = Bu, But, Ph, PhCHz 

6.2.2.1.5 By other chemical reagents and other methods 

A variety of other oxidants are known for thiol oxidation, including diethyl azodicarboxylate?2 modi- 
~arbonamide?~ nitrosobenzene and n i t r ~ b e n z e n e ? ~ . ~ ~ , ~ ~  maleic anh~dride?~ nitrogen oxide (NO)?4 iodo- 
sylbenzene (PhIO)55 and nickel Excess dinitrogen tetroxide (N204) reacted with thiols to give 
either disulfides, thiolsulfonates (RSS02R) or sulfonic acids selectively by controlling carefully the con- 
centration of N204 and other reaction conditions (Scheme 5) .57158  Bis(4-methoxyphenyl) tellur0xidesg 
and selenoxidem as well as their polymer-bound compounds61 are mild oxidizing agents for preparing 
disulfides, the ability of the telluroxides being stronger than the selenoxides. The oxidation with power- 
ful oxidants like "03 and KM04 has long been known to give overoxidized sulfonic acid ~roducts.~ 

1 quiv .  N204, -70 OC 
RS - SR 

i, 3 quiv.  N204 R's, R S' 
0" "0 

ii. BuQH, -20 "C 

0 
5 equiv. NzO4,25 OC I I  

R-S-OH 
6 

Nz04 
R-SH - [ RS-N=O] 

CCb 

Scheme 5 

Flavins (8),62*63 8-azaflavin (9)@ and their analogs are characteristic oxidants toward thiols under an- 
aerobic and other specific conditions (equation 12).6264 5-Arylidene- 1,3-dirnethylbarbinuic acid deriva- 
tives (10) also work as the oxidant in dioxane at 120-150 'C, and the method was applied to synthesis of 
unsymmetrical disulfides.65 Electrochemical oxidationM and photolysis67 of thiols to disulfidqs are also 
known. 
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Me H 
I 

( P q  + n;q-Y0 N. H 

I 
H O  

6.2.2.2 Oxidation of Sulfides to Sulfoxides by Chemical Reagents 

The oxidation of sulfides (thioethers) gives the corresponding sulfoxides or sulfones or both, depend- 
ing on the reaction conditions employed (equation 13).68-70 In order to obtain sulfoxides selectively it is 
necessary to add equimolar or slightly excess amounts of oxidants to the sulfides under mild conditions. 
Among a variety of oxidants so far employed for this reaction are: MCPBA, TBHP, PhIC12, PhIO and 
sodium metapenodate (Ndo4). All appear to be particularly useful for obtaining sulfoxides selectively in 
good yields. 

6.23.2.1 By hydrogen peroxide and organic peroxides and peroxy acids 

One of the simplest methods of oxidation of sulfides to sulfoxides is the use of H202 in a ~ e t o n e ~ l - ~ ~  or 
preferably in methan0l.7~ The oxidation normally proceeds highly selectively under very mild conditions 
and can be applied to the preparation of various acid-sensitive sulfoxides such as allylic sulfoxides 
(11),73 silyl-substituted vinyl sulfoxides (12)75 and thietane sulfoxides (13).76 The oxidation is accel- 
erated in the presence of acetic acid although selective oxidation for S-monoxides is possible as shown in 
equations (14)," (15)78,79 and (16).*O However, the use of excess H202 often leads to overoxidation to 
give sulfones. Many metal salts such as Se02,8' V 2 0 ~ , 8 ~  TiCbS3 and V0(acac)zw also function as good 
catalysts. 

0 
I1 

q S ' M e  
R 

0 
R,Si- s, 

2 equiv. H202 'xS AcOH * 
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1 equiv. H202. AcOH, 0 O C  - RxSnSR 
tl 67-968 

RS-SR 

763 

(15) 

R = Me, Et, pi, But, Ph 

Organic peroxides such as cyclohexyl or t-butyl hydroperoxides5 and benzoyl peroxidess6 can oxidize 
various sulfides to the corresponding sulfoxides where oxidation with TBHP in alcohols or benzene a p  
pears to be synthetically usefu1.85~87~88 2-Hydroperoxyhexafluoro-2-propanol [(CF3)2C(OH)OOH], 
formed in siru from hexafluoroacetone and H202, is also a very effective and convenient reagent for this 
purpose.89 4a-Hydroperoxylumiflavin (14) oxidizes sulfides to sulfoxides in organic solvents such as 
BuQH or dioxane at 30 'C much more effectively than H202.m2 The reactivity of the flavins was 
shown to be 103-106 more reactive than TBHP and -103 less reactive than MCPBA?* 

A variety of organic peroxy acids such as perbenzoic acid,93*94 MCPBA,95.% monoperoxyphthalic 
acid,w peracetic acid98 and trifluoroperacetic acidw are much stronger oxidants than H202, and oxidize 
sulfides to sulfoxides under very mild conditions. Usually 1 equiv. of peroxy acid to sulfide is employed, 
otherwise overoxidation easily occurs to give sulfones.w Among these, MCPBA has the advantage of 
being convenient to use and the oxidation is normally carried out at 0 'C or lower temperatures, in di- 
chloromethane. The preparations of the base-sensitive sulfoxide (15),'O0 a new dienophile alkynyl sulfox- 
ide (l6),lo1 and thiiraneradialene S-oxide (17)lo2 are typical examples. Selective oxidation of the sulfur 
atom of penicillins by polymer-supported peroxy acids in DMF or acetone is also known (equa- 
tion 17).lo3 

0 H D O C O 3 H  H 

Ph+--$ acetone, 86% 20 O C ,  2 h - phTNn$ (17) 

0 0 
CO2H CO2H 

6.2.2.23 By lurlogens and halogen compounds 

Molecular halogens have been known to form some addition compounds (18) with organic sulfides 
which are readily hydrolyzed to sulfoxides (Scheme 6). However, undesired side reactions sometimes 
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occur, such as cleavage of a C - S  bond giving a C-halogen bond and halogenation or akoxylation at 
various ~sitions.1w106 The formation of by-products can be prevented by carrying out the reaction in 
the presence of amines107 or under two-phase conditions (CH2Clm20) using mc03 as a base.108 The 
treatment of sulfides with bromine and then with hexabu ldistannoxane gives sulfoxides in high yields 

is relatively slow, but can be accelerated by certain nucleophiles such as phthalate ion1l0 or p-cyclodex- 
trin phosphate ion."' Sulfides react with the stoichiometric quantity of PhICl2 in aqueous pyridine be- 
tween -40 and 20 'C to give high yields of the corresponding sulfoxides completely free from sulfones, 
and use of l80-enriched water readily gives 180-labeled sulfoxides (equation 19).'12 P ~ I O ? ~ ~ " ~  PhI02 
with VO(acac)2 catalyst' l4 and (diacetoxyiodo)benzene [PhI(OAc)2]' can also be used for oxidation of 
some sulfides. 

without sulfone by-product contamination (equation 18).' % The sulfoxide formation by iodine oxidation 

Scheme 6 

' 8 0  pyridine, F'hICl2, H2180, 20 "C ti 
b PhO'\Ph PhO'\Ph (19) 

Many 'positive halogen' compounds such as NBS,11"118 NCS,' lchl~robenzotriazole,~ l9 and chlo- 
ramine-T and bromamine-T120-122 oxidize sulfides to sulfoxides. Sulfides may also be oxidized eficient- 
ly to sulfoxides uncontaminated by sulfones using 2,4,4,6-tetrabromocyclohexa-2,5-dienone in aqueous 
dioxane or THF (equation 20r9 and also using sulfuryl chloride at room or lower temperat~re.~~~*~~ Hy- 
pochlorites such as sodium hypochlorite (NaOC1),1zJ26 hypochlorous acid (HOC1)lZ and B U ' O C ~ ~ ~ ~ - ' ~  
are sometimes used as stereo- and chemo-selective oxidants for obtaining sulfoxides from sulfides, as 
shown in equations (21)126 and (22).127 However, application to sulfides bearing an ethynyl or a meth- 
oxycarbonyl group a to sulfur resulted in sole formation of the corresponding a-alkoxy sulfides, rather 
than the expected sulfoxides (equation 23).128 Oxidation of sulfides by NaI04 in water, aqueous meth- 
anol or other organic solvents at 0 'C results in a selective formation of sulfoxides.13o This reaction was 
applied to the preparation of various sulfoxides including 1-butadienyl phenyl sulfoxide (21),13' a-phos- 

0 OH 

Br Br 

1 equiv. NaOCl, 
dioxane. 20 oc 
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phoryl sulfoxides (22),132 and sulfoxides containing a disulfide moiety (23). 133 Various modifications 
have been made to this method, such as the use of tetrabutylamrnonium periodatel" and the use of 
alumina-135 and silica gel-supported Na104.136 Sodium bromite (NaBr02) is also used as an oxidant for 
sulfoxides in aqueous d i 0 ~ a n e . l ~ ~  

Bu'OCl, MeOH OMe 
I - ArS*Y 

6342% 
Ars-Y 

Y = M H ,  C02Me 

0 0 

6.2.2.2.3 By other chemical reagents and other methods 

A variety of other oxidants that produce sulfoxides from sulfides are known, such as nitric acid,13E*13g 
acyl nitrates, nitronium salts, N204,142*143 oxygen with ruthenium complex catalysts, 144*145 press- 
urized oxygen with CAN as a catalyst,'& ozone,147,148 TTN,149 C&" LTA152J53 and potas- 
sium peroxodisulfate (K~SZOE). 154 Potassium hydrogen persulfate (KHS05; Oxone) is a very efficient 
and chemoselective oxidant to produce sulfoxides from sulfides under phase-transfer conditions155 and 
also in a catalytic cycle involving N-sulfonyloxaziridines (24), as shown in Scheme 7.156 Selenium com- 
pounds such as dialkyl15' or diary1 selenoxides,@' areneselenonic acids (ArSe03H)158J59 and arenesel- 
eninic acids (ArSe02H)lSg are also useful reagents for the sulfoxidation of various sulfides. Sulfides may 
be oxidized to sulfoxides highly selectively and almost quantitatively by sulfinylperoxy intermediates 
(Arso3. or ksO3-;  Ar = 2-No2CaH4) generated in situ from 2-nitrobenzenesulfinyl chloride (ArSOC1) 
and superoxide ( O r )  in acetonitrile at -25 'C.'@' 

KHSO4 

KHSOS 
(Oxone) 

Scheme 7 

Sulfides are also oxidized to sulfoxides under electrochemica1161-165 and photochemica11*168 condi- 
tions. Electrochemical oxidation has remained rather unselective, giving mixtures of sulfoxides and sul- 
fones, but a highly selective electrolytic oxidation is now known where the electric current passes 
through a bath of 4-polyvinylpyridine hydrobromide (PVPaHBr) and sulfide (equation 24). 163 

R', R2 = alkyl, aryl 

I 
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63.23 Oxidation of Sulfoxides to Sulfones by Chemical Reagents 

Oxidation of sulfoxides usually results in the formation of sulfones, although under extremely vigor- 
ous conditions RS03H may be produced. 169 Sulfones are also obtained by direct oxidation of sulfides via 
sulfoxides (equation 13). A variety of oxidants have been utilized to effect these transformations, among 
which H202 in acetic acid, NaOCl, PhIC12, CrO3, KMn04 and KHSOs (Oxone) appear to be most useful 
from the synthetic viewpoint. With peroxy acids and peroxides the oxidation of sulfoxides to sulfones 
generally proceeds more slowly than that of sulfides to sulfoxides because of the reduced nucleophilicity 
of the sulfoxide sulfur atom compared to that of the sulfide. Completely the reverse is normally observed 
with oxidants of a nucleophilic nature such as periodates or transition metal salts such as CIQ and 
KMn04. 

6.2.2.3.1 By hydrogen peroxide and organic peroxy acidr and peroxides 

Hydrogen peroxide has long been known to oxidize sulfoxides to sulfones either alone or in the 
presence of metal catalysts such as Fern salts,170.171 Na2W04,172.173 W03.H20173 and Na~V04 . l~~  The use 
of H202 in acetic acid is also most effective for obtaining sulfones, the reactive species most probably 
being peracetic acid. The oxidation is catalyzed by Mn(a~ac)3.’~~ The oxidation of diaryl sulfoxides to 
diaryl sulfones has been shown to proceed several hundred times slower than that of diaryl sulfides to the 
sulfoxides,17s in accordance with the result shown (for dialkyl compounds) in equation (14). Probably as 
an exception, the oxidation of lP-dithiadiene monosulfoxide (25) is reported to give the corresponding 
monosulfone instead of the expected bis-sulfoxide (equation 25). 176 

(25) 

Many other peroxy acids, such as trifluoroperacetic acid (equation 26),99*177 peroxydodecanoic acid 
(equation 27)178 and various perbenzoic acids100*17”82 are also useful oxidants to give a high yield of 
sulfones from sulfoxides or directly from sulfides under suitable conditions. 

* Ro2s/so2R 
CF3C03H, CH2C12,40-50 OC RSMSR RS SR 50-848 RO2S SO$ 

R = alkyl, Ph 

Me(CH2)&03H, CH2C12, 0 OC, 15 min 

100% HO 
5 

HO 

Organic hydroperoxides are generally used for the preparation of sulfoxides from  sulfide^,^^^^^^^^ while 
sulfones can be obtained in neutral organic solvents in the presence of metal catalysts such as V, Mo and 
Ti oxides at 5&70 0C.183 Two polymer-supported reagents which involve peroxy acid groups184 and 
bound hypervalent v a n a d i ~ m ( V ) ~ ~ ~  and molybdenum(V1) 186 compounds have been developed for facile 
oxidation of sulfoxides to sulfones. 

Solutions of KO2 and 18-crown-6 in DMSO cause oxidation of the solvent to the sulfone. 187 The phos- 
phorus-containing peroxy anion (EtO)zP03- obtained on reaction of KO2 with diethyl chlorophosphate 
[(EtOhPOCl] in acetonitrile has been used to prepare sulfones from sulfoxides at 20 ‘C.lE8 Similarly, 
various sulfoxides are readily oxidized chemoselectively to the sulfones in high yields by 2-nitrobenzene 
peroxysulfur intermediate (26) generated in situ from 2-nitrobenzenesulfonyl chloride and KOz (Scheme 
8; Ar = 2-N02C6H4).189 
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0 
II 

68% 

Scheme 8 

6.2.23.2 By halogens and hakbgen compounds 

A number of halogen compounds are capable of oxidizing sulfoxides to sulfones, although syntheti- 
cally useful procedures are rather limited. Chlorine and sulfuryl chloride oxidize sulfoxides to sulfones in 
aqueous solvents, but the oxidation is often accompanied by many side reactions as shown in equations 
(28)” and (29).191 NaOCl seems to be a general oxidant to generate sulfones from either sulfidesiE or 
sulfoxides.126 At low temperature 1-chlorobenzotriazole converts sulfoxides to sulfones in high ~ i e 1 d s . l ~ ~  
In aqueous pyridine solution excess PhIC12 oxidizes most diary1 sulfides and sulfoxides to the corre- 
sponding sulfones, except those bearing electron-withdrawing substituents on the aryl ring (equations 30 
and 31).112J93 PhIO with ruthenium(I1) complex as a catalyst194 as well as P ~ I ( O A C ) ~ ~ ~ ~  work as oxidants 
for producing sulfones either from sulfoxides or sulfides, the products depending on the amount of the 
oxidant used (Scheme 9).lW Bromine and hypobromite (OBr) oxidize sulfoxides to sulfones in alkaline 
solutions, but multihalogenated products are usually produced (equation 32). l% 

CI,, aq. MeOH, 5-20 OC ,C1 
(28) PhnsnPh + phns n Ph 

0 I I  59% 0” “0 0” ‘0 
68% 32% 

SO2CI,, CH2C12, -78 OC 0 0  0 
II - *so c1 

Ph/ vfH 88-%% Ph’ vn 
n = 2,3,4 

2 equiv. PhIC12, aq. pyridine 

Ph”\Ph 100% Ph”‘Ph 
o,\ 40 - 

(31) 
2 equiv. PhICI,, aq. pyridine - OZN 

Et 90% Et 
O2N 

1.2 equiv. PhIO, CH2C12 
o,\ ”0 0 

93% PhO’*Me + Ph”*Me 
RuCI,(PPh,),, r.t., 15 min II 

+ 

82% 18% 
Ph”*Me , 2.5 equiv. PhIO, CH,CI, 

RuC12(PPh3),, r.t., 15 min o,\ 40 - Ph”\Me 
lCO% 

Scheme 9 I 
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- 0“ 40 
Br2, NaOH 0 

II 

Me/ Me 88% Br3C ‘ ‘CBr3 

62233 By bansition mew salts 

In sharp contrast to peroxy acid oxidation17s the oxidation of sulfoxides to sulfones with various transi- 
tion metal salts proceeds much faster than that of sulfides to sulfoxides and consequently sulfoxides may 
be selectively oxidized to sulfones in the presence of sulfides. 

Chromium trioxide is a very effective oxidant in aqueous H Z S O ~ , ~ ~  aqueous acetic acid” or water” 
where many other functional groups are tolerated (equation 33).lW Potassium permanganate, though 
slightly less reactive than CrO3, can also be used for oxidation of sulfoxides to sulfones in aqueous acid 
media (equations 34-36).1w3mun In the presence of MgS04 and in acetone, -04 becomes a che- 
moselective oxidant which reacts faster with sulfoxides than with sulfides, as exemplified in Scheme 10 
for the preparation of 13-dithietane 1,l-dioxide (27>.203 Comparison with other oxidants highlights the 
selectivity in this reacti0n.m 

0 0  0 

O Z N D  a N o 2  CrOs, H20 w o Z N ) $ s ’ a N o Z  
(33) ’ OH HO ’ OH \ HO 

PhIClZ 75% 
MCPBA 40% 

25 % 
60% 

i, KMn04, MgS04, acetone, -20 OC; ii, MeC03H, CHC13, 0 OC; iii, 30 equiv. MeC03H, 100 OC, 4 h; 

Scheme 10 

iv, PhIClZ, aq. pyridine, -30 OC; v, MCPBA, CHzClz, 0 OC 

Permanganates of zinc,” sodiumzM and benzyltriethylammonium206 have also been shown to be ef- 
fective and selective oxidants to obtain sulfones from sulfides. The method of sulfoxide oxidation under 
phase-transfer conditions has also been developed using K h 0 4 2 0 7  and C ~ ( M n 0 4 ) z . ~  

Osmium tetroxide is another chemoselective oxidant reported to yield sulfones from sulfoxides. Thus, 
treatment of a mixture of diphenyl sulfide and sulfoxide with Os04 in boiling ether for 48 h affords di- 
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phenyl sulfone in 96% yield without any change of the sulfide c o m p ~ n e n t . ~ ~  Other transition metal salts 
such as CeIV, NiW and RuV1I1 may be used for sulfoxide oxidation. 

6333.4 By other chemical reagents and other methods 

A number of other oxidants which produce sulfones from sulfoxides are known, such as "03?O9 
N02BF4,2l0 oxygen with Ir or Rh catalysts?11 H s O s  (Oxone)212 and K z S ~ O ~ . ~ * ~  Oxone is a 
highly chemoselective oxidant for the conversion of sulfides to sulfones without affecting hydroxy or al- 
kenic groups (equation 37).212 Similarly flavin (14) oxidizes aryl methyl sulfoxides to sulfones fairly se- 
iectively.91 

(37) 
KHS05, aq. MeOH, r.t, 4 h 

94-98% 

o=s=o 
I 

SR 
R = Ph, Me R 

It is worthy of note that oxidation of thiolsulfinate (28) with sodium periodate in aqueous acetonitrile 
or dioxane gives thiolsulfonate (29) by attack on the sulfur atom of the Sg10 moiety and not the S atom, 
as shown in equation (38).214 These data clearly indicate the nucleophilic nature of the periodate ion. 

1 equiv. NaI04, aq. MeCN, HCl, r.t., 1 h 0 
I I  

(38) 
-100% 

Diphenyl sulfoxide215 and dimethyl sulfoxide216 are oxidized electrochemically to the corresponding 
sulfones in acetonitrile and 1 M HzS04, respectively. The product yields are enhanced by the presence of 
transition metal salts or oxides of W, V, Mo or Se.217 In some cases sulfonic acid salts are formed with 
C C  cleavage?l* Sulfoxides react with oxygen under photochemical conditions to give sulfones in good 
yields? 19-222 

6.23 OXIDATION OF ORGANIC SELENIUM COMPOUNDS223224 

6.23.1 Oxidation of Selenols to Diselenides and Further Oxidized Species by Chemical Reagents 

As compared with thiols, selenols are readily oxidized to diselenides (equation 39). Although aryl sele- 
nols are more stable than alkyl selenols, both must be stored under inert gas in order to preserve the sele- 
no1 Consequently they are normally prepared in situ and used directly as a source of RSe moiety 
or as a reducing agent. Diselenides can be prepared merely by bubbling air or oxygen through a selenol 
solution?zc228 Other oxidizing agents employed are H202?29.230 Br2F3 RflC1232 and K3Fe(CN)a.233 

4R-SeH + 02 - 2 RSe-SeR + 2H20  (39) 

Oxidation of diselenides with Br2,U4 H202,23*D9 HN03?39-241 TBHP243*244 and MCPBA235 
affords seleninic acids (30) and/or their anhydrides (31; equation 40), both of which are known as useful 
oxidants of various organic corn pound^.^^ The oxidation has been suggested to proceed as shown in 
Scheme 11242 and as evidence intermediate compounds were isolated from the MCPBA oxidation of 

0 0  

R, Se.o, Se 
I I  II 

0 

R 
I1 and/or [OI 

R' Se'OH 
RSe-SeR - 



770 Oxidation of Heteroatoms 

naphtho[ 1,8-cd]-1,2diselenole (33; Scheme 12).246 In some cases, however, selenenic acids (RSeOH) 
are isolated which readily disproportionate into selenols and seleninic acids (30)?34 Only a few RSeOH 
compounds have so far been i~olated,2~~*"~."~ and many compounds previously claimed as RSeOH are 
in fact anhydrides (32).2491z0 The seleninic acids are also synthesized by oxidation of selenucyanates 
(RSeCN) with HN03,239.251-253 peracetic acid238 and KMnOsFM 

[OI 0, [OI 
RSe-SeR - Se-SeR - RSeO \ SeR - 

Scheme 11 

0 

1 equiv. MCPBA, Et20, -5 OC 

-50% 
Se - Se 

I I  -50% 

(33) \ 3 equiv. MCPBA, CHC13, r.t. 

65% 

Scheme 12 

Pemanganate oxidation of seleninic acids has been reported to give selenonic acids 
(RSeOsH).240*z4.255 The oxidation product of benzeneseleninic acid seems to be the selenonate 
Selenonic acids or their K or Na salts may be isolated by ion exchange c h r o m a t ~ g r a p h y ~ ~ ~ . ~ ~ ~ ~  and are 
generally very hygroscopic substances having strong oxidizing properties. 

0 
II 

OH 
Ph-Sy+ Ph-Se-0- 

OH 0 
(34) 

Oxidation of diphenyl diselenide with ( " 4 ) 2 S 2 0 8  gives phenylselenenyl cation (PhSe+) which effects 
the oxyselenenylation of alkenes.256b Similar oxidation has also been effected ele~trochemically.~~~ 

6.23.2 Oxidation of Selenides to Selenoxides by Chemical Reagents 

Selenides may be oxidized by various reagents to selenoxides. When the resulting selenoxides bear a 
@-hydrogen atom syn elimination giving alkenes occurs readily at room temperature with formation of 
selenenic acid by-products (Scheme 13). For allylic selenides, the oxidation does not lead to conjugated 

RS~//O". H 
-[RSeOH] 

111,1111 111,1111 

IO1 x 
Scheme 13 
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dienes, rather a facile formation of allylic alcohols via selenenic esters (35) by 2,3-sigmatropic rearrange- 
ment occurs (Scheme 14). These two reactions are very useful in synthetic organic chemistry and de- 
scribed in detail in Volume 6 of this series. 

OH 

(35) 
Scheme 14 

The isolable and thermally stable selenoxides are, therefore, rather limited. Stable examples are as fol- 
lows: those derived from selenides which have no hydrogen atoms on the pcarbon, such as dimethyl sel- 
enide?56*z57 aryl methyl  selenide^,^^^^^ diary1  selenide^^^^^^^ and benzyl phenyl selenides?60a1 those 
with an intramolecular hydrogen bonding, such as (36)262*263 and (37)?@ and those leading to an unfa- 
vorable double bond such as (38).z65 Vinylic selenoxides (39)266 and (40)267 are also generally isolable. 

R2 

I Ph 
R' 

cy7 Se 
I 
Ph 

Ph-S 

Me-Se C5H11 

CN 

H s e - P h  Ph-Se 
0 '0 '0 

(38) (39) (40) 

4.2.3.2.1 By hydrogen peroxide and organic peroxides and proxy acids 

The most commonly used oxidant for selenium compounds is H20z.z27*228*26az7z The oxidation p m e -  
dure normally involves addition of 30% Hz02 to a THF or preferably dichloromethane solution of the 
selenide at 0 'C. The oxidation proceeds chemoselectively and, thus, many potentially oxidizable func- 
tional groups such as alkenes, sulfides, amines, sulfoxides, tertiary alcohols, esters, lactones, nitriles and 
carboxylic acids remain intact. Several selenoxides including (36) and (37) were isolated by this 

MCPBA and peracetic acid are also effective  oxidant^,^^^.^^^ particularly at low temperature (-78 'C) 
where the selenoxides are These reagents may be used in the presence of a double bond, a 
triple bond278 or an amino group?72 Various selenoxides, especially vinylic selenoxides such as (a), 
have been isolated using this route.267,27sz82 ?-Butyl hydroperoxide is an especially mild oxidant which 
can be used in excess as a replacement for H302 without undesirable overoxidation side-reactions taking 
place.283 

meth0d.2S9~263.264.273 

6.2.3.2.2 By other chemical reagents 

Ozone is an effective chemoselective oxidant at low temperatures affording selenoxides wilhout af- 
fecting alkenic or sulfide groups in the same molecule~3~~242~260~261~276~284~285 For example dia- 
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stereoisomeric selenoxides (41) and (42) were prepared by oxidation of the corresponding selenide with 
0zone.m The p-elimination process affording the alkene (43) proceeds much faster with (41) than with 
(42). I 

e. 

Ph, :,o a Ph 
R dP 

Sodium periodate is also frequently used as an oxidant for selenides, the reaction proceeds slowly in 
aqueous methanol.272 Various selenoxides such as methyl phenyl and benzyl phenyl selenoxides,286 
(38),%5 (39)?66 and 2-azidocyclohexyl phenyl  ele en oxide^^ have been isolated in this way. Other 
solvents and reaction conditions may also be employed.23 1*267926892729288-m 

N-Sulfonyloxaziridine (24) oxidizes selenides to selenoxides in apmtic solvents at 0-5 'C, sometimes 
giving quantitative yields.291 Also halogenation of selenides with Cl2 or Brz followed by alkaline hydro- 
lysis or treatment with silver oxide gives selenoxides in good yields (equation 41).292295 The corn- 
sponding hydrates (44) can be isolated when the aromatic nucleus bears donor groups such as methoxy 
and ethoxy.296 A similar hydrate (45) was also isolated during H202 oxidation of the corresponding sel- 
enideJa It has also been proposed that benzyl phenyl selenoxide is in equilibrium with its hydrate in 
aqueous This halogenation-hydrolysis method has recently been applied to alkyl phenyl sel- 
enides for the syntheses of vinylic and allylic chlorides?97 en one^^^^ and cis-l ,Zsubstituted cyclohex- 
anesB8 Isolation of the selenoxide (38) was achieved by treatment of the selenide with (Bun3Sn)zOIBrr 
in dichlor~methane.~~~ Similarly PhICl2 oxidizes diary1 and aryl benzyl selenides to the corresponding 
stable selenoxides in aqueous pyridineJE6 

0 
x2 x. x aq. NaOH II 

(41) __c 

R Se: * R'Se. 
R' orAg20,MeOH R'Se. R 

R = Me, PhCH2, aryl 

Me 
HO.1 .OH 

Se 

0 HO, ,OH 
Se 1 1  *H2O P Ar'Se'Ar 

Ar' 'Ar PhAOKN I &OyPh 

H 0 Ph 

Y = Bu'O or (N 

0 
Scheme 15 
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Treatment of selenides with NBS,?@ NCS262"5 or BuW1262399 followed by hydrolysis gives selenox- 
ides or elimination products in good yields (Scheme 15). The intermediate (46) can oxidize alcohols to 
ketones.3oo Other oxidants such as N204.294 ' I T N 1 4 9 9 3 0 1  and Cr03m have been reported to be effective for 
oxidation of selenides. 

6333 Oxidation of Selenides and Selenoxides to Selenones 

The oxidation of selenoxides to selenones is slow requiring drastic conditions to be used. Diaryl, aryl 
methyl and dimethyl selenones are prepared by the oxidation of the corresponding selenoxides with pro- 
longed exposure to KMn04293*303 or The direct oxidation of selenides to selenones by PhIO 
with ruthenium(II) complex catalyst,'" H2023W and Cu(Mx104)2~~ has also been described. Aryl aifluo- 
romethyl selenides, selenoxides and selenium dichlorides are oxidized with a mixture of trifluoroacctic 
anhydride and 85% H a  at low temperature to give the corresponding selenones in good yields (equa- 
tion 42).304 However MCPBA appears to be the most effective oxidant of selenides and selenoxides to 
selenones?42*n9*305 several vinyl selenones being prepared by this method (equation 43)279 and used for 
many useful organic transfonnati~ns.~~~~~~~*~~ Recent detailed studies on oxidation of various diakyl and 
alkyl aryl selenides to the corresponding selenones revealed that MCPBA, CF3CO3H and KMno4 are the 
reagents of choice, while oxidation with H202, TBHP and Nd04 often stops at the selenoxide stage 
(Scheme 16).m 

c1, ,c1 

L (42) 
HzOz, (CF3C0)20 

Y = H, 3-F, 4-F, 4-Me0 

2 q u i v .  MCPBA, MeOH, 0 OC4.t. a. &-+/. Bu - (43) 
PlLse-+/.Bu 

76% 0" '0 

5 equiv. MCPBA, CH2C1zT20 "C, 5 h 

16% 

Scheme 16 

Oxidation of alkyl phenyl selenides with excess MCPBA in alcohols results in a facile substitution of a 
selenone moiety by an alkoxy group (Scheme 17).')8*309 The intermediate addition compound (47) be- 

0 
MCPBA I\ MCPBA o+ /p MCPBA 

Ph Rl'Se. - Ph Ph - p. 
r -3 

(47) 

Scheme 17 
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tween the selenones and MCPBA is thought to be the reason why a phenylselenonyl group works as a 
very good leaving group. MCPBA is the oxidant of choice for this transformation, since the use of other 
oxidants such as H202, TBHP and Nd04 leads to normal selenoxide syn elimination providing the corre- 
sponding alkenes. 

Few examples of photooxidation of selenides are known. Photolysis of dilute aerated solutions of di- 
benzyl diselenide in benzene resulted in the formation of benzaldehyde and elemental selenium?10 With- 
out oxygen present during the photolysis only decomposition to dibenzyl selenide and selenium was 

Photolysis in CDCb in an NMR tube in the presence of oxygen gave complex mixhues 
of products derived from benzyl radicals.312 It appears that monoselenides are more stable than the com- 
sponding sulfides and tellurides to phot~oxidat ion.~~~ 

6.2.4 OXIDATION OF ORGANIC TELLURIUM COMPOUNDS 

6.2.4.1 Oxidation of Tellurds to Ditellurides and Further Oxidized Species by Chemical Reagents 

Tellurols are extremely air sensitive and are nonnally not isolated as they are converted to ditellurides 
(equation 44).31"319 Nevertheless there are two reports on the isolation of a l k a n e t e l l ~ r o l s . ~ ~ ~ ~ ~ ~  Benzene- 
tellurol may be prepared in situ by treatment of trimethylsilyl phenyl telluride (PhTeSiMe3) with meth- 
anol3" or C F ~ C O Z H ~ ~ ~  and also by reduction of diphenyl ditelluride with H3P02 or NaBH4322.3w326 and 
used as a reducing agent.322*323 

2[R-TeH] + 0 2  - 2RTe-TeR + 2HzO (44) 

Treatment of ditellurides with H202327 or ai?27-329 gave white products which were not further charac- 
terized. Oxidation of diphenyl ditelluride with conc. HNO3 has been reported to give benzenetellurinic 
acid nitrate [PhTe(0)ON02].330.331 ?-Butyl hydroperoxide oxidizes diary1 ditellurides to the comspond- 
ing tellurenic esters (48) and/or tellurinic esters (49) in the presence of carboxylic acids (equation 45).332 
For an exceptional example, the formation of benzotellurophene derivatives (52) by SeO2 oxidation of 1- 
tellurochromenes (50) via ditellurides (51) was reported (Scheme 1 8).333 Halogenation of ditellurides 
(R2Te2) with excess bromine or sulfuryl chloride gives tellurinyl halides (RTeX3)?34,335 With an equimo- 
lar amount of bromine an unstable tellurenyl halide (RTeX) was isolated when R is 2-n i t ro~henyl .~~ 
while the reaction of di-2-naphthyl ditelluride with iodine produced a stable 2-naphthalenetellurenyl 
iodide.336 Oxidation of diphenyl ditelluride with lead tetraacetate gives phenyltellurium triacetate, the 
hydrolysis of which occurs readily to give a mixture of tellurinic acid and anhydride, (53) and (54; 
Scheme 19).337 

I - I. 14 r C H O  
Te 

2 qu1v. seoz aT> pyridine 

O ?  
0 3 Pb(OAc), OAC HzO // 

PhTe - TePh Ph-T{-OAc - Ph-TF + ph,+e, , T ~ .  
OAc OAc 0 Ph 

Scheme 19 
(53) (54) 
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63.4.2 Oxidation of Tellurides to Telluroxides 

Diary1 and dibenzyl tellurides are oxidized slowly by atmospheric oxygen to the corresponding tellur- 
0 x i d e s . 3 ~ ~ ~  There are also reports of the formation of tellurinic acid (RTe02H) derivatives by air or al- 
kaline H202 oxidation of dialkyl tellurides.”’ Treatment of the telluride (55) with chloramine-T followed 
by hydrolysis gives the telluroxide (57) via N-tellurosulfonamide (56; Scheme 20).342 However tellurox- 
ides are more generally prepared by alkaline hydrolysis of diorganyltellurium d i h a l i d e ~ ~ ~ ~ ~ ~ ~  which can 
be formed by halogenation of tellurides by various halogenating agents such as Br2, Clz, 12, SOC12, 
S02C12, FeCl3, CuC12, vicinal bromides?45 IC1 and IBr.346 Treatment of tellurides with NCS or B u W l  
followed by hydrolysis with 10% NaOH or saturated NaHC03 produces telluroxides in 90-958 yield.262 
The isolable telluroxides are thermally stable, but hygroscopic, white solids, and appear to be often pres- 
ent in their hydrated forms (equation 46).262*34’.347*348 The telluroxide (58), however, decomposes in boil- 
ing toluene to give alkenes (equation 47).349 

chloramine-T & DMSO, 50 OC, 1 h 

(55) 

0 

Scheme 20 

HO, ,OH R OH- 
R”k. - R0T6.R - Te=O*H20 == R‘Ti. 

R R 

R 

R A 
D L 

YJ 
-[PhTeOH] 

Me0 0 T: 
0*H20 - (47) 

On the contrary, in the cases of benzylic, allylic and s-alkyl tellurides the corresponding telluroxides 
are very unstable and cannot be isolated by either a direct oxidation method or a halogenation-hydrolysis 
method. Thus, dibenzyl and benzyl phenyl t e l l ~ r i d e ~ ~ ~ ~ . ~  decompose quickly when ex- 
posed to air. Allylic phenyl tellurides are oxidized readily by various oxidants including air to the corre- 
sponding allylic alcohols presumably via 2,3-sigmatropic rearrangement of the intermediate allylic 
t e l l u r o ~ i d e s ? ~ ~ ~ ~ ~  Further, direct oxidation of various s-alkyl phenyl tellurides by MCPBA, H202 or 
TBHP in organic ~ o 1 ~ e n t ~ ~ ~ ~ * ~ ~ ~  and bromination of the tellurides followed by alkaline hydrolysis gave a 
mixture of alkenes, respectively, by telluroxide elimination (Scheme 2 1).355 The double bond geometry 

\ -[PhTeOH] / \ MCPBA,EtOAc 

or HZOz, aq. THF 
b 

L +  

Scheme 21 
I 
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of the internal alkenes produced by direct oxidation depends upon the amount of oxidant present. Also it 
should be noticed that the behavior of telluroxides differs from the corresponding selenoxides?" 

LTAl oxidizes diaryl tellurides to diaryltellurium dia~etates?~~ while the treatment of diaryl, divinyl, 
alkyl aryl and dialkyl tellurides with P d ( 0 A ~ ) z ~ ~ ~  or L i ~ P d C l 4 ~ ~ ~  results in a new carbon-carbon bond 
being formed (equations 48 and 49). 

Pd(OAC)z, Et3N, Ar, MeOH, 65 "C, 7 h 
Me0 0 - TeC l5H3 76% * M e O e C 1 5 H 3 1  (48) 

(49) 
Li2Pdq, M e a ,  25 "C, 20 h 

(ph+Te 55-7096 

63.43 Oxidation of Tellurides to Tellurones 

Little has so far been reported on the chemistry of tellurones. The preparation of several dialkyl tellur- 
ones by Hz@ or air oxidation of the corresponding tellurides or telluroxides has been 
~ l a i m e d , ~ ~ * ~ ~ J ~ ~ J ~  but it is doubtful whether those compounds were isolated in a pure tellurone fonn. 
In 1982 the first definitely characterized tellurone, bis(Cmethoxypheny1) tellurone (a), was prepared by 
periodate oxidation of the corresponding telluroxide ( 5 9  equation 50).361 Both (59)s9*362 and (60)"' 
work as mild useful oxidants which show some chemoselectivities and readily oxidize thiols to disul- 
fides. The preparation of dodecyl 4-methoxyphenyl tellurone by a similar method has also been 
claimed.349 

1 equiv. NaI04, aq. MeOH, ret., 3 h - ( M e O a X  (SO) 
0 

( M e O a d  - 2 82% - 
(59) (60) 

As in the selenium case (Scheme 17) the oxidation of alkyl phenyl telluride with excess MCPBA in 
the presence of alcohols results in a facile substitution of a PhTe moiety by an alkoxy group. The re- 
action is assumed to proceed via a similar tellurone-MCPBA adduct intermediate. Oxidation of cyclo- 
alkyl telluride (61) was accompanied by ring contraction to produce an acetal (62),3°8*309 while the 
bromination-hydrolysis method affords the allylic ether by telluroxide elimination (Scheme 22).355 

5 cquiv. MCPBA, MeOH 

/ 25"C, lh  

'"" TePh 

i, Brz 

i i ,OH 

f i  OMe 

0 

OMe 

Oxidative a-elimination occurs with organotellurium(1V) halides when treated with some oxidants, 
preferably TBHP, in organic solvents to give the corresponding organic halides in good yields with 
retention of configuration and by ipso replacement. A 13-halogen shift of the unstable organotellurium- 
(VI) oxyhalide (63) was proposed to account for these reactions (Scheme 23).363 
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Scheme 23 

6.2.4.4 Photooxidation of Organic Tellurium Compounds 

Dibenzyl ditelluride and dibenzyl telluride photodecompose in the presence of oxygen in CDCl3 to 
give a mixture of oxidation products such as benzaldehyde, benzyl alcohol and diphenylethane thought 
to be derived from a benzyl radical.312 Although benzyl tellurocyanate (PhCH2TeCN) is photochemically 
stable in the absence of oxygen, it rapidly suffers photooxidation in oxygen to give elemental tellurium 
and a mixture of 6096 benzaldehyde and 40% benzyl 

The tellurophenopyridazine (64) decomposed under the influence of light and oxygen to 4.5dibenz- 
oylpyridazine (66) via the peroxide (65) derived from Diels-Alder reaction of singlet oxygen with (64, 
Scheme 24).364 Tellurapyrylium dyes such as (67) react with singlet oxygen within a few seconds to give 
dihydroxides (68; Scheme 25).365 

02, W-bulb, H20 

But 

Ph 1 

Ph 1 
(65) 

Scheme 24 

w v a , .  - 
Scheme 25 

HO, ,OH 

But 

I 

But 
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63.5 SYNTHESIS OF OPTICALLY ACTIVE SULFOXIDES AND SELENOXIDES BY 
CHEMICAL AND BIOLOGICAL OXIDATION 

6.2.5.1 Synthesis of Optically Active Sulfoxides by Chemical Oxidation 

Since the first report in 1960,366367 many procedures have been reported for the synthesis of optically 
pure sulfoxides by chemical oxidation of s ~ l f i d e s . ~ ~ * ~ ~ ~ * ~  Typical examples are as follows: (i) the oxida- 
tion of achiral sulfides by c h i d  peroxy (ii) oxidation by TBHP in chiral solvents376 or in the 
presence of chiral c a t a l y ~ t s ? ~ ~ ~ ~ ~  and (iii) diastereoselective oxidation of sulfides containing another 
chiral ~ e n t e r . 8 ~ 3 ~ ~ ~ ~ ~  Similar methodologies have been reported using other oxidants such as organic 
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halogen compounds?*394 B u Q C ~ ? ~ ~  NaI04, 135*396,397 2-sulfonyl- and 2-sulfamyl-oxaziridine deriva- 
tives,39w2 organic  hydroperoxide^^^^^ and electrochemical oxidations.m*a Oxidation in the 
presence of asymmetric 'host' molecules such as cyclodextrins,m*m bovine serum albuminwL1 and 
chiral clay-chelates412 has also been reported. As a method of homo-chiral sulfoxide preparation most are 
less successful than the procedures using c h i d  sulfenic acid derivatives which are prepared by resolu- 
tion method~.~'3 Some examples of chemical oxidations for obtaining optically active sulfoxides are use- 
ful, for example using modified Sharpless reagent [Ti(OP&/(RR)-diethyl tartrate (DE")II'BHFVH20 
(1 :2: 1: 1. l)] was found to oxidize various alkyl aryl sulfides and dialkyl sulfides to the chiral sulfoxides 
with ee in the range of 8 0 %  (equation 51).377-379 2-Aryl-3-sulfamyloxaziridines (69)401' and (-)*,a- 
dichlorocamphorsulfonyloxaziridine (70)401b were recently described as being equally effective chiral 
oxidizing agents for nonfunctionalized sulfides to optically active sulfoxides (equation 52)." 

SMe 
I 

CHCl,, -78 "C 

>90% 
e 

.. 

90% ee 

.. 
O,,&Me 

91% ee 

635.2 Synthesis of Optically Active Sulfoxides by Biological Oxidation 

Microbiological oxidation of achiral sulFrdes to homochiral sulfoxides has been studied longer than 
have chemical methods and often gives better results.68~69*414 It was reported that Mortierella isabellina 
NRRL 1757 converted methyl p-tolyl sulfide into (+)-(R)-sulfoxide with 100% ee, whereas Helmintho- 
sporium sp. NRRL 4671 oxidized the same sulfide to (-)-(S)-sulfoxide with 100% ee (Scheme 26).415 
Oxidation of similar sulfides by Corynebacterium equi IF0 3730 was also reported to proceed with high 
enantioselectivities (equation 53).4l6 

Similar to biological oxidation, enzymatic oxidation of drugs417419 opened a way to studies on the 
preparation of optically active sulfoxides by enzymatic procedures. Among numerous reports68*69 a typi- 
cal example is the oxidation of aryl aminoalkyl sulfides by dopamine P-hydoxylase (DBH) in the 
presence of some electron donors to afford the sulfoxide with high enantioselectivity (equation 54).420 



Oxidation of Sulfur, Selenium and Tellurium 779 

Mortierella isabellina NRRL 1757,40 h - G s $ M e  
0 60% 

100% ee 

\ Helminthosporium sp. NRRL 467 1,48 h 

50% - +{Me 
.* 

100% ee 
Scheme 26 

(53) 
Corynebacterium equi IF0 3730,30 OC, 72 h 

38% 

100% ee 

ascorbate, DBH. O2 
35 O C ,  18 h 

30% 

" 2  
(-1-(S) 

100% ee 

(54) 

6.233 Synthesis of Optically Active Selenoxides by Chemical Oxidation 

Until quite recently the isolation of optically active selenoxides has been limited to those contained in 
steroids (isolated as  diastereoisomer^).“^^*^^^ The difficulty in obtaining these compounds was attributed 
to the racemization through the achiral hydrated Simple optically active sel- 
enoxides (5-11% ee) were first prepared by kinetic res~lution."~ Direct oxidation of selenides to sel- 
enoxides was first reported using optically active oxaziridine derivatives under anhydrous conditions, but 
the extent of the asymmetric induction was somewhat unsatisfactory with methyl phenyl selenide as sub- 
strate (8-9% ee)."% Recently much improved enantiomeric excesses (45-73%) were achieved with new 
oxaziridine reagents such as (70).401b An attempt at the asymmetric oxidation of more bulky selenides 
was independently camied out using BuW1 in the presence of (-)-2-octanol (equation 55),299 but re- 
sulted in unsatisfactory enantioselectivities (ee 1%). Much better results were obtained by the oxidation 
of p-oxyalkyl aryl selenides (ee 1840%; equation 56)427 and alkyl aryl selenides (ee 1-28%)428 using 
TBHP in the presence of (+)- or (-)-diisopropyl tartarate (DIPT) and titanium(1V) &oxide. 

(-)-2-0ctanol, pyridim 

CH2C12, -40 'C, 2 h - aq. NaOH qir@ - But (55) 
PhSeB@But But - + Bu'OCI 54% Pi But 

1 8 4 0 %  ee 

An attempt to prepare optically active selenoxides by microbial oxidation of achiral selenides gave 
poor re~ul ts .4~~ For the preparation of optically pure selenoxides therefore, methodology bas? on the 
separation of racemic430 or diastereois~meric~~~ selenoxides gives the best results, although future devel- 
opments of asymmetric reagents will undoubtedly become competitive. 
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7.1.1 INTRODUCTION 

The chemistry of reactions promoted by electrochemical oxidation or reduction of organic substrates is 
called electroorganic chemistry. This term is often used along with organic electrochemistry. The dif- 
ference between these two terms is not always clearly determined, the latter emphasizing electrochem- 
istry rather than organic chemistry and involving electrochemical and electrotheoretical studies, while 
the former is more concerned with organic chemistry which is beneficial to synthesis, and it is these 
methods which are surveyed below. 

7.1.1.1 Inversion of Polarity of Substrates 

In electroorganic reactions, the active species is generated on the electrode surface by electron transfer 
between a substrate molecule and the electrode, as shown in equation (1). The substrate molecule is 
transformed to a cation radical or an anion radical, depending on the direction of electron transfer. When 
the substrate molecule is a radical or ionic species, the transformation of the substrate is as shown in 
equation (2). 

Generally, an organic reaction between two substrate molecules is not achievable when the polarity of 
the reaction site is the same in both substrates. In other words, the reaction usually takes place between a 
nucleophile (Nu) and an electrophilic site (E). In organic synthesis, however, it is not uncommon that re- 
action between two groups of the same polarity is required to synthesize the target compound. As a re- 
sult, inversion of the polarity of one of the groups is necessary to achieve reaction, although this 
inversion (Umpolung) is not always easy. As equations (1) and (2) clearly show, in an electroorganic re- 
action the generation of active species through electron transfer between a substrate and an electrode al- 
ways involves inversion of polarity of the substrate. Thus, this facile inversion of polarity makes 
electroorganic chemistry a unique tool in organic synthesis. 

7.1.1.2 Interface Reactions 

unique characteristics in reactivity can occur that are useful to the organic chemist. 
As the active species is formed on the electrode surface at an interface between solid and solution, 

7.1.1.2.1 Stereochemistry 

One of these useful characteristics is that of stereoselectivity. The stereoselectivities observed in the 
acetoxylation of rnethylcyclohexenes are good examples of reactions taking place at the interface (see 
Section 7.1.3.2.1). Further examples of this selectivity have been observed in the anodic acetoxylation of 
some cyclic dienol acetates carried out in acetic acid containing potassium acetate as the supporting elec- 
trolyte (equation 3). 

AcOH, -2e AcOK * 0 / q Y R  
OAc 

AcO 
(3) 

a- and p-isomers 
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The same products are also obtained by oxidation of the dienol acetates with peroxybenzoic acid or by 
oxidation of the corresponding enones with the liver microsomal oxidation systems. 

The configuration of the products obtained by the anodic method @/a = 13.9) shows a remarkable 
similarity with the microsomal oxidation products @/a = 14.1). whereas peroxybenzoic acid oxidation 
exhibits poor stereospecificity @/a = 3).l 

The similarity of anodic and microsomal oxidations may be explained by the fact that both types of 
oxidation take place at interfaces. 

7.1.1.2.2 Distribution of the active species 

The active species generated on the electrode surface usually reacts with other reagents before it dif- 
fuses into the solution, whereas in the usual organic homogeneous reactions the distribution of active 
species is uniform in solution. Due to this difference the electrogenerated active species displays unique 
characteristics. 

The famous Kolbe electrolysis is a typical example showing the uniqueness of the distribution of the 
electrogenerated active species. Thus, the free radical species, formed at rather high concentration on the 
anode surface through anodic oxidation of a carboxylate anion, dimerizes before it is diffused into solu- 
tion. The same radical species generated in a homogeneous solution by chemical methods forms the 
dimer as a minor product, the major product being that derived by hydrogen abstraction from the solvent. 

7.1.2 APPARATUS AND TECHNIQUES 

7.1.2.1 Apparatus 

7.1.2.1.1 Ehctrolysis cell 

The simplest and most 
dred milliliters, although 
action studies (Figure 1). 

convenient cell is a cylindrical glass cell with a capacity less than 
those of approximately one milliliter may be less appropriate for 

Stopper 
Gas outlet 

Beaker - I I 

several hun- 
synthetic re- 

Figure 1 Undivided cell 
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The cell shown in Figure 1 is usually used for the reaction carried out under constant current condi- 
tions. For canying out the reaction under a constant potential condition a cell equipped with three elec- 
trodes Is required. 

These cells are usually equipped with anode, cathode, stirrer, thermometer and gas inlet and outlet. In 
the case of a divided cell, a diaphragm is also used. 

7.11.13 Electrode 

Generally, the material of the electrode must be stable toward electrochemical oxidation and reduction 
and also to the chemicals such as substrates, solvents, supporting electrolytes and products. 
The materials which are commonly used for the anode are graphite (carbon), Pt, Au, Ti coated by Pt 

( m i ) ,  W i ,  T i m i ,  R u m i ,  PbWPb, some types of alloy of Pb (Pb-Ag, W b )  and titanium sub- 
oxide. 

On the other hand, the material of the cathode is generally not limited. Almost any type of metal and 
graphite may be used as the cathode, though the material of the cathode greatly influences the pattern of 
the reaction in some cases. 

7.13.2 Techniques 

7.1 33.1 Constant current or controlled potential method 

amount of electricity (F mol-') is easily calculated by the equation 
In the constant current method, the current is kept constant throughout the reaction and hence the total 

relative amount of electricity (F mol-') = (602 x HA)/(%500 x M) 

where H = time (h), A = current (A), M = mole (substrate), F = faraday 
The correlation between the amount of electricity passed and the extent of the reaction is followed 

conveniently by this method. The electrode potential is, however, not kept constant in this method and 
hence it is not always possible to achieve reaction selectively. 

On the other hand, the electrode potential is kept constant against a reference electrode in the control- 
led potential method. The fact that potential is constant throughout the reaction often leads to better 
regio- and chemo-selectivity than in the constant current method. 

7 . 1 3 3 3  Method with or without a dicrphragm 

It is not an exceptional case in the electroorganic reaction that a substrate is reactive to both anode and 
cathode. Also, the product obtained by anodic oxidation or cathodic reduction is often further reduced or 
oxidized at the counter electrode. 

The primary role of the diaphragm, therefore, is to separate the anolyte and catholyte to avoid undesir- 
able side reactions. The diaphragm is also essential in the cases where the anolyte and catholyte are dif- 
ferent. 

The method using a diaphragm is suitable to the basic research for small-scale reactions, whereas it is 
not always convenient for synthetic chemistry. Anodic oxidation is often carried out without using the 
diaphragm, while it is generally necessary for cathodic reduction. 

7 . 1 3 3 3  Selection of solvent 

The following characteristics are required for solvents used in electroorganic reactions, namely: (i) 
good solubility of supporting electrolytes and substrates to the solvent; (ii) high electroconductivity; (iii) 
high electrochemical stability; and (iv) suitable chemical reactivity. 

The commonly used solvents other than water are as follows. For the anolyte: MeOH, MeCOzH, 
MeCN, CH2C12, MeN02, tetramethylene sulfone, pyridine, THF, MeoCHzCHzOMe and propylene car- 
bonate. For the catholyte: MeCN, DMF, Me2 NCOMe, MezSO, HMPA, N-methylpymlidone, THF, di- 
oxane, propylene carbonate, MeOCHzCH20Me. MeOH, MeCOzH and "3. 
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The solvent is used alone or as a mixture with other solvents, including water. 

7.1.2.2.4 Selection of supporting electrolytes 

The supporting electrolyte is essential for the electroorganic reaction. The following points are import- 
ant for the selection of the supporting electrolyte: (i) solubility to the solvent commonly used for electro- 
lysis; (ii) electrochemical stability; (iii) interaction with reaction intermediate: and (iv) relative difficulty 
of preparation. 

Solvents such as water, methanol, MeCN or DMF dissolve a variety of inorganic supporting electro- 
lytes, while only organic supporting electrolytes are used for organic solvents. The anion part of the com- 
monly used supporting electrolyte is X- (halide anion), Clod-, BF4-, PFs-, OTs- or RO-, whereas the 
cation is M+ (alkali metal cation) or RW. 

7.1 3.25 Amount of electricity passed through the cell 

The amount of electricity needed corresponds to the quantity of the reagents in the chemical reaction. 
The theoretical amount of the electricity can be calculated on the basis of numbers of electrons which are 
required to promote the reaction. The unit usually used is the coulomb or the Faraday per mole (F mol-') 
as previously shown. 

Since the electricity needed corresponds to a reagent, the yield is often calculated on two different 
bases. Namely, one is the usual material yield and the other is the current yield (or current efficiency), 
calculated on the basis of the amount of electricity used from the equation 

current yield (%) = (Pr) x 100 

where P = amount of product (mol) obtained at the stage where a certain amount of electricity is passed 
and T = theoretical amount of product (mol) at the stage where the same certain amount of electricity is 
passed. 

In the electroorganic synthesis an excess amount of electricity is often required to achieve the syn- 
thesis with a high material yield, and the current yield is often determined at an early stage of reaction. 

7.1.3 DIRECT OXIDATION 

7.1.3.1 Oxidation of Carbon-Hydrogen and Carbon-Carbon Single Bonds 
Direct anodic oxidation of alkanes may be performed if they have ionization potentials lower than 

about 10 eV.* Such oxidations can be classified into two types of reactions, cleavage of C-H bonds 
(equation 4) and cleavage of C-C bonds (equation 5).  

RH - R+ + H' (4) 
-2e 

-2e R-R - 2R' 

The high oxidation potentials of alkanes, however, make it difficult to cany out the oxidation in sol- 
vents such as acetonitrile since the fvst intermediates generated in these oxidations are carbonium ions, 
as illustrated by equations (4) and (5). Their stabilization with strongly acidic solvents like anhydrous 
fluorosulfonic acid often lowers the oxidation potentials of these hydrocarbons? 

7.1.3.1.1 Cleavage of carbon-hydrogen bonds 

taining 1.15 M acetic acid yields an a@-unsaturated ketone as a single product in 30% current yield. 
The controlled potential electrolysis of cyclohexane carried out at 1.85 V in fluorosulfonic acid con- 
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In the anodic oxidation, adamantane is a unique compound among alkanes. It has a rather low oxida- 
tion potential, and its anodic oxidation in acetonitrile affords acetamidoadamantane (1; equation 6)  in 
!IO% yield? 

NHCOMe 

7.1.3.1.2 Cleavage of carbon-carbon single bonds 

The direct anodic cleavage of saturated aliphatic carbon4arbon bonds is only possible if an electron is 
removed from the highest occupied molecular orbital (HOMO) of the C-C bond, e.g. due to the 
presence of strain in the bond.5 

Tetramethylcyclopropane (2; equation 7) is the simplest strained hydrocarbon which is easily oxidized 
by the anodic method in methanol to give two products with a total yield of 7 1 %.6 

(7) 
n e  + rfl( OMe OMe 

47% 24% 

-2e PCGF 
(2) 

7.13.2 Oxidation of Unsaturated Systems 

As the oxidation potentials of simple alkenes clearly show, carbon-carbon double bonds are usually 
anodically oxidized unless electron-withdrawing groups located on the alkene carbon atoms attract elec- 
trons from the unsaturated systems to shift the oxidation potentials beyond those accessible by anodic 
oxidation. On the other hand, electron-donating groups on the unsaturated bonds facilitate oxidation. 

The initiation step of the anodic oxidation involves removal of an electron from the double bond lead- 
ing to a cation radical as the first reactive intermediate. Depending on the structure of the unsaturated 
compounds, a variety of reactions will take place after the formation of the first intermediate. Thus, typi- 
cal reactions are addition of nucleophiles (equation 8), allylic substitution (equation 9)  and dimerization 
(equation 10). 

-e )=( -=L - Nu+-+ (8) 
2Nu 

H H 

7.13.2.1 Aliphatic systems 
In general, the anodic oxidation of simple alkenes in nucleophilic solvents yields products resulting 

from both allylic substitution and oxidative addition of nucleophiles. Cyclohexene has been studied ex- 
tensively as the starting compound?*7e The anodic oxidation of cyclohexene in methanol or acetic acid 
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gives three types of products, those from allylic substitution (3). oxidative addition (4) and rearrange- 
ment (5; equation 11). 

The mechanism of oxidation of cyclohexene has been shown to involve direct removal of one electron 
from the double bond to generate a cation radical intermediate (6; equation 12).* 

route i ' /  A 

The relative ratio of routes A and B in equation (12) is controlled by the nucleophilicity of YH. Con- 
jugated dienes are generally more susceptible to oxidation than simple  alkene^.^ 

When using a carbon electrode, the anodic oxidation of conjugated dienes (7) such as isoprene, pipe- 
rylene, cyclopentadiene and 1.3-cyclohexadiene in methanol or acetic acid mainly gives oxidative 1,4- 
addition products ( 8  equation 13). For example, 1,3-~yclohexadiene gives 1,4-dimethoxycyclohex-2-ene 
(9) in 47% yield (equation 14).1° 1,3-Cyclooctadiene, in a similar experiment, yields a considerable 
amount of the allylically substituted product. 

OMe 

-2e M e O e O M e  + O O M e  - + 0 - (14) 

(9) 47.2% 11 3 %  2.8% 

The oxidation of conjugated dienes has been successfully applied to the synthesis of allethrolone. 
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Compared with simple aliphatic alkenes and conjugated dienes, the behavior of nonconjugated dienes 
in anodic, oxidation is unique.'* The possible reaction pathway of the oxidation of nonconjugated dienes 
(10) can be classified into two categories (equation 15). 

In route A, one electron is removed from one double bond to generate a cation radical, and subsequent 
transannular reaction of the cation radical with the other double bond fonns a new carbon-carbon bond. 
On the other hand, in route B, allylic substitution or oxidative addition at one double bond takes place 
without intramolecular interaction between the double bonds. As exemplified by the anodic oxidation of 
4-vinylcyclohexene (11) in methanol (equation 16), such dienes as 4-vinylcyclohexene, limonene and 
1.5-cyclooctadiene yield only products via route B. 

MeOH, -2e Et4NOTs P O M e  + ~~~~ (16) 

1.5-1.6 V vs. SCE - 
(11) 32% 21% 

On the other hand, the electrooxidation of norbornadiene (12). in which two double bonds are suitably 
m g e d  for the transannular interaction to take place, products via route A are seen (equation 17). 

Y = OAC 6.2% 14.1% 15.4% 
Y = OMe 8.8% 16.5% 18.4% 

Cycloheptatriene gives 7-methoxycycloheptatriene (13) (7-MCHT) by anodic oxidation in methanol 
(equation 18).13 

OMe 

71% 

Although (13) gives benzaldehyde dimethyl acetal (63%) upon further anodic oxidation, 3-methoxy- 
cycloheptatriene (14) (3-MCHT) and I-methoxycycloheptatriene (15) (1 -MCHT) afford 7,7-dimethoxy- 
cycloheptatriene (la), which is a good precursor of tropone (equation 19). 

Although the oxidative addition of nucleophiles to the double bond of arylakenes has long been 
known,I4 the most interesting reaction from the synthetic point of view is oxidative dimerization. Using a 
graphite electrode, the anodic oxidation of styrene in methanol containing NaOMe and NaC104 as sup- 
porting electrolytes yields 1 ,Cdimethoxy- 1 ,Cdiphenylbutane (17) in 64% yield (equation 2O).I5 
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OMe 

-2e /,,, 

98% Q 
OMe 

(14) 

-2e 
- 

MeOH 
83% 

Me0 OMe 0 H,O+ 

85% 
- 

-2e. MeOH 

MeONa, NaC104 

Enolic alkenes, i.e. alkenes bearing electron-donating substituents such as alkoxy, acyloxy and dialkyl- 

The addition of methoxy groups to an unsaturated carbon takes place by anodic oxidation of enol 
amino groups, are easily oxidizable by the anodic meth~d. '~. '~ 

ethers in methanol containing sodium methoxide; yields are generally satisfactory (equation 2 l ) . 1 8 3 1 g  

-2e OR 

OMe 
F O R  - Me0 A MeOH 

The anodic oxidation of enol ethers at a graphite anode in methanol containing 2.6-lutidine and sodium 
perchlorate results in the dimerization of the enol ethers to acetals of 1,4-dicarbonyl compounds (equa- 
tion 22).17 The mechanism of dimerization is thought to involve a tail-tail coupling of the cation radicals 
generated by the one-electron oxidation of the enol ethers. 

OEt 

2 F O E t  - -2e eto+ OMe 
MeOH 

Me0 
current yield 5 1 % 

The oxidation of enol acetates in acetic acid containing tetraethylammonium p-toluenesulfonate gives 
four types of compounds (equation 23): conjugated enones (A), a-acetoxycarbonyl compounds (B), 
geminal diacetoxy compounds (C) and triacetoxy compounds (D).16 Similar to enol ethers, the first reac- 
tive intermediates are cation radicals generated from enol acetates by one-electron oxidation. The yields 
and the distribution of products A, B, C and D depend on the structure of the starting enol acetates and 
the reaction conditions.20 
The formation of a,p-unsaturated enones from enol acetates has been applied to the synthesis of 2.3- 

disubstituted 2cyclopentenones, including jasmone homologs. The yields of the anodic oxidahon are 
usually in the range of 8&90%. 
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I /- AcO 

AcO R3 

AcO R3 

B 
0 R3 

AcO R3 
AcOH Ac:gR2 

R2 AcO R3 
-H 

AcO R3 

A 
0 R3 

The anodic a-acetoxylation or a-methoxylation of ketones has been shown to be a powerful tool for 
the 1.2-transposition of the carbonyl group. The overall process is described by equation (24)?' 

R2+% OH i,-HzO i$i 
ii, hydrolysis 

- 
OR' R2 

\ 

R' = COMe 
R ~ = H  

R' =Me 
R2 = alkyl or aryl 

The concept of this 1 ,Ztransposition can be extended to 1,4-transposition by using enones as the start- 
ing compounds. The anodic methoxylation of dienol acetates prepared from enones in a mixed solvent of 
acetic acid and methanol (1:9) yields y-methoxylated enones regioselectively (equation 25). Reduction 
of the y-methoxylated enones with NaBH4 to the corresponding alcohols followed by solvolysis of the 
derived tosylates in aqueous acetone gives products in which the carbonyl group is transposed to the y- 
position of the starting enones.22 

The anodic oxidation of enamines in methanol containing sodium methoxide as the supporting electro- 
lyte shows a reaction pattern different from that of enol ethers or enol acetates. The main products are 
mixtuns of isomeric methoxylated enamines, (18) and (19), with yields in the range 74-7696 (quation 
26). Isba 
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OMe 

'OMe 

(18) n = 3 , 4  (19) 

7.1.3.2.2 Aromatic systems 

Removal of electrons from aromatic welectron systems may be achieved by electrochemical oxida- 
tion, and the resulting aromatic cation radical or other aromatic cationic species undergoes interesting 
and important reactions, such as aromatic substitution (equation 27) and coupling (equation 28). 

-2e 
ArH - &-Nu + H' (27) 

(28) 
-2e 

2 A r H  - Ar-Ar + 2H' 

( i )  Aromatic substitution 

(a)  Acetoxylation. Although a variety of mechanisms including radical substitution and EE 
mechanisms have been proposed, an ECEC mechanism (equation 29) is now believed to be most prob- 
able for the acet~xylation.~~ 

-e Nu- H - e  -H' 
~ r :  - ArNu ArH - ArH? - P;: - 

Nu Nu 

When the aromatic substrates contain benzylic hydrogens, anodic benzylic substitution always com- 
petes with ring substitution. 

The yields of ring acyloxylation products are improved by carrying out the reaction in 
CF3C02H/CF3COda, since the first products, namely trifluoroacetoxylated compounds, are generally 
stable under the conditions of anodic subst i tut i~n.~~ 

(b)  Methoxylation. Ring methoxylation of substrates possessing high oxidation potentials is only 
achieved with difficulty, although naphthalenez6 and anthracene" are readily methoxylated (equation 
30). 

OMe 

MeOH-MeONa cu. -2e 100% - @  
OMe 

(cis:truns = 1:l) 

The transformation of easily oxidizable substrates such as 1,4dimethoxybenzene to the corresponding 
quinone diacetals occurs in high yields, as shown in equation (3 1).28 These quinone diacetals have been 
used as starting materials in a variety of organic syntheses. 

(31) 
-2e 

MeOH,KOH Me0 
Me0 0 OMe 

1 
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Quinone monoacetal, which is obtained by careful hydrolysis of quinone diacetal, can also be prepared 
directly ,by anodic oxidation under modified reaction conditions.29 

(c)  Formation of quinones. Quinones can be pre ared directly by anodic oxidation of aromatic com- 
po~nds?*~3~ An example is shown in equation (32)!OS3”’ 

(d) Oxidation of benzene. Owing to the high oxidation potential of benzene, the direct anodic transfor- 
mation of benzene to phenol and hydroquinone, and their derivatives, is not always successful. Hence, 
some modifications are essential to achieve conversion of benzene into phenolic compounds. The anodic 
oxidation of benzene in trifluoroacetic acid containing sodium trifluoroacetate and subsequent hydrolysis 
of the reaction product affords phenol in 65% ~ i e l d . ~ ~ , ~ ’  

The hydroxylation of the aromatic nucleus by hydroxyl radicals, generated by decomposition of hy- 
drogen peroxide in the presence of iron(II) ions, may be applied to the electrochemical synthesis of phe- 
nol from benzene, since the concentration of the iron(II) ions can be controlled by the cathodic reduction 
of iron(II1) ions formed by oxidation of iron(I1) ions with H202. 

(e)  Acetamidation and nitration. The anodic oxidation of aromatic compounds in the presence of 
acetonitrile leads to nuclear acetamidation (equation 33).32 

NHCOMe - R C O G  (33) 
-2e 

MeCN,HzO 

ortho para 
R = M e  70% 24% 
R = R  52% 23% 
R = O H  54% 11% 

The electrochemical oxidation of aromatic compounds in the presence of ammonium nitrate or N204 
results in the nuclear nitration shown in equation (34).33 

-2e a MeCN, N204, BqNPF; 
91% 

(34) 

fl Halogenution. The mechanism of the halogenation depends on the relative values of the oxidation 
potentials of the halogen and aromatic substrate. When the oxidation potential of the halogen is lower 
than that of the aromatic compounds, halogenation is initiated by the oxidation of halogen. Hence, this 
section is mainly concerned with the fluorination of aromatic compounds. One of the most important 
points in the anodic fluorination is the choice of the fluoride ion source. The use of anhydrous 
hydrofluoric acid usually leads to low yields.34 Higher yields are obtained when a combination of 
tebraalkylammonium fluoride and hydrofluoric acid are employed, as shown in equation (35).35 

-2e 

MeCN, Et,NF*3HP 
* (35) 

I 
Ph 

75% F”Ph 
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( g )  Cyanation. The direct cyanation of the aromatic nucleus usually affords poor yields of cyanated 
products. However, considerably higher yields are obtained when one of the alkoxy groups of the start- 
ing alkoxyanisole or 4,4'-dialkoxybiphenyl is electrochemically substituted by a cyano gr0up.3~ 

(ii) Coupling 

(a)  Intramolecular coupling. When the structure of the substrate is suitable for coupling, the in- 
tramolecular coupling takes place rather easily?' 

Coupling of the substrates Ar(CH2),Af (20) is controlled by a variety of factors,3* including solvent 
and supporting electrolyte, molecular geometry, anode potential and difference in the oxidation poten- 
tials of Ar and Af (equation 36). The presence of trifluoroacetic acid or HBF4 in the reaction system 
leads to satisfactory yields of coupled products.39 Intramolecular coupling is readily achieved if n is 1,2, 
3 or 4, whereas with longer chain lengths intermolecular coupling predominates.40 

The skeleton of morphine alkaloids has been synthesized by intramolecular coupling (equation 37):' 

OMe 

?*Me MeCN, Me4NBF4, -2e Na2C03 Ma$N-Me I Y (37) 

M e 0  

M e 0  
M e 0  

M e 0  / M e 0  
I 

I Y Y = H, C1, Br, I, OMe 0 

(b) Intermolecular coupling. When suitable aromatic compounds are oxidized in the absence of 
nucleophiles, the aromatic compounds themselves behave as nucleophiles to yield dimers. Equation (38) 
shows a typical reaction.42 

(iii) Oxidation at the benzylic position 
As described in the previous section, substitution at the benzylic position always takes place together 

with nuclear substitution if the aromatic substrates possess replaceable benzylic hydrogens (equation 
39).43 Benzylic alcohols, esters and ethers can all be oxidized at the benzylic position to yield the corre- 
sponding carbonyl compounds.44 

Carbon-carbon bond cleavage can also take place at the benzylic position if the intermediate cationic 
species is sufficiently stabilized by suitable substituents (equation 40).45 
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-2e + + Nli 

Y = cation-stabilizing group 

A,-' - Ar-CH2 + H2C-Y - &-Nu + y n ~ "  (40) 

7.13.23 Heterocyclic systems 

( i )  Furans 
The anodic oxidation of furans is one of the most extensively studied reactions because electrooxida- 

tion of furans in methanol yields 2,5-dimethoxy-2,5-dihydrofurans (21; equation 41), which are useful 
starting materials in organic synthesis.4 

2,J-Dimethoxy-2,5-dihydrofuran derivatives have been used extensively for the synthesis of aromatic 
and aliphatic ring systems, as shown in equations (42)47 and (43)."* 

R' 

- (42) 
i, H20, NeOH '@ "" ii, H20. HCl N 

-2e 

OMe MeoH M e 0  

0 R', R2 = H, 67% overall 
R', R2 = CHzOH, 76% overall 

A variety of cyclopentenone derivatives have been synthesized using the anodic oxidation of furans as 
a key ~tep.4~ 

7.133 Oxidation of Systems Bearing Lone Pairs of Electrons 

7.1 2.3.1 System conhining oxygen 

The direct anodic oxidation of aliphatic saturated alcohols to the corresponding carbonyl compounds is 
not always effective, because the high oxidation potentials of these alcohols make difficult the direct 
removal of an electron from the lone pair electrons on the oxygen atom. 
The direct electrochemical oxidation of alcohols has been surveyed by Scholl et aLm and their conclu- 

sions are that this oxidation is best achieved in the neat liquid substrate. Where this is not possible ace- 
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tonitrile is the best solvent. A fluoroborate as the supporting electrolyte is recommended to obtain higher 
yields and oxidation with a controlled potential is not effective. 

( i )  Oxidation of glycols 
The anodic oxidation method is highly efficient for the oxidative cleavage of glycols (22) and related 

compounds. The oxidation of glycols and glycol ethers in methanol results in a clean cleavage to the 
corresponding carbonyl compounds (equation 44h51 

-2e 
___) 

MeOH R' R4 

:$$ R3 
R4 

OR 

This anodic oxidation does not show any of the stereochemical limitations usually observed in cleav- 
age reactions by chemical oxidizing reagents.52 Furthermore, 1.2dimethoxy- and 1-hydroxy-Zmethoxy- 
alkanes are also oxidized with similar current efficiencies. 

The initiation step of this anodic oxidation of glycols may be the electron transfer from the lone pair 
electrons of the oxygen atom to the anode. This anodic cleavage of 1,2-glycols has been utilized for a 
variety of organic syntheses.53 

The anodic oxidation of enol ethers in methanol yields a-methoxylated carbonyl compounds, which 
are useful intermediates for the synthesis of carbonyl compounds utilizing the technique of oxidative 
cleavage of glycols (equation 45).54 

- (45) 
0 RMgXorRLi 4 -2e eo - OoMe MeOK OMe 

n , R  -2e 
0 
II 

OMe OMe 
R Yield (%) 
Me 75 
Bu 72 
CH2CN 40 
CH2CO2Et 44 

Saturated aliphatic ethers are oxidized in AcOH/MeOH containing EuNOTs or B U N B F ~ . ~ ~  

7.1.33.2 Systems containing nitrogen 

( i )  Oxidation of aliphatic amines 
The relatively low oxidation potentials of simple aliphatic amines indicate that they should be easily 

oxidized by the anodic method.56 
In the presence of an adequate amount of water, aliphatic amines are generally dealkylated by anodic 

oxidation?' Thus, a tertiary amine is successively dealkylated to a secondary amine, a primary amine 
and finally to ammonia. The mechanism involves initial removal of one electron from the lone pair 
electrons of nitrogen leading to a cation radical, though a variety of mechanisms have been proposed 
depending on the structures of the amines and the reaction conditions. 
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(ii) Oxidation of aromatic amines 
In contrast to aliphatic amines, the anodic oxidation of aromatic amines shows a rather complex re- 

action pattern. Although extensive studies on the electrochemical reaction mechanism have been carried 
out, there are very few examples for the application of the anodic oxidation of aromatic amines to or- 
ganic synthesis. 

Methoxylation of Nfldimethyl- or N-methyl-N-alkyl-anilines occurs predominantly at the methyl 
group (equation 46) :s  

* 

-24? 

85% 

(iii) Oxidation of amides and carbamates 
As described in the previous section, the anodic oxidation of aliphatic amines is utilized only rarely in 

organic synthesis due to the instability of the generated intermediates, whereas amides and carbamates of 
aliphatic amines yield relatively stable intermediates which arc sufficiently promising as starting materi- 
als in organic synthesis (equations 47 and 48).59*60 

N- COzMe 

OMe 
c; -2e 

MeOH 
12% 

N-C02Me - c 
-2e 

0 A AcOH 49% 0 doAC " 

(47) 

The reaction mechanism of the a-methoxylation or a-acetoxylation of amides61 and car barn ate^^^ has 
been shown to involve direct one-electron removal from the lone pair electrons of the nitrogen atom in 
the initial step when inert supporting electrolytes are used. 

The anodic oxidation of piperidine derivatives in acetic acid gives a,&disubstituted products in good 
yields (equation 49).62 

* 
4 

N OH 
AcOH, AcOK I 

N 
C02Me 
I 

88% COzMe 

0 (49) 

The products obtained by the anodic oxidation of amides or carbamates in methanol have the same 
structures as the compounds which can be synthesized from amides (carbamates), aldehydes and meth- 
anol (equation 50). The regeneration of iminium cations from these a-methoxyamides and subsequent 
reactions of the iminium cations with nucleophiles such as active methylene compounds or nucleophilic 
aromatic nuclei is well known under the term amidoalkylation (equation 50).63 

0 0 Nu 
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In the amidoalkylation, however, the preparation of the starting a-methoxyamides is often difficult 
since the reaction of aldehydes higher than formaldehyde is not necessarily successful, and even when 
formaldehyde is employed the yields and purities of the a-methoxyamides are not always satisfactory. 
On the other hand, the anodic a-methoxylation of amides and carbamates generally allows the synthesis 
of a-methoxyamides (carbamates) which cannot be prepared by the method described by equation (50). 

Since anodically prepared a-formyloxy-NJV-dimethylformamide has successfully been used as an 
electrophilic reagent,64 and it has been found that the a-methoxylation of the carbamates of a variety of 
higher aliphatic amines and alicyclic amines can be readily perf~rmed?~ extensive studies have been car- 
ried out to utilize the anodically synthesized a-methoxy- or a-acyloxy-amides and -carbamates as elec- 
trophiles in organic synthesis. One example is shown in equation (51).@ 

&SiMe, - Me0 * 
G O M e  l T i c 4  

C0,Me 41 46 

04 N 
MeOH I 

C02Me 7746 

c1 

7.13.4 Oxidation of Anions 

7.1.3.4.1 Carbanions 

As the oxidation potential clearly shows, carbanions may easily be oxidized by the anodic method.& 
The most typical process of the anodic oxidation of carbanions is the formation of radical species (equa- 
tion 52). 

Although generally dimerization is one of the typical reactions of radical species, the yields of the di- 
mers are not always high. Thus the anodic oxidation of anions of monoalkylated malonic esters in ace- 
tonitrile gives the corresponding dimers in 2045% yield.67 However, Grignard reagents give satisfactory 
results in anodic dimerization (equation 53).68 

-2e 
2RMgBr - R-R 

R Yield (%) 
C5Hl1 55-60 
c18H37 54 
Ph 55 

(53) 

7.13.4.2 Carboxykrte anions 

Oxidation of carboxylic acids can be classified into two major categories, formation of radical inter- 
mediates followed by dimerization and generation of cation intermediates followed by reaction with nu- 
cleophiles (equation 54). The reaction is controlled by a variety of factors including anode material, 
anode potential, current density, solvent, supporting electrolyte, structure of R and temperature. 
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( i )  Formation of radicals: Kolbe-type reactions 
The Kolbe dimerization is believed to be favored by the following reaction conditions: high concentra- 

tion of carboxylic acid, low pH value, absence of foreign anions, high current density and use of a plati- 
num anode. 

Since the Kolbe dimerization has already been only a few examples of its application are 
given in equations (55)'O and (56).71 

-2e H02C 
,,,""' OTHP * 
LC@H + MeOH, KOH 

(55)  

20% <+LA Lindlar catalyst 

B 
91% 

LAM4 

OH 

A B 

Me0 OMe 
-2e I F 3 c f l c q  

Me0 OMe MeOH-NaOMe 
86% 

F3C ) ( ~ c o ~ H  
Me0 OMe 

Intermolecular addition of the radical and mixed coupling with the radical of a coacid gives 3-alkyl- 
substituted pyrrolidine (23; equation 57)?* 

-2e 3 3  N 
I 

MeOH 
58% 

1 + AcO- 

COMe 
N 
COMe 

I 

(57) 

( i i )  Formation of cations 
When the cation R+ is adequately stable and the reaction conditions are favorable for its formation, the 

radical R. formed from the carboxylic acid RCOzH is further oxidized to the cation R+ which is then 
trapped by a nucleophile, This reaction has been applied to the transformation of a carboxy group 
to a hydroxy group (equation 58).74 

0 OAc 0 CO2H -2e 
* A N & C 0 2 R Z  AcOH, AcONa R' AN 4 p 2 R 2  (58) 

H R' 
H 86% 

n = 2, R' Ph, RZ CHzF'h 

A Wagner-Meerwein-type rearrangement of the cation has been often observed in the oxidation of 
carboxylic acids (equation 59). The relative migratory aptitude of R1 and R2 has been studied, and this 
type of rearrangement has been applied to the synthesis of (ik)-muscone (equation 60).75 
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/J I p c o ;  
-2e - 

MeOH, KOH 

807 

(59) 

30% 5 %  

7.1.4 INDIRECT OXIDATIONS 

7.1.4.1 Oxidation Using Mediators 

7.1.4.1 .I Principles 

As described in the previous sections, the active species are generally generated by direct electron 
transfer between substrate and electrode in the electroorganic reactions. Hence, the formation of active 
species is highly controlled by the oxidation and reduction potentials of the substrates. When these 
potentials are beyond the range accessible by the usual electrochemical technique, the direct electron 
transfer between the substrate and electrode hardly takes place as described in the direct oxidation of ali- 
phatic saturated alcohols. Therefore, it is necessary to devise some other methods to oxidize or reduce 
the substrates. Also, even if the oxidation and reduction potentials of the substrates are in the accessible 
range of the electrochemical method, it is more desirable to oxidize or reduce them at much lower poten- 
tials than those applied in the direct method. This is achieved by the electroorganic synthesis using medi- 
ators. The oxidative reaction system using a mediator is schematically represented in Figure 2. 

The oxidation potential of the substrate S in Figure 2 is beyond the range accessible by the electro- 
chemical method so that direct electron transfer from S to the anode hardly occurs, and also the high oxi- 
dation potential necessary for the direct oxidation of S causes unexpected side reactions involving 
oxidation of the solvent or supporting electrolyte. However, when a compound Mrcd (a reduced form of 
M) which may be oxidized at a sufficiently lower potential than S is added to the reaction system, the ox- 
idation of Mrcd to Mox (an oxidized form of M) will take place prior to the oxidation of S. Provided that 
M, is able to oxidize S to product P, the oxidation of S will be achieved at a potential lower than that 
necessary for its direct oxidation. Oxidation of S with Nx may be effected in two ways, namely by di- 
rect electron transfer (homogeneous electron transfer) from S to Nx in solution or by chemical oxidation 
of S with Nx. The former system is called a homomediatory system and the latter a heteromediatory (or 
chemomediatory) system. The compound M is called a mediator or an electron canier, since M mediates 
electron transfer between S and the anode. When Mox oxidizes S in solution, Mox is reduced to M d  

Figure 2 Mediatory system 
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which is again oxidized at the anode to regenerate M,,,. Thus, if the lifetime of the redox system M,,, c) 

Mrcd is sufficiently long, only a catalytic amount of the mediator is required to initiate the entire reaction. 
As a matter of course, the concept of the mediatory system is not only applicable to oxidations, as illus- 
trated by Figure 2, but also to reductions. Although the term mediator or electron carrier has been intro- 
duced rather recently, many types of reaction systems involving a compound which behaves as a 
mediator were already known. 

7.1.4.1.2 Homomediztoty systems 

The homomediatory system is represented by equations (61) to (63), in which the mediator M is first 
oxidized to the cation radical M+- at a relatively low oxidation potential. The next step involves a homo- 
geneous electron transfer from S to M+. to form s+.; this step is a reversible reaction. In the final step, s+. 
is transformed to the products PI+ and Pz. by an irreversible reaction. 

Since the oxidation potential of S is more positive than that of M, the equilibrium in equation (62) is 
largely shifted to the left hand side. Hence, the rate of the whole reaction greatly depends on the rate of 
the irreversible reaction in equation (63). In fact, the oxidation described by equation (61) proceeds 
effectively only when S+. is transformed sufficiently fast to products PI+ and Pz.. 

When the oxidation potential of S is much more positive than that of M the oxidation illustrated by 
equation (61) is almost impossible, even though the irreversible reaction of S+. is fast. In such a case, 
some further activation of M+. is necessary to make the oxidation possible?6 

7.1.4.13 Heternmediatory systems 

In the heteromediatory system, the substrate S is not oxidized by direct electron transfer from S to MOx 
but by chemical reaction between S and M,,,. Many of the mediatory systems which are useful in organic 
synthesis may be classified into this category. Among a variety of mediators, the redox system consisting 
of a halide anion and a positive halogen species is one of the most interesting mediators used in organic 
synthesis. 

One of the earliest synthetic reactions in which the halide anion was used as a mediator is the anodic 
methoxylation of furan in the presence of 0.05 equiv. of ammonium bromide, though the reaction has not 
been termed a mediated oxidation (equation 64).77 

b a OMe 
-2e 

“.@rjMeOH M e 0  
73% 

After this early investigation, a variety of oxidations using the redox system halide anion/positive ha- 
logen species as the mediator have been studied. Some of these oxidation systems are shown below in 
equations (65)?* (66)79 and (67).*O 

OH 85% 
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-2e 

KI, MeOH 8 74% - 
QH0 m,&&o,' -2e lb, 

Besides halide ions organic sulfides are also efficient mediators. The oxidation of secondary alcohols 
to ketones has been successfully achieved by using methyl phenyl sulfide (24) as the mediator (equation 
68).8l 

It is remarkable that carbon-carbon double bonds are completely inert in these oxidations. Some 
organic mediators, e.g. (25),82 (26)83 and (27),84 have been exploited for the oxidation of alcohols. 

7.1.4.1.4 Double mediately systems 

As described above, the mediatory system is an effective tool to oxidize the substrates that cannot be 
readily oxidized by the direct method. Further development of this concept has led to the combination of 
two types of mediators (Figure 3). As a result, the oxidation of substrates is achieved at a potential which 
is far lower than that required when the system contains only one type of mediator.85 

In this system, the potential (Ep = 1.1 V versus SCE) of the oxidation of B r  to Br+ is the lowest, and 
the oxidation of R'2S to R'zS+. does not take place at this potential. As described above, alcohols such as 
R'RQHOH are oxidized by R'2S+., whereas Br+ itself is not sufficiently reactive to oxidize alcohols to 
ketones in satisfactory yields. When both mediators are combined as depicted in Figure 3, however, the 
oxidation of alcohols may be achieved at a considerably lower potential than that necessary for the oxi- 
dation of R'zS to R'2S+.. 

The yields of the obtained ketones are in the range of 80-94%. The mediatory system shown in Figure 
3 can be called a double mediatory system. A double mediatory system containing the redox systems 
Pdoo  Pd2+ and quinone t) hydroquinone has been reported.86 
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CH(OMC)~ [TMOF] 

2e 

f 
RzCHOH 

Figure 3 Double mediatory system 

7.1.4.2 Formation of Active Species 

7.1.4.2.1 Halogenation 

suitable nucleophiles (equation 69).87 
The cationic species formed by the anodic oxidation of halide anions add to alkenes in the presence of 

-2e 

Nu 

Early investigations on the oxidative addition of halogens to alkenes have mainly been focused on the 

Halogenation of aromatic nuclei may also be achieved by halogen or positively charged species of 
preparation of epoxides from lower alkenes such as ethylene and propene.88 

halogen formed in solution by anodic oxidation of halide anions (equation 70).89 

The anodic oxidation of a mixture of iodine and aromatic compounds in acetonitrile gives aryl iodides 
in rather low yields. This iodination is improved by using a stepwise method (equation 71).90 

,I ArH -e 
0.5 1, - - ArI + MeCN + H' 

McCN FN 
Iz or Me1 
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Anodic oxidation of iodine or Me1 in trimethyl orthoformate (TMOF) gives a new positive iodine ac- 
tive species (‘I+’ll%lOF), which makes possible a unique rearrangement of aryl alkyl ketones (28) to 
methyl arylalkanoates (29; equation 72).9l 
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7.2.1 INTRODUCTION 

Oxidative rearrangements comprise a highly diverse group of reactions, some of which enjoy broad 
usage in synthesis, while others remain curiosities. This chapter necessarily reflects this heterogeneity. 
The designation ‘oxidative rearrangement’ is not used uniformly in the literature: the discussion in this 
chapter is limited to reactions which alter the connectivity in one or more carbon-carbon IT- or a-bonds 
in the substrate, and in which the molecule undergoes a net oxidation. Most often these changes will 
occur simultaneously, forming part of a single transformation, and the remangement is frequently driven 
by the oxidation. For the sake of brevity, the scope is further narrowed by excluding oxidative rearrange- 
ments of heterocyclic rings such as furans, pyrans, pyrroles and indoles: these reactions in themselves are 
numerous enough to fill a chapter. The overall emphasis is on selectivity and synthetic utility. 

The organization is by type of reacting bond. The first section deals with functional group rearrange- 
ments - connectivity changes in carbon-carbon n-bonds and of bonds to heteroatoms which do not 
alter the carbon skeleton. The second section covers the skeletal rearrangements - connectivity changes 
in the carbon-carbon a-bond framework with the concomitant functional group changes. Within each of 
these sections the discussion is divided according to the functional group undergoing oxidation.1i2 The 
strained rings of cyclopropanes3 and cyclobutanes4 are treated as functional groups, and the oxidative re- 
arrangements of these small rings which have no counterpart in the chemistry of larger rings are covered 
separately. Perhaps arbitrarily, oxidative cleavages of small rings are considered with the functional 
group rearrangements, while other structural reorganizations are covered with the skeletal rearrange- 
ments. 
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Several factors may cause an oxidation to take place with rearrangement. Conformational features of 
the substrate play an important role; steric crowding at the reaction site may favor strain relief through 
rearrangement over the normal mode of oxidation, or favorable overlap of the reacting bond with an 
allylic or an isolated but proximate double bond may cause a rearrangement. The first-formed products 
or intermediates of oxidation, such as an epoxide5 or an alkylthallium(III) adduct,& may be unstable and 
the pathway to a more stable species will involve a rearrangement. Many oxidative rearrangements fol- 
low a predictable pattern, and thus constitute reliable synthetic methods. Others are highly substrate d e  
pendent, and their utility in synthesis requires a careful conformational analysis of the substrate, or a 
good measure of luck.' 
The examples presented here were selected to represent the variety of transformations which have 

been uncovered, from the heavily used to the seemingly unique cases. The aim is to acquaint practition- 
ers with the more established methods, and to pique the interest in some reactions which could become 
useful tools with further development. 

7 3 3  OXIDATIVE REARRANGEMENT OF FUNCTIONAL GROUPS 
The discussion in this section is divided according to the functional group undergoing oxidative rear- 

rangement: alkenes and enols, allylic alcohols, cyclopropanes and cyclobutanes, and miscellaneous func- 
tional group rearrangements. For the cyclopropanes and cyclobutanes, the scope is limited to the 
oxidative cleavages of the small rings which do not have counterparts in the chemistry of larger ring 
compounds. The major oxidants used commonly for these reactions include chromium(VI),13b*8 
lead(IV),19ZC*Q and singlet oxygen (l02).lo From among the functional group rearrangements, the strongest 
contributors to synthetic methodology are the allylic oxidations of alkenes (including the singlet oxygen 
ene reaction), and the 1,3-ketone transposition resulting from the oxidative rearrangement of allylic 
tertiary carbinols. 

733.1 Alkenes and Enols 
The reaction of oxygen with vinyl halides gives acyl derivatives,' as shown in equation (1). These re- 

actions proceed in moderate to good yield, and follow a radical chain mechanism. The migratory pref- 
erence is Br > C1> F when mixed polyhaloalkenes are used. This reaction has found particular utility in 
the preparation of functionalized fluorocarbons, as shown in Scheme 1 for the example of perfluoro- 
acrylic acid (1). Vinyl sulfides also undergo this oxidative rearrangement to give a-thio acyl derivatives. 

X = halogen 

F 
I,X2 zn F A C 1  i, 02, Brz 

F ii ,q.NaOH F 
X' c1 c1 42% 

X', Xz = Br, C1; C1, Br 

Scheme 1 

Vinylsilanes follow a similar course on oxidation with peroxy acid or wh.1 ozone.6b*12 Depenc mg upon 
the conditions of oxidation they can be converted either to a carbonyl compound (2) or to the a-hydroxy- 
carbonyl compound (3), as in Scheme 2.l29I3 Vinyl silanes are useful synthetic intermediates, and this ox- 
idation rearrangement procedure is an important component in their spectrum of reactivity. 

Enol ethers, and in particular silylated enols (see Volume 2, Chapter 2.3). react with peroxy acid re- 
agents to give initially a silyloxy epoxide, which rearranges with silyl migration to yield an a-silyloxy 
k ~ t o n e , * ~ J ~  as in Scheme 3. The net result is that a ketone is converted to a protected a-hydroxy ketone, 
and the stereochemistry is determined by the least hindered approach of the peroxy acid to the enol. 
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iii 

vi 

0-0 R3SiO - 0 

m -  

i, MCPBA, -2, DMF, ii, 30% H202, NaHC03, MeOH. THF; iii. MCPBA, CH2C12; 

Scheme 2 

iv. 30% H202, KHF2, KHC03, MeOH, THF, v, 0,; vi, [HI 

Although peroxy acid is the reagent of choice, under the proper conditions simple double bonds survive 
this reaction. 

A 

“12.N or 
H+ 

RC03H b f&.0SiMe3 ___) NH0siMe3 
Scheme 3 

Allylic oxidation (which is discussed in Chapter 2.1, this volume) takes place with rearrangement in 
certain substrates, the driving force being either a lower activation energy barrier for the chromate inser- 
tion into the C-H bond with rearrangement and/or a greater stability for the transposed enone product. 
Moderate selectivity is obtained in the case of 4,4-dimethylcyclohexene which serves to demonstrate,8 as 
seen in equation (2). The oxidant shows a three-fold preference for hydrogen abstraction at C-3 over C-6 
in order to avoid a 13-diaxial interaction with one of the methyl groups. The abstraction at C-3 leads 
mainly to the rearranged enone (4) for either steric or stereoelectronic reasons. 

Q c;Fb 6 Qo OQ 
(2) 

(4) 65% 9% 26% 

Two independent syntheses of quadrone employed an allylic oxidation with rearrangement, as shown 
in equation (3),* where the chromium trioxide(3,5-dimethylpyrazole) reagent (Cr03-DM.P) was used. In 
some cases, the success of the reaction strongly depends on the nature of the oxidant, as shown in an 
approach to (-)-upid (equation 4). Here the chromium trioxide-hetemcycle reagents, which are weaker 
oxidants, are quite inferior compared to the Fieser reagent.15 
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The allylic oxidation of alkenes by '02 involves an ene reaction, and proceeds with rearrangement'O as 
in Scheme 4. The intermediate allylic hydroperoxide (5) can be reduced to yield an allylic alcohol (6), or 
be treated with base to give an unsaturated carbonyl compound (7). The reaction works best on tri- or 
tetra-substituted alkenes, and the relative preference for attack is Me = CH2 >> CH. The '02 allylic oxi- 
dation has been used in the synthesis of a large number of natural products, including some naturally oc- 
curring allylic hydroperoxides, It is possible that lo2 reactions of this type are involved in biosynthetic 
processes. 

' 0 2  

Scheme 4 

This oxidation is applicable to a wide variety of both electron-rich and electron-poor alkenes; for 
example a number of tiglic acid derivatives undergo this reaction in moderate to excellent yield,16 as in 
equation (5). In cases where there are several nonequivalent allylic sites the course of this reaction is 
highly substrate dependent, and the yields and selectivity vary from excellent to mediocre. In trisub 
stituted alkenes (except for most 1-alkylcyclohexenes), a reactivity pattern has emerged which has been 
termed a preference for syn ene attack (or 'PSEA').17 This means that '02 will preferentially attack one 
of the two allylic carbons which are cis to each other. In practical terms, this still translates into relatively 
low product selectivity in most cases such as in equation (a), although some notable exceptions are 
known (equations 7 and 8). 

COzEt 1% COzEt 

89w 

4% 48% 48% 
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8% 92% 
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(7) 

A procedure for the large-scale conversion of alkenes to unsaturated carbonyl compounds using singlet 
'oxygen has been published,I* whereby the conversion of cyclopentene to cyclopentenone can be canied 
out on a molar scale in 60% yield. 

Another variant on this chemistry is the use of triphenyl phosphite ozonide as a source of singlet 
oxygen.Ig This reagent mimics singlet oxygen in many of its reactions, and is easier to quantify. 

A further alternative to the singlet oxygen allylic oxidation method involves selenium chemi~try.~ 
This route involves epoxidation of the alkene, followed by nucleophilic opening of the epoxide with phe- 
nyl selenide anion, and finally oxidation to the selenoxide, which eliminates spontaneously to produce an 
allylic alcohol?l as described in Scheme 5 .  The P-hydroxy phenyl selenide (8) need not be isolated but 
can be oxidized in situ. The regioselectivity of this conversion depends on the degree of substitution on 
the alkene and the conformation of the P-hydrogens. The phenyl selenide anion will attack the least hin- 
dered carbon of the corresponding epoxide, and the geometry of the resulting double bond depends on 
the alignment of the hydrogens allylic to the original double bond; the elimination of the selenoxide is 
syn, and the transition state for elimination may require a rotation. If a ring fusion or conformational re- 
strictions prevent the proper orbital overlap, the elimination may fail, or may give an enol if the hydroxy- 
bearing carbon is secondary. 

+ PhSeOH - -  
Scheme 5 

An electrochemical synthetic process (see Chapter 7.1, this volume) has been reported which requires 
only a catalytic amount of the selenating agent, and converts an alkene to the allylic alcohol in an 
aqueous cell, or to the allylic methyl ether if the electrolysis is run in methanol, as in equation (9).= 

UOAC 0, RO (9) 

-2e- 

ROH 

R = Me, 82%; R = H, 80% 

A special case of allylic oxidation with rearrangement occurs in the action of chromium(v1) agents on 
3,rlunsaturated ketones (9), and this is shown in Scheme 6. Hydrogen abstraction by the oxidant takes 
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place at the doubly activated C-2 position of (9), and ultimate oxidation occurs at C-4 to give an ene- 
dione (10). This reaction is driven by the lability of the C-2 hydrogen, and by conjugation of the double 
bond with the carbonyl group; oxidation of the 3,4-unsaturated ketones is far more rapid than oxidation 
of their 2,3-unsaturated isomers. This reaction may have a broad scope, but the only examples to date in- 
volve six-membered ring-fused polycyclic and acyclic substrates. 

OCrO2H 
Cr"' Cr"' 

N r N  - "-ai-, "-uuv. - y&/ 
(9) (10) 

Scheme 6 

The formation of a second carbonyl is not required, and where C-4 is fully substituted a 4-hydroxy-2- 
en-l-one is obtained." The original carbonyl group may arise by oxidation of an alcohol, the classic 
example being the oxidation of cholesterol (11) to cholest-4-en-3,6-dione (12) with chromium(V1) re- 
agents, in which a yield as high as 85% can be obtained, as in equation (lo).% In degradation work on 
isopimarenes isolated from the mollusc Aplysia kurodai, Jones reagent serves to convert a f3-hydroxyal- 
kene (13) into the enedione (14) in moderate yield, as shown in equation (1 l).s 

0 

(11) (12) 

NazCr207, AcOH, 40%; CrQ(py)2, AcOH, 85% 

A related oxidative rearmngement of cephem dioxides has been reported26 in which an alkene is ox- 
idized stereospecifically with rearrangement to the allylic alcohol in good yield by simple exposure to a 
palladidcarbon catalyst, as depicted in equation (12). Adventitious oxygen preadsorbed on the catalyst 
seems the likely oxidant. The reaction fails on the parent cephem or its monoxide, or on the free acid of 
the dioxide. This reaction would seem to hold some promise for further utility in the cephem field and 
other related systems. 
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7.2.2.2 Allylic Alcohols 

The oxidative rearrangement of allylic alcohols to a,P-unsatumted ketones or aldehydes is one of the 
most widely used synthetic reactions in this group, and forms part of a 13-carbonyl transposition se- 
quence! Scheme 7 shows this reaction and the related conversion of the allylic alcohol to an a,@-epoxy 
carbonyl compound. Chromate reagents induce some allylic alcohol substrates to undergo a directed 
epoxidation of the alkene without rearrangement, but this reaction is beyond the scope of the present dis- 
cussion. 

Scheme 7 

The mechanism for this transformation, and the partitioning between unsaturated carbonyl and epoxy- 
carbonyl products has been the subject of several studies." The production of epoxycarbonyl compounds 
seems to be correlated with the nature of the chromate reagents used, although substrate structure also 
helps to determine this preference. 

However, the conversion to the transposed a,@-unsaturated carbonyl compound is by far the more use- 
ful reaction. The full sequence serves both to form carbon-carbon bonds as well as to adjust the func- 
tional group array in the synthetic intermediate. Thus, starting with the enone (15), organometallic 
addition generates a tertiary allylic alcohol (16) and oxidative rearrangement yields a P-alkylu,@-enone 
(17), as shown in Scheme 8. 

R' R' R' 

Scheme 8 

Applications are found in acyclic as well as five-, six-, seven- and eight-membered ring cyclic sub- 
strates, and yields are generally in the range of 50-90%. The best substrate is one in which the C 4  
bond of the alcohol is (or can easily become) parallel with the p-orbitals of the alkene double bond, as 
the transition state is believed to involve a 3,3-sigmatropic rearrangement of the chromate ester. Isolated 
double bonds, esters, lactones and silyl ethers, and a number of other functional groups, survive these 
conditions. Protected carbohydrates undergo degradation which limits the application to such substrates. 
Examples are found in equations (13)-(15).28-30 

6$ 0 

i, MeLi 

ii, CrO3 
5% HzSO4 

83% 

Ketones can be homologated to unsaturated ketones or aldehydes by addition of the appropriate vinyl 
nucleophile followed by oxidative rearrangement, as shown in Scheme 9. The use of this transformation 
in a synthetic approach to steroids with unsaturated side chains is shown in equation 
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0 0 

Ph K O  
Ph KO (p :/ 

0 

0 

Scheme 9 

OH CHO 

80% 20% 

The regioselectivity of these reactions has been studied in cases where two allylic rearrangements 
would be possible. In one report tertiary alcohols which were both allylic and propargylic were found to 
remange solely over the allylic system where the alkene is contained in a five- or six-membered 
In a cyclic system where the alcohol is equatorial, and in acyclic systems, the yield of rearrangement is 
poor and oxidative cleava e becomes important. In a particularly interesting study a series of bis-allylic 

ring to give 5740% yields of the &vinylic cyclohexenone or cyclopentenone, as shown in equation 
(17). The bis-allylic alcohol (18 equation la), which contains an allylsilane substituent, undergoes clean 
oxidative rearrangement to the dienone (19). This example helps to clarify the mechanism of the rear- 
rangement, since a discreet carbonium ion intermediate would doubtless be trapped through cyclization 
with the allylsilane moiety; the absence of such cyclization products argues against a cationic intermedi- 
ate and in favor of the 3.3-sigmatropic mechanism. The fact that the mildly nucleophilic allylsilanes (see 
Volume 2, Chapter 2.2) survive this reaction is important for its synthetic utility. 

alcohols were e~amined .~  s Vinylic cyclohexenols and cyclopentenols rearrange exclusively within the 

SiMe3 SiMe3 

Where the allylic alcohol is in a secondary position, conformational effects or the character of the oxi- 
dant can still favor an oxidative rearrangement over simple oxidation to the ketone (equation 19).34 
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(19) 

PCC 100% 
PCC. TsOH 17% 83% 

An oxidative rearrangement took place during the MCPBA epoxidation of the secondary allylic alco- 
hol auraptenol, leading to the enal shown in equation (20). This reaction has been used in an approach to 
casegravol and in a synthesis of a r n ~ n i n i n . ~ ~  The reason why the intermediate epoxy alcohol undergoes 
rearrangement in this case is not known beyond the possibility that the m-chlorobenzoic acid by-product 
could act as an acidic catalyst. 

1 

A ACHO 

The peculiar oxidative rearrangement of cycloocta-2,4-dien-l-ol (20) shown in equation (21), in- 
volves a highly selective cis epoxidation (cis:trans = 20: 1) followed by transannular sN2' attack by the 
hydroxy group on the allylic epoxide to give the exo-p-hydroxy cyclic ether (21).36 This rearrangement 
is stereospecific in that the trans-epoxy alcohol, available by treatment of the cyclooctadienol with 
MCPBA, does not give a rearranged product. A similar example with a cycloheptadienol was also re- 
ported. The pure cis-epoxy alcohol rearranges to the bicyclic alcohol at 156 'C, but does so far more 
rapidly in the presence of the vanadium catalyst at 60 'C. 

The cyclodecenol substrate (22; equation 22), undergoes a transannular oxidative rearrangement to 
yield the decalone (23) in moderate yield.37 Although not strictly a simple functional group rearrange- 
ment, this reaction can be thought of as the through-space version of the oxidative rearrangement of 
allylic alcohols. In this case it is quite likely that the reaction proceeds through attack by the alkene on 
the carbon bearing a preformed chromate ester, which behaves as a leaving group. The intermediate de- 
calinyl carbonium ion is captured by additional chromate and eliminates to the observed product (23). 

A related example occurs in the adamantane field, as seen in equation (23).38 It is surprising that a pri- 
mary alcohol undergoes ring closure instead of the standard oxidation to an aldehyde or acid under the 
influence of chromate. The chromate ester of this endo-oriented alcohol would undoubtedly experience 
severe crowding, and direct oxidation is probably inhibited for steric reasons.39 In both of these cases the 
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proximity of the alkene to the carbinol carbon seems to drive the remangement, and there is precedent 
for a related type of oxidative cyclization.8 In a further example, the norbornadienol(25; equation 24) is 
oxidized by MnOz with rearrangement to give the hemiacetal (26).40 This reaction is believed to involve 
a displacement of the Mn4 ester by the alkene, followed by oxidation of the resulting carbonium ion and 
cleavage. 

73.23 Cyclopropanes and Cyclobutanes 

The strained rings of cyclopropanes3 and cyclobutanes4 can be considered as functional groups, since 
these molecules react in ways which are not characteristic of other cycloalkanes. The chemical behavior 
of cyclopropanes in particular has many analogies to that of alkenes. For the purposes of this discussion 
the oxidative ring cleavage reactions of cyclopropanes and cyclobutanes which do not have counterparts 
in the chemistry of larger rings are considered as functional group rearrangements. 

Oxidative cleavage of cyclopropanes has been studied mostly with lead(IV),?c*g thallium(III)6 and 
chromium(V1) reagents.2b.8 The oxidative cleavage of cyclobutanols has been explored mainly with chro- 
mium(V1) reagents,2b*8 although other oxidants have been studied! 

Cyclopropanols undergo oxidative cleavage with a variety of oxidants to give P-functionalized propa- 
nal derivatives. Even secondary cyclopropanols give moderate yields of ring-opened products. The acti- 
vation barrier on the pathway to cyclopropanone is steep, and the alternative pathway of remangement 
is driven by relief of ring strain. The example given in equation (25) shows the use of chromic acid.8 
These oxidations are much faster than the oxidation of a normal secondary alcohol. 

An approach to a prostaglandin intermediate employed a cyclopropanol oxidation with a mixed chro- 
mate/cerate reagent shown in equation (26), but the yield was unacceptably low.'" Although no infonna- 
tion on the selectivity is available, the trans stereochemistry of oxidative cleavage in the reported 
product is of note. In these more complex substrates, side reactions and low yields plague the reaction, 
which will see only limited use in synthesis unless a better reagent system is developed. 

H 

H2Cr04, CAN, HzO, AcOH 

The lead tetraacetate oxidation of tertiary cyclopropanol silyl ethers does show some promise." As 
shown in Scheme 10, a two-bond oxidative cleavage of the three-membered ring takes place in acetic 
acid solvent to yield the alkenoic acid (27); a carboxy group is produced from the original carbinol carb- 
on and the alkene is derived from the other two ring carbons. The yields for this transfonnation are from 
65-885%, and with a substituent on the methylene bridge the fragmentation is highly stereoselective for 
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alkene geometries. In methylene chloride, a one-bond cleavage takes place to give the acetoxymethylcy- 
cloalkanone (28). Both types of reaction are useful, and as the starting cyclopropanols are available 
through Simmons-Smith methylenation of the corresponding silylated enol (see Volume 4, Chapter 4.7), 
these methods have good synthetic potential. 

Scheme 10 

Cyclopropenes undergo an oxidative cleavage to yield substituted enones, as shown in equation (27).43 
The reaction is believed to proceed through the unstable epoxide. The regioselectivity is generally low if 
R1 f R2, but if one of the substituents is trimethylsilyl a highly selective conversion to the a-silyl enone 
takes place. There is one report of a similar oxidative cleavage that takes place with thallium(III).6 

peroxyacid A0 + bo R2 

R' A R2 

Methylenecyclopropane undergoes oxidative cleavage and ring expansion with thallium trinitrate in 
methanol to furnish in quantitative yield a mixture of the ring cleavage product 1-methoxybutan-3-one 
and cyclobutanone in the ratio of 4:1, as in equation (28).44 

It=-- 
MeOH Me0 
100% 

82% 18% 

The oxidative rearrangement of tertiary cyclopropylcarbinols to 3,4-unsaturated carbonyl compounds 
is analogous (or homologous) to the reaction of allylic alcohols, and is shown in the example in equation 
(29).8 This reaction has been shown to proceed stereospecifically in the conversion of the cis-substituted 
cyclopropylcarbinol(29) to the (a-enynone (30) shown in equation (30)." The substrates with R = H, 
Me and TMS all gave comparable yields. 

Cyclobutanols oxidize with ring cleavage to 4-hydroxy ketones, 4-hydroxy acids, or 1 ,4-diones under 
the influence of chromium(V1) reagents (Scheme 1 l)! The fmt formed product is a 4-hydroxycarbonyl 
compound (31) which exists as the five-membered ring hemiacetal (32). This form will persist in the ab 
sence of excess reagent under nonforcing conditions; otherwise further oxidation takes place to give a 
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4-hydroxy acid (33; if R' = H) or a 1P-dione (34; if R3 = H). In unsymmetrical cyclobutanes the bond 
cleaved is the one between the carbinol carbon and the more highly substituted p-carbon, and the yields 
are generally good. With a quaternary P-carbon (R2 and R3 = alkyl) some of the 3,4- or 4,5-unsaturatd 
carbonyl product arises. 

to OH 

R2 R3 
(31) 

Scheme 11 

7.2.2.4 Miscellaneous Functional Group Rearrangements 

Treatment of 1,l-disubstituted epoxides of the gibberellin family with sulfuryl chloride results in the 
formation of the corresponding a,p-enal in good yield, as shown in equation (31)?6 Four examples were 
reported in which alcohols, esters, lactones and alkenes survive. The postulated mechanism involves an 
electrophilic opening of the epoxide with elimination, followed by oxidation of the primary chlorosulfate 
ester. A steroidal 3-spirooxirane also undergoes this reaction, but the yield is poor and several products 
are obtained, suggesting that the overall scope of this reaction may be limited. 

AcO 

2% 90% \SCH0 
The Pummerer rearrangement (which is discussed in Volume 6, Chapter 4.7) is a type of oxidative re- 

arrangement, as is the related 2,3-sigmatropic rearrangement of 2,3-unsaturated sulfoxides. Two related 
examples are presented here from selenium chemistry.20 These reactions enhance the attractiveness of 
sulfur- and selenium-based synthetic methods, in that after being used to forge new carbon-carbon 
bonds, the heteroatom moiety can be exploited for a further functional group interchange. 

Propargyl phenyl selenide is a versatile multifunctional acrylate synthon, as shown in Scheme 12.4' 
The dianion is prepared and reacted successively with an alkylating agent (R-X) and an elecmphile 
(E+). The oxidative rearrangement of the propargylic selenoxide (35) to an allenic selenenate (36), and 
thence to the a-phenylselenoenone (37), forms the keystone of this synthetic method, and overall yields 
from propargyl phenyl selenide are in the range of 3848%. Further elaboration of (37) is possible 
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through conjugate additions, deselenation or another oxidative rearrangement. This method was used in a 
synthesis of 7-hydroxymyoporone.'" 

R 
E+ 

PhSe- - [ PhSe- - ] E [ phse<-] - 

(37) 
Scheme 12 

Equation (32) shows another example of this type of rearrangement, in which a phenylselenoallenic 
ester is converted to an a-keto alkynic ester in quantitative yield?8 

7.23 OXIDATIVE SKELETAL REARRANGEMENT 

The discussion in this section is divided according to the functional group undergoing oxidative rear- 
rangement: alkenes and enols, dienes, alkynes, cyclopropanes and cyclobutanes, and miscellaneous 
skeletal rearrangements. In view of the voluminous body of work on alkenes and enols, this area has 
been subdivided according to particular substrates: arylalkenes, aryl ketones, chalcones and cinnamyl 
compounds, and cyclic alkenes and ketones. Chalcones and cinnamyl compounds are treated as a special 
case of arylalkenes because of the extensive synthetic use of the chalcone to isoflavone transformation. 
In order to focus on the application to ring expansion and ring contraction reactions, cyclic alkenes and 
ketones are treated as a separate case, and methylenecycloalkanes are discussed with cycloalkenes. For 
the cyclopropanes and cyclobutanes, the scope is limited to the skeletal rearrangements of the small rings 
which do not have counterparts in the chemistry of larger ring compounds. The oxidants which have 
played the largest role in these transformations are thallium(III),6a lead(IV)2C*9 and iodine$9 The best re- 
agents appear to be lead tetraacetate and thallium trinitrate, although on a larger scale cost is a concern 
for the latter, and toxicity is a problem for both. The newer hypervalent iodine reagents may prove more 
amenable in view of these factors. 

Three highly useful synthetic transformations are presented in this section: the synthesis of isoflavones 
from chalcones, the synthesis of a-arylalkanones from arylalkenes, and the synthesis of a-arylalkanoic 
acids from aryl ketones. Two others are potentially useful methods, but are not as yet widely used: the 
preparation of a-branched carboxylic acids from alkynes, and the ring expansion and ring contraction of 
cyclic alkenes and ketones. 
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733.1 Alkenes and Enols 

The oxidative rearrangement most widely used in synthesis is the oxidative 1.2-shift of an alkene or 
enol, which is shown in the formal sense in equation (33). The alkene may be electron deficient such as 
an unsaturated ketone, or electron rich such as an enol, enol ether or enamine. 

0 
[Ol 

R1 R2 
- 

R2 R3 
(33) 

If R2 and R3 are connected then a ring contraction results. If R1 and R2 ~IE connected, a ring expansion 
takes place. The reagents used to carry out this transformation are strongly electrophilic oxidants, or an 
oxidant used together with a Lewis acid. Hypervalent main group oxidants such as thallium(III), lead(IV) 
and iodine(II1) have played the largest role in this area. The substrates have been divided into four major 
groups by compound class: arylalkenes, aryl ketones, chalcones and cinnamyl compounds, and cyclic al- 
kenes and ketones in ring expansion and ring contraction reactions. 

7.23.1.1 Arylalkenes 

Arylalkenes undergo oxidation with 1,2-rea~angement of the aryl group to give a-arylcarbonyl com- 
pounds, and this reaction is shown in the formal sense in equation (34). Useful reagents for this transfor- 
mation include lead(IV)?O thallium(III),5l iodine(III)?2 and palladium.53 The yields for this reaction are 
moderate to excellent, and there is a reasonable tolerance of functional groups on the aromatic ring (R’) 
such as halogen, methyl or methoxy. At least one ortho substituent is permissible with no loss in yield. If 
R2 = H, the product is an a-aryl aldehyde, and if R2 = alkyl an a-aryl ketone is obtained. The rearrange- 
ment of 2-propenylbenzenes to the 1-arylpropan-Zones is important due to the interest in the latter com- 
pounds as pharmaceutical intermediates, as in equation (35).* 

LTA 

R2& * o h , A C G  

0 

R1 = OMe; RZ = Me; 52% 
R1 = H; R2 = OMe; 80% 

(35) 

The interesting sequence depicted in Scheme 13 for a sequential oxidative rearrangement and hydrox- 
ylation of citral shows some potential for this reaction in nonaromatic alkenes. This transformation af- 
fords an elegant, single-step approach to the 6,8-dioxabicyclo[3.2. lloctane skeleton, although the 
stereoselectivity for the two induced centers is poor.” 

Scheme 13 
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7.23.1 3 Aryl ketones 

Aryl ketones undergo oxidative rearrangement with hypervalent main group oxidants such as thal- 
lium(III), lead(1V) and iodine(II1) to give a-arylalkanoic acids in good to excellent and the 
general transformation is shown in equation (36).68,56 This reaction is related to the Willgerodt-Kindler 
reaction?’ and has drawn considerable attention due to the antiinflammatory properties of the product a- 
arylalkanoic acids. A Friedel-Crafts acylation of an aromatic precursor followed by this oxidative rear- 
rangement forms the synthetic sequence of choice for these compounds. At least a dozen patents have 
been issued on applications of this method, including one which describes a process catalytic in thallium. 

0 

50-9545 I 
R2 

The best results are obtained with the above-named oxidants in a mixed solvent of methanol and tri- 
methyl orthoformate in the presence of a strong acid; these conditions presumably ensure rapid acetaliza- 
tion of the carbonyl to prevent a-oxidation. This side reaction is more serious when R2 is alkyl and the 
orthoformate is omitted, or if ethyl carbonate or acetonitrile is used as solvent. Preformed enol ethers and 
enamines give the desired oxidative rearrangement in high yield. 

A wide variety of substituents are tolerated. The group R1 can be alkyl, halogen, alkoxy, N-amido, azi- 
domethyl, ester, aryl, aryloxy and aryloyl, and at least one ortho substituent is permissible with no loss in 
yield. The aromatic ring can also be 2-naphthyl, 9,10-dihydro-2-phenanthryl, 3-pyridy1, thiophen-Zyl or 
pyrrol-3-yl. The group R2 can be hydrogen, alkyl, acyl or acetic acid. Beyond the antiinflammatory tar- 
gets, successful reaction substrates include the methyl ketones of a binaphthyl crown ether, a morphinane 
and a polyaromatic hydrocarbon. The preparation of ibuprofen methyl ester (38) is shown in equation 
(37) as a typical e~ample.~“ 

0 
U PhI(OAc)z, HC(OMe)3, HzS04 A ,  

Dialkyl ketones have been little studied as precursors in this reaction. Selenium dioxide with hydrogen 
peroxide and t-butyl alcohol effects a similar reaction with these substrates to give 3540% yield of the 
corresponding carboxylic acid. In methyl alkyl ketones, the regioselectivity is of the order of 5: 1 in favor 
of methyl migration.58 

7.23.13 Chalcones and cinnamyl compounds 

While following the reactivity patterns of arylalkenes, the extensive use in synthesis that has been 
made of the chalcone to isoflavone conversion and related sequences warrants a separate treatment. 
Chalcones (39) oxidize with thallium(III)6a~59 and i ~ d i n e ( I I I ) ~ ~ ~  under rearrangement of the aromatic B- 
ring to give 3,3-dimethoxy-l,2-diarylpropan-l-ones (40) in yields from 30-9096, as shown in Scheme 
14. This intermediate can be hydrolyzed in aqueous acid, and will cyclize to give an isoflavone (41) if a 
hydroxy group is present at C-2’ in the A-ring, or to give a benzoyl benzofuran (42) if a hydroxy group is 
present at C-2 in the e-ring. If the oxidation is carried out in acidic aqueous glyme, deformylation of this 
intermediate takes place in situ to furnish a substituted benzyl phenyl ketone (43), which undergoes fur- 
ther oxidation to the benzil (44). The isolated dimethyl acetal can be hydrolyzed, deformylated and cy- 
clized to the corresponding phenylbenzofuran (45).@ A preformed chalcone acetal (46) undergoes 
oxidation with migration of the A-ring phenyl to give 3-methoxy- 1 ,Zdiarylpropionates (47). 

By far the most used pathway is that leading to the isoflavones, and literally scores of natural products 
have been prepared in this way. The yields for these cyclizations vary from 10-90%. Good solubility in 
methanol is the key to a successful reaction. The oxidation may be carried out with an unprotected C-2’ 
hydroxy with TTN/methanol, as long as the C-5’ position is unsubstituted; substrates of the latter type 
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ring A ring B 

4- \ iii 

ii / 
ring A ring B 

4- \ iii 

i. m, MeOH; ii, HCl @‘-hydroxy); iii, HCl (Zhydroxy); iv, HCl, H,O v, heat; vi, heat (2-hydroxy); 
R’ and RZ can be alkyl, alkoxy, single or multiple 

Scheme 14 

will oxidize to quinone-type products. Aside from this exception, the tolerance for substitution in both 
rings is rather broad. R’ and R2 can be alkyl, alkoxy, halogen, acetoxy, methylenedioxy and pentaacetyl- 
p-glycosyl. Attempted oxidative rearrangement of a unprotected C-3’-p-glucosyl chalcone in a synthesis 
of 7,4’-di-O-methylpuerarin gave a low yield, but this was attributed to low solubility and separation 
problems; the protected glucosyl derivative gave a 90% yield of the target.61 A dihydropyran ring may be 
fused to either of the aromatic rings, but some degradation does occur with a similarly fused pyran ring. 
A free hydroxy group in the B-ring has been used, as in the example found in equation (38). but yields 
are somewhat better if it is protected as the acetate or the methoxymethyl ether. Ring B can tolerate at 
least one ortho substituent, but ring A can be fully substituted with little loss in yield. 
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The ready availability of chalcones, from aldol condensation of acetophenones and benzaldehydes, 
makes this oxidative rearrangement a useful synthetic entry to isoflavone targets. The isoflavone pro- 
ducts may be further elaborated to isoflavanones, isoflavans, pterocarpans and coumestones, broadening 
the scope of this method. 

Cinnamyl compounds rearrange in a similar fashion under the influence of thallium(III), as shown in 
equation (39); this reaction was used in a synthetic approach to the polystachins.62 Cinnamaldehydes and 
cinnamate esters react likewise to give the corresponding a-aryl-substituted malondialdehyde bisacetals 
and p,P-dimethoxypropionates, respectively. 

PhAO 

Me0 

Ph c 
TIN, MeOH 

60% 
(39) 

7.2.3.1.4 Cyclic alkenes and cyclic ketones: ring expansion and ring contraction 

The oxidative rearrangement of cyclic alkenes and ketones often leads to ring expansiona or ring con- 
traction reactions. The reagents generally used for this purpose are hypervalent main group oxidants such 
as thallium(III), lead(IV), iodine(II1) and selenium(IV), although palladium(I1) has been used as well. 

Methylenecycloalkanes undergo ring expansion to the next higher homologous cycloalkanone, as 
shown in equation (40). The yields are good to excellent for four- and five-membered rings, and for six- 
membered rings if fused to an aromatic ring. The example given in equation (41) comes from a synthetic 
route to dopamine receptor stimulating compounds.@ Simple methylenecyclohexanes give hydroxylation 
products, and the reaction does not appear to have been tried in larger rings. Thallium(III),6a lead(IV)65 
and palladium(II)66 reagents have been used for this transformation, which is related to the pinacol rear- 
rangement and the Demjanov rearrangement (Volume 3, Chapters 3.2 and 3.3 respectively). 

n = 3 , 4  

Cycloalkenes give ring contraction products, as shown in equation (42). This reaction is related to the 
Favorskii rearrangement and the Wolff rearrangement of ketones (Volume 3, Chapters 3.7 and 3.9, re- 
spectively). Moderate to good yields are obtained from four- to seven-membered ring cycloalkene sub- 
strates, although cyclopentenes give lower yields in favor of hydroxylation. Dihydropyrans yield the 
corresponding tetrahydrofuranyl aldehydes. This type of reaction was used in the stereospecific prepara- 
tion of a key prostaglandin intermediate, as shown in equation (43).67 Thallium(III)Q and 
lead(IV)/BF3.Et20a are the reagents of choice for this transformation. 

Cycloalkanones of ring size from four to six oxidize with ring contraction to give the cycloalkanecar- 
boxylic acid of the next smaller ring size with thallium(III), as shown in equation (44). This reaction 
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R1 = H, alkyl, amino; RZ = H, alkyl; n = 2-5 

goes through the enol form, and requires acid, since in base cycloalkanones undergo a-hydroxylation, 
Cyclohexenones are converted in moderate to good yield to the cyclopentene-3-carboxylic esters by 
TTN/methan0l.6~ Good yields of ring contraction products are obtained from 3-keto steroids, as shown in 
equation (49," but ketones at other positions are much less selective in this reaction. Selenium dioxide 
has been used in this reaction with five-, six-, seven- and twelve-membered ring ketones?O This reagent 
does not tolerate a-branching in the substrate, which leads to Baeyer-Villiger-type reaction. 

(44) 
n I01 n 

( W ) n  c = 0 - (CHdn-1 CH-CO2H 

W W 
n = 3-5 

With some polycyclic substrates, a tandem ring expansion and ring contraction can take place under 
conditions of oxidative rearrangement. The 1 1-oxolanostanyl acetate (48, equation 46) undergoes such a 
reaction, in which ring c is contracted and ring D is expanded and aromatized." The yield is poor though, 
and such a transformation would seem to have limited synthetic potential. 

7.23.2 Dienes 

Oxidative rearrangements of dienes are related to the dienonehhenol rearrangement, which is dis- 
cussed in Volume 3, Chapter 3.5. The examples discussed here are limited to cyclohexadienes, and the 
driving force for the rearrangement is aromatization. 



Oxidative Rearrangement Reactions 833 

A novel route to the ring B aromatic anthrasteroids (49) from 5,7-dienes (50) proceeds in two steps and 
uses 4-phenyl-l,2,4-triazoline-3,5-dione (PTAD) as the oxidant, as is shown in equation (47)?2 Addition 
of PTAD to the steroidal 5,7-diene gives an adduct which, when treated with boron trifluoride etherate, 
rearranges to the anthrasteroid in generally greater than 90% yield. This reaction presumably proceeds 
through a spirocyclohexa- 1 ,4-diene. 

I N:N 

Ph 

HQ ii, BF3*Et20 
(47) 

Scheme 15 depicts a high yield, general method for specific ortho alkylation of polycyclic aromatic 
 hydrocarbon^?^ In this example, biphenyl is subjected to reductive methylation followed by oxidative re- 
arrangement with trityl tetrafluoroborate to give 2-methylbiphenyl. In unsymmetrical substrates the 
regioselectivity is poor; phenanthrene gives a 3:2 mixture of 4-methyl- and 1 -methyl-phenanthrene. 

ii, MeBr 
90% 100% 

Scheme 15 

7.2.33 Alkynes 

Disubstituted alkynes will undergo oxidation with a concomitant 1,2-alkyl shift under the right condi- 
tions, to yield a-branched carboxylic acid derivatives. A variety of oxidants will effect this 
transformation, including nitrous peracetic acid,'5 thallium trinitrate and [hydroxy 
(tosy1oxy)iodolbenzene (HTIB)?6 Yields are moderate to good, as shown in equation (48) for the use of 
HTIB, where R' is alkyl and R2 may be alkyl or aromatic. The l T N  procedure is limited to arylalkyl- 
alkynes, as diarylalkynes will oxidize to a-diones and dialkylalkynes yield a-methoxy ketones. The TTN 
and HTIB reactions proceed through a solvometallation intermediate. The peroxy acid and N20 reactions 
are believed to proceed through cycloaddition and rearrangement to a ketene; diphenylacetylene is con- 
verted to methyl diphenylacetate by N20 in methanol. 

HO(Ts0)Ph R' 
R'-R~ * )-C02Me 

R2 MeOH 
5 7 4 6 %  

7.23.4 Cyclopropanes and Cyclobutanes 

As was discussed in Section 7.2.2.3, cyclopropanes3 and cyclobutanes4 form a special group, with be- 
havior distinct in many ways from that of other cycloalkanes. Several examples of oxidative skeletal re- 
mangements of these strained ring compounds are presented here. 

Methylenecyclopropanes undergo oxidative ring expansion in a two-step sequence; peroxy acid oxida- 
tion to an oxaspiropentane followed by lithium iodide induced rearrangement yields a cyclobutanone in 
moderate yield, as illustrated in equation (49)?' Cyclobutanone is a minor product from the reaction of 
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methylenecyclopropane with thallium trinitrate, in contrast to the analogous reaction of the larger 
meth ylenec y cloalkanes. 

i, peroxy acid 

ii. LiI 
64% 

(49) 

Spiro-fused cyclopropyl carbinols undergo solvolysis with hydrogen peroxide to give the correspond- 
ing hydroperoxides (51), which rearrange to the two carbon ring-expanded bicyclic hydroperoxy he- 
miacetals (52) in good yield, as in equation (50)?* Yields range from 72-91% for a variety of ring size 
substrates, and the rearrangement is stereospecific in that the stereochemistry of the initial alcohol is re- 
flected in the stereochemistry of the bridgehead carbon in those rings large enough to accommodate this 
feature. 

Ring D norsteroidal carboxylic acid chlorides do not follow the normal carboxy inversion reaction on 
treatment with MCPBA, as shown in Scheme 16.79 The P-acid chloride (53) undergoes rearrangement to 
the allylic cyclopropane (54) in good yield, while the a-acid chloride (55) gives mostly the intended al- 
cohol (57) and a lesser amount of the product of elimination with methyl migration (56). Conformational 
analysis of these substrates suggests that the stereochemistry of the acid chloride group guides the course 
of rearrangement, since the bond to the migrating group must be suitably disposed to participate in the 
decarboxylation. 

&coa 

MCPBA - 
68% w 

(55) (56) 37% (57) 63% 

Scheme 16 

Bicyclo[2.2.0]hexan-2-ols oxidize with rearrangement to the isomeric bicyclo[2.1 .l]hexan-2-ones. 
This takes place under Oppenauer oxidation conditions,80 as well as with chromic acid,81 and is illus- 
trated for photolevopimarate and chromic acid in equation (51). The yield for this transformation is ex- 
cellent, although the scope and synthetic potential are probably quite limited. The reaction is highly 
dependent on the nature of the oxidant, as the chromate/pyridine reagent gave only 15% of the product 
after several days, and most of the starting alcohol was recovered. 

The oxidation of the cyclobutylcarbinoi in equation (52) with buffered PCC proceeds with partial rear- 
rangement; a 1:2 ratio of the expected aldehyde (58) to the ring-expanded cyclic enol ether (59) is ob- 
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H 

y --- 
C02Me 7 -  

C02Me 

tained.82 This latter product is suggested to arise through a 1.3-rearrangement of the first-formed alde- 
hyde, driven by relief of strain; the rearrangement of (58) to (59) goes to completion on standing. 

(58) 33% (59) 67% 

7.235 Miscellaneous Skeletal Rearrangements 
Into this group fall the named oxidation rearrangement reactions which proceed with carbon-carbon 

bond cleavage and 13-transfer of an alkyl group to a heteroatom, such as the Baeyer-Villiger reaction 
(discussed in Chapter 5.1, this volume) and the Beckmann reaction (found in Chapter 5.2, this volume) 
of ketones, as well as the Hofmann reactiodschmidt reaction/Curtius rearrangement of carboxylic acid 
derivatives. The two examples discussed here involve related reactions of alcohols. 

The oxidative cleavage of the alcohol (60 equation 53) by mercury(II) oxide and iodine leads to the 
iodoacetal (61) in good yield.83 If cholesterol (11) is treated with lead tetraacetate and iodine under ir- 
radiation, the lactol acetate (62) is obtained in moderate yield, as seen in equation (54).84 These reactions 
are both believed to go through the hypoiodite, which cleaves heterolytically to an oxygen radical. This 
intermediate fragments to an aldehyde and an allylic radical, and it is at this point that the mechanisms 
seem to diverge. In the mercury(I1) cyclization the aldehyde adds IO., and the resulting oxygen radical 
adds to the terminus of the allyl radical. The second oxygen of the acetal adds to the remaining alkene, 
and the penultimate intermediate carbon radical is trapped by iodine to give the observed product. In the 
lead(1V) cyclization the intermediate allyl radical is believed to add to the oxygen of the aldehyde to give 
an oxepanyl radical, which oxidizes to the lactol acetate. The scope of these reactions seems limited, 
since other similar substrates give poor selectivity and low yields in these reactions. 

66% 

AcO & (54) 
LTA, I,, hv 

c 

41% 

(11) 

Sodium periodate is known to oxidize 2-akylphenols to the corresponding 2-hydroxycyclohexadi- 
enones. Phenolic benzhydrol-type compounds (63) follow a rearrangement pathway under these condi- 
tions, and the results are shown in Scheme 17.85 The benzylic hydroxy group participates in the periodate 
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oxidation to give an intermediate spiroepoxycyclohexadienone (64). which suffers intramolecular attack 
with carbon-carbon bond cleavage by the ketone carbonyl to yield the benzaldehyde acetal (65). Yields 
for this reaction are in the range of 4040%. 

R2 (65) 

Scheme 17 
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73.1 INTRODUCTION 

The benefits of using supported reagents' for organic synthesis are considerable, especially as they 
offer remarkable ease of handling and use; often one can simply weigh the amount of reagent to be used. 
At the end of the reaction a filtration suffices to remove the contaminating by-products. Solvent evapora- 
tion from the filtrate is often sufficient to provide the product in pure form. Likewise, reagent recovery or 
regeneration can also be very easy. Another advantage is the reduction in product contamination assured 
by having the reagent fully bound to a solid support. This is very important for oxidation reactions so 
that overoxidation reactions can be minimized. Solid-supported oxidants are relatively safe to handle 
owing to full chemisorption of the toxic chemicals. Two examples of toxic oxidants whose contamina- 
tion is considerably reduced by adsorption to solid supports are thallium(II1) salts and chromium salts2 in 
all the various oxidation states. Such supported reagents also reduce environmental problems upon work- 
up. Many inorganic species are powerful oxidants of organic matter and can cause explosions. However 
they can be tamed by prior adsorption onto the solid supports. These oxidants also enjoy good thermal 
and mechanical stabilities, allowing higher stirring rates if necessary. High reagent activity and, more 
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importantly, high reagent selectivity are frequent features of supported reagents. The high activity stems 
from physical factors, such as vastly enhanced collision rates between reactants, due to either the reduced 
dimensionality on the solid reaction sites or the boost in their local concentration due to trapping in the 
interstitical spaces of microporous s01ids.~ Chemisorption generally activates adsorbates, with respect to 
bond breaking. The high selectivity is easily understood in terms of shape selectivity (reactant, transition 
state or product) when, for example, zeolites are involved. 

Other more specific advantages of supported reagents exist for oxidants such as chromium(II1) anhy- 
dride complexes where there are many problems associated with solubility, the ligand and stoichio- 
metry: For example in procedures using pyridine or polar aprotic solvents, the ligand doubles up as 
solvent, causing complication in work-up with soluble metal species. However, these are avoided by the 
supported oxidants. 

By measurement of aqueous redox potentials an overall impression of the metallic species most often 
used in the empirical Edinsonian or the rational design of solid-supported oxidants can be obtained 
(Table 1). 

Table 1 Electroreduction Potentials (V) 

Metallic species Electroreductive potentials (V)  

MnOz + 4 Ht+ 2 e-= Mn2+ 
IO,-+ 6 Ht + 5 e-= 12 
OsOa+ 8 H+ + 8 e-= Os 
Ag,+ + e- =_ ~ g z ,  
Fe ++e--Fe 
Cut + e- = Cu 
Cu” + e- = Cu 
C104~- + 3 e- = Cr(OH)3 + 5 OH- 
Mn04- + 4Ht + 3 e- = MnO2 
CeQC + e- = Ce3+ 
MnOd-+ 8 H+ + 5 e-= Mn” 

1.23 
1.195 
0.85 
0.799 
0.771 
0.52 1 
0.337 
0.13 
1.695 
1.61 
1.51 
i.5I 
1.33 
1.25 

Typically the supports most widely used are alumina, silica and aluminosilicates (clays and zeolites). 
These inorganic solids all contain surface hydroxy groups and it can be valuable to examine activation of 
these surfaces by dehydration. 

Amorphous Si02 contains tetrahedral silicate units whereby each oxygen atom bridges two silicon 
atoms, together with silanol (Si-OH) groups covering the surface. The vicinal silanol groups may be 
characterized by lower frequency IR absorptions as compared to isolated silanol groups, owing to their 
hydrogen-bonding patterns (3550 versus 3750 cm-*). Upon dehydration, such vicinal silanol groups give 
surface Si&Si linkages. 

Alumina, on the other hand, exists in various forms, of which ol-AlzO3 is the stable and crystalline 
form. So-called transition aluminas, q- and y-Al203, are defective, metastable solids arising from the 
heating of aluminum hydroxide gels. Both have spinel structures, with a disordered aluminum lattice in- 
terlocked with a cubic close-packed oxygen sublattice. Surface layers are occupied by Al-OH alanol 
groups. Both the IR5 spectra and modeling of the alumina surfaces6 suggest five types of environments 
for these surface hydroxy groups. Dehydrative activation is performed by heating above 200 ‘C. The at- 
tendant dehydroxylation creates coordinatively unsaturated oxide 02- ions and an adjacent surface anion 
vacancy. This void in the upper layer exposes, if one considers the case of a close-packed (111) surface 
plane, either two five-coordinate A13+ ions or one three-coordinate A13+ ion.7 In a similar manner, silicate 
and aluminosilicate minerals, such as clays, pillared clays and zeolites, bear surface hydroxy groups 
whose dehydrative thermal activation creates Lewis and Bruinsted acidic and basic sites on the surface. 
Recent attention has focused* on these resulting 0- centers. Such 0- groups with an unpaired electron 
can dimerize to form peroxo links ( S i - O - O - S i ) ,  which are relevant to oxidation by these surfaces. 
Dissociation of peroxy linkages will regenerate two 0- states. Physically, such 0- states are defect elec- 
trons or positive holes. They are paramagnetic and they are delocalized over the surface oxygens. For in- 
stance, the mineral obsidian suddenly develops positive charge carriers when heated above 450 ‘C. 
These 0- states, resulting from dehydrative thermal activation, are also responsible for the yellowing of 
magnesia, MgO, upon heating. These 0- states are powerful oxidation centers and, accordingly, such 
minerals serve as supports for solid oxidants. 
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Historically, the first supported oxidizing reagent, reported by Wtizon and Golfier, was silver carbo- 
nate on celite (another diatomaceous earth)? This was obtained by precipitation of the reagent onto its 
support. Ag2C03 on celite smoothly oxidizes primary and secondary alcohols, a,@-diols, hydroquinones 
and amines. The main practical asset of the reagent is that it avoids the need to filter off finely divided 
silver salts after reaction. 

73.2 ALUMINA-SUPPORTED OXIDANTS 

733.1 Chloral 

Chloral, when adsorbed on activated Woelm-200 neutral alumina, is a mild, chemoselective oxidant of 
secondary alcohols over primary alcohols. It oxidizes vinyl alcohols to vinyl ketones without the 
usual polymerization or oxidation of the ethylenic double bond. Also of importance is that it effects high 
yield conversion of cyclobutanol into cyclobutanone, without ring cleavage. P-Hydroxy sulfides and sel- 
enides are oxidized to the corresponding @-keto sulfides and selenides. Typically, the reaction is run in 
carbon tetrachloride at room temperature or at reflux with yields being normally in the range of 6&75%. 
The one drawback of the reagent is the necessity for the vacuum drying at 400 'C of commercial alumina 
immediately before use. However, the advantage is its selectivity in that other functional groups, such as 
primary iodides, benzylic chlorides, methyl esters, ethers, lactones and nitro groups,1o all remain intact. 

7.3.2.2 Pyridinium Chlorochromate 

Mother supported chemoselective alcohol oxidant in common use is pyridinium chlorochromate on 
alumina13 which transforms alcohols to carbonyls even in the presence of THP acetals (equation l).14 
That such acid-sensitive groups resist the reaction conditions derives from the neutralization by the 
alumina support of the acidity of the PCC. Examples of alcohols which have been oxidized in good 
yields using this reagent include carveol, 2-ethylhexanol, menthol, tetrahydrogeraniol, citronellol, 2- 
methylcyclohexanol, cinnamyl alcohol, isopulegol and cholesterol. In typical experiments methylene 
chloride is used as solvent at room temperature. 

73.23 Periodic Acid 

Periodic acid is a versatile oxidant since, depending on pH, the redox potential for the periodate-iodate 
couple varies from 0.7 V in aqueous basic media to 1.6 V in aqueous acidic media.15 Based on this ob- 
servation, Villemin and Ricard devised an oxidative cleavage of glycols,16 in which meso- 1 ,Zdiphenyl- 
13-ethanediol was oxidized by periodic acid on alumina to benzaldehyde in 82% yield in aqueous 
ethanol (90% ethanol) at room temperature in 26 h. The same supported oxidant converted aromatics 
into quinones. In the presence of transition metal complexes (Mn"), a-arylalkenes suffer oxidative cleav- 
age to aldehydes. For example, trans-stilbene gives benzaldehyde at room temperature. 

73.2.4 Potassium Dichromate and Epolddizing Agents 

Potassium dichromate is another inorganic oxidant that can be supported on alumina and used to con- 
vert alcohols into carbonyl  compound^.'^ Its chief merit is its selectivity for allylic and benzylic alco- 
hols.'*J9 For instance, 1 -phenylpropane- 1,3-diol is oxidized selectively to the benzylic oxidation 
product. 

Alumina also serves as the support for reagents effecting the epoxidation of alkenes efficiently under 
mild conditions. This is the case with triphenylsilyl hydroperoxide; even aryl-substituted alkenes are eas- 
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ily oxidized.20 The reactions are run in methylene chloride at room temperature and are stereospecific. In 
a similar manner, alkenes gem-disubstituted by two electron-withdrawing groups, dispersed on alumina, 
are conveniently epoxidized by sodium hypochlorite.21 Often the reaction, run in acetonitrile at mom 
temperature, is stereospecific and yields are excellent (80-9896). Hydration of the alkene, which is one 
of the drawbacks of aqueous hypochlorite as an epoxidizing agent is thus avoided. 

73.25 Sodium Metaperiodate 

Sodium metaperiodate, Nd04, is a two-electron chemoselective oxidant and when absorbed on alumi- 
na oxidizes alcoholsi6 to carbonyl compounds and sulfides to sulfoxides without overoxidation to sul- 
fones?2 Alkenic double bonds in the substrate remain intact during this oxidation. Typically reactions are 
performed in 95% ethanol at mom temperature for a few hours and with good (85-9096) yields. 

7 3 3  SILICA-SUPPORTED OXIDANTS 

733.1 Ozone 

Mazur's oxidation method consists of omne combined with adsorption of the organic substrate on sili- 
ca gel to effect the clean oxidation of tertiary carbon-hydrogen bonds, in the absence of any solvent (dry 
medium)F3 Adamantane, for instance, gives a better than 80% yield of l-adamantanol (equation 2).24*25 
This hydroxylation method has been applied successfully to a number of natural p rod~c t s , ?~~*  but does 
not always work as well with aliphatic  substrate^^-^^^' or for the oxidation of secondary carbon-hy- 
drogen bonds.32 Nevertheless, it converts quantitatively 2-adamantanol to 2-adamantanone (equation 
3)." This ozonization resembles some biological oxidation processes in its ability to oxidize methylene 
groups at a distance from other functional groups and is exemplified by transformations of acetates into 
keto acetates.32 Dry ozonization is a choice method for oxidizing methylene groups adjacent to cyclopro- 
pane rings to carbonyl c o m p o ~ n d s . ~ ~ . ~ ~  

QoH+ gJo 
Dry ozonization of alkenes and alkynes has also been explored. Sometimes these results resemble 

those of the homogeneous ozonization in an aprotic solvent.3s 
Dry ozonization is also an efficient procedure for oxidation of aliphatic primary amines into nitro 

groups, with yields of about 70%. Arylamines are also oxidized to nitro aromatics, albeit with low 
 yield^?^*^^ Ozone on silica gel has also been shown to oxidize arenes in some ~ases .3~ 

733.2 Sodium Methoxide 

Sodium methoxide on silica gel (2 mol equiv. Na per g reagent), is an excellent reagent for effecting 
the Nef reaction by converting nitro compounds to aldehydes and ketones." The reactions are run either 
at room temperature or at 80 'C, for a short reaction time. The success of these reactions depends on the 
neutralization of the normally weakly acidic silica gel by treatment with methoxide in methanol, fol- 
lowed by evaporation to dryness and activation by heating to 400 'C. The nitro substrate is then impreg- 
nated onto this methoxide-doped silica gel to effect reaction. 
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7 3 3 3  IronmI) Chloride 

Two slightly different reagents may be made by adsorption of iron(I1I) chloride onto silica gel under 
dehydrating conditions. If anhydrous iron(II1) chloride is used, this provides a pale yellow-green powder. 
This ~ t a g e n t , ~ ~ ~ ~  sometimes referred to as the Salaun reagent, dehydrates tertiary alcohols and deprotects 
THP ethers. Also in dry media Salaun reagent promotes the Wagner-Meerwein ring expansion of tertiary 
cyclobutanols into cyclopentenes. By similar carbocationic mechanisms, the Salaun reagent will induce 
the cyclization of alkenic  alcohol^.^^*^ If iron(II1) chloride hexahydrate is used as the starting material, a 
dry yellow-brown powder results from its deposition onto silica gel under high vacuum (0.1 Tm; 1 Torr 
= 33 Pa) for 3 h at 60 ‘C?I This reagent performs the dehydration of allylic and tertiary alcohols. In spe- 
cial cases it will dehydrate secondary alcohols in sterically hindered positions. In the steroid series, use 
of this reagent induces the cholestandiacholestene and backbone rearrangements under relatively mild 
conditions!2 This FeCbSi02 reagent achieves the oxidative coupling of phenol ethers or the cleavage 
of the ether function into The latter process is much faster if the solvent is removed.& Oxi- 
dative desilylation reactions and cleavage of benzyl esters are also possible, all with commendable ease 
of work-up. 

733.4 Selenium Dioxide 

Allylic methyl groups are oxidized to allylic alcohols by the combination of selenium dioxide ad- 
sorbed on Si02 together with t-butyl hydroperoxide (TBHP) in nonpolar solvents such as hexane or 
methylene chloride. This procedure has been applied to a number of medium-ring sesquiterpenes.& 

7 3 3 5  Cerium(IV) 

Catechols and hydroquinones can be converted (91-98%) into quinones by cerium(1V) salts coated 
onto silica as free-flowing yellow powder from impregnation with cerium(1V) ammonium nitrate. This 
reaction is usually performed in the presence of magnesium ~ulfate.4~ The same (“4)2Ce(N03)a*SiO? 
reagent in the dry state effects oxidative nitrations of arenes. For example a-naphthol is converted to the 
ortho (42%) and the para (38%) nitro compounds, while its methyl or ethyl ethers give exclusively the 
para nitration product (equation 4)?6 In solution, the products are contaminated with the products of 
dinitration and of oxidation into  quinone^.^^.^^ 

OR OR 

733.6 Periodates 

The periodate oxidations (see the above Section 7.3.2)” can also occur with dimesoperiodate, K4Izo9, 
supported on silica gel. Poorer loadings of reagent on this support are observed when compared with 
alumina-based reagents. Nevertheless periodates supported on silica gel, in solvents such as methylene 
chloride or benzene,’at room temperature, are good oxidants of hydroquinones into quinones, or hydra- 
zarenes into azoarenes, and of glycols into dialdeh~des.4~ X-Ray and Raman spectroscopy show that the 
N d 0 4  reagent consists of a monomolecular layer of the salt bound to the surface through the silanol 
groups. 

(5) 
R’, ,RZ - SO~ClZ R ’ , p  S 

SiOz 8 
This 104-Si02 reagent is not very effective in the oxidation of sulfides into sulfoxides.“9 However, 

sulfuryl chloride adsorbed on wet silica gel is an excellent reagent for this transformation (equation 
High yields of methyl aryl, diaryl, allylic, benzylic and dialkyl sulfoxides are thus obtainable. The proce- 
dure commends itself by its simplicity and its extension to thioacetals provides a good, quantitative re- 
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generation of the carbonyl groups by oxidative cleavage.s1 This supported sulfuryl chloride oxidation has 
been used as a method for partial l 8 0  enrichment of sulfoxides and of carbonyl compounds from 
180enriched water.52 

733.7 Permanganates 

The seminal observation that a number of solid supports, such as aluminosilicates (clays and zeolites) 
and silica gel, activate potassium pe~manganate~~ led to the use of this reagent for synthesis. Oxidation of 
an alcohol in benzene normally does not proceed, due to the insolubility of the oxidant.% However, using 
KMno4 adsorbed onto silica gel at 70 'C, the quantitative conversion of benzyl alcohol to benzaldehyde 
is effected without overoxidation to benzoic acid." The optimized reagent was also applied successfully 
to the Nef reaction, converting nitro groups into carbonyls.55 Thus 1-nitro 4-ketones are turned into 1,4- 
diketones in boiling benzene, in variable yields (455%). The p r  yields are probably due to the diffi- 
culty in product recovery arising from adsorption of the 1,4diketones to the surface covered with the 
silanol hydrogen-bond donors. 

Potassium permanganate impregnated on silica gel is the reagent of choice for the cleavage of 
ethylenic double bondss6 The reaction requires only mild conditions, such as mom temperature, for 
20-30 min. The process can be applied to terminal, secondary, tertiary and also electron withdrawing 
substituted double bonds and provides good to excellent yields of cleavage products. 

Another very active permanganate is the zinc salt, which functions as an oxidant via a threeelectron 
conversion of MnVI1 to Mn". The advantage of Zn(Mn04)z is that it is a neutral oxidant. However, it 
strongly complexes organic  substrate^.^^ The oxidizing power is reported to be 13% that of TNT, Le. 
about twice that of potassium permanganate. Use of a silica gel support permits the safe handling of this 
strong oxidant.s7 Halogenated solvents (methylene chloride, chloroform) are best for the oxidation re- 
actions, which are best conducted at room temperature or at reflux. For instance, thioanisole is oxidized 
in 92% isolated yield into the corresponding methyl phenyl sulfone by 1.2 equiv. of fi(Mno4)t in 
methylene chloride at 20 'C for 2.5 h. Alkynes are oxidized to diketones, ethers lactones, cyclic ketones 
to diacids, cyclic ketals to ketones and acylated amines into acyl imide^.^' 

It has also been found that addition of a catalytic amount of calcium hydride and silica gel to the 
Sharpless reagent can greatly reduce the reaction time for asymmetric epoxidation of an allylic alcohol. 
The time saving is often a factor of 10 or 15, and always at least a factor of 3.58 

733.8 Chromium(V1) 

oxidation states. 
The general scheme for Crvl oxidation of organic compounds59 makes use of the Crv, CrIv and Crnl 

HzA + CrVI =? A + c + V  slow 

Chromic acid, H2Cfl4, is a well-known powerful oxidant, with an electronduction potential deter- 
mined by the process: 

C Q 2 -  + 4HzO + 3 e- * Cr(OH)3 (s) + 5 O H  E 0 = 4 1 3  V 

Chromic acid deposited on silica gel from the anhydride Cfl3 in aqueous (or in aqueous acidified) 
solutionsm affords a useful oxidant. 

Other preparations of this reagent are known6' but the reagent has only a limited shelf life of less than 
a week. Oxidations with the reagent are conducted in diethyl ether, using 3 g of reagent per mmol of al- 
cohol substrate. Generally they are rapid at ambient temperature, giving good yields (60-98%) of ketone 
p r o d u ~ t s . ~ ~ ~ '  It is interesting to note that impregnation of chromium(IV) anhydride on alumina provides 
only an inactive reagent.62 Conversely, chromium(1V) anhydride can be adsorbed on resins, such as 
polyvinylpyridines, polyacrylates, etc. (typically 6 mmol CrO3 per g These reagents oxidize 
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primary and secondary alcohols and may be used in nonpolar solvents. The ratio Cr:alcohol is usually in 
the range 1 4 .  Yields are, however, very variable (10-80%)? The procedure is improved by the use of 
catalytic amounts of quaternary ammonium salts, such as (NBu%)+, and by recourse to trifluoroacetato 
chromate as the Crvi impregnated species.63 

The procedure is commendable for its simplicity, reduced toxicity (chromium in all its oxidation states 
is carcinogenic) and achieves good yields of ketones from alcohol, for example, octan-2-01 is oxidized 
into octan-2-one (92%), cyclohexanol into cyclohexanone (90%) and menthol into menthone (98%).63 
Pyridinium chromate is also a well-known oxidant for allylic oxidations.64 As a silica gel supported re- 
agent, this is turned into an efficient alcohol oxidant that will leave acid-labile functions unscathed.61 
Another advantage of the reagent is the long shelf-life of more than a year. These solid-supported oxi- 
dants also greatly facilitate product work-up, when compared with their solution counterparts. 

Oxidation of alcohols typically proceeds in 4-12 h giving excellent yields of carbonyl products.6i 
Chromyl chloride, CrO2C12, like other Crvl species, is a vigorous oxidant of organic compounds. It 

may be, however, tamed as a silica gel ads0rbate.6~ This reagent combination is also a good oxidant of 
alcohols, alkenes and alkynes, that will tolerate halides, esters, lactones, ethers and nitriles. The shelf life 
of the reagent appears to be indefinite in the dry state. 

Potassium dichromate, KzCr207, adsorbed on silica gel (or on alumina, magnesia or Florisil) is a selec- 
tive oxidant of allylic and benzylic alcohols and halides in neutral media.66 

Similarly, supported ammonium dichromate is an effective reagent for hydroquinone to quinone oxi- 
dation.67 

73.4 CLAY-SUPPORTED OXIDANTS 

Firstly it should be recognized that clays will oxidize organic matter. One of the most effective means 
for detoxification of 1,Cdioxin is oxidation into the radical cation and subsequent polymerization on 
Cui*-smectites.68 Transition metal centers in phyllosilicate clays, such as Fdil, are known to oxidize aro- 
matic molecules by such single-electron t r a n ~ f e r s . 6 ~ ~ ~  Some radical-coupling products have also been 
~ b t a i n e d . ~ ~ * ~ ~  A study of the oxidation of hydrocortisone by the two fibrous clay minerals sepiolite and 
palygorskite (a commercial variety of attalp~gite)~' has been reported. The former clay has the lower 
FeiI1 content and accordingly has lower oxidizing power. The latter oxidizes the steroid due to surface- 
adsorbed iron oxides and to octahedral Fen', present in 2-3% amounts. 

73.4.1 Permanganate 

Clay-supported potassium permanganate oxidizes secondary alcohols into ketones.78 A great asset is 
the ability of this reagent to selectively oxidize an allylic alcohol into the a,g-unsaturated ketone without 
any double bond oxidation. The procedure is extremely simple, involving grinding of the inorganic salt 
with a bentonite clay, prior to heating the alcohol and reagent in methylene chloride. Although reaction 
times are rather long (days), good yields are obtained (80-1002). Note that with a very large excess of 
oxidant and prolonged reaction times, alkenic bonds may be cleaved. The advantage of this method, as 
compared with the use of manganese dioxide?9 is that prior activation of the reagent is not necessary. 

73.4.2 Thallium Trinitrate 

The oxidative potential of thallium(1II) trinitrate was discovered by Taylor and McKillop.gO The re- 
agent was supported on the K10 acidic montmorillonite (Ho = -6 to -8) by stimng the clay suspended in 
a methanol-trimethyl orthoformate solution of the thallium salt, followed by evaporation to dryness. In 
this way a colorless, free-flowing solid is obtained. Oxidations are very easily performed in inert solvents 
such as toluene, heptane, methylene chloride or carbon tetrachloride. A first application of this reagent 
was to the oxidative rearrangement of alkyl aryl ketones, leading to alkyl arylcarboxylates in cu. 90% 

Acetophenones are converted into methyl arylacetates. Likewise, propiophenone and butyro- 
phenone are cleanly oxidized into methyl a-methyl- and a-ethyl phenylacetate, respectively. The thal- 
lium trinitrate-K10 system effects the rapid and effective oxidative rearrangement of alkenes into 
acetals. Cyclohexene is converted in less than a minute into the dimethylacetal of cyclopentanecarbalde- 
hyde, and styrene and 1 -phenyl- 1 -propene also give clean rearrangement into the corresponding y l  ace- 
tal propionaldehyde dimethylacetals, all in 85-928 yield. Likewise, cinnamaldehydes and cinnamic 
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esters undergo such oxidative rearrangements in 8 5 4 0 %  yields. The Princeton-East Anglia coworkers 
also demonstrated the superiority of lamellar K10 montmorillonite support to microporous supports for 
thallium trinitrate.SO Another good application of this system was the oxidative rearrangement of 3-ace- 
tylpyrroles into the corresponding metho~ycarbonylpyrroles.~~ 

73.43 Iron(III) and Copper(II) Nitrates 

An asset of lamellar clays as supports for oxidants is their effective surface dimensionality. This leads 
to fast diffusional kinetics on the clay surfaces, which translate through the Smoluchowsky-Debye equa- 
tion into high collision rates and, in turn, through the preexponential term, into high kinetic 1ates.31~ 

Dehydrative activation of surface 0- centers has already been mentioned (Section 7.3.1) and produces 
powerful oxidation centers. Doping by transition metal ions is best performed under strong dehydration 
conditions such that the metal atoms are associated with resulting new anionic sites. 

Addison in the 1960s prepared covalent metallic nitrates under anhydrous conditions and gave vibra- 
tional spectroscopic criteria to ascertain if the nitrato group is coordinated as a unidentate, a bidentate or 
a bridging ligand. This group showed that metallic nitrates were powerful oxidants if: (i) there is cova- 
lent bonding of the nitrato group, as a bidentate ligand; and (ii) the metal can fall back on lower oxida- 
tion states.85 The oxidizing power of such covalent metallic nitrates is such that copper(I1) nitrate effects 
both these coupled transformations, at liquid nitrogen temperature (equations 6 and 7).86 

Et20 + Cu(N03)2 - EtONO + MeCHO + Cu(N03)OH (6) 

Although it is possible to obtain the acetone solvate of anhydrous iron(II1) nitrate, this oil decomposes 
in a vigorous exothermic reaction. However, it is possible to stabilize the oil by impregnation on the KIO 
acidic montmorillonite. The name ‘clayfen’ has been given to the resulting 
This reagent was first applied to the oxidation of alcohols where use of this ‘clayfen’ system gave sat- 

isfactory yields (65-901). avoided overoxidation of aromatic aldehydes and required only inexpensive 
reagents.87 A great practical advantage of this and other ‘clayfen’ oxidations is the opportunity for visual 
monitoring of the reactions. The start of the reaction is signalled by the evolution of reddish nitrous 
fumes and their cessation indicates completion. ‘Clayfen’ smoothly oxidizes benzoins into benzils,% 
with better isolated yields (85-95%) than the ytterbium(II1) nitrate catalyzed Kagan The al- 
cohol oxidation proceeds through intermediate nitrous estemS8 Likewise, oxidative coupling of thiols 
into disulfides is effected by ‘clayfen’ via thionitrite intermediates?* ‘Clayfen’ also converts NjV-di- 
methylhydrazones into the parent carbonyl compounds in 67-9 1 % isolated ~ ie ld .9~  

Regeneration of the carbonyl group from various protecting groups may be achieved by ‘clayfen’, for 
example from imine-protecting groups, tosylhydrazones, phenylhydrazones, 2,4-dinitrophenylhydra- 
zones and semicarbazones.w ‘Clayfen’, because it is an inexpensive and mild source of nitrosonium ions, 

can be used to convert hydrazines into azides which in turn are transformed into iminophospho- 
r a n e ~ ? ~  

‘Claycop’ is a related reagent to ‘clayfen’. This reagent is based on anhydrous copper(I1) nitrate and is 
somewhat less reactive but enjoys much greater stability than   layf fen'.^^.%.^^ Clay-supported copper(I1) 
nitrate (‘claycop’) is prepared in a process similar to the preparation of ‘clayfen’, by adding KIO clay to 
a solution of copper(I1) nitrate hihydrate in acetone. This reagent has been applied to the aromatization 
of dihydropyridines, with consistently better isolated yields (40-9396) than with  layfe fen'?^ It is also the 
reagent of choice for quantitative regeneration of carbonyl groups from protective bisthioacetals?8 
‘Claycop’ also regenerates carbonyls from selenoacetalsw and from thiocarbonyls1O0 with very good is+ 
lated yields, although ‘clayfen’ is superior to ‘claycop’ for this last application. 

73.5 CONCLUSIONS 
Owing to the limited format, this review has not discussed the use of enzyme-supported materials or 

catalytic oxidants with industrial applications, even though both these are of current interest. The illustra- 
tive examples of solid oxidants that have been discussed display considerable differences in reactivity 
and selectivity from solution chemistry using the same or similar reagents. The choice of which support 
to use is still very much a matter of trial and error, although progress is being made rapidly. The single 
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most useful asset of supported oxidants is their ease of use, offering cleanliness, safety and simplicity. 
These reagents now have a secure future in organic synthesis. 
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7.4.1 SCOPE AND DEFINITIONS 

Electron-transfer oxidation of the vast majority of organic compounds involves multiple steps with 
transient radicals as key reactive intermediates. Since stable organic compounds are mostly diamagnetic 
donors with even numbers of electrons, the electron transfer must perforce generate an odd-electron 
species. In the case of a neutral organic donor (generically represented hereafter as RH), electron-transfer 
oxidation produces a radical cation (equation la),'" which is constrained to undergo a second electron 
transfer before it ultimately yields the diamagnetic product. It is the unique properties of organic radical 
cations that lead to the rich menu of organic transformations exploitable for organic synthesis. 

-e- 
RH - RH+. (la) 

+e- 
RH - R H ~  

Oxidation is the microscopic reverse of reduction, and electron transfer in equation (la) has its 
counterpart in reduction, i.e. equation (lb). Accordingly, for every organic oxidation there is a conjugate 
process involving reduction, as simply illustrated by the electron-transfer equilibria among carbenium 
ions, free radicals and carbanions (equation 2)?15 

(2) 
- e- C- - R+ - 

Indeed the combination of the reactive intermediates in equations (la) and (2) forms the chemical 
basis of electron-transfer oxidation (reduction) of organic compounds in both stoichiometric and cata- 
lytic processes.6 

The energetic basis for electron-transfer oxidation includes the thermodynamic potential Fox for the 
initial act of electron transfer from RH in equation ( Such an electron detachment is commonly ef- 
fected: (a) at an electrode; (b) by an oxidant; or (c) with light. Thus the organic oxidation in equation (la) 
is driven electrochemically by the anodic electrode potential (E) to match the value of FOX? Le. equation 
(3a). Likewise, the driving force in the chemical oxidation of RH is provided by the redox potential E'& 
of the electron acceptor or oxidant (hereinafter referred to as A; equation 3b).1° 

Photochemical electron transfer proceeds either by the prior actinic activation of the organic donor RH 
followed by quenching by the electron acceptor (equation 4), or by the reverse sequence involving the 
prior acceptor activation and quenching with donor.'' Photochemical electron transfer can also be ef- 
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fected by the irradiation of the charge-transfer (CT) absorption band of the precursor electron donor- 
acceptor (EDA) complex (equation 5). l2 

hvcr + 
(5 )  R H + A =  [RH,A] - RH* + AS 

The actinic irradiation of the charge-transfer band of the EDA complex in equation (5) is the most di- 
rect method for the photoactivation of electron-transfer oxidation, since the absorbed energy h m  is di- 
rectly applied to the conversion of a bonding electron in the HOMO of the donor RH to an antibonding 
electron in the LUMO of the acceptor A. Such a spontaneous generation of [RHt,A7] represents the con- 
tact ion pair (CIP)l3 in Figure 1 with an interionic separation that is essentially that originally present in 
the EDA precursor [RH,A].14 However in the alternative mode of photoactivation (equation 4) the exci- 
tation of only RH (see ~ U R H  in Figure 1) is followed by electron transfer to A in a subsequent step. Since 
the latter takes place by a diffusional process,15 [RHt,A'l is not necessarily the same contact ion pair 
formed by the direct charge-transfer activation. Indeed, there are examples of diffusional quenching by 
electron transfer over long distances to form initially a less intimate, solvent-separated ion pair (SSIP).16 
The same situation pertains to the photoinduced electron-transfer oxidation by the prior excitation of the 
acceptor (see ~ Y A  in Figure 1). The modulating effect of varying ion-pair structures lies at the core of 
electron-transfer oxidation, as will be elaborated in the following sections. Finally, in the electron-trans- 
fer oxidation of a particular organic donor RH, the thermal process in equation (3b) invariably requires a 
stronger oxidant (i.e. A with more positive E ' d )  than its photochemical counterparts in equations (4) and 
(5 )  owing to the contribution from the actinic input (see Figure 1). 

RH 
l a 

A 
(donor) (acceptor) 

Figure 1 Energy level diagram (qualitative) for the charge-transfer excitation (h%) of the electron 
donor-acceptor complex (RH, A) in comparison with that for the excitation of either the donor (h) 
followed by quenching of RH* with the acceptor or the acceptor (h) followed by quenching of A* 

with the donor 

Since electrochemical methods are described in Volume 7, Chapter 7.1, emphasis will be placed on the 
thermal and photochemical activation of electron-transfer oxidation. Even with this restriction the scope 
of electron-transfer oxidation is too extensive to be covered completely in a single chapter. Therefore the 
approach here is to present those fundamental aspects that allow electron-transfer oxidations to be de- 
veloped for synthetic transformations. Hopefully this format will encourage the creative chemist to de- 
vise myriad oxidative syntheses from a limited number of principles. Fortunately, there are already 
available a variety of recent monographs with each presenting a restricted coverage to permit the inclu- 
sion of detailed and useful examples. For the convenience of the reader these articles are listed as refer- 
ences 17 to 32, with the chapter titles included where appropriate. Taken all together they offer the 
reader an interesting panoply of electron-transfer oxidations that are intertwined by the principles out- 
lined herein. 

It is important to emphasize the anodic, chemical and actinic activations of electron-transfer oxidation 
to be complementary methods that all commonly involve the reactive intermediates like those presented 
in equations (la) and (2). As such, cognizance must always be taken of the subtle differences of concen- 
tration, temperature, solvent polarity, etc. that affect the behavior of the transient radicals and ion radi- 



852 Special Topics 

cals sufficient to alter the unique complexion of products obtainable in the course of electrochemical, 
chemical or photochemical oxidation of a given organic substrate. For this reason it is helpful to defme 
first the features that are critical to electron-transfer oxidation, independent of the methodology to be em- 
ployed. These include the consideration of: (a) the driving force for electron transfer in terms of the oxi- 
dation potential Fox of the organic substrate y d  the reduction potential E'nd of the oxidant; and (b) the 
chemical properties of the oxidized donor (RH * )  as well as those of the reduced acceptor (A:). 

7.43 THE FORMULATION OF ELECTRON-TRANSFER OXIDATION 

Electron-transfer oxidation in equation (3b) can be considered to consist of a series of preequilibria, in 
the limit where the radical cation of the organic donor and radical anion of the acceptor are both persist- 
ent species (equation 6a)?3 The first set of brackets encloses the electron donor-acceptor or EDA precur- 
sor complex, and the second set the contact ion pair or CIP successor complex that is constrained by the 
solvent cage.M Intermolecular reactions of RH? that lead to the oxidation products largely occur sub- 
sequent to cage escape (k3). 

kl 4 

k2 
R H + A =  [RH,A] fjtH';,A<] RH: + A: (W 

Electron-transfer oxidation of an organic substrate in equation (6a) derives from a driving force given 
as -AG = F(EOx + E'nd), where F is the Faraday constant and the conversion factor is 1 V 5 23 kcal 
mol-' (1 cal = 4.18 J).* In the simplest cases of anionic donors (e.g. carbanions) reacting with cationic 
oxidants, the ion-pair annihilation will proceed by electron transfer even when the driving force is ender- 
gonic by as much as 0.7 V (i.e. uphill by -15 kcal Moreover electron transfer between un- 
charged donors and acceptors may occur with as little as -0.4 V of driving force. These qualitative 
estimates are of course strongly tempered by solvent effects and inherent factors that are intrinsic to the 
donor and acceptor. The latter in outer-sphere electron transfer is represented by the reorganization en- 
ergy (A) as described by Mar~us.3~ (For an excellent account of the use of Marcus theory in organic 
chemistry the reader is referred to the recent monograph by Eber~on.~') Suffice it to mention here that 
most organic reactions proceed via inner-sphere electron transfer in which the intermolecular interactions 
in the first-formed contact ion pair [RHt,A7] must be explicitly taken into account?* As such, the fa- 
cility with which electron transfer occurs is not so readily predicted from only a knowledge of the 
measurable quantities EDOx, Fred, A(RH), X(A) and AGs. In other words, simply a knowledge of Fox and 
E'd alone is insufficient to predict whether electron transfer will or will not be a viable process in the 
oxidation of the organic donor RH. This caveat must be underscored, since the thermodynamic driving 
force is often and erroneously taken as a predictor of electron-transfer oxidation. At best, the driving 
force (Eox + Ed) relates only to the electron-transfer equilibrium. The critical element in oxidation effi- 
ciency is the behavior of the contact ion pair, as determined by the competition between its formation 
(kl) and further reaction (k3) relative to the energy-wasting, back electron transfer (k2) in equation (6a).32 

7.4.2.1 Oxidation Potentials of Organic Compounds 

Except for very electron-rich organic donors that yield stable, persistent radical cations, the values of 
the one-electron poten!al Fox for equation (la) are not generally available for organic compounds. Thus 
the radical cations RH * that are derived from most organic donors are too reactive to allow the measure- 
ment of their reversible potentials 6, in either aqueous or organic solvents by the standard techniques. 
This problem is partially alleviated by the measurement of the irreversible anodic peak potentials Ea that 
are readily obtained from the linear-sweep or cyclic voltammograms (CV) of RH.39 Since the values of 
E, contain contributions from kinetic terms, a comparison with the values of the thermodynamic Eox is 
restricted to a series of related donors, i.e. Fox = PE. + constant, where p = 1.0, as illustrated in Figure 
2(a).40 It is important to emphasize this limitation when values of Ea (at a constant CV sweep rate) are 
employed as measures of the electron-donor properties of various organic donors, as in Table 1 ?L942 Al- 
ternatively, the energetics of electron detachment from RH are obtained in the gas-phase measurements 
of the ionization potential IP. The ionization potentials of many organic donors have been determined 
experimentally, most conveniently from the photoelectron spectra (PES) obtained by the photoionization 
of RH.43 The values of ZP measured in the gas phase differ from the values Fox in solution largely by 
.solvation, Le. Fox = IP + AG8 + constant, where AGs is the solvation energy of the radical cation, owing 
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to a negligible contribution from the solvation of the uncharged donor RH. Since the variations in AG, 
are usually minor, the values of IP such as those listed in Table 1 can be adequate measures of the elec- 
tron-donor abilities of organic compounds applicable to a particular solvent. This generalization is espe- 
cially tenable for a series of related compounds, as illustrated in Figure 2(b). Independently of whether 
the electron-donor properties are evaluated by such indirect measures as Ep and ZP, note must always be 
taken of the approximations that relate them to the thermodynamic values of 6,. 

~ .. 

IP (eV) E, (V) versus “E 

FIgure 2 (a) Correlation of the reversible oxidation potentials and the vertical ionization potentials of 
methylarenes; (b) the correlation of the standard oxidation potentials & of various allcylbenzenes with the 

irreversible CV peak potentials Er Numbers refer to the aromatic hydrocarbons identified in ref. 40 

Table 1 Some Representative Values of the Oxidation Potentials and Ionization Potentials of Organic Electron 
DonorsP 

Donor (RH) IP E :x Donor (RH) IP E :x 

2-Meth y lpentane 
2.2-Dimethylbutane 
Ethylene 
1-Butene 
1 -0ctene 
2-Meth ylpropene 
2-Butene 
1,4Cyclohexadiene 
1.3-Butadiene 
C clohexene 2-kleth yl- 1 -butene 
2.3-Dimethyl- 1,3-butadiene 

n-Butanethiol 
Dimethyl sulfide 
Diethyl sulfide 
Dimethyl sulfoxide 
Di henylamine 
1 -8aphthylam?ne 
2-Naphthylamine 
Dimeth laniline 
Trieth y k i n e  
Trimeth ylamine 
Aniline 
n-Bu lamine 
N,dimethylacetamide 
Pyridine 

R&f” 
1 .CDioxane 

Thiophene 

Methy 2-1dm;ze I 

Al+sole 

r-Buwl alcohol 

10.1 1 3.01 
10.05 3.28 
10.51 2.90 
9.58 2.78 
9.52 2.70 
9.23 2.65 
9.13 2.21 
8.40 1.60 
9.07 2.03 
8.95 1.98 
9.12 1.97 
8.27 1.84 
9.17 2.04 
9.54 2.12 
9.14 1.34 
8.69 1.26 
8.43 1.35 
8.84 1.73 
7.40 0.53 
7.30 0.34 
7.25 0.44 
7.14 0.45 
7.50 0.79 
7.82 0.82 
7.70 0.70 
8.71 1.87 
8.81 1.82 
9.27 1.82 
8.30 1.73 
8.50 1.04 . 
9.13 1.97 
8.22 1.40 
8.86 1.70 
9.71 2.94 

Benzene 
Toluene 
0-X lene 
rn-&ene 
p-Xy lene 

-Bromotoluene P dobenzene 
Anisaldehyde 
pChlorotoluene 
Chlorobenzene 
Bromobenzene 
Bi henyl 
1 -grOpylbenzene 
2-Prop ylbenzene 
Pentamethylbenzene 
1,2,4,5-TetramethyIbenzene 
1,2,3-Trimethylbenzene 
1,2.4-Trimethylbenzene 
Mesitylene 
Indene 
Hexameth lbenzene 
1,4-Dime&oxybenzene 
Naphthalene 
1 -Methylnaphthalene 
2-Methylnaphthalene 
Phenanthrene 
Anthracene 
Tetracene 
Fluorene 
Tripheny lene 
Coronene 
Pery lene 
Azulene 
Chrysene 

‘IP in eV; E., in V versus Ag+/AgNO3, in MeCN (consult the text in ref. 41 for the reliability). 
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7.4.23 Reduction Potentials of Oxidants (Electron Acceptors) 

The electron-acceptor properties of oxidants are most readily evaluated by the reversible potentials 
End for the one-electron reduction, i.e. equation (6b). Values of E'nd for many types of oxidants, par- 
ticularly those based on transition metal cations, have been tabulated, and some of the more common 
ones in water are listed in Table 2.44 However there are a number of useful oxidants that undergo a 
multiple electron change, e.g. T13+ + 2e- -+ Tl+, 02Cr2+ + 3e- -+ Cf i ,  erc., and E'nd is known only for 
the overall change. With these oxidants, the one-electron potential of relevance to electron-transfer oxi- 
dation must be evaluated separately by such transient electrochemical techniques as linear-sweep micro- 
~oltammetry.4~ Reduction potentials are also highly dependent on the solvent, particularly in those 
oxidants undergoing a pronounced change in charge. Since the values of E'nd are generally unattainable 
in organic solvents, an alternative measure of the electron-acceptor properties of A can be evaluated 
from the irreversible cathodic peak potential Ec. For a series of related compounds the values of Ec can 
parallel the gas-phase electron affinities  EA)?^ (Note the same limitations apply to the use of Ec as those 
described above for the anodic counterpart.) Moreover, there are a number of stable organic and non- 
metallic radicals that are useful in electron-transfer oxidations. Table 3 also includes several varieties of 
organic acceptors that afford persistent radical anions. Owing to their use as photochemical quenchers, 
the enhanced values of the reduction potentials Es and ET for the excited singlet and triplet acceptor 
species, respectively (see ~ Y A  in Figure l), are also included in Table 3.47-59 

E O d  
A + e- = AT (6b) 

Table 2 Reduction Potentials of Some Common Metal Oxidants' 

Oxidant (A) E O d  Oxidant (A) E k d  

Ag" 2.00 Ru" 0.86 
0.80 
1 .26b 

CO"' 1.81 
04BiJV 1.59b TI 
CeIV 1.61 0&evt1 0.77 
(5-N0phen)Fe"' 1.53c Fe"' 0.77 
ORhN 1.43 (phenwe"' 1.33' 

RuIV 1.01 0&lnV" 0.57 

OZVV 1 .oo CUI 0.52 
04RUV"' 1 .00 (NChWV 0.46 
PbIV 1 .65b WV' 0.26 
PllVl  0.92 o4osw1' 0.18' 
Cl6IfV 0.87 CU" 0.17 

Hg" 0.91b 04RU"' 0.59 

Au"' 1.4b (NC)6Fer1' 0.55 

XeFz 2.2b OTi" 0.1 
Pd" 0.92b 02cP 0.06 

'Oneelectron potential ("E) in water with oxo and quo ligands, unless indicated otherwise." ~wo-electron potential. ' M e a .  

7.43 GENERIC BEHAVIOR OF RADICAL IONS AS REACTIVE INTERMEDIATES IN 

The fate of the contact ion pair [RHt,A7] is critical to electron-transfer oxidation. Oxidative emciency 
is the highest with those organic donors that yield unstable radical cations, such as hexamethyl(Dewar 
benzene), which undergoes spontaneous remgement  (equation 

ELECTRON-TRANSFER OXIDATION 
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When such a unimolecular process occurs faster than back electron transfer (k2 in equation 6a), elec- 
CI tron-transfer oxidation in Scheme 1 proceeds rapidly despite an unfavorable driving force (Fox + 

30 kcal mol-l) for electron transfer.62 

Table 3 Reduction Potentials of Organic Electron Acceptorss 

Acceptor (A)  E "d Ref. 

Thianthrenium clod- 
2,4,6-Triphenylpyrilium c104- 
Tropylium BF4- 
Nitrosonium BF4- 
Tris-p-bromophenylaminum BF4- (BA') 
2-Phenylpyrrolinium clod- 
Nitronium BF4- 
1,2,4,5-Tetracyanobenzene (TCB) 
9,lO-Dicyancyanoanthracene (DCA) 
2,6,9,1O-Tetracyanoanthracene (TCA) 
1,4-Dicyanonaphthalene (DCN) 
9-Cyanoanthracene 
1 -Cyanonaphthalene (CN) 
1 ,rl-Dicyanobenzene (DCB) 
Chloranil (CA) 
Dioxygenyl(O2') SbF6- 
2,4,4,6-Tetrabromocyclohexa-2,5-dienone 
Tetracyanoethylene (TCNE) 
Tetracy anoquinodimethane (ICNQ) 
Tetranitromethane (TNM) 
Dioxygen ( 0 2 )  
1 ,2-Benzoquinone 
Dichlorodicyano- 1,4-benzoquinone (DDQ) 
1 ,4-Dinitrobenzene 
Nitrobenzene 
N,N'-Dimethyl-4-bipyridinium (MV2+) c104- 

1.28 
-0.29 (2.8) 

-0.18 
1.28 
0.80 
- (2.9) 
1.27 

-0.65 (3.83) 
-0.98 (2.88) 
-0.45 (2.82) 
-1.28 (3.45) 
-1.39 (2.96) 
-1.98 (3.75) 
-1.60 (4.2) 
0.02 [2.70] 

5.3 
0.29 
0.24 
0.19 

-0.0 
-0.78 (0.98) 
0.12 [2.3] 

0.52 
-0.69 [2.6] 

-0.45 [3.1] 
-1.15 

47 
48 
49 
50 
51 
52 
50 
53 
53 
53 
53 
53 
54 
53 
55 
56 
57 
58 
53 
59 
55 
53 
55 
55 
55 
53 

'In V versus SCE in MeCN solution; Es (parentheses) and ET [brackets] in eV. 

r~ 

Scheme 1 

-c g+ o ( g )  i.. .. + .' ,' 
\ ........ 

Analogously, those oxidants that produce unstable radical anions, e.g. tetranitromethane, which suffers 
spontaneous fragmentation (equation similarly facilitate electron-transfer oxidation by pulling the 
redox equilibria in equation (6a) to the right. As a result, the alkene addition of tetranitromethane 
(Scheme 2) occurs despite an unfavorable redox equilibrium.64 
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Scheme 2 

Moreover, the facile bimolecular reactions of the cationic donor R" and/or the anionic acceptor A:, 
especially with additives that are present during oxidation, can accomplish the same displacement of the 
redox quilibria in measure with the competition from back electron transfer. For example, the =ne ac- 
tivation with nitrosonium ion merely reaches a low steady-state concentration of the radical pair, which 
persists indefinitely in quation (13). However, oxygen rapidly traps even small amounts of nitric oxide 
to render back electron transfer ineffective, and successfully effects aromatic nitration (Scheme 3).65 

ArH + NO' 7 [ArH:, NO] (13) 

fast 
[ArH:,NOl + 1 / 2 0 2  - [ArHt,N02] - ArNO2 + H+ (14) 

Scheme 3 

In the related photochemical context, the EDA complex of hexamethylbenzene and maleic anhydride 
merely reaches a photostationary state (equation 15; Scheme 4) with no productive photochemistry, ex- 
cept when acid is present to trap the acceptor anion on its way to the photoadduct in equation ( 16).66 

c 

I- 

L 

Scheme 4 

OH 1 I 

Owing to the central role of radical cations and radical anions, any general description of electron- 
transfer oxidation must rely on their individual behavior, as described in the next ~ e c t i o n ? ~ * ~  
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7.43.1 Chemistry of Organic Radical Cations 

With few exceptions the removal of a bonding electron from the HOMO generates a radical cation of 
greatly enhanced reactivity in both fragmentation and rearrangement as well as homolytic and electro- 
philic activity. For purposes of organization the reactions of organic radical cations can be broadly 
classified according to their kinetic behavior, unimolecular retctions occurring optimally within the con- 
tact ion pair [RHt,A7] and the bimolecular reactions of RH * taking place largely after diffusive separ- 
ation as in equation (6a). 

Unimolecular reactions of organic radical cations are fragmentation, rearrangement and cyclization, as 
illustrated by the following generic examples. The specific details of each of these transformations are 
included in Section 7.4.6. (Note Ar and R represent aryl and alkyl groups, respectively.) 

7.43.1.1 u-Fnrgmentation 

ArAC02Ht - Ar-CH2* + C02 + H+ 

/ R-CHI' + R,M+ 

\ 
R e m ,  

R - C H ~  + R,M* 

M = Si, Sn, Pb, Hg, Mg, B, etc. 

&' - 0 + N2 

7.4.3.1.2 PFmgmentation 
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7.43.1 3 Reamangemeni 

kAr 
qm 

Ar 

Ph 

Special Topics 

Ph 

= $: 
k 

k 
Ph 

7.43.1.4 Cyclimbn 

Ar Ar 

k Ar 

k 

Bimolecular reactions of organic radical cations relating to their ambivalent character involve the re- 
actions with bases, nucleophiles and radicals. 
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7.43.1.5 Deprotonation 

M H 3 t  + Py - M H z *  + PyH’ 
Py = pyridine 

+ 
Me3CH* + HzO - Me$* + H30+ 

(Note hydrocarbon radical cations ace conjugate acids of the hydrocarbyl radical.) 

+ 
Et3N* + MeOH - EhNCkMe + MeOH: 

7.43.1.6 Nucleophilic oddf#on 
+ 

H ~ C = C H ~ -  + H ~ O  - HO-CH,* + H+ 

’8 ’ + Nu- - 
Nu 

Nu = amine, OAc-, O H ,  CN-, MeOH, etc. 

7.43.1.7 Dimerization 

W 

Ph. .Ph 

Ph 

Ph 

7.43.1.8 Cycrwddition 
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7.43.1.9 Homolytic adiiition 

J-J .....-..' 
R 

7.43.1.10 Elcctron transfer 

7.43.2 The Follow-up Reactions of Organic Radical Cations 
Each of the generic reactions of organic radical cations (as presented in Sections 7.4.3.1.1-7.4.3.1.10) 

generates a new radical and cation center. In the dissociative processes (such as a-fragmentation and de- 
protonation) the radical and cation centers become separated; the further follow-up oxidations of the un- 
charged organic radical by electron transfer and ligand transfer are already well and the 
reader is referred to several monographs on free radical ~ h e m i s t r y . ~ ~ * ~ ~  Suffice it to mention two exm- 
ples here to illustrate this point with the electron-transfer oxidation of acids by LTA (equations 17 
and 18)." 

Thus the fvst electron transfer to P P  relates to the reaction (a) in Section 7.4.3.1.1, and the second in- 
volves the oxidation of the cyclobutyl radicals either by electron transfer/deprotonation with Curl in 
equation (17) or by ligand transfer of chlorine with P P C l  in equation (18). When the product of a 
generic reaction is itself a radical cation (such as in Sections 7.4.3.1.8 and 7.4.3.1.9), an electron-transfer 
chain or ETC process73 can ensue, as in the hole-catalyzed cycloadditions and autoxidations of 
d i e n e ~ . 7 ~ * ~ ~  The electron-transfer propagation sequence for the latter is simply given as in equations (19) 
and (20). 
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+)-( + 0 2  - (20) 

7.433 Chemistry of Organic Radical Anions 

ready unimolecular decomposition, as given by the following generic examples?6*77 
Electron attachment to the LUMO of an organic acceptor can produce a radical anion that is subject to 

7.433.1 Fragmentation 

Arxs - A r m  + x- (a) 
X = I  > Br > C1 

R=alkyl ,H 

Bimolecular reactions of radical anions are largely restricted to m n e  acceptors owing to their gener- 
ally more persistent character. The ambivalence of arene radical anions generally relates to the reactivity 
towards acids, electrophiles and electron acceptors. 

7.433.2 Protonation 
H 

X 
ArXs + H+B- + B- B- = base 

7 .4333  Electrophilic addition 

7.433.4 Electron tmnqfer 

ArHS + ArX - ArH + k X y  

ArHS + RX - ArH + R* + X- 
(See nucleophilic aromatic substitution (SW) in Volume 4, Chapter 2.1) 

k H y  + 0 2  - ArH + 02' 
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7.4335 Dimerizationldisproportiorrcrtion 

R R R  

R R R  
2 )=o; - -o.++o- 

(-J - i 2 - :  0.0 I - I  - I**. .. ,,.,*' .. . . . . . 
2 !  5 : 

'.. .e 
*. . . . . . .,' 

Although it may appear that the collapse of the contact ion pair [R",A7] with bond formation would 
frequently be the most favored pathway for its annihilation, only a few examples are presently available. 
These include the osmylation of arenes to be described in Section 7.4.4.8 (equation 24), as well as the 
following examples. 

7.433.6 C-C bond f ~ r n r c r t i o n ~ ~ ~ ~ ~  

Z-CN 

7.433.7 [3 + 21 cycloaddition80 
" 

7.4.33.8 [4 + 21 cycZoaaiiitiongl 

In each case the formation of the o-bond(@ between R" and A7 must compete with back electron 
transfer. 

7.4.4 THERMAL AND PHOTOCHEMICAL ACTIVATION OF ELECTRON-TRANSFER 
OXIDATION 

When the oxidation*duction equilibria in equation (6a) are included, the thermal activation of elec- 
tron-transfer oxidation in equation (3b) follows a course that is akin to the charge-transfer activation in 
equation (5). In both, the EDA complex [RH,A] is the important precursor which is directly converted 
into the critical contact ion pair [RH?,A7]. Such an involvement of reactive intermediates in common 
does widen the scope of electron-transfer oxidations to include both thermal and photochemical pro- 
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cesses in related contexts. The latter is especially useful in organic synthesis since a much wider range of 
organic acceptors become employable as oxidants that are otherwise too weak to effect the thermal oxi- 
dation of many organic donors. Accordingly, it is necessary to delineate the intimate relationship be- 
tween charge-transfer activation and thermal activation, especially with regard to the reactive 
intermediates. 

The osmylation of arenes (Ar) with osmium tetroxide is a particularly informative system with which 
to illustrate the close interrelationship between the thermal and photochemical activation of electron- 
transfer oxidation. For example, a colorless solution of osmium tetroxide in n-hexane or dichloromethane 
upon exposure to benzene turns yellow instantaneously.82 With durene an orange coloration develops 
and a clear bright red solution results from hexamethylbenzene. The quantitative effects of the dramatic 
color changes are illustrated in Figure 3 by the spectral shifts of the electronic absorption bands that ac- 
company the variations in aromatic conjugation and substituents. The progressive bathochromic shift 
parallels the decrease in the arene ionization potentials (IP) in the order: benzene 9.23 eV; naphthalene 
8.12 eV; anthracene 7.55 eV. Such spectral behaviors are diagnostic of electron donor-acceptor com- 
plexes [Ar,OsO4-]. According to M~ll iken,*~ the new absorption bands derive from charge-transfer exci- 
tation with the energetics defined byg4 hvcr = IP -EA - o, where EA is the electron affinity of the Os04 
acceptor and o is the dissociation energy of the CT excited ion-pair state [Ar',OsO4-]. 

I vi Naphthalenes 

Wavelength (nm) 

Figure 3 Charge-transfer absorption bands from OsQ and: (a) benzene, durene and pentamethylbenzene; 
(b) naphthalene, 1,4-dimethylnaphthalene, and 1 -methoxynaphthalene; (c) 9,lO-dibromoanthracene, 

anthracene and 9,lO-dimethylanthracene. Solution of Os00 only (- - 1 

7.4.4.1 Thermal Osmylation of Naphthalene, Anthracene and Phenanthrene 

Benzene shows no signs of osmylation in the absence of light, as indicated by the persistence of the 
yellow color of the [c6H6,oSo4] complex in n-hexane even upon prolonged standing. On the other hand, 
the orange CT color of the phenanthrene complex [C14H1010s04] slowly diminishes over a period of 
weeks, accompanied by the formation of a dark brown precipitate of composition C14H100~04. Dissolu- 
tion of the solid in pyridine yields the 1:l adduct (1; ClbIloOsO4pyz) as the sole product in very low 
conversion. Anthracene behaves similarly to afford the 2:l adduct in 10% conversion only after two 
months. The thermal osmylation can be expedited in a purple solution of refluxing n-heptane (100 'C) to 
effect a 68% conversion in 30 h. However even at these relatively elevated temperatures naphthalene is 
converted to the corresponding 2: 1 adduct to only a limited extent. In every case the dark brown primary 
adducts are easily collected from the reaction mixture as insoluble solids, and then immediately ligated 
with pyridine for structural characterization. Indeed the characteristic IR and 'H NMR spectra of the an- 
thracene, phenanthrene and naphthalene adducts (2), (1) and (3) respectively, allow the ready analysis of 
the osmylated adducts. Since these adducts are derived from the arenes with only Os04 present, the 
chemical transformation is hereinafter designated as the direct thermal or DT osmylation. For compari- 
son, the same polynuclear arenes can be osmylated in the presence of promoter bases, typically pyridine. 
Under these conditions the adducts (2). (1) and (3) are formed directly in the reaction mixture and at sub- 
stantially increased rates of reaction, as previously established with the related family of alkene sub- 
s t ra te~?~ Such a procedure differs visually from the DT osmylation described above in that the 
charge-transfer colors are not observed as transients, owing to the preferential complexation of Os04 
with pyridine. Accordingly, this promoted thermal or PT osmylation is to be distinguished by the en- 
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hanced reactivity of the pyridine complex relative to the free Os04 in the DT osmylation. The corre- 
sponding increase in the yields of adducts such as (2), (1) and (3) within a shorter span of reaction times 
is apparent from the comparison of the results of DT and PT osmylations. 

0,m 

7.4.4.2 Charge-transfer Osmylation of Benzene, Naphthalene and Anthracene 

The various charge-transfer colors for the different arene complexes with Os04 are persistent for days. 
However when the colored solutions are deliberately exposed to visible light with energy sufficient to 
excite only the charge-transfer band, they always deposit a highly insoluble, dark brown solid of the 
Os04 adducts obtained from the direct thermal osmylation of arenes (vide supra). Since this actinic pro- 
cess must have arisen via the electronic excitation of the EDA complex, it is referred to hereafter as 
charge-transfer or CT osmylation for individual arenes. For example, the irradiation of the charge-trans- 
fer bands (see Figure 3) of the Os04 complexes with various benzenes, naphthalenes and phenanthracene 
yields the same osmylated adducts such as (3) and (2) described above.86 Anthracene is unique in that it 
affords two entirely different types of products upon the photoexcitation of the EDA complex 
[C1&1o,OsO4] in dichloromethane and hexane, despite only minor solvent effects on the charge-transfer 
bands. Irradiation of the purple solution of anthracene and Os04 in dichloromethane at X > 480 nm yields 
the 2:l adduct (2) together with its syn isomer as the sole products. On the other hand, irradiation of the 
same purple-colored solution in n-hexane under otherwise identical conditions leads to a small amount of 
polymeric osmium dioxide (0~02)~. Work-up of the hexane solution yields anthraquinone as the major 
product contaminated with only traces ( 4 % )  of the 2:l adduct (2). Interestingly, even higher yields of 
anthraquinone are obtained from 9-bromo-, 9-nitro- and 9,lO-dibromo-anthracene when the CT osmyla- 
tion is carried out in n-hexane. Such an accompanying loss of the electronegative substituents (X = Br, 
NOz) probably occurs via osmylation at the meso (9,lO) positions followed by oxidative decomposition 
of the unstable adduct with the stoichiometry shown in equation (21). 

peO2 

(21) &J + os04 - c814 hva 9 3  ' \  \ - * +. os02 + Hx 

0 

7.4.43 Time-resolved Spectra of Arene Radical Cations in Charge-transfer Osmylation 
In order to identify the reactive intermediates in the charge-transfer excitation of arene-oSo4 com- 

plexes, the time-resolved spectra are measured immediately following the application of a 30 ps pulse 
consisting of the second hannonic at 532 nm of a mode-locked Nd:YAG laser. The wavelength of this 
excitation source corresponds to the maxima (or near maxima) of the charge-transfer absorption bands of 
the series of anthracene complexes with osmium tetroxide illustrated in Figure 3(c). Accordingly, the 



Electron-transfer Oxidation 865 

time-resolved spectra from the anthracene-0~04 system relate directly to the CT osmylation since there 
is no ambiguity about either the adventitious local excitationE3 of complexed (or uncomplexed) chromo- 
phores, or the photogeneration of intermediates that did not arise from the photoexcitation of the EDA 
complex. Indeed, intense absorptions are observed in the visible region between 700 and 800 nm from 
the excitation of the anthracene-0~04 complex, as shown in Figure 4(a). This time-resolved absorption 
spectrum from anthracene is obtained in the time interval of -30 ps following the application of the 532 
nm laser pulse. Comparison with the steady-state absorption spectrum of the anthracene radical cation 
(see inset Figure 4(a) generated by the spectroelectrochemical technique?' thus establishes the identity 
of the charge-transfer transient. Similar time-resolved spectra of arene radical cations are obtained from 
various anthracene and naphthalene EDA complexes despite the excitation of only the low-energy tails 
of the CT bands in Figure 3 with the 532 nm laser pulse. The evolution of the anthracene radical cation is 
followed by measuring the absorbance change at Am, = 742 nm upon the charge-transfer excitation of 
the EDA complex with a single laser shot of -10 d. The time evolution of the absorbance shown in Fig- 
ure 4(b) includes the initial onset for -20 ps owing to the rise time of the 30 ps (fwhm) laser pulse. The 
first-order plot of the decay portion is shown in the inset to the figure. Decay curves similar to those 
shown in Figure 4(b) are also observed for the disappearances of the radical cations derived from all of 
the other arene-0~04 complexes. In each case the highest concentration can be obtained of the arene 
radical cation, the decays of which are all first-order processes. The magnitudes of the rate constant kl 
are applicable to the complete disappearance of Art, as indicated by the return of the radical cation ab- 
sorbances to the baseline. 

0- 600 700 

Wavelength (nm) 
0!20 b io 4b i o  i o  I l k  1:o I 

Time (ps) 
3 

Figure 4 (a) Transient absorption spectrum of the cation radical from anthracene at -40 ps following the 532 nm 
CT excitation of the Os04complex with a 30 ps (fwhm) laser pulse. The inset is the steady-state spectrum 
of A r t  obtained by spectroelectrochemical generation. (b) Appearance and decay of the radical cation 
from anthracene by following the change of the absorbance at X, = 742 nm. The inset shows the 

first-order plot of the absorbance decay subsequent to the maximum at -20 ps 

7.4.4.4 Common Features in Thermal and Charge-transfer Osmylations 
The [Ar,OsO4] complexes are involved as the common precursors in the oxidative addition of osmium 

tetroxide to various arenes by the three independent procedures designated as direct thermal (DT), pro- 
moted thermal (PT) and charge-transfer (CT) osmylation. For example, the anthracenes react rather 
slowly with osmium tetroxide via the EDA complex to effect DT osmylation in nonpolar solvents and af- 
ford 2:1 adducts that are then converted to the more tractable pyridine derivatives such as (2). Alterna- 
tively, the same ternary product (2) is directly formed at a significantly enhanced rate by the PT 
osmylation of anthracene with a mixture of Os04 and pyridine. Finally, the Os04 adduct to anthracene is 
instantly produced by CT osmylation involving actinic excitation of the [Ar,Os04] precursor complex. 
As such, the three procedures represent different activation mechanisms for arene oxidation. Thus DT 
and FT osmylations are adiabatic processes in which the transition states are attained via the collapse of 
an arene donor with the Os04 and the base-coordinated osOs(Py) electrophile, respectively. On the other 
hand, CT osmylation is a nonadiabatic process resulting from the vertical excitation of the [Ar,OsO4] 
complex. For the latter, time-resolved picosecond spectroscopy can define the relevant photophysical 
and photochemical events associated with the charge-transfer excitation of an arene EDA complex, as 
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previously established with arene complexes involving other electron acceptors. Accordingly, the CT os- 
mylation is delineated first and then related to DT and PT osmylation. Before proceeding, however, it is 
important to emphasize that the DT, FT and CT osmylations all share in common the formation of the 
1: 1 osmium(V1) cycloadduct ArOs04 in the initial rate-limiting step, since the concomitant loss of aro- 
maticity produces a reactive alicyclic diene that is highly susceptible to the further thermal osmylation.88 
The universal adherence to the 2: 1 adduct k ( o S 0 4 ) 2  (except phenanthrene), irrespective of the molar ra- 
tios of arene/OsO4 and the particular procedure employed, accords with the rapid addition of a second 
mole of Os04 in DT, PT and CT osmylations. This allows the focus on the formation of a single inter- 
mediate k o s o 4  in order to delineate the unifying activation processes for DT, PT and CT osmylations. 

7.4.4.5 Electron Transfer in the Charge-transfer Osmylation of Arenes 

The direct observation of the reactive intermediates by the use of time-resolved picosecond spectros- 
copy and fast kinetics (Figure 4) enables the course of CT osmylation to be charted in some detail. The 
analysis proceeds from the mechanistic context involving the evolution and metamorphosis of the CT ion 
pair, as summarized in Scheme 5 (the brackets denote solvent-caged pairs) for the critical initial step 
(equation 24) to form the 1: 1 adduct to a benzene donor. 

Scheme 5 

All the experimental observations on CT osmylation indeed coincide with the formulation in Scheme 
5. Thus the exposure of arene to osmium tetroxide leads immediately to new absorption bands (Figure 3) 
that are readily associated with the formation of the EDA complex in equation (22). These binary com- 
plexes are always present in low steady-state concentrations owing to the limited magnitudes of K deter- 
mined by the Benesi-Hildebrand method. The complexes are so weak that every attempt at isolation, 
including the freezing of various mixtures of Os04 in neat aromatic donors, merely leads to phase separ- 
ation. The absorption bands are thus properly ascribed to contact charge transfer, as formulated by Orgel 
and M~lliken?~ who predicted the CT absorption bands in these EDA complexes to be associated with 
the electronic excitation to the ion-pair state (equation 23). As such, the time-resolved spectrum in Figure 
4(a) indicates that the formation of the arene radical cation occurs within the rise time of the 3Ops laser 
pulse. (The accompanying presence of the perosmate(VI1) (OsO4-) counteranion is obscured by the arene 
absorptions.) The electron transfer from the arene donor to the Os04 acceptor in the EDA complex in 
equation (23) effectively occurs with the absorption of the excitation phfton (hum), in accord with Mul- 
liken's theory. Furthermore the appearance at e30 ps demands that Ar * and 0 ~ 0 4 '  are born as an inti- 
mate ion pair with a mean separation essentially that of the precursor complex [Ar,OsOs] since this 
timescale obviates significant competition from diffusional processes. The seminal role of the ion pair 
[Ar+,OsO4-] as the obligatory intermediate from the photoexcitation of the EDA complex must be in- 
cluded in any formulation of CT osmylation, by taking particular note of how it decays. The spontaneous 
collapse of the CT ion pair in equation (24) represents the most direct pathway to arene cycloaddition- 
the measured half-life of T 5 35 ps for the disappearance of the anthracene radical cations in Figure 4(b) 
largely precluding diffusive separation of such ion pairs. However the magnitudes of the product quan- 
tum yield, +p 5 1p2, indicate that the primary route for ion-pair decay is the back electron transfer (k2) as 
the reverse step of equation (23). Such an energy-wasting process with an estimated rate constant of k2 = 
10" s-l, derives from a highly exergonic driving force that is estimated to be AG 5 -30 kcal mol-', based 
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solely on the standard redox potentials of E' = +1.30 and -0.06 V for anthracene and the perosmate(VI1) 
anion, respectively. More relevant to this issue is an estimated fust-order rate constant for cycloaddition 
of k, = lo9 s-I for the ion-pair collapse to the arene cycloadduct in Scheme 5. Such a relatively large rate 
constant also points to a highly exergonic (bond-making) process for the cycloaddition in equation (24). 
Therefore the selectivity in adduct formation can be considered for various polynuclear arenes in which 
the initial addition of Os04 is possible at several sites. The regiospecificity observed in the CT osmyla- 
tion of phenanthrene and 1,4-dimethylnaphthalene to produce only one isomeric adduct, (1) and (3). re- 
spectively, accords with the reactive site centered on the arene HOMO.% However in the extended 
polynuclear anthracenes the separation of the HOMO and subjacent SHOMO (Le. HOMO-1) is not so 
well delineated?' and the regiospecificity is strikingly modulated by solvent polarity. Ion-pair annihila- 
tion is known to occur with the greatest ease in highly nonpolar alkanes.= Accordingly in n-hexane as 
solvent, the immediate collapse of the first-formed ion pair (4) centered at the anthracene HOMO is ex- 
pected to occur at the meso (9,lO) positions. Such an ion-pair collapse would produce anthraquinone in a 
manner similar to that presented in equation (21). On the other hand, the formation of only adduct (2) 
from the initial addition of Os04 to the terminal ring (5) represents a very unusual regiospecificity inso- 
far as other addition (and substitution) reactions of anthracene are concerned. It suggests that the initially 
formed HOMO ion pair (HIP) has time to relax in the more polar dichloromethane medium to the 
isomeric SHOMO ion pair (SIP) that rapidly leads to adduct (2). This proposal receives support from the 
observation of adducts related to (2) from the CT osmylation of both 9-methyl- and 9,lO-dimethyl-an- 
thracene in hexane. The enhanced stability of the radical cations from these relatively electron-rich an- 
thracenes will optimize the opportunity to convert the HIP to the more reactive SIP even in the nonpolar 
hexane medium, particularly if the collapse of the former is reversible. 

7.4.4.6 Electron Transfer as the Common Theme in Arene Osmylation 

The wide-ranging reactivity of various aromatic hydrocarbons to Os04 offers the unique opportunity 
to probe the activation process for oxidative osmylation, especially with regard to the role of the EDA 
complex and the reactive intermediates. In particular, the deliberate photoexcitation ( h m )  of the EDA 
complex in hexane or dichloromethane effectively activates various arenes including benzenes, naph- 
thalenes and anthracenes to CT osmylation. This photoactivated process is readily associated with the 
charge-transfer ion pair, Le. equation (25), as established by the growth and decay of arene radical ca- 
tions with the aid of time-resolved picosecond spectroscopy. When kept in the dark, the same solutions 
of the EDA complexes slowly afford arene-0~04 adducts that are identical to those derived by CT os- 
mylation. Indeed the close kinship between the thermal and charge-transfer activation of osmylation is 
underscored by the unique adduct (2) in which Os04 addition occurs exclusively to the terminal ring and 
not to the usual meso (9,lO) positions of anthracene. The activation process to form the kindred adiabatic 
ion pair [Ar+,0~04-]~ in the thermal osmylation provides the unifying theme in arene oxidation. Further- 
more the promoted thermal osmylation of arenes viu the five-coordinate pyridine analog OsOsPy is re- 
lated to the widely used procedure for alkene blbZydroxylationE8 and the same regiochemistry is 
observed, especially with anthracene donors, indicating that the activated complex for PT osmylation is 
strongly related to that for DT osmylation. 

The variable regiochemistry observed in the collapse of [Ar',O~04~] to the cycloadduct m s o 4  
underscores the importance of CIP structures in determining the course of electron-transfer oxidation. 
Since CIP structures are not readily determined as yet, the structural effects induced by qualitative 
changes in solvent polarity, salts, additives and temperature are reaction variables that must always be 
optimized in the synthetic utilization of electron-transfer oxidation by either thermal or photochemical 
activation. 
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7.45 ELECTRON-TRANSFER OXIDATION VERSUS ELECTROPHILIC OXIDATION 

With oxidants such as Mnvil, CrW, BiV, PVv, "Irn, Pd", erc. (as well as most organic electron ac- 
ceptors) that are capable of several electron changes, the multistep electron-transfer oxidation of an or- 
ganic donor must be distinguished from the one-step electrophilic process. Thus a series of one-electron 
transformations will always have a concerted counterpart. This dichotomy can be considered in the oxi- 
dative thallation and mercuration of arenes with thallium(1II) and mercury(I1) trifluoroacetates, in which 
kinetic studies establish the principal active forms of the electrophile to be the cationic Tl(OqCCF3h+ and 
the neutral Hg(02CCF3)2, respe~tively?~ Thus the ionic dissociation of mercury(I1) trifluoroacetate to the 
cation is not important, even in the polar trifluoroacetic acid with a dielectric constant of E C F ~ O ~  = 42.1. 
On the other hand, the uncharged form of thallium(II1) trifluoroacetate is an inactive electrophile. As 
such, thallation requires prior dissociation primarily to the monocation for activation even in the nonpo- 
lar dichloromethane ( E C H ~ I ~  = 9.08). The second dissociation to the dication (equation 26) can also be 
relevant (vide infra). Although the active electrophiles Hg(@CCF3)3 and Tl(@CCF3h+ are isoelectronic 
(and probably isostructural) species, they basically differ in the charge they bear. Accordingly, the acti- 
vation processes for mercuration and thallation show strong similarities, although at the same time they 
exhibit some striking differences. 

Tl(02CCF3)3 Tl(02CCF3): + CF3COy e Tl02CCF32+ + 2CF3C02 (26) 

(a) 

25/p 
*e? 

1 -  

xx' 

-e qfe 4 
I I 1 I 

7.45.1 EDA Complexes as Intermediates in Mercuration and Thallation. Comparison of Their 
Ground and CT Excited States 

Quantitative spectrophotometric analysis establishes the transient charge-transfer absorption spectra 
observed during mercuration and thallation to derive from the same electrophilic species involved in the 
kinetics, viz. Hg(02CCF3)2 and Tl(o2CCF3)2+, respectively. Indeed these species form two series of 
arene-EDA complexes, [ArH,Hg(02CCF3)2] and [ArHlTl(O2CCF3)2+], which bear strong resemblances 
to each other, both in the ground state and in the CT excited state (CIP). Ground state similarities of the 
mercury(I1) and thallium(II1) EDA complexes are reflected in the linear relationship of the association 
constants (log K )  in Figure 5(a), which indicates that the stabilization of both series of EDA complexes is 
affected in the same way with changes in the arene structure. The correlation with a slope of 1.4 indi- 
cates that the cationic complexes [ArH,Tl(02CCF3)2+] are stabilized about 40% more than their neutral 
counterparts [ArH,Hg(02CCF3)2]. CT excited state similarities of the arene complexes of Hg(02CCF3)2 
and Tl(02CCF3)2+ are revealed in the parallel trend in their absorption bands in Figure 5(b). Thus for 
weak electron donor-acceptor complexes of the type described as EDA complexes, the spectral transi- 
tion h m  represents an electronic excitation of the arene moiety from the neutral ground state to the con- 
tact ion pair, Le. its photoionization to an electrophilic acceptor.83 For the mercury(I1) complexes the 
relevant CT transition conesponds to equation (27), and for the thallium(II1) complexes it is as shown in 
equation (28). 

290 300 310 

Figure 5 Ground-state and excited-state similarities of the arene vcomplex of mercury(I1) and thallium(1II). as 
shown by (a) association constants (K) and (b) CT absorption spectra (A,) 

hvcr 
[ArH, Hg11(02CCF3)2] - kHf, Hg1(02CCF3)2T I (27) 
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Both series of EDA complexes share the arene cation in the form of the radical pair shown in the brac- 
kets in equations (27) and (281, as the CT excited state according to expectations of Mulliken theory. The 
slope of 1.3 in the linear correlation (Figure 5b) indicates that the energy of the CT excitation of the ca- 
tionic EDA complex from Tl(02CCF3)2+ is merely -30% more sensitive to changes in arene structure 
compared to that derived from Hg(02CCF3)2. Otherwise both series of EDA complexes show parallel be- 
havior in the transformation to the CT excited state. The similarity in the EDA complexes of 
Hg(02CCF3)2 and Tl(&CCF3)2+ with the series of sterically crowded 1,3,5-triakylknzenes indicates 
that the CT interaction occurs at relatively long range. The latter is confirmed by the pair of long Hg-C 
bond distances in the q2-bonding of the electrophilic mercury(1I) to the hexamethylbenzene donor as 
determined by X-ray crystallography.94 As a result, any minor difference which may exist in the steric 
properties of Hg(02CCF3)2 and Tl(02CCF3)2+ is expected to be obscured in the EDA complexes, both in 
the ground state and in the CT excited state. 

7.45.2 Comparison of the Activation Barriers for Mercuration and Thallation 

The kinetic studies also establish the neutral Hg(02CCF3)2 and the cationic Tl(O2CCF3)2+ to be the 
principal electrophiles in mercuration and thallati~n?~ respectively. The reactivity trends in the two types 
of metallations are quantitatively compared with a graded series of arene ranging from the electron-rich 
mesitylene at one end to the least reactive arene chlorobenzene at the other extreme. The relative re- 
activity of an arene to electrophilic metallation is represented by the activation free energy difference: 
AG? = -2.3RT log knl, where kni = k/ko represents the second-order rate constant relative to that of ben- 
zene (ko) arbitrarily chosen as the reference arene. The direct comparison between mercuration and thal- 
lation is shown in Figure 6, in which the logarithms of the ratio of second-order rate constants for 
mercuration are plotted against those for thallation in trifluoroacetic acid. The striking linear free energy 
correlation spans more than six orders of magnitude in rate with a 1: 1 relationship, as shown by the fit of 
the data to the line drawn with a slope of unity. In other words, those factors relevant to surmounting the 
activation barrier for mercuration are mirrored in exactly the same way during thallation as a conse- 
quence of systematic changes in the arene donor. 

Figure 6 Direct relationship of the relative reactivities (km,) of arenes in mercuration and thallation 
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7.453 Correlation of the Rates of Mercuration and Thallation with the CT Excitation Energies 
of the EDA Complexes 

The relative reactivities of arenes to metallation are represented by the activation free energy dif- 
ference AGr* (vide supra). In the same way, the transition energy hum associated with the charge-trans- 
fer excitation of the EDA complex can be evaluated from the absorption spectrum (Am) by a similar 
comparative method, i.e. Ahvcr = hvcr - hvOcr, where h@cr is the CT transition energy of the benzene- 
EDA complex. In the comparative method the values of Ahvcr focus primarily on the contribution from 
the arene moiety, since the electrophile component largely cancels out in the difference procedure. In the 
comlation of the activation barriers with the CT excitation energies, a linear plot is observed for the CT 
transition energy with a slope of close to unity. In other words these mercuration rates relate to the CT 
excited state of the EDA complex with a free energy relationship described as: log Wko = -Ahvcr/2.3 RT 
+ constant. 

7.45.4 The Relevance of Arene Radical Cations in Electrophilic Aromatic Substitution 

The linear free energy relationship observed for arene donors relates the activation barrier AGt for aro- 
matic substitution directly to the CT transition energy hvcr of the EDA complex. Since hvcr pertains to 
the energetics of the photoionizations in equations (27) and (28), the correlation suggests that these arene 
contact ion pairs are reasonable approximations to the transition states for both mercuration and thalla- 

[ArHZ, Hg(02CCF3)zS1 

ke - - [ArH:, Hg(02CCF3)2 r] 

Scheme 6 

In Scheme 6 the activation step for electrophilic substitution proceeds by electron transfer (ke) to the 
arene ion pair, which is to be likened to the photoactivation of the EDA complex in equations (27) and 
(28). The substitution product determining process (ks) is then dependent on the rate constants kc and kd 
for collapse to the Wheland intermediate and diffusive separation to free ions, respectively. Since the rate 
constant kd is likely to be invariant between a given electrophile and a series of structurally related 
arenes, the rate of aromatic substitution will be strongly mediated by the value of kc. As the rate of arene 
ion pair collapse is retarded, the competition from back electron transfer (L) will become increasingly 
important. Under these circumstances the reaction rate will no longer follow the linear free energy rela- 
tionship (vide supra). Indeed at some point back electron transfer will dominate (Le. ke >> kc), and it is 
conceivable that little or no thermal reaction will take place. The experimental variables pertaining to 
electronic effects, steric effects, solvent effects, and product studies can be reconciled with Scheme 6 in 
terms of the facility with which such an arene ion pair collapses. For example, electronic effects in the 
collapse of the arene ion pair can be viewed as the influence of substituents on the spin density in the 
singly occupied orbital (SOMO) requisite to bond formation in equation (30). With mesitylene as the 
donor, the pair collapse at any of the three unsubstituted nuclear positions is unimpeded since the SOMO 
is degenerate. Similarly the SOMOs in the cations of p-xylene, rn-xylene, and pseudocumene are condu- 
cive to pair collapse at the free positions owing to the available spin densities. By contrast, the SOMOs 
of the cations of durene and pentamethylbenzene have nodes at the free 3- and 6-positions and collapse 
therefore is not favored at these positions. Indeed the lack of spin density at these positions of durene and 
pentamethylbenzene cations accords with the observed magnitudes of the ‘H hyperfine splittings in the 
ESR spectra,% i.e. (6) and (7) respectively. 

Thus the pair collapse of durene and pentamethylbenzene cations is only favored at the already sub- 
stituted ipso positions, and is probably a reversible process. Product studies provide a divergent view of 
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the arene ion pair collapse during mercuration and thallation. The dichotomy is most pronounced in pen- 
tamethylbenzene. Thus the treatment of pentamethylbenzene with Hg(OZCCF3)2 affords the substitution 
product pentamethylphenylmercury Erifluoroacetate in high yields (equation 33). 

No transient intermediates other than the wcomplex are observed in either the UV-visible or ESR 
spectra. On the other hand, the thallation of pentamethylbenzene proceeds only 26% to nuclear substitu- 
tion, the remainder being accounted for by side products resulting from side chain substitution and dimer 
formation (equation 34). 

Such side products are known to derive from the radical cation of pentamethylbenzene! i.e. equations 
(35) and (36). 

Indeed the diversion to side products during thallation coincides with the direct observation of the 
arene radical cation as a transient intermediate both by UV-visible and ESR spectroscopy. A similar di- 
chotomy between the products of mercuration and thallation exists with durene, albeit to a lesser degree. 
Finally no discrepancy is observed with mesitylene, nuclear substitution occurring exclusively in both 
mercuration and thallation. Such a divergence between mercuration and thallation can be reconciled by 
the formulation in Scheme 6 if they differ by the extent to which diffusive separation (h) occurs in equa- 
tion (31). All factors being the same, diffusive separation of the radical pair from thallium(II1) should 
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occur more readily than that from mercury(I1) owing to a significant difference in the coulombic interac- 
tions, the arene ion being paired with the anionic Hg1(02CCF3h- in mercuration and with the neutral 
Tln(02CCF3)2 in thallation, as described in equations (27) and (28). Moreover the same electrostatic ar- 
gument provides a ready rationalization for the ability of Lewis acids as additives to promote arene radi- 
cal cation formation (leading to biaryls) during both mercuration and thallation of even unexceptional 
arenes.w Thus the addition of boron trifluoride (as the etherate) will foster ionic dissociation of mer- 
cury(I1) trifluoroacetate, i.e. equation (37), as well as thallium(I1) trifluoroacetate cation, Le. equa- 
tion (38). 

Hg(02CCF3)2 + BF3 - - Hg02CCFs' + CF3C02BF3- (37) 

TlO2CCFZ+ + CF3C02BF< (38) 
+ Tl(O$CF3)2 + BF3 7 

The results lead to a diminution in the coulombic interaction in the radical pair [ArHt,Hg*02CCFs] 
during mercuration, and enhancement of the coulombic repulsion in the radical pair [ArH t,T11Q2CCF3+] 
during thallation. In both cases the increased amounts of cage escape will lead to a higher component of 
electron transfer derived products (such as biaryls). Attractive as such a simple electrostatic explanation 
may seem, cognizance must also be taken of the attendant change in the driving force for back electron 
transfer ke in equation (29). 

7.455 Electron Transfer versus Electrophilic Pathways for Aromatic Substitution 

The study of mercuration and thallation provides a sharp focus on the experimental delineation of step- 
wise and concerted mechanisms for arene activation. Thus the unequivocal demonstration of arene radi- 
cal cations as key intermediates in thallation, particularly of durene and pentamethylbenzene, is 
consistent with a stepwise (electron-transfer) mechanism for arene activation (compare Scheme 698 and 
equation 39). 

U 

, etc. (39) 

By the same token, the singular absence of any experimental evidence for such intermediates during 
mercuration is directly accommodated by a concerted (electrophilic) mechanism for arene activation, i.e. 
equation (40). 

The difficulty with two separate mechanisms for arene activation by mercury(I1) and thallium(II1) is 
underscored by the striking correlation in Figure 6 which establishes the activation barriers to follow 
identical trends. In other words the rate-detennining processes for mercuration and thallation are similar 
yet they distinctly differ in the products derived for the electron-rich arenes (durene and pentamethylben- 
zene in equation 35). Such a kinetics situation commonly demands that there exists at least one inter- 
mediate which separates the activation process from the products, as in Scheme 6. This paradox can be 
resolved in one of two ways. Firstly, the formulation in Scheme 6 merges stepwise and concerted pro- 
cesses by the modulation of a pair of rate constants. According to Scheme 6, the two principal pathways 
are differentiated during the competition between cage collapse (kc) and diffusive separation (kd) of the 
arene ion pair. The inability to observe the arene cation (e.g. from mesitylene) could be attributed to a 
rate of cage collapse to the Wheland intermediate occumng substantially faster than diffusive separation 
(Le. k, >> kd), which is tantamount to a concerted process. Likewise the ESR observation of the arene 
cation would derive from a diffusive process occurring faster than collapse (Le. kc c< kd). which could 
appear as a stepwise process. Some of the structural and environmental factors which influence both rate 
constants have been presented in the discussion above. However this mechanism is not without its prob- 
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lems since it does not as yet address the observed kinetic isotope effects in a quantitative way (vide 
supra). Secondly, the stepwise and concerted processes for arene activation may simply represent com- 
peting pathways, namely equations (41) and (42), where the superscript $ represents the activated com- 
plex. If so those factors related to the donor properties of arenes, such as EDA complex formation, CT 
excitation, activation barriers, etc., are too common to both to allow any distinction between these path- 
ways. Moreover the common dependence on isoelectronic electrophiles, independent of charge, further 
obscures any difference in their transition states. This formulation thus recognizes two such dissimilar 
mechanisms as electron transfer and electrophilic processes in mercuration and thallation to be remark- 
ably alike. Crucial to the resolution of this dilemma is the understanding of the stepwise process for 
arene activation. Particularly germane are the microdynamics of the contact ion pairs in Scheme 6, espe- 
cially as they collapse or evolve to 'loose' (solvent-separated) ion pairs and finally to 'free' (separate) 
pairs of radicals, as described in Section 7.4.4. 

7.4.6 SYNTHETIC TRANSFORMATIONS VIA ELECTRON-TRANSFER OXIDATION 

The foregoing elements of +electron-transfer oxidation presented in terms of the energetics (Section 
7.4.2) of contact ion-pair [RH *,A:] formation (Section 7.4.1) and the generic reactions of the individual 
organic radical cations (Section 7.4.3.1) and acceptor radical anions (Section 7.4.3.3), allow a variety of 
thermal and photochemical processes (Section 7.4.4) to be predicted in terms of CIP behavior (Section 
7.4.5). The following examples are from the chemical literature and only the reactants, principal products 
and predominant methodologies are included. They are deliberately chosen to illustrate how electron- 
transfer oxidations can be utilized in various types of synthetic transformations. Representative citations 
to the original literature are included to facilitate the delineation of the roles of radical cations and anions 
in sometimes complex pathways. Accordingly, the examples in Section 7.4.6.1 and Section 7.4.6.2 are 
presented in the same sequence as the generic reactions are listed in Section 7.4.3.1 for organic radical 
cations (RH '> and in Section 7.4.3.3 for acceptor radical anions (A:), respectively. For conciseness and 
generality the complete structures are avoided, and the following abbreviations employed Ar (aromatic 
moiety); R (aliphatic moiety); Z (CN); E (COB); M (COzMe); Py (pyridine); BA' [&is@-bromophe- 
nyl)aminium]; hum (charge-transfer activation); hYA (acceptor (sensitizer not specified) activation); hu 
(general photochemical activation unspecified). A blank space over the arrow represents thermal activa- 
tion, and only the principal products are given. 

7.4.6.1 Donor Radical Cations 

7.4.6.1.1 a-Fragmentation 

H 
CN 

(ref. 99) 

CN 



Special Topics 874 

(C) N02CR - h D  RH + C02 + @:+ (ref.101) 
EtSH @ 0 0 

Ar-SnR3 + DCA - 
CN 

e o s a ,  - hvA 0 0  

Phs-sph - *IC1, Q;D c1- 
\ 0 

R 

(ref. 102) 

7.4.6.1.2 &Fmgmentation 

(ref. 103) 

(ref. 104) 

(ref. 105) 

+ R’OH - 
Ph RO 

(ref. 107) 

(ref. 108) 
hvcr + TCNE - 

A r 3 0 M e  + Ar’ OMe (ref. 109) f ArHAr’ + BA: - 

(ref. 110) 

k k 



7.4.6.1 3 Rearrangement 

(a) 

Electron-transfer Oxidation 

PPh 
F'h A -  Ph Ph 

hVA 

mPh Ph + TCNE s$ Ph 

Z=CN 

Arq + TCNE - 
0 2  0-0 

Ar 

I 
\ 

875 

(ref. 1 1 1 )  

(ref. 112) 

(ref. 113) 

(ref. 114) 

(ref. 115) 

(ref. 116) 

(ref. 117) 

(ref. 118) 

(ref. 119) 
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7.4.6.1.4 Cyclization 

Special Topics 

(3 hVA Nu McoK 

CN 

\O’ 

Ph 

&P SiMe3 

375 OMe 

CN 
I 

-a hv 

(2S,5S) + DDQ - 
R*+ NU 

f R* 
R* = chiral 

Y Y 

(ref. 120) 

(ref. 121) 

(ref. 122) 

(ref. 123) 

(ref. 124) 

(ref. 125) 

(ref. 125) 

(ref. 126) 
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7.4.6.1 J Deprotonation 

Z z &J + Et2" - hv 6 
S O r p h z  

O T f  R ' OH 

Ph-Ph + DDQ - PhzCHO 

c1 c1 

* + C A  %)($ 

0 

0 

0 
0 

hvcr 
PhNMe2 + PyO - PhNHMe + HzCO + Py 

877 

(ref. 127) 

(ref. 128) 

(ref. 129) 

(ref. 130) 

(ref. 131) 

(ref. 132) 

(ref. 133) 

(ref. 134) 

(ref. 135) 
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7.4.6.1.6 Nucleophilic &ition 

P h a  + F3CAOH (ref. 137) 

(ref. 138) 

[El 
ArF + AcO- - M A C  + F (ref. 139) 

CN- 

ArH + XeF2 - ArF + HF + Xe 

ArH + WCls - 

I CN- I 
Me Me 

(ref. 140) 

(ref. 141) 

(ref. 142) 

(ref. 143) 

CN 

hv, m C N  (ref. 143) 
\ N  CN- \ N \ N  

1 he Me Me 

Ph 

v + 

(ref. 144)  

(ref. 121) 

(ref. 145) 
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7.4.6.1.7 Dimerization 

879 

Ar 
I 

(ref. 146) MeOH 
k 2 N 4 /  + Fe3+ - 

OMe 

Ar)== + Fe3+ - -f '~ + ;=q (ref.146) 
Ar Ar Ar 

Ph 

ArH + N02' - Ar-Ar + NO2 

(ref. 147) 

(ref. 147) 

(ref. 148) 

(ref. 149) 

(ref. 150) 

(ref. 151) 
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7.4.6.1.8 Cycloaddition 

\ 

X X = OEt, OPh, SPh, O w c 1  

(ref. 153) 

(ref. 154) 

(ref. 149) 

(ref. 148) 

Ph Ph 
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7.4.6.1.9 Homolytic addition 

R 

R R  R R  

Ph Ph A P h  

Ph Ph 

(ref. 156) 

(ref. 157) 

(ref. 158) 

Ph + pph + (ref. 159) 
yPh ___) hVA 

Ph 4 L O  Ph Ph Ph 

(ref. 160) 

(ref. 161) 
M c O V  4 AnCHO An 

hv cr 
ArH + C(N02)4 - &NO2 + HC(N02)3 

N + C(N02)4 - 
Ar’ 

02N NO2 

(ref. 162) 

(ref. 163) 

(ref. 163) 

Ar 
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7.4.6.1.10 Electron tmnsfer 

Ph 

€il 
OMe 

+ BAf - + BA (ref. 166) 

(ref. 167) 

+ O2f - GF; + 0 2  (ref. 168) 

7.4.6.2 Acceptor Radical Anions 

7.4.6.2.1 Fragmentadon 

(ref. 169) hv 
(a) ArnOAc + R3N - Ar-Me + 

OH 

(ref. 170) hv 

R " 2  

I 
R 

Ar+a + Phs- - ArfSPh + c1- (ref. 171) 

(ref. 172) 

(ref. 173) 
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RN02 + Bu&H - RH + NO, 

883 

(ref. 174) 

(ref. 175) 

+ (ref. 177) A r k  
X=Cl,SM% 1' + HO- - Ar 

(ref. 178) 

+ (AcOh - + CH4 + C02 (ref. 179) 

I , AcO- N 
t 

H H 

"2 - hv ArMe + r+ (ref. 180) 
N - 

I Br 

d I 
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BI + Me3SnNa - &sme3 (ref. 181) 

7.4.6.2.2 Protonation 

+ Et3N - 
ROH ooMe+ Li - ROH 

(ref. 182) 

(ref. 183) 

7.4.6.23 Electrophilic adition 

Ar A r A r  
+ A ~ O ~ + O A ~  (ref. 184) 

ArAOAc A r k  
A12C07 + Ac20 - 

7.4.6.2.4 Electron tmnsfer 

7.4.6.25 DimerkdoddhproportioldLrproportionation 

Ar2CO. - -."tt".- 
AI Ar 

(ref. 185) 

(ref. 186) 

(ref. 187) 

(ref. 188) 



Electron-transfer Oxidation 885 

ACKNOWLEDGMENTS 

I thank S. Sankararaman and T. M. Bockman for their invaluable help and illuminating discussions in 
the preparation of this chapter. 

7.4.7 REFERENCES 
1. (a) E. Weitz and H. W. Schwechten, Chem. Ber., 1926,59, 2307; 1927,60,545; (b) J. Weiss, Trans. Faraday 

Soc., 1946, 42, 116; (c) E. T. Kaiser and L. Kevan, ‘Radical Ions’, Wiley, New York, 1968. 
2. A. Ledwith, AEC. Chem. Res., 1972.5, 133. 
3. A. J. Bard, A. Ledwith and H. J. Shine, Adv. Phys. Org. Chem., 1976, 13, 156. 
4. D. J. Mackinnon and W. A. Waters, J .  Chem. SOC., 1953, 323. 
5. I. V. Khudyakov and V. A. Kuz’min, Russ. Chem. Rev. (Engl. Transl.), 1978,47,22. 
6. J. K. Kochi, ‘Free Radicals’, Wiley, New York, 1973, vol. 1, p. 591. 
7. By convention, the electrode potentials for redox are referred to only in terms of reduction (,!Ye). For 

electron-transfer oxidation, however, the values of Eaox are employed for RH donors here with the 
understanding that Fox = -Fred of the radical cation. 

8. A. J. Bard and L. R. Faulkner, ‘Electrochemical Methods’, Wiley, New York, 1980. 
9. K. Yoshida, ‘Electrooxidation in Organic Chemistry. The Role of Cation Radicals as Synthetic Intermediates’, 

Wiley, New York, 1984. 
10. (a) C. J. Schlesener, C. Amatore and J. K. Kochi, J .  Am. Chem. Soc., 1984, 106, 3567; (b) J. Grodkowski, P. 

Neta, C. J. Schlesener and I. K. Kochi, J. Phys. Chem., 1985,89,4373. 
11. R. S. Davidson, Adv. Phys. Org. Chem., 1983, 19, 1; Molecular Association, 1975,l. 216. 
12. G. Jones, 11, ‘Photochemistry and Photophysics of Organic Charge-Transfer Complexes,’ in ‘Photoinduced 

Electron Transfer’, ed. M. A. Fox and M. Chanon, Elsevier, Amsterdam, 1988, p. 245. 
13. M. Szwarc (ed.), ‘Ions and Ion Pairs in Organic Reactions’, Wiley, New York, 1972 and 1974, Vols. 1 and 2. 
14. E. F. Hilinski, J. M. Masnovi, J. K. Kochi and P. M. Rentzepis, J. Am. Chem. SOC., 1984,106,8021. 
15. G. J. Kavamos and N. J. Turro, Chem. Rev., 1986,86,401. 
16. J. D. Simons and K. S .  Peters, Acc. Chem. Res., 1984,17, 277. 
17. R. A. Sheldon and J. K. Kochi, ‘Metal-Catalyzed Oxidations of Organic Compounds. Mechanistic Principles 

and Synthetic Methodology Including Biochemical Processes’, Academic Press, New York, 1981. 
18. W. J. Mijs and C. R. H. I. de Jonge (eds.), ‘Organic Synthesis by Oxidation with Metal Compounds’, Plenum 

Press, New York, 1986. Includes chapters on: (a) Oxidation by Vanadium(V), by F. Freeman; (b) Oxidation 
by Oxochromium(V1). by F. Freeman; (c) Oxidation by Active Manganese Dioxide, by A. J. Fatiadi; (d) 
Oxidation with Manganese(II1) Acetate, by W. J. de Klein; (e) Oxidations by Cobalt(III), by F. Freeman; (f) 
Oxidation with Nickel Peroxide, by M. V. George; (8) Catalytic Oxidations with Copper and Cobalt-Amine 
Complexes, by C. R. H. I. de Jonge; (h) Ruthenium(VII1) Tetroxide Oxidations, by J. L. Courtney; (i) 
Oxidations with Palladium Compounds, by S. F. Davison and P. M. Maitlis; (j) Silver Carbonate on Celite 
Oxidations, by M. Fetizon, M. Golfier, P. Mourges and J. M. Louis; (k) Oxidation with Cerium(IV), by T. L. 
Ho; (1) Oxidations with Osmium(VII1) Tetroxide, by H. S. Singh; (m) Oxidation with Thalli~m(III), by A. 
McKillop and E. C. Taylor; (n) Oxidation with Lead(1V) Tetraacetate, by M. Lj. Mihailovid, Z. CekoviC and 
L. Lorenc; (0 )  Bismuth(V, 111) Oxidations, by J. P. Kitchin; (p) Metal Catalysis of Peroxide Oxidations, by Y. 
Ogata and Y. Sawicki. 

19. K. B. Wiberg (ed.), ‘Oxidation in Organic Chemistry’, Academic Press, New York, 1965, vol. 5A. Includes 
chapters on: (a) Oxidation by Permanganate, by R. Stewart; (b) Oxidation by Chromic Acid and Chromyl 
Compounds, by K. B. Wiberg; (c) Oxidation by Vanadium(V), Cobalt(1II) and Manganese(U1). by W. A. 
Waters and J. S. Littler; (d) Cerium(V) Oxidation, by W. H. Richardson; (e) Oxidations with Lead(1V) 
Tetraacetate, by R. Criegee; (f) Iodine(V,III) and Bismuth(V) Oxidations, by C. A. Bunton. 

20. W. S. Trahanovsky (ed.), ‘Oxidation in Organic Chemistry’, Academic Press, New York, 1973, vol. 5B. 
Includes chapters on: (a) Oxidation by Copper(II), by W. G. Nigh; (b) Oxidative Coupling of Phenols, by P. 
D. McDonald and 0. A. Hamilton; (c) Oxidation by Thallium(III), by R. J. Ouellette; (d) Ruthenium(V1II) 
Tetroxide Oxidation, by D. G. Lee and M. van den Engh. 

21. W. S. Trahanovsky (ed.), ‘Oxidation in Organic Chemistry’, Academic Press, New York, 1982, vol. 5D. 
Includes chapters on: (a) Oxidations with Lead(1V) Tetraacetate, by G. M. Rubottom; (b) Phase-Transfer 
Assisted Manganese(VI1) Oxidation, by D. G. Lee. 

22. D. Amdt, ‘Manganese(VII1, VI, V, IV, 111) Compounds as Oxidizing Agents in Organic Chemistry’, Open 
Court Publishing, LaSalle, IL, 1981. 

23. A. E. Martell and D. T. Sawyer (eds.), ‘Oxygen Complexes and Oxygen Activation by Transition Metals’, 
Plenum Press, New York, 1988. Includes chapters on: (a) Metal Oxo Complexes and Oxygen Activation, by 
T. J. Meyer; (b) Radical Cation (RzS ’) Pathways for Selective Catalytic Oxidation, by D. P. Riley and M. R. 
Smith, among many other contributions. 

24. W. Ando and Y. Moro-oka, ‘Role of Oxygen in Chemistry and Biochemistry’, Elsevier, Amsterdam, 1988. 
Includes chapters on: (a) Cation-Radical Chain Catalyzed Oxygenation of Alkenes, by S. F. Nelsen, et ul.; (b) 
Photooxygenation of Organic Compounds via Their Radical Ions, by K. Mizono and Y. Otsuji; (c) 
Triphenylpyrylium Sensitized Oxygenations, by K. Tokumaru et al.; (d) Catalytic Oxidation of Methylarenes 
to Benzaldehydes, by R. A. Sheldon and N. de Heij; (e) Oxidation of Arylamines with Horseradish 
Peroxidase, by Fujimori et al.; (f) Arene Hydroxylation by Cytochrome P-450, by M. Tsuda et af., and many 
others. 

25. E. S. Huyser (ed.), ‘Methods in Free Radical Chemistry’, Dekker, New York. The series includes chapters on: 
(a) Free-Radical Chlorination via Nitrogen Cation Radicals, by N. C. Deno, 1971, vol. 3, p. 93; (b) 



886 Special Topics 

One-Electron Reductions of Aromatic Cations, by M. Siskind, 1971, vol. 3, p. 152; (c) ‘Metal-Ion Oxidative 
Cleavage of Alcohols and Glycols’, by W. S. Trahanovsky, 1973, vol. 4, p. 133. 

26. J. Mattay, Angew. Chem., Int. Ed. Engl., 1987,26,825. 
27. K. Katsumi, Rev. Chem., Intermed., 1979,2,321. 
28. (a) D. Creed and R. A. Caldwell, Photochem. Photobiol., 1985, 41, 715; (b) H. D. Roth, Tetrahedron, 1986, 

28, 6097; see also Tetrahedron, 1982. 38, 1027; (c) Y. Shirota and H. Mikawa, 1. Mucromol. Sci., Rev. 
Mucromol. Chem., 1978,162, 129. 

29. R. Foster and M. I. Foreman, in ‘Chemistry of Quinonoid Compounds, Part 1’, ed. S. Patai. Wiley, New Yo&, 
1974, p. 257. 

30. (a) L. M. Tolbert, Org. Photochem., 1983,6, 177; (b) R. J. Sundberg, Org. Photochem., 1983,6, 121. 
31. S. L. Mattes and S .  Farid, Org. Photochem., 1983,6,233. 
32. M. A. Fox,Adv. Photochem., 1986,13,237. 
33. R. D. Cannon, ‘Electron Transfer Reactions’, Buttemorths, London, 1980. 
34. (a) T. Koenig and H. Fischer, Free Radical, 1973,l. 157; (b) J. E. Gordon, ‘Organic Chemistry of Electrolyte 

Solutions’, Wiley, New York, 1975. 
35. T. M. Bockman and J. K. Kochi, submitted for publication. 
36. (a) R. A. Marcus, J. Chem. Phys., 1956, 24. 966; (b) R. A. Marcus, B. Zwolinski and H. Eyring, J. Phys. 

Chem., 1954, 58, 432; (c) N. Sutin, in ‘Inorganic Biochemistry’, ed. G. L. Einhorn, Elsevier. Amsterdam, 
1973, vol. 2, p. 611. 

37. L. Eberson, ‘Electron Transfer in Organic Chemistry’, Springer Verlag, New York, 1987; see also C. J. 
Schlesener, C. Amatore and J. K. Kochi, J. Phys. Chem., 1986, 90, 3747; S. Fukuzumi, C. L. Wong and J. K. 
Kochi, J .  Am. Chem. SOC., 1980,102,2928. 

38. J. K. Kochi,Angew. Chem., Int. Ed. Engl., 1988,27, 1227. 
39. J. Heinze, Angew. Chem., Int. Ed. Engl., 1984, 23,831. 
40. J. 0. Howell, J. M. Goncalves, C. Amatore, L. Klasinc, R. M. Wightman and J. K. Kochi, J. Am. Chem. SOC., 

1984,106,3968. 
41. L. L. Miller, G. D. Nordblom and E. A. Mayeda, J. Org. Chem., 1972,37,916. 
42. (a) V. 1. Vedeneyev, L. V. Gurvich, V. N. Kondrat’yev, V. A. Medvedev and Ye. L. Frankevich, ‘Bond 

Energies, Ionization Potentials and Electron Affinities’, St. Martins Press, New York, 1966; (b) J. B. Buks, 
‘Photophysics of Aromatic Molecules’, Wiley, New York, 1970. 

43. C. R. Brundle and A. D. Baker (eds.), ‘Electron Spectroscopy’, Academic Press, New York, 1977. 
44. J. A. Dean, ‘Lange’s Handbook of Chemistry’, XIIIth edn., McGraw-Hill, New York, 1985. 
45. (a) J. 0. Howell and R. M. Wightman, Anal. Chem., 1984,56.524; (b) J. 0. Howell and R. M. Wightman, J. 

Phys. Chem., 1984, 88, 3915; (c) D. 0. Wipf, E. W. Kristensen. M. R. Deakin and R. M. Wightman, Anal. 
Chem., 1988, 60, 306; (d) C. Amatore, A. Jutand and F. Pfliiger, J .  Electround. Chem. Interfacial. 1987,218, 
361. 

46. (a) S. Chowdhury and P. Kebarle, J. Am. Chem. SOC., 1986, 108, 5453; (b) S. Chowdhury, T. Heinis and P. 
Kebarle, J. Am. Chem. SOC., 1986, 108, 4662; (c) E. K. Fukuda and R. T. McIver, Jr.. J .  Chem. Phys., 1982. 
77,4942; (d) For the electron affinities of some common acceptors see J. K. Kochi in ref. 69b, p. 503. 

47. (a) U. Svanholm, 0. Hammerich and V. D. Parker, J. Am. Chem. SOC., 1975,97, 101; (b) A. Zweig and A. K. 
Hoffmann, J. Org. Chem.. 1965,30,3997. 

48. F. D. Saeva and G. R. Olin, J. Am. Chem. SOC., 1980,102,299. 
49. M. R. Wasielweski and R. Breslow, J. Am. Chem. SOC., 1976.98.4222. 
50. K. Y. Lee, D. J. Kuchynka and J. K. Kochi, to be published. 
51. A, Ledwith, Acc. Chem. Res., 1972,5, 133. 
52. P. S. Mariano, in ‘Organic Photochemistry’, ed. A. Padwa, Dekker, New York, 1987, vol. 9, p. 10. 
53. S. L. Mattes and S. Farid in ‘Organic Photochemistry’, ed. A. Padwa, Dekker, New York, 1983, vol. 6, p. 238. 
54. J. J. McCullough, R. C. Miller, D. Fung and W.4. Wu, J. Am. Chem. Soc.. 1975,97, 5942. 
55. C. K. Mann and K. K. Barnes, ‘Electrochemical Reactions in Nonaqueous Systems’, Dekker, New York, 

1970. 
56. T. E. Banach and J. P. Dinnocenzo, J. Am. Chem. SOC., 1986,108,6063. 
57. L. Lopez, V. Calo and R. Aurora, J. Photochem., 1986,32, 95. 
58. D. Rehm and A. Weller, Isr. J. Chem., 1970,8,259. 
59. J. M. Masnovi and J. K. Kochi, unpublished results. 
60. (a) C. J. Rhodes, J .  Am. Chem. S a . ,  1988,110,4446; (b) H. D. Roth, Acc. Chem. Res., 1987, 20,343. 
61. (a) G. Jones, II and W. G. Becker, J. Am. Chem. SOC., 1983, 105, 1276; (b) N. J. Peacock and G. B. Schuster, 

J .  Am. Chem. Soc., 1983,105,3632. 
62. S. Sankararaman, Y. Takahashi and J. K. Kochi, J .  Am. Chem. SOC., 1989,111,2954. 
63. (a) S. A. Chaudhuri and K. D. Asmus, J. Phys. Chem., 1972,76, 26; (b) J. M. Masnovi, E. F. Hilinski, P. M. 

Rentzepis and J. K. Kochi, J. Am. Chem. SOC., 1986. 108, 1126. 
64. (a) J. M. Masnovi and J. K. Kochi, Recl. Truv. Chim. Puy-Bus, 1986, 105,286; (b) K. V. Altukhov and V. V. 

Penkalin, Russ. Chem. Rev. (Engl. Transl.), 1976.45, 1052. 
65. E. K. Kim and J. K. Kochi, J .  Org. Chem., 1989,54, 1692. Compare S. Brownstein, E. Gabe, F. Lee and A. 

Piotrowski, Can. J. Chem., 1986,64, 1661. 
66. (a) 2. Rappoport, J. Chem. Soc., 1963,4498; (b) Z. Rappoport and A. Horowitz. J. Chem. Soc., 1964. 1348; 

(c) 2. Raciszewski, J. Chem. SOC. (B) .  1966, 1147; (d) H. Kobashi, M. Funabashi, T. Kondo, T. Morita, T. 
Okada and N. Mataga. Bull. Chem. SOC. Jpn., 1984, 57, 3557; (e) E. F. Hilinski, S. V. Milton and P. M. 
Rentzepis, J. Am. Chem. SOC., 1983, 105. 5193. 

67. 0. Hammerich and V. D. Parker, Adv. Phys. Org. Chem., 1984,20,56. 
68. M. Schlosser, Angew. Chem., Int. Ed. Engl.. 1964,3,287. 
69. (a) J. K. Kochi, Pure Appl. Chem., 1971. 377; (b) J. K. Kochi, ‘Organometallic Mechanisms and Catalysis’, 

Academic Press, New York, 1978. 



Electron-transfer Oxidation 887 

70. (a) C. Walling, ‘Free Radicals in Solution’, Wiley, New York, 1957; (b) W. A. Ryor, ‘Free Radicals’, 
McGraw-Hill, New York, 1966. 

71. (a) D. C. Nonhebel and J. C. Walton, ‘Free-Radical Chemistry’, Cambridge University Press, London, 1974; 
(b) B. Giese, ‘Radicals in Organic Synthesis. Formation of Carbon-Carbon Bonds’, Pergamon Press, Oxford, 
1986. 

72. R. A. Sheldon and J. K. Kochi, Org. React (N.Y.) ,  1972, 19, 279. 
73. (a) M. Julliard and M. Chanon, Bull. SOC. Chim. Fr., 1982, 197; (b) M. Chanon, Chem. Rev., 1983, 83,425; 

(c) M. Chanon and M. L. Tobe, Angew. Chem., Int. Ed. Engl., 1982,21, 1. 
74. N. L. Bauld, Tetrahedron, 1989,45, 5307. 
75. S. F. Nelsen, Acc. Chem. Res., 1987,20, 276. 
76. N. L. Holy, Chem. Rev., 1974,74,243. 
77. (a) B. J. McClelland, Chem. Rev., 1964, 64, 301; (b) K. D. Jordan and P. D. Burrow Chem. Rev., 1987, 87, 

557. 
78. (a) A. Yoshino, K. Yarnasaki and T. Yonezawa, J. Chem. Soc., Perkin Trans. I ,  1975, 735; (b) K. Yamasaki, 

T. Yonezawa and M. Ohashi, J. Chem. SOC., Perkin Trans. I ,  1975,94. 
79. (a) M. Ohashi, K. Tsujimoto and Y. Furukawa, J .  Chem. SOC. Perkin Trans. I ,  1979, 1148; (b) M. Ohashi, S. 

Suwa, Y. Osawa and K. Tsujimoto, J. Chem. SOC, Perkin Trans. I ,  1979,2220. 
80. E. K. Kim and J. K. Kochi, to be submitted for publication. 
81. S. Farid and K. A. Brown, J. Chem. SOC., Chem. Commun., 1976,564; see also D. P. Kjell and R. S. Sheridan, 

J .  Photochem., 1985,28,205. 
82. J. M. Wallis and J. K. Kochi, J .  Am. Chem. SOC., 1988,110,8207. 
83. (a) R. S. Mulliken, J .  Am. Chem. SOC., 1952, 74, 811; (b) R. S. Mulliken and W. B. Person, ‘Molecular 

Complexes’, Wiley, New York, 1969. 
84. R. Foster, ‘Organic Charge-Transfer Complexes’, Academic Press, New York, 1969. 
85. R. L. Clark and E. J. Behrman, Inorg. Chem., 1975,14, 1425. 
86. J. M. Wallis and J. K. Kochi, J. Org. Chem., 1988,53, 1679. 
87. J. M. Masnovi, J. C. Huffman, J. K. Kochi, E. F. Hilinski and P. M. Rentzepis, Chem. Phys. Lett., 1984, 106, 

20. 
88. M. Schriider, Chem. Rev., 1980, 80, 187. 
89. L. E. Orgel and R. S. Mulliken, J. Am. Chem. SOC., 1957,79,4839. 
90. F. Brogli and E. Heilbronner, Theor. Chim. Acta, 1972.26. 289. 
91. L. Klasinc, B. Kovac and H. Gusten, Pure Appl Chem., 1983,55, 289. 
92. J. M. Masnovi and J. K. Kochi, J .  Am. Chem. Soc., 1985, 107,7880. 
93. W. Lau and J. K. Kochi, J .  Am. Chem. SOC., 1986,108,6720. 
94. W. Lau and J. K. Kochi,J. Org. Chem., 1986,51, 1801. 
95. W. Lau and J. K. Kochi, J .  Am. Chem. SOC., 1984,106,7100. 
%. R. M. Dessau, S. Shih and E. I. Heiba, J .  Am. Chem. SOC., 1970,92, 412. 
97. A. McKillop, A. G. Turrell, D. W. Young and E. C. Taylor, J .  Am. Chem. Soc., 1980,102,6504. 
98. (a) P. J. Andrulis, M. J. S. Dewar, R. Dietz and R. L. Hunt, J .  Am. Chem. Soc., 1966, 88, 5483; (b) J. K. 

Kochi, R. T. Tang and J. Bernath, J. Am. Chem. Soc., 1973,95,7114. 
99. F. R. Stermitz and W. H. Huang, J .  Am. Chem. SOC., 1970,92, 1446. 

100. (a) J. Libman, J .  Am. Chem. Soc., 1975,97,4139; (b) J. Libman, Tetrahedron Lett., 1975,2507. 
101. K. Okada, K. Okamoto and M. Oda, J .  Am. Chem. SOC. 1988,110,8736. 
102. H. C. Gardner and J. K. Kochi, J .  Am. Chem. SOC., 1976,98,2460. 
103. (a) D. F. Eaton, Pure Appl. Chem., 1984,56, 1191; (b) D. F. Eaton, J .  Am. Chem. SOC., 1980, 102, 3280; (c) 

D. F. Eaton, J .  Am. Chem. SOC., 1981, 103, 7235. 
104. P. G. Gassman and K. J. Bottorff, J .  Org. Chem., 1988,53, 1097. 
105. (a) H. Bock, U. Stein and P. Rittmeyer, Angew. Chem., 1982, 94, 540; (b) J. Giordau and H. Bock, Chem. 

Ber., 1982, 115, 2548. 
106. D. M. Shin and K. Kim, Bull. Korean Chem. SOC., 1981,2, 114. 
107. D. R. Arnold and A. J. Maroulis, J .  Am. Chem. SOC., 1976,98,5931. 
108. (a) J. M. Masnovi and J. K. Kochi, J .  Am. Chem. SOC., 1985, 107, 6781; (b) J. M. Wallis and J. K. Kochi in 

ref. 82; (c) S. Sankararaman, Y. Takahashi and J. K. Kochi in ref. 62; (d) see also A. Albini and E. Fasani, J .  
Am. Chem. Soc., 1988,110,7760. 

109. P. Maslak and S. L. Asel, J .  Am. Chem. SOC., 1988, 110, 8260. 
110. (a) P. S. Engel, A. Kitamura and D. E. Keys, J .  Org. Chem., 1987, 52. 5015; (b) P. S. Engel, D. E. Keys and 

A. Kitamura, J .  Am. Chem. Soc., 1985, 107,4964; (c) see also S. C. Blackstock and J. K. Kochi, J. Am. Chem. 
Soc., 1987, 109, 2484; D. Bethel1 and V. D. Parker, Acc. Chem. Res., 1988,21,400. 

111. P. C. Wong and D. R. Arnold, Tetrahedron Letr., 1979, 2101. See also P. C. Du, D. A. Hrovat and W. T. 
Borden, J. Am. Chem. SOC., 1988,110,3405. 

112. K. Mizuno, N. Kamiyama and Y. Otsuji, Chem. Lett., 1983, 477. 
113. T. Miyashi, Y. Takahashi, T. Mukai, H. D. Roth and L. M. Schilling, J .  Am. Chem. SOC., 1985, 107, 1079. 
114. Y. Takahashi and J. K. Kochi, Chem. Ber., 1988, 121, 253. 
115. Y. Takahashi, T. Miyashi and T. Mukai, J .  Am. Chem. SOC., 1983,105,651 1. 
116. T. Miyashi, M. Kamata and T. Mukai, J. Chem. SOC., Chem. Commun., 1986, 1577. 
117. V. R. Rao and S. S. Hixon,J. Am. Chem. SOC., 1979,101,6458. 
118. A. Padwa, C. S. Chou and W. F. Rieker, J. Org. Chem., 1980,45,4555. 
119. S .  Hoz, M. Livneh and D. Cohen, J .  Am. Chem. SOC., 1987,109,5149. 
120. T. Miyashi, A. Konno and Y. Takahashi, J .  Am. Chem. SOC., 1988,110,3676. 
121. (a) P. S. Mariano, J. L. Stavinoha, G. Pepe and E. Meyer, J. Am. Chem. SOC., 1978, 100, 7114; (b) J. L. 

Stavinoha, E. Bay, A. Leone and P. S .  Mariano, Tetrahedron Lett., 1980, 21, 3455. For a review see P. S. 
Mariano in ref. 52. 

122. J. J. McCullough, W. K. MacInnis, C. J. L. Lock and R. Faggiani, J. Am. Chem. Soc., 1982, 104.4644. 



888 Special Topics 

123. (a) A. J. Y. Lan, R. 0. Heuckeroth and P. S .  Mariano, J. Am. Chem. Soc., 1987,109,2738; (b) R. M. Borg, R. 
0. Heuckeroth, A. J. Y. Lan, S. L. Quillen and P. S. Mariano, J. Am. Chem. SOC., 1987, 109,2728. 

124. M. A. Brumfield, S. L. Quillen, U. C. Yoon and P. S. Mariano, J. Am. Chem. SOC., 1984,106,6855. 
125. M. Lemaire, A. Guy, D. Imbert and J.-P. Guette, J. Chem. SOC., Chem. Commun., 1986,741. 
126. P. Margaretha and P. Tissot, Helv. Chim. Acta, 1975,58,933. 
127. (a) A. Yoshino, M. Ohashi and T. Yonezawa, J. Chem. SOC., Chem. Commun., 1971,97; (b) K. Yamasaki, T. 

Yonezawa and M. Ohashi, J. Chem. SOC., Perkin Trans. I ,  1975, 93. For similar adduct from TCNE see M. 
Ohashi, S. Suwa, Y. Osawa and K. Tsujimoto, J .  Chem. Soc., Perkin Trans. I ,  1979,2219. 

128. K. Fukui and Y. Odaira, Tetrahedron Lett., 1969, 5255. 
129. L. A. Deardurff, M. S. Alnaijar and D. M. Camaioni, J. Org. Chem., 1986,51.3686,3693. 
130. F. D. Lewis and P. E. Correa, J. Am. Chem. SOC., 1981, 103, 7347; F. D. Lewis and P. E. Correa, J. Am. 

Chem. SOC.. 1984,106, 194. For a review see F. D. Lewis, Acc. Chem. Res., 1986,19,401. 
131. H.-D. Becker,J. Org. Chem., 1969,34, 1203. 
132. G. Jones, W. A. Haney and X. T. Phan, J. Am. Chem. SOC., 1988,110,1922. 
133. (a) Y. Kanaoka, K. Sakai, R. Murata and Y. Hatanaka, Heterocycles, 1975, 3, 719; (b) J. D. Coyle, G. L. 

Newport and A. Harriman, J .  Chem. Soc., Perkin Trans. I ,  1978, 133; (c) M. Machida, H. Takechi and Y. 
Kanaoka, Heterocycles, 1977, 1,273. 

134. (a) Y. Sato, H. Nokai, H. Ogiwara, T. Mizoguchi, Y. Migita and Y. Kanaoka, Tetrahedron Lett., 1973, 4565; 
(b) Y. Sato, H. Nokai, T. Mizoguchi and Y. Kanaoka, Tetrahedron Lett., 1976, 1889; (c) Y. Sato, H. Nokai, T. 
Mizoguchi and Y. Kanoaka, J. Am. Chem. SOC., 1979,98,2349. 

135. M. Sako, K. Shimada, K. Hirota and Y. Maki, J. Am. Chem. Soc., 1986, 108, 6039; S. Sankararaman, S. 
Pemer and J. K. Kochi, J. Am. Chem. SOC., 1989, 111, 6448; A. Bhattacharya, L. M. DiMechele, V.-H. 
Dolling, A. W. Douglas and E. J. J. Grabowski, J. Am. Chem. SOC., 1988, 110, 3318. 

136. S. Sankararaman, W. A. Haney and J. K. Kochi, J. Am. Chem. SOC., 1987,109,7824. 
137. D. R. Arnold and A. J. Maroulis, Synthesis, 1979,39, 819. 
138. (a) C. Pac, A. Nakasone and H. Sakurai, J. Am. Chem. Soc., 1977, 99, 5806; (b) J. Majima, C. Pac, A. 

Nakasone and H. Sakurai, J .  Am. Chem. SOC., 1981,103,4499. 
139. (a) L. Eberson and L. Jonsson, J. Chem. Soc., Chem. Commun., 1980, 1187; (b) R. W. Alder, J. Chem. Soc., 

Chem. Commun., 1980, 1184. 
140. (a) R. Beugelmans, M. T. LeGoff, J. Pusset and G. Roussi, Tetrahedron Lett., 1976, 2305; (b) K. Mizuno, C. 

Pac and H. Sakurai, J .  Chem. Soc., Chem. Commun., 1975, 553; (c) R. Beugelmans, H. Ginsburg, A. Lecas, 
M. T. LeGoff and G. Roussi, Tetrahedron Lett., 1978,3271. 

141. R. Filler, Isr. J .  Chem., 1978, 17,71. 
142. L. Eberson, L. Jonsson and 0. Sanneskog, Acta Chem. Scand., Ser. B, 1985,39, 113. 
143. (a) K. Yoshida, J .  Am. Chem. Soc., 1979,101,2116; (b) C. Pac, A. Nakasone and H. Sakurai in ref. 138a. 
144. K. Mizuno, M. Ishii and Y. Otsuji, J. Am. Chem. Soc., 1981,103,5570. 
145. (a) P. G. Gassman, K. D. Olson, L. Walter and R. Yamaguchi, J. Am. Chem. Soc.. 1981, 103, 4977; (b) P. G. 

Gassman and J. L. Smith, J. Org. Chem., 1983, 48,4438; (c) P. G. Gassman and K. D. Olson, J. Am. Chem. 
Soc., 1982,104, 3740. 

146. (a) F. A. Bell, R. A. Crellin, H. Fujii and A. Ledwith, J .  Chem. Soc., Chem. Commun., 1969, 251; (b) A. 
Ledwith in ref. 2. 

147. R. A. Carruthers, R. A. Crellin and A. Ledwith, J. Chem. Soc., Chem. Commun., 1969,252. 
148. D. J. Bellville, D. D. Wirth and N. L. Bauld, J .  Am. Chem. SOC., 1981, 103,718. 
149. (a) N. L. Bauld and R. Pabon, J .  Am. Chem. SOC., 1983, 105, 633; (b) K. T. Lorenz and N. L. Bauld, J. Am. 

Chem. Soc., 1987,109, 1157. 
150. (a) R. A. Neunteufel and D. R. Arnold, J .  Am. Chem. Soc., 1973,95, 4080; for reviews see (b) R. A. Caldwell 

and D. Creed, Acc. Chem. Res., 1980,13,45; (c) S. L. Mattes and S .  Farid, Acc. Chem. Res., 1982,15,80. 
151. F. Radner, J. Org. Chem., 1988, 53, 702; see also A. McKillop et al. in ref. 97. 
152. R. Sustmann, M. Dern, R. Kasten and W. Sicking, Chem. Ber., 1987,120, 1315. 
153. D. Dern, H . 4 .  Korth, G. Kopp and R. Sustmann, Angew. Chem., Int. Ed. Engl., 1985,24, 337. 
154. R. A. Pabon, D. J. Bellville and N. L. Bauld, J .  Am. Chem. Soc., 1984, 106,2730. 
155. K. A. Brown, S. L. Mattes and S .  Farid, J .  Am. Chem. Soc., 1978, 100, 4162; see also Farid and Brown in ref. 

81. 
156. R. Akaba, S. Aihara, H. Sakuragi and K. Tokumaru. J. Chem. Soc., Chem. Commun., 1987, 1262. 
157. J. W. Bruno, T. J. Marks and F. D. Lewis, J .  Am. Chem. SOC., 1981,103, 3608. 
158. J. Eriksen and C. S .  Foote, J. Am. Chem. SOC., 1980,102,6083. 
159, L. E. Manring, J. Eriksen and C. S. Foote, J. Am. Chem. Soc., 1980,102,4275. 
160. I. Saito, K. Tamoto and T. Matsura, Tetrahedron Lett., 1979,2889. 
161. F. D. Lewis and M. Kojima,J. Am. Chem. SOC. 1988,110,8664. 
162. (a) S. Sankararaman and J. K. Kochi, R e d .  Trav. Chim. Pays-Bas, 1986, 105, 278; (b) S. Sankararaman, W. 

A. Haney and J. K. Kochi, J .  Am. Chem. Soc.. 1987,109,5235. 
163. J. M. Masnovi and J. K. Kochi, R e d .  Trav. Chim. Pays-Bas, 1986,105,289. 
164. (a) K. Kim, V. J. Hull and H. J. Shine, J .  Org. Chem., 1974, 39,2534; (b) J. J. Silber and H. J. Shine, J. Org. 

Chem., 1971,36,2923. 
165. J. M. Masnovi, S. Sankararaman and J. K. Kochi, J. Am. Chem. Soc., 1989,111,2263. 
166. R. A. Pabon, D. J. Bellville and N. L. Bauld, J .  Am. Chem. Soc., 1983,105,5158. 
167. J. P. Dinnocenzo and T. E. Banach, J .  Am. Chem. SOC., 1986,108,6063. 
168. T. J. Richardson and N. Bartlett, J. Chem. SOC., Chem. Commun., 1974,427. 
169. M. Ohashi, K. Tsujimoto and Y. Kurakawa, Chem. Lett., 1977,543. 
170. M. A. Leoni, G. F. Betlinetti, G. Minoli and A. Albini, J. Org. Chem., 1980.45, 2331. 
171. N. Kornblum, T. M. Davies, G. W. Earl, N. L. Holy, R. C. Kerber, M. T. Musser and D. H. Snow, J .  Am. 

Chem. Soc., 1967,89,725. 
172. N. Kornblum, R. T. Swiger, G. W. Earl, H. W. Pinnick and F. W .  Stuchal, J .  Am. Chem. SOC., 1970,92,5513. 



Electron-transfer Oxidation 889 

173. (a) R. C. Kerber, G. W. Uny and N. Kornblum, J. Am. Chem. SOC., 1964, 86, 3904; (b) R. C. Kerber, G. W. 
Urry and N. Komblum, J .  Am. Chem. SOC., 1965,87,4520; (c) N. Komblum. R. E. Michel and R. C. Kerber, 
J. Am. Chem. Soc., 1966, 88, 5660, 5662; (d) G. A. Russell and W. C. Danen, J .  Am. Chem. SOC., 1966.88, 
5663. 

174. N. Ono, H. Miyake, R. Tamura and A. Kaji, Tetrahedron Lerr., 1981.22. 1705. 
175. (a) D. D. Tanner, E. V. Blackburn and G. E.  Diaz, J. Am. Chcm. SOC., 1981. 103, 1557. (b) J. Dupuis, B. 

Giese, I. Hartung, M. Leisung, H. G. Korth and R. Sustmann, J. Am. Chem. SOC., 1985,107,4332. 
176. A. L, J. Beckwith and G. F. Meijs, J. Chem. SOC.,  Chcm. Commun., 1981, 136. 
177. G. L, Closs and S. H. Goh, J .  Chem. SOC., Perkin Trans. 2,  1972, 1473. 
178. (a) C. H. Wang, S. M. Linnell and W. Wang, J .  Org. Chcm.. 1971.36525; (b) J. A. K. Harmony, ‘Methods in 

Free Radical Chemistry’, ed. E. Huyser, Dekker, New York. 1974, vol. 5,  p. 101. 
179. E. S. Huyser, J. A. K. Harmony and F. L. McMillan, J .  Am. Chem. Soc., 1972,94,3176. 
180. S. Fukuzumi, K. Hironaka and T. Tanaka, J. Am. Chem. Soc.. 1983.105.4722. 
181. (a) E. C. Ashby and R. DePriest, J. Am. Chem. SOC., 1982. 104,6144; AEC. Chem. Res.. 1988, 21,415; (b) H. 

G. Kuivila and M. S. Alnajjar, J .  Am. Chem. SOC., 1982,104,6146, 
182. (a) J. A. Barltrop and A. J. Owers, J .  Chem. SOC., Chem. Commun., 1970, 1462; (b) J. A. Barltrop, Pure Appl. 

Chem., 1973,33, 179. 
183. (a) A. J. Birch, Q. Rev., Chem. Soc., 1950,4,69; (b) R. G. Harvey, Synthesis, 1970, 161. 
184. J. Honzl and J. Lovy, Tetrahedron, 1984.40, 1885. 
185. K. A, Bilevitch. N. N. Bubnov and 0. Yu. Okhlobystin, Tetrahedron k r r . ,  1968, 3465. 
186. N. N. Bubnov, K. A. Bilevitch, L. A. Poljakova and 0. Yu. Okhlobystin. J. Chcm. Soc., Chem. Commun.. 

1972, 1058. 
187. L. E. Marning, C. I. Gu and C. S .  Foote, J. Phys. Chem., 1983,87,40. 
188. R. Adams and E. W. Adams, Org. Synrh., 1932.1.448. 
189. G. A. Russell and E. G. Janzen, J. Am. Chem. SOC., 1962,84,4153. 
190. P. R. Singh and R. Kumar, Aust. J. Chem., 1972,25,2133. 
191. T. J. Katz,J. Am. Chem. SOC., 1960,82,3785. 



Author Index 
This Author Index comprises an alphabetical listing of the names of over 7000 authors cited in the ref- 

erences listed in the bibliographies which appear at the end of each chapter in this volume. 
Each entry consists of the author’s name, followed by a list of numbers, each of which is associated 

with a superscript number. For example 

The numbers indicate the text pages on which references by the author in question are cited, the super- 
script numbers refer to the reference number in the chapter bibliography. Citations occurring in the text, 
tables and chemical schemes and equations have all been included. 

Although much effort has gone into eliminating inaccuracies resulting from the use of different com- 
binations of initials by the same author, the use by some joumals of only one initial, and different spell- 
ings of the same name as a result of transliteration processes, the accuracy of some entries may have 
been affected by these factors. 

Aarts, V. M. L. J., 33325 
Abbas, N., 47329 
Abbott, B. J., 6571 
Abdallah, Y. M., 36230 
Abdul-Hai, S. M., 26” 
Abdul-Malik, N. F., 16262 
 be, M., 102136,23~ 
Abe, T., 800“ 
Abe, Y., 8616. 
Abel, E. W., 33528, 594’, 5955, 598’, 614’, 62948, 

Abeysekera, B. F., 26275 
Abraham, W. R., 6250bJa, 42915’. 
Abramovitch, R. A., 2120, 2979, 476&@, 505%, 736’, 

Abbott, D. E., 612*12c, 1040, 5735354 

Agawa, T., 2Wg3, 45365 
Agenas, L. B., 76gU6 
Ager, D. J., 582148 
Aggarwal, S. K., 41511’, 601”, 602” 
Agnello, E. J., 136Io8 
Agosta, W. C., 140131 
Ahem, T. P., 21 Ig7 
Ahlhelm, A., 247Io6 
Ahmad, H. I., 26279 
Ahmad, M. S., 9243, 6 7 P  
Ahmad, S., 5801“, 586’“. 822’’ 
Ahmad, S. Z., 9243 
Ahmed, M. T., 74’ 
Ai&, T., 503275 

8166*b, 8246, 82S6,827@, 8 2 p ,  8316, 8 3 P ,  833@ 

7451,749’ 
Abramson, N. L., 493’88 
Abul-Hajj, Y. J., 594I 
Abushanab, E., 778415 
Abuzar, S., 78128b 
Accountius, C. E., 100130 
Acemoglu, M., 41Olo3 
Achiwa, K., 22895 
Achrem, A. A., 1601” 
Adam, M. A., 35g9, m3, 40162 
Adam, W., 9gW, l82I6’, 185’75J77, 3747’b*d, 384”“, 

399”, 40038*’8b, 40938, 4W8, 674*8, 81816 
Adams, A., 4964 
Adams, A. D., 4g6’, 37270 
Adams, E. W., 8841a8 
Adams, J., 4Oga9 
Adams, M. A., 21912 
Adams, R.. 884188 
Adams, T., 23620 
Adams, W. R., 9689, 97*9 
Addison, C. C., 76514’, 84685 
Adelakun, E., 84@’ 
Adger, B. M., 74Y5 
Adhikary, P., 751 
Adinolfi, M.. 438I!-I9, 4 9 7 4 9 . 5 8  
Adkins, H., 14Iz6 
Adlington, R. M., 23 1 l f3~15d 
Adolph, H. G., 749Iz1 
Afshari, G. M., 23627 

Aigami, K., g70 
Aihara, S., 881Is6 
Aiken, J. W., 34046 
Ainley, A. D., 5959 
Aitken, R. A., 47gg2 
Aizpurua, J. M., 275’45, 278’59J60, 283IE6Ja7, 53018, 

53 1 752‘”, 7 W 4  
Akaba, R., 881Is6 
Akabori, S., 230Iz9, 66038 
~ k ~ ,  s., i 9 ~ . 2 0 9 8 9  
Akasaka, T., 47013, 4982m, 76gU2 
Akashi, K., 3WZ2, 43928930 
hermark, B., 9~,47444.45,~04282 
Akhrem, I. S., 
Akhtar, J. A., 583153 
Akhtar, M., 968 
Akhtar, M. S., 26S03, 267Io3 
Akiba, M., 774323 
Akimoto, H., 69223 
Akita, M., 6428 
Akiyama, A., 2W2,  20992 
Akiyama, F., 173”’ 
Akiyoshi, S., 9242, 9342 
Albarello, J. A., 308’ 
Albeck, M., 736 
Albert, R., 20773 
Alberti, B. N., 79t35 
Albini, A., 34048, 874Io8, 882I7O 
Albonico, S. M., 686’O0 

89 1 



892 Author Index 

Albright, J. D., 29416, 295I6J9, 29940 
Aldar, K., 663@' 
Alder, R. W., 878139 
Aleksejczyk, R. A., 36547 
Alewood, P. F., 3lS7 
Alexander, D. L., 2542s 
Alexander, J., 3415'52 
Alexandrov, Y. A., 5 9 P  
Alexis, M., 39S2I 
Alfonso. C. M., 298% 
Alfonso, L. M., 766'76 
Alfter, I., 748II6 
Mi, S. F.. 206# 
Ali, S. M., 67437 
Aliminosa, L. M., 92" 
AI Jazzaa, A., 844% 
Alkonyi. I., 9241*41h42, 9342,944' 
Allen, D. E., 54316 
Allen, D. S., Jr., Sag3,  56Sg3, 56893, 71 lS7 
Allen, J. C., 13Il4 
Allen, M. S.. 5857, 6257, 6357, 34046 
Allen, R. L. M., 74040 
Allenmark, S., l%M, 19930 
Allevi, P., 67442 
Almassian, B., 473" 
Alnajjar, M. S., 877'29, 884Is1 
Alonso-Cires, L., 9 P .  486142, 490'76 
Alpegiani, M.. 34048 
Alper, H., 45 1 17J0*31, 462'7, 482117 
Al-Raak, L. A., 3 5 P .  35525 
Altarejos, J., 634@ 
Altland, H. W., 732ss 
Altukhov, K. V., 85SM 
Alvarez, C., 69324 
Alvarez, E., 413Il8 
Alvemhe, G., 498222 
Amann, A., 35915 
Amano, K., 69330, 69430 
Amarasekara, A. S., 24261, 496216, 52238,772287 
Amatore, C., 8501°, 8523740, 85445 
Ambrus, G., 70g3 
Ame, P., 65@ 
Amedio, J. C., Jr., 39939 
Arnice, P., 12lZ6 
Amin, N. V., 22025 
Amin, S., 35OU 
Amon, C. M., 30057 
Amos, R. A., 16378, 167'* 
Amosova, S. V., 1946 
Ananda, G. D. S., %Iw, 1 P8, 82026 
Anani, A,, 66255 
Anastasia, M., 67442 
Anastassiou, A. G., 2 1 2S4, 264*so, 47995,507" 
Anderson, A. B., 6463 
Anderson, C. B., 92% 
Anderson, C. L., 5974, 64i5 
Anderson, D. J., 7 4 P  
Anderson, G. J., 2912, 6549, 6559J8 
Anderson, K., l W 9  
Anderson, N. ?I., 22893, 258" 
Anderson, 0. P., 39933 
Anderson, R. C., 26167 
Andersson, B., 33 1 Is 
Andersson, F., 272'", 274'" 
Ando, A., 158" 
Ando. H., 425'49i 

Ando, K., 764II6 
Ando, M., 155=, 16373, Mi6, 6%43, 69743 
Ando, R., 76163, 771279, 773279 
Ando, T., 2W8 
Ando, W., 763'02, 76P2, 778u", 851% 
Andrade. I. G., 336" 
Andre, e., w 
hdreades, S., 801% 
Andreae, s., 74693 
A n b ,  H., 7 W  
hdrejevic, V., 229I12 

Andrews, A., 45249 
Andrews. D. R., W2 
Andrews, M. A., 1O7lQ 
Andrews, R. C., 8gn 
Andrews, s. L.. 2056' 
Andriamialisoa, R. Z., 164" 
h d d i s ,  P. I., 872* 
Aneja, R., 544% 
Anet, F. A. L., 483'= 
Angelino, N., 7491" 
Angel], E. C., 22131, 2273' 
Angermann, A., 25318 
Angibeaud, P., 247Iw 
Angier, R. B., 30" 
Anmiustine, R. L.. 

h d r e s ,  W. W., 15733, 15833b.43 

Anidekar; T. V., 22780 
Annen, K., 77P5 
Anner. G., 41M 
h i s ,  M. C.. 69954 
Annunziata, R.. 44247, 767Ig3, 77841' 
Ansari, J. A., 9243, 481112 
Anselme, J.-P,, 66P9, 749'20 
Antonakis, K., 265w.98, 27298 
Antoni, G., 229I2l 
Antonioletti, R., 265*02, 266'O7,267'Mq*07, 53015 
Antonsson, T.. 453" 
Antus, S., 83162 
Anwar, s., 64523 
Aoai, T., 4 9 F ,  52343, 771264 
Am, K., 35335, 35535 
Aoki, K., 80249 
Aoki, T., 70729, 70829, 803s' 
Appel, R., 474". 47649 
Appelbaum. A.. 9S80 
ApSimon, J. W., 3OS2 
Ami. H., 45241, 628-, 64519-21, 70164 
&ai, K., 209%, 414'08 
Arai, Y., 25747 
Arakawa, H., lW5 
h d a ,  V. G., 486I4I 
Arase, A., 161a, 60299,60@, 608I7OJ71 
Arata, K., SU 
Aratani, M., 169Im 
Araujo, H. C., 507- 
Aravind, S., 502258 

Archer, S., 75'13, 69014 
Ahm, H. A., 625@'952b 
Arigoni, D., 86". 236% 
Arimoto, M., 924',41b, 934'b, 9441, 3@, 457110 
Aristoff, P. A,, 415II' 

Arch~la~,  A., 5942*43, 60434'*46A7'JJ, 6247C, &61b, 78126 
42915% 



Author Index 893 

Arita, M., 68493' 
Ariyoshi, K., 91". 31OZ8, 65722 
Arledge, K. W., 5285 
Armand, J., 21B3 
Armande, J. C. L., 225% 
Annistead, D. M., 23737 
Armstrong, R. W., 39933 
Arnap, J., 24575 
Amdt, D., 5412, 85lZ2 
Arnold, D. R., 874IM, 875"', 878137, 879IM 
Arnold, S. C., 1 lE3 
Arnold, Z., 507308, 82441 
Aronovich, P. M., 59742*43 
Arora, S. K., 59853, 600" 
Anias, E., 766175 768175 
Arth, G. E., 23621*25, 256@ 
Artsybasheva, Yu. P., 483127 
Arumugam, N., 502258 
Arvanaghi, M., 29947, 7 W 7  
Arvidsson, L.-E., 83 1 
Arzoumanian, H., 9242, 9342, 9571973a, 60073, 6o173 
Asada, K., 76392 
Asakawa, M., 231 138 

Asano, O., 67B70 
Asaoka, M., 67327 
Asel, S. L., 874Iw 
Asensio, G., 9354, 486142, 490176, 501255, 505285, 53652-55 
Ash, A. B., 65616 
Ashby, E. C., 884I8I 
Ashcroft, A. C., 10O1l8 
Ashley, K. R., 7 W 7  
Ashnagar, A., 34S4 
Asinger, F., 579130, 76040 
Asirvatham, E., 206", 62541*42, 62742843 
Askani, R., 748116 
Askin, D., 416Iz2 
Asmus, K. D., 85563 
Aso, Y., 492In3, 497219, 65722, 752I5l, 76161, 774322 
Asveld, E. W. H., 169lI0 
Atkinson, R. S., 47441, 4801wJ01J03, 

Atland, H. W., 185173 
Atlay, M. T., 108174 
Aub6, J., 750132 
Audia, J. E., 273135 
Audia, V. H., 416I2Ib 
Aue, D. H., 4777s 
Auer, E., 22240 

481 1 ~ . 1 0 3 , 1 ~ - 1 0 8 , 1 1 0 , ~ ~ ~ ,  4~21oO~l15,116 48341.108.128,129 
742$', 7435s, 7M55*%*67 

, , 

Augustine, R. L., 9241-41a, 9441, 9689,9789,23510, 23738 
5@, 5436, 67 1 3. 6743 

Auksi, H., 196", 199" 
Auret, B. J., 78IZ5 
Aurich, H. G., 74574 
Aurora, R., 85457, 85S7 
Au-Yeung, B. W., 61612J0 

Awad, S. B., 16262, 778398 
Awasthi, A. K., 145I6OJ61 
Axelrod, J., 1 la9 
Ayer, D. E., 39316. 39816 
Aylward, J. B., 231145*146 
Ayrey, G., 6161°, 62010, 769242, 771242, 773242 
Ayyangar, N. R., 6o180 
Aziz, M., 4 W 6  
Aznar, F., 486I4l 

Au-YOWg, Y. K., 797" 

Azuma, S., 1681°1 

Baasner, B., 49Bm 
Baba, H., 80034 
Babine, R. E., 416Iz2 
Babler, J., 22Bg8 
Babler, J. H., 659O 
Baccouche, M., 
Bach, R. D., 3W9 
Bach, T. G., 13289-93, 13493 
Bacha, J. D., 7201* 
Bachelor, F. W., 5288 
Bachhawat, J. M., 44661 
Bachman, G. B., 72P3 
Baciocchi, E., 64946,76P 
Back, T. G., 110188, 51923, 523", 7415', 742s9, 77lB0, 

773280,779422 
BLkvall, J.-E., 9455s7, 438", 441", 44311, 45240, 

4744345, 484137, 490174*175, 5MZ82, 5 1gZ3, 5272, 
528's3, 5302 

Bacon, C. C., 77B3% 
Bacon, R. G. R., 228Io4 
Bae, S. K., 3 1 P ,  31p6 
Baekstrhm, P., 822" 
Bag, A. K., 76OZ6 
Baggaley, A. J., 7947b 
Baggiolini, E. G., 268122, 56492, 56792 
Bagheri, V., 31543 
Bagley, E., 488163 
Bailey, A. S., 15842 
Bailey, E. J., 159' 
Bailey, P. S., 542', 5438, 54436, 581 I4l, 7378 
Baines, D. A., 92" 
Baud, M. S., 82543 
Baird, W. C., 53OZ7, 53lZ7 
Baisheva, A. U., 767I9O 
Baitz-Ghcs, E., 74Q3 
Baizer, M. M., 81P8 
Baker, A. D., 76217, 85243 
Baker, E. J., 40675 
Baker, B. R., 29414 
Baker, F. W., 72428 
Baker, J. W., 6M70 
Baker, L. M., 571 120,121, 575120J21, 576l20J21 
Baker, P. B., 5856, 6251s6, 6356 
Baker, R., W2, 40671 
Baker, S. R., 4Ols8, 71263 
Bakovetila, M., 84221 
Bakshi, R. K., 37685, 595IZ7, 604IZ7 
Bakuzis, M. L. F., 1206, 20456 
Bakuzis, P., 1206, 20456 
Bal, B. S., 24v7 
Balakrishnan, P., 13lE4 
Balani, S. K., 78Iz5 
Balanikas, G., 35e2  
Balasubramanian, K., 16261, 277156 
Balasubramanian, T. R., 267II7, 268Il7 
Balavoine, G., 14142, 238& 
Balchunis, R. J., 125", 126s5 
Baldassarre, A., 172128 
Baldinger, H., 7 4 ~ 5 ~ ~ .  75292 
Baldwin, J. E., 9570970., 168Io5, 231153Js, 405@, 501255, 

54S8, 63053,54 
Baldwin, J. F., 4337 
Baldwin, S. W., 4335*36, 11 1'9OJ9' 
Balenovic, K., 65733, 777366 



894 Author Index 

Balfe, M. P., 775"', 776%' 
Balko, T. W., 503273 
Ball, S. S., 76391, 76gg1 
Ball, T. J., 384Il5 
Ballini, R., 26277 
Balme, G., 45363, 4 W 3  
Balogh, M., 84697*98 
Balogh-Hergovich, k., 53230 
Baltes, H.. 7959 
Balzarini, J., 35p5, 3W5 
Ban, Y., 175142, 35335, 35535 
Banach, T. E., 749Il8, 854%, 85S6, 882167 
Bando. T., 503273 
Bandy, J. A., 418 
Banejee, S., 6676-77, 6876-77983b 
Banerji, I., 82335 
Banfi, L., 12863 
Banfi, S., 77g411 
Bang, L., 247Io1, 8422728 
Bangext, R., 15733*33a 
Banks, D. F., 16IQ 
Banks, R. E., 2423*25, 2625 
Bannore, S. N., 379O 
Bannou, T., 98Iw, 77Wk, 77lZs6, 81922 
Banwell, M. G., 3W7 
Baraldi, P. G., 143140.141 
Baranovskii, I. B., 1O8l7O 
Barash, L., 
Barbachyn, M. R., W1, 4 l 4 I  
Barbieri, G., 55774, 764Il2, 767Il2, 7773" 
Barcelos, F., 268Iz2 
B ~ O ,  A., 143140J4' 
Bard, A. J., 8503*8, 8528 
Barden, T. C., 54S8 
Bargas, L. M., 228% 
Barlin, G. B., 768202 
Barltron J. A.. 884IE2 
Barluen .a, J., 93", 486141J42, 490176, 5OlZs, 505285, 

Bamard, D., 76272*73, 7638;, 76515', 76687, 769242, 
5333 f *36, 53435, 53652-55 632@ 

77Ia2. 773242 
Bamer, B: A.r3W4 
Barnes, J. C., 4 4 0 3 9 9 3 9 ~  
Barnes, J. R., 84577 
Bames, K. K., 85455, 85S5 
Barnes, R. A., 16159 
Bamett, J. E. G., 23946 
Bamette, W. E., 52341,46, 524" 
Barnurn, C., 13183-85 
Barone, G., 438I7-I9, 4451749 
Baroni, A,, 774320 
Barras, C. A., 25749 
Barrero, A. F., 63468 
Barret, R., 764II4 
Barrett, A. G. M., 529" 
Barren, J. H., 507306 
Barrette, E.-P., 278165, 279165 
Barron, H. E., 7 6 P 3  
Barros, M. T., 29g3'j 

Bartes, 0.. 235' 
Barth, G.. 67662 
Bartholomew, D., 23736 
Bartlett, N., 8821a 
Bartlett, P. D., 981W, 480t02 
Bartmann, W., 69432, 69S5 

~ a r t a ,  M. A., 100129, 104129,26043,779421 

Bartok, M., 3B6, 3726 
Bartok, W., 75g5 
Bartoli, D., 3W5, 77V5@, 771256, 773%. 779427 
Bartoli, G., 33116 
Bartoli, J. F., 108'76, 383'09 
Bartolini, O., 76284, 777380 
Bartolotti, L. J., 22778, 23078 
Barton, D. H. R., 13115-117J1g, 14142 9 9 9 ,  15145 27" 4 0 1 1  

411822, 841, 851, 9032, 9241,41."9, 9441, 1ogl.180, 
110187.188, 12335, 12972, 13272,91.92.95.97-100 13372.92 
134%, 14P, 146IW, I5P5, 1701", 1711&, 22342, ' 
22787, 23114', 24469*70, 2!WO*51, 30716, 310t6, 31816, 
31916, 32216, 329, 3434, 3451,35648, 4702,529", 
5944, 59g4, 671 lo, 6731°, 6871°, 704I2-I4, 705'' 
7196*7, 7206, 7217, 722", 723", 724", 7257*31j3, 

73145,52.5355,'73259,'74149, 74+J@5, 76159,' 
7266,7,20.35-37 72738 7287,41,42 7304547.4931 

77659,357.362 
Bartroli, J., 3 m 3  
Bartsch, R. A., 54313 
Baryshnikova, T. K., 596"O 
Basavaiah, D., 5%36 
Bashe, R. W., II, 12333 
Baskaran, S., 266'06, 2671M, 276IO6 

Bassignani, L., 439= 
Bast, H., 92*, 15414 
Bastos, C., 44351b 
Basu, N. K., 4lZ2 
Basu, S. K., 7195 
Batcho, A. D., 268122, 56792 
Bateman. L., 76273, 76385, 76685 
Bates, H. A., 2 0 P  
Batis, F., 4343 
Batra, R., 4965 
Batres, E., 9242, 93" 
Batten, P. L., 23 1 
Battioni, P., 383'09, 426148c, 47778, 48378*133, 

Batzer, H., 7 6 P 7  
Baudouy, R., 298" 
Baudry, D., 629 
Bauer, T., 39729, 71373 
Bauld, N. L., 86074, 87914sJ49, 880148J49JM, 882Is 
Baum, K., 74798 
Baumgarten, R. J., 2291°8 
Baumstark, A. L., 37476 
Bavley, A., 3063 
Baxter, S. M., 38 
Bay, E., 876I2l 
Bayer, C., 131a3 
Bayley, H., 21 
Bayner, C. M., 45 1 
Beak, P., 22PW,  22672 
Bed, D. A., 239 
Beale, J. M., Jr., W3., 6253953a, 6353a.58 
Bean, F., 602% 
Beard, C. D., 74798 
Beaulieu, P., 1537 
Beaulieu, P. L., 52P8, 52136 
Bechgaard, K., 80139 
Beck, A. K., 774316 
Beck, A. L., 3291 
Beck, F., 248Io8 
Beck, G., 69432 
Becker, E. I., 9240, 9455 

B ~ S ,  L. s., 4 4 1 4 2  

48478,133.1" 500133  



Author Index 

Becker, H.-D., 135'", 8 3 P ,  877131 
Becker, J. L., 80137 
Becker, J. Y., 107'", 79925, 8W2, 8Ol4l 
Becker, K. M., 72430 
Becker, P. N., 484136 
Becker, W. G., 85461 
Beckham, L, J., 
Becking, L., 80672 
Beckley, R. S., 416 
Beckmann, E., 689I 
Beckwith, A. L. J., 403, 96", 6896, 84229JO*32, 883176 
Bedford, C. D., 74687 
Bedi, G., 47718, 48378J33, 48478J33J34, 500133 
Bednarski, M., 175I4I 
Beebe, T. R., 70626 
Beedle, E. C., 82442 
Beger, J., 490179 
Begley, M. J., 33842 
Behaghel, 0.. 7692%, 7702" 
Behforouz. M.. 35542 
Behrens, C. H.; 3901°, 40310*65, 40617, 41477, 

41577, 4217', 42377 
B e h a n ,  E. J., 86385 
Beilefeld, M. A., 7201° 
BQanger, P. C., 69326 
Belew, J. S., 543, 563, 663, 773, 7t13, 5426, 5436 
Belfoure, E. L., 73@O 
Bell, E. V., 76398 
Bell, F. A., 879l* 
Bell, H. C., 64945 
Bell, R. P., 70946 
Belleau, B., 797I8*l9, 79928, 80028p 
Belloli, R. C., 2659 
Bellus, D., 2 0 P  
Bellville, D. J., 879148, 880148J54, 882IM 
Belter, R. K., 45311 
Bemiller, J. N., 23S 
Benage, B., 29733 
Benati, L., 493197 
Benbow, J. W., 41097b 
Bender, H., 65826 
Bender, M. L., 65936, 66040 
Bender, S. L., 24519, 408", 418", 54525 
Bendich, A., 65715 
Benetti, S., 143140J41 
Benezra, C., 55V2 
Benfield, F. W. S., 3" 
Benhamou, M. C., 63261 
Ben-Ishai, D., 55SM 
Benjamin, L., 602Io2 

Benner, S. A., 67217 
Bennett, C. F., 769209.217 
Bennett, D. A., 20783, 20883, 2 w 3 ,  210a3 
Bennett, D. W., 54439, 55339, 55639 
Bennett, F., 44Q8 
Bennett, G. M., 763% 
Bennett, R. H., 20@O 
Bennett, W. D., 229Il9 
Bensadat, A., 4 9 1 3 ~ ~ ~  
Benson, B. W., 3lE6 
Benson, S. W., 8"*57 
Bentley, P. H., 6716 
Bentley, R. K., 3064 
Benton, J. L., 
Bentmde, W. G., 742 

Benn, M., 31a7 

Benzing-Nguyen, L., 25532 
Berchier, F., 25749 
Berchtold, G. A., 78125, 365&s4', 429l5' 
Berenschot, D. R., 179153 
Btres, J., 72325 
Bergan, J. J., 752154 
Bergbreiter, D. E., 604138 
Berge, D. D., 143147 
Bergen, E. J., 761t7 
Bergens, S., 416Iz3 
Berger, B., 131a7 
Berger, H., 75914 
Berger, J., 547 
Bergeron, R. J., 66882*83 
Bergman, J., 53443 
Bergman, R. G., 312, 4", 812, 484136 
Bergmann, E. D., 107'" 
Berka, A., 7048 
Berkowitz, L. M., 23612, 572lI4 
Berkowitz, W. F., 24261 
Beman, E., 438" 
Beman, R. J., 54SZ6 
Beman, Z., 79135 
Bemard-Henriet, C., 502262 
Bemardon, J.-M., 35916 
Bemath, J., 87298 
Bemdt, A., 506293 
Bemct, B., 493Ia5 
Bemhard, W., 64624 
Bemotas, R. C., 63672 
Bemou, A,, 47772, 48372 
Bemstein, S., 277L 
Bemer, C., 33320 
Beny, D.. 2423 

Bertram, J:, 8%, 7933 
Bertrand, M. P., 9240 
Besemann, M., 846" 
Bestmann, H. J., 109185, 213101J02 
Betancor, C., 4115, 15734 
Bethell, D., 2650, 874lIO 
Betlinetti, G. F., 882Il0 
Betterton, K., 73935 
Bettman, B., 602Io0 
Beugelmans, R., 169'08, 22342, 878140 
Bewick, A., 494203, 49520334~209 
Bey, P., 32473, 71 159 
Beyler, R. E., IOO'", 256@ 
Bezmenov, A. Ya., 59518 
Bhaduri, A. P., 265Io3, 267Io3 
Bhaduri, S., 766I85J86 
Bhagwat, M. M., 60182383 

Bhalerao, U. T., 8S9, 86"jb, 87", 10817 
Bhat, G. A., 8W0 
Bhat, N. G., 59749 
Bhat, V. V., 80357 
Bhati, A., 23 1 
Bhatia, A. V., 34l5Is52 
Bhatnagar, A. D., 4337 
Bhatnagar, I., 231149, 
Bhatt, M. V., 186182, 239, 8W0 
Bhattacharjee, D., 3M5O 
Bhattacharjee, M. N., 267II7, 268Il7 
Bhattacharya, A., 877135 
Bhattacharya, S., 82335 

895 



896 Author Index 

Bhattacharyya, S. C., 23P7, 55879, 5 6 0 ~ 9  
Bhupathy, M., 2mM 
Bhushan, V., 187lU5 
Bianchi, D., 429I5l 
Bianchi, G., 143142 
Bianco, E. J., 15733 
Bickelhaupt, F., 37373 
Bicker, U., 471U, 47423 
Bien, S., 9567, 107167 
Bierling, B., 14lN, 141” 
Biennan, M. H., 70517 
Biermann. T. F.. 72P3 
Bigelow, L. A., 1514) 
Bigham, E., 82851 
Bihari, V., 719s 
Bilevitch, K. A,, 884185J86 
Biller, S. A., 489Ia 
Billingham, N. C., 72116 
Billion, A.. 22787 
Billmers, J. M., 16263965, 1816, 772291, 779425 
Billmers, R., 16264 
Billups, W. E., 16Iw 
Biloski, A. J., 503n2, 74579, 76389 
Bindra, J. S., 68699 
Binger, P., 59853.57 
Binns, T. D., 80567 
Birch, A. J., 884lS3 
Birchall, J. M., 488162J63, 750’35 
Bird, M. J., 77OW 
Bird, T. G. C., 6gg2, 73= 
Birks, J. B., 85242 
Birladeanu, L., 236223 
Bhbaum, J., 429156 
B h ,  G. H., 20669 
Bisagni, E., 35OZ1 
Bitar, H., 9571 
Bittler, D., 741t1, 75l1I 
Bittman, R., 39316, 39816 
Bittner, S., 69222 
Bjellquist, B., 14138 
Bjirrkman, E. E., 490174J75 
Black, D. St. C., 229Io9 
Blackbum, D. E., 35Io3 
Blackbum, E. V., 883175 
Blackburn, T. F., 453@ 
Blackman, N. A., 229Io9 
Blackstock, S. C., 874Ilo 
Bladon, P., 582149 
Blair, I. A., 20039 
Blair, P. A., 1 87Is3 
Blanco, L., 12126 

Blanshtein, I. B., 579135 
Blaschke. H., 2432 
Blaszczyk, K., 255” 
Blatt, A. H., 68g2 
Blizzard, T. A., 410M 
Block. E., 516? 51713, 768203 
Blomquist, A. T., 6603’ 
Bloodworth, A. J., 53437, 63257, 728” 
Bloom, A. J., 4881MJ62, 505287 
Bloom. S. H., 503”O 
Blossey, E. C., 1081m 
Blough, B. E., 418lZ7 
Blount, J. F., 52449 
Bludsuss, W., 483IMJ3l 

Blank, B., 23614J5 

Blum, J., 1O7la, 475%. 476m 
Blum, M. S., 5289 
Blumbach, J., 13lS8 
Blumbergs, J. H., 67443 
Blumenkopf, T. A., 256= 
Blumn, Z.. 7 W .  8 W 3 I ,  80459, 80S9 
Blye, R. P., 37271 
Boar, R. B., 170Iu, 17ltZ2 
Bobbin, J. M., 70940, 74574, 8Ol4I 
Bochmann, G., 772295, 773295 
Bock, H., 874lW 
Bockhorn, 0. H., 2977 
Bockmain, G., 799=J6 
Bockman, T. M., 85235 
Boden, R. M., 979’ 
Bodennec, G., 498220 
Bodkin, C. L., 8422950 
Bodrikov, I. V., 494m 
Boeckman,R. K., Jr., W V ,  2W2. 313’,4077&, 

Boekelheide, V., 661”. 801” 
Boele, S., 53547 
Boerwinkle, F. P., 5 W 7 ,  501247*2”,u9 
Boes, M., 22449 
Boes, O., 76271 
Bkseken, J., 76617’, 768’75 
Bogdanov, V. S., 59742*44 
Boger, D. L., 34lo0, 26OS6, 34717, 35517, 54323, 54423, 

Boggs, R. A., 416 
Birh, H., 765147, 769147 
Bohlmann, F., 95’* 
Bohm, M.. 169112 

567Io4, 579’”, 65613. 673% 

7481t2 

Boldrih, G. P., 54?2 
Bolton, R. E., 34%~~ 
Bonadies, F., 10314, 2W5 266110J13, 267lI0, 41095 
Bongini, A., 493Iu, 503” 
Bonini, C., 2W5, 266It3, 41095 
Bonser, S. M., 208#I 
Bontempelli, G., 769215 
Boocock, J. R. B., 16Is8 
Boontanonda, P., 45395, 831% 
Boot, J. R., 40158 
Borchardt, R. T., 33323 
Borden, W. T., 7377, 875”’ 
Bordier, E., 924 
Bordimon. E.. 777386 
Bordwell, F. G., 20353, 20672, 20772, 21072, 229It9, 

765 138. I48 

Borg. R. M., 876Iz3 
Borner, E., 23 1 
Boross, F., 83162 
Borowitz, I. J., 7105’ 
Bortolini, 0.. 95@, 425147a, 762@, 77769b, 77869 
Bory. S., 777388 
Bos, M. G. J., 12Io1 
Bosch, G. K., 9462, 55673, 64737 
Boschelli, D., 16267, 17667 
Boschelli, D. H., 24364, 47771 
Boschung, A. F., 9897 
Bosco, M., 33 1 l6 
Bose, A. K., 45499 
Boshart, G. L., 29412 
Boshmann, G., 7722w, 773294 



Author Index 

Bosnich, B., 416IZ3 
Bosnjak, J., 83IM 
Bosshard, C., 35 
Bosshardt, H., 99'07 
Boswell, G. A., Jr., 751'" 
Bosworth, N., 83372 
Botta, M., 71371 
B o w ,  J. C., 23 1 153*1H, 47 1 19, 74687 
BottorR, K. J., 874Iw 
Boucher, R. J., 29415 
Boulette, B., 764Iz8 
'Bouman, T. D., 26281 
Bourne, E. J., 76OZ8 
Bouquet, E. W., 138Iz6 
Boutan, P. J., 7 6 P  
Bovicelli, P., 832@ 
Bowen, R., 1 4 P 7  
Bowen, R. D., 5083'0 
Bowers, A., 8616, 136II6, 137Il6, 25317 
Bowles, S., 37372b 
Bowius, S. B., 8718 
Bowman, D. H., 60S" 
Boyd, D. R., 6", 78lZ5, 75OI3l 
Boyd, G. V., 772296 
Boyd, S. A., 845@ 
Boyer, J. H., 7364, 7374, 7471m, 7481M, 749Il9, 7504, 

Boyle, P. H., 102134 
Braatz, J., 45259 
Brachiand, J., 80O3O 
Bradbury, S., 74365 
Bradshaw, J. S., 415Il3 
Branca, Q., 5727 
Branca, S. J., 747, 68389 
Branch, G. E. K., 6O2Im 
Brandes, E., 5691°7 
Brandl, M., 4962-a4 
Brandt, A., 43gZ5 
Brandvold, T. A., 487149 
Brannen, W. T., Jr., 76514 
Brannfors, J. M., 270Iz8, 2711B 
Bratz, E., 45015 
Braude, E. A., 1351°2 
Brauman, J. I., 12%, 282179 
Braun, A. G., 36547 
Braun, D., 82232 
Braun, H., 505283*284 
Braun, M., 384"", 39938, 
Brtiutigam, I., 75114' 
Bredereck, H., 65730, 768200 
Bregant, N., 777366 
Bregeault, J. M., 45251953, 45351 
Bregovec, I., 777366 
Breitgoff, D., 39730 
Bremholt, T., 8 3 P  
Brennan, M. R., 15416, 174137 
Brenner, A., 15415 
Bresadola, S., 500239 
Bresiauer, H., 9246 

7524 

406%. We, 41538 

BES~OW, D. S., 2114, 2429*m*36J8, 2536*43, 2643*47, 21914 
Breslow, R., 24s9, 2539, 408*'3,4232*", 43833638.4647, 

464-50, 475"52*54, 48584', 4saz*, 5074, 80566, 85449, 
855" 

Bressan, M., 23843 
Bretschneider, H., 678@ 
Brettle, R., 7947b*d, 80S6' 

Breuer, E., 
Breuer, S. W., 59528,3L 
Brewster, A. G., 1 
Bridges, A. I., 31647, 31747, 52135 
Bridon. D., 72635f7, 72738. 72841, 73049 
Briggs, L. H., 9 P  
Brimacombe, J. S., 26279, 44038,39hb 
Brimble, M. A., 35019 
Brindiey, P. B., 5W 
Brink, M., 3M5 
Brinker, U. H., 800M 
Brinkman, G. A., 53547 
Brinkman, M. R., 26M 
Brinkmeyer, R. S., 503273 
Bristol, D., 41 I6 
Broadhurst, M. J., 35lZ8, 35528 
Bmcksom, T. J., 239%. 3W9 
Brocksom, U., 35539 
Brodie, B. B., 1 lS9 
Broeckx, W., 47S2 
Bmkhof, N. L. J. M., 235' 
Brogli, F., 86790 
Brois, S. L., 474n 
Broka, C. A., 246", 51gZ1, 633& 
Broline, B. M., 616" 
Bromley, D., 7183, 7243 
Brook, A. G., 16377. 16477 
Brook, P. R., 67663 
Brooks, D. W., 57913 
Brophy, B. V., 67663 
Brossmer, R., 3066 
Broster, F. A., 59528 
Brothers, D., 130n 
Brougham, P., 1944, 37478, 67441 
Brouwer, W. M., 7591° 
Brown, D., 13In6, 273Iw 
Brown, D. L., 41@7b 
Brown, E. V., 82v7 
Brown, H. C., 14", 16IM, 25313, 2MW, 47440"8, 47648, 

5943, 5953.1 1-~3~~7~~924.30~127 59635-37 59749 5983.19 
5996263@9-7l, 60077 ,  6o13.~,80.89.90, &p2,93,i03 . 
603123J26, ~ ~ ~ , l 3 2 , ~ 3 5 . 1 3 7 ,  ~ O ~ M ~ . M . I M , I ~ S  ' 
606~46 .~47 .~49 .~52 .~53 ,1~ ,159 ,  ~7l62,l63.l64.l65.l~ 6081@ 

Brown, I., 2774 
Brown, J. F., 488161 
Brown, J. H., 613' 
Brown, J. M.. 67113 
Brown, K. A., 86281, 880Is5, 1388~~ 
Brown, K. C., 56483, 584158 
Brown, M., 1 1 1 190 
Brown, R. A,, 22e4 
Brown, R. E., 66465 
Brown, R. F. C., 30M, 82748 
Brown, R. J., 371@, 418'29'b 
Brown, R. W., 316M 
Brown, S. B.. 662%35 
Brown, S. F., 77lS8 
Brown, S. H., SZ7, 15" 
Brown, W. V., 768202 
Brownbridge, P., 16374, 16474, 16774, 17774, 493200, 

Browne, E. J., 26274 
Brownell, R., 23619 
Brownfain, D. S.. 3W6 
Brownstein, S., 8566s 
Brubraker, G. R., 22562 

4942" 

897 



898 Author index 

Bruce, J. M., 3454 
Bruder, W. A., 229Il9 
Bruice, T. C., 76390*91 76g9' 
Brumfield, M. A., 878'" 
Brundle, C. R., 85Y3 
Brunelet, T., 280173, 281'73, 283L73J84, 289" 8404 

Brunelle, D. J., 67873 
Brunner, H., 40l6la 
Bruno, J. W., 881 157 

Brussani, G., 5234a 
Brutcher, F. V., 43814, 44414 
Bryan, C. A., 764131 
Bryan, D. B., 21911 
Bryan, H. G., 54312, 55II2 
Bryker, W. J., 7 W  
Bryson, T. A,, 771271 
Bubnov, N. N., 884185.186 
Bubnov, Yu. N., 5947, 5957,20, 59744, 5987, 59g7, mi7, 

Buc, S. R., 766173 
Bucciarelli, M., 747%, 778402 
Buchan, G. M., 15839 
Bucher, W., 85'O 
Buchholz, B., 4709, 4879 
BLichi, G., 85", 1W8, 16373 
Buchner, E., 7W3, 71P3 
Buckles, R. E., 7208 
Buckley, G. D., 83374 
Buckley, T. F., 219", 228* 
Buddrus, J., 2352 
Budesiinsky, M., 731°2 
Budzikiewicz, H., 2W6 
Buess, C. M., 5 1 69 
Buggle, K., 470L2 
Buhr, G., 15733*33* 
Buist, G. J., 70942, 71P2 
Buki, K. G., 7093 
Bullen, N. P., 33326, 606153 

Bulman-Page, P. C., 352", 41812% 
Bunce, N. J., 7", 15lS0 
Buncel, E., 641' 
Bunda, J., 72323, 72428 
Bundy, G. L., 1525, 174'35 
Bunnett, J. F., 437' 

844463, 8454.63 * ,  

6031'7 

Bunton, C. A., 44P, 7032, 7092A2, 7102t42, 7122,85119 
Bunya, M., 24578 
Burdett, J. E., Jr., 3727' 
Burger, K., 47S5 
Burgess, H., 776360 
Burgos, C. E., 39316, 39816 
Burk, M. J., 630 
Burkert, U., 35814 
Burkhart, J. P., 324" 
Burlant, W. J., 771259 
Bum, D., 136'09 
Bumess, D. M., 7208 
Bumett, D. A,, 64731 
Bums, C. J., 39520b 
Burrell, J. W. K., 3069 
Burrow, M. J., 9243 
Burrow, P. D., 86177 
Burrows, E. P., 7365, 7375, 745? 748,7495 

Burstein, S. H., 25320 
Burwell, R. L., 5 2 )  

Bumtall, E H., 775339,344 

Bushkov, A. Ya., 774335 
Bushnell, G. W., 771a1 
Bushweller, C. H., 9 4 5 5  

BUSS, D. H., 29414 
Butler, K., 15733 
Butler, P. E., 498230., 516', 5171° 
Butler, R. N.. 6%42, 719,7224, 7244, 7274, 7 4 p  
Butler, R. W., 481'09 
Buttery, R. G., 858 

Buynak, J. D., 37897 
Buza, M., 5 3 P .  53127 
Buzilova, S. R., 7743s 
By, A. W., 5022M, 53439 
Byrd, J. E., 462'" 
Byrorn, N. T., 45l2I 
Bystri$rn, S. E., 94s7, 490'75 
Bystrov, V. R., 773m 
Byun, H.-S., 39316, 39816 

Cabri, W., 429151 
Caciagli, V., 4 3 P  
Cadena, R., 229Io7 
Cadogan, J. I. G., 13!I4, 3%22, 47992 
Cady, S. S., 
Cai, K., 283lE5 
Cain, A. M., 7W2I 
Cain, B. F., 9240 
Cain, E. N., 72221 
Cain, M. E., 76273 
Caine, D., 13611s, 137Il5 

BUU-HOZ, N. P., 16'57 

Cainelli, G., 137;", 236%, 252', 28O1T7. 8168, 8178, 
8218, 824a, 8258 

Calderon, J. Si, 35537 
Caldwell, R. A., 8512*, 8791m 
Calet, S., 482"' 
Callahan, J. F., 54312, 551l2 
Cailant, P., 3Ols8 
Callighan, R. H., 5U3' 
Calb, V., l2OI4, 7W9, 76449, 854s7, 85557 
Calson, G. R., 69119 
Calundann, G. W., 73831 
Camaioni, D. M., 877'% 
Cambie, R. C., 9240, 121u, 33114, 43815*'6, 44515.16, 

Camennan, P., 13Im 
Cameron, S., 177147, 55W 
Cameron, T. S., 25855 
Camici. L., 33d  
Cammarata, A., 95" 
Campaigne, E., 66674 
Campbell, B. S., 753Is9 
Campbell, C. D., 4821r3, 74362 
Campbell, C. L., 22891 
Campbell, D. H., 485'" 
Campbell, J. B., 597" 
Campbell, J. R., 571 
Campbell, M. M., 37372b, 473% 

Campbell, P. 0. C., 9247. 9456 
Campbell, T. W., 84', 8Y, 108' 
Campos, P. J., 536s2-s5 
Camps, E, 8720, 35918 

Cannon, R. D., 85233 

44716, 502261, 53e0, 53I2O, 706s 

Campbell, P., 4966967 

campus, P. J., 501255 
canal, P., 500239  



Author Index 899 

Cano, A. C., 69324 
Canonica, L., 1539 
Cantor, S. E., 567Io3 
Cantrall, E. W., 2771 
Cantuniari, I. P., 525 
Capdevila, J., 37897, 7 13" 
Capon, R. J., 45368 
Capozzi, G., 758l, 759', 7601 
Cardillo, G., 137'", 252', 280'77, 493l". 503269, 53013, 

Cardwell, K., l W 7  
Carefull, J. F., 41812% 
Carey, J. T., 67330 
Carini, D. J., 545" 
Carl, C., 586167 
Carlier, P. R., 39S20., 4121°", 413IW 
Carlsen, P. H. J., 23e2, 23V2, 240429588, 57l1I3, 572II3, 

Carlson, P. G., 167Io0 
Carlson, P. H. J., 71v2 
Carlson, R. M., 22893 
Carlsson, A., 33115, 831a 
Carlton, F. E., l W 7  
Cannan, R. M., 352%, 35630 
Camargo, W., 253= 
Camduff, J., 36549 
Caron. M.. 405@ 

66362, 66463, 8168, 817', 8218, 8248, 829  

587II3 

Carpino, L. A., 48Olo5, 482Io5, 66F0, 763'0°, 76610°, 
767I% 

Carpita, A., 45381 
Carr, C. S., 169Il6, 17l1I6 
Carr, K., 63e2 
Carr, M. D., 44559 
Carr, R. V. C., 9687 
Cam, S., 859 

Carrie, R., 47663 
Carroll, P. J., 778399 
Carroll, S., 72323, 72428 

Canuthers, R. A., 879147 
Carmthers, W., 543" 
Carter, D., 5856, 6256, 6356 
Carter, I. M., 7794" 
Carver, J. R., 844, 8S4" 
Casagrande, P., 2648 
Casanova, J., 60lE7 
Casati, R., 283I8I, 284I8I 
Casella, L., 1949, 777382, 778411 
Caserio, F. F., Jr., 564", 565" 
Casnati, G., 19721 
Cason, J., 9241*41a 9441 
Caspi, E., 15413, 67321, 67S2I 
Cass, Q. B., 35539 
Cassar, L., 416, 462122 
Cassidei, L., 167J86 
Cassidy, J. M., W91 
Cassidy, K. C., 4P2, 229122 
Cassis, R., 35543 
Castagnoli, N., Jr., 232157 
Castaldi, G., 828s2, 82g55 
Castedo, L., 54733,74685 
Casteel, D. A., 584Is9 
Castello, G., 15IJ1 
Castognino, E., 73r9 
Castrillon, J. R. A., 764lI5 

Carrick, W. L., 571120*'2', 575120*'2', 576120,121 

C m p t ,  P.-A., 25749 

Catch, J. R., l2OI5 
Catelani, G., 24576 
Catskis, B. D., 15'" 
Cattalini, L., 777386 
Caunt, P., W6, 6256, 6356 
Cava, M. P., 33O1I, 769233, 774312*313.317.323.334, 775349, 

Cavanaugh, D. J., 778417 
Cavill, G. W. K., 1523, 1531°, 765153 
Ceder, O., 574128, 581129 
Cekovi, Q., 81S2, 8162c, 824&, 827& 
Cekovic, Q., 73827, 831@, 85118 
Cekovic, Z., 4123, 7035, 71@ 
Cella, J. A., 574127, 580127 
Cenini, S., 108173 
Cerar, D., 65733 
Cereghetti, M., 22236 
Cemiglia, C. E., 75II6 
Cemani, A., 77OZ3 
Cervinka, O., 47 1 2o 

Cesario, M., U6Ib 
Cesti, P., 429I5l 
Cha, D. Y., 43926.27 
Cha, J. K., 43931*32*34, 440%" 
Chabaud, B., 8824, 9135 
Chabra, B. R., 271129 
Chadha, M. S., 45364*a2, 45464.a2 
Chadha, V. K., 220" 
Chadrasekaran, S., 10314) 
Chakraborty, T., 31849 
Chakraborty, T. K., 266Il5, 267lIs, 39625, 574122, 

Chalais, S., 846Io0 
Challand, S. R., 47664.65 
Challenger, F., 5959, 770254 
Challis, B. C., 74684 
Challis, J. A., 74684 
Chaloner, P. A., 1O7le 
Chamberlin, A. R., 35811, 415115c, 418115c 
Chamberlin, E. M., 9248 
Chambers, D., 706' 
Chambers, V. E. M., 7lW 

Chan, C. S., 30820 
Chan, T. H., 423I" 
Chan, T. M., 172128 
Chan, T. W., 763% 
Chan, W. H., 763Io1 
Chander, M. C., 24695 
Chandrasekaran, S., 103l", 22OI7, 266106J08J12J15, 

776349.36 I,  7773 12.3 13 

575'22, 576122 

Chan, C.-C., 2831a3, 2841a3, 76e2 

2 6 7 ~ ~ ~ " % ~ ~ 2 ~ ~ 1 5 ,  '776106, 277152, 31849, 55982 56082 
55lE2, 56282, 56382, 566Io0, 574122, 575122, 
60l9l, 71 160 

' 

Chandrasekharan, J., 59513, 603126 
Chang, C. W. J., 586165 
Chang, D. W. L., 4tW5, 490155 
Chang, F. C., 73v0 
Chang, H. K., 4339 
Chang, J. H., 37683 
Chang, L. T., 5512, 5612 
Chang, R., 74Iw 
Chang, V. S., 578154, 584154J57J58, 585I6l 
Chang, Y. K., 3 1 856, 3 1 p6 
Chang, Y. W., 23619, 67321, 67521 
Chanon, M., 85112, 86073 
Chao, T. H., 14l" 



900 Author Index 

Chapdelaine, M. J., 841" 
Chapelle, F., 79I3l 
Chaplin, C. A., 775%'. 776%' 
Chapman, K. T., 31861 
Chapman, R. D., 7 W 8  
Chapman, R. L., 62"~"~, 6358 
C b t t e ,  A. B., 579131 
Charles, R., 5 0 P  
Charleson, D. A., 177'" 
Chamey, W., 55'4 66Io, 68'4 7010. 711°, 7710 
charpentier, R.. 1071a, 4526 
C h a r ,  D. W., 7639s 
Chatt, J., 9242, 93" 
Chatterje, R. M., 137'", 139'" 
Chattejee, A., 82335 
Chattejee, S., 64@ 
Chattopadhyay, S., 778401*m11 
Chaudhary, S. S., 
Chaudhuri, M. K., 267II7, 268117 
Chaudhuri, N. K.. 384l15 
Chaudhuri, S. A,, 85Ss3 
Chauduri, N., 858 
Chaumette, P., 422l39 
Chauvet, F., 45248 
Chavira, R. S., 462Il9 
Chawla, H. M., 84346.47 
Chaykovsky, M., 194'O 
Che, C. M., 23629 
Chemburkar, S. R., 22780 
Chemerda, J. M., 92*, 429'% 
Chen, C.-K., 749lI7 
Chen, C. S., 80139 
Chen, H. G., 73819 
Chen, H. W., 763lW, 766Iw 
Chen, J. S., 162@ 
Chen, L. M., 423l" 
Chen, S., 841 l3  

Chen, S.-H., 26595, 27995. 28e5 
Chen, T., 564%. 565%. 568%, 569%. 57096 
Chen, X., 76165 
Chen, Y.-S., 107153J55 
Chen, Y. Y., 76399, 76699 
Chenchaiah, P. C., 76"7 
Cheng, C., 109l8' 
Cheng, C.-W. F., 107163 
Cheng, K. F., 71 lS9 
Cheng, K. P., 9032 
Cheng, Y.-S., 26595, 27gQ5, 280g5, 841'3 
Cherchi, F., 7743M 
Cheriyan, U. 0.. 5288 
Chem, C.4,  279In, 7Ma, 8456J 
Cheung, H.-C., 34715 
Chhabra, B. R., 913'j 
Chianelli, D., 33841, 770Usb, 771S6, 773306 
Chiang, C.-S., 84Sao, 84680 
Chiang, Y. H., 65617 
Chidambaram, N., 103'", 277152 
Chien, C.-S., 382Io8 
Chiheru, K. S., 6 0 6 1 5 5  
Chikamatsu, H., 425149' 
Childrcss, S. J., 69537 
Chilikin, V. G.. 4931% 
Ching, K. N., 8Ol4l 
Chintani, M., 
Chiong, K. G., 355& 
Chiou, B. L., 59638 

Chitrakorn, S., 103142, 264%, 2 6 P ,  266"', 267Il1 
Chiu, J. J., 2 0 P  
Chivers, G. E., 7501u 

Cho, B. P., 22oU 
Cho, B. R., 543'3 
Cho, H., 358" 
Cho, I. H., 30921 
Choi, H. D., 2004' 
Choi, S. K., 69221 
Chojnowski, J., 752Im 
Chong, A. 0.. 25431, 48513' 
Chong, J. M., 40P 
Choplin, F., 298% 
Chopra, C. L., 688s, 7lS5 
Chw, C. S., 80982, 87S1I* 

Chow, F., 76P8 ,  7712" 
Chow, J., 60074 
Chow, Y. L., 4014, 488Is5, 490155, 500241,736l, 7451, 

Chowdhury, S., 854& 
Choy, W.. 3 W ,  3 W ,  44248 
Christ, H.. 1O7I6O, 45258 

Christensen, B. G., 25746 
Christensen, B. W., 777385 
Christensen, D., 752Im 
Christensen, L. W., 76046 
Christensen, S. B.. 355" 

Chu, J. Y., 774311 
Chulkov, I., 76393 
Chung, J. Y. L., 2a93  
Chung, M. W. L., 138lZ7 

Church, D. F., 488158, 761% 
Cianciosi, S. J., 54528 
Ciattini, P. G., 14314*, 144IM 
Ciccio, J. F., 82oU 
Cichowicz, M. B., 24lS9 
Cichra, D. A., 749Iz1 
Ciegler, A., 6249 
Cieplak, A. S., 36339 
Cihova, M., 45136 
Ciminale, F., 7W9, 76449 
Cinnamon, M., 65617 

Cipris, D., 76g216 
Cisneros, A., 70622 
Citteno, A.. 828s2 
Ciuffreda, P., 67442 
Ciufolini, M. A., 3654 
Clapp, L. B., 751 
Clardy, J., 40 l6 lE  

Clare, M., 25535 
Claremon, D. A,, 52241, 523" 

Clark, C. W., 84', 85', 108l 
Clark, G., 54946 
Clark, G. R., 45394 
Clark, 0. W., 34Is1 
Clark, J. H., 8445435 
Clark, J. S., 6797s 

chlopin, w., 775351 

C~OU,  T.-S., 261a 

749' 

Christ, W. J., 439'32J", 44034.40 

mu, D. T. w., 20991 
ChU, H.-K., 98Iw 

Chug, S.-K., 97%. 5287 

Cinquini, M., 44247, 764"', 767'12J93, 77126", 772286 

ciardy, J. c., 44142 

ciark, c. T., 1189 



Author Index 901 

Clark, R. D., 16686., 673" 
Clark, R. L., 86385 
Clark, T. A., 74'@ 
Clark, W. M., 135Io4 
Clarke, C., 31860 
Clarke, H. T., 12228 
Classen, A., 429I5l 
Classon, B., 23732 
Clauson-Kaas, N., 80877 
Clayton, J. O., lot6 
Clement, W. H., 449, 4503, 4533 
Cleve, G., 773'05 
Clissold, D. W., 71P3 
Clive, D. L., 119. 1292 . 
Clive, D. L.J., 12437, 12V7, 12g3', 14637, 49911, 522&, 

52453. 772289 
Clive, L.'J., 81gZ0, 826" 
Cloke, F. G. N., 418 
Clos, N., 44351b 
Closier, M. D., 479% 
Closs, G. L., 47437, 883'" 
Coard, L. C., 84686 
Coates, I. H., 728" 
Coates, R. M., 12450, 12750, 186I8l 
Coates. W. J., 3291 
Coates, W. M., 272133 
Cobum, C. E., l W 9  
Cobum, J. I., 16797 
Cocker, W., 9244, 102IM 
Cocuzza, A. J., 684% 
Codding, P. W., 34046 

Coffen, D. L., 5166 
Coffinan, K. J., 744@ 
Cohen, D., 8751i9 
Cohen. N., 346" 

CW, D. E., 494'03, 49520339 

. .  

Cohen, T., 144'56, 2OPo, 20783, 2 0 P ,  2OP3, 21083*g5, 
66251. 7208 

&hen, i., 141279-128, 4@AIO, 84224-26 
Colbum, C. 8.. 498228 
Colclough, T., 76273 
Cole, C. A., 8512, 8712 
Cole, E. R., 13II0, 3 3 P ,  7 6 P  
Cole, T. E., 59513, 606L59 
Coleman, J. P., 856 
Coleman, R. A., 59637 
Coleman, R. S., 34'0°, 54323, 54423 

Coll, G., 33427, 3468 
Coll, J., 12335, 14435 
Coll, J. C., 8720 
Collins, J. C., 10013L, 25642 
Collins, S., 52344, 7712*0, 7732" 
Collins Thompson, S., 3W7, 35517 
Collman. J. P., 12%, 107167 
Colombo, L., 1 2 P .  Ui45 
Colon, C. J., 488'55, 490155 
Colonna, S., 1949, 429Is4, 7fj4II2, 767112.193, 771261, 

772286, 777'@, 778411 
Colstee, J. H., 76396 
Colter, M. A,, 608172 
Colvin, E., 177147 81612 
Colvin, E. W., 55&. 671" 
Comasseto, J. V., 77Ph.b 
Comi, R., 24811', 801" 
Comins, D. L., 3 W 2  
Compos, P. J., 9354 

Conant, R., 24692 
Concalves, D. C. R. G., 207' 
Concepcion, J. I., 4115, 72219, 72319, 72519 
Condon, S., 82233 
Confalone, P. N., 34714, 69116, 701@ 
Conia, J. M.. 121%, 168103J03b, 8 2 P .  83377 
Conley, R. A., 82q9 
Conley, R. T., 69PJs  
Connet, P. H., 83g2 
Connor, D. T., 1 9tlZ7 
Conover, L. H., 15733 
Conrad, F., So0240 
Conrad, R. C., 75g9 
Conrow, R. B., 277* 
Constable, A. G., 63V1 
Conte, V., 777376 
Conti, F., 45261 
Cook, B. R., 5071*72 
Cook, J. M., 34046, 
Cook. M. J., 228'02, 66253.55 
Cook, W. J., 841 
Cookson, R. C., 21915 
Coon, M. J., 
Cooper, M. S., lM4, 37478, 67441 
Cooper, P. N., 53437 
Cope, A. C., 9242, 93" 
Copinschi, G., 704" 
Coppinger, G. M., 84', 89 ,  108' 
Coppolino, A. P., 506% 
Corbani, F., 17OiZ1 
Corbett, W. M., 7 W 8  
Corbier, B., 
Corcoran, R. J., 4347, 4648-50, 47503236 
Cony, E. J., 

55339, 55639 

103139, 10414s, 12011, 12762, 180i55, 
18216', 194'O, 197". 21g6, 2289395, 2@3*65@.@, 

29838, 31V9, 3584J', 36335, 37375, 37685.89, 37895, 
26383, 272"', 27313', 278165, 279165, 2921°, 297z9, 

w, 418Iz8, 419'*, 420'", 43g', 445m,501250, 
5165, 53438, 566Io0, 62G7, 63363, 63467, 67766, 67873, 
68077, 686Iw, 71 160. 73716, 752Iu, 768203,82130, 
82339, 824", 83167 

Corey, G. C., 70621 
Corey, M. D., 2353 
Cork, D. G., WS5 
Corley, E. G., 493Ia8 
Comejo, J., 228Io1, 84S7 
Comblis, A,, 7 W .  84687-90.929WWJ 
Cornforth, J. W., 272132, 47770 
Cornforth, R. H., 272132 
Comil, A., 70411 
Correa, A. G., 35S9 
Coma, P. E., 748Il5, 765Iu, 877130 
Comgan, J. R., 272'33 
Corsano. S., 112l%, 732s9 
Cortes, D. A.. 30@O, 80gs2 
Cortks, M., 903' 
Cortese, N. A., 69lZ0 
Cortez, C., 29626, 3467 

Costa, A,, 33417, 3M8 
Costisella, B., 19722 
Cota, D. J., g7' 
Cote, R., 503281 
Cotton, F. A.. 84459 
Cottnll, P. T., 76gZ18 
Coughlan, M. J., 655" 

COSS~O, F. P., 275'". 277"3JU, 55464,65 



902 Author Index 

Coulston, K. J., 82748 
Coulter, P. B., 75Ol3I 
Courtney, J. L., 23738, 85118 
Coutts, R. T., 79lZnb 
Couture, A., 143'51, I W s 1  
Couture, R., 79719 
Couvillon, J. L., 19" 
Cowan, D. A,, 67S5 
Cowitz, F. H., 80030*3" 
Coxon, J. M., 8823, 9 e 3  
Coyle, J. D., 877133 
Coyne, L. M., 8408 
Coui, E, &247 
Crabb. J. N., 508310 
Crabb, T. A., 72Io1, 75lIs 
Crabtree, R. H., 1'. 3199J0, 4'. 527, 630*33, 1SZ7 
Craig, J. C., 69329 
Cram, D. J., 483Iz, 777383 
Crank, G., 33838, 73832, 761% 
Crawford, R. J., 11 1 
Cree, G. M., 29311 
Creed, D., 85128, 879IM 
Crellin, R. A,, 879146J47 
Cremins, P. J., %** 
Cresson, E. L., 778414 
Crich, D., 1 

Criegee, R., 41 17, 9240*4'a, 9441, 11 1 Ig3, 23S6, 4374, 4384, 
5431°, 5481°, 5581°, 708", 70943-45, 71e3, 85119 

Cripe, T. A., 229Il9 
Cristol, S. I., 718', 7242*29 
Crittenden, N. J., 34046 
Crivello, J. V., 13Il3 
Croisy-Delcy, M., 35V1 
Crombie, L., 15632, 1573a, 15832e, 3068 
Croznwell, N. H., 4712' 
Cronin, J. P., 20879, 21 179 
Crooks, P. A., 67SS5 
Cross, A. D., 86Ih, 13712', 139Iz1 
Cross, B., 9579 
Crossley, J., 3068 
Cruickshank, P. A., 29412 
Crute, T. D., 418Iz7 
C m ,  R., 66255 
Cruz, W. O., 586162, 84456 
Csendes, I. G., 230I3l 

Cueto, O., 18517s 
Cullis, C. F., 759798 
Cumins, C. H., 186IE1 
Cummerson, D. A., 1944, 37478, 67441 
Cummings, W. J., W2 
Cummins. C. C., 38 
Cummins, R. W., 763% 

Cunningham, A. F., Jr., 23P8 
Curci, R., 13125, 167lE6, 374"', 76388, 76688J82, 777376 
Cumgh, E. F., 22133 
C m ,  D. P., 137IZ0, 64840, 67665, 769212 
Curran, W. V., 3080 
Curtis, V. A., 229Io8 
Cussans, N. J., 132" 
Cvengrosova, Z., 15421 
Cvetanovic, R. J., SZ6 
Cvetkovic, M., 831a 
Cymerman Craig, J.. 748Il3 

7196*7, 7206, 7217J5, 722*O, 7B7, 
7266,720, 7287.40, 7304S48S1, 73145 

cubem, I. I., 29623 

CUMfXn, J. I., 76273 

Czamik, A. W., 778* 
Czamocki, Z., 71267 
Czamy, M. R., 3lE6, 228Im, 229ll5 

Czech, A., 3469, 36543 
Czemecki. S., 272142J43, 276143s14 
Czuba, W., 6 7 P  

Da Costa, R., 12230, 1M3O 
Dahl, K., 23 1 
Dahs ,  R. A., 3%z 
Dainton. F. S., 14137 
Dah ,  E., 11" 
Dale, J. A., 408, 438947 
D' Aloisio, R.. 38 1 IO1 
Dalpozzo. R., 331 l6 

Daly, J. W., 6" 
Daly, P. J., 490In 
Damani, L. A., 6 7 P ,  7363 
D'Amato, C., 1515* 
D'Ambrosio, M., 579'37 
Damin, B., 498=, 53756s7 
Damon, R. E., 519% 
Dampawan, P., 2187 
Dance, I. G., 7599 
Dane, E., 9241*41L, 9441 
Danen, W. C., 4014, 7362, 74S2. 882173 
d'Angelo, J., %" 
Danheiser, R. C., 598% 
Danheiser, R. L., 54S4, 566lo0, 71 lM 
Danieli, B., 1539, 34612 
Danieli, N., 86Ih 
Daniels, K., 37892 
Daniels, P. J. L., 9687 
Daniels, R., 74683 
Daniher, F. A.. 4982% 

c ~ a m y ,  R. J., 71 159 

Danishefsky, S. J., 175141, 23737, 245", 24689, 37477c, 
43822. 43937. w7. I37l2 

Dankleff, M. A: P., 76j8? .7Ma8 
Dansette, P., 9572 
Dansted, E., 88=, W3 
Dar, F. H., 584IS8 
Darby, N., 5857, 62", 6357 
Darling, G., 663s8 
Darling, P., 281175, 28217s 
Damell. K. R., 7" 
Das, A. K., 82335 
Das, B., 82335 
Das, J., 43820, 44S20, 4931E8, 63363 
D'Ascoli, R., 265Ioo, 267Im, 53014 
Das Gupta, A. K., 137IU, 139'" 
Dasgupta, H. S., 267Il7, 268Il7 
Date, T., 3533s, 35535 
Dauben, H. J., 72221 
Dauben, W. G., 100"8, 

263877, 845@ 
Daudon, M., 76411' 
Daulton. A. L., 5oO"o 
Dauphin, G., 6046b 
D'Auria, M., 103137, 2ao64, 26599-102.1M, 266105J07, 

Dave, V., 6732s 
David, S., 8826 
Davidowitz, B., 483Iz4 
Davidsen, S. K.. 228S0 
Davidson, R. S.. 850" 

123", 23948, 25857, 

53014,15.17 531 17 



Author Index 903 

Davies, A. G., 5!M2, 598s6, 59p7, 60210s*107, 604133, 

Davies, D. I., 73256 
Davies, G. M., 37372b 
Davies, H. G., 593' 
Davies. J. A., 72323 
Davies, J. E., 70936, 747Io1, 769%. 843" 
Davies, J. W., 73048 
Davies, S. G., 3 5 Y  
Davies, T. M.. 882I7l 
Davis, A. P., 64523 
Davis, B. R., 92" 
Davis, C. C., 29521 
Davis, F. A., 16259-68, 163@, 17667, 181a, 1841@*170, 

3301°, 42514%, 74lJ0, 7M3, 747J0, 765'", 772291, 

Davis, G. T., 22238 
Davis, H. B., 26712', 26912', 27OluI, 271121*128, 278I2l 
Davis, J. A., 7242a 
Davis, L. H., 15Iw 
Davis, P. J., 65a*70 
Davis, R. C., 2278s 
Davis, R. H., 71P5 
Davis, V. J., 80034 
Davison, S. F., 452". 85118 
Davoli, V., 7773" 
Dawson, A. D., 29522 
Dawson, D. J., 11 1 I9O 
Dawson, J .  H., 
Dawson, M. I., 11 1 190 
Dawson. M. J., 5 q 7  
Day, M. J., 4lZ 
De, B., 37689 
Deakin, M. R., 85445 
De Amici, M., 143142 
Dean, F. M., 564'*', 572ll1 
Dean, J. A., 85444 
Dean, R. T., 23Ol3O 
Deardwff, L. A., 877Iz9 
DeBardeleben, J. F., Jr., 136"', 137Il5 
Deblandre, C., 6146 
DeBoer, T. J.. 748lI0 
de Bont, J. A. M., 429ISob 
Decedue, C. J., 3 5 P ,  35525 
DeCicco, G. J., 860 
De Clercq, E., 35P .  355= 
de Clercq, P. J., 105147, 36333 
Defauw, J., 56597 
Defaye, J., 247'04 
Degenhardt, C. R., 172'" 
DeGiovani, W. F., 158" 
Degl'Innocenti, A., 62743 
Degrand, C., 497219 
de Groot, A., 36338, 3 7 ~ 5 ~ ~  
de Haan, A., 429lMb 
de Heij, N., 851 24 

de Jonge, C. R. H. I., 9g1I1, 2522, 4377, 43821, 4397, 

8242b*c, 827". 851" 
de Klein, W. J., 85118 
de Koning, C. B., 359' 
DeLaMater, M. R., 3309 
de la Pradilla, R. E, 37682 
de Laszlo, S. E., 36228 
Delavarenne, S., 8s3 
Delbord, A., 47335 ' 

607'33,641 1 

778398.3%,4cQ"Ol I hb, 77g4Olb.425.426 

527', 703'. 7105. 73718, 754", 75518, 8152, 81Gbf, 

del Fierro, J., 182163 
Del Giacco, T., 64946 
Dellaria, J. F., Jr., 2301uJ26 
Delpech, B., 381 IO5 
DeLuca, H. F., 675% 
De Lucchi, 0.. 205&', 777376 
De Lue, N. R., 604132, 606146J49 
Demain, A. L., 429'" 
de Mayo, P., 6714, 68g8 
de Meijere, A,, 84233,% 
Demerseman, P., 33321 
De Mico, A., 2651wJ02. 266IO7. 2671wJMJm, 53015 
Demko. D. M., 579I3l 
Demmin, T. R., 70060 
Demo, N. C., 12% 
Demonceau, A., 861 
DeMore, W. B., 857 
DeMoa, D. N., 16IJ6 
Demuth, M., 6 5 P  
Demuynck, M., 36333 
Den Besten, I. E., 54876, 55876 

Denis, J. N., 40676, 4%215, 773307 
Denisov, E. T., 10" 
Denmark, S. E., 39727 
Denney, D. B., 9580 
Denney, D. Z.. 99" 
&My, R. w., 9688, 
&MY, W. A., 68", 7Iw, 72" 
Den0.N. C., 13IZ0, 16I6O, 17I7I, 235',851= 
Denzer, W., 54!Y5 
Depaye, N., 7W5, 84692 
Depezay, J.-C., 29732, 4871M, 495146 
De Poortere, M., 47668 
Depp, M. R., 54439, 55339, 55639 
DePriest, R., 884I8l 
de Raditsky, P., 13Im 
Derdar, F., 45251, 4535' 
de Reinach-Hirtzbach, F., 764129 
Derelanko, P., 562031 
Dereu, N., 774333 
Dermer, 0. C., 4707, 4727, 47417, 4767 
Dem, D., 880Is3 
Dem, M., 880Is2 
Deronzier, A., 8W3 
Dervan, P. B., 74r6.57 
Desai, M. C., 182I6l, 595'2~~2~, 604127,  68077 
Desai, R. C., 177l" 
De Schryver, F. C., 47668 
de Sennyey, G., 8826 
Deshmukh, A. A,, 283Ig2, 284ln2 
Deshmukh, M. N., 425'*, 777377, 7783n 
Deshpande, M. N., 54439, 55339, 55639 
Desilva, N., 822% 
de Silva, S. 0.. 35547 
Deskin, W. A,, 16IM 
Deslongchamps, P., 67331 
DesMarteau, D. D., S W ,  747" 
Desmond, R., 22892 
de Souza, J. P., 12449, 12749 
de Souza, N. J., 
Despreaux, C. W., 70% 
~ S S ,  D. B., 31 13*, 32432 
Dessau, R. M., 15424, 870% 
Dessauges, G., 35 
Dessy, R. E., 805% 

~ e ~ i n n o ,  M. P., 24689 

9888, 1 l e 8 ,  11 lg8, 16582, 17gn2 



904 Author Index 

Detilleux, E., 13Iw 
Dew. M. R., 771262, 773262, 77431s, 775262, 777365 
Dev, S., 9573a, 279Im, 375", W40, 551", 556*. 676&, 

8446'.  8456' 
Devaprabhakam, D., 60182-8499', 602" 
Deveze, L., 5P2 
De Voss, J. J., 63570 
Devreese, A. A., 36333 
de Vries, G., 706= 
Dewar, M. J. S., 87298 
Deya, P. M., 3468 
Deyrup, J. A.,470',47l5, 472s,4735, 474', 476', 4815, 

Dezube, M., 415'Ik, 418IIk 
Dhar, D. N., 76026 
Dhar, R. K., 2671'gJ20 
Dialer, K.. 45015 
Diamond, S. E., 4524 
Dim, J. R., 68078 
Diaz, G. E., 88317' 
Dick, K. F., 25429 
Dickerson, J. R., 26493 
Dickman, D. A., 224@ 
Diercks, P., 95731 
Dietrich, H. W,, 506298 
Dietz, K.-P., 471 =, 474= 
Dietz, R., 810a8, 87298 
Di Fabio. R., 2 w 5 ,  266II0, 267II0 
Di Furia, F., 95@, 425147a, 762@+", 77769b57630,778@ 
DiGiorgio, J. B., %" 
DiGiovanni, J., 3M7 
Dikareva, L. M., 108'70 
Dilworth, B. M., 20879, 21179, 214'" 
Dim, N. ud., 801" 
DiMechele, L. M., 877'35 
Dlmth, K., 747Io3 
Dimroth, O., 9241*41*, 944', 152' 
Dinerstein, R. J.. 4343 

Dinizo, S. E., 229II0 
Dinnocenzo, J. P., 749'18, 85456, 8W6, 882167 
Di Nunno, L., 73715 
Dion, R. P., 3'O 
Dipardo, R. M., 60298 
Dirlan, J. P., 79927 
Dimens, V. V., 47779.81 
Discordia, R. P., 413'Ik 
Dittami, J. P., 12@, 3789s 
Dittmann, W., 832'O 
Dimer, D. C., 41311k 
Divakar, K. J., 828sJo50b 

4835 

Ding, Q.-J., 283lE5 

Djerassi, C., 9242, 9342, 22236, 23613, 25319, 25419, 
W', 67662, 8 2 p  

Djokic, S., 6985' 
Djuric, S. W., 2 W ,  816&, 8246,8256 
Dlugonski, J., 80'" 
Doad, G. J. S., 271" 
Dockal, E. R., 35539 
-on, V. H., 59963 
b r i n g ,  W. von E., P, 15944,2963 
Doherty, A. M., 40467 
Do-hyun Nam, 490178 
h i ,  M., W3', 55635, 56635.82129 
Dolak, L. A., 771i9 
D o h ,  S. C., 90', 3016' 
Dolfmi, J. E., 11 1 '90 

Doll, R. J., 46%, 4750 
Dolle, R. E., 245". 40156. 55467 

Dolphin, D., L?95, 1395 
Domsch, D., 6505' 
Donaruma, L. G.. 6895, 69lS 
Donati. M.. 45261 
Doner, H. E., 845@ 
Donnelly, K. D., 532)' 
D'Onofrio, F.. 530". 53117 
Dontsova, N. E., 766177 
Dordick, J. S., 79'" 
Dorfman, R. I.. 67321, 67521 
Dorow, R. L., 16268, 184"' 
Dors, B., 42" 
Dossena, A.. 19721 
Dostovalova, v. I., 500236 
Dougherty, E. F.. 1 1" 
Doughty, M., 772296 
Douglas, A. W.. 877135 
Doumaux, A. R., Jr., 230'35J36, 766'74 
Dovinola, V., 4W8 
Dow, R. L., 31S4) 
Doyle, M. P., 3W3, 74044 
Drabowicz, J., 7W5, 76269*74"', 764'08, 777a, 778@"07 
Drake, S. D., 34717, 35S7 
Draper, A. L., 16P8 
Draper, R, W., 488'". 504'". 508'" 
Drebowicz, J. ,  778407 
Dreiding, A. S., 483120, 48714', 493147, 495'47 
Drenth,W.,9570,70. 
Dresely, S., 5 ~ ~ 7 ~ ~  
Dreux, J., 1244' 
Drew, H. D. K., 774328J29 
Drew, J., 821)' 
Drew, R. A. I., 63570 
Driguez, H., 49923' 
Dronov, V. I.. 767'" 
Drozd, V. N., 606I6' 
Drtina, G. J., 10O'I6, 55257 
Drummond, A. V., 15423, 15733, 15833b 
Du, P. C., 875'11 
Dube, D., 1537, 40046 
Dubeck, M., 587Im 
Dubey, S. K., 489170 
Dubs, P., 1244s 
Duc, C. L., 79I3l 
Dudfield, P., 182Iu 
Dudley, C., 1O7Iffl 
Dum, J. P., 418127 
Dugar, S., 36'08 
Dugat, D., 50327s 
Duggan, M. E., 40784b, 4088L 
Duggin, A. J., 21912 
Duke, R. K.. 37374, 37574 
Dumas, P., 282178 
Dumont, W., 771267, T72267, 773m 
Duilach, E., 42514, 777377*378, 778377.378 
Duncan, M. P., 16691, 22P7, 22737*81, 83376 
Dung, J. S., 3!W 
Dunlap, N. K., 174I4O 
Duong, T., 403 
Dupuis, J., 88317s 
Durand-Dran, R., 66675  
Dudault, A., 47778, 48378. 48478, 48714, 49514 
Durland, J. R., 14Iz6 

Dolling, V.-H., 877')' 



Author Index 

Durrwachter, J. R., 31233 
Durst, H. D., 765Is6 
Dum, T., 19613, 2924, 503n5, 6533, 764'29, 766'81, 

Dussault, P. H., 5 4 P .  583*, 586* 
Dutcher, J. S., 11 1 
Dutky, S. R., 67329 
Dum, P. K., 502260 
Dyall, L. K., 9250 
Dyke, H.. 543" 
Dyke, S. F., 231'" 
Dykes, W., 2 a g 3  
Dykstra, S. J., 168'04 
Dyong, I., 48917' 

Eade, R. A,, 8306' 
Earl, G. W.. 6W2, 882I7'*'72 
East, M. B., 582'" 

Easton, C. J., 2067' 
Eastward, F. W., 82P8 
Eaton, D. F., 8741°3 
Eaton, P. E., 416, 462IU, WE9, 691 19, 752'47 
Ebata, T., 39937, 
Eberson. L., 79614, 799UJ7, 80033, 80136s43, 85237, 

Ebert, L. B., 282179 
Ebert, R. W., 482II9 
Ebetino, F. F., 21 Is 
Ebetino, F. H., 34716, 35516 
Ebine, S., 35652 
Eble, K. S., 8014' 
Echavarren, A., 355" 
Eder, K., 9241,41a, 944' 
Eder, U., 65@ 
Edgar, M., 67662 
Edman, J. R., 34150 
Edwards, A. G., 60179 

Edwards, J. A., 86'", 136Il6, 137116 
Edwards, J. O., 76388, 76688 
Edwards, K., 44455 
Edwards, M., 154M, 480'04 
Edwards, 0. E., 21'O, 2774, 30'0.82, 3189 
Edwards, 0. K., 7 7 P 7  
Efrcmova, G. G., 1946 
Egberink, R. J. M., 33325 
Egc, S. N., 3721° 
Egger, N., 483lZ0 
Egli, M., 86'? 487'47, 493147, 495147 
Egloff, G., 737, 15'48 
Egron, M.-J., 26598, 27298 
Eguchi, M., 415lI3 
Eguchi, S., 1536 
Ehret. C., 
Eibler, E., 2427*28, 2528 
Eichenauer, H., 98'O0 
Eichler. E.. 750'26 

76719' 

~astman, R. H., 12103 

878'39.142 

Edwards, E. I., 2429,30, 2543, 2 6 " ~ ~ ~  

Eickhoff, D. J., 11 1 
Eiki. T.. 76411' 

37892,81918 

Elbiacht, P., 3" 
Einhom, G. L., 85236 
Einhom, J., 33321 
Eisele, W., 7006' 
Eisner, T., 86Ib, 
Ekhato, I. V., 36651, 414I2O 

El Ali, B., 45253 
Elander, R. P., 5512, 5612 
Elderfield, R. C., 477m 
Eldridge, J. M., 583'5s, 584Is5 
Elebring, T., 33115 
El-Helow, E. R., 71g7 
Eliel, E. L., 5494' 
El-Kady, I. A., 71% 
Elks, J., 1594'. 582*49 
Ellenberger, S. R., 4.41" 
Elliott, R. L., 137I2O 
Elliott, W. H.. 564'12, 572'12, 587Il2 
Ellis, A. F., 488'" 
Ellis, D., 4799s 
Ellis, J. W., 15416, 163'O, 174'MJ37J38 
Elming, N., 61823, 802&s4' 
El Raie, M. H., 41n 
El-Refai, A,-M. H., 6gs7, 7lW 
El-Sharkaway, S. H., 594l 
Elving, P. J., 603112J13 
Emanuel, N. M., 
Emde, H., 6505' 
herson, D. W., 12444 
Emke, A., 83372 
Emmer, G., 491IS2 
Emmons, W. D., 502265, 673'9 
Emziane, M., 493'" 
Enders, D., 98'", 187'85, 22455, 225% 
Endo, A., 77IU 
Endo, T., 76031 
Engebrecht, J. R., W3 
Engel, P. S., 874"O 
Engels, R., 79615 
Engerer, S. G., 15S9 
Engle, R. R., 23613 
Engler, D. A., 1 2447, 1 W2, 161 52, 1 76s2, 18052, 1 8352, 

18752 
Engman, L., 135''', 5344344, 772297, 774317, 776361 
Enholm. E. J.. 57913' 
Enjo, H:, 761j5, 76455 
Enomiya, T., 45lZ0, 45220, 45420 
Ens, L., 763% 
Ensley, H. E., 968', 131", 180155, 26085 
Enslin, P. R., 15632, 15732. 
Entwistle, 1. D.. 772288 

Epa, W. R., 145160J6' 
Ephritikhine, M., 629,533" 
Epifanio, R de A., 25322 
Epling, G. A., 248"'. 8OlM 
Epprecht, A., 65732 
Epstein. W. W., 2923,9, 6532, 656'5 
Epsztajn, J., 74573 
Erickson, A. S., 21916 
Erickson, R. E., 247'00,54436 
Erickson, R. L., 9 r 8  
Erickson, T. J., 41098 
Eriksen, J., 881 158~159 

Ermann. P., 109'85 
Emert, P., 230'33 
Eschenmoser, A., 482ll8 
Eskenazi, C., 238" 
Eskola, P.. 9353 
Ester, W., 1080 
Estreicher, H., 218'j, 50lZM, 53438 
Eugster, C. H., 9242, 93". 410'03 

~nzei i ,  c.. 100117 

905 



906 Author Index 

Eustache, J., 35916 
Evans, D. A., 16268, l 8 4 I 7 ' ,  24579, 3w3, 40l6Ib, 4076Ib, 

Feely, W., 661" 
Feger, H., 65051 

40890. 41890. 549'. 602%. 764'3 
Evans, D. H., 8 0 P  
Evans, D. L., 143Ia 
Evans, G. W., %82 
Evans, J. C., 3M9 
Evans, J. M., 71* 
Evans, R. D., 535", 536% 
Evans, R. M., 582149 
Evans, S., 763" 
Evans, T. L., 765lsS 
Evans, T. W., 68" 
Evering, B. L., 738 
Evrard, G., 773m 
Ewins, R. C., 390' 
Eyring, H., 852% 

Faber, K., 49319' 
Fabian, J. M., 76272 
Fabio, R. D., 1O3l4O 
Fadel. A.. 8 4 3 " ~ ~  
Faehl, L. G., 765ls9 
Faggiani, R., 876Iu 
Fahey, D. R., 44gJ, 4505, 452s 
Fahrbach, G., 7 7 P 2  
Fahrenholtz, S., %86 
Faith, W. C., 503278 
Falck, J. R., 87'8Jh, 26084,378'", 67873, 71372. 8014' 
Falcone, S. J., 774334 
Faler, G. R., %90, 9890 
Fales, H. M., 5289 
Fallon. B., 47012 
Falrnagne, J. B., 122", 144" 
Fama, F., 42915' 

Fanta, P. E., 4706, 4726, 4736, 4746, 4766 
Farachi, C., 709", 769% 
Farall, M. J., 281174, 282'74 
Fargher, J. M., 23%, 24%. 26% 
Farid, S.. 8513', 85453, 85553, 862", 879Im0, 880'55, 

Farina, M., 17'77 
Farina, V., 4952111 524s3 
F a y ,  R. F., 22561*62 
Famham, W. B., 416 
Famier, M., 2765, 3293 
Famsworth, D. W., 2 2 P ,  280'67 
Faro. H. P., 723%. 724u 
Farrall, M. J., 281'7s, 28217? 39521, 66358 
Fanies, H., 479= 
Farukawa, N., 470'3 
Fasani, E., 874'" 

Fatiadi, A. J., 14314), 3062, 30712, 4379, 4389, a9, 
7033, 71@, 73822, 84llSI 8431s, 84s7q 851'8 

Fauconet, M., 853 
Faulkner, L. R., 8508, 8528 
Fauq, A.. 64735 
Fava, A., 7 W ,  764Iz6, 767126 
Favero, J., 7Irw 
Favier, R., 44773 
Fawcen, J., 481 ' l o  

Fazio, M. J., 48714 
Federlin, P., 80566 
Fedosav. D. V., 739 

Fang-Ting Chin, 47886 

8888' 

Fasth. K.-J., 22912' 

Feher, F. J., 314 
Fehn, J.. 47S5 
Feiring, A. E., 2439, 2539, 5W2 
Felberg, J. D.. 17'" 

Felix, A., 56"*2'. 80137 
Felix, D., 482Il8 
Felkii, H., 629 
Felt, G. R., 47776 
Fendrick, C. M., 37 
Feng, M., 655" 
Fenical, W., 98" 
Fed ,  C. J., 6766s 
Fenn, D., 845" 
Fenoglio, D. J., 43935 
Fenselau, A. H., 2926 
Fenton, H. S. H., 1 lE5 
Ferguson, G., 833" 
Feringa, B. L., 45498 
Fernhdcz, F., 691Is 
Femandcz, S., 706= 
Fernandez de la Pradilla. R., 358" 
Ferraboschi, P., 286'@, 33 1 17, 841 17, 845& 
Ferreira, G. A. L., 507- 
Ferreira, J. T. B., 2 3 P .  586Ia, 77PL,  844% 
F e d ,  J. W., 604" 
Fessler, D. C., 12440 
Fessler. W. A.. 19% 

Felcht, U.-H., 752'" 

Fetizon,M., 276iH, 312y, 3 2 P ,  738%. 747%, 8419, 

Feuer, B. I., 2769-72*73, 2972 
Feuer, H., 7366, 74686, 747*O0, 748Ia' 
Fevig, T. L., 137'" 
Fiaita, G., 7947c 
Ficini, J., %" 
Fiecchi, A., 331 17, 674" 
Field, J. A.. 3 5 P  
Field, K. W., 741". 7474s 
Field, L., 758', 760333'J 
Fields, E. K., 5073wI 581143 
Fieser, L. F., 84). 86IQ, 924'14'*, 9441, 128', 571 'I8,  

Fieser, M., 843, 128u, 7W5 
Filby, W. G., 7 W 2  
Filipovic, L., 65733 
Filippo, J. S., 53e6 
Filippova, T. M.. 774325 
Fillebeen-Khan, T., 629 
Filler, R., 25312, 878141 
Filliatre, C., 743 
Findlay, J. W. A., 158j9 

Finkelstein, M., 8W6', 805@ 

Finn, M. G., 3902, 3942J8, 39S2J8, 39818, 3 W ,  4122, 

Finucane, B. W., 1 12''" 
Fioravanti. J.. 47g9' 
Fiorentino, M., 13lu, 31477L 
Fhzabadi,  H., 23627, 266'09, 267'09, 286I9O, 30713, 

56laS, 738283, 7 W J ]  
Firth, B. E., 778"" 
Firth, W. C., 7182, 7242 

85 1 

576'18, 709". 7 3 p ,  82oU 

Finet, J.-P., W2, 356". 70414, 70514 

FiM, J., 162u. 181u 

4132, 419, 42@*'35*'M, 42l2*IMJMb, 4222, 4242-'8, 
4252, 430'599. 442*, 489lU 



Fisch, J. J., 603114 
Fischer, A., 34S5, 84S6'] 
Fischer. H., 206", 212", 765147J52, 76914', 852% 
Fischer, J., 1 l", 107'62, 422'39, 45P5 
Fish, R. H., 616" 
Fishbein, R., 161m 
Fisher, A., 84345 
Fisher, J. W.. 52135 
Fisher, M. H., 9353 
Fishli, A., 57" 
Fishwick, C. W. G., 508310 
Fitjer, L., 54317, 551"], 55417 
Flatt, S. J., 278'58 
Flechtner, T., 43% 
Fleet, G. W. J., 10414s, 2W3, 278158, 71048,729* 
Fleischmann, M., 8559,4881M, 793*3, 7W7c 
Fleming, I., 137II9, 138II9, 

616'2*13p, 62132. 6414, 64645cls3*39, 647% 
Fleming, P., 431L6) 
Flesh, G. D., 5281° 
Fletcher, M. T., 635']O 
Fletcher, T. L., 8512, 8712, 655" 
Flinn, A., 405" 
Flippin, L. A., 493Is9 
Flock, F. H., 663m 
Flood, L. A., 31tt5'], 31957, 4477 I ,  67450 
Flores, M. C. L., 749* 
Florio, s., 737'5 
Flynn, K. E., 413Il6, 416l2IL 
Fodor, C. H., 224' 
Foglia, T. A., 49tP9 
Fishr, M., 770Ul. 773w3 
Fokin. A. V., 493" 
Folken, K., 7784'4 

20876, 31860, 36020, 

Folli, us, 77737l372.373384 
Fonken, G. S., 543, 563, 5V5*%, 663, 773, 78', 429IS2 
Fontana. F.. 778411 
Fontecave, M., 9572, 108176, 383'09 
Foote, C. S., 98*, 765Ia, 7 6 v ,  881'5839, 884'" 
Forbes, C. P., 2Wl 
Forcellese, M. L., 832@ 
Ford, J. A., Jr., 7W1 
Ford, M. E., 66567, 82959 

Foreman, M. I., 85 1 29 

Fomi, A., 747%, 7 7 P  
Fomi, L., 859 
Fortes, C. C., 20774 
Fortes, H. C., 207" 
Fomnak, J. M. D., 31@ 
Fossey, J., 72739 
Foster, D. G., 7 6 P ,  7712", 772292 
Foster, G., 12" 
Foster, R., 85lB, 863" 
Fottinger, W., 576Iu 
Foucaud, A.. 8422' 
Foumari, P., 2765, 3293 
Foumeron, J. D., 5V3, 6013**47*b, 6247c, 6460, 78126, 

429""' 
Fowler, F. W., 47328, 5M28J5'3 
Fox, F., 10817' 
Fox, J. J., 265% 
FOX, M. A., 24?', 53966,851 12*32, 85232 
Francalanci, F., 429I5I 
France, R., a61b 
Francetic, D., 777366 

Ford-Moore, A. H., 764'13 

Author index 907 

Francisco, C. G., 157", 495210, 72219. 72319, 72519 
Franck, R. W., 25P3 
Franckson, J. R. M.. 704" 
Francois, H., 9577 
Frank, F. J.. lOO"', 25642 
Frank, R., 206". 212a. 76515* 
Frank, R. W., 172'% 
Frankevich, Ye. L., 85242 
Franz, J. E., 506298 
F m n ,  V., 6635657, 83375 
Frascr-Reid, E., 24690*91, 3W5, 3W3, 31P3, 36232, 

Frater. G., 418I3Ob 
Fray, G. I., 583153 
Frazier, H. W., W* 
Frtchet, 1. M. J., 2%1174J75, 282174J75, 663% 
Fredericks. P. M.. 68"' 69=, 72", 7392 
Freedman, H. H.. 228" 
Freeman, F., 99lll, 2522, 5285*6, m 2 ,  8 1 P ,  824&, 

Freeman, J. P., 4701', 75013', 751 
Freeman, W. A., 15Sm 
Freerken, R. W., 172Iu 
Frei, B., 77I2Ob 
Freidlina, R. Kh., 5o0236 
Freiesleben, W.. W59 4508 
Frein, R., 157%. 72219. 72319, 72519 
Frejd, T., 41Olo1 
Fremdling, H., 77P1,  773%3 
Fremery, M. I., 507", 58 1 143 
Frenette, R., 3602' 
Freppel, C., 44773 
Freund, F., 8408 
Frey, H., 128I7l 
Frick, U., 6505' 
Fried, J. H., 8616, 139128 
Friedman, N., 407 
Friedrich, A., 74254 
Friedrich, E., 981w, 165" 
Friege, H., 48917' 
Fries, P., 65520 
Frimer, A. A., 168'03, 8161°, 8181° 
Frisell, C., 95", 613' 
Fristad, W. E., 9p3, 9792, 44772, 487149, 532'l. 720'3, 

Fritsch, J. M., 79823 
Fritsch, W., 12442 
Fritz, H. P., 79g'3 
Fritzsche, H., 2131m 
Frohlisch, B., 65730 
Frolov, S. I.. 597u 
Fronczek, F. R., 43Pb 
Fry, A. J., 65614 
Fry, M. A., 72013, 722'3 
Fryennuth, H. B., 766173 
Fu, P. P., 136Io7 
Fuchikami, T., 144158 
Fuchs, P. L., 36229, 517" 
Fueno, T., 79474, 801% 
Fuhrhop, J. H.. 95731 
Fujami, H., 307" 
Fuji, K.. 25e9, 588'74*175, 71V6 
Fujihara, H., 2 0 P ,  425149b 
Fujihara, Y.. 453m 
Fujihira, M., 50" 
Fujii, H., 879'" 

37893, 45497, 5671', 584IO2 

85118 

72213 



908 Author Index 

Fujii, K., 82gS6 
Fujii, S., 6 0 6 I s 6  
Fujikura, Y., g70 
Fujimori, K., 76Is8 
Fujimoto, Y., 80139, 1536 
Fujinami, H., 452%*", 462%J5 
Fujioka, H., 44040 
Fujisawa, T., 5164 
Fujita, E., 9241*41b, 9341b, N4I, 457110,588I74J75, 62134, 

Fujita, J., 778404 
Fujita, M., 778410 
Fujita, S., 265', 2191°, 524s1, 698% 
Fujita, T., 81 19' 
Fujita, Y., W3 
Fujiwara, J., 69747 
Fujiwara, M., 64611 
Fujiwara, T., 774332 
Fujiwara, Y., 107'" 
Fujwara, A., M6la 
Fukami, N., 25538 
Fukuda, E. K.. 854* 
Fukui, K., W, 9890, 877128 
Fukumoto, K., 493Iw, 51715, 56489, 56gS9 
Fukunaga, Y., 5855, 6255, 6355 
Fukushima, D., 76lS7 
Fukushima, H., 47333, 5013', 50233 
Fukushima, T., 12016 
Fukuyama, T., 169107, 24682, 3581°, 3711°, 3801°3 
Fukuyama, Y., 174l" 
Fukuzawa, S., 95@, 77330839, 77d3Z6, 77535134355, 

Fukuzumi, S., 85237, 883I8O 
Fuller, G. B., 49S209 
Fullerton, D. S., 258", 845@ 

Funabashi, M., 856& 
Fung, D., 85454, 855% 
Funk, R. L., 33839 
Furber, M., wl, 367%, 3 7 P ,  55255 
Furlenmeier, A., 86j6 
Furniss, B. S., 55S70 
FUrst, A., 8616 

62335, 71v6, 765149, 773149501 

776308309.355363 

FU-Lung Lu, 50024' 

Furuhashi,.K., 429IJ5 
Fuxuichi, K., 55W9 
Furukawa, J., 4w1 
Furukawa. N., 12446, 2 0 P ,  42514*, 47OI0J1, 498=, 

Furukawa, Y., 86279 
Furuta, K., 31851 
Fusco, C., 13125 
Fusi, A., 108173 
Fuson, R. C., 15632 

762", 76412', 77780, 778395 

Gab,  E., 85665 
Gabhe, S. Y., 3309 
Gadelle, A., 247IM 
Gadwood, R. C., 67320 
Gaeumann, T., 3s 
Gaggem, N., lW9, 429'- 
Galbo, J. P., 7 1 p  
Gale, D. P., 231 
Gall, M., 13076 
Gallagher, P. T.. 216. 31860 

Gallagher, T., 19P7 
Gallenkamp, B., 753158J59 
Calli, R., 488153 5MM 
Gallinella, E., 5 b 9  
Galloy, J., 778398 
Gallucci, I. C., 16376, 64731 
Galpem, E. G.. 80035 
Galteri, M., 6869* 
Galust'yan, G. G., 747 
Gambaryan, N. P., 8 W 5  
Gamboni, R., 16256, 18OI6O 
Gammill, R. B., 45257, 462123, 571119, 577119 
Gamoh, K., 36652 
Gampp, H., 766lE7 
Ganboa, I., 2781599, 695" 
Gancarz, R. A., 7 6 W  
Gandolfi, M., 82852 
Ganem, B., 2W2, 36758, 403@, 40672,  503272. 54527, 

636", 65613, 74579, 76389 
Ganguli, A. N., 3 1852, 3 W2 
Ganguli, B. N., 64'j3-@ 
Gani, D., 67328 
Gannctt, P. M., 555@ 
Gansser, C., 693u 
Ganyushkin, A. V., 6412 
Gao, Y., 3904, 3934, 3944. 39S4, 3%4, 39?, 3 9 8 4 ~ ~ ~ ,  

3994,4004, 4014, 4064, 4074,410', 41 14, 4134, 
43 1160.162 

Garapon, J., 4982u, 5375637 
Garcia, B., 73259 
Garcia-Luna, A., 752Is2 
Garcia-Raso, A,, 34@ 
Card, G. L., 26712', 26912', 27OIB, 271121J28, 278I2l 
Gardini, G. P., 16I6O 
Gardner, H. C., 874Im 
Gardner, J. N., lW7 
Gardner, P. D., 16799 
Gardner, T. S., 66677 
Gardnier, B., 825&, 83317 
Garegg, P. J., 23732, 25P9 
Garg, C. P., 25313, 60On, 60177 
Garigipati, R. S., 491l8' 
Garland, R. B., 35229 
Gamer, B. J., 2 W  
Gamer, P., 40780, 56g107 
Garratt, D. G., 52p38*29, 52 1 36, 7 6 p  
Garvey, D. S., 25752 
Garwood, R. F., 3M9, 8OlM 
Gasc, M. B., 470L, 488', 4901 
Gassman, P. G., 12SS5, W 5 ,  20881, 47662, 7W5, 874IM, 

Gastambide, B., 169It3 
Gastiger, M. J., 13115J16J19 
Gaston, L. K., 72429 
Gates, B. C., 8407 
Gaudemer, A., 4513? 46P5 
Gaudemer, F.. 4513', 462" 
Gaudin. J.-M.. 229'" 
Gault, Y., 629 
Gaur, J. N., 70S5 
Gaviraghi, G., 747Io5 
Gawky, R. E., 22778*80, 23078, 68911, 69l1I, 69511, 

Gawronski, J. K., 26281 
Gaythwaite, W. R., 771u7 

878145 

69748, 698", 699", 7OOlI 

- .  . , . ~ ~  Gebauer, H., 7 W  



Author Index 

Gellerman, B. J., 53231 
Gemroth, T. C., 36757 
Genet, J.-P., 229lZ0 
Genge, C. A., 2436, 2536 
Gennari, C., 12863, 39623, 44145 
Gensch, K. H., 764"O. 778390 
George, I. A., 64p3 
George, M. V., 231'49, 73823,25, 746=, 85118 
Georgian, V., 23614 
Georgoulis, C., 272'", 276148 
Gerasimenko, A. V., 606I6O 
German, A. L., 7591° 
Germeraad, P., 35'" 
Gero, S. D., 23946, 70413 
Gershanov, F. B., 75Ola 
Gerstmans, A., 76OZ5, 84692 
Gertner, D., 4 9 F  
Geske, D. H., 603112 
Gess, E. J., 37270 
Ghaderi, E., 30713 
Ghanem, K. M., 719? 
Gharibi, H., 286lW 
Ghilezan, I., 6884, 7284 
Ghisalba, O., 77IZob 
Ghisalberti, E. L., 646z 
Ghomi, S., 486145 
Ghosez, L., 12230, 14t30, 502262 
Ghosh, A., 766la5 
Ghosh, A. K., 182I6l, 68077 
Ghosh, S., 23950 
Ghosh, T., 8719 
Ghoshal, N., 82335 
Giacin, J. R.. 13123 
Giacobbe, T. J., 170120 
Giamalva, 0. H., 488158 
Gibboni, D. J., 3'O 
Gidaspov, B. V., 69013, 750133 
Gidley, G. C., 17I7O 
Gielen, M., 6146 
Gieren, A., 475" 
Giersch, W., 3061°, 70832 
Giesbrecht, E., 77P8,  772293, 773293, 774336 
Giese, B., 39936, 86071, 8831" 
Giga, A., 66882 
Gigg, J., 24692 
Gigg, R., 24692 
Gigian, M. J., 76162 
Giguere, R. J., 26278, 36225 
Gil, J. B., 83269 
Gilabert, D. M., 22782 
Gilbert, F. L., 776359 
Gilbert, K. E., 737' 
Gilchrist, T. L., 480104, 74360"l, 74470 
Giles, R. G. F., 3S41 
Gilgert, F. L., 776359 
Gilham, P. T., 765IS3 
Gill, G. B., 33842 
Gill, U. S., 1SZ9 
Gillard, F., 56488, 56SE8 
Gillard, M., l2z3O, W 3 0  

Gebelein, C. G., 501252255 
Gedheim, L., 79925, 80O3l 
Geisel, M., 72430 
Gelb, M. H., 54526 
Gelbard, G., 280173, 28117', 283i73Jw, 285173, 8409, 

Gillette, J. R., 778418 
Gillhouley, J. G., 71266 
Gilman, S., 674@ 
Gilmore, J. R., 9243, 705'8 
Gilpinand, M. L,, 15842 
Gindraux, L., 252' 
Giner-Sorolla, A., 657= 

8444.63, 8454.63 

Ginsburg, H., 878'* 
Giordano, C., 82852, 829s5 
Giordau, J., 8741M 
Giovini, R., 772286 
Giraldi, P., 100'21 
Girard, P., 84691 
Girgis, N. S., 137Iu, 138'= 
Giua, M., 7743M 
Gladfelter, E. J., 1717' 
Gladstone, W. A. F., 231145 

Glass, R. S., 765I6l 
Glatz, B., lW 
Glazier, E. R., 1208 
Gleason, J. G., 12229, 219" 
Glebova, Z. I., 29418 
Glemser, O., 48313' 
Glens, K., 80246, 80877 
Glinka, T., 55153 
Glotter, E., 2532', 445@, 707" 
Gnoj, 0.. lW7 
Godfrey, C. R. A., 132" 
Godin, P. J., 15632, 15732c, 
Godovikova, T. I., 7 a 3  
Godoy, J., 30923, 767IW, 7731W 
Gwbel, P., 748 
Goering, H. L., 9576 
Gogins, K. A. Z., 2ME9, 27589, 843- 
Goh, S. H., 296=vZ6, 8831n 
Goheen, D. W., 769209.217 
Goicoechea-Pa pas, M.. 22779 

Gokhale, U., 77lZ8O, 773280 
Gokturk, A. K., 13'17 
Gold, P. M., 82647, 82747 
Goldberg, A. A., 657' 
Goldberg, Yu. Sh., 47779.8' 
Goldman, A., 707" 
Goldman, L., 29416, 29516*19 
Goldshleger, N. F., 17*73 
Goldstein, R. F., 738 
Goldstein, S. W., 567'04 
Golduras, G. A.. 

Gladysz-DmochOwsk~ J., 7712" 

Goji, H., 77431 t 

Golfier, M., 31234, 32034, 73826, 747=, 8419, 851'8 
Galitz, P.. 74258 
Gollnick,K., 9687, 97%. 816'4 818'O 
Gombatz, K., 438" 
Goncalves, J. M., 852@ 
Gonis, G., 71e1 
Gonzfez, A., 2771HJS5 
Gonzdez, A. G., 82015 
Gonzalez, D., 73823 
Gonzalez, J. M., 5012ss, 5 0 P ,  536s2-55 
Gonzalez. M. A., 22452 

Goodbrand, H. B., 316*, 317* 
Goodhue, C. T., 7 W 3  
Goodhue, T., 5728, 5828, 6328 
Goodman, M. M., 7 7 F  

Gooch, E. E,, 606150*'5' 



910 Author Index 

Gopal, H., 23620 
Gopdakrishnan, S., 3 W C  
Gorbunov, A. V., 602'06 
Gordon, J. E., 852" 
Gordon, K. M., 87". 12438, 12838, 12938,775353 
God. J.. 6849' 
GO& M. P., 184'72 
Gorman, R. R., 34046 
Gorrod, J. W., 7363 
Gorthy, L. A., W5 
Goryaev, M. I., 9352 
Gosney, I.. 479% 
Goswami, A., 5853a, 62533%*, 6353"8 
Goswani, P. P., 7lgS 
Goto, T., 169Im, 37065, 38V5, 678" 
Gottardi, W., 229Il6 
G6tz, A., 65d' 
Gouedard, M., 45135, 46235 
Goulaouic, P., 276I5O 
Gould, E. S., 750'". 76P7sa8, 770238, 771Z9a7' 
Goulet, M. T., 416'", 54q7 
Gouverneur, V., 5M262 
Govindachari, T. R., 22132 
Govindan, C. K., 76lS4 
Govindan, S. V., 36229 
Gowda, G., 82131 
Graber, D. R., 63364,65 
Grabow, H., 9511 
Grabowich, P., 139128 
Grabowski, E. J. J., 752'", 877I35 
Grade, M. M., 765Is5 
G&, R., 1076 
Graf, W., 72117 
Graham, W. A. G., 313 
Grakauskas, J., 72326 
Gramatica, P., l O 9 I 8 3  

Grattan, T. J., 463'" 
Gratz, J. P., 1 13m 
Gravatt, G. L., 3W7 
Gray, 0. A., 10716' 
Gray, P., 863 
Grayson, D. H., 102'" 
Graythwaite, W. R., 779423 
Grdina, M. J., 816'O, 8181° 
Gnck, C., 487'&. 49946 
Gne, R., 71372 
Green, A. G., 55877 
Green, M., 94" 
Green, M. L. H., 311, 4173 
Green, M. M., 777% 
Green, R., 44457 
Green, R. M. E., 78'25 
Greene, A. E., 121202', 12320, 14S20, 16371, 40676 
Greene, F. D., 7501M 
Greenfield, S., 25321 
Greenland, H., 3523', 35631 
Greer, S.. 603'20J2' 
Grcthe, G., 67872 
G~~cco, P. A., 105'*, 12SS3, 12653, 129"s7', 13073-75, 

Griesbaum, K., 574'@, 579'%, 581'", 582'@0.'~~ 
Griesbeck, A,, 38411", 39938, qo038.38b. 40638, mfe, 

41538, 81816 
Griftin, G. W., 37270 

GM, H. J., 20670,2 107*,2 1299 
Gw, J.-L., 566'@', 71I6O 

37790, 569'07, 674"*p5, 682a334, 70165 

Griffith, W. P., 311', 312)O. 439%, 4891n 
Grigg, R., 4512', 45395, 831a 
Grimmett, M. R., 750'" 
Grimshire, M. J., 481'06 
Grinberg, S., 692= 
Gringauz, A,, 67435 
Grob, C. A., 6943', 7006', 724M 
Grobe, K. H., lOs0 
Grodkowski, J., 8501° 
Grodski, A., 686* 
Groenewegen, P., 12557 
Gronwall, S., 16372 
Gross, A. W., 73716 
Gross, H., 235' 
Grote, J., 273'35 
Grotewold, J., 605'" 
Grothaus. P. G., 579*32 
Grover, E. R., 8W 
Grover, S. K., 143'%, 144150 
Groves, J. T., 1 lg2, 12". 5073, 9573b, 4261ab 
Gruber, J. M., 16793, 177'"*'", 17814, 182Ia, 186In, 

Gruber, L., 72325 
Grudzinski, Z., 67433 
Grundon, M. F., 22783 
Grunenwald, G. L., 47436 
Gruse, W. A,, 738 
Gnejszczak, S., 197" 
Gu, C. I., 76q20, 8841a7 
Guare, J. P., 67330 
Guameri, M., 143'" 
Gubemantorov, V. K., 505289 
Gubemick, S., 3301° 
Guedin-Vuong, D., 67g7' 
Guenard, D., 169'08 
Guenzi, A., 764'26, 767'26 
Guerin, P., 426'& 
Guerrero, A. F., 53016 
Guemero, A., 57913' 
Guette, J.-P., 876IZ 
Guilhem, J., 73lS3 
Guillemonat, A., 842, 8S2, SW2 
Guilmet, E., 12% 
Guindon, Y., 3602' 
Guivisdalsky, P. N., 39316, 39816 
GulBcsi, E., 72325 
Gulles, J., 22450 
Gullotti, M., 1949, 7773*2 
Gulta, V. S., 695% 
Gundennann, K. D., 758' 
Gunn, V. E., 663s9 
Gunsalus, I. C., 80'" 
Gunstone, F. D., 4372, 4382 
GUnther, K., 7 W 2  
Giinther, W. H. H., 774311 
Guo, T., 486', 49& 
Guo-giang, L., 8US8 
Gupta, A. K., 59512', 604Iz7 
Gupta, B., 17177 
Gupta, B. 0. B., 752Is2, 765'". 76P1° 
Gupta, D., S U @ ,  551". 556@ 
Gupta, D. N., 70936, 7471°', 765'%, 84349 
Gupta, R. C., 35233 
Gupta, S. C., 15526, 179'53 
Gurvich, L. V., 85242 
Gusarova, N. K., 1946 

673" 



Author Index 91 1 

Gusten, H., 86791 
Gut, M., 1451a, 40155 
Gut, S.. 39939 
Guthrie, R. D., 7 w 9  
Gutmann, H. R., 73714 
Guy, A., 484135, 876'= 
Guy, J. T., Jr., 54439, 55339, 55639 
Guy, R. G., 5168 
Guziec, F. S.. Jr., BP, 258". 2@', 26761, 269lZ7, 

2701", 2883 
Gymer, 0. E., 7M70 

Ha, D.-C., 419'- 
Ha. D. S., 53016 
Haack, J. L., 68281 
Haaf, A., 153", l54'lb 
Haag, T., 54861, 55361 
Haas, G., lW 
Habermahl, G., 15311, 154lIb 
Hackley, B. E., Jr., 65616 
Hacksell, U., 83 lW 
Haddadin, M. J., 47017, 75013' 
Hadjiarapoglou, L., 374m,a 
Haede, W., 12442 
Hafele, B., 416l" 
Hatiz, M., 36549 
Hafner, K., 2977 
Hafner, W., 449'*2, 4 5 0 ' ~ ~  
Haga, Y., 493Iw 
Hagemann, H., 4 9 F  
Hagen, T. J., 3W 
Hagen, W., 33013 
Hagihara, T., 5Mg1, 56g1, 582138, 61618 
Hahl, R. W., 63467 
Hahn, C. S., 30921, 318"56, 3 1 p M  
Hahn, G., 
Haines, A. H., 23511, 305', 437', 4385, 439.541'. 543', 

Haines, R. M., 159" 
Hakotani, K., 7M1", 84452 
Hakozaki, S., 7%12 
Halcomb, R. L., 37477c, 73712 
Hale, K. J., 7126z 
Hall, J. H.. 23%, 24", 2 P ,  26% 
Hall, L. D., 55050 
Hall, P. L., 84574 
Hall, T. C., 228'" 
Hall, T. K., 82440 
Hall, T. W., 7 W 8  
Hallnemo, G., 331 l5 
Halloran, L. J., 84575 
Halpem, J., 416, 462'" 
Halsall, T. G., 25317 
Halstenberg, M., 47449, 47fj49 
Halteren, B. W. V., 53547 
Haltiwanger, R. C., 5 5 P  
Haluska, R. J., 507= 
Ham, G. E., 4707, 4727, 4747, 47(j7 

Hamada, T., 24683*MJ6 
Hamada, Y.. 172Iz4 506302 
Hamaguchi, F., 22i76 
Hamaguchi. H.. 2 2 f  4, 70729, 70829, 797". 798'8b, 

Hamaguchi, S., 56l7.I8, 5718 
Hamajima, R., 109lM 

564', 815',816' 

~amada,  A., 144'57 

80249, 8035'53, 8W9, 80559 

Hamana, H., 54527 
Hamana, M., 59V1 
Hamano, K., 77lZ2 
Hamaoka, T., 605'" 
Hamelin, J., 471L8 
Hami1ton.G. A., 1lW, 12w, 13lZ3, 851m 
Hamilton, W., 832" 
Hamlet, Z., 
Hammer, J., 53e4, 531% 
Hammerich, 0.. 4231, 80139. 85447, 85547. 85667 
Hammerschmidt. F., 57%. 58%, 63% 
Hammerum, S., 4231 
Hammond. D. A., 13 1 88 

Hamoaka, T., 6WS2 
Hamon, D. P. G., 410'Oo 
Hamor, T. A., 7 2 F  
Hampson, N. A., 228'" 
Hampton, J., 2529 
Hampton, K. G., 187'" 
Hamuro, J., 16167 
H a ,  G. R., 107'53J" 
Han, G. Y., 480'". 482'05 
Hanafusa, M., 42614& 
Hanamoto, T., 37gw, 38299 
Hanaoka, M., lSB* 
Handel, T. M., 410g7* 
Handley, J. R., 684= 
Hane, J. T., 503n8 
Hanessian, S., 1537, 162", 2 6 P .  29S0, 29939, 40046, 

71371. 72218 
Haney, W. A., 877132, 878'", 881162 
Hangauer, D. G., Jr., 31338 
Hanna, I., 276'% 
Hanna, R., W 8 s 3 *  

Hannack, M., 82545 
Hannaford, A. J., 5 S 7 0  

Hanotier, J., 13Io7 
Hanotier-Bridoux, M., 13lW 
Hansen. D. W., Jr., 351°5, 35229 
Hansen, E. B., Jr., 7 P 6  
Hansen, H. V., 664w 
Hansen, M. R., 608'" 
Hansen, R. T., 247'Oo 
Hanson, R. M., 3904. 3934J4, 3944J4, 3954 3%434 

Hansske, F., 259@ 
Hansson, B., 581lz9 
Hansson, S.. 45377 
Hanyu, Y., 763IM 
Hao Ku, 483lz1 
Happel. J., 738 
Haque, M. S., 16369 
Hara, H., 33V3 
Hara, S.. 169'14. 248112 
Hara, T., 47333, 50133, 50233, 750Iz7 
Harada, A., 45132 
Harada, E, 761% 

. Harada, K., 124*, 474*A7 
Harada, N., 76156 
H a d ,  M. E., 16262, 778"a'*a'' 
Haraldsson, M., 24575 
Harayama, T., 43822, 569'08 
Hading, K. E., 25429, 490178 
Hardtmann. G.. 1 W  
Hardy, F. E., 76282 

3974, 3984, 399',4004.4014. W4, 4O7:, 4104, i l  14, 
4134 



912 Author Index 

Harger, M. J. P., 746=, 752= 
Hargrave, K. R., 7638s. 7668s 
Harkchian, B., 7712sa, 772% 
Harkema, S., 333u 
Harkins, I., 247loo 
Harmon, J.. 138’% 
Harmony, J. A. K., 883178J79 
Hanns, R., 232”’ 
Hamfeinst, M., 306’ 
Hamsberger, H. F., 766I8O 
Harper, R. W., 43n 
Harpold, M. A., 765133 
Harpp, D. N., 12229 
Haniman, A., 87713’ 
Hanis, C. J., 48OtW 
Harris, D. J., 4 0 P  
Harris, J. F., 14132 
Harris, S. A,, 3067 
Harris, T. M., 374ne 
Harrison, A. W., 4 W 1  
Harrison, C. H., 7W8 
Harrison, C. R., 763l03 
Harrison, I. T., 23VS 
Harrison, S., 23P5 
Hart, D. J., 2WS9, 35026, 64T3’, 67768, 731” 
Hart, G. C., 22778*79, 23078 
Hart, H., 8719, 74363 
Hart, P. A., 25319, 25419 
Hart, R. B., 219” 
Hartley, W. M.. 43P7 
Hartshorn, M. P., 8823, W3 
Hartter, P., 532, 662, 67’, 682. 702,79, 772, 802 
Hartung, J., 88317’ 
Harukawa, T., 8616 
Haruna, M., 88z 
Harusawa, S., 172’” 

Harvey. A. B.. 774321 
Hmta, I.-I., 829%3& 

Hawe;; G. R.: 471” 
Harvey. R. G., 136’“‘. 296u26, 32g3, 3467, 358’, 3 6 p ,  

833”. 884183  
Harville,’R,y 764118 
Hasan, S. K., 57111’ 
Hase, T. A., 4537s, 686% 
Hasebe, M., 719, 72014, 732s37 
Hasegawa, H., 19629 
Hasegawa, J., 56I7J8, 57l833.”, 5823929, 6323929 
Hasegawa. K., 1 2 P  
Hasegawa, T.. 24262 
Hashem, M. A., 35919 
Hashimoto, H., 55e9 
Hashimoto, M., 255’*, 493198 
Hashimoto, N., 69223 
Hashimoto, T., 70729, 708%, 8035’ 
Haslinger, E., 498m 
Hass, H. B., 65p6, W 
Hassall, C. H., 35lZ8, 3 5 P ,  671’. 672’. 674’, 684’ 
Hassel, T., 226@ 
Hassner, A., 214, 18617’, 473=31.32, 47554,496216, 

500237238. 50131.32a7.US2493JI.Y3.2% 

Haszeldme, R. N., 94s5, 4881aJa, 750135, 800M 
Hata, K., 6603’ 
Hatada, K., 2024s 

Hatakeyama, S., 416’”, 441M 
Hatanaka, N., 479’ 
Hatanaka, Y., 30819, 877133 
Hatayama, Y.. 137lI8, 138Il8 
Hatch, R. L.. 603122 
Hatenaka, Y., 843* 
Hathway, D. E., 582149 
Hatton, J., 523 
Hattori. K.. 6%43*u, 69743,*, 773-, 776- 
Hauck, F. P., Jr., 22126 
Hauck, P. R., 69I2O 
Hauser, F. M., 44142 
Hauser, G. R., 187IM 
Haushalter, R., Kig3 
Havens, J. L., 1OOIB, 104129,26043 
Hawkins, R. T., 5%33b 
Hawthorne, M. F., 33012, 59972. 67319 
Hay, D. R., 2 2 P  
Hayakawa, T., 462119421 
Hayakawa, Y., 68286, 75Ol3I 
Hayama, T., 496217, 497218 
Hayami, H., 378% 
Hayano, K., 9136 
Hayano, M., 145Ia 
Hayashi, G., 495M8 
Hayashi, H., 22776 
Hayashi, I., 153’’ 
Hayashi, J., 79612, 80675, 80880, 80981.85 
Hayashi, K., 4536s 
Hayashi, S., 100115 
Hayashi, T., 
Hayashi, Y., 2435, 2191°, 25747 
Hayes, J. F., 26’O, W2 
Hay-Motherwell, R. S., 13Il9, 4011 
Haynes, N. B., 100’26 
Hays, S. L., 47436 

568’, 582138, 61618, 64212 

Hayward, R. C., 121”, 33114, 43815, 44515, 502261, 
5302O. 531m 

Heacock, D. J., 7 W  
Head, J. C., 406” 
Heaney, H., 1944, 37478, 67441 
Heasley, G. E., 5W43. 53V8, 531” 
Heasley, V. L., 53e8, 5312* 
Heathcock, C. H., 11 11=, 15837, 16686, 256=, 36757, 

Heaton, P. C., 70518 
Hecht, S. M., 143l* 
Hecht, S. S., 350” 
Heck, R. F., 45012 
Hedayatullah, M., 48413s 
Hedge, P., 763’” 
Hedgecock, H. C., 59747, 606149 
H e f i n ,  P. J., 
Heflich, R. H., 75116 
Hegarty, A. F., 671lS 
Heggs, R. P., 76389 
Heiba, E. I., 154%, 870% 
Heilbron, I., 25430 
Heilbro~er, E., 86790 
Heilman, W. J., 16798 
Heimann, M. R., 241s9 
Heimgartner, H., 83163 
Heinis, T., 854* 
Heinze, J., 85239 
Heissler, D., 51714, 56488, 56888 

47331.32, 50@38, 50131.%2%2%2%, 5022S3,254, 574125, 
673” 



Author Index 913 

Helbling, A. M., 67438 
Heldt, W. Z., 6895, 6915 
Helfrich, 0. B., 7681W 
Helgh, B., 80136 
Hehan ,  T. M., 13lZ3 
Hellmann, H., 80463 
Hellring, S., 22448 
Hellwinkel, D., 7 7 P 2  
Helmchen, G., l W o  
Hem, S. L., 8 4 P  
Hemetsberger, H., 32= 
Henbest, H. B., 1524, l 5 r ,  22133-3s, 23617, 3W1, 

768un, 7 6 F 2 "  
Henderson, G. N., 34S, 843", 84567 
Hendi, S. B., 2979 
Hendric, R., 36549 
Hendrickson, J. B., 299"', 66882rw 
Henegeveld, J. E., 2W9I 
Henggeler, B., 21916 
Henkal, J., 613' 
Henkel, J. G., 503278 
Henkler, H., 5W3 
Henly, T. J., 865 
Hem, L., 2 P  
Henneke, K.-W., 232155 
Hennessy, B. M., 268'", 56'P 
Henning, R., 3602', Wz6 
Hencch, F. E., 187l" 
Henrick, C. A., 66147 
Henry, P. M., 94'3 45010, 4513', 5414, 5644 
Henshall, A., 506298 
Hentges, S. G., 438". 441 12, 44312, 489IM 
Henz, K. J., 67330 
Herald, C. L., 153" 
Herberhold, M., 774319 
Herbert, D. J., 26275 
Hergott, H. H., 6505' 
Herman, F.. 2439, 2539 
Hermecz, I., 846W 
Hermes, M. E., 47439, 48P8 
Hennosin, M. C., 84577 
Hernandez, J. E., 70622 
Hernandez, R., 4115, 72219, 72319, 72519 
Herocheid, J. D. M., 53547 
Herr, M. F., 167W, 1681°' 
H e m ,  E., 489167J68J69 
Herrmann, J., 763% 
Hemnann, R., 778397 
Herscheid, J. D. M., 23OIM 
Herscovici, J., 26597-98, 27298 
Hertel, M., 74(r5 
Hew4 Y., 72224 7 2 P ,  72620*37, 73153 
Herynk, J., 72323, 72428 
Hen. W., 25958, 82lZ7, 83481 
H d ,  P. Y., 84688 
Henog, H., 239  
Herzog, H. L., 55". Salo, 681°, 7010, 71 lo, 77'O 
Hess, W. W., lOW1, 25642 
Hesse, G., 60186*88 
Hesse, R. H., 1514s, 412132, W2, 74149, 74794 
Hester, J. B., Jr., 69117 
Heuberger, G., 721 l7 
Heuckeroth, R. O., 876IZ3 
Heude, J. P. M., 48V9 
Heumann, A., 9SatU, 45247*@ 
Heusler, K., 41I9J0 

582'49. 

Hevesi, L., 515'. 523' 
Hewitt. B., 1%)" 
Hey, D. H., 13lI4, 12015 
Heydkamp, W. R., 6 0 6 ' 5 3  
Heydt, H., 752149 
Heyer, D., 43". 4751, 48@, 50" 
Heyland, D., 3M7 
Heyman, M. L., 747Io5, 75 1 137 

Hibino, K., 70729, 70829. 80351 
Hickey, D. M. B., 2764 
Hickinbottom, W. J., 1615* 
Hi&, T., 16258, 24366 
Hideg, K., 566* 
Hiebert, J. D., 1351m, 136I". 1371m, 1451°5 
Higuchi, N., 645m31 
Hihchi. T., 764'1°, 7783m 
Hihira, T., 73'"' 
Hii, P., 7MZ6 
Hiiragi, M., 45376 
Hikota. M.. 246" 

Hill, J. G., 37Sm, 39419 
Hill, J. W., 23". 24u, 2 P ,  26% 

Hill, M. P., 827*8 
Hill, R. K., 60lD 
Hill, W. E., 498u8 
Hillenbrand, G. F., 177'& 
Hinder, M., 54319, 
Hinman, R. L., 5OSz9' 
Hino, M.. 5" 
Hino, T., %87, 3 3 P  
Hintz, G., 603'j6 
Hintz, H. L., 70516 
Hirabayashi, Y., 774318332 
Hirai, S., 4766' 
Hirai, Y., 40678b, 776356 
Hirama, M., 247'02J03, 257s', 438", 489Ia, 

Hirano, M., 9244 
Hirano, S., 2191°, 2 9 P  

Hirao, T., 141'33. 14@, 453'55 
Hiraoka, H., 31g5' 
Hiraoka, T., 74 1 52 

Hiram, Y., 44040 
Hirayma, M., 36as2 
Hirobe. M., 759" 

~ i i ,  K. A., 12017, 12317 

503"' 

Hirao, K.-I., 686W 

Hiroi, K., 12443, 125". 12643, 12761.701'55 
Hiroi, T., 77lzE3 
Hironaka, K., 883I8O 
Hirota, H., 23P9, 543" 
Hirota, K.. 877135 
Hirotsu, K., 3Ola 
Hiroya, K., 5&tE9, 56gS9 
Hirschhorn, A., 17175 
Hirsh, S., 55SM 
Hiskey, R. G., 7 6 P 3  
Hixon, S. S., 87S1I7 
Hiyama, T., 219'O 
Hjorth, S., 831M 

Ho, D., 40991 
Ho, C.-K., 4131m*c 

HO, I. H., 462119.120 



914 Author Index 

Ho, T.-L.. 231'50J52, 2354, 581'39, 76048, 7615', 765I5O, 
85118 

Hobart, K., 4753 
Hobbs, C. C., 11" 
Hoblitt, R. P., 5OlB1 
Hock, H.. 11 1 193 

Hocks, P., 8616 
Hodge, P., 333%, 70936J8, 7471°1, 765". 84Y9 
Hodges, M. L.. 73PS 
Hodges, P. J., 4 O P  
Hodges, R., 35019 
Hodgins, T., 7383' 
Hodgson, D. M., 5S7', 5647' 
Hodgson, J. C.. 59966 
Hoekstra, A., 53547 
Hoekstra, W., 273Iu, 82232 
Hoelzel, C. B., 7 W  
Hoesch, L., 483120, 487t47, 493'47, 495147 
Hofer. P., 1 2440 
Hofer, W., 753's8.t59 
Hoffman, F., lootu 
Hoffman, N. E., 520 
Hoffman, P. G., 66883 

Hoffman, R. W., 59752 
Hoffmann, A. K., 85447, 8 W 7  
Hoffmann, H. M. R., 26278, 362B, 429I5'a 
Hoffmann, R., 422'*, 4381°, 44110 
Hofman, H., 232IS8 
Hofmann, K., 65@' 
Hofmeister, H., 74I1l, 75"', 773305 
Hoger, E., 70P5 
Hohenlohe-Oehringen, K., 678@ 
Hojo, K., 29946 
Hojo, M., 503273, 764". 84350, 8445'52 
Hot, C. M., 12Io1 
Holden, K. G., 219" 
Holder, N. L., 318", 31q3 
Holland, G. W., 72842 
Holland, H. L., 6567, 6883a, 6gE9, 7283a, 76Il7, 779429 
Hollenberg, D. H., 265% 
Hollinshead, D. M., 53l, 63' 
Holme, K. B., 55e0 
Holmes, A. B., 67975, 683" 
Holmes-Smith, R., 629 
Holmlund, C. E., 15733, 15833b#4J 
Holt, E. M., 31° 
Holtz, H. D., 72428 
Holum, J. R., 25641 
Holweger, W., 8 2 P  
Holy, N. L., 45379. 86176. 882I7I 
Hon, M.-Y., 8153, 8243, 83P 
Honan, M. C., 318@ 
Honda, M.. W ,  40844. 415Ii5' 
Honda, T., 243@, 423'", 476s9 
Hondo, M., 297M 
Honig, H., 49319' 
Honzl, J., 884Iw 
Hook, S. C. W., 604133, 607'33 
Hoover, D. J., 197" 
Hopkins, P. B., 517" 
Hopkms, R. B., 452@ 
Hopton, J. D., 75g7v8 
Horak, V.. 228% 
Horgan, S. W., 14314s, 3466 
Hori, K., 45243, W4) ,  465lJO 

Hoffman, R. V., 169"5J'6, 171"5~"6, 22g107, 7382'' 

Hori, T., 9137, 1 le7 
Horikawa. H., 80674 
Horikawa, M., 761% 
Horita, K., 24573.80, 249' 
Horiuchi, C. A., 9565, 107Iu, 5 3 P .  53lU 
Home, D. A., 503m 
Homer, L., 76386, 7 6 P 2  
Homfeldt, A. B., 5%3k 
Homing, E. C., 1MH 
Homke, G., 689'0 
Horowitz, A., 85aa 
Horowitz, H. H., 4513' 
Horstschiifer, H. J.. 598s7 
Hortmann, A. G., 749'17 
Horton, D., 703'. 709'. 710' 
Horvath, B.. 85'l 
Hosaka, M., 3394) 
Hosakawa, T., 178IM 
Hoshi, M., 16Ia 604IM 
Hoshino, 0.. 33&3 
Hosking. J. W,, 107'67 
Hosoi, A., 184'" 
Hosokawa, T., 9458, 1O7lM, 419Iwb, 45118, 452%, 4 W  
Hosomi, A., 458'13, 6416 
Hostapon, W., 14'38 
Hou, C. T., 56m31, 
Hou, K. C., 
Hou, W., 44664 
Hough, L., 71262 
Houghton, D. S., 76V2 
Houk, K. N., 439% 
Houpis, I. N., 182I6I, 680n 
House, H. E., 437) 
House, H. 0.. 12010, 1233336, 1307q 145'59. 154" 

Houston, B., 121m 
Hovey, M. M., 605'43 
Howard, C., 67433 
Howard, E., Jr., 76g2I3 
Howell, J. 0.. 852"', 85445 
Howell, S. C.. 53l, 63', 307" 
Howton, D. R., 71265 
Hoyano, J. K., 313 
Hoye, T. R., 
Hoyle, J., 766" 
Hoz, S., 875Il9 
Hrovat, D. A,, 875"' 
Hrusovsky, M., 15421, 45lZn* 
Hseu, T. H., 367% 
Hso, E. T., 79823 
Hsu, C. K., 180'". 182Is7 
Hsu, H. C., 605'39 
HSU, S.-Y.. 107'53J55, 3775" 
Hu, H., 155%, 179'53J" 
Hu, J., 44aU 

Hu, L., 63366 
Hu, N. X., 492lE3, 752IJ', 76161 
Hu. Y., 45132 
Hua, D. H., 358", 552s*, 5S5' 
Huang, H.-C., 35oM 
Humg, H.-N., 74P5 
Huang, S. J., 798q 8014' 
Humg, S.-L., 297", 3%u 
Huang, W. H., 873" 

168Im, 1701'9, 178"'. 179's'J52, 186Iw0, 25y,k7l5, 
68281 

Hu, K.-C., 159' 



Author Index 915 

Huang, X., 283Is3, 284Is3, 7 W  
Huba, F., 800M 
HUbener, G., 7783w 
Hiibenett, F., 765t42 
Huber, G., 70945 
Hubert, A. J., 
Hudec, T. M., 3363' 
Hudlicky, T., 32472, 55774*75, 8U3, 824', 8333 
Hudrlik, A. M.. 7 0 P  
Hudrlik, P. F., 11 IIw, 7Ola 
Hudspath, J. P.. 57', 40781 
Huel, C., 3502' 
Huestis, L., 7 3 P  
Huet, F., 168103J03b 
Huff, B., 33013 

Hufian, W. F., 54312, 55 1 I2 
Hug, R. P., 154" 
Huggins, R. A., 2821n 
Hughes, D. L., 752'" 
Hughes, L., 59523, 6002~ 
Hughes, P., 40l6Ic 
Hughes 38, I., 36lW 
Hugl, H., 5083t1 

Huhn, G. F.. 2 2 P  

~ ~ f i a n ,  J. c., 19937,86587 
~ ~ f f m a n ,  J. w., 11 1195, 112~95,1771~ 

HI& T.-S., 574'@', 581'@, 582'@ 

Hui, R. A. H. F., 110'88, 132%*-, 133", 13492 
Huie, E. M., 69116 
Huisgen, R.. 2432. 475". 47773 
H u h ,  B., 36123 
Hull, K., 82233 
Hull, V. I., 881 
Humffray. A. A., 76P2 ,  767I9f 
HUmke, K., 7584 
Hung, S. C., 261@ 
Hungate, R., 23737, 24S74 
Hunger, J., 4962a 
HUnig, S., 7627t 
Hunsberger, J. M., 65519 

Hunt, G. E., 167I0O 
Hunt, J. D., 15418, 8 2 P  
Hunt, R. L., 87298 
Hunter, N. R., 174139 
Hunter, R., 19932,33, 20233 
Husain, A., 17'" 
Hussain, N., 35022, 36336 
Hussmann, G. P., 763*, 76695' 
Hutchings, M. G., 479W, 59522,6(~)75 
Hutchins, R. O., 841" 
Hutchinson, D. B., 78'27 
HUttel, R., 107160, 45258 
Hunon, J., 8244t 
Huyser, E.. 883178 

Hunt, D. F., 451a, 63774.75 

Hwang, C.-K., 40161d, 407w, 4088" 
Hyan, J. A., 738% 
Hylarides, M. D., 605139 

Iacobelli, J. A., 564%. 56792 
Iacona, R. N., 6547.8 

Ibrahim, N., 77PZ 
Ibuka, T.. 41 7'* 

D., 77737132373.374 

Ichiba, M., 342% 
Ichikawa, K., 15417, 451a 
Ichikawa, Y., 37065,3806.' 
Ichino, K., 356m 
Ida, H., 47442 
Iddon, B., 216 
Idogaki, Y., 7137O 
Idrissi, M. E., 55463 
Iffland, D. C., 231 143 

Ifial, S. M., 294" 
Iguchi, K., 828% 
Ihara, J., 9P2, 93" 
Ihara, M., 229113, 493'99, 51715 
Ihara. R., 476& 
Ihn, W., 48099 
Iida, H., 9565, 29731, 77841'J 
Iida, M., 6359 
Iimori, T., 3994ob. 410% 
Iinuma, M., 136tt', 1371tt 
Iitaka, Y.. 2 9 ,  3623t, 37731. 43813, 443'3 
Ikada, M., 6O6Is6 

Ikariya, T., 31441, 31S4'p42 
Ik~da, A., 7958*'0 796'2 
B d a ,  H., 45386, i5586 
Ikeda, I., 47 1 24 
Ikeda, M., l!Wt35, 20042, 208", 2 0 9 ~ ~ ~ 2 ,  391'3,411'3, 

41213, 41313, 746w 
Ikeda, N., 31851, 53759 
ikeda, O., 423'", 424145b 
Ikeda, T., 247loS, 67446 
Ikeda, Y., 751'39 
Ikegami, S., 2 W 4 ,  419133, 455'05,6172', 62026,621~ 
Ikehira, H.. 74797 
Ikekawa, N., 36652, 6 7 P ,  68076 
Ikeshima, H., 153l' 
Ikizler, A., 228'02 
Ikota, N., 545" 
Ikunaka, M., 23gS2 
Ila, H., 15412 

Imada, T.. 7 6 P  

Imai, T., 5P2 
Imamoto, T., 30819, 8434 
Imamura, J., 155" 
Imamura, s., 463'" 
Imamura, Y., 463lS 
Lmanaka, T., 107'" 
Imanishi, T., 17814, 455*", 54435, 5505'. 55633,56635, 

803". 821a 
Imberger, H. E., 767'" 
Imbert, D., 876'" 
Imoto, E., 76Is5, 76455 
Imoto, T.. 693" 

Inagaki, S., Saw, 9tJw 
Inagaki, Y.. 6 9 P  
Inaishi. M., 7 6 F  
Inamdar, P. K., 64& 
Inamoto, Y., 970 

Inazu, T., 35649 
Inenaga. M., 2278t 
h g b ,  R. K., 718'. 731' 
Ingold, C. F., 23628, 23728, 768m, 84457 

&an, R., 12127,12327 

Im, M.-N., 230lu 

Imada, Y., 741'0 

hag&, Me, 2437, 2537.4L42.45 264l.5258 

1 n ~ g 4  J., 66252 



916 Author Zndex 

Inomata, K., 262", 2W5, 5649s, 56895, 
Inoue, H.. 45376 
Inoue; I., 80674 
Inoue, K., 9571, 31439, 804s8, 80878-80 
Inoue, M., 34@5 
Inoue, N., 6061s 
Inoue, s., 109'86 
Inow, T., 764IO9 
Inoue, Y.. 80034 
Inouye, K., 
Inouye, Y., 24260 
In't Veld, P. J. A., 763% 
Inubushi, Y., 569'" 
Inui, S., 107L64, 178'" 
Invergo, B. J., 22898 
Ioffe, B. V., 483124127, 74255, 74355, 74455 
Ip, W. M., 17'" 
Iqbal, R., 561 
Iranpoor, N., 266'09, 267IO9, 7 W  
Ireland, R. E., 11 1'90*'9', 301". 54944, 56598, 56P8, 

58344, 58644, 71 lS9 
Irgolic, K., 774314, 7853'4 
Iriarte, J.. 82e3 
Irie, H., 15632, 175'" 
Irie, S., 61822 
Irimrehua, R. S., 9352 
Irismetov, M. P., 9352 
Irvine. R. W., 380102 
Irwin, W. J., 73934 
Isaacson, P. J., 84S7'j 
Iseki, K., 455'" 
Ishibashi, H., lW313435, 200)1*42, 208w*87, 2W9sg2, 21 lS6 
Ishida, H., 20993 
Ishida, N., 64315, 64734J63s 
Ishida, T., 340'5 
Ishida, Y., 6%38, 69?9 
Ishidoya, M., 607'" 
Ishiguro, M., 31859, 68076 
Ishihara, H., 774318332 
Ishihara, M., 35650 
Ishihara Y., 579'" 
Ishii, M., 878'** 
Ishii, T., 8067' 
Ishii, Y., 30926, 314", 31541*42, 7083' 
Ishikawa, H., 8616. 
Ishikawa, K., 136'*', 13711' 
Ishikawa, M., 173132 

Ishimoto, S., 548 
Ishiyama, K., 1W, 20989 
Ishizaka, S., 77'2" 
Iskandcrl, G. M.. 695% 

Iso, T., 76oM 
Isobe, M., 370M, 38@ 
Ism, S., 624j7, 62539, 65047" 
Issidorides, C, H., M3, 76020 
Istomina, z. I., 4799 
Ito, K., 88=, 314'O. 3 1 P ,  35650 
ItO, s., 9S7'. 2*, 31 I", 489Ia, 50327' 
Ito, T., 168'O' 

rshikawa, T.. 462119~m 

ISlan'i, I., 266'06, 267'06, 276106 

Itoh, N., 53P7 
Itoh, O., 197"a 
Itoh, T., 74364, 80880, 823% 

Ivanov, K. I., 10s' 
Ivanov. S. K.. 95". 

Ittah, Y., 47550.47650 

Iwahara, T.; 6428.645'8 
Iwaki, S., 6M9, 62436 
Iwamm, H., 771m, 772260, 779260 
Iwao, J., 7 W  
Iwao, M., 333= 
hasaki, F., 80879*80 
Iwasaki, S., 385*18, W' 
Iwasaki, T., 806" 
Iwashashi, H., 47775 
Iwashita, M., 503271 
Iwata, C., 178'", 4551W, 54435,55011, 556a5, 56635,  

Iwayama, A., 45119, 45219, 45419 
Iyer, K. N., 586Iu 
Iyer, P. S., 67439 
Izawa, M., 1681°1 
Izawa, Y., 969 
Izukawa, H., 618" 
Izumi, Y., 53967 
Izumisawa, Y., 9242, 93" 

Jackisch, J., 74rjU2 
Jackman, L. M., 1351°3, 3M9 
Jacknow, B. B., 17'@ 
Jackson, A. H., 8 4 6 8 3  
Jackson, B. G., 209' 
Jackson, D. A., 35233 
Jackson, L. M., 13S102 
Jackson, P. F., 5671W 
Jackson, R. A., 72116 
Jackson, R. W., 8616 
Jackson, W. R., 10716' 
Jacob, T. A., 92a 
Jacobs, H. J. C., 12'O' 
Jacobs, T. L., 506295 
Jacobsen, E. N., 428'"e. 429Is8, 43O'58Js9, 4424W~, 

Jacobsen, W. N., 229lI9 
Jacobson, S. E., 6745' 
Jacquesy, J. C., 333" 
Jadhav, P. K., 5951%1n, 604'27 
Jadot, J., 13'09 
Jaen, J. C., 564%. 566% 
Jagdmann, 0. E., Jr., 336" 
Jager, H. J., 12IW 
Jager, V., 374nd, 416lU, 43936 
JgUmisch, K.. 47015 
Jakobsen, H. J., 3308 
Jakobsen, P., 95" 
Jakovac, 1. J., 31646.a, 31746a,318a 
Jakutmwski, A. A., 258w 
Jamali, F.. 79Iab 

82IB 

489Ia 

Jame~,.B. R., 108*" 
Jamison, J. D., 664& 
Jander, J., 74 1 47 

Janes, J. M., 5W3 

Janowicz, A. H., 312, 812 

Ito, Y., 141 
643", 645'9*2', 6849k 

Itoh, A., 619 

Itoh, M., 603101)-111, 607'" 

23734, 4O2? 45244, 47442, 53029, 

Itoh, K., 262". 6284u6, UP2, 701 64 J~uIo~, M.-M., 222% 



Author Index 917 

Janssen, J., 74258 
Januszkiewicz, K., 451 179u)*31, 46217 
Janzen, E. G., 884Ia9 
Jaouhari, R., 743 
Jardine, P. D. S., 82130 
Jarrar, A., 76OZ0 
Jarvinen, G., 15'" 
Jaun, B., 805% 
Jawanda, G. S., 271Iz9 
Jawdosiuk, M., 5M3', 55339, 55639 
Jaworski, A,, 80'" 
Jayasinghe, L. R., 39q9 
Jaynes, B. H., 257@, 3768L 
Jefferies, P. R., 6462, 254" 
Jefford,C. W., 9897, 1 6 P ,  169I1l, 31335 
Jeffkies, P. R., 15414 
Jeffs, P. W., 69120 
Jefson, M., 1318' 
Jeger, O., 236" 
Jemilev, U. M., 750129 
Jempty, T. C., 80137, 84343*4 
Jen, K. Y., 769233 
Jenkins, C. L., 725" 
Jenkins, J. A., 144156 
Jenkins, R. H., Jr., 16260@*M967, 17667, 778398 
Jenny, w., 77OX7 
Jensen, B. L., 268IZ3 
Jensen, H. P., 8613 
Jensen, U., 8M70 
Jensen, W. L., 
Jenson, T. M., 410*, 42lW 
Jerina, D. M., 6%, 36226 
Jemow, J. L., 7284z 
Jerussi, R. A,, 84'. 85', 108' 
Jeuenge, E. C., 239 
Jew, S., 62542, 62742*43 
Jeyaraman, R., 13Iz4, 750Iz9 
Jiang, B., 16686b 
Jigajinni, V. B., 604lN, 607167 
Jikihara, T., 423l", 424I45b 
Jira, R., 945s, 449's2, 4501288, 451% 
Jitsukawa, K., 321%. 587I7l, 82336 
Jodoi, Y., 73loS 
Joem, W. A., 21913 
Johansson, R., 23733 
John, L. S., 15529 
John, T. V., 172126, 2 5 ~ 3 ~ ~  
Johnson, A. L., 138126 
Johnson, A. P., 654'O 
Johnson, B. F., 24688 
Johnson, C. A., 67330 
Johnson, C. R., 1945-7, 2W7, 2057, 2927, 36339, 44041, 

Johnson, D., 72323, 72428 
Johnson, D. C., 70516 
Johnson, D. K., 82959 
Johnson, F., l e 9  
Johnson, G., w2 
Johnson, J. A., 60294 
Johnson, J. L., 54V2, 55362 
Johnson, J. R., 59S8,599& 
Johnson, M. R., 5726, 36gW 
Johnson, M. W., 1668' 
Johnson, N. A., 7501" 
Johnson, P. D., 415lII 

44141, 62133, 767119 778394 

Johnson, R. A., 543.4, 563*4, 57". 644, 663.4, 714, 724, 
754, 773*4, 7s3", 80', 34046, 39316, 39418, 395". 
398I6J8, 39918, 42418, 429IS2, 633a 

Johnson, R. E., 1413' 
Johnson, R. G., 718l, 731' 
Johnson, R. W., 8 W  
Johnson, W. S., 11 1Iw, 167'O0, 169'13, 5&lg3. 565". 

Johnston, B. D., 238". 401% 
Johnston, J. D.. 15733 
Johnstone, R. A. W., 772288 
Johri, K. K., 723*' 
Jokic, A., 92'1*41', 9441 
Jonas, J., 235' 
Jones, A. J., 3lE7 
Jones, B., 6893 
Jones, D. N., 1524, 1534. 302'j3, 62P9, 766'78, 7717@, 

Jones, E. R. H., 688z84, 69=, 718", 72", 73=, 12015, 

Jones, G., 877'32 
Jones, G., II, 85112, 8546' 
Jones, G., Jr., 12012, 12312 
Jones, G. A., 247% 
Jones, G. B., 3297, 3397 
Jones, G. C., 8W3b 
Jones, J. B., 79'33, 145'@, 15841,3164648,3174648,318411 
Jones, P. R., 76279 
Jones, R. H., 63054 
Jones, S. R., 14136 
Jones, T. H., 5289 
Jones, T. K., 397" 
Jones, W. D., 314 
Jones, W. J., 2912, 6549, 6559J8 
Jones, W. M., 8 W  
Jonsson, L., 878'39J42 
Joos, R., 482'18 
Jordan, K. D., 86177 
Jordis, U., 14314 
Jorgensen, K. A., 3588b, 422'*, 4381°, 441'O, 752Im 
Jorgensen, W. L., 8167 
Joshi, B. V., 24695 
JUssung-Yanagida, A., 693= 
Jouannetaud, M. P., 33320 
Jouitteau, C., 28017), 281 

Joullie, M. M., 52346 
Juaristi, M., 278I6O, 28318', 53018, 53118, 752Iu, 76024 
Jucker, E., 446", 7041° 
Judge, J. M., 12332 
Judkins, B. D., 47441, 4834'J28, 7446' 
Juge, S., 229I2O 
Julliard, M., 86073 
Jung, F., 12lU 
Jung, M. E., 144152, 187IS3. 31644, 6%39 
Jung, S. H., 566Io1 
Junjappa, H., 15412 
Jurczak, J., 39729, 568'", 71373 
Jurgens, E., 76386 
Jujev, V. P., 75OIB 
Jurlina, J. L., 1 2 P ,  53020, 53120 
Just, G., 231'@. 272I4I, 713" 
Jutand, A,, 85445 
Juve, H. D., Jr., 177I4q 1821a 

56893, 71 157 

772284 

253". 25430, 3W4, 582149 

283173J84, 28517), 8U6), 
84563 

Kaas, N. C., 80246*47 



918 Author Index 

Kabalka, G. W., 5974750, 59969, 6O2'O4JWb, 604136, 

Kakta, K., 61618 
Kabir, A. K. M. S., 44PJ9. 
Kabo, A., 52025 
Kacher, M. L., 7 6 F  
Kadaba, P. K., 4 7 P ,  47653 
Kadow, J. F., 62133 
Kadyrov, C. S., 747 
Kaga, H., 68079 
Kagan, H., Mig' 

Kagechika, K., 804a 
Kagei, K., 136'11, 137111 
Kageyama, T., 322", 53333, 765137 
Kagi, A.. 66779 
Kahn, M., 43933, 6484' 
Kaiho, T., 25752, 74364 
Kaiser, A., 678@ 
Kaiser, E. T., 850' 

Kajansky, B. A., 5 9 P  
Kajfez, F., 232158 
Kaji, A,, 19717J9, 883174 
Kajimoto, T., 73P3, 74681 
Kakinuma, A., 5P8 
Kakisawa, H., 24260 
Kakui, T., 6428*9 
Kakushima, M., 3602' 
Kalantar, T. H., 442- 
Kale, A. V., 14314' 
Kaleya, R., 46s0, 47% 
Kalicky, P., 408, 438.36*47 
Kalinina, G. S., 6412 
Kalir, A., 6573' 
Kallenberg, H., 12557 
Kallmerten, J., 546', 58030 
K h a n ,  J. R., 64P5 
Kalos, A. N., 155311 
Kalsi, P. S., 271Iz9 
Kalsuki, T., 71v2 
Kalvin, D. M., 574126 
Kalvoda, J., 41 1972034 

Kalyanam, N., 276149 
Kamada, T., 81 lgl 
Kamata, A., 74110 
Kamata, M., 875It6 
Kamatani, T., 42314z 
Kamk, N., 13180 
Kamber, B., 23624 
Kambu, M., 2 6 P  
Kamenar, B., 6 9 P  
Kamemitskii, A. V., 47P9 
Kametani, T., 2115, 229lI3, 243", 45376, 47659, 493199, 

56489, 56P9 
Kameyama, M., 51819 
Kamigata. N., 5 1 818J9, 77PZ8 
Kamikawa, T., 3 5 9  
Kamiya, T., 4931g8 
Kamiya, Y., 239 
Kamiyama, N., 875112 
Kamm, J. J., 778418 
Kanai, Y., 628" 
KWoka, Y., 42=*, 877133Jw 
Kmtani, R., 6428, 64313, 64517.18 

605'39 ~149.150.15l.157 

Kagan, H. B., 282I8O, 381106, 425IM, 7773n378379*3s1, 
778377,378,319 

Kaito, M., 45385*89,90, 4558990 

Kanayama, S., 45118, 45418 
Kanazawa, T., 804@ 
Kanbara, H., 371", 379*0° 
Kanbe, T., 7947e 
Kane, V. V., 136'13, 137"' 

Kanehsa, T., 5 1 9  
Kanehira, K., 56491, 56Sg1 
Kaneko, C., 3 3 P  
Kaneko, K., 765149, 773Ie 
Kamko, T., 2 0 P ,  2W5 
Kanellis, P., 274" 
Kanematsu, K., 462" 
Kanemoto, S., 267IL8, 268Il8, 275L46J47 276147, 281176'6, 

Kang, M., 182I6I 

Kang, Y. H., 7 7 P  
Kanoaka, Y., 877lU 
Kapil, R. S., 261" 
Kaplan, R. B., 5oouO 
Kapoor, S. K., 22019 
Kapovits, I., 764'20 
Karabatsos, G. J., 43P5 
Karabinos, J. V., 7W3 
Karady, S., 493Is8 
Karalis, P., 155= 
Karaman. H., 56483 
Karas, G. A,, %85 

KUO, W., 74lMJ0, 746", 7475039Jm, 74899*'00 
Karputxhka, E. M., 746%, 75292 
Karrer, P., 9242, 93", 65732 
Karten, M. T., 37271 
Karube, I., 429155 
Kasai, R., 4340*4' 
Kasal, A., 71% 
Kasamatsu, Y., 25" 
Kasha, M., 98'02 
Kashima, C., 229IZ3 
Kashimura, N., 2 W  
Kashimura, S., 79613, 798q 
Kasonyi, A., 1542' 
Kass, N. C., 618= 
Kasten, R., 88Ols2 
Kasuga, K., 45373*84, 45473.84 
Kaszonyi, A., 451" 
Kataev, E. G., 52137 
Katagiri, T., 40783 
Katakawa, J., 156j2, 175'" 
Kataoka, M., 7 w 9  
Katayama, E., 298" 
Kathawala, F,, lW 
Katjar-Percdy, M., 831a 
Kato, E., 7 W  
Kato, H., 693" 
Kato, K., 489") 
Kato, N., 506302 
Katoh, A., 53333 
Katoh. S., 81 19' 
Katoh, T., 243" 
Katonak, D. A., 5166 
Katritzky, A. R., 138In, 22673, 228'02, 3OS1,358l, 384', 

4704, 4724, 4734, 4744, 47a4, 66253-55, 73P7-35', 
74573, 750IM 

Kats&, T., 198%. 23842, 23P2, W2, 24P, 297)O, 
379*, 38299. 3WJ2, 391". 3973, 3993,4003"'*", 

K., 3 w .  321a, 587171, 823% 

282176, 283'18, 284118, 308". 378%. j7910' 

Kmg, M.-C., 680" 



Author Index 919 

401S9, 40359, 4063,59*77, 4073.41, 408", 4 0 9 3 ~ ~ 7 ,  4103, 
41113, 41213, 41313J07', 41477, 41577, 417l3l, 419L33, 
42177, 42214', 42377J41, 571 'I3,  572Il3, 587"' 

Katsumata, N., 35652 
Katsumi, K., 85lZ7 
Katsurada, M., 423i45, 424145b 
Katsuro, Y., 64212 
Katz, A., 100'27 
Katz, T. J., 884I9l 
Katzenellenbogen, J. A., 8718, 16378, 16778 
Kauffinann, T., 506303, 74682 
Kavamos, G. J., 85 1 IS 
Kawabata, N., 7 6 P  
Kawabata, T., 588174J75 
Kawada, N., 6416 
Kawaguchi, T., 248'12 
Kawaguti, T., 219'O 
Kawaharada, H., 5617 
Kawai, A., 69223 
Kawai, K.-I., 4340 
Kawai, N., 506301 
Kawai, T., 76280, 77780 
Kawamura, J., 19714 
Kawamura, S., 197IS, 503273 
Kawamura, T., 642" 
Kawanishi, Y., 3WZ5, 321% 
Kawasaki, T., 3 3 9 ,  382Io8 
Kawase, M., 33323 
Kawashima, H., 62844 
Kawata, K., 47661 
Kay, D. G., 21197 
Kay, I. T., 23735*36 
Kayama, Y., 47333, 50133, 50233 
Kaydos, J. A., 20884 
Kaye, H., 586'% 
Kmaier ,  P. M., 196", 199" 
Kazubski, A+, 603115J25 
Keana, J. E W., 43" 
Keams, D. R., 96", 9890v98 
Keating, M., 74365 
Kebarle, P., 854& 
Keblys, K. A., 587168 
Keck, G. E., 566'0°, 71 la 
Keefer, L. K., 224" 
Keehn, M., 3 1 862 

Keeley, D. E., 684w 
Keene, B. R. T., 750'" 

Ke-ehn, P. M., 143'39, 247'07, 706'9.20 

Keiser, J. E., 764'3O 
Keller, J., 236" 
Keller, R. T., 92", 9342 
Kellert, C. A., 482Ii9 
Kellett, R. E., 7743z7 
Kellogg, R. M., 169llO 
Kelly, B. J., 48OiCQJ03, 481 l ~ J O 3 . ~ W O 7  482lO0JM 74466 
Kelly, C. C., 16165 
Kelly, K. P., 45P9 
Kelly, R. C., 43926 
Kelly, T. R., 35538s42 
Kelly, W. J., 21916 
Kelsey, R., 71v1 
Kelso, P. A., 4lZ6 
Kemal, C., 763" 
Kemp, J. E. G., 479%, 750'35 

Kemppainen, A. E., 4lZ6 
Kende, A. S., 34716, 35516, 40!P, 410102, 551" 
Kenion, G. B., 488IS8 
Kennedy, M., 1943, 20040, 20888 
Kent, G. J., 502263 
Kenyon, J., 771257, 7722%, 77Vz3 
Keogh, J., 5062w 
Kerb, U., 4755, 8616 
Kerber, R. C., 882171J73 
Kergomard, A., so46b, 92&v5I 
Kern, J. M., 8OSM 
Kerr, J. B., 80137 
Kerr, K. M., 6570 
Kern, R. G., 74259 
Kerwin, J. F., 236I4J5 
Ketley, A. D., 45259 
Ked, H., 579'36 
Kevan, L., 850' 
Kexel, H., 778419 
Keys, D. E., 874I1O 
Kezar, H. S., III, 131n3 
Khan, A. U., 98Io2 
Khan, A. W., 719s 
Khan, H. A., 20877*82 
Khan, I. A., 6 7 9  
Khan, N., 483Iz8 
Khan, S. A., 768205, 769205 
Khan, S. H., 76117 
Khandelwal, Y., 6464, 384II6 
Khanna, P. L., 4650, 4750 
Kharasch, M. S., 14133JM, 16IM, 9574, 483132 
Kharasch, N., 5169, 760" 
Khathing, D. T., 267Il7, 268117 
Khmelnitskii, L. I., 740" 
Khosrowshahi, J. S., 488'", 82852, 829" 
Khrimian, A. P., 415lIsd 
Khudyakov, I. V., 8505 
Khuong-Huu, Q., 2763 
Khwaja, H., 766185J86 
Kibayashi, C., 29731 
Kice, J. L., 76P9, 76g2", 770246350 
Kida, S., 4W14 
Kido, F., 56487, 56587 
Kiedrowski, G. V., 13lE7 
Kiefer, H. B., 6Oln7 
Kiel, W. A., 495211 
Kielbasinski, P., 76269, 777@*, 778@ 
Kiely, D. E., 2W2 
Kienzle, F., 728", 73258, 82g5' 
Kierstead, R. W., 547 
Kieslich, K., 545, 5 9 ,  585, 5g5, 62550b52b, 635,6991, 

7O9I, 785, 429Is7@ 
Kigasawa, K., 45376 
Kigoshi, H., 16258, 24365*66 
Kihara, M., 423145 
Kii, N., 58717' 
Kikukawa, K., 7641i6 
Kilbum, J. D., 64Q9, 64730 
Kiliani, H., 2526 
Kiltz, H.-H., 22345 
Kim, B. M., 431l6', 442* 
Kim, C., 62538 
Kim, C. U., 2Ws7, 2921°, 29729, 29838 

Kim, E. K., 85665, 86280 
Kim, H.-J., 53016, 587I7O, 82337 

Kim, C.-W., 182'@, 82442 



920 Author Index 

Kim, H. K., 3727' 
Kim, J. C., 69221 
Kim, K., 744", 752'43, 874'", 881'* 
Kim, K. S., 274'", 3092'. 318%%, 3 1 F s  
Kim, K. W., 606159 
Kim, M. Y., 1831M 
Kim, S., 278157, 67873 
Kim, S. J., 318", 3 1 p  
Kim, Y. H., 7M7', 752'43, 75915, 761"s8, 765'@, 

766'89, 76P4  
Kimball, J. P., 66145 

Kim Thoa, H., 73Im 
Kimura, M., 162*, 23OIa. 384'14., 3W9, 7 6 P  
Kimura, T., 761M 
Kindon, N. D., 646= 
King, R. R., 204@ 
Kingsbury, C. A,, 341% 
Kingsbury, W. D., 764'19, 767II9, 778394 
Kmoshita, K., 26% 
Kmoshita, M., 3 w ,  778w1-93 
Kioshita, S., 74364 
Kinstle, T. H., 54876, 55876 
Kinter, M. R., 9242, 93" 

Kirby, G. W., 748"' 
Kirchhof, W., 83270 
Kirk, D. N., 136'09, 168'O'. 33218*'9 
Kirkley, R. K., 480'05, 482'" 
Kmse, W., 8 3 P  
Kirsch, G., 775" 
Kirschbaum, E., 7 7 F  
Kirschke, K., 140lmO, 141130 
Kinon, I., 70728 
Kirtane, J. G., 3582, 3662,3782. 3842 
Kisaki, T., 5855, 6255, 6355 
Kisan, w., 493'92 
Kischa, K., 588'72 
Kise, H., 24". 477" 
Kise, M. A., 1 P  
Kiselev, V. G., 59518, 59743*u 
Kiseter, V. G., 603'17 
Kishi, Y., 5726, 169Im. 246", 3581°, 36964, 3711°, 37684, 

Kishimota, S., 5938 
Kishimoto, K., 12016 
Kissicb, T. P., 25624 
Kita, Y., 202&, 382'" 
Kitadani, M., 5ooU' 
Kitaguchi, H., 16l" 
Kitahara, H., 564", 56Sn7 
Kitajima, N., 17'79 
Kitajima, T.. 64P2 
Kitamura, A., 874"O 
Kitamura, M., 37P5, 38P5 
Kitani, A,, 761* 

Kitao, T., 19;'4J5 
Kitaoka. Y.. 19714 

Kimtu ,  s. D., 16049 

~ i r a ,  M., 6417 

38OlO3,40162*62., 40662L7'*, 43g31.3234,4@4.40 68494 

firno, y, 40052,412IOS 4 1 4 I O 5 ~ l ~ b ~ ~ l W J 0 9 , 4 1 8 l O 5 b ,  

423141.143 7 1 p  

Kitos, P. A., 347". 35S7 
Kjaer, A., 777385 
Kjell, D. P., 862". 888" 

Kjellpn, J., 13llL 
Klandermann, B. H., 6604' 
Klang, J. A., 72013, 722" 
Klasinc, L., 85240, 86791 
Klauke, E., 498- 
Klausener, A., 26276 
Klayman, D. L., 769235.2M, 770235 
Klcemann. A., 39731 
Klein, H., 84238 
Klein, H. P., 8S7 
Klein, K. P., 70060 
Klein, R. F. X., 228% 
Klein, R. S., 265% 
Kleinberg, J., 16162 
Klibanov, A. M., 791"J35 
Kliegel, W., 59858+@ 
Klingler, F. D., 54438, 55138 
Klix, R. C., 3 a 9  
Klobucar, L., 6678O 
Klopman, G., 628 
Klose, T. R., 741" 
Klose. W., 9S8 
Kltitzer, W., 74692, 75292 
Klug, J. T., 76516', 80357 
Kluger, E. W., 16259.* 
Klumpp, G. W., 37373 
Klunder, J. M., 3904, 3934*15J6, 3944, 3954, 3964, 

3974,15,15a, 3984J6*'", 3994, 4004, 4014,4064, 4074, 
410",41 14, 4134 

Klyne, W., 1OOI19 
Knap, F. F., Jr., 7 7 P  
Knapp, S., 12762, 493Ia6, 5032" 
Knapp, S. K., 53651 
Knaus, E. E., 489I7O 
Knight, A. R., 7616' 
Knight, J. C., 124", 564'11, 572"' 
Knight, L. S., 3S41 
Knittel, D., 3292 
Knochel, P., 45367, 73819 
Knoflach, J., 74692, 75292 
Knolle, J., 69432 
Knopp, J. E., 502263 
Knops, G. H. I. N., 53547 
Knowles, J. R., 4345 
Knowles, W. S., 55672 
Knox, S. D., 62P9 
KnBzinger, H., W7 
Knuth, K., 229Il9 

KO, 0. H., 4099' 
KO, S. S., 40162*62., 4W2. 
KO, S. Y., 198%, 3W, 3934J5J7, 3M4, 3954, 3964, 

4074, 4104. 4114, 4134 
Kobashi, H., 85666 
Kobayashi, H., 458Il3, 8 0 P  
Kobayashi, M., 518I8.I9, 771273, 7732*, 

Kobayashi, S., 5 q  125599, 423'", 680m 
Kobayashi. T., 3247', 74152 
Kobayashi, Y., 255%. 371". 379'O0, W2. 414108J09, 

423142*143, 46l1I8, 712*, 750)" 
Kober, B. J., 37270 
Kokr, W., 65@' 
Kobori, T., 5 16* 
Kobrehel, G., 6985' 

KO, K.-Y., 549" 

3974.15~5.. 3984,3994, m, 4014,40263,40365,4064, 

779199.424,428,430,43 1 



Author Index 92 1 

Koch, D., 79717 
Koch, H. P., 76272 
Koch, V. R., 7944, 8Olu, 81Ou7 
Kocheskov, K. A., 5%32, 63257 

Kochi, J. K., 13Io8, 9 P ,  383II0, 437', 527', 62847, 7194, 
72012, 7224, 7244, 725", 7274, 8165, 8506J0, 85114J7, 

862*, 863", 864%, 86fiS7, 867", 86893, 869%*95, 

882IM, 88669b, 88$2 

K ~ M = ,  K. s., 24057 

852353728.40, 854465039, 8555039.624, 85665, 86069.72, 

87298, 8741~."J&"O 875114, 877135, 878136, 881162,163, 

Kocovsky, P., 73Io2, 9459*61, 36755 
Koda, S., 25538 
Kodadek, T., 42714' 
Kodaira, K., 80034 
Kodakek, T., lzg4 
Kodama, M.. 743@ 
Kodama, T., 5722 
Kodolbskii, G. I., 69013 
Koelliker, U., 686lo0 
Koenig, T., 852" 
Koga, K., 142138, 43813, M?50, 44313 
Koga, N., 108176 
Kogai, B. E., 505289 
Kogan, L. M., 47438 
Kogan, T. P., 302'j3, 766178 
Kogawa, K., 719, 7325 
Kogen, H., 37067 
KOgler, K., 92* 
Koh, H. S., 30711 
Kohda, A., 538@, 53965 
Kohler, E. P., 15632 
Kohmoto, S., 61822 
Kohmoto, Y., 53761 
Kohn, H., 49", 47gg3*94 
Kohno, M., 24578 
Koita, N. K., 769232 
Koizumi, N., 675% 
Koizumi, T., 15311, 25747 
Kojer, H., 449l, 450' 
Kojima, M., 7784, 881I6I 
Kojima, T., 242@ 
Kojima, Y., 65512 
Kok, P., 105147 
Kokil, P. D., 159IC 
Kokubo, T., 44351L, 778- 
Kolb, M., 45015 
Kolbah, D., 232158 
Kole, P. L., 333" 
Kolhe, J. N., 23 1 154 

Kollonitsch, J., 15147 
Komarov, N. V., 76275 
Komatsu, H., 19931 
Kominek, L. A., 6778, 6881 
Komori, T., 4lS1ISp, 77840a 
Kondo, A., 462'" 
Kondo, K., 9793 
Kondo, N., 774318 
Kondo, T., 856@ 
Kondo, Y., 23OIz8 
Kondrat'yev, V. N., 85P2 
Konen, D. A., 185175 
Konepelski, J. P., 23944 
Kongkathip, B., 45lZ1*23 
Kongkathip, N., 45lZ3 
KOnigstein, Fa-J., 65734 

KOMO, A., 876lzo 
Kono, T., 419Iw 
Konz, E., 6 9 P  
Koola, J. D., 383IlO 
Koomen, G.-J., 68495 
Kopp, G., 880153 
Koreeda, M., 3 6 9 ,  64P3 
Korfmacher, W. A,, 7J1I6 
Kornblum, N., 2184, 21916, 2 2 P ,  2912, 6%19, 6559J8, 

Korniski, T. J., 12444 
Koroleva, E. V., 483lZ6 
Korst, J. J., 15733 
Korte, F., 34 

Korymyk, W., 749Iz3 
Kosaka, T., 7947a 
Kosel, C., 506- 
Koser, G. F., 155311c, 17g31b 

, Kost, A. M., 75II4 
Kbster, R., 59641, 597*, 59853*57 
Kosugi, H., 205@ 
Kotake, H., 26282, Wg5, 56895, 7W7 
Kotani, E., 80139 
Koteel, C., 84453 
Kotera, M., 5075 
Kotsuji, K., 12761 
Kottenhahn, A., 768Mo 
Kovac, B., 8679' 
Kovacic, P., 74148, 74748 
Kbvesdi, J., 777389 
Kowalski, J., 752I5O 
Koya, K., 35436, 35536 
Koyama, K., 25", 2654-56, 4228, 476677, 69850 
Koyano, H.. 274137 
Koyano, K., 47333, 5013? 50233 
Kozikowski, A. P., 2W7, 34613, 52v0, 566101 

Koziski, K. A., 3306 
Kozlov, V. V., 77W2 
Kozlowska-Gramsz, E., 4798' 
Kozuka, S., 764'07 
Kraft, C., 70944 
Krtlgeloh, K., 65051 
Krahe, F., 766180 
Kramer, G. W., 599O 
Kramer, L., 738 
Krampitz, L. O., 153* 
Kranch, C. H.. 769219 
Krapcho, A. P., 583'", 584155 
Krasnobajew, V., 77Il8 
Kratochvil, M., 235l 
Krauch, H., 6891° 
Kray, L. R.. 2 2 I z 8  
Krayushkin, M. M., 493Ig5 
Krebs, A,, 35814 
Kreher, R., 2g7' 
Knss, A. 0.. 2979 
Kress, T. J., 3M4Ib 
Kresze, G., 505B3w, 76270 
Kretchmer, R. A,, 31337, 49017' 
Kretzschmar, G., 73P5, 731" 
Krief, A., 11OtW. 47330, 4%215, 515',523', 77lZ7, 

Krimen, L. I., 971 
Krings, P., 76040 
Krishna. A., 248Il4 

66042,66464, 66568.69, 88217l,I".I73 

Konh, H.-G., 880153, 883'75 

772267, 7733M, 846- 



922 Author Index 

Krishna, M. V., 51gZ3, 77lzS0, 773280 
KrishnaMurthy, M. S. R., 6252a 
Krishnamurthy, N., 573II6, 71G3 
Krishnan, L., 45499 
Kristensen, E. W., 85445 
Kroeger, C. F., 7m 
Krogh-Jespersen, K., 4g6* 
Krohn, K., 3 4 9  
Kriihnke, F., 2311", 657u 
Kropf, H., 9573a, 1 1 1 193, 4374, 43g4 
Kropp, J. E., 50lz5' 
Krow, G. R.,6719, 6729, 67393, 69533, 83163 
Kruck, P., 7 W 5  
Kriiger, B.-W., 753158J59 
Kruper, W. J., 1293, 9573b 
Kruse, C. G., 235I 
Kruse, L. I., 
Krushch, A. P., 17173 
Ku, T., 295" 
Kubo, A,, 35OZ7, 35S7 
Kubo, I., 35540 
Kubota, M., 107167 
Kubota, T., 8M7I 
Kubrak, D., 67330 
Kuchynka, D. J., 85450, 859O 
Kucinski, P., 
Kuck, J. A., 5 9 9  
Kucsman, A., 764120+122, 777389 
Kuczkowski, R. L., 5439, 54g9, 55g9 
Kudera, J., 507308 
Kudo, T., 59P1 
Kuehne, M. E., 1 2 P ,  170120, 228Io5, 503279, 51g20 ' 
Kufner. U.. 4181308 
Kuhari M:, 45lZ4 
Kuhla, D. E., 507M6 
Kuhn, H. J., 8161°, 818Io 
Kuhnen, F., 72430 
Kuhnen, L., 766Is3 
Kuivila, H. G., 595I5J6, 6O2lm, 884I8l 
Kukhar, V. P., 4703 
Kulig, M. J., 9687 
Kulkami, G. H., 84' 
Kulkami, S. U., 239, 26490, 59636, 601895'0, 60292.93 
Kulla, H., 79I3O 
Kullnig, R. K., 26170 
Kulprecha, S., 73Iw 
Kulsa, P., 16W 
Kumada, M., 45393, 4Sg3, W 9 I ,  56591, 61618, 6413, 

Kumadaki: I., 20351, 750127 
Kumamoto, T., 12559, 19629 
Kumamoto, Y., 763Io2 
Kumar, A., W2 
Kumar, G., 749Il9 
Kumar, R., 884IW 
Kumar, S., 33324, 3469, 36543 
Kumarasingh, L. T., 502258 
Kumaraswamy, G., 22343, 22743 
Kumazawa, T., 22O2I 
Kume, M., 71G6 
Kumemura, M., 693n 
Kumler, P. L., 774310 
Kump, W. G., 22132 
Kunieda, N., 778391.392*393 
Kunimoto, M., 33529 
Kunng, F. A., 3W0 

6428-12 64313.15 64416, 64517, 64734 

Kunz, G., 748IO8 
Kunz, W., 689'O 
Kurakawa, Y., 882I@ 

Kurek-Tyrlik, A., 64944 
Kurihara, Y., 80145 
Kuriki, N., 765Ia 

Kuri tiara, T., 1 72Iu 
Kuroda, C.. W3 

Kurozumi, S., 548 
Kurth, M. J., 503270 
Kurusu, Y., 29V3, 32Ia 
Kusabayashi, S., 54314, 766188 
Kusakabe, M., 423J42143 
Kutney, G. W., 213Io4 
Kuwajima, I., 30715, 310i5, 32315.69, 523", 

Kuwano, H., 77121*122 
Kuz'min, V. A., 8505 
Kuznetsov, M. A., 74255, 74355, 74455 
Kwart, H., 7MZ1, 764'" 
Kwart, L. D., 55774 
Kwasigrwh, C. A., 5 4 P  
Kwast, E., 22aa, 
Kwoh, S., 728" 
Kyba, E. P., 2I2s0 
Kyle, D., 404 
Kyler, K. S., 4WS5, 40985 
Kyowa-Hakko, 7912& 

LaBahn, V. A., 2659 
Labarca, C. V., 35Io1 
L'AbM, G., 2l3J9, 47552 
Labeish, N. N., 506292 
Laber, D., 1 
Lablanche-Cornbier, A,, 143I5l, 144151 
Laborde. E., 35812, 37682 
Labovitz, J., 9795, 1 129s 
Lacher, B., 722q 72S3, 72@, 73152 
Lachmann, B., 749lZ3 
Lacombe, S., 498u2 
Ladjama, D., 12122923 
Ladner, W. E., 429I5I 
Lagow, R. J., 1514 
Lahav, M., 407 
Lahti, P. M., 74256 

Laird, T., 345', 67116 
Lakshmikantham, M. V., 774313, 777313 
Lal, S. e., 765Is, 7 W W  

Lalande, R., 9Sn 
LaLonde, R. T., 22240 
Lamare, v., 6460*6'b 
Lamaty, G., 4 W 5  
Lamb, H. H., 8407 
Lamb. S. E., 578'%, 584'"*'s8 
Lambert, J., 4 8 P 9  
Lamed, R., 465'" 
Lamendola, J., Jr., 162' 
Lampert, M. B., 3721° 
Lan, A. J, Y., 876123 
Landesberg, J. M., 3 W 2  
Landini, D.. 253", 66361. 77lZ6l 

~ m t h ,  P., 100123 

~ur i t a ,  A., 6429 

K U ~ I C ~ ,  Y., 12560,20248 

773279 

 ai, c. K., 40155 

Lalancet&, J.-M., 282"' 

77 



Author Index 923 

Landor, S. R., 5Mm5 
Lane, C. A., 

Lang, J., 346". 356'O 
Lang, K. L., 3B6, 3726 

Lang, S. A., Jr., 73939 
Lange, G. G. A., 483I3l 
Lange, G. L., 5414, 5644 
Langemann, A., 8614 
Langendocn, A,, 68495 
Langhals, H., 720" 
Langler, R. F., 21 lg7 
Langlois, N., 16480 
Langlois, Y., 
Langstrom, B., 229Iz1 
Lankin, D. C., 143'", 37270 
Lansbury,P. T., M 8 ' ,  576IU, 60l8', 69118, 710" 
Lansbury, R. T., 31338 

Laohathai, V., 65735 
Laos, I., 100'20 
Lapalme, R., 37683 
Lapinte, C., 45016 
Larkin, D. C.. 34@ 
Larock, R. C., 9242, 9342, 533", 604I3l, 63156, 63256, 

Larock, R. L., 6132, 6312, 6322 
Larscheid, M. E., 801" 
Larsen, E. H., 3308 
Larsen, R. D., Jr., 22786 
Larsen, S. D., 580'", 586'" 
Larson, E., 43937, 44d7 
Larson, H. O., 2912, 65Sr8, 7366 
Larson, J. R., 583Is5, 584Is5 
Larson, K. D., 228'O' 
Larsson, P. O., 145'62 
Laskin, A. I., 5620,21, 
Laszlo, P., 74472, 7WS, 839', 8403, 84P2, 

Lathbury, D. C., 54632 
Latif, N., 137IZ5, 138Iz5 
Latimer, L. H., 1245', 12751 
Lanes, A., 470', 488', 4W1, 6326'*62 
Lau, C.-K., 360" 
Lau, K.-L., 81S4, 8244, 8334 
Lau, W., 86gg3, 8 6 9 w ~ ~ ~  
Laubach, G. D., 136Io8 
Lauer, R. F., 8613, 8722, 12438.39, 12838939, 1298, 13039, 

Laughlin, R. G., 858 
Laumen, K., 39730 
Laur, D., 777369 
Laurence, G., 765139 
Laurent, A,, 4708, 498222 
Laurent, E., 498220, 53V3 
Laurent, H., 74111J12, 75lllJI2, 773305 
Lauterschlaeger, F., 5 163 
Lavagnino, E. R., 2 0 9  
Lavallee, P., 29939 
Lavie, D., 25321 
Lavielle, S., 7W88 
Lavieri, F. P., 276l5l 
Lavoie, A. C., 1721m0, 173Im 
La Voie, E. J., 3469, 365" 

Lane, C. F 6041~.I35,'37.M8 6()5141.142 606148 , 

Lang, s., 11 1 Ig3 

Lantos, I., 40157 

63756 

8463.84.87.90.92- 100 

13 139, 146'70, 5224, 769227, 771227369,270272, 772272 
775353,779269,8192' 

Lavrushko, V. V., 419, 819, 17173 
Law, K. W., 77lZg0, 773280 
Lawesson, S.-O., 9576*80, 16372, 3308J2, 613' 
Lawrence. G. C.. 5937 
Lawrie, W., 832;' 
Lawson, J. E., 7 a 9  
Lawson, T., 5 W 9  
Lazarevski, G., 69g5I 
Lazier, W. A., 3063 
Lazukina, L. A., 47d 
Le, P. H., 731°3 
Lea, R. E., 63 r9  
Leanna, M. R., 3644'b 
Leapheart, T., 105'49 
Leatham, M. J., 59S31 
Le Breton, G. C., 22OZ3 
Lebreton, J., 8gZ8 
Lecas, A., 878I4O 
Lecea, B., 278'@, 28318', 53018, 531", 55465, 752'", 

Lechevallier, A., 168103J03b 
Leclaire, J., 9572 
LeClef, B., 229'19 
Lecocq, M., 66675 
Lecoupanec, P., 14142 
Leder, J., 44040 
Lederer, K., 77433', 775338343 
Leditschke, H., 63257 
Leduc, P., 383'09 
Ledwith, A., 8502*', 8545', 85S51, 879146J47, 88g2 
Lee, A. W. M., 1 9 P ,  40159, 40263, 40359, 40659.7~, 

Lee, c., 737'0 
Lee, D. G., 9241*41a, 9441, 235'4 23618, 23738, 44452 ,  

5413, 542', 55g3v5, 55g5, 56483386*%,109, 56S96, 56896, 
56g9', 570", 571 3, 57815', 583'56, 584'54*'57.'58, 
585161, 586163, 58V9, 768207*m, 773208, 841 l9, 
84S7*, 85120*2L 

76024 

40917, 41477, 41S7, 42117, 423", 763'O' 

Lee, E., 4339 
Lee, F., 85665 
Lee, G. A., 228% 
Lee, H., 4339, 36SM, 77P9,  776349 
Lee, H. K., 766Ia9 
Lee, J., 3461°, 3561°, 66677 
Lee, J. B., 228IM, 6717 
Lee, J. G., 53016 
Lee, J. T., 69119 
Lee, K. Y., 85450, 8 5 P  
Lee, M., 483Iz9 
Lee, M. L., 415'13 
Lee, N. H., 3 1 P ,  3 1 P  
Lee, P., 308' 
Lee, S. F., 67662 
Lee, S. Y., 55259 
Lee, T. S., 82Iz7 
Lee, T. V., 166w, 29415, 67437 
Lee, W. J., 633" 
Lee, W.-K., 22672 
Lee, Y. Y., 23013' 
Leenay, T. L., 29V7 
Leffew, R. L. B., 268IZ3 
Leffler, J. E., 6718 
Lefort, D., 72739 
Legault, R., 50327s 
Legler, G., 573'17 
Legler, J., 74682 



924 Author Index 

LeGoff, M. T., 878I4O 
Legters, J., 473% 
Lehky, P., 791" 
Lehn, w. L., 6614 
Leininger, R., 81OE9 
Leiserowitz, L., 4 0 7  
Leisung, M., 883'7s 
Leimer, P., 7 W 9  
Lelandais, P., 14142 
LeMahieu. R. A., 54l 
Lemaire, M.. 876lS 
Lemal, D. M., 65614 
Le Men, J., 2 2 P  
Lemieux, R. U., 5 3 P ,  56493, 56593, 56893, 586'@, 

71Vs, 71 lS7 
Lemin, A. J., 25317 
Lemmens, J., 74258 
L~MOX, J., 77840s 
Lentsch, S. E., 802s0 
Lenz, G., 83165 

Leo, A., 23619, 2529 
Leobardo, C. R., 462lZ0 
Le6n, E. I., 495210 
Leonard, J., 363" 
Leonard, N. J., 1945, 221%J7J9, 764130 
Leone, A,, 876I2l 
Leone, R., 2647 
Leong, A. Y. W., 229It8 
Leoni, M. A., 882170 
Leopold, E. J., 37998 
Lepper, H., 706% 
Lennontov, S. A., 419, 819 
Lesma, G., 6 9 ,  34612 
Lessad, J., 499u1232234, 50328' 
Lester, D., 2W9' 
Lester, D. J., 1 

LeSuer, W. M., 666" 
Lethbridge, A., 828M 
Letsinger, R. L., 664& 
Lett, R., 20248, 381 ]Os, 67320, 67873 
Leung, W. H., 23629 
Leutzow, A., 34lSt 
Levand, O., 2912, 6W8 
Lever, 0. W., Jr., 168loS 
Levin, L. N., 76393, 766t79 
Levinson, A. S., 3 P  
Levisalles, J., 5 W  
Levitt, L. S., 76g213 
Levorse, A. T.. 503268 

Levy, L. A., 502u6 
Levy, W. J., 83314 
Lewars, E. G., 358', 384l 
Lewis, B. B.. 236l4JS 
Lewis, F. D.. 211, 877lmO, 8811s1J6t 
Lewis, L. N.. 6 4 9 2  
Lewis, M. D., 36P2. 418Iz7 
Lewis, N., 6 4 P  
Lewis, N. J., 3309 
Lewis, P. H., 68698 
Lewis. S. N., 6713, 6743 
Lex, J., 725j3 
Lex, L., 56699 

Lemoff, c. c., 45366 

12972, 13272*91v98+*, 133'2, 30716, 
310t6, 31816, 31916, 32216, 704'2,7471" 

Levy, A. B., 47448, 47648, 5OluB, W7'63*1'54J65 

Ley. S. V.. 53'. 63', 110'88, 129'2, 132'2*9'*92*949SS'-99 
1337292, 134w, 30714, 311"Jt, 312". 352%. 363%: 
40467. 52347*u. 5 2 P ,  747106, 76lS9, 7765932 

Lhim, D. C., 278ls7 
Li, Q.. 3 5 9  
Li, T., 397% 

Li, W. S., 3%25 
Liao, C. C., 9792, 367% 
Libman, J., 873'O0 
Lichtenthaler, F. W., 7126t 
Licini, G., 42514'*, 762@, 77769b376J80, 77869 
Lienig, D., 7 7 P ,  77lS 
Liepins, E., 4 7 P  
Lier, E. F., 924t-4ta, 944 '  
Liew, K. Y., 14"' 
Liew. W.-F., 67661 
Lightner, D. A., 2628t 
Lillie, T. S., 414'19, 83478 
Lim, D. Y., 4339 
Liborg, F., 802&, 808n 
Limosin, D., 80983 
Lin. C. H., 25428 
 in, H. c., 1074 
Lin, H. S., 16376. 1M7q 36756 
Lm, J., 5 4 F  
Lin, L.-s., 35'03 
Lin, N.-H., 4151*2 
Lin, Y., 632 
Lin, Y.-i., 73939 
Lin, Y. T., 633& 
Lincoln, F. H., 86l" 
Lind, H., 7 6 P 7  
Lindberg, P., 831- 
Lindenmann, A,. 446a, 7041° 
Lindert, A., 120t8, 1211* 
Lindig, C., 19828 
Lindley, J., 94ss 
Lmdner. U., 772%. 7732w 
Lindow, D. F., 83373 
Lines, R., 80lU 
Link, S.. 24%, 2P6, 2775, 47777 
Linnell, S. M., 883'78 
Linsay, E. C., 25". 2643 
Linstead, R. P., 1351m 
Liotta, D., 9792, 130n, 13183-86. 132@*%, 273'". 515l. 

Lipovich, T. V., 774ja 
Lippard, S. J., 421 I3O, 424t38, 766'87 
Lipshutz, B. H.. 1801s6, 183ls6, 33013 
Lissi, E. A., 605l4O 
Littler, J. S., 154=, 530t2, 70F7, 851'9 
Liu, G., 668" 
Liu, H. F., 14"' 
Liu, J. C., 185177 
Liu, K.-T., 253", 75912, 7 6 F ,  778l35.3% 
Liu, R. S., 14I3l 
Liu, S., 4336,47 
Liu, S. P., 408, 438 
Liu. W. G.. 62s3J3b,c 

Li. T.-T., 36227 

52PJ6, 521%. 5 2 3 ' ~ ~ ~ ,  74lSt, 81920, 82Z32, 82620 

Liu, W.-L., 26S9? 2799s, 28095,841 13 

Liu, W. T.. 842Z 
Liu, Z.-Y., 1OStSo 
Livingston, J. R., Jr., 764123 
Livneh, M., 875'*9 
Lizuka, Y., 171 123 



Author Index 925 

Llobera, A., 3468 
Lloyd, W. G., 449, 4514, 45378 
Lloyd-Williams, P., 3454 
Lochert, P., 805@ 
Lock, C. J. L., 876'" 
Locke, J. M., 76oM 
Lockhart, R. L., 488'5s, 490'55 
Lodaya, J. S., 1553'bS, 17g31b 
Lcdi. L., 54942 
Loebach, J. L., 428'48e 
Loevenich, J., 770u1, 773303 
Loew, P., 747'07 
Logerman, W., 100'2' 

Lohray, B. B., 431'62 442* 
Lok, K. P., 316*v4', i17a-a, 318@ 
Lollar Confalone, D., 701@ 
Lombard, R., 44662 
Longeray, R., 1244' 
Long-Mei, Z., 6%39 

Looker, J. H., 341M 
Mpez, C., 277'54 
Lopez, G., 76e9, 76449 
L6pe2, J., 9G3 
Lopez, J. C., 63e5 
Lopez, L., I2Ol4, 167Ia6, 85457, 8 5 9  
Upez, M. C., 277Is3 
Lopez-Espinosa, M. T. P., 29Q3 
Lopez Nieves, M. I., 1 6 P  
Lopotar, N., 69851 
Lopresti, R. J., 346l' 
Lorber, M., 
Lorenc, L., 9241c1', 944', 703', 71@, 73827, 8M2, 816&, 

8242c, 8272c, 85 1 
Lorenz, K. T., 879149, 880149 
Loreto, M. A., 47gg1 

Louis, J.-M., 3 12", 3 2 P ,  j3826, 74726, 85 118 
Louw, R., 765I4O 
Lovelace, T. C., 32472, 55775 
Lovell, B. J., 582149 
Lovy, J., 8841e4 
Lowe, J. A., 187Ig3 
Ldwenborg, A., 5042a 
Lowery, M. K., 74148, 74748 
Lown, J. W., 231 147, 341", 7 6 V ,  770235 
Lowry, C. D., 15'48 
Lowry, T. M., 776359 
LU, L. D.-L., 394", 395", 398", 399", 42214', 

Lu, x., 632 

Luberoff, B. J., 4494, 4514 
Lubosch, W., 22567 

L o h m a ~ ~ ~ .  J.-J., 2 2 F  

UMgren, J., 24575 

25857, 50lU1Js3, 502253, 845@ 

Lou, J.-D., 25314, 279'68J69 280'68J69 

423141,l4lb,c 42418 748114 

Lucchini, V., 384"", 39938, 4Oo3, 40638, W8, 41538 
Luche. J.-L., 33321 
Luche, M.-J:, 40676, 777388 
Lucius, G., 92* 
Luckenbach, R., 752155 
Ludman, C. J., 80035 
Luetolf, J., 12lw 
Luftmann, H., 4233 
Lui, H. S., 29P9 
Lukacs, G., 63OS5 
Lukevits, E. Ya., 47779J31 
Lumin, S., 260", 71372 

Luna, H., 55774 
Lund. H., 8 1 P  
Lunsford, J. H., 1413' 
Lunt, E., 74573 
Luppold, E., 777M4 
Lusby, W. R., 673% 
Lustgarten, D. M., 664a 
Luteijn, J. M., 36338, 376" 
Ltifttringhaus, A.. 74P7 
Lutz, W., 98*O0, 16SW 
Luu, B., 35915, 5486'. 55361 
LuUio, F. A., 2523, 2606'. 2676'. 2691n, 270In, 288), 

752Ia 

30". 35', 477n76*n080, 478m3s4, 4 7 P .  483n 
L W O W S ~ ~ ,  W., 21 24265'23, 2SaJ3*42, 2661, 278.75, 

Lygo, B., 523*' 
Lyons, J. E., 9Sm 
Lysenko, Z., 51716, 523* 

Ma, D., 632 
Ma, P., 19826, 401s*60, 403%. W 
Ma, S., 446@ 
Maartin, W. B., 80Q3 
Maassen, J. A., 748"O 
McAfee, F., 7 7 P  
McA~thur, C. R., 453& 
McAuIey, A., 76OI8J9 
McAuliffe, C. A., 632" 
McBee, E. T., 206@, 7 3 P  
Macbeth, A. K., 843, 15414 
McCallum, J, S., 3 5 P  
McCallum, K. S., 67319 
McCants, D., Jr., lN7, 2M7, 2057, 764127 
McCarron, E. M., 8W5 
McCanhy, P. A., 37894 
McCarty, C. G., 68g7 
McCauley, J. P., Jr., 778'00.40'*a1a, 7794% 
Maccioni, A., 777)"j70 
McClanahan, R. J., 66n 
McClelland, B. J.. 86In 
McCloskey, A. L.. 602Im 
McCollum, G. W., 606Is7 
McConaghy, J. S., Jr., 477@', 478@sW 
MacConaill, R. J., 6%& 
MCCOMCU, W. B., 768=, 773m 
McCormick, J. E., 1 9 P  
McCormick, J. P., 1 6687 
McCoy, K., 453" 
McCrae, D. M., 16377, 1 6 P  
McCready, R., 84220 
McCrindle. R., 6463 
McCullough, J. D., 76P73s,  77V3', 7712" 
McCullough, J. J., 854%, 855%. 876Iu 
McDaniel, R. S., 483122 
McDaniel, W. C., 682" 
McDonald, E., 104IM 
McDonald, F. J., 8306' 
McDonald, G., W93* 
MacDonald, K. I., 228'06 
McDonald, P. D., 851m 
McDonald, R. N., 83480 
Macdonald, T. L.. 2267' 
McDonald, W. S., 63o" 
McDougal, P. G., 5 1 817 
McDowell, D. C., 6O3Iu 
McElhinney, R. S., 197% 



926 Author Index 

McElroy, A. B., 36g6' 
McGarrity, J. F., 12335, 14P5 
McGarvey, 0. J., 3909 
McGee, L. R., 34714 
McGhie, J. F., 9241,41a, 9441, 170122, 171Iu, 231141 
McGill, J. M., 503"6 
McGillivray, G., 185'73 
McGlinchey, M. J., 2423 
McGowan, D. A,, 36S4 
McGrath. D. V., 3'O 
McGregor, D. N., 2M5' 
Machida, M., 877133 
Machii, Y., 471% 
Macielag, M., 27615' 
Mach i s ,  W. K., 876Iu 
McIntosh, J. M., 229122 
McIntyre, D. K., 74257 
McIver, R. T., Jr., 854& 
MacKenzie, A. R., 3295, 35Io1, 34918, 35518 
Mackenzie, K., 73936 
McKeon, J. E., 230'35, 766174 
McKeown, E., 981°1 
McKervey, M. A.,20879, 21179, 213'03, 2141°5, 3901 
Mackie, D. M., 293" 
Mackiewicz, P., 50328028' 
McKillo A., 15418-20, 279'%, 33528, 336", 6143, 

8U6, 82S6, 827&, 828", 829&J9, 831&, 832&, 833&, 
84S8OE2, 84680, 85 118, 87297, 88891 

66S6 PI , 67449, 71263, 7183, 724', 73258, 73713,8166, 

McKinnie, B. G., 2 2 P  
Mackinnon, D. J., 8504 
McKittrick, B. A,, 36758 
McKusick, B. C., 15632 
Maclean, D. B., 58014, 71267 
McLean, J., 83271 
MacLeod, J. K., 453@ 
McLoughlin, J. I., 603'% 
McMahon, W. G., 26170 
McManus, N. T., 489'72 
McManus, S. P., 505286 
McMillan. F. L., 883179 
MacMillan, J., W0, 3Ol6l 
Macmillan, J. G., 11 1 
McMoms, T. C., 73'03 
McM~rry, J. E., 945g*6'*62, 22018", 502266367, 506304 

McNicolas, C., 482Il6 
McPhee, D. J., 77PZ 
MacPherson, L. J., 8 W 0  
McQuillin, F. J., 44g6, 4516, 4526, 4536 
Madawinata, K., 232'55 
Maddox, I. S., 74'09 
Madesclaire, M., 194', 762@, 777&, 778'j8 
Madge, N. C.. 68390 
Madhava, K., 71g8 
Madhusudhana Rao, J., 595", W3 
Madyastha, K. M., 6252., 71g8 
Maeda, A., 765'49, 773'" 

Maeda, I., 65735 
Maeda, K.. 172129, 64416, 81613 
Maeda, N., 83SB3 
Maeda, Y., 314@, 315@ 
Maehr, H., 24363 
Maekawa, E., 51922, 5245' 
Maekawa, H., 796" 

55673, 64737 

M-. H., 5939.40, i w ,  20989 

Magari, H., 5432' 
Magarramov, A. M., 494202 
Magdzinski, L., 36232 
Magnani, A.. 236" 
Magno, F., 76g215 
Magnus, P. D., 105'4g, 128@, 146@, 1W7, 24469,70, 

Magnusson, G., 410'O' 
Magolda, R. L., 13178, 523&, 524% 
Magriotis, P. A., 278'6s, 279lU 
Mah. R., 6484' 
Mahaffey, R. L., 507m 
Mahain, C., 15837 
Mahajan, J. R.. 507- 
Mahalanabis, K. K., 174135 
Mahato, S. B., 6676*n, 6876*77*83b 
Mahon. M., 53', 63'. 30714 

Maienfisch, P., 77Im, 56S96 56P8 
Maier, W. F.. 1441s4 
Maillard, B., 743 
Maione, A. M., 2373', 3 1 P  
Maitlis, P. M., 9455, 45@',45256, 85118 
Maitra, U., 4338, 47%. 4858 
Majert, H., 603II6 
Majeski, E. I., 80142 
Majetich. G., 56SW, 82128, 82233 
Majetich, G. F., 377% 
Majewski, R. W.. 229'08 
Majima. J., 878'38 
Makarova, L. G., 63257 
Maki, Y., 877'35 
Makin, G. I., 602'06 
Makin, M. I. H., 73832 
Makin, S. M.. w9 
Makita, Y., 8718 
Maksimovic, Z., 9241*4'a, 9441 
Malaprade, L., 70833 
Malatesta, V., 488"' 
Malek, F., 721 I6 
Malewski, G., 76820' 
Malherbe, R., 2 O P  
Malik, F., 561" 
Mall, T., 4709, 4879, 49S205 
Mallaiah, B. V., 136'12, 137112 
Mallet, A. I., 707" 
Malpass, J. R., 480'O', 483lz9 
Mamdapur, V. R., 4 5 3 @ ~ ~ ~ ,  454@-* 
Manabe, S.. 36653 
Manami, H., 774332 
Mancinelli, P. A., 1626' 
Mancuso, A. J., 2925, 29728, 2B5, 30o5S6, 39624 
Mancuso, N. R., 69118 

Mandal, A. K., 595% 
Mandava, N. B.. 67329 

456"". 77 1 266, 772266, 8 16@, 82@, 82S6 

MAY, J,-P., 47778, 4378.133 a4789I33.134 500133 

Mandai, T., 45383*88-90, 454a3*96, 45588-90 

Mander, L. N.. !W, 19936, 20039,36754,37554,55255 
Manek, M. B.. 770246 
Manfredi. A., i94', 429'*, 77732 
Mangold, D., 67436 

Mangravite, J. A., 61616 
Manhas, M. S., 45499 
Manitto, P., 1 0 P 3 ,  1539 
Mann, A., 31860 
Mann, B. E., 4S256 

Mangoni, L., 438I7.I9, 4 5 ' 7 - ' 9 * 5 8  



Author Index 927 

Mann, C. K., 769218, 80356J7, 85455, 85S5 
Mann, C. M., 283Ia8, 285Ia8 
Manna, S., 8718*1aa, 37897 
Mannafov, T. G., 52137 
Mannin, G. I., 5 9 9 6 4 ~ ~  
Manning, R. E., 661" 
Mano, T., 381104 
Manring, L. E., 881159 
Mansuy, D., 9572, 108176, 29732, 383Io9, 42614&, 47778, 

Manta, E., 41311* 
Manteuffel, E., 35919 
Manthey, M. K., 35537 
Mamocchi, A,, 279I7I, 7W7, 765l", 8M60 
Maraschin, N. J., 15'" 
Marcaccioli, S., 778" 
Marcantonio, A. F., 24%, 2536 
March, J., 119' 
Marchelli, R., 19721 
Marchioro, G., 205& 

Marcus, R. A., 85236 
Mares, F., 45246, 67451 
Maresca, L. M., 4346 
Margaretha, P., 876126 
Mariano, P. S., 85452, 85S2, 876121J23J24, 88752 
Maricich, T. J., 2433, 2533 
Marino, J. P., 2 0 P ,  227a6, 35812, 37682, 56494,56694 
Markides, K. E., 415Il3 
Marko, I., 42915', 430158J59, 4 4 2 4 6 ' s b ,  489165 
Markovac, A., 65616 
Marks, T. J., 37, 881 157 

Marktscheffel, F., 7 W 5  
Markwell, R. E., 15145 
Marletta, M. A., 79'" 
Mannan, T. H., 490178 
Marning, L. E,, 884Ia7 
Maroni, S., 1539 
Maroulis, A. J., 874Io7, 878137 
M q l e s ,  B. A,, 625G, 429I5l 
Marquet, A,, 777388 
Marquet, B., 53863 
Marquez, C., 69324 
Marr, D. H., 80136 
Marra, A., 24576 
Marrero, R., 182162Ju4, 185176, 186179 
Marsh, D. G., 774311 
Marsh, F. D., 21 1 3 ,  47439, 47995, 4 8 P  
Marsh, W. C., 83372 
Marshall, C. W., 100120 
Marshall, D. R., 12331 
Marshall, J. A., 8927*28, 1525, 174l", 273'35, 3644l*, 

41OW, 413Il6, 416121a+b, 421* 
Marshall, J. P., 86l" 
Marsheck, W. J., Jr., 6675a, 6990, 7490 
Martell, A. E., 85123 
Martelli, P., 65@ 
M d g n y ,  P., 79719, 80876 
Martin, A. R., 20247 
Martin, B. D., 74683 
Martin, C., 45251, 45351 
Martin, C. A., 39S20b 
Martin, J., 4525153, 45351 
Martin, J. C., 31 132, 32432 
Martin, J. D., 413II8, 82e5  
Martin, 0. R., 25855 

48378.133, 48478.133.134, 500133 

Marchon, J.-C., 384"& 

Martin, R. S., 9687 
Martin, S. F., 22890*91, 29733 
Martin, T., 32% 
Mmin, V. S., 19826, 23842, 23P2, 24042, 39012, 39113, 

qOls9*60, 40359 40659.77 40977, 41 1 13, 41213, 41313, 
41477, 41577, i21n, 42i7', 57l1I3, 572II3. 587Il3, 
71p2 

Martinelli, M. J., 36441b 
Martinez, G. C., 462IM 
Martinez, V. C., 462Il9 
Martinez-Gallo, J. M., 533"36,53435 
Marui, S., 20990 
Maruoka. H., 67218 
Maruoka, K., 69638v43**, 69743.4547*49 
Maruyama, F., 1681°1 
Maruyama, K., 22670, 40888b. 42714&, 45370,579134 
Maruyama, T., 229123 
Marvell, E. N., 39728 
Marx, J. N., 12866 
Marx, M., 3 0 P  
Marxmeier, H., 5063w 
Maryanoff, B. E., 52345 
Manabadi, M. R., 749Il7 
Masamune, H., 3904, 3934*17, 3944, 3954, 3964, 3974, 

3984, 3994,4004,4014, W4, 407, 41@,4114.4134 
Masamune, S., 31a5, 19826, 25752, 3908,399401, 40159*60, 

m3, 40359, 40659, 44p8, 72221 
Masamune, T., 25323, 68080 
Masaoka, M., 45391 
Mashimo, K., 13712', 139'23 
Mashraqui, S., 143139 
Maslak, P., 874'09 
Maslennikov, V. P., 5 9 9 @ ~ ~ ~ ,  602Io6 
Masnovi, J. M., 85114, 85459, 85559-63@, 86587, 86792, 

Mason, J. R., 80136 
Masse, G., 74580 
Massoli, A., 340'5 
Massoudi, M., 72739 
Massuda, D., 172128 
Masubuchi, K., 35p7, 355" 
Masuda, R., 764Iz4, 84350, 84451J2 
Masuda, Y., 602*, 604 l3O,  608170.171 
Masui, M., 15835, 248Il2, 752153, 809" 
Masui, Y., 74S8 
Masumori, H., 384II4. 
Masuyama, Y., 2M3, 320", 32165, 7712-, 772265, 

Mataga, N., 856& 
Mather, A. N., 412Io6 
Mathian, B., 764Il4 
Mathieu, J., 804@ 
Mathur, H. H., 55879, 56079 
Mathur, N. K., 44661 
Mathy, A., 846lo0 
Matlack, A. S., 21914 
Matos, J. R., 31645 
Matsubara, S., 169II7, 275146.147, 276147, 30817, 67447 
Matsuda, H., 981°5 
Matsuda, S., 774332 
Matsuda, S. P. T., 3584 
Matsuda, T., 9242, 9342 
Matsuda, Y., 16163 
Matsue, T., 50@ 
Matsui, K., 451 19, 45219, 45419 
Matsui, M., 455'04, 55W 

874Ioa, 881163, 882"j5 

773265 



928 Author Index 

Matsui, Y., 44lU 
Matsukawa, T., 768Iw 
Matsumoto, H., 415lt4, 6429 
Matsumoto, K., 80674 
Matsumoto, K. E., 16373 
Matsumoto, M.. 9571, 9793. 30818, 31 129, 62846, 64942, 

701@ 
Matsumoto, T., 91', 1O9Iw, 1681°1, 29835, 40687 ,  

412105,414105,IWb.l08,109, 418105b 
Matsumura, Y., 22774-75*77, 248IO9 69a43 697439447.49 

707=, 708=, 7W6, 797'6*'8, 7d818b, 8b145, 8024749; 

80981*85, 81 19' 
Matsunaga, S., 65e7-@ 
Matsuo, N., 551% 
Matsura, T., 88 1 I6O 
Matsushita, Y., 1001ls 
Matsuura, A,, 45244 
Matsuura, S., 13611', 137lIl 
Matsuura, T., 843, 22789, 2 2 P ,  381 Iw, 45244,47442 
Matsuura, Y ., 6 1 59 
Mattay, J., 85lZ6 
Mattes, H., 55e2 
Mattes, S. L., 85l3I, 8W3, 85553, 8791', 88OLS5 
Matteson, D. S., 43929,59705, 602101J04Jw, 604101 
Matthews, G. J., 473", 502= 
Matthews, R. S., 67438 
Mattingly, T. W., 2431 
Matz, J. R., 21095 
Maume, G. M., 16692 
Maurer, F., 753'58J59 
Maury, G., W5 
Maury, L. C., 521 
Maxa, E., 498223 
May, L. M., 2S429 
May, S. W., 991°s-110, 429Is3, 778420 
Mayall, I., 5g3'] 
Maycock, C. D., 298", 704l3 
Mayeda, E. A., 248'1°, 8 0 P ,  85241, 85341 
Mayer, U., 9576 
Mayr, A., 7 7 P 7  
Mazdiyasni, H., 579132 
Mazius, 2. Z., 
Mazo, G. Y., 1O8I7O 
Mazur, Y., 14127*-128J30, #5.9J0, 8616, 2185, 7379, 

Mazzocchin, G. A., 769215 
Mazzu, A. L., Jr., 143I* 
Meakins,G. D., 6884, 69%, 71*, 72", 73* 
Mechizuki, M., 66778 
Mechoulam, R., 535" 
Medina, J. C., 40985 
Medvedev, V. A., 85242 
Medvedeva, V. G., 606I6O 
Medwid, J. B., 673" 
Mee, A., 8& 
Meerholz, C. A., 76lS9, 776J9362 
Meenvein, H., 6 O 3 I l 6  
Mehrotra. I.. 60182-84. 60284 

8035153-55, 8W58.5962 8055965 8m75 80878-80 

84223-2631.36.37, 84341-44 

Mehta, G:, i2OI9, 45374,45574J03, 502260, 573II6, 71Q3 
Mehta. S. M.. 73830 
Mehta; Y. P.,.7W8 
Meier, H., 747'0°, 748IO0 
Meijs, G. F., 883176 
Meinwald, J., 86Ik, 109182, 1318', 21912, 6 6 0 3 7  
Meise, W., 221M 

Meissner, B., 59526 
Meister, C., 399% 
Melega, W. P., 172'" 
Melillo, J. T., 777369 
Mellea, M. F., 39 
Mello, R., 13125, 167186, 374771 
Mellor, I. M., 14IM, 92". 488Is, 494203,495203.204209, 

Melton, J., 22oU 
Meltzer, P. C., 384Il6 
Meltzer, R. I., 66465 
Melvin, L. S., Jr., 67873, 82339 
Melvin, T., 728* 
Menchen. S. M., 49SI' 
Mendenhall, G. D., 228'O' 
Mendoza, A,, 6 0 2 ' O 1 ,  6 0 4 l o 1  
Menes, R., 36P2 
Meney, J., 83271 
Mengech, A. S., 26279 
Menger, F. M., 7371° 
Menini, E., 
Mercantoni, E., 331 l6 
Mercier, D., 23946 
Mercier, J., 45251, 45351 
Mergard, H., 34 
Merk, B.. 2526 
Merkel, P. B., 777365 
Mertes, M. P., 35025,355u 
Messeguer, A., 359'8 
Meszaros, Z., 84697 
Metelitza. D. I., 16G3 
Meth-Cohn, O., 2I6J6, 305' 
Metra, P., 47118 
Metwali, R. M., 71% 
Metzger, J., 9242, 9342, 9S7I, 63773 
Metzner, P. J., 94@' 
Meudt, W. J., 67329 
Meunier, B., 12% 
Meunier, F., 238* 
Mews, R., 483I3O 
Meyer, E., 87612' 
Meyer, G. R., 482II9 
Meyer, M. W., 12Iw 
Meyer, R. T.. 429Is6 
Meyer, T. J., l58*, 85123 
Meyer, W. L., 3P3 
Meyers, A. I., 5725, 143IM, 22447-52, 36022,40781, 580145 
Meyers, C. Y., 235' 
Meystre, C., 41", 128171 
Mezey-Vhdor, G., 82gm 
Michaelis, A.. 60Zg5 
Michaelson, R. C., 16P5 
Michaud, D. P., 36226 
Michejda, C. J., 485'* 
Michel, M. A., 79719 
Michel, R. E., 882173 
Michelin, R. A., 426Iw 
Michno, D. M.. 26387 
Middleton, S., 68698 
Midgley, I. M., 83372 

Midura, W., 197=, 764'4 
Miethchen, R., 750 
Migita, Y., 4228*29, 877" 
Mignard, M., 422139 

505u17 

Midland, M. M., 59962.69-71, My, ~3115.118-122.124.125 
6071622.163.164.169, 608'69 



Author Index 

Mihailovic, M. L., 9241*41a, 944', 229'12, 231'42, 23624, 
7035, 71@,738", 8152, 816&, 824&, 827&, 85118 

Mihelcic, J. M., 39 
Mihelich, E. D., 11 lIw, 378=, 413II7, 81918 
Mijs, W. J., 2522, 437', 43g2', 43g7, 527'. 7035, 7105, 

73718, 754", 75518, 815', 8162bL, 8242b*c, 827& 
Mikami, A., 6Y9 
Mikami, Y., 5855, 6255, 6355 
Mikawa, H., 85128 
Mikhail. G.. 65e0 
Mikhailov, 3. M., 594? 5957*'830, 5%*, 59742444, 59g7, 

5997.6017.603117 
Miki, T.; 8616;, 20246,203" 
Mikol, G. J., 1%12, 2W2, 22239 
Mikolajczyk, M., 197', 7Ws, 7 6 2 @ ~ ~ ~ ,  76414, 765132, 

Milani, F., 28318', 284I8l 
Miles, J. H., 7W2, 71e2 
Milkova, T., 4753 
Miller, C. H., 8718 
Miller, D. B., 22451 
Miller, D. D., 144t57 
Miller, D. W., 6358, 75Il6 
Miller, E., 1414' 
Miller, L. A., 22129 
Miller, L. L., 42', 248llo, 26489, 27Y9, 778405,7944, 

Miller, M. J., 503274 
Miller, R. B., 361°8 
Miller, R. C., 854", 855" 
Miller, R. D., 74258 
Miller, R. E., 24799 
Miller, R. K., 764'" 
Millet, G. H., 228'02, 66253,55 
Milligan, B., 843, 15414 
Millor, J. M., 76036, 76136 
Mills, L. S., 40674 
Mills, R. J., 64627 
Mills, S. G., 22892 
Mil'man, I. A., 57" 
Milolajczyk, M., 76281 
Mils, W. J., 99lll 
Milton, S. V., 85666 
Mimoum, H., 16053 

777*, 778@"07 

79925, 8@as2g32, 80137*4'*u, 810879""' 84P3.44, 85pI, 
8534' 

Minami, I., 141 
Minami, N., 40162*6a, 40fj6h 
Minami, T., 20993 
Minamikawa, H., 80671 
Minamikawa, J., 606l", 746% 
Minaskanian, G., 12W 
Minato, H., 59514, 59714 
Minato, M., 45239, &P9, 80986 
Mincione, E., 832@ 
Miners, J. O., 68&O, 72@ 
Minh, H. T. H., 3 3 P  
Minh, T. Q., 14315', 144151 
Minisci, F., 16'@, 48815', 498151, 499151.5062% 
Minkin, V. I., 774335 
Minoda, Y., 5P2 
Minoli, G., 882I7O 
Minoura, Y., 473" 
Minster, D. K.. 143IM 
Minto, L. A,, lzg8 

142tuJ35J36J37, 45387, 45587 

Mischler, S., 79IM 
Misco, P. F., 20457 
Mishra, A., 47gn3 
Mishriki, N., 137'=, 138'" 
Mislow, K.. 777- 
Mison, P., 81087 
Misteriewicz, B.. 72Q6 
Misumi, S., 109'", 605'& 
Mitani, M., 2 P ,  26%SS, 47667, 77g405 
Mitchell, J. W., 7493 
Mitchell, R. H., 77128' 
Mitscher, L. A., 3415'J2, 34717, 355'7,54843,55568, 

Mitschler, A., 107'62, 45245 
Mitsui, H., 74576 
Mitsunobu, O., 752l" 
Mittal, R. S., 843&"7 
Mitzinger, L., 768"' 
Miura, H., 1276'. 153'j 
Miura, I., 355@ 
Miura, M., 766IS8 
Miura, T., 384"", 771"s 
Miwa, T., 55P9 
Miyachi, Y., 40782 
Miyagi, J., 9458 
Miyahara, Y., 35649 
Miyaji. K., 23P9, 414'08 
Miyake, H., 883174 
Miyake, M., 239' 
Miyake, T., 774318 
Miyamoto, I., 693" 
Miyamoto, S., 454% 
Miyano, M., 25S5 
Miyano, S., 42214', 423141J41b.C, 748' 14 

Miyashi, T., 875113J15.116, 876'20 
Miyashita, M., 12974, 13074, 2M9, 22W, 458Il4, 61822 
Miyaura, N., 8165 
Miyazaki, H., 253', 765'" 
Miyazaki, J., 778409 
Miyazaki, T., 69643, 69743,46 
Miyazawa, M., 40673, 458"l 
Miyoshi, H., 53441 
Miyoshi, M., 80674 
Miyoshi, N., 13lW 
Mizoguchi, M., 8W1*8s 
Mizoguchi, T., 4229, 877IY 
Mizono, K., 85lW 
Mizukami, E, 155" 
Mizuki, Y., 752153 
Mizuno, K., 87Sti2, 878'40.144 
Mizuno, Y., 15632, 175143 
Mizutaki, S., 773309, 776309 
Mlochowski, J., 65721 
Mo, Y. K., 17178 
Moberg, C., 45377 
Mobius, L., 4 7 P ,  47773 
Mochalin, V. B., 66039 
Mochizuki, K., 43823, 444%. 5,P8', saOSl, 56281 
Modena, G., 9569,20564, 4251471, 758l, 7591,7601, 

Moderhack, D., 6572839 
Modro, T. A., 4831N 
Moersch, G. W., 185174 
Moffatt, I. G.. 291', 2926, 293' 
Moghadam, G. E., 63261 
Mohan, L., 13Iu, 737" 

557" 

762@*", 76618*, 77769b.3'63'3, 77869 

929 



930 Author lndex 

Mohanty, S., 143I5O, lM'50 
Mohr, P., 42915' 
Moiseev, I. I., 4513* 
Molander, G. A., m9 
Molina, G., 69lZ0 
Molino, B. F., 24690, 36232 
Moller, F., 6894 
Moller, K. E., 852 
Moloney, M. G., 6202839 
Momose, T., 40678b 
Monaghan, F., 36549 
Monagle, J. J., 6546 
Monahan, R., ID, 13186, 273'", 52345, 82232 
Mondon, M., 499= 
Money, T., 5857, 6257, 6357 
Mong, G. M., 16793 
Moniot, J. L., 256% 
Monkovic, I., 777366 
Monn, J. A., 22453 
Montanari, F., 25316, 7641'2, 767112, 77736738371372384 
Montanucci, M., 3384' 
Monteiro, H. J., 12449, 12749 
Montes, J. R., 229I2O 
Montevecchi, P. C., 493'" 
Monti, D., 109'83 
Montury, M., 68491 
Monzycki, J., 13Il9 
Mooberry, J. B., 
Moodie, R. B., 6021°7 
Moody, C. J., 27"'*%, 329',94-97, 33g7, 3498.99 35""JO2, 

1943, 20040, 20888, 34918, 355j8, 748IM ' 
Moody, G. W., 6251 
Moody, R. J., 602'04Jk 
Moon, S., 169It2 
Moore, C. J., 2423, 635", 833" 
Moore, H. W., 35'" 
Moore, M. L., 54312, 55112 

Moosavipour, H., 23627 
Mootoo, D. R., 24691, 36232, 37893 
Mope, N. S., 80139 
Moran, M. D., 138Iz6 
Morand, P., 8213' 
More, K. M., 764Il7 
Moreau, B., 777388 
Morella, A. M., 534". 772298 
Morera, E., 143148, 144148 
Moretti, I., 747%, 7773", 77tl4O2 
Morey, J., 33427, 3468 
Morgan, A. R., 53548 
Morgan, G. T., 774327*328, 775339*w, 776360 
Morgan, K., 34715 
Morgan, L. R., 2762 
Morgan, S. E., 40ls8 
Morgan, T., 80137 
Morganroth, W., 72323 
Morgat, J. L., 8 0 P  
Mori, H., 24367 

~oor thy ,  K. B., 144157 

Mori, K., 5732, 23g5's5', 24367, 399", 40678f*d, 407841, 
410g3, 418125J26, 45lU, 63469 

Mori, M., 8W60 
Mori, T., 24262 
Mori, Y., 45 1 
Moriarty, R. M., 92", 145'60*'6', 15526-30, lMgl, 

1 79'530'", 22r7, 22737-8', 23620, 4881m, 748'09, 
82749, 82852, 82Pa, 83376 

Moriconi, E. J., 698" 
Morikawa, A., 318". 3 W ,  32V8 
Morikawa, T., 255" 
Morimoto, M., 180'59 
Morimoto, T., 9244 
Morimoto, Y., 2 5 P ,  4MS7 
Morin, C., aOc0 
Morin, R. B., 209 '  
Morisaki, M., 675", 68016 
Morisset, V. M., 521% 

Morita, T., 856% 
Morita, Y., 40675, 597&, 774332 
Moritake,M.,9242,9342 
Moriyama, M., 778395 
Morizawa, Y., 1801s8, 378% 
Morley, J. 0.. 3565' 
Moro-Oka, Y., l e 5 ,  851" 
Moms, J., 24579, 40890, 41890, 54525 
Moms, P. J., 66676 
Momson, J. D., 3W5, 3942, 399, 4122, 413', 4192, 

4202, 4212, 422', 4242, 429  
Momssey, M. M., 162@, l84l7' 

Morton, C. J., 7 3 P  
Morton, J. B., 3188 
Morvillo, A., 23043 
Morzycki, J. W., 13'17, 13295, 2362'2 
Mosbach, K., 145'62 
Moser, J. F., 71159 
Moses, S. R., 43gM 
Mosher, W. A., 576IU 
Moss, G. P., 69gS6 
Mosset, P., 71372 
Mostafavipoor, Z., 73828 
Motherwell, W. B., 13115-'17J19 

30716, 31016, 31816, 31916, j22l6, b4'2.'4, 70514, 
71g7, 7217, 7257, 726'], 7287 

Morita, K.-I., 69853 

Mortlmd, M. M., 845"-7',73-75 

13295J00, 146100, 

Motohashi, S., 53p1, 5312' 
Mott,R. C., 12Is, 53019, 53119, 82442 
Moubachcr, R., 230'" 
Mourgues, P., 738", 74726, 85118 
Mourino, A., 54733 

Mowry, D. T., 764IW 
Moyer, B. A., 158'O 
Mrotzeck, U., 83582 
Mrozack, S. R., 229Il9 
Mrozik, H., 9353 
Mueller, R. A,, 209'  
Mueller, R. H., 256%, 6Ozg8, 6O7IM 
Mueller, W. H., 516'], 5171° 
Mugdan, M., 44665 
Muira, H., 686n 

Mukaiyama. S., 66P2 
Mukaiyama, T., 12Y9, 141'32, 20990, 29946, 318s8, 

31q8, 32v8, 7603' 
Mukamal. H., 68g9 
Mukejee, S. K., 544" 
Mukhcjee, P. C., 31852, 31952 
Mulhem, L. J., 404 
Muller, E., 7773w 
Muller, E. P., 473". 501% 
Muller, G., 47773 
Muller, J., 418I3Ob 

Moutet, J.C. 8W3 

Mukai, T., 8751l3,115.116 



Author Index 93 1 

Muller, J.-C., 12lZo2', 12320, 1 4 P ,  16371 
Muller, K. A., 108' 
Muller, P., 22782, 23S7, 236'. 2477, 30923, 767Iw, 7731w 
Muller, R. K., 482'18 
Muller, W., 13'21J22. U7IM 

Nagashima, E., 173'32 
Nagashima, H., 9563, 45243*62, 46243, 463'26. 465I3O 
Nagata, R., 3811W 

Mulliien, R. S., 86383, 8 6 P ,  86689, 86883 
Mulzer, J., 25318, 54945 
Mundill, P. H. C., 19936, 2W9 
Mundy, D., 77lZW, 7722W 
Mungall, W. S., 412IMw, 413IW, 429Is8, 430158, 44P 
Munoz, B., 76"' 
Mum, A. J., Jr., 20783, 20883, 20P3, 2 1 OE3 
Murahashi, S., 451t8, 452%, 45418 
Murahashi, S A ,  9458, 1O7lM, 178IM, 227@, 31440, 

Murahayashi, A., 4151t4 
Murai, A., 25323, 6808O 
Murai, S., 1 2 P ,  13180, 137Ix8, 138ll8 
Murakami, N., 78128a 
Muralidharan, K. R., 51gZ3 
Muralidharan, V. P., 22240 
Murata, I., 743@ 
Murata, M., 6429J0 
Murata, N., 2656 
Murata, R., 877'33 
Murata, S., 52450, 65v1 
Murayama, E., 20878, 5396' 
Murphy, C., 602Io2 
Murphy, P. J., 412'" 
Murphy, W. S., 606Is3 
Murray, A. W., 37272. 
Murray, B. J., 774315 
Murray, H. C., 57% 
Murray, P. J., 16257, 52455 
Murray, R. W., 13'%, 37477f, 737", 74575, 75OtZ9, 778405 
Musallam, H. A., 15528 
Musgrave, 0. C., 235' 
Mushika, Y., 80674 
Musker, W. K., 22lZ7, 76516' 
Musser, J. H., 502% 
Musser, M. T., 882I7l 
Muto, T., 384114a 
Muxfeldt, H., 15733,33a, 16050 
Mu~art, J., 9239, 9439, 953g, 9639, 106'52, 10739J579158-'59, 

Myers, A. G., 36335, 41OWa 
Myers, R. S., 426I48b 
Myrboh, B., 15412 
Mysorekar, S. V., 902' 
Mysov, E. I., 7sl 

Nace, H. R., 65468, 65727 
Naderi, M., 561a5, 73829, 76077 
Nadir, U. K., 162sg9.6i*64, 74lJo, 7 4 p  
Naga, T., 20352 
Nagai, T., 2fi4I, 2641-s3.58 
Nagano, T., 759" 
Nagao, S., 53758 
Nagao, Y., 2278t, 615'. 62lU, 6233s, 62436, 71OS6, 

76514', 773149 
Nagaoka, H., 4 M 7 8 *  
Nagarajan, K., 22132 
Nagarkatti, J. P., 7W7 
Nagasaka, T., 22776 
Nagase, H., 162s8, 24366 
Nagase, S., 800% 

3H40, 419lW, 7457678 

278l6l.l62.163.I64 

Nagata, W., 4766' 
Nagato, S., 249O 
Nagel, D. L., 4712', 555@ 
Nagendrappa, G., 582'47 
Nagl, A., 69851 
Naguib, Y. M. A., 50Oz4' 
Naidenova, N. M., 76038 
Naik, A. R., 69329 
Nair, M. G., 8348' 
Nair, V., 5062v 
Naito, A., 77lzk 
Naito, Y., 460'16 461"' 
Najera, C., 51P :  5333s56, 53435, 630.5~3 
Nakae, I., 64212 
Nakagawa, K., 7712'*'22, 229It1, 774322 
Nakagawa, M., 9687, 33532 
Nakagawa, S., 5722 
Nakagawa, T., 751 138 

Nakagawa, Y., 2656, 6 W ,  797'6 
Nakaguchi, O., 4931g8 
Nakahira, H., 24S8 
Nakai, H., 4229 
Nakai, M., 45lZ0, 45220, 4542'3 
Nakai, T., 26388 
Nakajima, K., 625', 778- 
Nakajima, M., 307", 43813, 44250, 44313, 749120 
Nakajima, N., 24686 
Nakajima, S., 34045, 35335, 35535 
Nakajima, T., 64519,2'J 
Nakajo, E., 64314 
Nakamura. A., 178I" 
Nakamura, H., 76156 
Nakamura, I., 47446*47 
Nakamura, K., 1681°1 
Nakamura, K. H., 80249 
Nakamura, M., 3W7, 3W7, 36859 
Nakamura, N., 54314 
Nakamura, T., 23p9, 71OS6 
Nakanishi, K., 23843 
Nakanishi, T., 66778 
Nakano, T., 1S4I7, 3W26 
Nakao, K., 829% 
Nakasone, A., 878138J43, 888138p 
Nakata, M., 35e3 
Nakata, T., 5726 
Nakatana, H., 20887 
Nakatini, K., 62539 
Nakatsubo, F., 1691°7, 684% 
Nakatsuka, M., 53OZ9 
Nakatsuka, SA., 6X70 
Nakatsuka, T., 141132, 20gw 
Nakayama, K., 36231, 3773', 76lS6 
Nakayama, M., 100tt5 
Nakayama, Y., 56495, 56895, 70P7 
Nakazawa, T., 74364 
Nakomori, S., 19629 
Nalesnik, T. E., 453?' 
Nally, J., 729& 
Namba, T., 2434, 4778l 
Nandi, K. N., 775341, 776"' 
Nanjappan, P., 574lz6 
Nan Xing Hu, 497219 
Naoki, H., 73Io5 



932 Author Index 

Naota, T., 22788, 3 1 4", 3 1 5" 
Napier, R., 95" 
Nara, M., 2776 
Narang, S. C., 752152, 765141 
Narasaka, K., Ma9,  44249, 67974 
Narasimhan, V., 26614. 267l" 
Narayanan, B. A., 2267L 
Narayanan, N., 267'17, 268Il7 
Narula, A. S., 2471°L, 36860 
Naruse, M., 60P 
Naruse, N., 7W2 
Naruta, A. S., 84228 
Naruta, Y., 40888b, 427Iuk 
Nash, S. A., 45257, 462Iu, 571Il9, 577119 
Nashed, N. T., 36226 
Nasielski, J., 6146 
Nassr, M. A. M., 63S7' 
Natale, N. R., 84118 
Natatini, K., 62437 
Nathan, W. S., 66670 

Natile, G., 7773a6 
Natsugari, H., 48614' 
Natu, A. D., 384112 
Nawata, Y., 36231, 37731 
Nazarov, D. V., W9 
Nazarov, J. N., 6 6 0 3 9  

Neale, R. S., 505291 
Nedelec, J.-Y., 727s9 
Neef, G., 656q 383l1I 
Nef, J. U., 2182 
Negishi, E., W5, 599, 5%38. 5985 
Negoro, K., 773300 
Negri, D. P., 380103 
Neisser, M., 20565 
Nelander, D. H., 65727 
Nellans, H. N., 2301U 
Nelsen, S. F., 4014, 851", 86075 
Nelson, C. H., 8 9  
Nelson, D. J., 498226, 503% 
Nelson, J. V. J., 602% 
Nelson, N. R., 5166 
Nemo, T. E., 1 192 
Nemoto, H., 45262 
Nemwcek, C., 777378, 778378 
Nenitzescu, C. D., S20J5 

Nenz, A,, 50Ou9 
Nesmeyanov, A. N., 59632,606I60J6', 63257 
Nesmeyanova, 0. A,, 5 9 P  
Nestler, G., 588172.173 
Neta, P., 85010 
Neugebauer, F. A., 7362, 7452 
Neumann, R., 
Neumeister, J., 574'". 579136, 5811", 5821" 
Neumllller, 0. A., %87 

Neunteufel, R. A,, 879'50 
Newbould, J., 1 1 1 
Newburg. N. R., 2438 
Newlander, K. A., 54312, 551'2 
Newman, M. S., 29S2' 
Newport, G. L., 877133 
Newton, M. 0.. 753Is9 
Newton, R. F., 30263, 67433, 68285, 766178 
Neyer, J., 230133 
Ng, G. S. Y., 31647, 31747 
Nguyen, C. H., 766181 
Nicholas, P. P., 47988 

Nicholls, B., 236" 
Nickel, W.-U., 35814 
Nickisch, K., 74'11, 7511', 9578 
Nickolson, R., 7411', 75111 
Nickon. A., %87.88, 9788, 9888, 1 l P ,  11 lsa, 16582, 17882 
Nicolaidis, S. A., 6 W 6  
Nicolaou, K. C.. 13 1 

407-, 408'", 5 15'. 5 1 716, 522', 523'*41,46, 524493, 
67873 

Nicotra, F., 274138 
Nidy, E. G., 34046, 39316, 39816, 63365 
Nielsen, S. D., 8 9 ,  1008 
Nielsen, S. W., 9247 
Nienhouse, E. J., 60l8I 
Nigh, W. G., 1207, 851m 
Nihm, T., 73'05 
Niiyama, K., 16258, 243a.66 
Nikaido, M. M., S 4 P  
Nilsson, A.. 8W9, 801" 
Nilsson, H. G., 574128 
Nilsson, J. L. G., 831a 
Nilubol, N., 73Iw 
Ninniss, R. W., 76'17 
Nishi, T.. 24685, 26173, 
Nishida, A., 62026 
Nishigaichi, Y.. 408"b 
Nishigaki, S., 342% 
Nishiguchi, I., 17O1I8, 795", 79720, 79821 
Nishihata, K., 777387 
Nishikimi, Y., 3 W  
Nishimura, H., 16373 
Nishinaga, A., 22789, 22897 
Nishino, C.. 3MS3 
Nishio, H., 20878 
Nishio, M., 777387 
Nishioka, T., 7743u 
Nishitani, K., 6359, 13179, 30054, 773302 
Nishitani, T., 80674 
Nishiwaki, T., 25536 
Nishiyama, H., 262", 628M4, 64P2, 7Ola 
Nishiyama, S., 33735.36 
Nishiyama, T., 2655 
Nishizawa, M., 129", 130" 
Nishizawa, R., 489l" 
Nitta, M., 79821 
Nitta, Y., 69328, 76152 
Nivard, R. J. F., 230'" 
Niven, M. L., 35541, 483'% 
Niwa, H., 16258, 24262, 24365.66 
Niwa, M., 55259 
Niwa, N., 40782 
Noack, K., 268125 
Noar, J. B., 7639', 76991 
Nobbs, M. S., 456Im 
Noble, D.. 5937 
Node, M.. 25639, 588174J75 
Noels, A. F., 
N6grhdi. M., 82960,83 1 62 

Noguchi, J., 8Ol4l 
Noguchi, S., 5938 
Nojima, M., 54314, 766'88 
Nokai, H., 877'" 
Nokami, J., 454%. 53760 
Noland, W. E., 21913 
Nomine, G., 6673 
Nomura, H.. 69223 

24572, 254=. 3%25, 40 1 M6I*, 



Author Index 933 

Nomura, K., 2W2, 20992, 7W3 
Nomura, Y., 47S7, 4%217, 497218. 52239 
Nonaka, T., 267”‘, 268Il8, 283‘I8, 284ll8, 379Io1, 778& 
Nonhebel, D. C., 86O7I 
Norbeck, D. W., 30162 
Norberg, B., 773307 
Nordberg, R. E., 9457 
Nordblom, G. D., 8524’, 85341 
Norin, T., 822” 
Norman, J. A., 9243 
Norman, R. 0. C., 9455, 2311”, 82850 
Normant, J. F., 45367 
Nortey, S. 0.. 52345 
North, P. C., 40674 
Norton, N. H., 75g6 
Norymberski, J. K., 
Nose, A., 59861 
Nour, M., 497219 
Noureldin, N. A., 768208, 773208, 84578 
Novikov, S. S., 493195 
Nowak, B. E., 69gSs 
Noyori, R., 2651, 22P0, 274137, 40675, 6505l, 68286, 

750”’ 
Nozaki, H., 2651, 169It7, 2191°, 267Il8, 2681i8, 

275146J47, 276147, 281176, 282I7q 283118, 284118 
30817, 3Ogz4, 32267, 32470, 36963, 37863,96, 379161, 
6OlS5, 6158, 67447 

Nozaki, K., 25962 
Nozoe, S., 184168 
Nozoe, T., 79613 
Nubling, C. O., 3 18@ 
Nucciarelli, L., 53014 
Nugent, R. A,, 105151 
Numata, T., 1 9613, 1 9720,z25, 76283, 7783g5 
Nwaukwa, S. O., 247Io7, 31862, 70619.20 
Nyarguhi, M., 29P9 
Nyberg, K., 7W4eU, 8W0*31, 80142.43, 80459, 80559 
Nystrom, J. E., 9457 

Oae, K., 764Iz1 

NYU, K., 2115 

oae, s., 124&, 196”, 1 9 7 1 4 * 1 5 * 2 0 ~ ~ ~ 5 , 4 7 0 1 O . ~ I . l 3 ,  498230b, 
7583, 75915, 7603, 76157*58, 76280*83, 76392, 
764107J 19121, 769214, 77780 778395 

Oberender, H., 140I3O, 141I3O ’ 
Oberrauch, H., 100122 
Oberster, A. E., 1001% 
Obha, N., 15S3kb, 1 7 P b  
Obrecht, J.-P., 230133 
Ochiai, E., 749122, 750122 
Ochiai, M., 9241-41b 9341b 9 4 4 1 ,  22781 457110, 51817 

6 159, 62 1”. 62;35, 62i34 7 I@, 7&49,773 149.303 

O’Connor, B., 272I4I, 71368 
O’Connor, D. T., 2Oz5l 
Oda, K., 40687 
Oda,M., 172124, 8741°1 
Oda, R., 16I‘j7, 79719 
Oda, T., 74578 
Odaira, Y., 877Iz8 
Ode, R. H., 22344 
Odinokov, V. N., 54318, 57918, 58 118 

O’Donnell, M. J., 229II9 
O’Donoghue, D. A., 6%42 
Odriozola, J. M., 554u 
Oehlschlager, A. C., 23841, 40154, 47885, 483122 
Oesterle, T., 6505’ 

Oez, H., 35 
Offermanns, H., 7 W  
Ogaki, M., 227”. 80462 
Ogasawara, K.. 16048. 180lSg, 2W5, 4631m, 1332~~. 71369 
Ogata, M.. 40888a, 415II4 
Ogata, Y., 969,230118, 247105, 384113.385”’. 43821, 

Ogawa, H., 452%S5, 454%, 462”.55,69327 
Ogawa, M., 30926, 70831 
Ogawa, S., 3 6 P ,  713’O 
Ogawa, T., 237% 
Ogi, Y., 774318 
Ogino, T., 438’, 444%. 55981,56081,5628l 
Ogiwara, H., 4229, 877’” 
Ogloblin, K. A., 47774 
Ogosawara. T.. 24577 

493193, 674&, 748Il3, 766172, 769u1, 85118 

Ogura, K., 9565, 231i38, 76278, 778410 
Ogura,M.,5617*18 5718 
Oguri, T., 67440*44 
Oh, T., 3909 
O’Hare, D., 418 
Ohashi, M., 86278*79, 877lZ7, 8821m 
Ohba, N., 132% 
Ohba, S., 35V3 

Ohfune, Y., 37790 
Ohira, N., 7743u 

Ohkatsu, Y., 108175 
Ohki, T., 62845 
Ohkubo, H., 773299, 779299 
Ohloff, G., 843, 97%, 306’4 70832 
Ohlson, S., 1 4 P 2  
Ohmizu, H., 40779, 8WS8 
Ohmori, H., 752153 
Ohmori, M., 41092 
Ohnesorge, W. E., 80137*42 
Ohnishi, K., 423’” 
Ohnishi, S., 174135 
Ohno, M.. 6807’. 68493‘. 7W9.62 

Ohe, K., 775352054555, 776355556.358 

o b ,  s., 100115 

Ohsawa, A., 74364 
Ohsawa, T., 229II3, 493’99 
Ohshima, M., 141132, 761@ 
Ohshiro, Y., 20993, 45365 
Ohsugi, M., g70 
Ohta, A., 66778, 750Iz8 
Ohta, B., 768Iw 
Ohta, H., 429’”, 778416 
Ohta, M.. 750Iz8 
Ohta, T., 184Ia, 3 3 P ,  45118, 452’, 45418 
Ohtsu, M., 47013 
Ohtsuka, T., 9136, 109’” 
Ohtsuka, Y., 67871 
Ohue, Y., 83479 
Ohuma, T., 16373 
Oida. H., 774318 
Oikawa, Y., 2a71, 24573+m, 2468’.8346,37p 
Oishi, T., 17P2, 489165 
Ojima, I., 4435Ib 
Ok, D., 74363 
Oka, K., 169Il4 
Okabe, M., 102136, 23P3 



934 Author Index 

Okada, K., 410g3, 8741°1 
Okada, M., 2W2, 20992 
Okada, T., 85666 
Okahara, M., 471% 
Okajima, H., 96" 
Okamoto. K., 874'O' 

Okamoto, Y., 202". 61618, 7784'6 
Okano, M., 9564, 128", 12g70, 44351*, 45lZ9, 495207, 

Okawa, M., 1701'8, 795", 7972O 
Okawara, M., 26388, 31858, 319". 32e8, 32268,53333, 

Okazaki, R., 2Z4I 
Okazaki, T., 77Iz4 
Okecha, S., 822% 
Okhlobystin, 0. Yu., 884185J86 
Oki, M., 2O9%, 771260, 772260, 779260 
Okisaki, K., 40783 
Oku, T., 4931g8 
Okuda, S., 385lI8, 40051 
Okumura, T., 47661 

Okamoto, S., 412lo5, 414'O5JOk-'"JO9, 71264 

4%214, 5OSB8, 52P7, 521". 523", 530233,53440*4', 
7 w 2 ,  771264, 778409 

61619, 764'09, 76P7, 771%, 7722M, 773265 

Ol&, G. A., Z3, 520, 628, 740.49, 1073.74 14129 17174.177J78 
9 ,  

231'50*15'J52, 2354, 29q7, 67439, 752152, 76047, 
76514', 7691°, 800" 

Ol'decap, Y. A,, 15153 
Olesker, A., 23946,63055 
O h ,  G. R., 85448, 855" 
Oliver, J. E., 67322 
Ollinger, J., 65615 
Ollis, W. D., 4118, 84'. 85l, 108'J80, 3294, 3434, 3451, 

Ollivier, J., 14135 
Olmstead, H. D., 1 3076 
Olson, E. S., 673= 
Olson, G. L., 34715 
Olson, K. D., 878f45 
Olson, R. E., 826", 82747 
O'Malley, R. F., 8W5 
O'Malley, S., 42714*' 
Omata, T., 470" 
Omoto, H., 80675 
Omoto, S., 3415152 
Omura, H., 2543, 2643 
Omura, K., 29727, 29827, 302& 
Omura, S., 40687 
Omura, T., 1 lB8 
Onak, T., 5946, 59g6 
Onami, T., 39316, 398I6J6 
O'Neill, H. J., 9574 
Onishi, T., 6 W 3  
Onishi, Y., 764'07 
Onistschenko, A.. 47O9, 4879 
O ~ O ,  M., 98Iw, 5376', 77W", 77lZ5'j, 81gZ2 
Ono, N., 19719, 883174 
Onodera, K., 29944 
Onoe, A,, 53GS 
Onomura, 0.. 22775, 248109, 80355, 8M62 
Oohara, T., 42Sf4* 
Ooi. N, S., 84ijE3 
Opheim, K., 8616., 109182 
Oppenauer, R. V., 100122 
oppolzer, W., 174135, 182165, 64627 
Or, Y. S., 68389 
Orbovic, N., 23 1 142 

4702, 5944, 5984, 6711°, 6731°, 6871° 

Ordsmith, N. H. R.. 7 2 P  
Orena, M., 280'77, 493'", 503269, 66362,66463 
Orfanopoulos, M., 8161°, 8181° 
Orgel, L. E., 8ME9 

Chito, K., 83479 
Orlinkov, A. V., 75' 
Oroshnik, E. W., 65617 
Orr, D. E., 486'" 
Orr, J. C., 136lI6, 137'16 
Ortar, G., 924'*41b, 93'Ib, !M4', 143Ia, 144'" 
Ortiz, M., 505286 
Ortiz de Montellano, P. R., 18015', 182"' 
Osa, T., 5 P  
Osaka, N., 7Ola 
Osakada, K., 31441, 31541 
Osawa, Y., 174l", 86279, 877'" 
Osbome, D. J., 4OlS8 
O'Shea. K. E.. 98* 
O'Shea, M. G., 6 2 P  
Oshima, K., 25431, 25962, 267II8, 268II8, 275146J47, 

27614', 281176, 282176, 283Il8, 284'18, 308'7, 3092234, 
32267, 32470, 36p3, 37863*w, 379Io1, 485138, 6158 

Oshima, M., 76lW 
Oshino, N., 791' 
Oskay, E., 3069 
Oslapas, R., 720'O 
Osowska, K., 48312' 
Osowska-Pacewicza, A., 5ooU4 
Osterhout, M. H., 503276 
Ostrovskii, V. A., 69013 
Osuch, C., 5Ma8 
Osuka, M., 7743u 
O'Sullivan, A. C., 77Im 
O'Sullivan, W. I., 20562, 764'25 
0% M., 171'23 
Otera, J., W3 
Oterson, R., 227" 
Otonnaa. D.. W55 

orita, H., 462119-12' 

Otsubo, T., 91", 3102'. 492IE3, 497219, 65722, 75215', 
76160*6f. 7 6 P .  774322 

Otsujii Y., 851i4, 87SiL2, 878'" 
Otsuka, S., 42614& 
Otsuka, T., 418'26 
Ottenheijm, H. C. J., 23OIM, 763% 
Otto, C. A., 355& 

Otv&, L., 723s 
Ouellette, R. J., 85lZ0 
Oughton. J. F., 582'49 

Ourisson, G., 84', 12lmJ1, 123', 14520, 16371, 247'O', 
35915, 842272a 

Overberger, C. G., 586IM, 763% 
Overbergh, N., 47S2 
Overman, L. E., 4151t2, 493189 
Owada, H., 128", 12970, 495207, 52343, 77lZw 
Owers, A. J., 884Ia2 
Owings, F. F., 236I4Js 
Owsia, S., 352', 35630 
Owton, W. M., 4!MZo3, 49520332m 
Oxenrider, B. C., 70060 
Oya, E., 761a 
Oya, M., 7605O 
Ozaki, A., 
Ozaki, K., 15311 

Otto, s., 66356 

Ou~-Mahamet ,  H., 92'O 



Author Index 935 

Ozaki, S., 24577*78, 248Il2, 8 W  
Ozbalik, N., 13Il9, 73lS5, 776357 
Ozeki, H., 19P5 

Paalzow, L., 831W 
Pabon, R., 879149 880149 
Pabon, R. A., 88dlU, 882I& 
Pac. C., 878138-140J43, 888'381 
Pachinger, W., 646" 
Paddon-Row, M. N.. 821" 
Padeken, H. D., 74799,748* 
Padeken, H. G., 752142 
Paderes, G. D., 8167 
Padgett, H. C., 220n, 230130J31 
Padwa, A., 4704, 4724, 4734, 4744, 4764, 483I2l, 69012, 

Padykula, R. E., 48O1O5, 482Io5 
Paerels, 0. B., 406 
Paetzold, R., 769%'. 77PS6., 771Z6, 7722wJg5, 773m9295 
Page, P. C. B., 261", 45124 
Paget, W. E., 604'" 

Pai, G. C., 603i23 
Pak, C. S., 67662 
Paknikar, S. K., 3582, 3662, 3782, 3842 
Pale, P., 10715' 
Palermo, R. E., 43928 
Pallaud, R., 80568 
Palleroni, N. J., 70w 
Palmer, B. D., 33114 
Palmer, M. H., 47992 
Palmisano, G., 656s, 34612 
Palmquist, U., 8W9, 8Ol4O 

Pan, H., 655" 

85452.53, 85552*53, 875II8. 88752 

psi, B. R., 22132 

Palomo, C., 275145, 277153.154.155 278159.160 283186.187 
53018, 53 1 In, 554M*65, 695", ?52'", 7& 

Pan, H.-L., 8512, 8712 
Pan, X.-F., 
pan, Y.-G., 144152 
Pancrazi, A,, 2763 
Panday, P. N., 22OI9, 502260 
Pandey, G., 22343, 22743, 248II4 
Pandit, U. K., 2 2 P ,  68495 
Panouse, J. J., lOOLU 
Pansegrau, P. D., 2W7 
Pant, B. C., 774337, 776337 
Panunto. T. W., 16264*s6, 778398 
Panza, L., 274138 
Papadopulos. E. P., 7 W  
Pauahatiia. D. P.. 3%Z 

Pappalardo, P., 12864, 146@ 
PapPo, R., 169Il3, 35229, 56493, 56593, 56893, 60076, 

Paquet, F., 24576 
Paquette, L. A.. 416, 9792, 

172127, 21 19*, 212'O0, 25537, 261m, 37791, 37891b, 
507M, 55257, 66780 

Paquot, C., 108178 
Parcnte, A.. 8720 
Parham, H., 266109, 267'09, 7W3 
Parikh, J. R., 296% 
Parish, E. J., 103141*142, 26491-w, 265%, 266111, 

71 P7 

10213s, 16376. lM7'j, 

2671 11.116, 2771 I6 

Park, c. Y.. 442* 

Park, J. M., 40780 
Park, K. P., 751I4O 
Park, M. H., 23843 
Park, P., 24688 
Parker, D. G., 14129, 44p, 4516, 4526, 4536 
Parker, G., 417 
Parker, J. E., 274139 
Parker, K. A., 3306, 350%. 355%, 584159 
Parker, V. D., 79927, 8 w ,  8013840, 85447, 85547, 85667, 

Parkin, C., 228'06 
Parkin, J. G., 80567 
Pamell, C. A., 338'O 
Pamell, C. P., 633 
Parrilli, M.. 438I7-l9, 445I7-l9J8 
Parrish, C. I., 737 
Parry, S., 415113 
Parsonage, J. R., 6161°, 62010 
Parsons, P. J., 54632, W 7 I ,  56471 
Parsons, W. H., 1O5l5I 
Partsch, R. E., 13Il2 
Paryzek, Z., 3lS9, 25534 
Pascard, C., 646'b 
Pasini, A., 108173 
Pasiut, L. A., 810E9 
Pass, M., 3499 
Passerini, R., 7 7 P 3  
Pasto, D. J., 60074 
Pasulto, M. F., 78128b 
Patai, S., 21"7", 135Io6, l % I 3 ,  2357, 2367, 2477, 5414, 

S a 4 ,  6897, 7365, 7375, 73936, 7@I, 741&, 74253, 

76166*67, 762@, 766'@, 77769" 778@, 84235, 85129 

874"O 

7455,74,7465.4634.91,7495,75153, 758', 7591,7601, 

Patel, D. V., 493IS6, 5365' 
Pateel, R. N., 5619-21, 80137 
Paterson, I., 137Il9, 138II9, lM1I9, 20876,77+82 
Pathak, S., 843 
Patil, S. R., 9567*172, 108172, 774326 
Patil, V. D., 264% 
Patnekar, S. G., 23V7 
Paton, J. M., 499232 
Paton, R. M., 73937 
Patrick, D. W., 12438, 12838, 12938, 4891M, 775353 
Patrick, J. B., 54631 
Patrick, T. B., 72327 
Patrie, W. J., 31543 
Pattenden, G., 33842 
Patterson, J. W.. 502267 
Paudler, W. W.,.267I2l 269I2I, 27OI2'I, 271 121J28, 27812' 
Paul. M.. 137122. 13912; 
Pauli, K.'D., 12440 
Paulmier, C., 84I, 85'. 108l, 128677, 12967, 13167, 515l, 

Paust, J., 22893 
Pautet, F., 764lI4 
Pavia, M. R., 25426 
Pawlak, J. L., 429Is1 
Payne, G. B., 167", 446&v7O, 67S2 
Payne, 0. A., 8o03°*30b 
Payne, S., 24692 
Peach, J. M., 72532 
Peacock, N. J., 85461 
Peake, S. L., 7 6 P  
Pearce, C. J., 23946 
Pearlman, B. A., 67767 
Pearson, A. J., 107153JUJ55, 37P1, 45372 

523', 7 6 v ,  783224 



936 Author Index 

Pearson, I., 5 1 68 
Pearson, W. H., 355" 
Pechal, M., 1542' 
Pechet, M. M., W4*, 41=, 9032, 74149, 74794 
Pederscn, K., 9S80 
Merscn, S. F., 421'38. 424'38 
Pedlow, G. W., 100114 
Peek, R., 80567 
Peek N. P., 32473 
Pei, G.-K., 2W8, 280167 
Peiffer, G., 5W2 
Pelegrina, D. R., 16375 
Pellacani, L., 264894937, 4799091 
Pelletier, S. W., 586lU. 6787' 
Pelter, A., 5 9 4 ' s 4 ,  5953.22.23337, 5%%, 5983~42, 60023.75, 

Pendery, J. J.. 35SM 
Penmasta, R., 145'60J6', 748109 
Penn, R. E., 768203 
Pennetreau, P., 84699 
Penzhonn, R. D., 7W2 
Pep,  G., 87612' 
Peppler, H. J., %I2, 5612 
Perekalin, V. V., 8 5 P  
Pereyre, M.. 614', 61615, 6214 
Perez, C., 69115 
Perez Machirant, M. M., 9Ja 
Perfetti, R. B., 32063, 841'O 
Periasarny, M., 8W 
Perie, J. J., 4701, 488'. 490' 
Perkin, A. G., 768198 
Perlin, A., 293" 
Perlin, A. S., 703', 7091*4', 710' 
Perlman, D., 5512, 5612 
Pernet. A., 2W9 
Peron, U., 76044 
Pemer, S., 877'35 
Pemn, C. L., 8W3 
Perrotta, A,, 24363 
Pew, J. J., 56IS 
Peny, M. W. D., 231ls3 
Persia, F., 479% 
Person, w. B., 86383, 86Sa3, 868a3 
Persons, P. E., 40g91 
Perumattam, J. J., 2426' 
Pesce, G., UOI4 
Petasis, N. A., 51S1,523' 
Pete, J. P., 107'57J58J59 
Peters, J. W., 765" 
Peters, K. S., 85116 
Petersen, J. S., 3 9 P ,  4424 
Petersen, R. C., 8046', 8 0 P  
Peterson, J. R., 9243, 44772, 487'", 53231 
Peterson, M. W., 9S7I, 108'77 
Peterson, P. E., 268123 
Petit, J., W2 
Petragnani, N., 77S352b 
Petraitis. J. J., 35024,35574 
Petre, J. E., 603II5 
Petrov, A. A., 50Sm, 506~92 
Petrov. V.. 136l@' 
Petrzilka. T., 503277 
Petterson, T., 80Oz9 
Pettersson, L.. 410'O' 
Pettit, G. R., 12440, 15311, 68078 
Pettit, T. L., 53966 

6013, 607'67, 6541° 

Petukhova, N. P., 766'77 
Petzoldt, K., 65@, 741mJ1'.112, 751llVl12 
Wander, H., 268Iu 
Pfeffer, P. E., 1 85175 
Pfeifenschneider, R., 59859 
Pfeifer, P., W ,  8463 
Pfeil, E., 5Mm 
Pfenniger, A., 3906 
Pfenninger, J., 72117 
Pfister, T., 753'58J59 
Mtzner, K. E., 291'. 293' 
PflUger, F., 85445 

Phan, X. T., 877'32 
Philippi, K., SOn, 
Phillips, G. W., 228% 
Phillips, H., 771u7, 7 7 P ,  776"', 779423 
Phillips, J. G., 3 W  
Phillips, R. S., 99'09, 778420 
Phillips, W. G., 2927 
Piancatelli, G., 103137, 112'%, 26064, 26599-102J01 

Piatak, D. M., M I 3  

Pichon, C., 70414, 70Y4 
Pickering, W. F., 76Ot9 
Pickles, G. M., 59SZ9 
Pierce, J. K., 167'O0 
Pierce, T. E., 96" 
Piennattei, A., 7 6 P  
Piers, E., 26275 
Pierson, C., 16Im 
Piet, P., 7591° 
Pietra, F., 579137 
Piette, J. L., 774324 
Pifferi, G., 747'" 
Pigman, W., 703', 709', 710' 
Pigott, H. D., 12450, 12750 
Pike, J. E., 8616. 
Pikul, S., 39729, 568Io5, 71373 
Pillai, T. P., 749Il9 
Pillay, K. S., 488IS5, 490155 
Pincock, A. L., 24798 
Pincock, J. A., 2479a 
Pine, S. H., 777383 
Pines, H., S20 

Pinetti, A., 777374 
Pinhey, J. T., 3523', 35631, 62028929 
Pinna, F., 42614" 
Pinnavaia, T. J., 84570.71J3J4 
Pinney, J. T., 6 4 9 4 5  

Pham, H.-P., 8306' 

266'05,"37, 26~"J2.~Wo5,lO7, 530l4.15J7 531 17' 

Pinniik, H. W., 186178, 218', 219', W7, 6W2, 882172 
Pinto, A. C.. 253" 
Pinto, I., 54632 
Pinza, M., 747'" 
Piotrowski, A., 85665 
Piringer, 0.. 
Pirkle, W. H., 777375 
Pirrung, M. C., 37688, 54P3 
Pitchen, P., 425IM, 777377*378, 778377,378 
Pitman, I. H., 778390 
Pitombo, L. R. M., 774336 
Pitt, B. M., 20353, 20672, 20772, 21072 
Pizey, J. S., 3062, 481109 
Pizzolato, G,, 70P 
Plat, M., 22236 
Platem, M., 80876 



Author Index 

Planer, J. J., 8616b 
Plaut, H., a4aZ6 
Plavac, F., 574lz5 
Plesnicar, B., 3587, 3727, 6712, 6722, 6732, 6742, 6752 
Pletcher, D., 
Pobiner, H., 75916 
Pkhlauer, P., 473", 501% 
Podder, S., 6tlaJb 
Pohl, D. G., 12%, 13I2O, 17I7l 
Poisel, H., 230132 
Polevy, J., 602Io2 
Poli, G., 44145 
Poljakova, L. A., 884Ia6 
Polla, E., 74472, 84693-95 
Pollart, K. A., 247% 
Poller, R. C., 614s, 6161°, 620'O 
Pollicino, S., 764IZ6, 767Iz6 
Pollina, G., 5M2% 
Pollini, G. P., 1431aJ41 
Polston, N. L., 59751 
Polt, R. L., 229Il9 
Ponsold, K., 48OW 
Ponti, F., 279l7', 844@ 
Ponty, A., 4753 
Poos, G. I., 25640 
Popjak, G., 272132 
Popov, A. I., 16lU 
Popovitcz-Biro, K., 407 
Popp, E D., 31S50 
Porcher, H., 1605O 
Porfir'eva, Yu. I., 5 W 2  
Pomau, P. J., 4 1 097a 
Portis, L. C., 80357 
PisschmaM. c.. 490179 

25315, 27615, 7932s3, 79475 

Posner, G. H., io@, 32P3, 6254'*42, 627~3,84110-12 
Poss, A. J., 10515', 453'1, 46312* 
Possel. 0.. 232Is6 . , ~ - -  

Postel, M., 1 la' 
Potier, P., 72220, 72531, 7262O~~~, 73153 
Pototskaya, A. E., 767l9O 
Potter, H., 15632 
Potter, N. H., 235' 
Potti, P. G. G., 749IZ3 
Pougny, J. R., 63571 
Pouli, D., 76gZ16 
Powell, L. H., 418129c 
Powell, R. E., 84686 
Powell, V. H., 143'" 
Powers, J. W., 2912, 65518 
Powers, S. K., 777365 
Pradhan, S. K., 136Il7, 137I17 
Praefcke, K., 2WS8 
Pragnell, J., 71% 
Rakash, D., 83481 
Rakash, G. K. S., 231 I5O, 67439 
M a s h ,  I., 145I6O, 15527-29, 748109 
M a s h ,  0.. 1552839, 1669', 82749, 82gS2, 82952' 
Randi, J., 381 IO6 

Prasad, K. K., 503277 
Prashad, M., 3 W 5  
Rat, D., 381Io5 
Prathiba, V., 277Is6 
Preece,M., 108174 
Pregaglia, G. F., 452'j1 

Prasad, e. v. e., 40161d,40784b 

Prelle, A., 67974*74b 

Rest, R., 497219 
Reston, P. N., 35651 
Reus, M. W., 73Io3 
Rewo, R., 1 W 0  
Prezant, D., 4859 
Pribish, J. R., 25533 
Price, A., 602Io2 
Price, C. C., 12332, 473=, 76039 
Price, D. T., 22025 
Pridgen, L. N., 4015' 
Priestley, H. M., 483132 
Prilezhaeva, E. N., 766In 
Pritzkow, W., I@*a1, 2422, 493192 
Probner, H., 76036. 76136 
Rochazka, Z., 73Im 
Rocter, G., 412'06 
Proctor, G., 72944 
Prom, E., W7' 
Proksch, E., 842"n" 
Prosser, T. J., 24%, 2536 
Prosyanik, A. V., 747% 
Prosypkina, A. P., 477" 
Protiva, J., 6779 
Roulx, P., 8213' 
Rout, K., 41a 
Pruitt, J. R., 40778e 
Pryde, C. A., 3290 
Pryor, W. A,, 488Is8, 76154, 86070 
Psarras, T., 805@ 
Psiorz, M., 73821 
Puapoomchareon, P., 63469 
Pugh, S., 145167 
Pugia, M. J., 54313 
Puleo, R., 131a3 
Pummerer, R., 194'. 202' 
Purushothaman, K. K., 748Il3 
Pusset, J., 169'08, 87814 
Puttner, R., 2977 
Pyman, F. L., 76gm, 770240 
Pyne, S. G., Wo 
WM, H. Y., 763", 76688 

Quabeck, U., 54317, 55117, 55417 
Quelet, R., 66675 
Quick, J., 227&, 384116 
Quillen, S. L., 876123J24 
Quinn, R. H., I2lo3 
QUhtard, J.-P.. 6144, 61615, 621' 
Quirk, J. M., 39 
Quirk, R. P., 63259 

Raban, M., 777369 
Rabjohn, N., 8 4 l ,  8S1,i081.i3p 
Raciszewski, Z., 856@ 
Radha, S., 765" 
Radha Krishna, P., 415lIM 
Radlick, P., 9898 
Radner, F., 8W3, 879I51 
Radscheit, K., 12442 
Rafitkov, S. R., 750Iz9 
Rafka, R. J., 25855 
Raggio, M. L., 172Iz5 
Raghavan, M., 266IO6, 267'06, 276106 
Ragone, K. S., 37270 
Raheja, A,, 229Io8 
Rahimi, P. M., 74s 

931 



938 Author Index 

Rahm, A., 6144, 6214 
Raimondi, L.. e)247 
Rainville, D. P., 604138 
Raithby, P. R., 31860 
Rajadhyaksha, S. N., 73711 
Rajagopalan, R., 42” 
Rajan, V. P., 37Y0 
Rajanikanth. B., 76397 
Rajappa, S., 22132 
Rajendra, G., 503274 
Rakitin, 0. A., 7404’ 
Rall, G. J. H., 336% 
Rall. K. B., 505290 
Ramachandran, P. V., 59513, 6031% 
Ramachandran, V., 4230, 8Ol4I 

Ramalingam, K., 574Iz 
Ramamurthy, V., 40’ 
Raman, P. S., 31647, 31747 
Ramana Rao, V. V., 60l9l 
Rama Rao, A. V., 9029, 415IlM 
Ramasseul, R., 38411* 
Ramesh, K., 26l7’ 
Ramesh, R., 776357 
Ramos Tombo, G. M., 771m 
Rampal. J. B., 752’” 
Rampersad, M., 6%41 
Ramussen, G. H., 11 1 I9O 
Rancourt, G., 299O 
Raneburger, J., 74692, 75292 
Rank. B.. 70944 

~amaiah, M., 16479.673% 

Rao, A. S., 3582, 364“, 369O, 364j2, 37650-86, 3782, 
3842. 828mm 

Rao. A. V. R.. 68387 

Rao; K. R.’N.,-84683 
Rao, K. S., 45374, 45574J03 
Rao, P. N., 37271 
Rao, R. L. N., 76dZB 
Rao, S. P., 709.’ 
Rao, V. R., 87S1I7 
Raphael, R. A., 36‘07, 33842 
Rapoport, H., 8S9, 86*&, 87”, 10817, 22899, 

230IW 13 1 

Rapp, R., 71G1 

Rappoport, Z., 9238*50, 9456, 762@, 766‘@, 777@’, 778@, 

Rascher, L., 65617 
Rasmussen, G. H., 23622” 
Rasmussen, J. K.. 81614 
Rastetter, W. H., 408*9 
Ratananukul, P., 213Io3 
Ratcliffe, N. M., 5Y,  63’, 72Io1 
Ratcliffe, R., 103138, 25745, 25V5 
Ratcliffe, R. W., 257* 
Rathke, J., 604128 
Rathke,M. W., 12018, 121”. 606147*154 
Rathore, R., 10314’, 22OI7, 2661”J12, 267108J12, 55982, 

Ratledge, C., 56’‘ 
Ratnasamy, P., 8406 
Ratz, R., 20355 
Rauch, E., 506303 
Raucher, S., 608172 

~ a p p e ,  c., 1209 

856% 

56OE2, 5618’, 56282, 56382 

Rauchschwalbe, G., 99106J07 
Rauchschwalbe, R,, 5%39 
Rautcnstrauch, V., 385II7, 8I8l7 
Rauturcau, M.. 3502’ 
Ravasi, M., 331 
Ravid, U., 12127, 12327 
Ravindran, N., 605145 
Ravindran. R., 606 ’52  
Ravindranath, B., 76397 
Ravindranathan, T., 8316’ 
Rawalav. S. S.. 228Io3 
RawlGon, D.J., 92&‘, 9575, %?’, 1522, 1532, 1542, 

15838. 17138 
Ray, D. G, Ih, 1 W C  
Ray, P. S., 219l’ 
Ray, R., 439” 
Ray, R. E., 
Ray, S. K., 203” 
Ray, T., 107153J55, 413’07: 45372 
Raybush, S. A., 12% 
Raychaudhuri, S. R., 2 3 P  
Raynier, B., 4992” 
Razmilic, I., 903’ 
Razumovskii, S. D., 5427, 5437 
Razuvaev, G. A., 6412 
Re, L., 4 3 P  
Read, A. T., 14’” 
Read, G., 9570*7h, 107’” 
Reamer, R. A., 416IZ, 752” 
Rbamonn, L. S. S.. 2092, 7641u 
Reap, J. J., 1 2 P ,  126s3 
Rebane, E., 769u9, 7702393s 
Rebek, J., 84220 
Rebovic, L., 155’’. 
Reddy, G. S., 186*82 
Reddy, K. S., 40991 
Reddy, N. L., 646u 
Reddy. P. S., 26084 
Redmore, D.. 100ia 
Reed, C. F., 14139 
Reed, D., 778415 
Reed, G., 5613, 6513, 66’’. 6713, 7013 
Reed, J. N., 333Z 
Reed, L. A., 198% 

Reed, S. F., Jr., 764Il8 
Reeg, S., 58531, 62”Jk, 635k 
Res,  C. W., 27w, 3295, 3498+’9, 35Io1, 1943,20040, 

RWI,  L. A., m, 40263 

20888, 309, 34918, 35518, 470*, 4724, 4734, 4744, 
4764, 480IMY, 482“’. 743-J55, 7M70 

~eetz ,  M. T., 144153.154,~1712 
Regen, S. L., 84453 
Regitz, M., 742”, 751J3. 7521aJ49 
Reglier, M., 9SM, 4524’ 
Rehm, D., 85458, 8 W 8  
Rehm, H.-J., 5613, 65’’. 66’). 67”. 70” 
Reibel, I. M., 95”’ 
Reich, H. J., 119’, 12P*71, 13071, 13171-82, 13571, 1463, 

52d1, 522”. 6 7 P ,  76515*, 7 6 p Z 1 ,  77oU9, 

82747 
771231.275”6377278382.285, 772Bl39O, 81920, 82620.47, 

Reich, I. L.. 129”, 1307’, 13l7I, 13!j7I, 52V1, 6 7 P ,  
76P3l. 771U128s* 772231390 

Reich, P.,’772m, 7?32&- 
Reich, S. H.. 415IISE, 418”” 
Reichel, L., 7 7 P  



Author Index 939 

Reichenbach, G., 7ao" 
Reichert, D. E. C., 51g2I 
Reid, E. E., 7582, 7602, 7612, 768Ig7 
Reid, R. G., 37272. 
Reilly, P. J., 555@ 
Reinecke, M. G., 22lZ8 
Reineke, C. E., 83480 
Reineke, L. M., 57% 
Reinert, T. J,, SO7' 
Reinhoudt, D. N., 333u 
Reinking, P., 70626 
Reissenweber, G., 674% 
Reitano, M., 248"', 801& 
Reitz, A. B., 52345 
Reitz, D. B., 22564 
Rejowski, J. E., 229Io8 
Relenyi, A. G., l W a  
Relya, D. I., 76037, 76 I 37 
Renaud, J.-P., 42614" 
Renfrow, W. B., 2438 
Reng, G., 429157* 
Renga, I. M., 12g7', 1307', 13171-82, 13571, 67SS8, 

Renger, B., 22S6 
Renk, E., 7006' 
Renken, T. L., 768203 
Renneke, R. F., 967 
Renner, R., 17'78 
Renson, M., 774324333 
Rentzepis, P. M., 85 1 14, 8W3, 856%, 86Y7 
Repke, K., 19828 
Reuman, M. E., 7W9 
Reuss, R. H., 186178 
Reuter, J. M., 107'69 
Rey, M., 410i03 
Reynolds, B. E., 22783 
Reynolds, D. P., 68285 
Reynolds, G. F., 236=J5 
Rheinboldt, H., 770248, 772293, 773293 
Rhodes, C. J., 85460 
Rhodes, S. P., 59519, 59819 
Rhouati, S., 47772, 48372 
Riahi, A., 107158J59 
Ricard, M., 841 16, 84216 
Ricci, A., 3307 
Ricci, M., 70830 
Rice, F. A. H., 72323 
Rice, K. C., 22453 
Rice, S. N., 47883 
Rich, D. H., 
Richards, D., 76"' 
Richardson, A. C., 71262 
Richardson, T. J., 882i68 
Richardson, W. H., 85119 
Riche, M. A., 20667 
Richer, J.-C., 447" 
Richey, F. A., Jr., 12336, 186180 
Richman, R. M., 95". 10817' 
Rickards, R. W., 37374, 375", 771263 
Riebsomer, J. L., 48815' 
Rieche, A., 613' 
Ried, W., 657", 65826 
Riegel, B., 100'20 
Riehl, J.-J., 12lZ2", 51714, 56488, 56888 
Rieker, A., 8W0 
Rieker, W. F., 875118 

769231, 771231377285, 772231290 

Riemland, E., 6p9  
Rigby, W., 7036*7, 7M7 
Rigden, 0. W., 498227 
Riguera, R., 74aS5 
Rilatt, J. A., 63570 
Riley, D. P., 7481i5, 7651MJ45J46 85123 
Rimbault, C. G., 9897, 16Y5, 1661i1 
Rinaldi, P. L., 777375 
Rindone, B., 17012' 
Ringold, C., 56597 

Riordan, J. C., 69am 
Risley, H. A., 7 w 3  
Ritchie, T. J., 721 l5 
Rittmeyer, P., 874Io5 
Rittweger, K. R., 70% 
Rivera, A. P., 8 2 p  
Rivera, M., 502262 
Rivera, V., 69324 
Rivers, D. S., 9571, 108'77 
Rivibre, H., 45016 
Rivlin, V. G., 70946 
Rizvi, S. H. M., 71g5 
Rizvi, S. Q. A., 778398 
Rizvi, S. Q. R., 162@ 
Rizzi, J. P., - I M ,  410102 
Robas, V. I., 500236 
Robeerst, A. J. M. S., 7591° 
Roberts, B. P., 59856, 5W7, 604133, 607133 
Roberts, B. W., 7 1 P  
Roberts, J. D., S64m, 5690, 74256 
Roberts, J. L., 43815, 445IS 
Roberts, L. D., 75g6 
Roberts, R. A., 1OO1I6, 552s7 
Roberts, S. M., 5937, 67112, 67433*37, 68285 
Robertson, B. W., 5731, 5831, 633' 
Robertson, L. W., 6672 
Robertson, M., 84454 
Robins, M. J., 25ga 
Robinson, B. L., 5W3 
Robinson, C. H., 3W1, 414'" 
Robinson, M., 170122, 171122 
Robson, P., 762" 
Roch, G., 74573 
Roche, E. G., 62p9 
Rocherla, U. S., 102135 
Rocherolle, U., 63G5 
Rockell, C. J. M., 29415 
Rodeheaver, G. T., 45128, 63774J5 
Rodehorst, R., 103138, 25745, 25845 
Rodewald, W. J., 23621J3 
Rodrigo, R. G. A,, 69' 
Rodriguez, A., 67448 
Rodriquez, M. L., 413'18 
Rogers, T., 778m5 
Rogers, V., 55570 
Rogers-Evans, M., 42915' 
Rogic, M., 606147, 700a 
Rohde, R., 383"' 
Rohloff, J. C., 821m 
Rokach, J., 3602' 
Rol, C., 64946 
Roland, D. M., 3 W 2  
Roldan, F., 277Is5 
Rolla, F., 25316, 66361 
Rollema, H., 33115 

Ringold, H. J., 101 133, 136"0*"4*"', 137117, 145'", 253" 



940 Author Index 

Rollin, G., 282'78 
Romano, L. J., 53026 
Romeo, A., 9241*41b, 9341b, 944i, 237", 3102' 
Romero, A. G., 361% 
Romo, J., 9242, 9342 
Ronald, R. C., 414Il9, 83478 
Ronan, B., 777378, 778378 
Ronchetti, F., 274" 
Ronchi, A. U., 137124 
Rondan, N. G., 43936 
Ronlh, A., 80029, 801384 
RGnsch, E., 769%' 
Rooney, C. S., 750126 
Rooney. J. J., 1O7l6l 
Root, R. L., 31233 
Rosati, R. L., 16048 
Rosazza, J. P., 55". 56l', 6358, 6 P ,  66" 
Rosazza, J. P. N., 585h, 6253J3r, 635h 
Rose, A. H., 66", 7074 
Rosen, P., 728" 
Rosen, S., Solz2 
Rosenbaum, D. E., 47P7 
Rosenberg, D. W., 92& 
Rosenblatt, D. H., 4014, ZP8, 7365,7375,7455,7465, 

Rosenblum, S. B., 20885 
Rosenfelder, W. J., 9249 
Rosenheim, O., 8616 
Rosenkrantz, G., 9242, 9342 
Rosenman, H., 107'@ 
Rosenthal, D., 113m, 139IB 
Rosenthal, S., 26172 
Rosi, D., 7S1I3 
Rosich, R. S., 25427 
Rosini, G., 262" 
Ross, R. J., 37?', 37891b 
Ross, S. D., 80357, 80461, 805& 
ROSS, w. J., 40158 
Rossazza, J. P. N., 6253J3b4 
Rossi, G., 41 095 
Rossi, M., 777380 
Rossi, R., 4538' 

7495 

Rossiter, B. E., 36442, 36842, 37579, 3905, 39419,40041, 
40741. 41S1I3. 419132 

Rosslein, L., 42915' 
Rotello, V., 40780 
Rotermund, G. W., 5%41 
Roth, H. D., 85128, 854@, 8 7 P  
Roth, H. J., 4lZ7 
Rothenberger, S. D., 3M4Ia 
Rotman, A,. 409 
Rouessac, F., 40686 
Roulet. R., 25749 
Roush, W. R., 3589, 3 7 P ,  W3, ala, 410w,4151i0, 

41 8129Lb 
RousgeI, M., 45242 
Roussi, G., 878I4O 
Rowe, C. D., 351°5 
Rowe, K., 59522, 600" 
Rowland, A. T., 654' 
Rowlands, M., 5%" 
Rowlands, R. T., 6ga8 
Rowley, M., 376" 
Roy, J., 771268, 772268 
Roy, N., 267Il7, 268Ii7 
Rozen, S., 

Rozhkov, I. N., 8W5 
Rozzell, J. D., Jr., 67217 
Rubottom, G., 185176 
Rubott0m.G. M., 12Iu, 163". 16Y3, 16793.N, 

1 77145,146, 1 78149, 182162,1a, 1 86ln, 47658, 48 1 s, 
Sol9, 53 1 19, 673u, 8 169, 8249942, 82?,85 12' 

Riichatdt, C., 7209." 
RUUOV, E. s., 1298 
Rudashevskaya, T, Yu., 59520 
Rudd, E. J., 80461 
Ruder, S. M., 414Ii9 
Ruff, F., 764lU, 777389 
Rtiger, W., 35814, 6 9 P  
Ruiz-Perez, C., 413Il8 
Runquist, A. W., 32063, 8411° 
Runsink, J., 26276 
Rupaner, R., 39936 
Rupani, P., 5 9 P .  59825 
Rupert, J. P., 84572 
Rum, R. H., 64&, 69432 
Rwhkes, A. M., 747 
Russ, M., 23630 
Russell, A. T., 412'" 
Russell, D. R., 481 ll0 
Russell, G. A., 1%12, 2W2, 22239, 88217', 884'@ 
Russell, R. A,, 3801", 821" 
Russo, G., 1539, 27413' 
Rust, F. F., 108* 
Ruther, F., 8615 
Rutledge, P. S., 92&, 121%. 43815J6, 445I5,16,44716, 

Ruttinger, R., 449l. 450' 
Ruyle, W. V., 92& 
Ruuiconi, R., 7 6 P  
Ryan, K. M., 416122 
Ryan, M. D., 52e8, 765I6l 
Rybak. W. K., 9573r 
Rybakova, N. A., 500136 
Rydzewski, R. M., 25535 
Rylander, P. N., 23612, 5 6 4 I 1 O ,  572Il4 
Ryu, I., 137118, 138118 
Ryzhkina, T. E., 6995' 

SaB, J. M., 334", 34a8 
Saavedra, J. E., 22558*@, 28016' 
Sabari, M., 31441, 31541.42 
Sabatucci, J. P., 567IM 
Sabel, A., 44g2, 4502 
Sabnis, S. D., S5879, 56079 
Sabo, E. F., 139'28 
Sabol, M. R., 174I4O 
Sabourin, E., 19716 
Sabry, S., 6g8' 
Sabuni, M., 505283Jk( 
Sadee, W., 232IS7 
Sadekov, I. D., 7743u,335 
Sadikov, G. B., 59964 
Sadovaya, N. K., 494M2 
Saegebarth, K. A., 558", 562" 
Saegusa, T., 141 13? lW3', 53P9 
Saeki, S., 67218 
Saeva, F. D., 85448, 85548 
Shgi, G., 72325 
Sahoo, S. P., 16257, 72218 
Saida, Y., 33!P 
Saidov, 0. O., 5213' 

502261, 53020, 53120, 7MU 



Saigo, K., 3W8, 31958, 32e8 
Saiki, M., 6 1 P  
Saimoto, H., 281176, 282176 
Saindane, M., 13077, 131"J'5, 37681, 52P6 
Saindane, M. T., 25748 
Saino, T., 489173 
Sainsbury, M., 37372b, 473" 
Sainte, F., 502262 
Sainz, C., 6 P b  
Saito, I., 381104, 881160 
Saito, N., 53760 
Saito, R. M., 47333, 50133, 50233 
Saito, T., 6158 

Sajus, L., 16G3 
Sakaguchi, H., 628& 
Sakaguchi, R., 132%, 1583k,b, 17536b 
Sakai, K., 9563, 1O9lM, 463Iz6, 67218, 
Sakakiyama, T., 9456 
Sakakura, T., 631, 32471, 67974 
Sakamoto, M., 382Io8 
Sakamoto, N., 68080 
Sakane, S., 69643, 69743-49 
Sakata, T., 307" 
Saki, K., 67553 
Sako, M., 877135 
Sakuda, Y., 843 
Sakuragi, H., 881156 
Sakurai, H., 458II3, 6413"96*7, 64rj4, 878138.14l43, gggI38a 

Sakurai, K., 416122, 41"  
Sakuta, K., 7OlM 
Salamond, W. G., 100129 lO4I29 
Salaun, J., 825", 83377,'g4339s40 
Salazar, J. A., 41", 495210, 72219, 72319, 725'9 
Salisbury, L., 23 1 143 
Salisbury, P., W7, 6257, 6357 
Sall, D. J., 415115c, 418115c 
Sallam, L. A. R., 6987 
Salmond, W. G., 2604'. 77Pz1 
Salomon, M. F., 258%, 63050 
Salomon, R. G., 107l@, 23950 
Salvatori, T., 1539 
Salzmann, T. N., 12443, 12543*52, 12643,52, 25746 
Sam, D. J., 5 8 P  
Samanich, D., 44455 

Samizu, K., 29P5 
Sammakia, T., 36lZ3 
Sammes, M. P., 138Iz7 
Sammes, P. G., 635, 493lu7, 72842 
Samuel, 0.. 4 2 P ,  777378s381 77g37* 
Samuelsson, B., 23732*33, 25G9, 272'". 274'", 752146 
Samyn, C., 47S2 
Sanchez, D., 83 la 
Sanchez, F.-J., 35918 
Sanchez, J. F., 63468 
Sancilio, F. D., 5 1 66 
Sander, M., 76276 
Sanderson, P. E. J., 6473* 
Sandler, S. R., 741&v50, 74646,74750.9Jw, 7489.100 
Sandri, E., 764Iz6, 767Iz6 

Sandu, A. F., 9573a 
San Filippo, J., Jr., 279172, 7Ma, 8495 
Sang-Hun Jung, 47993,94 
Sanghvi, Y. S., 364@, 3690, 37650.86 
Saniere, M., 29732 

saito, Y., 35023 

877133 

sandri, s., 280177, 493Iw, 503269, 663@, 6M63 

941 Author Index 

Sanjoh, H., 828" 
Sankararaman, S., 855", 874Im, 877135, 878136, 881162, 

Sanneskog, O., 878142 
Sannit, C., 1OOIu 
Sano, H., 61619 
Santaniello, E., 27917', 283l8', 284I8I, 286189, 331 17, 

Santarsiero, B. D., 230126 
Santelli, M., 554'j3 
Saradarian, A., 7W3 
Sardarian, A,, 23627, 266IO9, 267109, 286I9O, 76027 
Sardarian, A. R., 5 6 P  
Sardina, F. J., 54733 
S a t t ,  L. H., lOO'", 2564 
Sariaslani, F. S., 58531, 625313a4, 63531 
Sarkar, A. K., 36020 
Sarku, T., 8166b, 8246, 8256 
Sartoretti, J., 298" 
Sasada, Y., 47333, 50133, 50233 
Sasaki, K., 761W 
Sasaki, M., 26280 
Sasaki, O., 53023 
Sasaki, T., 1536, 462I24 
Sasaoka, M., 537s8@ 
Sasatani, S., 69638 
Sasse, K., 752Is6 
Sasson, I,, 9795, 11295 
S a s y ,  K. A. R., 605139, 606Is7 
Satish, S., 276149 
Sato. F., 371a, 379Iw, 4od2, 412IW, 414105J0sbsJo8J09, 

Sato, H., 75Olz7 
Sato, K., 6416,7, 65512, 76lS6 
Sato, M., 35652, 378%, 458lll 
Sato, R., 1 lE8 
Sato, S., 1 2 F  
Sato, T., 20878, 538@, 53965, 

Sato, W., 53759 
Sato, Y., 4229, 778391,3929393, 877I" 
Satoh, J. Y., 9 P ,  107165, 53V2, 531U, 70063 
Satoh, S., 713@ 
Satoh, T., 132%, 1583hb, 17536b, 42514" 
Satomi, M., 5302', 53lz1 
Saucy, G., 34611, 34715 
Sauer, G., 383111 
Sauer, J., 2427*28, 2S8, 2528, 482II4 
Saunders, K. H., 74040 
Saunders, W. H., 211 
Saus, A., 7@ 
Saussine, L., 1 lE7, 422139 
Sauter, R., 54322 
Savinova, V. K., lo8] 
Savoea, A. C., 598" 
Savoia, D., 841 l4 
Sawada, H., 73'06, 51818 
Sawai, H., 68493a 
Sawaki, Y., 384II3, 38S1I3, 43821, 748Il3, 765Iw, 76gU1 
Sawhney, B. L., 845" 
Sawicki, Y., 85118 
Sawkins, L. C., 63CP 
Sawyer, D. T., 766170J71, 85lZ3 
Sawyer, T. W., 3467 
Sax, M., 76395 
Saxena, M. P., 579'" 

88216), 88P2 

7W3', 765'". 841 17, 8444@62, 845& 

418Iosb, 423142J43, 458"'. 71264 

682". 69330, 69430, 
80145 



942 Author Index 

Saxena, N., 103143, 266ILz, 267112 
Sazonova, V. A., 6061@JJ61 
Scala, A.. 67442 
Scanga, S. A., 67665 
Scanlon, W. B., 209’ 
Scarborough, R. M., Jr., 23839. 243& 
Scatturin. A., 777386 
Scettri, A., 103’”, 2W, 26599-1O2JO4, 266’05J07, 

Schaad, R. E., ’ 
Schaaf, T. K., 686lo0 
Schaap, A. P., 9690, 9890 
Schacht, U.. 573’17 
Schade, G., 97% 
Schaefer, F. M., 6614 
Schaefer, J. P., 8S7 
Schaefer, W. E., 16P8 
Schaeffer, J. R., 57’l, 5828, 6328, 76043 
Schaeffer, R., 604’28 
Schaer, H. P., 77I2Ob 
Schiifer, H. J., 4233, 23626, 79S9, 796I4J5, 79717, 

Schafer, W. R., 23 1 143 

SchaMhausen, 3. G., 47662 
Schambach, R. A., 7208 
Schank, K., 74P1 
Schardt, B. C., 865 

Scharfman, R., 76277 
Schauble, J. H., 53549, 536m 
Schechter, H., 500240 
Scheffer, J. R., 981°3 
Scheigetz, J., 69326 
Scheinbaurn, M. L., 488’59 
Scheiner, P., 47882 
Schellenberger, H., 70945 
Schellhamer, D. F., 5W8, 53lZ8 
Schenck, G. O., 9687, 9794, 76g2I9 
Scheuer, P. J., 4067s 
Schick, H., 586167 
Schieb, T., 72533 
Schildknecht, H., 576’” 
Schill, G., 76279 
Schilling, L. M., 879” 
Schilling, P., 17174 
Schillinger, W. J., 68283 
Schinz, H., 15415 
Schipper, E., 65617 
Schlageter, M. G., 37683 
Schlecht, M. F., 15837, 53016, 587I7O, 823” 
Schlesener, C. J., 8501°, 85237 
Schlesinger, A. H., 764Iw 
Schlessinger, R. H., 1O5Is1 
Schleyer, P. von R., 2647 
Schlosberg, R. H., 628 
Schlosser, M., 991°sJm, 59639, 85fjSs 
Schluter, G., 221M 
Schmerling, L. P., 746s49, 15lSz 
Schmickler, H., 72533 
Schmid, C. R., 308*O 
Schmid, G. H., 76gZ3O 
Schmidt, G., 27213’, 273’3’. 5032” 
Schmidt, H., 99Il3, 22132 
Schmidt, H. J., 23626 
Schmidt, H. L., 778419 
Schmidt, K., 72533 

~ ~ ~ I O Z , I ~ S I ~ . I ~  53Ol4.15.17 531 I7 , 

8op.rn.n 

S C M ,  H.-D., 26276, 3 9 P ,  W7, 429IJ1 

Schmidt, R. R., 418’- 
Schmidt, W., 248II3, 80876 
Schmiegel, K. K., 1 1 1 
Schmiesing, R. J., 52030 
Schmitt, R. J., 746“ 
Schmitz, E., 47015J6, 4712). 474q 746ag*93 
Schneebeli, J., 230133 
Schneider, A., 36337 
Schneider, H.-J., 13121Ju, 5070, 247’06 
Schneider, M. P., 397% 
Schneider, R., 74147 
Schohe, R., 439% 
Scholl, P. C., 4342, 802M 
Schollkopf, U., 232Is5 
Scholten, H. P. H., 230’” 
Scholz, D., 768% 
Scholz, M., 35543 
Schonber, A., 23012’ 
Schhberg, A., lWS5 
Schors, A., 706” 
Schow, S., 37683 
Schow, S. R.. 73’03 
Schramm, S., 47lZ3, 47423 
Schreiber, J., 482lI8 
Schreiber, S. L., 36lu. 3%26, 41626J24, 54V7, 67661 
Schreiber, T. S., 3WZ6, 41626 
Schrier, J. A., 6672 
Schriesheim. A., 7595J3J6, 7@, 761% 
Schrtider, G., 412Io4, 413’04, 429IS8, 430’58, 442*, 4 4 6 6 2  
S c W r ,  M., 166”, 4376, 4386,4396”, 86688, 86788 
Schroepfer, G. J., Jr., 2649’ 
Schroeter, S., 9794 
Schriippel, F., 482ll4 
Schroter, D., 416122 
Schubert, B., 25318 
Schuda, P., 24159, 43822 
Schuda, P. F., 2419 
Schule, G., 416” 
Schulenberg, J. W., 69014 
Schulte, G., 23737, 24574, 36123 
Schulte-Elte, K. H., 81817 
Schultz, A. G., 1205,2617’, 27615’ 
Schultz, H., 248Ioa 
Schultz, H. S., 766173 
Schulz, G., 4982u 
Schulz, J., 5M303 
Schulz, M., 140IM, 141” 
Schulz, W. H., 72533 
Schulze, P.-E., 4755 
Schulze, T., 5494’ 
Schuster, G. B., 169’09, 85461 
SchUtz, G., 144155 
Schwab, J. M., 4131m*c 
Schwartz, A., 4 4 P  
Schwartz, J., 17*79 45380 
Schwartz, M., 17Iis 
Schwartz, M. A., 33633 
Schwartz, N. N., 67443 
Schwartz, N. V., 5163 
Schwartz, R. D., 78Iz7, 429IS3 
Schwartz, V., 677g 
Schwartzentrinber, K. M., 13”9 
Schwartzmann, S. M., 2W1 
Schwan, J., 42”, 805= 
Schwan, S., 586167 
Schwechten. H. W., 850’ 



Author Index 943 

Schweiter, M. J., 3W8, 40038, 40638, 40938, 41538 
Schweitzer, R., 9241*41* 944’ 152I 
Schwepler, D., 35025, i55, ’ 
Sciacovelli, O., 374771 
Sciano, J. C., 6O5Iw 
Scolastico, C., 170121, 4 4 1 4 5  
Scott, A. D., 26492*93 
Scott, A. I., 97% 
Scott, F. L., 6%‘0 
Scott, L. T., 8@ 
Scott, R. B., 9’ 
Scotton, M. J., 59966 
Scrimin, P., 95@ 
Scriven, E. F. V., 212.436.7J2J8Jl, 357 4755436, 47660 

Scully, F. E., Jr., 22785 
Sebastiani, G. V., 64946 
Sebek, 0. K., 77Il9 
Secci, M., 7773a 
Seddon, D., 80567 
Seden, T. P., 500235 
Sedergran, T. C., I 6264 
Sedlaczek, L., 6675b, 80142 
Sedlmeier, J., 449’q2, 4501g2 
Seebach, D., 124#, 12548, 126@, 22455, 225563765.67, 

22669, 774316 
Seeber, R., 769215 
Seeger, A., 6569 
Seeley, F. L., 731” 
Sefton, M. A., 6462 
Segal, Y., 9567, 107167 
Segnitz, A,, 752142 
Seguin, P., 44667 
Seguin, R., 36OZ1 
Sehgal, R. K., 47327 
Seibert, H., 76g2”, 7702” 
Seidel, B., 37477d 
Seigle-Murandi, F., 7913’ 
Seilz, C., 25318 
Seitz, S. P., 25426, 52241, 52341, 52449 
Seitz, T., 51712 
Seki, K., 175142 
Sekine, Y., 750‘” 
Sekiya, M., 173132 
Selle, B. J., 53231 
Selnick, H. G., 23737, 24689 
Selwitz, C. M., 44g3, 4503, 4533 
Semenov, V. P., 47774 
Semmelhack, M. F., 30P, 30820, 35917,80982 
Senga, K., 342” 
Sengupta, S., 22673 
Sengupta, S. K., 47327 
Senn, J., l W o  
Seno, M., 24”, 47781 
Seoane, G., 32472, 55775 
Sequin, U., 36337 
Seraglia, R., 777376 
Sere, V., 764Iz6, 767Iz6 
Serebryakov, E. P., 47gE9. 72324, 72424 
Str& de Roch, I., 1 1 91, 9 P ,  1 W3 
Sereno, J. F., 268122, 
Serimin, P., 76284 
Serizawa, N., 7712’J22 
Sem. A. A., 40676 
Serra-Errante, G., 635 

47772, 481 I*, 48372J08, 48760, 48’860, 49160, 504Q0, 
74255, 74355, 74455, 750” 

56792, 67872 

Servin, M., 771t61, 772267 
Servis, K. L., 71050 
Seshadri, T. R., 544" 
Sew, A., 75 1 139 

Seth, K. K., 46513' 
Seth, M., 2651°3, 2671°3 
Sethi, S. C., 9573', 384Il2 
Seu, Y. B., 418'*, 45122 
Seufenvasserthal, P., 493191 
Sevenn, T., 751 I4I 
Sevost'yanova, V. V., 493'95 
Sewell, W. G., 768198 
Seyfarth, H. E., 613' 
Shafiullah, S., 481II2 
Shah, G. M., 7W8 
Shah, J. N., 7 m 8  
Shah, S. K., 771276*278, 82647, 82747 
Shahak, I., 4 7 P ,  4765O 
Shalon, Y., 564ll2, 572'12, 587Il2 
Shanka, C. G., 136II2, 137II2 
Shankar, B. K. R., 68389 
Shannon, J. S., 843 
Shannon, P. V. R., 102'" 
Shapiro, R., 37683 
Shapley, P. A., 283IB8, 285lE8 
Sharma, A. K., 29522, 302@ 
Sharma, C. S., 9573n 
Sharma, N. D., 75013' 
Sharma, N. K., 764129 
Sharma, S. K., 70S5 
Sharpe, J., 555@ 
Sharpless, K. B., 8613, 872122, 88%, 9135.37, 11037, 120l9, 

12119, 12319, 12438-39, 12838*39,69, 12938, 13039, 13139, 
146170, 160r4, 16795, 19826, 23842, 23q2, 24042, 
25431, 309", 358', 3645A2, 3685*42, 375'*", 3765, 
3785, 39@4*10*", 391 13, 3934.14-17, 3942.4,l4.I8,l9 
3952*4*'830*b, 3964.14, 39734.15,151, 3984,l6,l6.,l8,3;, 
39934,183, q003,43Al, 4014*59$33, 40263, 431039.6S 
45@,70, 40634339.77, N73A41, 4093.38.77 4103.4 
41 14.13, 4122~~3~1'Xu, 4132Al3.104, 414n 41;38,77 ' 
417131, 4192.132, 42@9135.M, 42~2.77,1;6,136b.i38 ' 
4222.141, 42377.~4L14lb.c 4242.18.138 4252 429h 
4301W59, 431 W161.162.163, 438llJ2, 43928.30, 4 '1  11.12 

442**, 4 4 3 " ~ ~ ~ ,  485"8, 48614, 
~ ~ ~ l @ , l 6 5 , l 6 6 ~ l 6 7 . l 6 8 . 1 6 9 ,  522'0, 5272,4, 52823 5302 

57l1l3, 572Il3, 587l13, 71CF2, 748114, 769227.228, 

843" 

9 ,  

, 

1 ,  

771227.228.269270,272,283, 772272, 775353, 779269, 81921, 

Sharts, C. M., 229"' 
Shavva, A. G., 6W7 
Shaw, B. L., 6305) 
Shaw, C. K., 
Shaw, D. A., 673m 
Shaw, J., 9570370L 
Shaw, M. J., 228Io6 
Shaw, R. A., 203" 
Shay, A. J., 15733, 15833b.43 
Shechter, H., 228Io3 
Sheehan, J. C., 29412 
Sheets, R. M., 267121, 269I2l, 270128, 271121.128, 278121 
Shei, J. C., 763*, 766* 
Sheldon, J. C., 76514' 
Sheldon, R. A., 4378, 527', 62847, 719q 7224, 7244, 

7274, 85 1 17*, 86072 
Sheldrake, P. W., 678" 
Shellhamer, D. F.. 47775 



Author Index 944 

Shen, C.-U., 29413 
Shen, G. J., 5722 
Shen. T., 633& 
Shen, Y., 6880 
Shepelavy, J. N., 21'? 2660, 47995 
Shepherd, J. P., 44453 
Sheppard, A. C., 33010, 42514%, 74jg3 
Sher, P. M., 648*', 731" 
Sheradsky, T., 74a9I 
Sheridan, R. S., 862'l, 88881 
Sherwin, P. F., 768203 
Shiara, T., 1 721U 
Shiba, S., 76156 
Shibasah, M., 57% 
Shibasaki, M., 35335, 3W5, 3 9 F .  410%, 455IO5, 61721, 

Shibata, J., 2Wg3 
Shibata, T., 442*, 493201, 6849h 
Shibata, Y., 67S3 
Shibilkina, 0. K., 75114 
Shibuya, N., 9565 

Shigi, M., 801% 
Shih, S., 870% 
Shiio, I., 5616 
Shiiza, M., 323@ 
Shilcrat, S. C., 4OlS7 
Shilov, A. A., 17173 
Shilov, A. E., 12, 419, 819, 13II8, 172J72 
Shim, S. B., 7M7', 752143 
Shim4 K., 67327 
Shimada, K., 877"5 
Shimadzu, M., 46211g*120 
Shimazaki, M., 5617, 66778 
Shimazaki, T., 414'"*'09, 7 1 p  
Shimizu, I., 9Sa, 142135J"J37, 4507, 4S17, 4557*'Ofj, 

456'08, 457'"*'O9, 4587, 459'", 460116, 461117 
Shimizu, K., 36ou 
Shimizu, M., 247Io3, 30715, 3101', 32315, 52342, 53013, 

771279, 773279, 80l4S 
Shimizu, S., 1 4 P ,  415Il4 

Shimomura, C., 731M 
Shin, D. M., 87410fj 

Shinaki, T., 2437 2537,42*45 
Shindo, H., 2Wi, 20886, 21166 
Shine, H. J., 16798Jo0, 8503,881164 
Shing,T. K. M., 568Io6, 569lOfj, 7W8, 71158,71266, 

Shingaki. T., 2S4'. 2641*5u3J8 
Shinhama, K., 76lS7J8 
Shinkai, I., 228g2, 416122 
Shinkai. S., 76163 
Shinke, S., 100115 
Shinohara, T., 419lyb 
Shinoki, H., 3393 
Shinzo, K., 4340A1 
Shiobara, Y., 47667 
Shioiri, T., 15835, 5 f l i *  
Shiomi, Y., 6 P a  
Shiota, T., 74576*77 
Shiotani. N., 24Sn 

62026,62 1 M, 804@ 

shi-ching chang, 5w 

S h d z u ,  T., 22897, 773299, 779299424A28MJA31 

Shin, D.-S., 2 W  

713" 

Shirahama, H., 91%. 1091", 168"J~,40687 
Shirai. K.. l%Z9 

Shiraishi, M., 410n 
Shirley, N. J., 41O1O0 
Shiro, M., 415lI4, 61S9 
Shirota, Y., 85128 
Shirouchi. Y., 82p6* 
Shishido, K., 56489, 56gS9 
Shiue, C., 75 1 
Shono, T., 170118, 22774n75*77, 248IO9, 70729, 70829, 

761&, 791 ', 7946Ja, 7958*'OJ', 7%12.13, 79716.18-20, 
79818b213, 80145, 802474, 8035' 53-55. 8045859.62, 
80559*65, 80675, 80878-80, 80981.85, 81 191 

Shoolery, J. N., 16P8, 82023, 82335 
Shoppee, C. W., 66670 
Shostakovskii, M. F., 762'5 
Shoup, T. M., 6021MJ"b 
Shoot, B., 35916 
Shrubsall, P. R., 40158 
Shuetake, T., 42514* 
Shugihara, Y., 425149b 
Shumate, R. E., 76514' 
Shushunov, V. A., 602Io6 
Shyamsunder Rao, Y., 25312 
Sicheneder, A., 401611 
Sicking, W., 880152 
Siddall, J. B., 8616. 
Siddhanta, A. K., 37897 
Sieber, R., 449'2,450IJ 
Sieczkowski. J., 3 W 2  
Siegel, B., 4968 
Siegel, E., 65730 
Sierra, J., 
Sigurdson, E. R., 5857, 6257, 6357 
Sih, C. J., 
Sih, J. C., 63364.65 
Siirala-Hansen. K., 474" 
Silber, J. J., 881Ia 
Silben, L. S., 185175 
Siler, P., 219" 
Sillion. B., 4982u, 53756J7 
Silveira, A., Jr., 5%38 
Silventein, R. M., 68492 
Silvenon, J. V., 36651, 414lZ0 
Simandi, L. I., 55880, 55980, 56080, 56180 
Simchen. G., 6W1, 653' 
Simmons, H. E., 2lI3, 25", 26", 47995 
Simmons, H. F., 5 8 P  
Simmons, T., 777369 
Simon, C. D., 19932J3, 20233 
Simon, M., 853 
Simon, R. G., 21913 
Simonet, J., 79719, 80876 
Simons, J. D., 851 l6 

Simpson, I., 47992 
Sims, C. L., 71%'~' 
Simson, J. M., 2661 
Sinay, P., 24576, 635" 
Singaram, B., 59513, 606IS9 

t3Ol3', 145'@, 77841s 

Singer, S. P., 87", 12019,12119, 12319, 12438, 12838, 
12938, 486'". 775353 

Singh, A., 49521i, 52453 
Singh, A. K., 37685 
Singh, B. P., 67439 
Singh. H. S., 4377, 43g7, 85118 
Singh, J., 271 Iz9 
Singh, M., 74S7', 775% 
Singh, N. N., 79IZsb 

. . ~  
Shirai, R.. 142136 



Author Index 945 

Singh. P. R., 884lW 
Singh, R. P., 279lm, 84461, 849'  
Singh, S., 74P5 
Sinha, A., 1O7lrn 
Sinhababu, A. K., 33323 
Sinigalia, R., 42614" 

Sinnreich, D., 765'67 
Sinou, D.. 493l" 
Sipio, W. J., 13178. 52346, 52449 
Siret, P., 566Iw, 71 160 
Siroi, T., 53760 
Sinimanne., S. R., 99llo 
Sisido, K., 599' 
Siskind, M., 851" 
Sisler, H., 100'w, 769232 
Sita, G. E., 9248 
Si@ L. R., 3 9 F ,  4424 
Sivasubramanian, S., 502s8 
SjSberg, K., 47444 
Skalarz, B., 7034 
Skattekl, L. S., 764128 
Skinner, H. A., 593l 
Skolnick, P., 34046 
Skowronska-Ptasinka, M., 33325 
Slade, C. J., 332'8,19 
Slator, G. P., 1524, 1534 
Slates, H. L., 67559 
Slawin, A. M. Z., 1 12198. 82P6 
Slayden, S. W., 59750 
Slebocka-Tilk, H., 77W0 
Sleezer, P. D., 9250, 9456 
Slepushkina, A. A., 500236 
Slessor, K. N., 2384' 
Sletter, H., 748 
Sliwa, H., 661" 
Sloan, M. F., 24j8 
Slomp, G., Jr., 54862, 55362 
Smallheer, J., 24363 
Smegal, J. A,, 8M*M 
Smentowski, F. J., 76153 
Smets, G., 4 7 9  
Smidt, J., 449Is2, 450'2 
Smith, A. B., IlI, 747, 16267, 17667, 23839, 23944,24364, 

Smith, A. L., 22779.80 
Smith, B. C., 203% 
Smith, B. F., 76399, 76a" 
Smith, B. H., 660J7 
Smith, C. W.. 44666 
Smith, D. A., 53OZ8, 53lZ8 
Smith, D. B., 3%26, 41626 
Smith, D. J. H., 45117, 462'7 
Smith, D. L., 43*4, 208", 774315 
Smith, F. A., 66677 
Smith, G., 244@ 
Smith, J. G., 26383, 677& 
Smith, J. L., 878145 
Smith, J. N., 53P8, 53 1 28 

Smith, K., 5943*4, 59533, 5983,4, 60075,6013, tjop, 

Smith, K. M., 256s 
Smith, L. L., 968' 
Smith, M. A,, 75Ol3'j 
Smith, M. R., 765lM, 85123 
Smith, N. R., 7208 

sink, c. w., 77432' 

29837 

607167 

Smith, P. A. S.. 215.7, 35s,7J05, 47554, 6714, 6898 
Smith, P. J., 6145 
Smith, P. W. G., 555'O 
Smith, R. F., 74469 
Smith, S. G., 2293 
Smith-Palmer, T., 502261 
Smolanoff, J., 2 1 912 
Smolinsky, 0.. 276769.72.73, 29", 32" 
Smyth, M. S., 463128 
Smythe, J. A., 1942, 2022 
Snatzke, G., 252". 64944 
Sneen, R. H., 101'33 
Snider, B. B., 4648-50, 47%32, 55zs9 
Snieckus, V., 333", 35547 
Snook, M. E., 13Iz3 
Snow, D. H., 882I7l 
Snow, R. A., 66780 
Snyder, H. R., 599  
Snyder, J. K., 16689, 44143 44243 
Snyder, J. P., 7471°5, 75 1 
So, Y. H., 7 W ,  8 W 3 2  

Sobala, M. C., 7 7 P  
Sobti. R., 676@ 
Sochacka, R., 775350 
Sodeoka. M., 3 W ,  410% 
Soderquist, J. A., 59748, 59855, 6415 
Sodeyama, T., 631 
Sofia, M. J., 64841 
Sofuku, H., 765IQ 
SoiIleux, S. L., 75115 
Soja, P., 12556, 12956, 1 3 P  
Sokolenko, V. A., 5OSs9 
Sokolik, R., 5%32 
Sokolov, S. D., 7 W 8  
Solladie, G., 778413 
Solladi6-Cavallo, A., 490175 
Solomon, D. H., 1523, 1531°, 7 6 P 3  
Solomon, S., 764Iz8 
Somal, P.. 6885. 7lE5 
Soman, R., 544". 551". 556" 
Somei, M., 8718, 33Sg4I 
Somers, P. K., 40Pd 
Someswara Rao, C., 283Is2, 284Ia2 
Somfai, P., 39935, 473% 
Sommaruga, H., 778411 
Sommer, A., 1080 
Sommer, J., 853 
Son, J. C., 72532 
Sonada, A., 9458 
Sondheimer, F., 86l&, 25430 
Sondhi, S. M., 34lS3 
Sone, T., 174135 
Sone, Y., 747Iw 
Song, I. H., 66251 
Song, Y. H., 30921, 318"~~~, 319".s5 
Song, Z., 2 2 P  
SBnke, H., 603Il6 
Sonnet, P. E., 67322 
Sono. S.. 607'62 

Sookkho, R., 45Iz3 
Sorba, J., 72739 
Sorenson, R. J., 2OP 
Sorgi, K. L., 5 2 P  
Soskova, L. M., 767'" 



946 Author Index 

Sosnovsky, G., 9240, 9574.75, 9675.85, 1522, 1532, 1542, 
15838. 17138. 613' 

soh, s., 27&, 3293- 
Sotta, B., 88" 
Soundararajan, R., 498226, 503"6 
Sowden, J. C., 2188 
Sowin, T. J., 580'" 
Sowinski, A. F., 53026 
Spada, A. P., 415II0 
Spadoni, M., 429l%, 777382 
Spagnolo, P., 477@, 493'" 
Spangler, F. W., 156" 
Sparkes, G. R., 24u, 26= 
Spaulding, D. W., 67329 
Speakman, P. R. H., 76282 
Spier, G., 53230 
Spencer, A., 1O8I7l 
Spencer, H. K., 774312313, 777312.313 
Spencer, T. A., 31a6, 43" 
Speranza, G., 109Is3 
Spero, G. B., 86'" 
Speth, D. R., 8614 
Speziale, V., 63261*62 
Spitz, U. A,, 84lI9 
Spitzer, U. A., 12'06, 587'@ 
Sponsler, M. B., 415 
Sprecher, M., 5075 
Springer, D. M., 567IM 
Springer, J. P., 2W7, 34613, 37791, 378g1b, 43937,44037, 

Spry, D. O., 47014, 764106 
Spurlock, L. A., 82338 
Squillacote, M. A., 742% 
Squires, T. G., 763%, 76699 
Srairi, D., W5 
Srebnik, M., 5354546 
Sredojevic, S., 23 1 
Srimannarayana, G., 136lI2, 137112 
Srinivasan, C., 765'" 
Srinivasan, N. S., 768207 
Srinivasan, P. S., 283Ia2, 284182 
Srinivastava, R. C., 775" 
Srivastava, R. D., 247% 
Srivastava, T. N., 775346 
Srivatsas, J., 71g8 
Smic, T., 4123 

Staab, H. A., 595% 
Stacey, M., 15IM, 76028 
Stache, U., 12442 
Stacy, G. W., 7aOJg 
Stadlwieser, J., 74692, 75zg2 
Stahl, R. E,, W7 
Stahle, M., W'm 
Stahnke, M., 4755 
Stamm. H., 4709, 48?,495205 

Stanaback, R. J., 6W5 
Stanfield, C. F., 274139 
Stangl, H., 451", 477" 
Stanley, W., 774310 
Stanovnik, B., 47553, 47653 
Stapleton, A., 338" 
Stapp. P. R., 82853 
Stark, S. R., 5 W 3  
Stsrka. L., 9682*83 

566'0' 

S u b ,  E., 384"". 39938,40038*38b, 40638,40938,41538 

starnos, I. K., 20038  

starling, W. W., 8616 
Staros, J. V., 21'* 
Starratt, A. N., 2762, 41" 
Starrett, J. E., 183'& 
Stass, W. H., 82338 
Stavinoha, J. L., 876IZ1 
steckhan, E., 248"', 799, 7%15, 79717, 808" 
Steege, S., 7% 
Steel, P., 543" 
Stefanelli, S., 44247 
Stefanovic, M., 9241.*11, M4' 
Steffek, R. P., 6253J3bs 
Steffens, J. J., 58531, 625353hc, 6353. 
Steffgen. F. W., 576123 
Steiman, R., 79I3I 
Stein, C. A., 762" 
Stein, J.-L., 499233 
Stein, U., 874Io5 
Steinberg, H., 602'05 
Steinmetz, A., 
Steliou, K., 336" 
Stella, L., 499233 
Steltenkamp, R. J., 816'l 
Stemniski, M. A., 69852 
Stensiij, K.-E,, 8 2 P  

Stephens, R., 76028 
Stephens, T. B., 210%, 211%, 212% 
Stephenson, L. M., 8614. 8161°, 818'O. 81919 
Steppan, W., 6505' 
Stennitz, F. R., 80P ,  873% 
Stembach, D., 66882.M 
Stemfeld, F.. 363% 
Sternhell, S., 35231, 35631, 64945  
Stetter, H., 17'75J76 

Stephan, W., 144'53-1" 

Stevens, C. L., 168'OoJ06, 170'06, 272'", 276'". 65616 
Stevens, D. R.. 738 
Stevens; R. E.,'7W3 
Stevens, R. V., 3186', 376" 
Stevens, T. B., 20775, 20875 
Stevens, T. E., 229"*, 5022m 
Stevenson, T., 646" 
Stewart, D., 2281M 
Stewart, P.. 59SS, 598S 
Stewart, R., 12'05J06, 578IM 85119 
Stewart, R. F., 80029, 8Ol4l ' 
Stezowski, J. J., lw 
Stiles, A. B., 247% 
Still. I. W. J.. 213lO4 

stiriing,'d.J. M., ig613,76269,7titj169,777691, 77869 
Stock, L. E., 68698 
Stock, L. M., 72428 
Stojda. R. J., l e  
Stojiljkovic, A., 229'12, 231 142 

Stoll, A.. Ma, 70410 
Stoll, M., 54319, 546'9 
Stone, D. B., 15149 
Stone, F. G. A., 335%. 5W5, 59S. 5985,6143,62948, 

Stone, M. P., 3747" 
Stones, P. A., 5H71, 56471 
Stoodley, R. J., %I%, 1 12lg8, 35233,82026 
Storey, P. R., 82440 

8166b, 82@. 829.827&, 82*, 8316, 8326,8336. 

Stork, G., 229'". 43933, 64733, 648". 731% 



Author Index 947 

Storme, P., 30158 
Stom, R. C., 5083'0, 74361*65 
Story, P. R., 9686 
Stothers, J. B., 67325 
Stotter, P. L., 120'7, 12317 
Stoudt, G. S., 257%, 268'% 
Stoutland, P. 0,. 415 
Stowell, J. C., 661*, 7 4 P ,  74646 
Strahm, R. D., 59972 
Strasak, M., 451U 
Stratford, M. J. W., 22135 
Strating, J., 9897 
Straub, H., 63257 
Straub, J. A., 371@ 
Strecker, A., 5495 
Streckert, G., 244@s70 
Streukens, M., 80567 
Stridsberg, B., 1%", 19g30 
Strike, D. P., 621" 
Stringer, 0. D., 16263s67, 17667, 772291, 778398, 77925426 
Stroecker, M., 524 
Stroh, R., 74148, 74748 
Stromar, M., 232Is8 
Strukul, G., 108174, 426" 
Stuart, J. D., 80137942 
Stuart, S. J., 35019 
Stuchal, F. W., W2, 882'72 
Stucki, C., 230'33 
Studenikov, A. N., 47774 
Studnev, Yu. N., 493'% 
Stumpf, B., 6250b, 429l57. 
Stumpf, W., 83270 
Stum, G., 7 4 P  
Stiissi, R., 12445 

Suami, T., 713" 
S U ~ Z ,  E., 41 Is, 157", 4952"3, 72219, 72319, 72519 
Subbarao, H. N., 279I7O, 379O, 84461, 84561 
Subramaniam, C. S., 453@~*, 45464382 
Subramanian, P., 765154 
Suciu, E. N., 751'" 
Suckling, C. J., 546, 145'* 
Suckling, I. D., 26275 
Suckling, K. E., 546, 145'* 
Sucrow, W., 7 4 P ,  74646 
Sudhakar, A. R., 491I8O 
Sudoh, R., 751'38J39 
Suemune, H., 67218 
Suga, T., 843 
Sugahara, T., 74578 
Sugai, T., 5732 
Sugawara, T., 771279, 773279 
Sugaya, T., 20gW 

Sugihara, H., 19717, 66779 
Sugimoto, H., 766170J71 
Sugimoto, M., 843 
Sugimoto, T., 4435L6, 778409 
Sugimura, T., 261@ 
Sugino, H., 5g3* 
Suginome, H., 83479, 83583JJ4 
Suginome, J., 68388 
Sugita, N., 7763s6 
Sugiyama, K., 346" 
Sugiyama, S., 4151151 
Suhadolnik, J. C., 40466 

SU, W.-G., 37375, 40@0 

Suggs, J. W., 103'39, 26065*85 

Suksamram, A., 104'* 
Sulkowski, T. S., 69537 
Sullivan, D. F., 14.4'52 
Sumi, M., 8616 
Sumita, M., 26282 
Sumiya, R., 6451930 
Summers, J. C., 138Iz6 
Sunay, U., 4 W  
Sundararaman, P., 25q8, 82lZ7 
Sundberg, R. J., 2770, 35'03JM, 851 u, 
Sung-Nung Lee, 4801°5, 482'05 
Sunjic, V., 232IS8 

Surkar, S., 82335 
Sumdge, J. H., 53G7, 53P7 

Suschitzky, H., 216, 75OIz5 
Suslick, K. S., 5071.72 
Sustmann, R., 880's2J53, 883175 
Sutherland. I. 0.. 41812*, 45lU, 67114 
Sutherland, I. K., 63P 
Sutin, N., 852% 
Sutoh, S., 76lW 
Sutowardogo, K. I., 4931W 
Sunon, J. R., 7947d 
Suvorova, S. E., 77GS2 
Suwa, S., 86279, 877Iz7 
Suzuki, A., 603108-'1', W I N ,  607162-'68,608170 
Suzuki, E., 109186 
Suzuki, F., 77g4I5 
Suzuki, H., 415'ISb, 460"', 6172', 765Iffl 
Suzuki, K., 173132, 29835, 31542, 76152 
Suzuki, M., 162"I, 22e0, 243&, 274'37,40675,4414, 

Suzuki, S., 429'55, 65512, 6 6 0 4 3  
Suzuki, T., 33736, 3415152, 36963, 37P3, 524% 
Suzuki, Z., 69853 
Svanholm, U., 80139, 85447, 8S47 
Svec, H. J., 528'O 
Sveda, M., 14'" 
Svendsen, J. S., 430Is9, 442&, 489lU 
Svensson, K., 33 1 I5 
Svensson, U., 831- 
Swain, C. J., 40671 
Swallow, A. J., 7" 
Swallow, J. C., 95703701 
Swan, C. J., 7598 
Swandborough, K. F., 23738 
Swann, B. P., 15419 
Swanson, D. D., 765I6' 
Swayze, J. K., 5Sa ,  55768 
Sweat, F. W., 2923*9, 6532 
Swedlund, B. E., 502261 
Sweeting, 0. J., 2035s 
Swenton, J. S.. lW9 
Swem,D., 2435, 9575,9675, 2925, 29S2, 29727,28, 29827, 

299, 3005ss, 3 0 P ,  3%%, 47gW, 498m, 50lU2 
Swigar, A. A., 68492 
Swiger, R. T., 66e2, 882172 

Syfrig, M. A., 225'j5 
Syhora, K., %83 
Sylvester, A. P., 74256 
Synder, J. K., 346'4 356'0 
Syper, L., 65721, 68493b$ 
Syrkin, Y. K., 45138 

sui, s. c., 74688 

S U ~ Z U ~ ,  J.-M., 92"' 499'33 

451%, 65v', 802" 

sy, w.-w., 53439 



948 Author lndex 

Syrova, G. P., 773304 
Szabo, A. G., 8213' 
Szab6, G., 777389 

Szarek, W. A., 258", 274'". 5801*, 712'j7 
Szczepanski, S. W., 673M0, 69533 
Szeimies, G., 4 7 P ,  47773 
Szeleczlry, Z., 80139 
Szeverenyi, Z., 55880, 559". 56080, 56180 
Szmat, H. H., 764II5, 766176J80 
Szmuszkovicz, J., 571 'I8,  576118 
Szuchnik, A,, 775350 
Szurdoki, F., 74693 
Szwarc, M., 85113 

Tabata, A.. 534" 
Tabata, M., 607Ia 
Tabenkin. B.. 547 
Tabushi, I., 16167*'a, 108176 
Tachimori, Y., 751'39 
Tada, M., 102'36, 23P3 
Tada, N., 53758 
Tada, T., 2 5 P  
Tadano, K., 71370 
Taddei, M., 3307 
Tagaki, W., 764'"J''Jl6 
Tagliavini, E., 54P2 
Taguchi, H., 731MJ05 
Taguchi, T., 603108J09 
Tait, B. D., 36339 
Tait, S. J. D., 25315, 27615 
Takabc, K., 223&, 40783 
Takagaki, T., 365" 
Takagi, M., 429'" 
Takagi, T., 766'& 
Takahashi, H., 73P3, 746#', 776358 
Takahashi, K., 9 P .  142'", 229Il3, 23113* 40888i 415II4 
Takahashi, M., 321a, 45373*93, 45473, 45Sd3, 6429,'68282 
Takahashi, O., 429Is5 
Takahashi, S., 45131 
Takahashi, T., 23P9, 40673, 452m0, 45384-87,91, 45484, 

SZBntay, cs., 74693 

45586*87, 458'12, 461IL8. 5432'. 7 W 3  

Takahata, H., 503273 
Takai, K., 169li7, 275'*~~~'], 276'47, 30817, 309%, 32470, 

Takaki, K., 646u, 7733w 
Takamatsu, T., 503273 
Takamoto, T., 751 138~139 

Takano, S., 180Is9, 2 w 5 ,  416Iu, 441", 463lZ9, 68282, 

Takao, K., 107l" 
Takaoka, K,, 9242. 93" 
Takata, J., 80247 
Takata. T.. 75915, 763'02, 76g214, 778403 
Takatani, M., 40677, 409", 414", 415", 421n, 42377, 

Takatsuto, S., 6807'j 
Takaya, H., 265' 
Takaya, T., 76lS5, 76455 
Takayama, H., 25747, 3623', 377)', 41092 
Takaishi, N., g70 
Takebayashi, M., 2437. 2537.a45, 2652, 473u 
Takechi, H., 877133 
Takechi, S., 39937 

67447 

713@ 

569lW 

Takeda, N., 747IM 
Takeda, R., 23843 
Takeda, S., 12016 
Takeda, T., 36859 
Takeda, Y., 412Io5, 4141°5 
Takehira, K., 4621'p12' 
Takei, H., 673" 
Takematsu, T., 423'". 424145b 
Takemoto. Y., 178'", 54435, 55635, 56635, 8 2 P  
Takemura, S., 239 
Takenaka, A., 47333, 50133,50233 
Takeno, N., 12016 
Takeuchi, A., 451" 
Takeuchi, H., 25", 26"%, 
Takeuchi, T., 4067M 
Takeuchi, Y., 47S7, 496217, 497218, 52239 
Taki, H., 227w, 314". 315" 
Takigawa, H., 5722 
Takigawa, T., 68283*84 
Takita, S., 132%, 158% 
Takita, T., 489173 
Tal, D., 8423L. 84342 

Tam, S. Y. K., 31853, 319' 
Tamada, Y., 828" 
Tamaki, K., 773309, 776M9 
Tamao, K., 172IB, 45393, 45593, 6413, 6428-'2, 643l*l5, 

Tamara, Y., 31439 
Tamaru, Y., 12554, 503273 
Tamary, T., 736 
Tam&, J., 74693 

Tamburasev, 2.. 69851 
Tamm, C., l2OI3, 12313, 162%, 180160, 42915' 
Tamoto, K., 881 
Tamura, M., 59S2' 
Tamura, N., 132%, 15836 
Tamura, O., 202& 
Tamura, R., 883'" 

Tam, K.-F., 8154, 8244, 8334 

644'6, 64517-21 647W638, 81613 

~ a m a i k ,  w., 16687 

Tamura, Y.1 l w ,  200", 2024a, 2088q 2W9, 21 les, 
382108. 606Is6. 746w. 82p3sc . , _ _ _  

Tan, T. S.; 412'06 
Tank, B., 764120 
Tanaguchi, M., 33S2 
Tanaka, A., 415"5b 
Tanaka, H., 356m, 53758*60*61, 76160, 7 6 P  
Tanaka, K., 5P8, 503273, 76lU, 766'" 
Tanaka, M., 63', 142'38, 3247', 417Iuk 
Tanaka, O., 4 3 " ~ ~ ~  
Tanaka, S., 7 W 2  
Tanaka, T., 13712), 139'23, 155=, 245", 24681.83*"~86, 

Tanaka, Y., 458"'. 675" 

Tang, R., 13Im 
Tang, R. T., 87298 
Tang, W., 586'63 
Tani, F., 42714& 
Tani, K., 42614' 
Tanigawa, Y.. 9241-41a, 9441, 17313) 
Taniguchi, Y., 69317 
Tanikaga, R., 19717J9, 6677 
Tanimoto, N., 68e0 
Tanimoto, S., 44P, 74797, 778- 
Tanis, S. P., 362M 

64315, 64519, 69328, 8W7', 883I8O 

Tang, C.-P., 407, 36756 



Author Index 949 

Tanko, J., 819, 8243, 8333 
Tanner, D., 744*45, 17I7O, 39935, 47326 
Tanner, D. D., 883175 
Tanoguchi, M., 3 M 5  
Tanouti, M., 59S1 
Tao, F., 446@ 
Taoka, A., 429Is5 
Tapia, R., 35543 
Tarasco, C., 54P2 
Tarbell, D. S., 567Io3, 7W1 
Tarbin, J, A., 67449, 73713 
Tardella, P. A., 2648q49*57, 479%.91 
Tardival, R., 498"O, 53P3 
Tardivat, J.-C., 9251 
Tarka, S. M., 764Iz3 
Tartar, A., 66149 
Taschner, M. J., 81715 
Tashiro, M., 35436, 35536 
Tatchell, A. R., 559O 
Tatlow, J. C., 
Tatsumo, T., 1536 
Tatsuzaki, Y., 423142 
Taub, D., 67559 
Tavanaiepour, I., 778401.401L 
Tawara, K., 415Il4 
Taya, K., 45254*55, 46254-55 
Taylor, B. J., 27815* 
Taylor, E. C., 1541930, 185173, 2924, 33528, 336%. 3586, 

3726, 516', 6143, 71a3, 7243, 73258, 752145, 816", 
8246, 8256, 827&, 828", 8296"59, 831". 832", 833", 
84580, 846'O, 851 87297, 88gg7 

Taylor, E. R., 12228 
Taylor, I. D., #e8 
Taylor, J. E., 4445s-57 
Taylor, K. B., 991°8 
Taylor, R. T., 172IZ7, 3W7, 31957, 44771, 67450 
Tazoe, M., 6461a 
Tazuma, J., 168IO6, 170106 
Teisseire, P., 6148, 6448 
Telshow, J. E., 16G2, 16lS2, 17652, Me2, 18352, 18752 
Templeton, J. F., 15P5 
ten Brocke, J., 429156 
Teradd, T., 30926 
Terahara, A,, 77121J22 
Teraji, T., 493198 
Terando, N. H., 503273 
Teranishi, A. Y., 12439, 12839, 13039, 13139, 43811, 

441", 443", 5272*4, 52g2, 5302, 771272, 772272 
Teranishi, S., 107168, 309u, 3 2 P ,  58717', 82336 
Terao, K., 12g70, 495208.21*213, 496212.2*3, 52452 
Terashima, S., 2776, 2978, 174135 
Teratani, S., 45255, 46255 
Teresawa, I., 7 0 0 ~ ~  
Termine, E. J., 69748 
Ternay, A. L., Jr., 763953%, 777369 
Terrett, N. K., 61613 
Teschner, M., 12448, 12S48, 12648 
Testafem, L., 33g4', 3M5, 77OU'jb, 771256, 773306, 

Tetaz, J. R., 66673976 
Tetenbaum, M. T., 700-5'3 
Tetsukawa, H., 429IM 
Texier, E, 47663 
Teyssie, P., 861 
Tezuka, T., 488'", 4g0155, 765'68 
Thach Duong, 84229930*32 

779427 

Thachet, C. T., 
Thacker, C. M., 14I4I 
Thaisrivongs, S., 54944, 583u, 586u 
Thakor, M. R., 283Ia2, 284IS2 
Thaller, V., 3M4 
Theil, F., 19gZ8 
Theissen, R. J., 140129, 141 IZ9 
Theramongkol, P., W3 
Thetford, D., 493'" 
Thiebault, H., 5 3 P  
Thiensathit, S., 4 5 P  
Thieny, J., 722m, 7 2 P ,  7262037, 73153 
Thijs, L., 47326 
Thimma Reddy, R., 778a1.a1b, 77940lb 
Thomas, A., 22133.M 
Thomas, A. F., 851° 
Thomas, A. P., 36020 
Thomas, C. A., 172'= 
Thomas, C. B., 9243, 9455, 8 2 P  
Thomas, E. J., 54322 
Thomas, E. W., 31336 
Thomas, G. H., 582149 
Thomas, G. J., 351**, 3 W S  
Thomas, H. G., 80567 
Thomas, I., 
Thomas, M., 35648 
Thomas, P. D., 22 1 29 

Thomas, P. J., 4 5 3 @ ~ ~ ~ ,  45464.82 
Thompson, H. W., 15414 
Thompson, J. L., 8616. 
Thompson, M. J., 67329 
Thompson, M. S., 158a 
Thompson, N., IN4, 37478, 674*' 
Thompson, Q. E., 55672 
Thompson, S. R., 487'" 
Thompson, W. J., 3 1 337 
Thomson, J. B., 112197 
Thomson, R. H., 35S3' 
Thomson, S. A., 37688 
Thorp, F. G., 33326, 59Sa3, 606155 
Thottathil, J. K., 256% 
Thurkauf, A., 458Il5 
Thunnes, W. N., 55360 
Thyagarajan,B. S., 84', 89, 92a, log', 1%12, 21512 
Tice, C. M., 36757 
Tichman, P., 47gS5 
Tidwell, T. T., 302u 
Tiecco, M., 33g4I, 34045347, 34347, 77Pa, 77lU6, 

Tiedeman, T., 72429 
Tien, J. M., 65Y9 
Tietze, L.-F., 13Ia7 
Tijhuis, M. W., 230" 
Tiley, E. P.. 231137 
Tilichenko, M. N., 57815' 
Tillotson, A., 12Im 
Timberlake, I. W., 73935, 741*, 74646 
Timm, D., 24u 
Timmons, C. I., 100126 
Timori, T., 57" 
Timoschtschuk, A., 
Tin, K. C., 767I9I 
Tingoli, M., 3 3 P ,  3 e 5 ,  7 7 P ,  7 7 P ,  773306, 779427 
Tinker, A., 635 
Tinley. E, J., 47992 
Tipping, A. E., 8W 

773306,779427 



950 Author Zndex 

Tishchenko, N. A., 1298 
Tishler, M., 9248, 156", 258% 
TiSler, M., 47S3, 47653 
Tisler, T., 19613 
Tissot, P., 876IZ6 
Tisue, G. T., 2426, W6, 477n 
Titov, A. I., 862 
Tius, M. A., 458ll5, 63363, 647'5 
Tllari, S., 65" 
Tobe, M. L., 86073 
Tobinaga, S., 80139 
Tobito, Y., 53333 
Toczek, J., 16690 
Toda, T., 791', 79719 
Toder, B. H., 747 
Todesco, P. E., 73715, 7W9, 76449 
Toga, T., 8616. 
Togo, H., 73046*47, 73259 
Toh, H. T., 747% 
Tohjima, K., 80460 
Tojo, G., 3498*99 
Tokitoh, N., 2Z4'  
Tokles, M., hW9, 44143, 44243 
Tokoroyama, T., 174'", 36859 
Tokoyama, M., 30819 
Tokuda, M., 6031'0J11 
Tokumaru, K., 85 124, 88 1 156 

Tokunaga, Y., 631 
Tolbert, L. M., 851M 
Tolstikov, G. A., 9352, 54318, 57918, 58118, 750129 
Toma, L., 274138 
Tomasic, V., 777'& 
Tomasini, C., 493l", 503269 
Tomesch, J. C., 301@ 
Tominaga, T., 773302 
Tomioka, H., 9@, 30924, 32267, 36963, 37863 
Tomioka, K., 43813, 44P0, 44313 
Tomita, M., 156". 17514' 
Tomita, S., 29V5 
Tomita, T., 6OlE5 
Tomiyoshi, N., 168Io1 
Tomizawa, K., 247Io5, 67446 
Tomoda, S., 496217, 497218, 52r9 
Tomooka, K., 29835 
Tomorkeny, E., 70g3 
T6m6sk6zi, I., 72325 
Tone, H., 24685 
Tong, Y.-C., 759", 765'35, 778135*396, 842z2 
Ton That, T., 71'O0 
Toofan, I., 266'", 267'09, 760t3 
Toni, S., 98104*105, 5375896062, 765", 77025&, 77lZ56, 

819" 
Torimitsu, S., 70062 
Torimoto, N., 2437, 2537*45, 2652J3 
Torisawa, Y., 61721, 621M 
Torizuka, K., 80145 
Torre, G., 747%, 777371.372*37334, 7784M 
Torssell, K.. 2928, 65443 
Tom, T., 548, 51q2, 529' 
Toshimitsu, A., 95&, 128@, 129'O, 495un308~212~13, 

496212J'3*2'4, 505288, 52e7, 5213', 52343, 52452, 
534"A1, 77lZw, 773-, 776- 

Tosk, E., 67435 
Toth, B., 5 5 P  
Touchard, D., 499234 
Touzin, A. M., 229'18 

Tovrog, B. S., 452" 
Towney, P. O., 7W7, 761" 
Townsend, C. A., 3 W  
Townsend, J. M., 1 W  
Towson, J. C., 778399n40'*4'J11 
Trachtenberg, E. N., 84? 8 5 ' ~ ~  
Tradivel, R., 81P7 
Trahanovsky, W. S., 544, Sa4. 644, M4, 714, 724, 754, 

774, 784, 804, 1207, l a p ,  23738, 429Is2, 4 4 5 2 ,  

476", 481", 4931g3, 542'. 543', 6712, 6722, 673*, 
674'. 675', 7O5l7J8, 76PZ3, 85lm312 

Tramontano, A., 418Iz8, 6031''420*'U 
Tramontini, M., 7773673" 
Tranchepain, L., 487IM, 4 9 P  
Travis, E. G., 767'= 
Traylor, P. S., 1295, 1395 
Traylor, T. G., l2", 13", 59514, 59714, 6007', 6017' 
Traynard, J. C., 5 W Z  
Traynelis. V. J., 223". 66l", 764'23 
Traynham, J. G., 15149 
Trecarten, M., 399' 
Trecker, D. J., 230135J36, 766174 
Treibs, W., 9242*46, 9342, 99'13, 15414 
Trepka, R. D., 483Iu 
Tretyakov, V. P., 1298 
Trifilieff, E., 247Io1, 84227.28 
T r i m ,  D. L., 7597*8 
Trivedi, N. J., 67439 
Tmha-Grimshaw , J., 769'' I 

Trofimov, B. A., 1946 
Troisi, L., 167lS6 
Trolliet, M., 12441 
Trombini, C., 54V2, 84114 
Tramel, M., 236M 
Trost, B. M., 9241,41a 9441960 119 124434331 

1254943,529, 1264h, 127k1, 1 i84, 1-72 Id, 173lM.133, 
24693, 32064,355", 491I8O, 493201, 51817, 62p8, 
66881, 679', 76g2I2 

Truce, W. E., 206@ 
Trudell, M. L., 34046 
Truesdale, L. K., 489'&, 7W9 
Truesdell, J. W., 458li5 
Truice, W. E., 816" 
Trupiano, F., 34612 
Trust, R. I., 71 159 
Trybulski, E. J., 67873 
Tsai, H., 25" 
Tsai, M. M., 6672 

Tschesche, R., 573'17 
Tschugaeff, L., 7 7 P '  
Tse, C.-W., 8 W ,  824', 833' 
Tselinskii, I. V., 75013' 
Tseng, C.-P., 752145 

Tsubata, K., 22777, 80P7 
Tsuboi, T., 29948 
Tsubokawa, N., 747Iw 
Tsubokawa, S., 77"' 
Tsubuki, M., 243@, 423142 
Tsuchida, T., 2544, 26s56 
Tsuchihashi, G., 29835, 76278, 778'16 
Tsuchiya, T., 7195, 72014, 7325*57 
Tsuda, M., 85 1 24 

Tsuda, T., 74576 
Tsuhako, A., 2 9 '  

~ s a i ,  Y.-M., 20459,67768 

TSO, H.-H., 261" 



Tsuji, J., 945s, 9 P ,  107Is6, 141 I', 142'34J35J)6J37, 
4 0 6 7 3 ,  4507s'%I4, 4517, 4523943.62, 45369.83-92, 
454833492"6.1'B1@2, 4~~7~86M~I06,45669~108, 457108,IOP, 
4587.112, 459108 460Im.ll6 M1ll7,ll8 &239,43 
4631a-'26, 4 6 5 ' ; O .  73q3, 7k', 8& 

. 
Tsuji, T., 229lIl 
Tsujihara, K., 124*, 76412' 
Tsujimoto, K., 86279, 877Iz7, 882l@ 
Tsujita, J., 7712' 
Tsujita, Y., 77'" 
Tsukamoto, A., 474@ 
Tsukihara, K., 2994s 
Tsunokawa. Y., 38S118 
Tsurata, T., 108'75 
Tsushims T., 529" 
Tsutsui, M., 92@, 9455 
Tsutsui, N., 36859 
Tsutsumi, S., 1 2 P ,  446@, 82P8 
Tu, C. Y., 23944 
Tucker, L. C. N., 26279 
Tuddenham, D., 19826, 401s9. 4035g, 4MS9 
Tufariello, J. J., 605'43 
Tughan, G., 4811'0J", 482115*1'6 
Tuleen, D. J., 20880 
Tuleen, D. L.. 20775, 2087s, 210%, 211%, 21296 
Tullio. D. D.. 80139 
Tumer, A. B.', 15839 
TUncher, W., 747Io3 
Tung, R. D., 40048 
Turchi, I. J., 16264, 336M 
Tumbull, J. K., 6463 
Tumbull, K., 212', 476@, 48760, 48860, 49160, 50460 
Turner, A. B., 136110J14, 14S1@ 
Tumer, J. O., 9570 
Tumer, R. B., 543" 
Turner, R. W., 5W35 
Tumer, W. R., 603112J13 
Turrell, A. G., 87297, 88897 
Turn, N. J., 4lZ5, 4962, 85115 
T u ~ t a ,  A. M., 47P9 
Tyle, Z., 80P7 
Tyner, M., ID, 8 W  
Tzodikov, N. R., 168Io5 

Uchida, I., 2 5 P  
Uchida, K., 180'58, 8 0 P  
Uchida, S., 429Is5 
Uchida, T., 443511, 83479 
Uchimaru, T., 67974 
Uchio, R., 5616 
Uchiumi, S., 45119, 45219. 454'9 
Uchiumi, T., 79Iz9 
Uchiyama, H., 371@, 379'00 
Uchiyama, M., 75013' 
Uchiyama, Y., 40783 
Uda, H., 205& 
Udenfriend, S., 1 lug 
Udodong, U. E., 567'02, 584'02 
Uebelhart, P., 41OIo3 
Ueda, C., 752153 
Ueda, H., 40784. 
Ueda, K., 538@, 67870 
Ueda, Y., 42514* 
Uti, M., 247'02, 25751 
Uematsu, M.. 208'* 
Uemura, D., 44040 

Author Index 95 1 

Uemura, S., 9564*67J72, 10817'J72, 128". 129M, 154'7 
4~1~,49~~2085125~~,4g@l2313,214,505288,52@7' 

52133, 52343, 5 W ,  53OU3,53440.1*, 74032, nlA, 
773m3@, 774326, 77533"244355, 776%3%Ws3S63S363 

Uenishi, J., 2W'. 20886, 21 P, 3W 
Ueno, H., 458lI2 
Ucno, Y.. 31858, 3W8, 320'? 3-, 533'), 61619, 

Ueshima, T., 2481L2, 80984 
Uff, B. C.. 6717 
Uggeri, F., 82P5 
Ugi, I., 778397 
Ugo, R., 108173 45261 
ugolini, A., 406. 
Uhde, G., 843 
Ujhazy, I., 13'1° 
Ukita, T., 615', 62lY, 62335, 624% 
Ulman, A., 14Iz7, @ 
Ut&, W. J., 765'" 
Umani-Ronchi, A., 54V2, 841t4 
Umbreit, M. A.. 872'. 843" 
Umehara, J., 384Il4. 
Umezawa, B., 33V3 
Umezawa, H., 489173 
Umezawa, J., 429'" 
Umezu, T., 45119, 45219, 45419 
Umi, Y., 20887 
Umrigar, P., 372?O 
Uncyama, K., 98104J05, 53761, 7 6 P ,  77ousC, 771*, 

Unni, M. K., 605'" 
Uosaki, Y., 40782 
Ura, T., 7083' 
Urabe, H., 30715, 31015, 32315 
Urbanec, J., 451= 
Urch, C. J., 62132 
Uny, 0. W., 882173 
Urso, F., 482Il7 
Uryu, T., 45376 
Usami, Y., 25639 
Uskokovic, M. R., 268'=, 5Mg2, 56P, 678". 701% 
Uspenskaya, K. S., 739 
Utawanit, T., 1W7 
Utille, J. P., 247Iw 

764'@, 765'", 771a5, 772=, 773265 

Uh, H.-S., 258" 

81p2 

Utimoto, Kl, 25962, 27514', 276'47, 3791°', 599 ' .  601u 
Utlev, J. H. P.. 801". 80673 
Uushori, R., 686% 
Uzlova, L. A., 29418 

Vacca. J. P., 1M8', 31338 
Vacher, B., 73155 
Vagberg, J., 9457 
Vaid, B. K., 83376 
Vaid, R. K,, 22237, 227"JJ1, 833'6 
Vairamani, M., W5 
Vajda, J., 777389 
Vakilwala, M. V., 738" 
Val, J. A. F., 775352L 
Valcavi, U., 6Sa 
Valderrama, J. A., 355" 
Valiant, J., 778*14 
Valk6, K., 7 a g 3  
Vanasse, B., 261a 
van Asten, J. J .  A., 769@ 
Van Beek, G., 373" 



952 Author Index 

van Campen, M. G., 5958,5998' 
van Daalen, J. J., 406 
Van De Mark. M. R., 4342, 774310, 8mm 
Van den Born, H. W., 805& 
van den Broek, L. A. G. M., 763% 
Van Den Elzen, R., 766Ia1 
van den Engh, M., 23618. 2373a, 564'09, 851M 
Van Der Baan, J. L.. 37373 
Van der Eycken, E., 3015839 
Van der Eycken, J., 3Ols9 
van der Gen, A., 12S7, 239  
Van Derveer, D., 6828' 
Vandcwalle, M., 105'47, 3Ols8J9, 36333 
van Dijk, J., 406 
van Dongen, J. M. A. M., 35230, 356% 
Van Eerden, J., 33325 
Van Ende, D., 473% 

Vankar, Y., 20143 

van Leusen, A. M., 232'" 
Vanmaele, J., 10514' 
VanRhecnen, V., 43926*z7 
van Tamelen, E. E., 37998 
van VU@, B. H., 9 5 " ~ ~ ~  
Vaquero, J. J., 351°1 
Varadarajan, R., 267Il9J2O 
Vara M a d ,  J. V. N., 595127, 604i27 
Vargaftik, M. N., 45138 
Varie, D. L., 3644fb 
Varkony, M., 842u 
Varkony, T. H., M, 8 4 2 % ~ ~ ~  
Varley, J. H.. 772288 
Varma, K. R., 6O6lu 
Varma, M., l U 4 9  
Varma, R. S., 1441r9 
Varma, R. V., 686l" 
Varonky, T. H., 14Ia 
Vasella, A., 8613, 493ln5 
Vasil'ev, L. S., 59518 
Vasquez, P. C., 37476 
Vasquez, R. E., 761& 
Vaya, J., 35542 
Vazquez, M. A., 16375 
VgZquez Tato, M. P., 74685 
Veale, C. A., 407w 
Vedananda, T. R., 674", 682" 
Vedejs, E., 

Vedeneyev, V. I., 85242 
Vederas, J. C., 184172 
Venier, C. G., 76399, 76@ 
Venkataraman, S., 55258, 55458 
Veno, H., 40673 
Ventataram, U. V., 76391, 7699' 
Venton, D. L., 220u 
Venturello, C., 38 1 IO7, 708M 
Verbit, L., 6 0 6 I s 8  
Verenikin, 0. V., 493'% 
Vereshchagin. L. I., 7743u 

vankar, P. s., 22017 

vankar, Y. D., 29947,76047 

l e s 2 ,  16lS2, 17G2, 18e2, 18352, 
187522, 22893, 25533, 258s66, 58014, 58614, 6 3 p  

Verhoeve; T; R., 3585, 3645,42, 3685A2, 379, 376s, 
3785, 62v8 

Venna, R. D., 498228 
Vennccrcn, H. P., 7 6 9  
Vernon, J. M., 477" 
Vernon, R. H., 77P7,  776M7 

Vertalier, S., 1OOIU 
Veschambre, H., so46b 
Vessal, B., 56laS, 73829, 7 W  
Veysoglu, T., 548". 555". 557@ 
Viau, R., 766I8I 
Vicens, J., 496215 
Vicentini, C. B., 143I4O 
Vicentini, G., 774336 
Vickovic, I., 69851 
Vidyasagar, V., 68387 
Vieira, P. C., 586Im 844" 
Vigne, B., 5v3, 60(i*471, 78Iz6 
Vignes, R. P.. 53W, 53lU 
Vijayakumaran, K., 272142J43, 276'43J" 
Vikas, M., 674M 
Villa, C. A., 62538 
Ville, G., 272L43, 276'" 
Villernin, D.. 84116, 84216 
Villenave, J. J., 743, 95n 
Villhauer, E. B., 26167 
Vincent, E, 8 1 
Vishwakarma, L. C., 16265*a, 1 8 P ,  184IW. 20247 
Viski, P.. 558%O, 5 5 P .  5ao80.56l8O 
Visser, G. W. M., 53547 
Viti, S. M.,40160,406n, Wn, 414n,415n,421n, 

Vlasova, N. N., 76275 
Vlattas, I., 22893 
Vogel, E., 602%, 7 2 P  
Vogel, P., 25749 
Vojtko, J., 15421, 4 5 1 " ~ ~ ~  
Volante, R. P., 228%, 416'" 
Volger, H. C., 404, 45260 
Volker, E. J., 6q6  
Vollhardt, K. P. C., 33839*40 
Vollmer, J. J., 7 1 p  
Voloshchuk, V. G., 773= 
Vol'pin, M. E., 75i 
Volz, H., 223" 
von Ilsemann, G., 26278, 36225 
von Rudloff, E., 586'@, 7 W 5  
von Schickh, 0.. 752142 
von Strandtmann, M., 198" 
von Tschammer, H., 7006' 
Vora, V. C., 7195 
Vorobeva, L. I., 75Il4 
Voser, W., 128l7I 
Vranesic, B., 380103 
Vu, B., 829@ 
Vuillerrne, J.-P., 9251 
Vukov, R., 72221 

Wada, E., 26388 
Wade, P. A., 22025,665@ 
Wade, T. N., 49822' 

Wadia, M. S., 384'12 
Wadsworth, W. S., 396" 
Waegell, B., 5v2, 9 P ,  4524704, 5032s0281 
Wagatsuma, M., 137IZ3, 139123 
Wagatsuma, N., 4S376 
Wagle, D. R., 454* 
Wagner, A., 768m 
Wagner, D., 49906 
Wagner, K.-G., 740" 
Wagner, P. J., 41% 

422141 42377.141.141b.~ 748114 , 

wadgoonkar, P. P., 602lUJc4b 



Author Index 953 

Wasielweski, M. R., 85449, 85549 
Wasserman, H. H., 9688, 9788, 9888J03, 1 10s8, 1 1  lE8, 

180'56. 183'%, 816". 818'O 
Wasson, R. L., 179152 
Watabe. T., 172'" 
Watanabe, E., 5855, 6255, 6355 
Watanabe, H., 458"' 
Watanabe, K., 56'7J8, 57'*, 253u1 765'". 77314950' 
Watanabe, M., 1%29, 35547 
Watanabe, N., 30818, 4%2'4 
Watanabe, S., 74576 
Watanabe, T., 47333, 50P3, 50233 
Watanabe, Y., 245n*78, 76283 
Watanuki, M., 73'" 
Waters, W. A., 89, 981°', 15423, 15733. 15833b, 338". 

Waterson, D., 646% 
Watkins, B. F., 81OW 
Watson, G., 9455 
Watson, P. L., 36 
Watson, W. H., 162@, 778398*m'9m'1 
Watson, W. P., 7 7 1 2 ~ 3  
Watt, D. R., IW9 
Watt, D. S., 172'=, 174Im, 229'1° 
Waugh, M. A,, 701@ 
Wawzonek, S., 80673 
Wayaku, M., 107'" 
Waykole, L., 131" 
Weaver, W. M., 65518 
Weaver, W. W., 2912 
Webb, K. S., 62542, 62742*43 
Weber, R., 5MM3 
Weber, W. P., 44~4~~, 61614 
Webster, N. J. G., 54V3 
Wechter, W. J., 5951° 
Wee, A., 564%, 56596,568%, 569%, 570% 
Weedon, B. C. L., 30a9, 801" 
Weeks, P. D., 25856, 63V0 
Weerawama, K. S., 77128' 
Wehrli, S., 54439, 55339, 55639 
Wei, J., 330'O 
Wei, T.-Y., 10314'J42, 266"', 267"'J'6, 277It6 
Weichsel, Ch., 20458 
Weidmann, H., 3292 
Weigel, L. O., 358" 
Weihe, G. R., 73Io3 
Weijers, C. A. G. M., 429I5Ob 
Weijlard, J., 71049 
Weiller, B. H., 415 

Weinberg, H. R., 80246 
Weinberg, J. S., 384Il6 
Weinberg, N. L., 799=2*. 8w8., 80136, 802&, 80673 
Weingarten, H., 79823 
Weinreb, S. M., 18316, 248"'. 486143, 491'8', 54P6, 

55256, 748'12, 801" 
Weinshenker, N. M., 29413 
Weinstein, B., 750'36 
Weinstock, J., 23616 
Weinstock, L. M., 493188 
Weis, C. D., 747IM 
Wei-shan, Z., 84P 
Weismiller, M. C., 778399*40'*40'b, 77940Ib 
Weiss, H. A., 7 W 5  
Weiss, J., 850' 
Weiss, R., 1 lE7, 107'62, 422'", 45r5. 7 e 5  

53012, 707", 70946,8504,85 1 I9 

Weill-&pal, J., 80463 

Wagner, R., 39731 
Wahl, A. R., 558n 
Wai, J. S. M., 43015', 442-vc, 489Iu 
Waitkins, G. R., 84', 85', 108' 
Wakabayashi, S., 454% 
Wakamatsu, K., 16258, 24365966 
Wakasa, T., 414Io8 
Wakatsuka, H., 69330, 694% 
Wakefield, B. I.. 3292 
Walba, D. M., 257', 268'", 55360 
Walborsky, H. M., 71265 
Walde, A., 991°7 
Waldvogel, G., 86'& 
Walker, B. H., 252'" 
Walker, B. J., 39622 
Walker, C., 105'49 
Walker, D. L., 31853, 31P3 
Walker, F. J., 19826, 40159 40P3 40359*65, 4 0 6 5 9 9 7 7 ,  

Walker, G. N., 543" 
Walker, H. G., 84'. 85'. 108' 
Walker, P., 135'05, l36lo5, 137Io5, 145Io5 
Walkowicz, C., 675% 
Wallace, T. J., 7595J3J6, 760173'34-36, 7613'j 
Walling, C., 1lE6, 13"', 17'69,4116, 9 9 ' ,  86070 
Wallis, J. M., 86382, 86486, 874'08 
Walsgrove, T. C., 36227 
Walsh, A. D., 
Walter, H. A., 657" 
Walter, L., 878'45 
Walter, R., 7712", 772268 
Walters, T. R., 73717 
Walther, W., 7W3, 71V3 
Walton, J. C., 8607' 
Walts, A. E., 40162 
Wamhoff, H., 73938, 748Io8 
Wan, P., 24P7 
Wanagat, U., 59859 
Wander, J. D., 703', 709', 710' 
Wang, C. H., 883178 

Wang, D., 423IM 
Wang, I. L., 36756 
Wang, W., 883178 

Wang, Y., 31335 
Wang, Z., 583156 
Warawa, E. J., 25319, 25419 
Ward, A. D., 53442, 772298 
Ward, I. G., 2p. 32% 
Ward, M. D., 17179 
Ware, A. C., 64625 
Ware, J. C., 59514, 59714, 60078, 60178 
Ware, R. S., 8014' 
Waring, A. J., 1O8l8O, 6711°, 673'4 687'O 
Waring, C., 73256 
Wamer, A. M., 474% 
Wamhoff, E. W., 1233', 673= 
Wamock, J., 281 174, 282174 
Waqxhoski, M. A., 9135 
Wamllow, G. I., 35'02 
Warren, S., 36g6' 
Wamner, R. N., 380102, 82127 
Washausen, P., 6250b 
Washbum. W. N., 408, 438*36 
Washiyama, H., 835" 

40977, 414", 41577, 42i77, 42jn 

Wang, C.-L. J., 358", 371", 37790, 6744s 

Wang, x., 37477b 



954 Author Index 

Weiss, U., 54P9, 55339, 55639 
Weissberger, A., 3586, 3726, 4706. 4726, 4736, 4746, 

4766, 5 1 62 
Weissenfels, M., 92& 
Weitz, E., 850' 
Welch, J., 231'50J51 2354 
Welch, S. C., 1 11 Igl' 
Weller, A., 85458, 85S8 
Weller, H. N., 318", 37683 
Weller, J. W., 1299, 13123 
Welzel, P., 4 F 3  
Wernple, J., 764'17 
Wendler, N. L., 67SS9 
Wenis, E., 66677 
We&, P., 6M3' 
Wenkert, E., 2213', 2273' 
Wentmp, C., 2117 
Wermeckes, B., 248Io8 
Werner, W., 47335 
Wershofen, S., m7, 42915' 
Wesberg, H. H., 7222L 
Wesseler, E. P., 7383' 
West, J. P., 15'52 
West, P., 7& 
West, W., 65@' 
Westbrook, K., 4962 
Westheimer, F. H., 2529 
Westheimer, F. W., 23619 
Westwood, S., 58014, 58614 
Wettach, R. M., 15S3Ia 
Wetter, H., 67326 
Wetterham, K. E., 83g2 
Wettstein, A., 4lZ0, 128l7' 
Wexter, B. A., 23944 
Weyerstahl, P., 359'9 
Weygand, F., 213'01J02 
Whalen, R., 16I6O 
Whalley, W. B., 83372 
Wheeler, N. G., 7208 
Wheeler, 0. H., 73823 
Wheeler, R. A., 422140 
Whitcornbe, G. P., 31130, 31230 
White, A. D., 31130, 31230, 489172 
White, A. W. C., 23 1 137 

White, D. E., 25427 
White, D. H., 72327 
White, D. R., 16050 
White, F. H., 2245', 274136 
White, J. D., 39p9, 4W3 
White, J. L., 84577 
White, K. B., 179'53 
White, R. F., 429ls6 
Whitehead, M. A., 2659 
Whitehouse, R. D., 771284, 772284 
Whitehurst, J. S., 463'" 
Whitesell, J. K., 54316, 67438 
Whitesides, G. M., 79132, 80132, 42915', 63258, 63758 
Whitham, G. H., 9579, 4702 
Whiting, D. A., 13188, 329,3434 
Whitman, G. H., 9245 
Whitmore, F. C., l O O I i 4  
Whimey, C. C., 5975' 
Whittaker, M., 45366 
Whittle, J. R., 498227 
Whittle, R. L., 486143 
Wibberley, D. G., 739% 

Wiberg, K. B., 1297.'02 4117 8S8 9240147 99112 1oO8Jl2, 

Wiberg, K. E., 7032, 7M2', 7092.7102, 7122 
Wicha, J., 64944 
Wickham, G., 61617 
Wicks, G. E., 75214' 
Widdowson, D. A., 1233s, 14435 
Wiechert, R., 4755, 74'''.'12, 75111.112 8616 383111, 

Wiedernan, P. E., 25537 
Wieglepp, H., 65@ 
Wieland, P., 41M 
Wieringa, J. H., 989 
Wieser, K., 5MB3 
Wife, R. L., 404, 4859 
Wightman, R. H., 299% 
Wightman, R. M., 85240, 85445 
Wijekoon, D., 822% 
Wijnen, M. H. J., 16'65 
Wikstrom, H., 33115, 83lW 
Wilberg, K. B., 53012 
Wilcsek, R. J., 603'14 
Wiley, J. R., 71374 
Wiley, R. H., 7208 
Wilke, M., 35814 
Wilkins, C., 44663 
Wilkinson, G., 108'", 33528, 358&, 5M5, 599, 5985, 

Wilkinson, S. G., 4118, 84', 8 9 ,  108' 
Will, B., 384"", 39938. W, W, 40938, 41538 
Will, S. G., 3565' 
Williams, A. L., 78127 
Williams, A. R., 7W7, 76137 
Williams. D.. 44455 

2356, 2 a 6 ,  252'. i5878,'562;8, 7M21 851'; 

9 ,  

773305 

6143, 62P8, 816&sb, 8246, 829,827&, 829&, 831". 
832&, 833", 84459 

Williams: D.'J., 112198, 13292, 13392, 134%, 35233, 
52348. 82026 

Williams, D. L. H., 4931~ ,5001~ ,  74684 
Williams, D. R., 13179, I@, 274136, 30054, 41097b, 

503276, 54438, 55138 
Williams, E., 67445 
Williams, E. G., 23735 
Williams, G. I., 174139, 7105' 
Williams, H. W. R., 750'26 
Williams, I. D., 42113*, 424'38 
Williams, J. M., 3909, 40161b, 4076'b 
Williams, J. R., 767'% 
Williams, L., 595" 
Williams, M. T., 74365 
Williams, P. H., 
Williams, R. M., 183'67, 226", 230'25, 39933, 55lS3 
Williams, R. W., 54529 
Williams, T. H., 67872 
Williamson, D., 8213' 
Williamson, K. L., 16797J00 
Williard, P. G., 36228-30 
Willis, C. J., 488'62 
Willis, C. L., 826* 
Willis, J. P., 26489, 27SE9 
Willis, W. W., Jr., 7 7 p 9 ,  771a2 
Wilms, H., 581142 
Wilson, A. N., 3067 
Wilson, C. A., II, 77lZ7' 
Wilson, C. V., 718', 731' 
Wilson, D. A., 294" 
Wilson, E. A., 75g6 



Author Index 955 

Wilson, G. E., Jr., 20773 
Wilson, G. S., 765I6I 
Wilson, J. D., 79823 
Wilson, J. G., 66673.76 
Wilson, J. W., 59527 
Wilson, S. L., 169'09 
Wilson, S. R., 428148g, 62S8 
Wilson, W., i20i5 
Wilt, J. W., 64839 
Wilt, M. H., 54437 
Wimalasena, K., 991°8 
Wincott, F. E., 23737 
Wing, R. E., 235l 
WingWah Sy, 502264 
Winkelman, D. V., 76162 
Winkler, I., 5052" 
Winnik, M., 4232 
Winstein, S., 9238,50, w56 

Winter, R. E. K., 22893 
Winter, W., 7 W @  
Winterfeldt, E., 67974*74b 
Wintemitz, F., 71100 
Wintner, C., 482Il8 
Winwick, T., 35651 
Wipf, D. O., 85445 
Wiriyachitra, P., 33O1I, 77433 
Wirth, D. D., 879148, 880148 
Wirth, M. M., 
Wiseman, J. R., 12334, 355& 
Wissinger, J. E., 67320 
Witkop, B., 54631 
Witte, H., 60l8'Q8 
Wittenbrook, L. S., 212IO0 
Wittman, M. D., 54a30, 58e0, 73712 
Witz, M., 74Ig5 
Wix, G., 70g3 
Woggon, W.-D., 8615 
Wohl, R. A,, 506299 
Wblcke, U., 67869 
Wolczanski, P. T.. 38 
Wolf, D. E., 778414 
Wolf, F. J., 71P9 
Wolf, H. J., 6778, 6881 
Wolf, J. F., 248Il0, 801" 
Wolfe, S., 9247, 9456, 196*l, 199", 23628, 23728, 57l1I5, 

Wolff, H., 66671, 6WI3 
Wolff, J. J., 31860 
Wolff, M. E., 16I6l, 236lPl6 

Wolfram, J., 69 1 2o 

Wollenberg, R. H., 2659, 620" 
Wollowitz, S., 770249 
Wolner, D., 4757 
Wong, C. F., 22240 
Wong, C.-H., 79132, 8013*, 31233, 31645 
Wong, C. K., 495211 
Wong, C. L., 85237 
Wong, C. M., 7W8,  765I5O 
Wong, H. N. C., 81Se4, 8243*4, 8333A 
Wong, J., 3 1 87 

Wong, M. K. Y., 25624 
Wong, M. S., 763Iol 
Wong, P. C., 875II1 
Wood, A. E., 767Ig2 
Wood, G. W., 582149 

7682w, 84V7 

woiff, s., 140131 

Wood, J. L., 1O5I5l 
Wood, R. D., 40672, 503272 
Woodard, R. W., 574Iz6 
Woodard, S. S., 39113, 406n, 40977, 41 113, 41213, 41313, 

414", 41fi7', 420135*'", 421nJs6, 42377 
Woodbridge, D. T., 7 6 P 7 ,  76ga2S3, 77lW2, 

773242 
Woodbury, R. P., lWS2 
Woodgate, P. D.,. l2lZ4, 502%l, 53024 53120,70625 
Woods, G. F.. 582149 
Woods, J. M., 73717 

Woodward, R. B., 15733, 43814, 
Woolhouse, A. D., 470', 472,  4734, 4744. 47a4 
Woolsey, N. F., 723%, 724u 
Worthington, P. A., 53I, 63' 
Wosniak, L., 752150 
Wovkulich, P. M., 268Iz2 
Wozniak, J., 132'0°, 14610° 
Wright, G. F., 9P2, 9342, 74686 
Wright, J., 55r7 
Wnght, J. J. K., 3p1 ,  31E8 
Wright, J. L., 52348 
Wright, L. D., 778414 
Wright, S. I., S856, 62=, 6356 
Wrobel, J. E., 403& 
Wu, C. N., 799", 8Ol3'j 
Wu, J. P., 24687 

woods, M. c., 25427 

WU, W.-S., 854", 855" 
WU, Y.-D., 43936 

WU, Y.-Y., 279Ia.'@, 2801av169 
WU, Z.-M., 105150 

Wu, Y. L., 36227 

Wiiest, H., 85" 
Wulff, C., 17176 
Wulff, W. D., 35OZ0 
Wyckoff, R. C., 16I6O 
Wykypiel, W., 22S7 
Wynberg, H., 9897, 2924 

Xan, I., 75g6 
Xie, G., 446@ 
Xu, L., 44664 
Xu, Y., 579133, 580133 

Yablokov, V. A., 6412 
Yablokova, N. V., 6412 
Yabuki, Y., 19719 
Yadagiri, P., 8718J8r 260", 71372 
Yadav, J. S., W9, 24695, 415115d, 68387 
Yaeger, E. B., 800% 
Yaffe, A. D., 863 
Yagadiri, P., 415IlM 
Yagupol'skii, L. M., 773304 
Yakura, T., 829563k 
Yale, H. L., 20249 
Yamachika, N. J., 5286 
Yamada, F., 8718, 33529 
Yamada, H., 14P5 ,  539'j7, 70831, 71370 
Yamada, K., 24262, 243u*66, 407s2, 618" 
Yamada, M., 16258, 24366 
Yamada, S., 2776, 2978, 174135, 36231, 37731, 410g2, 

68388. 835" 

Yamada, X., 16258 



956 Author Index 

Yamada, Y., 73Io5. 248Io9, 31439, 39113. 41113, 41213, 
413". 476@. 80355 

Yamagishi, A., 7 7 8 4 1 2  

Yamagiwa, S., 205@ 
Yama&chi, H., 9IM, 9241*4'b, 9341b, !%I4', 297', 31028, 

3 e 5 ,  761@. 765@ 
Yamaguchi, K.,'743@ 
Yamaguchi, M., 246%, 37gW, 382*, W, 40844, 419'33 
Yamaguchi, R., 2M9, 7945, 878'" 
Yamaguchi, S., 8067' 
Yamaguchi, T., 69328 
Yamaguchi, Y., 5Olu5, 66P2 
Yamaji, T., 458111 
Yamakawa, K., 6Y9, 132%, 158mb, 1 7 P ,  42514~, 

Yamakawa. T., 45388, 4 W 8  
Yamamoto, A., 582138 , 

Yamamoto, H., 3185', 53759, 64Z9, 6%38.434, 

Yamamoto, J., 29q8 
Yamamoto, K., 42514", 4507, 4517, 4S7 ,  4587 
Yamamoto, M., 25747, 618u 
Yamamoto, T., 13 1 8o 

Yamamoto. W., 20887 
Yamamoto, Y., 226'O, 31439, 4l7l3OE, 45370, 579IM 
Yamamura, s., 3373-5 
Yamamura, Y., 69749 
Yamamuro, A., 172124 
Yamanaka, T., 2115, 53761 
Yamane, S., 80249 
Yamanouchi, A., lW58 
Yamasaki, K., 86278, 877'" 
Yamashita, A., 301@ 
Yamashita, H., 77IZ3 
Yamashita, K., 415IIsb 
Yamashita, M., 4 5 P ,  55@', 6 7 P  
Yamato, H., 3W7, 3S2' 
Yamato, T., 35436, 3W6, 67439 
Yamauchi, T., 773309, 776-, 82g6 
Yamawaki, K., 7083' 
Yamazaki, M., 455lo5 
Yamazaki, N., 297" 
Yamazaki, S., 22789 
Yamazaki, T., 40678b, 503273 
Yamazaki, Y., 5939*40, 503271 
Yanada, K., 73Iw 
Yanagisawa, A., 40675 
Yanagiya, M., 168101 
Yanami, T., 22@', 458Il4 
Yanase. M., 2 W 5  
Yandovskii, V, N.. 75013' 
Yang, L., 24682 
Yang, N. C., 9574, 33012 
Yang-Chung, G., 2 W 9  
Yano, Y., 2 2 P ,  761@ 
Yaouanc, J. J., 745*O 
Yardley, Y. P., 153" 
Yarrow, J. M., 583ls3 
Yashiro, M., 45241 
Yasuda, A., 180Is8 
Yasuda. H., 45392, 45492 
Yasuda, M., 34717, 35517 
Yasuda, S., 15529.29E 
Yasuda, T., 5376' 
Yasuhara, M., 7733M 
Yatagai, H., 22670, 45370 

773302 

69743,4547.49 

Yatsu, I., 76lW 
Yazawa, N., 68076 
Yen, H.-K., 22oU 
Yiannios, C. N., 7W3 
Yim, N. C. F., 54312, 55112 
Yip, Y.-C., 81S3, 8243, 8333 
Yiswanathan, N., 22132 
Yocklovidi, S. G., 162@ 
Yoda. H., 40783 
Yoda, N., 801" 
Yokota. Y., 751138 
Yokoyama, A., 23P9 
Yokoyama, M., 843" 
Yonashiro, M., 586'62. 844% 
Yoneda, F., 76152*63$s 
Yoneda, N., 141a 
Yoneda, R., 172IN 
Yonekura, M., 493Iw, 8 W  
Yonemitsu, O., 2M7', 24573*80. 2468'$34'586, 37(~56,686~ 
Yoneyama, K., 423145 42414% 
Yonezawr, T.. 86278, ;177'" 
Yoo, B. K., 3092' 
Yoo, S., 67873 
Yoon, D. C., 765'@ 
Yoon, U. C., 876IU 
Yoke, S. C., 35s4I 
Yoshida, J., 453", 4 5 P ,  6413, 6428-11, 6504749, 7 6 P 3  
Yoshida. K.. 10514, 22Y9, 2 9 ,  35335, 3 5 P .  79470, 

Yoshida, T., 73Iw, 5W8, 7 0 P  
Yoshida, Z.. 31439, 315", 503273 
Yoshifuji, M., 2 2 P  
Yoshii, E., 153" 
Yoshikawa, K., 759" 
Yoshikawa, M., 31441, 31S4I 
Yoshikawa. S., 315" 
Yoshikawa, Y., 764123 
Yoshikoshi, A., 2189, 2202'. 458II4, 5MW, 565" 
Yoshima, S., 65735 
Yoshimura, T., 47010J1*", 76392 
Yoshimura, Y., 1%13 
Yoshino, A., 86278, 8771n 
Yoshino, T., 35649 
Yoshioka, H., 6061s7 
Yoshioka, T., W 7 ' ,  24573, 24681 
Yost, Y., 737" 
Young, D., 61617 
Young, D. P., 446a 
Young, D. W., 154m, 279'&, 67328, 8458'*82, 87297. 

Young, L. H., 70517 
Young, M. W., 87=, 12438, 12838*69, 12p8, l 4 6 I 7 O ,  5283, 

Young, P. A., 19827 
Young, R. J.. 80352 
Young, R. N., 22342, 3602'. 69326 
Young, W. G., 923*30, 94% 
Young Hwan Chang, 47886 
Ystenes, M., 2 M a  

Yu, W. H. S., 16165 
Yuan, w., 54526 
Yun, L. M., 747 
Yur'eva, V. S., 7 7 W  
YUS, M., 5193, 53335*M, 53435, 630J3*, 632@ 

80136, 80353*4, 8S09, 8719, 878143 
yoshida, M., 20989,7794~ 

88897 

76Pz8, 77lZ83@, 7 7 F .  77g2@ 

Yu, C.-A., 80'" 



Author Index 957 

Yusufoglu, A., 429Is1 

Zabicky, J.. 68g6 
Zacharewicz, W., 84) 
Zadok, E., 141m 
Zador, M., 44773 
Zadrozny, R., 47327 
Zahalka, H. A., 45 1 31 

Zahnow, E. W., 801% 
Zaikov, G. E., 542'. 543? 
Zajac, W. W., Jr., 2187, 73717 
Zakrezewski, J., 629 
Zakrzewski, J., 741@, 7 4 P  
Zalkow, L. H., 15416, 174136J37 
Zalkow, L. W., 4 7 P  
Zambri, P. M., 6745' 
zanirato, P., 47769 
Zao, S. H., 777378 778378 
Zard, S. Z., 132'Od, 146'O0, 7196,7206,72533, 7266.35-37, 

Zaretzkii, Z., 407 
Zask, A., 2 3 P ,  35917 
Zatorski, A.. 197', 7 6 P 2  
Zaugg, H. E., 80463 
Zavitsas, A. A,, 9 9 '  
Zawadzki, s., 500245 
Zbiral, E., 488'", 491lE2, 4 9 P ,  506152, 5083*l. 

Zderic, S. A., 6031~5J18J20 
Zee-Cheng, K.-Y., 109181 
Zetiiov, N. S., 494202 
Zeidler, U., 706" 
Zelle, R. E., 
Zeller, K.-P., 3907, 63257 
zenki, s., 74576 
Zenkovich, I. G., 483Iz7 
Zen, R. G., 4126 
Zetterberg, K., 474e(,45, 504282 
Zhai, D., 5 4 P  

727H8, 72g4', 73046*47*49, 73152, 13259 

588 172, I73 

Zhai, w., 54529 

Zhang, N., 283lE8 285'88 
Zhang, W., 42& 
Zhao, S. H., 42514, 777381 
Zhdanov,'Yu. A., 29418 
Zhemaiduk, L. P., 54318, 57918, 581 18 

Zhi-min, W., 84458  
Zhou, B., 579*33, 580133 
Zhou, w. s., 166m 

Ziegler, D., 3a6  
Ziegler, F. E., 2 5 P .  37681 
tielinski, M. B., 81919 
Zilkha, A., 4 9 F  
Zha ,  G., 13183~85, 52PJ6, 521" 
Zimmer, H., 143'45, 3466 
Zimmerman, J., 65725 
Zinke, H., 7126l 
Zinner, G., 7 3 P  
Zi6Ikowsky. J. J., 95'3. 
Zlotin, S. G., 493'" 
Zoller, U.. 5162 
Zon, G., 47gM 
&retic, P. A., 125", 12g56, 1 3 P  
zuberi, s. s., 74795 
Zucker, P. A., 62538 
Zuech, E. A., 44V, 4505, 4525 
Zumbulyadis, Z., 774315 
ZwflUh. R., l2OI3, 12313 
Zurr, D.. 244@s70 
Zushi, K., 45Im, 534@ 
Zviely, M., 707m 
Zwanenburg, B., 473% 
Zweifel, G., 595'L*17 59635, 5975l,60()73, 60173.80 
Zweig, A., 85447, 8;S7 
Zwienak, A., 483Iu, SOOW35 
Zwiesler, M. L., 185174 
Zwoliiski, B., 852M 
Zydowsky, T. M., 2301' 

ZhOu, X.-R., 1O5l5O 

Zpdkow~ki ,  F., 741a, 7 a 4 ,  74799,100, 
74899~100 



Subject Index 
Abietic acid 

allylic oxidation, 93 
Acetaldehyde, chloro- 

by-product 
Wacker process, 451 

Acetaldehyde, cyclohexylidene- 
oxidation, 306 

Acetaldehyde, trichloro- 
Oppenauer oxidation 

secondary alcohols, 320,323 
Acetals 

asymmetric epoxidation 
compatibility, 401 

Acetals, dithio- 
synthesis 

Acetamidation 
electrochemical 

via oxidative cleavage of alkenes, 588 

aromatic compounds, 800 
Acetamides, fluorinated 

synthesis, 498 
Acetates, 2-halocyano- 

syn hydroxylation 
alkenes, 445 

Acetates, p-nitro- 
synthesis, 493 

Acetic acid, phenyl- 
ethyl ester 

synthesis 
solvent for reductive decarboxylation, 720 

via oxidative cleavage of 3-phenylpropene, 583 
Acetic acid, phenylsulfinyl- 

Acetic acid, trifluoro- 

Acetic anhydride 

Pummerer rearrangement, 194 

Beckmann rearrangement, 695 

activator 
DMSO oxidation of alcohols, 294 

Acetic anhydride, trifluoro- 

Acetone, geranyl- 
allylic oxidation, 94 

Acetonitrile, 1,3-dioxolan-2-y1- 
synthesis 

via Wacker oxidation, 451 
Acetophenone 

oxidative rearrangement 
solid support, 845 

oxime 
Beckmann rearrangement, 696 

reduction 
chloroborane, 603 

activator 
DMSO oxidation of alcohols, 295 

Acetophenone, 2’,6’-dihydroxy- 

Acetophenone, p-methoxy- 
synthesis, 338 

oxime 

Beckmann rearrangement, 692 

aromatic compounds, 799 

Acetoxylation 
electrochemical 

a-Acetoxylation 
electrochemical 

amides, 804 
carbamates, 804 
ketones, 798 

Pummerer rearrangement, 196 

reactions with alkenes, 516 

a-halogenation, 122 

synthesis 

Acetylthiosulfenyl chloride 

Acids 

Acoragermacrone 

via isoacoragermacrone, 6 19 
Acridones 

Acrylates 
synthesis, 333 

addition reactions 

Acrylic acid, perfluoro- 

Acrylic acid, ~-(2,6,6-trimethylcyclohexyl)- 

benzeneselenenyl chloride, 520 

oxidative rearrangement, 8 16 

synthesis 

Acrylonitrile 
oxidation 

via oxidative cleavage, 587 

Wacker process, 45 1,452 

electron-transfer equilibria, 850 

halogenation, 122 
Pummerer rearrangement, 203 

decarboxylative fluorination, 723 

carboxyl radicals from, 7 18 
Hunsdiecker reaction, 723 
synthesis, 718 

Acyl hypoiodites 
synthesis, 723 

Acyl nitrates 
decomposition 

Adamantane 

Actinic activation 

Acyl halides 

Acyl hypofluorites 

Acyl hypohalites 

nitroalkanes, 729 

anodic oxidation, 794 
functionalization 

alkylthio, 14 
oxidation 

silver trifluoroacetate, 13 
solid support, 842 
the ‘Gif system, 13 

oxidative rearrangement, 823 
reactions with carbonium ions, 9 

Adamantane, amino- 

959 



960 Subject Index 

quaternary 

synthesis, 727 

synthesis 

synthesis, 505 
Adamantane- 1 -carboxylic acid 

1 -Adamantan01 

via solid support oxidation, 842 
2-Adamantanol 

oxidation 
solid support, 842 

2-Adamantanone 
synthesis 

via solid support oxidation, 842 

C-halogen bond formation, 527-539 
C-N bond formation, 469-508 
C - 0  bond formation 

epoxidation, 357-385.389-436 
glycols, 437447 
Wacker oxidation, 449466 

C - S  bond formation, 5 15-524 
C - S e  bond formation, 515-524 

Adenosine, 6-N-(3,3-dimethylallyl)- 
allylic oxidation, 88 

Adipic acid 
synthesis 

Adiponitrile 

B- Adrenergic blocking agents 

Adriamycin 

Aerothionin 

Aflatoxin B 1 

Ajmalcine 

Alcohols 

Addition reactions 

via oxidative cleavage of cyclohexene, 587 

synthesis, 8 

synthesis, 397 

synthesis, 341 

synthesis, 337 

epoxidation, 374 

microbial hydroxylation, 65 

aliphatic saturated 

anti-Markovnikov, 643 
dimerization 

oxidation, 299,305-325 

anodic oxidation, 802 

mercury-photosensitized, 5 

activated DMSO, 291-302 
chromium reagents, 25 1-286 
solid support, 841,846 

oxidation, 305 
synthesis, via oxidative cleavage of alkenes, 541 

synthesis, via oxidative cleavage of alkenes, 541 

via oxidative cleavage of alkenes, 543 

Primary 

secondary 

synthesis 

synthesis, 632 
Alcohols, alkynic 

asymmetric epoxidation 
kinetic resolution, 423 

oxidation, 300 
Alcohols, amino 

chiral aziridines from, 473 
Alcohols, azido 

cyclization, 473 

Alcohols, @-alkoxy 

Alcohols, a,$-epoxy- 
alkene stereoselective synthesis, 369 
synthesis, 378,403 

Aldehyde dehydrogenase 
coimmobilized 

Aldehydes 
diol oxidation, 316 

dehydrogenation 
palladium catalysts, 140,141 

enol acetates 
halogenation, 121 

halogenation, 120 
a-hydroxylation, 186 
selenenylation, 13 1 
sulfenylation, 125 
synthesis 

via alkenes, 602 
via oxidative cleavage of alkenes, 541 
via selective oxidation of primary alcohols, 305 

via rearrangement of arylalkenes, 828 

Aldehydes, a-aryl- 
synthesis 

protected 
synthesis, 442 

synthesis, 441 
Aldehydes, 2-hydroxy 

oxidative cleavage, 709 
Aldehydes, keto 

synthesis 

Aldehydes, a,&dihydroxy 

via Komblum oxidation, 654 
via Wacker oxidation, 455 

Aldosterone 

Aldoximes 

Alkaloids 

synthesis, 236 

Beckmann rearrangement, 695 

dehydrogenation 
microbiol, 65 

hydroxylation 
microbial, 65 

Alkanecarbaldehydes 
Baeyer-Villiger reaction, 684 

Alkanes 
anodic oxidation, 793 
carbon y lation 

cracking, 7 
dehydrodimerization, 5 
dehydrogenation 

electrochemical oxidation, 8 
functionalization, 2 

transition metal catalysis, 6 

transition metal catalysis, 6 

electrophilic addition reactions, 7 
silyl substituent, 8 

photolytic method, 12 
hydroxylation 

isomerization, 5 
microbial oxidation, 56 
nitration, 8 
reactions with akylpotassium, 2 
synthesis 

thermolysis, 7 

synthesis, 607 

via trialkylboranes, 603 

Alkanes, azido- 



Subject Index 

Alkanes, 1 , 1-bis(dialkoxybory1)- 

formation of aldehydes, 600 
Alkanes, 2,2-bis(dialkoxyboryl)- 

Alkanes, 1 -fluoro-2-amino- 
synthesis, 498 

Alkanes, nitro- 
synthesis 

oxidation 

oxidation 
formation of ketones, 600 

via decomposition of acyl nitrates, 729 
Alkanes, nitroso- 

synthesis 
via oxidation of amines, 737 

Alkanesulfonic acids 

Alkanoic acids, aryl- 
synthesis, 14 

methyl esters 

oxidation, 336 
synthesis, 827 

anodic oxidation, 81 1 

via oxidative rearrangement of aryl ketones, 829 
Alkanoic acids, perfluoro- 

decarboxylation, 930 

oxidation, 336 
Alkanones, a-aryl- 

synthesis, 827 
Alkenes 

acyclic 

Alkanols, aryl- 

diastereoselective hydroxylation, 44 1 
epoxidation, 359,368,378 

cleavage, 506 
nitrogen and halogen, 498 
nitrogen and oxygen, 488 
nitrogen and sulfur, 493 
two nitrogen atoms, 484 

addition reactions, 493 

amination, 470 
anodic oxidation, 794 
asymmetric dihydroxylation, 429 
aziridines from, 470 
1,2-bifunctionalization, 533 
bishydroxylation, 867 
cyclic 

epoxidation, 361,364,376 
ring contraction, 831 
ring expansion, 83 1 

electrochemical oxidation, 98 
electron-deficient 

epoxidation, 372 
epoxidation, 358,390 

solid support, 841 
hydroboration, 595 
hydrosilylation 

trichlorosilane, 642 
hydroxylation 

anti, 438 
syn, enantioselective, 441 
Woodward’s procedure, 444 

internal 
oxidation, 462 

no directing groups 
epoxidations, 375 

oxidation 
nitrogen addition, 469-508 

permanganate, 444,844 
Wacker process, 449 

solid support, 845 

hydroxylation, 445 

via organoboranes, 603 

allylic oxidation, 95 
oxidation to methyl ketones, 452 

oxidative rearrangement, 8 16,828 

photosensitized oxygenation, 96 
steroidal 

synthesis 

terminal 

2-Alkenes 

Alkenes, aryl- 

2-Alkenes. 1,4-diamino- 

Alkenes, 1,2dichloro- 

allylic oxidation, 93 

oxidative rearrangment, 828 

synthesis, 504 

ozonolysis 
formation of methyl esters, 574 

Alkenes, y-hydroxy- 
oxidative cleavage 

selective oxidation, 454 
Alkenes, iodo- 

synthesis, 606 
Alkenes, nitro- 

synthesis, 493,534 
Alkenes, perfluoro- 

reaction with nitric oxide, 488 
Alkoxidcs, amino- 

o-lithiated 

synthesis of lactones, 574 

hydroxylation, 333 
Alkox ymercuration 

oxidative demercuration, 63 1,632 
a- Alkylation 

Pummerer rearrangement 

Alkyl fluorosulfonates, P-nitroperfluoro- 
synthesis, 493 

Alkyl halides 
oxidation 

preparation of a-alkylated sulfides, 199 

dimethyl sulfoxide, 291 
Alkyl hydroperoxides 

epoxidation, 375 
Alkyl nitrates, p-bromo- 

synthesis, 533 
Alkyl nitrite 

reoxidant 
Wacker process, 452 

Alkynes 
addition reactions 

hydrosily lation 

hydroxylation, 439 
oxidation 

oxidative rearrangement, 833 
synthesis 

benzeneselenenyl chloride, 52 1 

chlorodimethylsilane, 643 
(diethoxymethyl)silane, 643 

solid support, 844 

via aldehydes, 620 
via oxidation of bishydrazones, 742 

Allenes 
addition reactions 

96 1 
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selenium electrophiles, 520 
Allethrolone 

L-Allose 

Allyl alcohol, 1, l-dimethyl- 

Allyl alcohol, 3,3-dimethyl- 

synthesis, 795 

synthesis, 402 

asymmetric epoxidation, 417 

asymmetric epoxidation, 409 

asymmetric epoxidation, 413 
Allyl alcohol, 3-trimethylsilyl- 

asymmetric epoxidation, 413 
Allyl alcohols 

addition reactions 

asymmetric epoxidation, 397 

(2,3E)-disubstituted 

(2,3Z)-disubstituted 

1,l-disubstituted 

3,3-disubstituted 

epoxidation, 370,378,391 
halomethylsilyl ethers 

radical cyclization, 648 
hydroxylation, 439 
intramolecular hydrosilylation, 645 
(3Z)-monosubstituted 

asymmetric epoxidation, 405 
oxidation, 306,307,3 18 

Collins reagent, 258 
4-(dimethylamino)pyndinium chlorochromate, 269 
DMSO, 296 
solid support, 841 

Allyl alcohol, stannyl- 

benzeneselenenyl chloride, 520 

molecular sieves, 396 

asymmetric epoxidation, 406 

asymmetric epoxidation, 408 

asymmetric epoxidation, 417 

asymmetric epoxidation, 409 

oxidative rearrangement, 821 
(3E)-substituted 

1 -substituted 

2-substituted 

synthesis, 84,3% 

tertiary 

2,3,3-trisubstituted 

asymmetric peroxidation, 400 

asymmetric epoxidation, 409,413 

asymmetric epoxidation, 398 

via oxidation of allylstannanes, 616 

oxidative rearrangement with pyridinium 
chlorochromate, 263 

asymmetric epoxidation, 409 
Ally lation 

carbonyl compounds 
preparation of 1 ,4-dicarbonyl compounds, 455 

Allyl esters 
regioselective oxidation, 464 

Allyl ethers 
regioselective oxidation, 464 

Allylic compounds 
microbial oxidation, 77 

Allylic hydroxylation 
A'-steroids, 77 

Allylic oxidation, 83 
allylic alcohols from, 84 
metallation, 99 

selenium dioxide 
mechanism, 85 

a$-unsaturated carbonyl compounds, 99 
with rearrangement, 817 

chlorination, 209 

reaction with aldehydes, 603 

microbial hydroxylation, 65 

synthesis, 712 

solid support 

Allylic sulfides 

Alpine borane 

Alstonine, tetrahydro- 

Altholac tones 

Alumina 

chloral, 841 
oxidants, 840 

Aluminum, trimethyl- 

Aluminum chloride 
Beckmann reaction, 697 

oxidative cleavage of alkenes 

oxidation 

with ethanethiol, 588 

secondary alcohols, 323 

anodic oxidation, 804 
asymmetric hydroxylation, 183 
dehydrogenation 

copper(II) bromide, 144 
a-hydroxylation, 183 
microbial hydroxylation, 59 
sulfenylation, 125 
synthesis 

via ketones, 694 
tertiary 

dehydrogenation, 122, 144 
Amides, N-halo- 

radical reactions 
alkenes, 503 

Amides, vinylogous 

Aluminum tri-t-butoxide 

Amides 

synthesis 
via Beckmann reaction, 697 

Amidines 
synthesis, 476 

via alkenes, 494 
Amidoalkylation 

electrochemical, 804 
Amidoselenation 

alkenes, 495,523 
1 -Amido-2-sulfenyl compounds 

synthesis, 494 
Amination 

amines 
primary, 741 
secondary, 746 

Amine oxides 
asymmetric epoxidation 

kinetic resolution, 423 
oxidation with 

halides, 663 
polymers 

alkyl iodide oxidation, 663 

aliphatic 

aromatic 

Amines 

anodic oxidation, 803 
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anodic oxidation, 804 
biological oxidation, 736 
dehydrogenation, 738 
dimerization 

heteroaromatic 
mercury-photosensitized, 5 

N-oxidation, 749 

oxidation, 736,842 
synthesis, 606 

oxidation, 745 
synthesis, 607 

synthesis, 607 
Amines, di-t-alkyl- 

synthesis, 737 
Amines, halo- 

reaction with alkenes, 471 
Amines, P-hydroxy 

asymmetric epoxidation 
kinetic resolution, 423 

Primary 

secondary 

tertiary 

Amines, perchloryl- 
synthesis 

via chlorination of secondary amines, 747 
Amines, perfluom-N-bromo- 

addition reactions 
alkenes, 500 

Amines, P-phenoxy- 
synthesis, 490 

Aminium ions 
synthesis 

via oxidation of secondary amines, 745 
via oxidation of tertiary amines, 749 

Amino acids, dehydro- 
synthesis, 122 

a-Amino acids, y-hydroxy- 
synthesis, 490 

Amino alcohols 
resolution, 493 

Amino cyclitols 
synthesis, 712 

Aminomercuration-oxidation, 638 
Aminonitrenes 

synthesis 
via oxidation of 1,l-disubstituted hydrazines, 742 

Aminopalladation 
aziridine synthesis, 474 

Amino sugars 
synthesis, 7 12 

Aminosulfeny lations 
alkenes, 493 

Aminyl radicals 
synthesis 

via oxidation of anilines, 739 
via secondary amines, 745 

alcohols, 283 

alcohols, 283 

Ammonium chlomhromate, benzyltriethyl- 

Ammonium chlorochromate, benzyltrimethyl- 

Ammonium chlorochromate, tetra-n-butyl- 

Ammonium chlorochromate, trimethyl- 

oxidation 

oxidation 

oxidation 
alcohols, 283 

oxidation 
alcohols, 283 

Ammonium chromate 
resin support 

alcohol oxidation, 280 
Ammonium dichromate 

oxidation 
solid support, 845 

alcohols, 286 

Ammonium dichromate, bis(tetrabuty1- 
oxidation 

Ammonium hydroxide, tetraethyl- 
hydroxylation 

tetrasubstituted alkenes, 439 
Ammonium molybdate 

oxidation 
secondary alcohols, 320 

ethers, 236 

Ammonium permanganate, benzyltriethyl- 
oxidation 

Ammonium permanganate, benzyltrimethyl- 

Ammonium permthenate, tetra-n-propyl- 

primary alcohols, 3 11 
Ammonium persulfate 

alkene hydroxylation, 447 
Ammonium radical cations, alkyl- 

alkane oxidation, 17 
Ammonium tetrabromooxomolybdate, benzyltrimethyl- 

oxidation 

Amphetamine 
synthesis, 502 

a-Amyrin acetate 
allylic oxidation, 1 12 

Sa- Androstanes 
microbial hydroxylation, 72 

Sa-Androstan-3-one 
microbial hydroxylation, 69 

5-Androstan-17-one 
microbial hydroxylation, 7 1 ,73 

5-Androstan-17-one, 12,12-difluoro- 
microbial hydroxylation, 73 

Sa-Androstan-3-one, 16P-hydroxy- 
microbial hydroxylation, 7 1 

Androstd-ene-3.17-dione 
microbial hydroxylation, 74 

9a ,  1 O~-Androst-4-ene-3,17-dione 
microbial hydroxylation, 7 1 

9P, lOa-Androst-4-ene-3,17-dione 
microbial hydroxylation, 7 1 

Androsten-3-01-17-one 
hydroxylation, 11 

Androst-5-en- 17-one, 1 $,3P-dihydroxy- 
synthesis, 73 

Anemonin 
synthesis, 619 

Aniline, N-allyl- 
oxamination, 489 

Aniline, 2-nitroso- 
synthesis 

alkane oxidation, 12 

oxidation 

secondary alcohols, 321 

via oxidation of o-phenylenediamine, 737 
Aniline, pentachloro- 

oxidation 
sodium hypochlorite, 738 
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Anion exchange resins 

Anisatin 
synthesis, 242 

Anodic a-acetoxylation 
ketones, 798 

Anodic hydroxylation 
aromatic compounds, 800 

Anodic a-methoxylation 
ketones, 798 

Anodic oxidation 
alkanes, 793 
benzylic position 

aromatic compounds, 801 
1 ,2-diols, 707 
double mediatory systems, 809 
electrochemical, 790 
heteromediatory systems, 808 
homomediatory systems, 808 
mediators, 807 
unsaturated compounds, 794 

Antheridic acid 
synthesis, 90 

Anthracene 
anodic oxidation, 799 
charge-transfer osmylation, 864 
osmium tetroxide complex 

time-resolved spectra, 865 
radical cation 

absorption spectrum, 865 
thermal osmylation, 863 

Anthracene, 9-bromo- 
charge-transfer osmylation, 864 

Anthracene, 9,lO-dibromo- 
charge-transfer osmylation, 864 

Anthracene, 9-nitro- 
charge-transfer osmylation, 864 

Anthrac ycline 
synthesis, 341 

Anthracyclinone antibiotics 
synthesis, 345 

Anthraquinone 
charge-transfer osmylation, 864 
synthesis, 341 

Anthrasteroids 
synthesis, 833 

Antibiotic X-2% 
synthesis, 245 

Antidepressants 
synthesis, 397 

Antimony, alkylbis(pheny1thio)- 
synthesis, 728 

Antimony pentachloride 
activator 

reaction with alkenes, 530 

synthesis 

Aphidicolin 
synthesis, 633 

Aply siatoxin 
synthesis, 246 

Aplysiatoxin, debromo- 
synthesis, 246 

chromic acid 
alcohol oxidation, 280 

DMSO oxidation of alcohols, 299 

Antirhine 

via Baeyer-Villiger reaction, 682 

Apocamphane- l-carboxylic acid 
decarboxylation, 732 

Arabinol 
synthesis, 645 

Arachidonic acid 
lipoxygenase metabolites 

synthesis, 73 1 
Arenecarbaldeh ydes 

Baeyer-Villiger reaction, 684 
Arene oxides 

microbial hydroxylation, 78 
Arenes 

amination, 10 
osmylation 

synthesis, 712 

charge-transfer, 865 
electron transfer, 866 

electrophilic aromatic substitution, 870 
time-resolved spectra, 864 

Arenes, methoxy- 
oxidative demethylation, 346,350 

Arenesulfonamides. N jVdichloro- 
reactions with alkenes, 498 

Arenesulfony 1 halides 
addition reactions 

alkenes, 5 18 

nicotinium dichromate, 277 

radical cations 

Arene thiols 
dimerization 

Arenethiosulfeny 1 chlorides 
reaction with alkenes, 516 

Amottinin 
synthesis, 823 

Aromatic compounds 
anodic oxidation, 799 

Aromatic compounds, nitro 
irradiation, 43 

Aromatic hydrocarbons 
nuclear hydroxylation 

microbial, 78 
Aromaticin 

synthesis, 31 3 
Aromatic substitution 

electron-transfer, 872 
Aromatin 

synthesis, 3 13 
Aromatization 

alkanes, 6 
quinones, 136 
steroids 

Arthrobacter simplex 

a-Arylation 

microbial, 67 

dehydrogenation, 145 

Pummerer rearrangement 

Aryl halides 
synthesis, 340 

Arylic oxidation, 329 
Asperdiol 

synthesis, 647 
Aspergillus awamori 

hydrocarbon hydroxylation, 59 
Aspergillus niger 

hydrocarbon hydroxylation, 62 

preparation of a-arylated sulfides, 199 
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Aspidodispermine, deoxy- 

Asteromurin A 

Asymmetric dihydroxylation 

Asymmetric epoxidation 

synthesis, 175 

synthesis, 243 

alkenes, 429 

absolute configuration, 391 
alcohol-free dichloromethane, 394 
catalysis 

titanium complexes, 422 
catalyst preparation, 394 
competing side reactions, 394 
concentration, 394 
diastemselectivity, 397 
enantiofacial selectivity, 397 
enantioselectivity, 391 
mechanism, 395 
methods, 425 
molecular sieves, 3% 
oxidant, 394 
solvent, 394 
stoichiometry 

catalytic reaction, 393 
ratio of titanium to tartrate, 393 

1 -substituted allyl alcohols 
kinetics, 41 1 

substrate structure, 397 
titanium tartrate catalysis 

mechanism, 420 
Asymmetric hydroxylation 

Attalpugite 
ketones, 162 

solid support 
oxidants, 845 

Auraptene, 3,6-epoxy- 
synthesis, 406 

Auraptenol 
oxidative rearrangement, 823 

Autoxidation 
alkanes, 10 
dienes, 861 

Avermectin AI, 
synthesis, 237 

Avermectin Az,, 
allylic oxidation, 93 

Avermectins 
synthesis, 300 

Azaalditol 
synthesis, 638 

Azac y clopmpanes 
synthesis 

Azadiradione 

Azepine, N-(methoxycarbony1)- 

2-Azetidinone. 34  1 -hydroxyethyl)- 

2-Azetidinones, 4-(phenylthio)- 

via oxidation of p-stannyl phenylhydrazones, 628 

synthesis, 634 

synthesis, 507 

synthesis, 647 

synthesis 
via Pummerer m g e m e n t ,  201 

Azides 
Beckmann reaction, 6% 
oxidation, 752 
synthesis 

via nitrosation of hydrazines and hydrazides, 744 
Azides, alkoxycarbonyl 

reactions, 477 
Azides, arenesulfonyl 

reactions with alkenes, 483 
Azides, aryl 

reactions with organoboranes, 607 
Azides, 1.2-dichloro 

synthesis, 507 
Azides, diethylphosphoryl 

reaction with norbomene, 483 
Azides, ethoxycarbonyl 

nitrenes from, 478 
Azides, 2-iodoalkyl 

aziridine synthesis, 474 
reactions with organoboranes, 607 

Azides, phenylselenenyl 
reactions with alkenes, 4%, 522 

Azides, trimethylsilyl 
oxidative cleavage of alkenes 

Azidoselenation 
alkenes, 4% 
cyclohexadiene, 506 

hazards, 470 
nitrogen unsubstituted 

synthesis, 470 
phosphorylation, 483 
quatemized, 484 
resolved 

synthesis, 482 
ring opening, 470 
N-substituted with 0 or S, 483 
synthesis, 744 

introduction of nitrogen, 588 

Aziridines 

via alkenes, 470,472 
via N-aminolactams. 744 

ring opening, 491 
thallated 

Aziridines, N-acyl- 
synthesis, 477 

Aziridines, N-acylamino- 
synthesis, 482 

Aziridines, N-alkenyl- 
synthesis, 474 

Aziridines, N-alkyl- 
synthesis, 474 

Aziridines, N-amino- 
decomposition, 482 
synthesis, 480 

Aziridines, 2-amino- 
synthesis, 476 

Aziridines, N-aryl- 
synthesis, 476 

Aziridines, aryloxysulfonyl- 
synthesis, 484 

Aziridines, Wary lsulfinyl- 
synthesis, 483 

Aziridines, N-chloro- 
synthesis, 747 

Aziridines. 2-chlom- 
synthesis, 479 

Aziridines, N-cyano- 
synthesis, 477.479 

Aziridines, N-hetemaryl- 
synthesis, 476 
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Aziridines, imidoyl- 
synthesis, 479 

Aziridines, S(-)-Zmethyl- 
synthesis, 473 

Aziridines, 2-phenyl- 
reaction with alkenes, 498 

Aziridines, N-phosphonyl- 
synthesis, 480 

Aziridines, N-phthalimido- 
cleavage, 482 
ring opening, 487,493 

Aziridines, N-sulfenyl- 
synthesis, 483 

Aziridines, sulfonyl- 
synthesis, 477 

Aziridines, 1,2,3-triphenyl- 
ozonolysis. 474 

Azirines 
synthesis, 506 

Azo compounds 
oxidation 

synthesis 
synthesis of azoxy compounds, 750 

via primary arylamines, 738 

via oxidation of arylhydrazones of aldehydes, 747 

Azo compounds, a-carbonyl- 
synthesis 

Azodicarboxylic acid 
diethyl ester 

Awxy compounds 
Beckmann rearrangement reagent, 692 

synthesis 
via oxidation of azo compounds, 750 
via oxidation of primary amines, 736 

Bachrachotoxin 
synthesis, 105 

Bacillus sphaericus 
dehydrogenation, 145 

Back electron transfer 
electron-transfer oxidation, 852 

Baeyer-Villiger reaction, 67 1486  
buffers, 674 
catalysts, 674 

chemoselectivity, 675 
compared to Beckmann reaction, 690 
competitive, 675 
conformation, 673 
electronic factors, 673 
mechanism, 671 
peroxy acid 

radical scavengers, 674 
reaction methods, 674 
regioselectivity, 673,676 
side reactions, 685 
9-silicon atom 

stereochemistry, 672 
stereoelectronic requirements, 672 
steric factors, 673 

oxidation 

substituent effects, 673 

substituent effects, 673 

regiochemistry, 673 

Barbituric acid, 5-arylidene-l,3-dimethyl- 

thiols, 761 
Barium manganate 

oxidation 
diols, 3 18 
primary alcohols, 307 

Barton reaction, 9 
intramolecular functionalization, 4 1 

synthesis, 337 

oxidation 

Batadin-6 

9-BBN. &alkyl- 

use of carbonyl compounds, 603 
9-BBN, 3-pinanyl- 

9-BBN, B-siamyl- 
reaction with aldehydes, 603 

oxidation 
use of carbonyl compounds, 603 

Beauveria sulfurescens 
hydrocarbon hydroxylation, 58,59 

Beckmann reaction, 689-701 
addition reactions, 695 
fragmentation, 698 
intramolecular, 697 
mechanism, 690 
rearrangements, 690 
stereochemistry, 690 

synthesis, 657 

Beckmann rearrangement, 695 

synthesis, 333 

alkylation via Pummerer rearrangement 

anodic oxidation, 800 
charge-transfer osmylation. 864 
charge transfer transition energy 

EDA complexes, 870 
reaction with rhenium 

metal vapor synthesis, 4 
thermal osmylation, 863 

oxidative degradation 

synthesis 

Benzene, allyl- 

Benzene, 2.6-difluoronitroso- 

Benzaldehyde, 2-acetoxy-5-nitro- 

Benzaldoximes 

Benzamide, 2-hydroxy- 

Benzene 

dimethyl sulfoxide, 200 

Benzene, alkyl- 

microbial, 57 

via alkyl radical addition, 732 

addition reactions 
nitrogen and halogen, 498 

synthesis 

Benzene, ethyl- 
hydroperoxide 

microbial hydroxylation, 76 

EDA complex 

(methylsulfiny1)acetyl- 
Pummerer rearrangement 

via oxidation of 2,6-difluoroaniline, 737 

propylene oxide synthesis, 375 

Benzene, hexamethyl- 

with maleic anhydride, 856 
Benzene, 2-hydroxy-3-methoxy- 1 - 

intramolecular participation by hydroxy groups, 
202 

Benzene, hydroxy(tosy1oxy)iodo- 
oxidative rearrangement, 833 
a-tosyloxy ketone synthesis, 155 
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Benzene, iodosyl- 
alkane oxidation, 11 
diacetate 

a-hydroxylation. 179 
oxidative decarboxylation, 722 
reaction with carboxylic acids and iodine, 723 

diazidation, 488 
a-hydroxylation 

enones, 179 
ketones, 155 

reaction with silyl enol ethers, 166 

reaction with lithium phenolate, 334 
reaction with organometallic reagents, 331 

radical cation 

thallation, 872 
Benzene, 2-propenyl- 

rearrangement, 828 
Benzene, 1,2,4,5-tetradehydro- 

synthesis, 743 
Benzene, 1.3J-trialkyl- 

sterically crowded 

Benzene, nitro- 

Benzene, pentamethyl- 

side chain substitution, 871 

electron-transfer oxidation, 869 
Benzeneselenenamide, NN-diethyl- 

Benzeneseleneny 1 bromide 

Benzeneselenenyl chloride 

use in selenenylation, 13 1 

reaction with lithium enolates, 129 
selenenylation, 13 1 

addition reactions 
alkenes, 520 
allylic alcohols, 520 
chlorocyclohexene, 520 

reaction with alkanes, 534 
reaction with lithium enolates, 129 
selenenylation, 131 

Benzeneselenenyl iodide 
reaction with dienes, 505 

Benzeneselenenyl trichloride 
selenenylation, 135 

Benzeneseleninic acid 
oxidation, 674 
selenenylation, 132 

a-hydroxylation 
enones, 175 
ketones, 158 

oxidation, 132 
quinone synthesis, 355 

Benzeneseleninyl chloride 
dehydrogenation, 135 

Benzenesulfenamide, 2,4-dinitro- 
oxidation 

Benzeneseleninic anhydride 

synthesis of aziridines, 744 
Benzenesulfenyl chloride 

1 ,.l-dienes, 5 1 7 
carbocyclization 

reactions with alkenes, 5 16 
reactions with dienes, 516 

reactions with alkenes, 516 

Beckmann rearrangement, 699 

Benzenesulfenyl chloride, 2.4-dinitm 

Benzenesulfonyl chloride 

Benzenetellurinyl acetate 

reactions with alkenes, 497 
Benzenetellurol 

synthesis, 774 
Benzene- 1,3,5-tricarbaldehyde 

synthesis. 657 
Benzil 

synthesis 

Benzimidazole 
microbial hydroxylation, 79 

Benzisoxazoles 
synthesis 

via oxidative rearrangement, 829 

via oxidation of primary aromatic amines, 739 
1 H- 1,5-Benzodiazepine, 4-fonnyl-2,2dimethyl- 

oxidative cleavage 
potassium permanganate, 559 

Benzofuran, benzoyl- 

via chalcone, 829 
Benzofuran, octahydro- 

Benzofuran, phenyl- 

synthesis 

angular acetoxylation, 153 

synthesis 

Benzofurans 
synthesis, 628 

Benzofuroxans 
synthesis 

synthesis, 340 

oxidation 

via oxidative rearrangement, 829 

via oxidation of primary aromatic amines, 739 
Benzoic acid, 2.5-dihydroxy-4-methoxy- 

Benzoin 

solid support, 846 
Benzoin, threo-hydro- 

Benzonitrile, 4-nitro- 
synthesis, 441 

synthesis 

Benzophenone 
oxime 

oxime, 0-acyl 

via oxidation of 4-aminobenzonitrile, 737 

Beckmann rearrangement, 692 

carboxyl radicals from, 7 19 
photolysis, 720 

photolyses, 43 

dodecyl ester 
photoinsertion, 42 

Benzopinacol 
oxidative cleavage, 707 

Benzo[a]pyrene 
dihydrodiols 

Benzoquinone 
reoxidant 

steroid esters 

Benzophenone-4-carboxylic acid 

synthesis, 333 

Wacker process, 451 
1 ,4-Benzoquinone, 2-alkyl- 

1 ,4-Benzoquinone. 2-alkyl-3-(2-pyridylthio)- 

Benzoquinone, 2,3-dichloro-5,6-dicyano- 

synthesis, 930 

synthesis, 930 

debenz y lation 

dehydrogenation, 135 
benzyl ethers. 244 
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1,2,3,4-Benzotetrazine 
synthesis, 743 

Benzothiadiazoles 
synthesis 
via diazotization of aromatic amines, 740 

Benzothiazolone, 2-lithio- 
reaction with bis(trimethylsily1) peroxide, 330 

Benzothiophenes 
synthesis, 628 

Benzotriazine 
synthesis 
via oxidation of amino-3-phenylindazoles, 743 

Benzotriazinones 
synthesis 
via diazotization of aromatic amines, 740 

Benzotriazole. 1 -amino- 
benzyne from, 482 
nitration, 745 
oxidation 

to 1,24idehydrobenzene, 743 
Benzotriazole, 2-amino- 

Benzotriazole, l-chloro- 

sulfoxides, 767 

oxidation, 743 

oxidation 

Benzotriazoles 
pyridinium chlorochromate 

synthesis 
allylic alcohol oxidation, 264 

via diazotization of aromatic amines, 740 
via oxidation of primary aromatic amines, 739 

via intramolecular Pummerer rearrangement, 196 

via Beckmann reaction, 698 

1,3-Benzoxathian-4-one 
synthesis 

Benzoxazoles 
synthesis 

quinones 
Benzoyl t-butyl nitroxide 

synthesis, 349 
Benzoyl hypobromite, m-chloro- 

synthesis, 535 
Benzoyl peroxide 

a-h ydrox ylation 
esters, 182 
ketones, 163 

generation of a-benzoyloxy ketones, 171 

4-(dimethy1amino)pyridinium chlorochromate, 269 
solid support. 841,844 

reaction with enamines 

Benzyl alcohols 
oxidation, 306.3 18 

Benzyl bromide, 2,6-dichloro- 
oxidation, 665 

Benzyl chloride, 4-nitro- 
Hass-Bender reaction, 660 

Benzyl esters 
cleavage 

Benzyl halides 
Komblum oxidation, 653 

Benzylic compounds 
microbial oxidation, 75 

Benzyl tellurocyanate 
photooxidation, 777 

Benzy ne 

trimethylsilyl chlorochromate, 285 

synthesis, 743 
[ 10.10JBetweenanene 

epoxidation, 364 
Biacetyl 

reactions with alkanes, 7 
Bicyclo[2.2. llheptane, 7-carboxy- 

microbial hydroxylation, 59 
Bicyclo[2.2.1 Jhept-2-ene 

oxidative cleavage 

Bicyclo[2.2.0]hexan-2-o1 
oxidative rearrangement, 834 

Bicyclo[2.1.1 Jhexan-Zone 
synthesis, 834 

Bicyclo[3.3.1 Jnonane 
functionalization 

alkylthio, 14 

potassium permanganate, 558 

Bicyclo[4.3.0]nonan-2-one, 1 -methyl- 

Bicyclol3.2. lloctane 
synthesis 

Bicyclo[3.2.1 Joctan-Zone 
Beckmann rearrangement, 695 

Bicyclo[3.2.l]oct-2-ene 
allylic oxidation, 95 

Bicyclo[2.2.2]oct-5-en-2-one 
Baeyer-Villiger reaction, 683 

Bicyclo[ 1 0.3.0]-A1*15-pentadecen- 14-one 
synthesis 

Bicyclo[4.3.OJproline 

Bile acids 

Biphenyl 

oxime 
Beckmann fragmentation, 698 

via Pummerer rearrangement, 199 

via Wacker oxidation, 455 

synthesis, 73 1 

microbial hydroxylation, 73 

microbial hydroxylation, 78 
oxidative rearrangement, 833 

Biphenyl, 2-methyl- 
synthesis, 833 

2,Y-Bipyridine 
chromium(V1) oxide complex 

alcohol oxidation, 260 
Bipyridinium chlorochromate 

oxidation 
alcohols, 267 

Bis-allylic alcohols 

Bisaziridines 

1,l-Bisboronates 

allylic rearrangements, 822 

ring opening, 487 

oxidation 
aldehyde formation, 597 

1 ,ZBisboronates 
oxidation 

1,2-diol formation, 597 
l,l-Bis(dialkylboryl) compounds 

Bisepoxides 

1,3-Bishornocubanone 

Bismuth, pbis(tripheny1- 

oxidation, 600 

synthesis, 384 

Baeyer-Villiger reaction, 686 

oxidation 
secondary alcohols, 322 
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Bismuth, poxobis(chlorotripheny1- 
glycol cleavage, 704 
oxidation 

allylic alcohols, 307 
primary alcohols, 3 10 
secondary alcohols, 322 

Bismuth carbonate, triphenyl- 

primary alcohols, 3 10 
secondary alcohols, 322 

secondary alcohols, 318 

microbial hydroxylation, 70 

carbonyl group regeneration, 846 

glycol cleavage, 704 
oxidation 

Bismuth reagents 
oxidation 

Bisnorcholenol, 3-keto- 

Bisthioacetals 

o-Bond metathesis, 3 
Boracyclanes 

Borane, butyldihydroxy- 
oxidation, 5% 

oxidation 
formation of butanol, 602 

Borane, catechol- 
brominolysis, 605 

Borane, diethoxysiamyl- 
oxidation 

Borane, diphenylhydroxy- 
oxidation, 603 

Borane, peroxybis(diacetoxy)- 
1 -hydroxy-2-acetoxyalkene synthesis, 446 

Borane, tri-n-butyl- 
oxidation, 599 

Borane, triethyl- 
oxidation, 593 

Borane, trimethyl- 
oxidation, 593 

Borane, tri-n-octyl- 
oxidation, 603 

Borane, triphenyl- 
brominolysis, 604 

Borane, tris(3.3-dimethyl-1 -butyl-l,2-d~)- 
bromination, 604 

Borane, tris-2-norbornyl- 
brominolysis, 604 

Boranes 
heterocyclic 

Boranes, alkenyl- 
oxidation 

using alkaline hydrogen peroxide, 595 

oxidation, 601 

using alkaline hydrogen peroxide, 596 
Boranes, alkenyldialkoxy- 

oxidation 
formation of aldehydes, 602 

Boranes, alkenyldialkyl- 
brominolysis 

reaction with iodine 
stereochemistry, 605 

rearrangements, 606 
Boranes, alkenyldihydroxy- 

brominolysis, 605 
iodinolysis 

Boranes, alkenyloxy- 
stereochemistry, 606 

oxidation, 602 
Boranes, alkoxy- 

reaction with organometallic compounds, 595 
Boranes, alkyl- 

oxidation 

Boranes, alkyldiethoxy- 

Boranes, alkyldihydroxy- 

Boranes, (alkyletheny1)dialkyl- 

stereochemistry, 605 
Boranes, allyl- 

oxidation, 5% 
Boranes, aryldhydroxy- 

nitration and oxidation of the ring, 602 
oxidation, 5%. 602 

use of potassium permanganate, 602 
Boranes, (aryletheny1)dialkyl- 

stereochemistry, 605 

formation of aldehydes, 601 

synthesis, 603 

oxidation, 597 

brominoly sis 

brominoly sis 

Boranes, chloro- 

Boranes, cycloalkyl- 
reaction with acetophenone, 603 

oxidation 
formation of cycloalkanones, 601 

Boranes, cyclopropyl- 

Boranes, dialkoxy(a-phenylthio)- 
oxidation, 598 

oxidation 
formation of monothioacetals, 602 

Boranes, dialkyl(dialky1amino)- 

Boranes, phenyldihydroxy- 

Boranes, secondary alkyl 

Boranes, trialkyl- 

synthesis, 607 

oxidation, 602 

oxidation 
formation of ketones, 600,601 

brominolysis, 604 
chlorination, 604 
iodinolysis, 606 
oxidation, 602 

carbonyl compounds, 603 
Boranes, tri(secondary alkyl) 

iodinolysis, 606 
Boranes, vinyl- 

oxidation 
aldehyde formation, 597 

reaction with 1,3-dienes, 536 

oxidation 

Bornyl acetate 
microbial hydroxylation, 62 

Boron compounds, aromatic 
oxidation to phenols, 5% 

Boron trifluoride 
Beckmann rearrangement, 695 
etherate 

ketone a-acetoxylation, 153 
mercury( 11) trifluoroacetate 

ionic dissociation, 872 

Boric acid, tetrafluoro- 

Borneol 

DMSO, 298 

Brassinolide 
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synthesis 
via Baeyer-Villiger reaction, 680 

Brefeldin A seco acid 

Brevicomin 
synthesis, 625 

synthesis, 643 
via Wacker process, 45 1 

Bromination 
amines, 741 
ketones 

secondary amines, 747 

bromination 

in the presence of nickel carboxylates 

bromine, 120 

Bromine 

ketones, 120 

oxidation. diols, 3 14 
Bromine azide 

addition reactions 
alkenes, 500 

aziridine synthesis, 473 
Bromine perchlorate, bis(sym-collidine)- 

intramolecular bromoalkylamine addition 
to alkenes, 536 

Brominolysis 
C-B bonds, 604 

Bromonitro compounds 
synthesis, 501 

1.3-Butadiene 
1,4acetamidoiodination, 505 
chlorination, 530 

Butane 
autoxidation, 11 

Butane, 2,3-dimethyl- 
oxidation 

ozone, 14 
Butane, 1,1,3,3-tetramethyl- 

bromination, 15 
Butane-2,3-diol 

oxidative cleavage, 707 
Butanoic acid 

synthesis 

chiral synthesis 

Pummerer rearrangement 
intramolecular, 1% 

synthesis 

via oxidation of carbon-tin bonds, 614 
Butanoic acid, (R)&hydroxy- 

Butanoic acid, sulfinyl- 
via microbial hydroxylation, 57 

2-B~tan0l 

via oxidation of organoboranes, 595 
2-Butanol, 3-methyl- 

3-Butanone, I-methoxy- 

l-Butene 

synthesis 
via oxidation of organoboranes, 595 

synthesis 
via ring cleavage of methylenecyclopropane, 825 

oxidation 
Wacker process, 452 

2-B utene 
oxidation 

cis-2-Butene 
Wacker process, 451 

oxidation, 462 

1Butene. 3.3-dimethyl- 
oxidation 

Wacker process, 450 
1-Butene, 3-methoxy- 

reaction with nitrile oxide, 439 
2-Butene- 1,4-diones 

epoxidations, 382 
2-Butenoic acid, 2,3-dihydroxy-2-methyl- 

hydroxylation 
enantioselective, 441 

2-Butenoic acid, 2-methyl- 
hydroxylation 

enantioselective, 441 
2-Buten-l-ol.2-r-butyl- 

3-Buten-2-01.2-methyl- 

2-Buten- l-ol,2-methyl4phenyl- 
asymmetric epoxidation, 409 

Butenolides 
synthesis, 5% 

Butenolides, 4-ylidene- 
synthesis, 619 

r-Butyl chromate 
oxidation 

asymmetric epoxidation, 409 

oxidation 
Wacker process, 453 

ethers, 236 
r-Buty I hydroperoxide 

asymmetric epoxidation, 394 
chromium trioxide 

alcohol oxidation, 278 
oxidation 

primary alcohols, 3 10 
secondary alcohols, 323 

propylene oxide synthesis, 375 
reoxidant 

Wacker process, 452,462 
safety, 394 
secondary oxidant 

storage, 394 
r-Butyl hypochlorite 

alkane chlorination, 17 
&Butyl hypoiodite 

reaction with carboxylic acids, 723 
?-Butyl peroxide 

oxidative cleavage of alkenes 

y-Butyrolactones, a-methylene- 

Butyrophenone 

osmium tetroxide oxidation, 439 

with molybdenum dioxide diacetylacetonate, 587 

synthesis, 102,239,502 

oxidative rearrangement 
solid support, 845 

glycol cleavage, 706 
oxidation 

Calcium hypochlorite 

secondary alcohols, 318 
Camphor 

enzymic hydroxylation 
cytochrome P-450.80 

Camphor quinone, dihydro- 

Beckmann fragmentation. 700 
oxime 

Candida cloacae 
hydrocarbon oxidation, 56 
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Cannabinoids 

Carbamates 
microbial hydroxylation, 66 

anodic oxidation, 804 
epoxidation directed by, 367 
a-methoxylation, 805 

reaction with conjugated alkenynes, 505 

synthesis, 650 

anodic oxidation, 805 
electron-transfer equilibria, 850 

1 Carbapen-2-ene 
synthesis, 620 

Carbazole, hexahydro- 
synthesis, 524 

Carbenes 
reactions with alkanes, 8,lO 

Carbenium ions 
electron-transfer equilibria, 850 

Carbinol, divinyl- 
asymmetric epoxidation, 416 

Carbodiimide, dicyclohexyl- 
activator 

Carbodiimide, 1 -( 3-dimethylaminopropyI)-3-ethyl- 

Carbohydrates 

Carbamates. N-halo- 

Carbamates, N-methoxymethyl 

Carbanions 

alcohol oxidation, DMSO, 293 

pfitzner-Moffatt oxidation, 294 

oxidation, 294 
Collins reagent, 259 
DMSO, 295,296 
pyridinium chlorochromate, 265 

Rimmerer rearrangement in, 1% 

via osmium tetroxide, 440 

Sharpless-Masamune synthesis 

synthesis 

Carbohydrates, 4-methoxybenzyl ethers 
oxidation, 237 

Carbon 
chromium(V1) oxide intercalation 

alcohol oxidation, 282 
Carbon-boron bonds 

oxidation, 593408 
Carbon-carbon bonds 

electrochemical oxidation, 794 
oxidation, 793 

Carbon-halogen bonds 
oxidation, 653-669 

Carbon-hydrogen bonds 
cleavage, anodic oxidation, 793 
oxidation, 793 

Carbon-mercury bonds 
oxidation, 63 1 
ozonolysis, 637 

Carbon-metal bonds 
oxidation, 613-638 

Carbon-palladium bonds 
oxidation, 629 

Carbon-selenium bonds 
formation, 619 

Carbon-silicon bonds 
oxidation, 641-650 

Carbon-sulfur bonds 
formation, 5 15 

Carbon-tin bonds 

oxidation, 61 4 
unactivated 

Carbony lation 
alkanes 

Carbonyl compounds 

oxidation, 614 

transition metal catalysis, 6 

preparation of 1 ,4-dicarbonyl compounds, 455 

Komblum oxidation, 653 

ally lation 

a-halo- 

a-hydroxylation, 144 
oxidation by, 603 
synthesis 

a$-unsaturated 

via alcohol oxidation, 305 
via oxidative cleavage of alkenes, 544 

allylic oxidation, 99 
protection, 146 
regioselective oxidation, 462 
synthesis, 119 

P,y-unsaturated 
regioselective oxidation, 462 

oxidation 
Carbonyl compounds, a-bromo- 

triflamides, 668 
Carbonyl compounds, cyclic azo- 

Carbonyl compounds, a-iodo- 
synthesis, 535 

Carbonyl compounds, a-phenylselenenyl- 
synthesis, 522 

Carboxy inversion reaction, 728 
Carboxylates 

in the presence of bromine 
oxidation, diols, 314 

oxidation 
thiols, 760 

synthesis 
via oxidation of hydrazides, 748 

Carboxylic acids 
anodic oxidation, 805 
dehydrogenation, 137 

a-hydroxylation, 185 
sulfenylation, 125 
synthesis 

pyridine N-oxide, 144 

via microbial oxidation, 56 
via oxidative cleavage of alkenes, 541,574 

Carboxylic acids, a-hydroxy- 
‘enantiomerically pure’ 

synthesis, 3 16 
Carboxylic acids, P-silyl- 

oxidative decarboxylation 

Carboxylic acids, p-stannyl- 
oxidation, 628 
oxidative decarboxylation 

formation of alkenes, 628 

Pummerer rearrangement, 1% 

generation 

Cardenolides 

formation of alkenes, 628 

Carboxylic anhydrides 

Carboxyl radicals 

functional group compatability, 7 18 

Pummerer rearrangement, 1% 
side chain elaboration 
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3-Carene 
allylic oxidation, 102 
oxidation, 97 

ozonolysis 
pyridinium fluorochromate, 267 

experimental details, 544 

solid support, 841 

Carveol 
oxidation 

synthesis, 99 

synthesis, 99 

synthesis, 94,647 

synthesis, 823 

oxidation 

Cedrane oxide 
ozonation, 247 

Cedrol 
microbial hydroxylation, 64 

Celite 
silver carbonate support, 841 

Cembranolides 
synthesis, 89 

Cephalosporins 
reaction with dichlorine monoxide, 537 

Cephalosporins, 7a-methoxy- 
synthesis, 741 

Cephalotaxine 
synthesis, 155 

Cephem dioxides 
allylic oxidation, 112 
oxidative rearrangement, 820 

Cerium ammonium nitrate 
oxidation 

benzylic alcohols, 308 
quinones, 350 
secondary alcohols, 322 
tetrahydrofuran, 237 

Carvone 

Casbene 

Cascgravol 

Catechols 

solid support, 843 

Cerium reagents 
glycol cleavage, 705 
oxidants 

silica support, 843 
Cerium sulfate 

oxidation 
secondary alcohols, 322 

aziridination. 47 1 
oxidative rearrangement, 829 

Beckmann rearrangement, 690 

oxidant 

Chloramine 
amination 

Chalcones 

Chapman rearrangement 

chloral 

alumina support, 841 

amines, 741 
secondary amines, 746 

inadiation, 40 
reactions with organoboranes, 606 

reactions with alkenes, 498,537 
reaction with trialkylboranes, 607 

Chloramine-T 

selenium elimination, 129 
Chloranil 

dehydrogenation, 135 
Chlorination 

alkanes 

amines, 741 
ionic 

sulfides, 193 
secondary amines, 747 
template-directed 

pcyclodextrin, 49 
trimethylbome, 604 

activator 

ligand transfer 

remote functionalization, 43 

Chlorine 

DMSO oxidation of alcohols, 298 

oxidation of cyclobutyl radicals, 860 
Chlorinoly sis 

C-B bonds, 604 
Chloroamination 

alkenes, 498 
Chloroformate 

synthesis 

Chlorohydrin 
by-product 

via DMSO, 299 

Wacker process, 45 1 
Chlorohydrin acetate 

synthesis, 527 
Chlorosulfonyl isocyanate 

activator 
DMSO oxidation of alcohols, 299 

5P-Cholanic acid, 3a,l la.15p-trihydroxy- 

SP-Cholanic acid, 3a.l lp.15p-trihydroxy- 

5p-Cholanic acid, 3a,l5p,1 la-trihydroxy- 

Cholecalciferol 
allylic oxidation, 90 

1,3-Cholestadiene 
photooxidation, 11 1 

Sa-Cholestan-3J3-01, +methylene- 
asymmetric epoxidation. 414 
epoxidation, 365 

3p-Cholestanol, methyl ether 
oxidation, 239 

Cholestan-6-one, 3p-acetoxy-5achloro- 
synthesis, 529 

Cholest-5-ene 
allylic oxidation, 101 

Cholest-4-en-3-one 
oxime 

microbial hydroxylation, 73 

microbial hydroxylation, 73 

microbial hydroxylation, 73 

Beckmann rearrangement, 692 
Cholest-5-en-7-one 

synthesis, 101 
Cholesterol 

acetate 

oxidation 
photochemical epoxidation, 384 

chromium(VI), 820 
DMSO, 294 
solid support, 841 

oxidative rearrangement, 835 
Cholesteryl benzoate 
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allylic oxidation, 104 
Chromanone, 4-thio- 

dehydrogenation 
use of trityl perchlorate, 144 

Chromanones 
dehydrogenation 

use of thallium hinitrate, 144 
use of trityl perchlorate, 144 

halides, 663 

Chromates 
oxidation 

sigmatropic rearrangement, 821 

oxidation 
Chromates, alkylammonium 

alcohols, 283 
Chromates, metal alkyl 

catalytic oxidants 
alcohols, 285 

Chromic acid 
inert inorganic support 

oxidation 
alcohol oxidation, 279 

ethers, 235,236 
organoboranes, 600 
silica support, 844 
a,P-unsaturated carbonyl compounds, 99 

alcohol oxidation, 280 
resin supports 

Chromic anhydride 
oxidation 

alumina support, 844 
solid-supported, 840 

quinone synthesis, 355 
Chromium hexacarbon y 1 

allylic oxidation, 107 
Chromium reagents 

acidic 

alkane oxidation, 12 
allylic oxidation, 95 
aqueous acetic acid 

dimethy lfomamide 

dimethyl sulfoxide 

glycol cleavage, 706 
heterocyclic bases 

alcohol oxidation, 256 
hexavalent 

oxidative cleavage of alkenes, 571 
Jones oxidation 

alcohols, 253 
organoborane oxidation, 600 
oxidants 

oxidation 

alcohol oxidation, 252 

alcohol oxidation, 252 

alcohol oxidation, 252 

alcohol oxidation, 252 

solid-supported, 839 

silica support, 844 
oxidative rearrangements, 8 16 
sulfuric acid 

alcohol oxidation, 252 
two phase oxidation 

alcohols, 253 
Chromium trioxide 

r-butyl hydroperoxide 

alcohols, 25 1-286 

alcohol oxidation, 278 
carbon intercalation 

alcohol oxidation, 282 
catalytic oxidation 

alcohols, 278 
crown ethers 

alcohol oxidation, 278 
diethyl ether 

alcohol oxidation, 278 
2,4-dimethylpentane-2,4-diol complex 

alcohol oxidation, 278 
3,5-dimethylpynrzole complex 

alcohol oxidation, 260 
allylic oxidation, 104 

inert inorganic support 
alcohol oxidation, 279,280 

oxidation 
ethers, 237,239 
sulfoxides, 768 
tetraalkylstannanes, 614 

synthesis of carbonyl compounds, 57 1 
synthesis of carboxylic acids, 587 

alcohol oxidation, 256 
allylic oxidation, 100 

oxidative cleavage of alkenes, 542 

pyridine complex 

Chromones 

Chromyl azide 

Chromyl chloride 

synthesis, 136 

azido alcohols from, 491 

alkene complexes, 528 
inert inorganic support 

oxidation 

oxidative halogenation, 527 
reaction with silyl enol ethers 

alcohol oxidation, 279 

solid support, 845 

ketone a-hydroxylation, 166 
Chromyl fluoride 

synthesis, 528 
Chromyl trichloroacetate 

organoborane oxidation, 601 
Chrysanthemic acid 

synthesis, 96 
Cinerolone 

synthesis 
via cinerone, 54 

Cinerone 

Cinnamaldehydes 
microbial oxidation, 54 

oxidative rearrangement 
solid support, 845 

Cinnamolide 
synthesis, 307 

Cinnamyl alcohol 
asymmetric epoxidation, 393 

kinetics, 421 
oxidation 

solid support, 841 
Cinnamyl alcohol, a-phenyl- 

epoxidation, 424 
Cinnamyl compounds 

oxidative rearrangement, 829 
Citral 

oxidative rearrangement, 828 
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Citronellol 
microbial hydroxylation, 62 
oxidation 

solid support, 841 
Clay cop 

Clay fen 
solid support 

Clays 
solid supports 

Cleavage reactions 
alkenes, 541-589 

Cobalt 
alkene epoxidation catalysis, 383 

Cobalt complexes 
allylic oxidation, 95 
glycol cleavage, 706 

Cobalt perchlorate 
alkane oxidation, 12 

Cobalt triacetate 
allylic oxidation, 92 

Collins reagent 
oxidation 

solid support 
oxidants, 846 

oxidants, 846 

oxidants, 840,845 

synthesis of alcohols, 543 

alcohols, 256 
ethers, 240 

Communic acids 
biomimetic conversion 

pimaranes, 634 
Compactin 

microbial oxidation, 77 
synthesis, 247 

Contact ion pairs 
electron-transfer oxidation, 85 1,854 
intermolecular interactions 

electron-transfer oxidation, 852 
Cope rearrangement 

amino alcohol synthesis, 493 
Copper acetate 

oxidative decarboxylation, 722 
reoxidant 

Wacker process, 451 
Copper bromide 

halogenation 
carbonyl compounds, 120 

ketone dehydrogenation, 144 
Copper chloride 

halogenation 
carbonyl compounds, 120 

Kharaschsosnovsky reaction, 95 
oxidation 

primary alcohols, 308 
reaction with organoboranes, 604 
reoxidant 

Copper nitrate 
benzylic halide oxidation, 666 
reoxidant 

Wacker process, 45 1 
solid support 

clay, 846 
Copper sulfate 

oxidation 

Wacker process, 451 

diols, 313 
Coriamyrtin 

coriolii 
synthesis, 162,243 

synthesis, 240 
via Wacker oxidation, 455 

microbial hydroxylation, 74 

oxidative cleavage 
sodium bismuthate, 704 

Cortisol 
microbial dehydrogenation, 67 

Cortisone 
microbial dehydrogenation, 67 

Cortisone, 6a-methylhydro- 
microbial dehydrogenation, 68 

Corynebacterium equi 
epoxidation, 429 

Corynespora cassicola 
epoxidation, 429 

Coumarins, dihydro- 
synthesis, 336 

Coumestones 
synthesis 

Cortexolone 

Corticosteroid 

via isoflavones, 831 
Cracking 

alkanes, 7 
Crown ethers 

chromium(V1) oxide 

phenolic 
alcohol oxidation, 278 

synthesis, 333 
Cubane 

Cumene 
reactions with transition metal complexes, 4 

solvent 

Cumulenes 
addition reactions, 506 

Cumyl hydroperoxide 
asymmetric epoxidation, 394 

Cunning hamella blakesleeana 
hydrocarbon hydroxylation, 58 

Curtius rearrangement 
acyl azides, 477 

Curvularin 
synthesis 

reductive decarboxylation, 720 

via Wacker oxidation, 455 
Cyanation 

electrochemical 
aromatic compounds, 801 

formation of cyanonitrcne, 10 

Cyanogen azide 
decomposition 

reactions with alkenes, 480 
Cyanogen chloride 

reactions with alkanes, 7 
Cy anoselenenation 

alkenes, 522 
Cyclic voltammograms 

oxidation potentials, 852 
Cyclization 

donor radical cations, 876 
radical cations 

unimolecular reaction. 858 
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Cycloaddition 
donor radical cations, 879 
hole catalyzed 

diene oxidation, 861 
radical cations 

bimolecular reaction, 859 
[3+21 Cycloaddition 

radical anions, 862 
[4+2] Cycloaddition 

radical anions, 862 
Cycloalkanes, methylene- 

epoxidation, 361,364 
ring expansion, 83 1 

Cycloalkanol, 2-methoxy- 
oxidative cleavage, 705 

C ycloalkanones 
ring contraction, 832 
synthesis, 601 

Cycloalkanones, alkylidene- 
peroxy acid oxidation, 684 

Cycloalkenes 
allylic oxidation 

selenium dioxide, 91 
ring contraction, 831 

Cycloalkenes, 1,2-dialkyl- 
asymmetric epoxidation 

kinetic resolution, 416 
2-Cycloalkenone, @-silyl- 

Cyclobutane, methylene- 

Wacker process, 453 

synthesis, 107 

oxidation 

C yclobutanes 
oxidative rearrangement, 824,833 

Cyclobutanols 
oxidation 

solid support, 841 
oxidative cleavage, 825 
ring expansion, 843 
synthesis, 41 

1-Cyclobutanols, 1-vinyl- 
oxidation 

Wacker process, 453 
Cyclobutanones 

chemoselective epoxidation, 385 
oxidation 

Baeyer-Villiger reaction, 674 
ring expansion, 675 

Cyclobutene, 1 -methyl- 
oxidation, 462 

Cyclobutylcarbinol 
oxidative rearrangement, 834 

Cyclobutyl radicals 
oxidation, 860 

Cyclodecene 
synthesis 

via cyclodecane, 15 
Cyclodecenones 

functionalized 
synthesis, 625 

@-C yclodextrin 
template-directed chlorination 

aromatic compounds, 49 

oxidative cleavage, 708 
1 ,2-Cyclododecanediol 

C yclododecene 

oxidative halogenation, 527 
Cycloheptadienol 

oxidative rearrangement, 823 
Cycloheptanone 

a-hydroxylation, 166 
C ycloheptatriene 

anodic oxidation, 7% 
Cycloheptatriene, 7.7-dimethoxy- 

synthesis, 796 
Cycloheptatriene, 1 -methoxy- 

anodic oxidation, 796 
Cycloheptatriene, 3-methoxy- 

anodic oxidation, 796 
Cycloheptatriene, 7-methoxy- 

synthesis, 7% 
Cycloheptene 

oxidation 

2-Cycloheptenol 
synthesis, 413 

1,3-Cyclohexadiene 
anodic oxidation, 795 

C yclohexadienone 
synthesis, 105 

Cyclohexadienone, 2-hydroxy- 
synthesis, 835 

2,5-Cyclohexadienone, 2,4,4,6-tetrabromo- 
oxidation 

Cyclohexane 

Wacker process, 450 

thiols, 760 

acetoxylation 

aminooxidation, 8 
aromatization, 6 
autoxidation, 11 
electrochemical oxidation, 793 
functionalization, 7 
isomerization, 5 
oxidation 

12 

transition metal catalysis, 12 

chloro(tetrapheny1phyrin)manganese catalyst, 

rearrangement, 8 
Cyclohexane, arylthio- 

synthesis, 14 
Cyclohexane, 1 -azido-2-trifluoroacetoxy- 

synthesis, 491 
Cyclohexane, chloro- 

synthesis, 14 
Cyclohexane, cyclohexyl- 

microbial hydroxylation, 58 
Cyclohexane, 1 ,2-dimethyl- 

oxidation 
peracids, 13 

Cyclohexane, methyl- 

Cyclohexane, methylene- 

epoxidation, 363 

electrophilic reactions, 10 
oxidation, 12 

epoxidation, 363 
3-substituted 

1,2-CycIohexanediamine, N,”KN- tetramethyl- 
hydroxylation 

osmium tetroxide, 442 
1,2-Cyclohexanediol 

cis 
synthesis, 444 
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oxidative cleavage, 704-708 
trans 

synthesis, 447 
1,2-Cyclohexanediol. 1 -methyl- 

oxidative cleavage, 708 
1 ,2-Cyclohexanediol, 4-vinyl- 

oxidative cleavage, 708 
Cyclohexanol, 2-methyl- 

oxidation 
solid support, 84 1 

Cyclohexanols 

synthesis, 625 

solid support, 845 

functionalized 

oxidation 

Cyclohexanols, 2-alkyl-3-stannyl- 
synthesis, 623 

Cyclohexanone 
a-acetoxylation, 154 
ally lation 

Wacker oxidation, 455 
a-hydroxylation 

electrocatalytic method, 158 
isotopically substituted 

Baeyer-Villiger reaction, 672 
oxidation 

Baeyer-Villiger reaction, 675 
thiolate substitution 

selectivity, 125 
Cyclohexanone, 2-allyl- 

Baeyer-Villiger reaction, 675 
synthesis 

via Wacker oxidation, 455 
Cyclohexanone, a-benzylidene- 

oxime 
Beckmann rearrangement, 694 

Cyclohexanone, 2,2-dimethyl- 
palladation, 630 

Cyclohexanone, 3,3-dimethyl- 
a-acetoxylation, 154 

Cyclohexanone, 2-methyl- 
sulfenylation, 125 

Cyclohexanone, 2,2,6,6-tetramethyl- 
palladation, 630 

Cyclohexanone, 3-vinyl- 
synthesis, 457 

3,3-Cyclohexano4-oxopentanal 
synthesis 

Cyclohexene 
via Claisen rearrangement, oxidation, 456 

allylic oxidation, 99 
anodic oxidation, 794 
aziridination, 470 
bromination, 539 
diamination, 484 
epoxidation, 374 
functionalized 

synthesis, 625 
hydroxylation, 444 
oxidation 

Wacker process, 45 1,452 
with heteropolyacids, 462 

oxidative cleavage 
ruthenium tetroxide, 587 

oxidative rearrangement 
solid support, 845 

Cyclohexene, 1 -alkyl- 
allylic oxidation, 818 

Cyclohexene, 6-azido- 1 -phenyl- 
synthesis, 502 

Cyclohexene, 3-r-butyl- 
hydroxylation, 447 

Cyclohexene. 4-r-butyl- 
hydroxylation, 447 

Cyclohexene, chloro- 
addition reactions 

benzeneselenenyl chloride, 520 
Cyclohexene, 1,24imethyl- 

C yclohexene, 4.4-dimethyl- 

Cyclohexene, l-methyl- 

hydroxylation, 445 

oxidative rearrangement, 8 17 

acetoxylation 

allylic oxidation, 100 
2-Cyclohexene, 1 -methyl- 

allylic oxidation, 101 
Cyclohexene, 1 -phenyl- 

nitro addition reactions, 488 
Cyclohexene, 1 -vinyl- 

diamination, 486 
Cyclohexene, 4-vinyl- 

anodic oxidation, 796 
Cyclohexene oxide 

anodic oxidation, 707 
2-C yclohexenol 

aziridination, 481 
synthesis, 41 3 

Cyclohexenol, vinyl- 
allylic rearrangements, 822 

C yclohexenols 
allylic 

electrochemical oxidation, 790 

epoxidation, 364 
2-C yclohexenone 

2-Cyclohexenone, 3.5,5-timethyl- 
reaction with lithiotibutylstannane, 623 

cleavage 
ozonolysis with phase transfer agents, 548 

Cyclohexenones 
aromatization, 13 1 
ring contraction, 832 

oxidation 
Cyclohexylamine 

mchloroperbenzoic acid, 737 
C ycloneosamandione 

synthesis, 169 
1 ,2-Cyclononadiene 

reaction with iodine azide, 506 
6-Cyclononenol, 2,3-epoxy- 

synthesis, 413 
1.3-Cyclooctadiene 

anodic oxidation, 795 
1,5-Cyclmtadiene 

anodic oxidation, 7% 
2,4-Cyclooctadienol 

oxidative rearrangement, 823 
1,2-Cyclooctanediol 

cis 
synthesis, 444 

oxygen, 383 

Cyclooctene 
epoxidation 
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4-Cyclooctene, hydroperoxy- 
synthesis, 728 

Cyclooctene, 1 -phenyl- 
oxidation, 384 

Cyclooctyne 
synthesis 

via oxidation of bishydrazones, 742 
Cyclopalladation-oxidation, 630 
C yclopentadiene 

Cy clopentane 
anodic oxidation, 795 

functionalization, 7 
reaction with tungsten 

metal vapor synthesis, 4 
1,3-Cyclopentanedialdehyde 

synthesis 
via oxidative cleavage of alkenes, 558 

1,2-Cyclopentanediol 
oxidation 

sodium bismuthate, 704 
oxidative cleavage, 705,708 

reaction with transition metal complexes, 3 

dehydrogenation 

Cyclopentanes 

C yclopentanone 

use of phenylselenium trichloride, 135 
Cyclopentanone, 2,2-dimethyl- 

reduction 

Cyclopentene 
diamination, 484 
oxidation 

chloroborane, 603 

Wacker process, 45 1,452 
Wacker process with heteropolyacids, 462 

ozone, 558 
oxidative cleavage 

1 -Cyclopentene, 1 -acetyl-2-methyl- 

Cyclopentene-3-carboxylic acid 
synthesis, 8 

esters 
synthesis, 832 

Cyclopenten- l-ol,2,3-epoxy- 
synthesis, 413 

Cyclopentenol, vinyl- 
allylic rearrangements, 822 

Cyclopentenone 
annelation 

synthesis, 802,8 19 

synthesis 

Wacker oxidation, 455 

2-Cyclopentenone, 4.4-dimethyl- 

via Wacker oxidation, 456 
2-Cyclopentenone, 2-pentyl- 

2-Cyclopentenone, 5-pentyl- 

2-Cyclopentenones 
synthesis, 797 

Cyclopentylmethyl radicals 
synthesis, 73 1 

Cyclopropane, methylene- 
oxidative cleavage, 825 
oxidative rearrangement, 833 

Cyclopropane, tetramethyl- 

synthesis 
via double bond migration, 457 

via Claisen rearrangement, oxidation, 457 
synthesis 

anodic oxidation, 794 
Cyclopropane- 1 -acetaldehyde, 2,2-dimethyl- 

34  2'-oxo)-propyl- 
dimethyl acetal 

oxidative rearrangement, 823,833 
reactions with transition metal complexes, 4 
synthesis 

c yclopropanol 

synthesis, via ozonolysis of 3-carene, 548 
Cyclopropanes 

via 1,3-eliminative cyclization of y-stannyl 
alcohols, 621 

oxidation 
lead tetraacetate, 824 

oxidative cleavage, 824 
C yclopropene 

oxidative cleavage, 825 
Cyclopropyl carbinols 

oxidative rearrangement, 825 
spiro-fused 

oxidative rearrangement, 834 
C yclosativene 

synthesis, 517 
1,2-Cycloundecadiene 

reaction with iodine azide, 506 
p-Cymene 

solvent 

Cytochalasins 
synthesis, 183 

Cytochrome P-450 
alkane hydroxylation, 11 
alkene epoxidation catalysis, 382 
camphor hydroxylation 

reductive decarboxylation, 720 

catalyst, 80 

fluorination, 535 
Cytosine 

Dakin oxidation 
aryl aldehydes 

synthesis of phenols, 674 
p-Damascone 

microbial oxidation, 77 
Damsin 

synthesis, 3 13 
Daunomycin 

synthesis, 341 
Daunomycinone, demethoxy- 

synthesis, 351,352 
Daunosamine 

synthesis 

Deamination 
hydrazines 

synthesis, 342 

reaction with Vilsmeier-Haack reagent, 342 

aromatization, 7 
oxidation 

via Baeyer-Villiger reaction, 678 

potassium superoxide, 744 
4-Deazafervenulin, 3-chloro- 

4-Deazafervenulin 2-oxide 

Decalin 

benzyltrimethylammonium permanganate, 12 
9,lO-Decalindiol 

Decalone, a-acyl- 
oxidative cleavage, 704,708 
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ring contraction, 686 

autoxidation, 10 

oxidative cleavage, 706 

acyl radicals, 718 
reductive decarboxylation, 721 

carboxyl radicals, 717 

Decane 

1,2-Decanediol 

Decarbonylation 

Decarboxylation 

Decarboxylative amination, 729 
Decarboxylative chalcogenation, 725 
Decarboxylative fluorination 

acyl hypofluorites, 723 
Decarboxylative halogenation, 723 
Decarboxylative iodination, 724 
Decarboxylative oxygenation, 727 
Decarboxylative phosphorylation, 725 
Decarboxylative selenation, 726 
Decarboxylative telluration, 726 
1-Decene 

epoxidation, 375 
oxidation 

Wacker process, 45 1,452 
Defucogilvocarcin V 

synthesis, 347 
Dehydrodimerization 

alkanes, 5 
Dehydrogenation 

activated C-H bonds 
oxidation, 119-146 

alkanes 
transition metal catalysis, 6 

nitrogen compounds, 742 
steroids 

microbial, 66.67 
Dehy drohalogenation 

mechanism, 122 
Deprotonation 

donor radical cations, 877 
radical cations 

bimolecular reaction, 859 
Dewarbenzene 

Diacyl peroxides 

Dialkylative enone transposition, 615 
Dials, vic- 

Diamines 

reamngement, 854 

allylic oxidation, 96 

synthesis, 307 

synthesis, 479 
via alkenes, 484 
via aziridine ring opening, 487 

1,8-Diazaanthraquinone 
synthesis, 355 

Diazanaphthalenes 
oxidation 

hydrogen peroxide and sodium tungstate, 750 
Diazaquinomycin A 

synthesis, 355 
1,l -Diazene 

synthesis 

synthesis, 487 

via oxidation of 1.1 -disubstituted hydrazines, 742 
Diazides 

Diazine 

oxidation, 750 
Diazirine, chloro- 

synthesis 
via oxidation of amidines. 739 

Diazo compounds 
reaction with sulfenyl halides 

synthesis 
formation of a-chlomsulfidcs, 21 3 

via oxidation of hydrazones, 742 
via oximes, 75 1 

Diazo ketones 
synthesis 
via oxidation of 1,2-diketone monohydrazones, 142 

Diazonium salts, aryl- 

Diazonium tetrafluoroborate 
synthesis, 340 

synthesis 

Diazotization 
amines 

via diazotization, 740 

primary, 740 

a-hydroxy lation 
Dibenzoyl peroxydicarbonate 

oxazolidinones, 184 
Dibenzylamine, N-nitroso- 

synthesis 
via oxidative deacylation, 749 

Diborane 

1.1 -Diboryl compounds 
reaction with organometallic compounds, 595 

oxidation 
alcohol formation, 5% 

1 ,2-Diboryl compounds 
oxidation 

Di-(-butylamine 
synthesis, 737 

Dibutylamine, N-chloro- 
reaction with butadiene, 505 

1 ,2-Dicarbonyl compounds 
Baeyer-Villiger reaction, 684 
oxidation, 153 
oxidative cleavage, 709 
synthesis, 439,664 

1,3-Dicarbonyl compounds 
a-alkenylation, 620 
a-alk-1 -ynylation, 620 
selenenylation, 13 1 

1 ,CDicarbonyl compounds 
dehydrogenation 

synthesis 

formation of alkenes, 601 

use of selenium dioxide, 132 

via Wacker oxidation, 455 
1,5-Dicarbonyl compounds 

synthesis 

monodecarboxylation, 727 

di-t-butyl peroxy esters 

oxidative decarboxylation, 722 

reaction with trialkylborane, 604 

ene-type chlorination, 537 

via Wacker oxidation, 458 
Dicarboxylic acids 

1 ,r)-Dicarboxylic acids 

pyrolysis, 722 

Dichloramine-T 

Dichlorine oxide 
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Dichromates 
oxidation 

halides, 663 
Dicyanogen triselenide 

Dicyclododecyl tartrate 
decarboxylative selenation, 726 

asymmetric epoxidation 
kinetic resolution, 395 
kinetics, 413 

Dicyclohexyl tartrate 

kinetics, 41 1 

oxidative cleavage 
potassium permanganate, 559 

reactions with nitrogen oxides, 488 

isomerization, 5 

autoxidation, 861 
conjugated 

asymmetric epoxidation, 395 

Dicyclopentadiene 

Dicy clopentadiene, tetrahydro- 

Dienes 

addition reactions with selenium elech 
anodic oxidation, 795 

1 ,Cdiamination, 504 
oxidation 

singlet oxygen, 97 
oxidative rearrangement, 832 
regioselective hydroxylation, 438 

1,4-diazides from, 504 
reaction with trifluoroacetyl nitrate, 505 

oxidation 

1,3-Dienes 

1,4-Dienes 

pyridinium dichromate, 276 
1,3-Dienes, 3-hydroxy- 

synthesis 
via a$-unsaturated aldehydes, 458 

Dienes, phenylsulfonyl- 
synthesis, 519 

Dienones 
epoxidation, 372 

Diethyl tartrate 
asymmetric epoxidation, 395 

Diisopropyl tartrate 
asymmetric epoxidation, 395 

1 ,ZDiketones 
aromatic 

synthesis 
DMSO oxidation, 295 

via Komblum oxidation, 654 
via Swem oxidation, 300 

1,3-Diketones 
sulfenylation, 125 

Dimanganese heptoxide 
oxidation 

ethers, 236 
Dimerization 

disproportionation 
radical anions, 861,884 

donor radical cations, 879 
radical cations 

Dimesoperiodate 
bimolecular reaction, 859 

oxidant 
solid support, 843 

Dimethylamine, N-chlom- 

reactions with organoboranes, 607 
reaction with trialkylborane, 604 

Dimethyl sulfoxide 
oxidation, 769 

Dimethyl tartrate 
asymmetric epoxidation, 395 

Dinitrogen tetroxide 
oxidation 

hydrazines, 744 
thiols, 761 

Dinitrogen trioxide 

Diols 

reaction with cumulenes, 506 

reactions with alkenes, 488 

oxidation 

prochiral 

cleavage 

lactone synthesis, 312 

oxidation by enzymes, 3 16 
1 ,2-Diols 

chromium oxides, 282 
*ophiles, 520 synthesis, 645,647 

1,3-Diols 
synthesis, 645,649 

Diols, chloro- 
synthesis 

Diols, vicinal 
oxidation 

via asymmetric epoxidation, 424 

a-diketones, 300 
2,9-Dioxabicyclo[3.3. Ilnonane 

via Wacker oxidation, 451 
6,8-Dioxabicyclo[3.2. lloctane 

1,4-Dioxaspiro[4,5]decane, 6-acetyl-6-allyl- 

1,7-Dioxaspiro[5.5]undecane, 2-ethyl-8-methyl- 

1,7-Dioxaspir0[5.5]undecane, 4-hydroxy- 

1,7-Dioxaspiro[S.S]undecane, 2-hydmxymethyl- 

Dioxetane 

p-Dioxin 

Dioxirane, dialkyl- 

Dioxirane, dimethyl- 

alkenes, 167 

primary amines, 737 
pyridine, 750 
secondary amines, 745 

synthesis 

synthesis, 828 

oxidative cleavage 
sodium periodate and osmium tetroxide, 564 

synthesis, 625 

synthesis, 237 

8-methyl- 
synthesis, 635 

alkene oxygenation, 96 

detoxification, 845 

epoxidizing agent, 374 

epoxidization 

oxidation 

Dioxiranes 
alkane oxidation, 13 

1,3-Dioxolan-2-ylium ions 
anri hydroxylation 

alkenes, 447 
hydroxylation 

alkenes, 445 
Dipentene 
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allylic oxidation, 99 
Diphenyl sulfoxide 

oxidation, 769 
Diploda gossypina 

epoxidation, 429 
Diplodialide B 

synthesis 

1,2-Dipyrrolidinylethane 
alkene hydroxylation 

oxidation 

via Wacker oxidation, 454 

osmium tetroxide, 442 
Diselenide, dimesityl 

allylic alcohols, 307 
Diselenide, diphenyl 

Diselenide, 2,2’-dipyridyl 

Diselenides 

reaction with lithium enolates, 129 
use in selenenylation, 13 1 

addition reactions with alkenes, 495 

oxidation, 769 
primary alcohols, 3 10 

Dispermol 

Distannoxane, hexabutyl- 
synthesis, 33 1 

oxidation 
sulfides, 764 

Disuccinoyl peroxide 
anti hydroxylation 

alkenes, 446 
Disulfides 

synthesis 
via thiols, 758 

Disulfides, dialkyl 
reactions with trialkylboranes, 607 

Disulfides, diary1 
reactions with trialkylboranes, 607 

Ditellurides 
oxidation, 774 

Diterpenes 
microbial hydroxylation, 64 

1,4-Dithiadiene monosulfoxide 
oxidation, 766 

1,3-Dithiane, 2-chloro- 
synthesis 

1,3-Dithietane 
1,l -dioxide 

via sulfide chlorination with NCS, 207 

synthesis, 768 
1,ll -Dodecadien3-one, 7-acetoxy- 

synthesis, 461 
Dodecane, l-bromo- 

Komblum oxidation 
solvent, 654 

trisannelation reagent 

Dodeca-2,6,10-triene-1,12-diol 
asymmetric epoxidation, 404 

1 -Dodecene 
oxidation 

Wacker process, 450,451 
L-DOPA 

synthesis 
via enzymic hydroxylation, 79 
via microbial methods, 78 
via L-tyrosine, 678 

Dopamine @-monooxygenase 

oxidation, 99 
Dopamine receptor stimulating compounds 

synthesis, 83 1 
Drimenyl acetate 

allylic oxidation, 90 
Durene 

thallation, 872 

1 -Eicosene 
oxidative cleavage 

phase transfer assisted, 578 
Elbs persulfate oxidation 

hydroquinones, 340 
Electrcchemical oxidation, 789-8 1 1 

amount of electricity, 793 
constant current method, 792 
controlled potential method, 792 
diaphragm, 792 
ethers, 247 
organoboranes, 602 
supporting electrolytes, 793 
techniques, 792 

Electrodes 
electrochemical oxidation, 792 

Electrolysis cell 
oxidation, 791 

Electron acceptors 
reduction potentials, 854 

Electron transfer 
acceptor radical anions, 884 
donor radical cations, 882 
radical anions 

radical cations 
bimolecular reaction, 861 

bimolecular reaction, 860 
Electron-transfer oxidation, 849-889 

chain process, 860 
formulation, 852 
photochemical activation, 862 
radical ions, 854 
synthetic transformations, 873 
thermal activation, 862 

Electrooxidation 
halide salts, 537 

Electrophilic addition 
acceptor radical anions, 884 
radical anions 

bimolecular reaction, 861 
Electrophilic aromatic substitution 

arene radical cations, 870 
Electrophilic oxidation 

electron-transfer oxidation versus, 868 
@-Elemene 

synthesis, 94 
Ellipticine, 9-hydroxy- 

synthesis 
via Baeyer-Villiger reaction, 684 

a-hydroxylation, 170 
ozonolysis, 17 1 

anodic oxidation, 798 
u-hydroxylation, 170 

@-hydroxylation, 56 
oxidative rearrangement, 829 

Enamides 

Enamines 

Endomyces reessii 
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Enamines, morpholino 
a-acetoxylation, 170 

Ene reaction 
with singlet oxygen, 818 

Enol acetates 
anodic oxidation, 797 
electrochemical acetoxylation, 170 
a-hydroxylation 

ketones, 167 
iodination, 121 

carbonyl compounds 
halogenation, 120 

a-hydroxylation, 159 
selenenylation 

sulfenylation, 124 

halogenation, 530 
reaction with arylsulfonyl peroxides, 169 
a-sulfonyloxylation, 17 1 

anodic oxidation, 797,803 
halogenation, 121,530 

Enolates 

low temperature reaction, 129 

Enol esters 

Enol ethers 

a-hydroxy 
intramolecular hydrosilylation, 645 

pyridinium chlorochromate, 267 
oxidation 

oxidative rearrangement, 8 16 
reaction with benzeneselenenyl chloride, 520 
steroids 

dehydrogenation, 136 
Enol ethers, alkyl 

a-hydroxylation 
ketones, 167 

Enols 
oxidative rearrangement, 816,828 
silylated 

oxidative rearrangements, 8 16 
Enones 

cyclic 

synthesis 

a,$-Enones 

synthesis, 71 1 

allylic oxidation, 113 

protection device 
$-stannylenol silylenol ether, 619 

Enzymes 
dehydrogenation 

carbonyl compounds, 145 
oxidation 

diols, 3 16 
sulfides, 194 
unactivated C-H bonds, 79 

Episulfonium ions 
synthesis, 493 

Epoxidation 
addition reactions, 357-385 
alkenes, 390 

solid support, 841 
asymmetric methods, 389-436 

titanium-catalyzed, 390 
chemoselective, 384 
intramolecular 

peracids, 375 
steroids 

Subject Index 

microbial, 66 
template-directed, 43 

amino alcohol synthesis, 493 
asymmetric 

diols, 390 
homochiral 

synthesis, 429 
nucleophilic opening 

titanium-assisted, 405 
oxidative m g e m e n t ,  826 
ring opening 

Epoxides, vinyl 
ring opening, 491 

Ergosterol 
acetate 

Erythromycin 

Epoxides (see also Oxiranes) 

regioselectivity, 390 

oxidative halogenation, 529 

oxime 
Beckmann reaction, 698 

Erythronolide A, 9-dihydro- 
synthesis, 246 

Erythronolide B 
synthesis 
via Baeyer-Villiger reaction, 678 

Estafiatin 

Esters 
synthesis, 363 

asymmetric epoxidation 
compatibility, 401 

asymmetric hydroxylation, 18 1 
dehydrogenation, 144 

use of benzeneseleninyl chloride, 135 
a-hydroxylation, 179 
y-hydroxyu,$-unsahuated 

hydroxylation, 439 
iodination, 121 
selenenylation, 129, 13 1 
sulfenylation, 125 

selective, 125 
sulfmylation, 127 
synthesis 
via ethers, 236 
via oxidative cleavage of alkenes, 574 

dehydrogenation, 142 
stereochemistry, 396 

Alpine borane, 603 

a,$-unsaturated 

Esters, a-halo 
reduction 

Esters, a-hydroxy 

Estradiol, 2-hydroxy- 

Estra-l,3,5( 10)-trien-17$-01,3-methoxy- 

oxidation 
synthesis of a-keto esters, 324 

synthesis, 33 1 

acetate 

Estratrienone 

Estrogens 

Estrone 

reaction with mercury(II) acetate, 331 

synthesis, 338 

synthesis, 331 

synthesis, 338 
via Baeyer-Villiger reaction, 682 
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Ethane, 1 ,2-dibromo- 

Ethane, 1,2-dibromotetrachloro- 

Ethanethiol 

lactone bromination, 121 

alkane bromination, 15 

oxidative cleavage of alkenes 
synthesis of dithioacetals, 588 

Ethanol, 2-@- 
synthesis 

Ether, benzyl ethyl 
oxidation, 240 

Ether, benzyl methyl 
oxidation, 240 

Ether, n-decyl methyl 
oxidation, 239 

Ether, di-n-butyl 
oxidation, 236 

Ether, diethyl 
oxidation, 235 

Ether, (4-methoxybenzy1oxy)methyl 
alcohol protecting group, 246 

Ether, 2-octenyl vinyl 
3.3-sigmatropic rearrangement, 457 

Ethers 
asymmetric epoxidation 

compatibility, 401 
epoxidation directed by, 367 
oxidation 

via microbial methods, 76 

activated C-H bonds, 235-248 
mechanism, 236 
selectivity, 238 

saturated aliphatic 
anodic oxidation, 803 

synthesis 
via electrophile cyclization, 523 

Ethers, alkyl methyl 
synthesis 

Ethers, benzyl 
oxidation 

via trialkylboranes, 603 

Jones reagent, 240 
Ethers, halomethylsilyl 

Ethers, (methy1thio)methyl 

allylic alcohofs 

synthesis 

radical cyclization, 648 

via Pummerer rearrangement, 292 
Ethers, triisopropylsilyl 

epoxidations, 382 
Ethers, vinyl 

a-hydroxylation, 169 
Ethylamine, 24 1 -cyclohexenyl)- 

enzymatic hydroxylation, 99 
Ethylene 

oxidation 
Wacker process, 449 

benzeneselenenyl chloride, 520 

Ethylene, 1.1 -difluoro- 
addition reactions 

Ethylene, tetrafluora- 
reaction with nitric oxide, 488 

Ethylene oxide 
synthesis 

via oxidation of ethylene, 384 

Farnesol 
proxy ester 

Fenton's reagent 
alkane hydroxylation, 11 

Fenyl radicals 
Fenton's reagent 

intramolecular epoxidation, 381 

hydroxylation of alkanes, 11 

synthesis, 342 
Fervenulone, 2-methyl- 

Flavanones 

Fervenulin 
analogs 

synthesis, 342 

bromination, 120 
dehydrogenation 

use of thallium trinitrate, 144 
Flavins 

oxidation 
sulfides, 763 
thiols, 761 

Flavones 

Fluorene, diazo- 
synthesis, 120, 136 

synthesis 

Fluorides, 1,240do- 
synthesis, 536 

Fluorination 
alkanes, 15 
secondary amines, 747 

Fluoronitration 
alkenes, 498 

Forskolin 
microbial hydroxylation, 64 
synthesis, 105 

Forster reaction 
diazo compounds 

microbial epoxidation, 429 

acceptor radical anions, 882 
radical anions 

a-Fragmentation 
donor radical cations, 873 
radical cations 

8-Fragmentation 
donor radical cations, 874 
radical cations 

Fredericamycin A 
synthesis, 340 

Free radicals 
electron-transfer equilibria, 850 

Fremy's salt 
oxidation 

via fluorenone hydrazone, 742 

synthesis from oximes, 75 I 
Fosfomycin 

Fragmentation 

unimolecular decomposition, 86 1 

unimolecular reaction, 857 

unimolecular reaction, 857 

primary amines, 737 
secondary amines, 746 

quinone synthesis, 143,346 

synthesis 
via Wacker oxidation, 451 

Furan, 2.5-dimethoxy-2.5-dihydro- 

Frontalin 
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synthesis, 802 

synthesis 
Furan, 2-methyl-3-phenyl- 

via 3-phenyl-4-oxopentanal, 456 
Furan, tetrahydro- 

oxidation, 236 

polycyclic 

synthesis 

asymmetric epoxidation 
kinetic resolution, 423 

anodic oxidation, 802 
oxidation 

electrochemical, 248 

oxidation, 239 

via electrophile cyclization, 523 
Furanols 

Furans 

pyridinium chlorochromate, 267 
Furfuryl alcohols, tetrahydro- 

Fusicoccins 
synthesis, 632 

synthesis, 710 

Gabriel synthesis 
aziridines, 472 

PGalactose oxidase 
oxidation 

diols, 3 12 

synthesis, 318 

asymmetric epoxidation, 395,409 
aziridination, 481 
epoxidation, 368 
microbial hydroxylation, 62 
oxidation, 306 

Geraniol, tetrahydro- 
oxidation 

Geranyl acetate 

Gelsemine 

Geraniol 

solid support, 841 

allylic oxidation, 89 
allylic oxidative rearrangement, 109 

aziridination, 48 1 

allylic oxidation, 88 
synthesis, 625 

Gibberellic acid 
synthesis 

Gibberellin A3 
allylic oxidation, 90 

Gibberellin A7 
allylic oxidation, 90 

Gibberellins 
epoxides 

synthesis, 301 
Gif system 

alkane oxidation, 13 
Ginkgolide 

synthesis, 182 
Ginkgolide B 

synthesis 

Geranyl chloride 

G e nn ac r an e s 

via Baeyer-Villiger reaction, 677 

oxidative rearrangement, 826 

via Baeyer-Villiger reaction, 680 
Gluconobucter roseus 

enzymes 
diol oxidation, 3 16 

~-Glucopyranose, 2,3,4,6-tetra-O-benzyl- 

D-Glucose 
Wittig reaction, 635 

diethyl dithioacetal 
oxidative cleavage, 7 10 

D-Glyceraldehyde, 2.3-O-isopropy lidene- 
synthesis, 7 13 

Glycidol 
synthesis, 397 

Glycine, vinyl- 
synthesis, 722 

Glycinoeclepin A 
synthesis 
via Baeyer-Villiger reaction, 680 

Glycols 
cleavage reactions, 703-714 
oxidation, 803 

oxidative cleavage 

synthesis, 437447 
Glycyrrhetinic acid 

allylic oxidation, 87 
Glyoxylates 

synthesis 

solid support, 843 

solid support, 841 

via Komblum oxidation, 654 
Grandisol 

synthesis, 239 
Grignard reagent, allyldimethylsilylmethyl- 

hydroxymethylation, 647 
Grignard reagents 

anodic dimerization, 805 
Gyrinidal 

synthesis, 109 

Halides 
oxidation, 653 

Halofunctionalization 
alkenes, 533 

Halogenation 
alkanes, 15 
amines, 741 
anodic oxidation, 8 10 
electrochemical 

enzymecatalyzed, 539 
ionic 

secondary amines, 747 
sulfides 

regioselectivity, 2 10 
or$-unsaturated carbonyl compound synthesis, 120 

a-Halogenation 
sulfides, 206 

Halogenation-dehydalogenation, 120 
Halogenoetherification 

alkenes, 535 
Halogens 

activator 

oxidation 

aromatic compounds, 800 

sulfides, 193 

DMSO oxidation of alcohols, 298 

sulfides, 763 
sulfoxides, 767 
thiols, 760 
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Halohydrin esters 

Halometallic reagents 

Halomethyl compounds 

Halonium ions 

alkene hydroxylation, 444 

oxidative halogenation, 527 

oxidation, 666 

amino alcohol synthesis, 492 
cyclic 

aziridme synthesis, 473 

cytosine halogenation, 539 

benzylic halides, 659 

synthesis, 164 

conditions 

Haloperoxidases 

Hass-Bender reaction 

Helenanolides 

Hell-Vollard-Zelinski reaction 

halogenation of acids, 122 
Helminthogermacrene 

synthesis, 94 
1 ,bHeptadiene 

chlorination, 532 
Heptane, 3-methyl- 

oxidation 
transition metal catalysis, 12 

Heptane, tricyclic 
synthesis, 5 17 

n-Heptanol 
oxidation 
4-(dimethylamino)pyridiNum chlorochromate, 269 

1 -Heptene 
hydroxylation 

osmium tetroxide, 442 
6-Heptenoic acid 

radical decarboxylation, 73 1 
2-Hepten-l-01.2-methyl- 

asymmetric epoxidation, 409 
Heteropol y acids 

reoxidants 
Wacker process, 452 

Heusler-Kalvoda reaction, 41 
Hexadecan-5-olide, 6-acetoxy- 

synthesis, 623 
1-Hexadecene 

epoxidation, 429 
2,CHexadiene, 2.5-dimethyl- 

epoxidation, 359 
2.4-Hexadien-3-01 

asymmetric epoxidation 
kinetic resolution, 414 
substituent effect, 421 

Hexafluorophosphonium nitrite 
reactions with alkanes, 10 

Hexanals, 5-oxo- 
synthesis 

1 ,2-Hexanediol 

Hexanol. t-ethyl- 

3-Hexene 
cis 

dimination. 484 

via Wacker oxidation, 458 

oxidative cleavage, 708 

oxidation 
solid support, 841 

epoxidation, 374 

2-Hexen- 1-01 
epoxidation, 395 

1 -Hexenol, 3-chloro- 
aziridination, 48 1 

Hex-2enylamine 
allylic hydroxylation, 99 

5-Hexenyl radicals 
cyclization, 73 1 

L-Hexoses 
synthesis, 402 

Hirsutene 
synthesis, 524 

Hofmann-Laffler-Freytag reaction 
intramolecular functionalization, 40 

Hog pancreatic lipase 
epoxide hydrolysis, 429 

Hole-cataly zed cycloadditions 
oxidation 

dienes, 861 
Homoallyl acetates 

oxidation, 464 
Homoallyl alcohols 

asymmetric epoxidation, 419 
epoxidation, 366,37 1 
intramolecular hydrosily lation, 645 

Homoallyl esters 
regioselective oxidation, 464 

Homoallyl ethers 
regioselective oxidation, 464 

Homo-Sa-androstanes 
microbial hydroxylation, 72 

D-Homo-4-androstene-3,17a-dione 
synthesis, 461 

Homolaudanmine 
synthesis, 712 

Homolytic addition 
donor radical cations, 881 
radical cations 

bimolecular reaction, 860 
D-Homo- 19-norandrost-4-en-3-0ne 

synthesis 
via trisannelation, 461 

D-Homoprogesterone 
microbial hydroxylation, 70 

Homoprotoberberine, 2,3,9,10,1 l-pentamethoxy- 
synthesis, 712 

Homer-Emmons reaction 
cr,@-unsaturated esters 

stereochemistry, 396 

diol oxidation, 316 
Horseradish peroxidase 

aromatic hydroxylation, 79 
Hostapon process, 14 
Hunsdiecker reaction, 7 17-732 
Hydrazarenes 

oxidation 

Hydrazine, l-methyl-l-phenyl- 

potassium superoxide, 744 

Horse liver alcohol dehydrogenase 
coimmobilized 

solid support, 843 

oxidation 

Hydrazine, tetrafluoro- 

Hydrazines 
reactions with alkenes, 485 

oxidation, 742,747 
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solid support, 846 

via oxidation of secondary amines, 745 

via amination of primary alkylamines, 741 

photolysis, 9 
synthesis 

Hydrazines, monoalkyl- 
synthesis 

Hydrazones 
asymmetric hydroxylation, 187 
dehydrogenation, 144 
a-hydroxylation, 187 
oxidation, 742 
sulfinylation, 128 
synthesis 

via halides, 668 
Hydrazones, NJVdimethyl- 

oxidation 
Clayfen, 846 

sulfenylation, 127 
Hydrazones, p-stannyl 

oxidation, 628 
Hydrazones, pstannyl phenyl- 

oxidation, 628 
Hydride transfer 

reagents, 244 
Hydrocarbons 

acyclic 

cyclic 

oxidation 

Hydrocortisone 
oxidation 

Hydrogenation 

Hydrogen peroxide 

enantioselective hydroxylation, 57 
microbial oxidation, 56 

microbial oxidation, 58 

metalloporphyrin-catalyzed, 50 

solid supports, 845 

alkenes 
comparison with Wacker oxidation, 450 

acidic 

alkaline 

Baeyer-Villiger reaction, 674 
epoxidations with, 381 
glycol cleavage, 708 
hydroxylation 

alkenes, 438,446 
a-hydroxylation 

ketones, 163 
oxidation 

primary amines, 737 
selenides, 77 1 
sulfides, 194,762 
sulfoxides, 766 
thiols, 760 

oxidative hydrolysis 
ozonides, 574 

reoxidant 
Wacker process, 452,462 

silylated 
oxidation, 674 

Hydroperoxide, r-butyl 
allylic oxidation, % 
oxidation 

organoborane oxidation, 597 

organoborane oxidation, 595 

primary amines, 737 

allylic oxidation, 88 
selenium reoxidant 

Hydroperoxide, trityl 
epoxidation, 376 

Hydroperoxides, alkyl 
oxidation 

organoboranes, 602 
trialkylborane, 599 

H ydroquinones 
electrochemical reoxidation 

Wacker process. 452 
oxidation 

chromium(VI) oxide, 278 
solid support, 843 

synthesis, 339,340 

oxidation 

H ydrosil ylation 

Hydroquinones. sily I-protected 

pyridinium chlorochromate, 264 

trichlorosilane, 642 

chlorodimethylsilane, 643 
(diethoxymethyI)silane, 643 

asymmetric 
chiral catalyst, 642 

intramolecular 
allyl alcohols, 645 

organofluorosilicates 
synthesis, 642 

alkenes 

alkynes 

Hydroxamates, 0-acyl seleno- 
decomposition 

photolysis, 722 

carboxyl radicals from, 719 
decomposition 

fragmentation 

photolysis, 73 1 

synthesis of alkyl 2-pyridyl selenides, 726 

Hydroxamates, 0-acyl thio- 

noralkyl hydroperoxides, 727 

thiophilic radicals, 719 

alkyl 2-pyridyl sulfides, 726 
decarboxylative iodination, 725 

reaction with tris(pheny1thio)phosphoms. 727 
reductive decarboxylation, 720,72 1 

or-Hydroxy acids 
oxidative cleavage, 709 

Hydroxylamine, 0-(arylsulfonyl)- 
reaction with alkenes, 471 

Hydroxylamine, NJV-dialkyl- 
phenacyl bromide oxidation, 663 

Hydroxylamine, 0-2.4dinitrophenyl- 
amination 

secondary amines, 746 

secondary amines, 746 
Hydroxylamine, O-mesityl- 

secondary amines, 746 

Hydroxylamine, O-diphenylphosphinyl- 
amination 

amination 

Hydroxylamine, O-mesitylenesulfonyl- 
amination 

pyridines, 750 
secondary amines, 746 

reactions with organoboranes, 606 
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Hydroxylamine, 0-(mesitylsulfonyl)- 

Hydroxylamines 
Beckmann rearrangement, 694 

amine oxidation 
intermediate, 738 

oxidation, 742,747 
with halides, 663 

synthesis 
via oxidation of primary amines, 736 
via oxidation of secondary amines, 745 

amines, 74 f 
secondary amines, 746 

Hydroxylamine-O-sulfonic acid 
amination 

reactions with organoboranes, 606 

a to carbonyl, 152 
a to cyanide, 186 
anti 

alkenes, 438,446 
activated C-H bonds 

oxidation, 15 1-187 
alkanes, 11 
alkenes, 437 
anodic 

aromatic compounds, 800 
regioselective 

dienes, 438 
steroids, 132 

microbial, 66,68 
microbial, chemoselectivity, 69 
microbial, regioselectivity, 70 
microbial, stereoselectivity, 72 

alkenes, 438,439 

Hydroxylation 

syn 

$-Hydroxylation 
aliphatic carboxylic acids 

microorganisms, 56 
Hydroxymethylation 

nucleophilic, 647 
H ydrox yselenenations 

alkenes, 522 
Hydroxy sul fen y lation 

alkenes, 5 18 
Hypochlorite 

irradiation, 41 
Hypochlorite, t-butyl 

oxidation 
sulfides to sulfoxides, 194 

Ibogamine 

Ibuprofen 
synthesis, 476 

methyl ester 

Imidazole, 1 ,l'-carbonyldi- 
Beckmann rearrangement, 692 

Imidazole, mercapto- 
oxidation, 760 

Imidazolines 
synthesis, 479 

Imidazolinones 
synthesis, 486 

Imidazolium dichromate 
oxidation 

alcohols, 278 

synthesis, 829 

Imidazolones 
lithium compounds 

oxidation, 330 

synthesis, 6% 

metallation 

N-oxidation. 750 
Iminium salts 

oxidation, 664 
Indanone 

oxime 

Imidoyl iodide 

Imines 

sulfenylation of aldehydes. 125 

Beckmann rearrangement, 691 
Indene 

ozonolysis 
in ammonia. 507 

photooxidation, 98 
Indole, 1 -acetyl-2,3dihydro-7-hydroxy- 

synthesis. 335 
Indole, 7-methoxy- 

synthesis, 335 
Indole-3carbaldehyde 

thallation, 335 
Indole-3carboxylic acid, l-methyl- 

Baeyer-Villiger reaction, 678 
Indoles 

reaction with coppafII) chloride, 532 
synthesis, 335 

Indoline, 3-vinyl- 
oxidative cleavage 

ozone, 544 
Inositol phosphates 

synthesis, 245 
Integerrinecic acid 

Baeyer-Villiger reaction. 679 
Interface reactions 

electrochemical oxidation, 790 
Intermolecular coupling 

electrochemical 
aromatic compounds, 801 

aromatic compounds, 801 

Intramolecular coupling 

Intnunolecular functionalization 

Iodides 

Iodinanes 

Iodination 

electrochemical 

C-H bonds, 40 

Komblum oxidation, 654 

aziridination, 477 

electrochemical, 8 10 
secondary amines, 747 

hypervalent 
Iodine 

enone a-hydroxylation, 179 
ketone a-hydroxylation, 155 
reaction with carboxylic acids, 723 

alkene hydroxylation, 447 
silver benzoate 

Iodine acetate 

Iodine azide 
glycol cleavage, 706 

addition reactions 
alkenes, 502 

aziridine synthesis, 473 
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azirine synthesis, 502 
reactions with allenes, 506 

Iodine isocyanate 
addition reactions 

alkenes, 501 
aziridination. 473 

Iodine monochloride 
alkane chlorination, 16 

Iodine reagents 
glycol cleavage, 706 
oxidative rearrangment, 828 

Iodine teuafluoroborate, bis(sym-collidinc)- 
a-iodocarbonyl compound synthesis 

Iodine tetrafluoroboratc, bis(pyridine)- 
reaction with 1.3-dienes, 536 

Iodine triacetate 
glycol cleavage, 706 

Iodinolysis 
C-B bonds, 606 

Iodolactamization 
alkenes, 503 

Iodolactonization 
lactone synthesis, 523 

p-Ionine 
silyl ether 

from alkenes, 535 

oxidative cleavage, 587 
Ionization potentials 

electron donors, 853 
measurement 

gas-phase, 852 

allylic oxidation 
catalyst, 108 

Iridium 

Iridium chloride 

Iron chloride 
allylic oxidation, 95 

reaction with organoboranes, 604 
silica support 

dehydration, 843 
Iron complexes 

allylic oxidation, 95 
Iron nitrate 

solid support 
clay, 846 

Iron perchlorate, 2,6dichlorophenylporphyrin- 
aziridination, 484 

Iron porphyrins 
alkene epoxidation catalysis, 382 

Isoacoragennacrone 
isomerization, 619 

Isobenzofuran 
synthesis, 340 

Isobenzofuranone 
synthesis, 340 

Is~bomeol, 3-tram-benzylidene- 
epoxidation, 365 

Isocyanides, 4-nitrophenyl 
0-acyl thiohydroxamate photolysis, 731 

Isocyanuric acid, trichloro- 
sulfide chlorination, 207 

Isoflavanones 
synthesis 

Isoflavans 
via isoflavones, 831 

synthesis 

via isoflavones, 83 1 
Isoflavones 

synthesis, 827 
via chalcone, 829 

Isonicotinium dichromate 
oxidation 

alcohols, 277 

a-acetylation, 153 

oxidative rearrangement, 820 

anodic oxidation, 795 

microbial hydroxylation, 62 

oxidation 

Isopulegone 

Isoquinoline, hydroxytetrahydro- 

Isoquinoline, 1 -nitroso- 

Isophotosantonic lactone, isodihydro-0-acetyl- 

Isopimarene 

Isoprene 

Isoprenoids 

Isopulegol 

solid support, 841 

oxidation, 154 

oxidation, 339 

synthesis 
via oxidation of sulfimides, 752 

Isoquinoline, tetrahydro- 

Isoquinoline, tetrasubstituted 
synthesis 

Isoretronecanol 
synthesis 

Isorotenone 
synthesis, 157 

Isothiocyanates, P-trans-phenylselenoyl 
synthesis, 4% 

A-*-Isoxazolines 
synthesis, 628 

oxidation 
formation of nitrone, 745 

via Beckmann rearrangement, 695 

via Baeyer-Villiger reaction, 677 

Jasmone 
synthesis 

Jasmone, dihydro- 
synthesis, 457 

via Wacker oxidation, 454 

via dialkylative enone transposition, 615 
via Wacker oxidation, 454 

Jones oxidation 
chmium(V1) reagents 

alcohols, 253 
ethers. 240 

ent-Kaurane 

Ketals 
microbial hydroxylation, 64 

asymmetric epoxidation 
compatibility, 401 

Ketoacetates 
synthesis 
via solid support oxidation of acetates, 842 

via oxidation of alkylidene cycloalkanones, 684 

Keto acids 
synthesis 

a-Keto acids 
synthesis, 661 
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a-Keto esters 

8-Keto esters 

Ketones 

synthesis, 661 

sulfenylation, 125 

acyclic aliphatic 

amides from 

bromination 

cyclic 

Baeyer-Villiger reaction, 676 

Be~kmann rearrangement, 694 

bromine, 120 

dehydrogenation, 132 
dehydrogenation using palIadium(U) chloi 
ring contraction, 831 
ring expansion, 831 

dehydrogenation, 144 
benzeneseleninyl chloride, 135 
copper(II) bromide, 144 
palladium catalysts, 141 

bromination, 120 
enolates 

halogenation, 120 
homologation 

to enones, 821 
a-hydroxylation, 152 
photolysis, 41 
reduction 

Alpine borane, 603 
selenenylation, 129,131 

kinetic product, 130 
steroids 

dehydrogenation, 132,136 
sulfenylation, 125 
sulfinylation, 127 
synthesis 

via alkenes, 600 
via oxidation of secondary alcohols, 318 
via oxidative cleavage of alkenes, 541 
via Wacker oxidation of alkenes, 450 

allylic oxidation, 819 

Baeyer-Villiger reaction, 684 
sp’ center, hydroxylation, 179 
dehydrogenation, 142 
a-hydroxylation, 174 

Baeyer-Villiger reaction, 684 

3,4unsaturated 

a,p-unsaturated 

1 ,2-Ketones 
transposition 

Ketones, acyclic diary1 
Baeyer-Villiger reaction, 678 

Ketones, alkyl phenyl 
Baeyer-Villiger reaction 

regiochemistry, 673 
Ketones, a.p-alkyny1 

reduction 
Alpine borane, 603 

Ketones, amino 
synthesis, 506 

Ketones, aryl 
oxidative rearrangement, 829 
synthesis 

via rearrangement of arylalkenes, 828 
Ketones, aryl alkyl 

Baeyer-Villiger reaction, 678 

synthesis 
Ketones, benzyl phenyl 

Ketones, bridged bicyclic 
Baeyer-Villiger reaction. 682 

Ketones, bridged polycyclic 
Baeyer-Villiger reaction, 682 

Ketones, a-bromo 
synthesis, 533 

Ketones, a-chloro 
synthesis, 527,538 

Ketones, a-fluoro 

Ketones, a-formyl 
dehydrogenation, 136 

Ketones, fused ring bicyclic 
Baeyer-Villiger reaction, 680 

Ketones, fused ring polycyclic 
Baeyer-Villiger reaction, 680 

Ketones, a-halo 
reduction 

via oxidative rearrangement, 829 

ride, 140 synthesis, 538 

Alpine borane, 603 
Ketones, a-hydroperoxy 

synthesis, 156, 159 
Ketones, a-iodo 

synthesis, 530 
Ketones, monocyclic 

Baeyer-Villiger reaction, 678 
Ketones, a-nitrato 

reduction, 154 
Ketones, p-silyloxy 

intramolecular hydrosily lation, 645 
Ketones, spirocyclic 

Baeyer-Villiger reaction, 678 
Ketosteroids 

ecdysone side 

Beckmann rearrangement, 691 
a-hydroxylation, 187 

Ketoximes, 0-substituted 
Beckmann rearrangement, 693 

Ketoximes, O-tosyl- 
Beckmann rearrangement, 693 

Ketoximes, 0-unsubstitutcd 
Beckmann rearrangement, 691 

Kharaschsosnovsky reaction 
allylic oxidation, 84,95 

Khellin 
oxidation, 462 

Kjellmanianone 
synthesis, 175, 176 

Koch-Haaf reaction, 8 
Kolbe dimerization 

reaction conditions, 806 
Kolbe electrolysis 

distribution of active species 

Komblum oxidation 
activated halides, 653 
limitations, 654 

Kr6hnke oxidation 
activated halides 

synthesis, 243 
Ketoximes 

electrochemical oxidation, 791 

carbonyl compounds, 657 
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Lactams 
a-hydroxylation, 183 
microbial hydroxylation, 60 
selenenylation, 129 
steroids 

dehydrogenation, 132 
sulfenylation, 125 
synthesis 
via unsaturated amides, 524 

@-Lactams 
stereoselective synthesis, 517 
sulfen y lated 

synthesis, 729 

Beckmann rearrangement, 691 

bromination, 121 
a-hydroxylation, 179 
a-iodo-a,@-unsaturated 

synthesis, 536 
selenenylation, 129 
steroids 

dehydrogenation, 132,136 
sulfenylation, 125 
synthesis. 5 17 
via amides, 524 
viu diols, 3 12 
via ethers, 236 
via rnonodecarboxylation of dicarboxylic acids, 

via oxidative cleavage of alkenes, 574 
via selenolactonization, 523 

synthesis, via Pummerer rearmngement, 202 

CE-LaCtamS 

Lactones 

727 

y-Lactones, y-alkylidene- 
synthesis, 524 

Lactones, imino- 
synthesis, 524 

Lactones, a-methylene- 
synthesis, 129 

Lactones, unsaturated macrocyclic 

Lanostanol, 1 l-oxo- 

Lanost-8-en-3-one 

Lasiodiplodin methyl ether 

Laurenene 

via dehydrogenation reactions, 125 

epoxidation, 361 

acetate 
oxidative rearrangement, 832 

cyclopalladation-oxidation, 630 

synthesis 

synthesis 

Lavendamycin 
phannacophores 

synthesis, 347 
Lead azide 

azidation, 488 
Lead carboxylates 

synthesis, 719 
Lead nitrate 

benzylic halide oxidation, 666 
Lead phenyliododiacetate 

oxidative cleavage of alkenes 

Lead salts 

via Wacker oxidation, 454 

via Wacker oxidation, 455 

with trimethylsilyl azide, 588 

decarboxylative halogenation, 724 
oxidative rearrangements, 8 16 

adamantane functionalization, 14 
alkane oxidation, 13 
allylic oxidation, 92 
decarboxylative halogenation, 724 
glycol cleavage, 708 

mechanism, 709 
u-hydroxylation 

ketones, 152 
ketone u-acetoxylation, 145 
oxidation 

aromatic compounds, 338 
organoboranes, 602 

oxidative cleavage of alkenes 
with trimethylsilyl azide, 588 

oxidative decarboxylation, 722 
oxidative rearrangement, 827 
quinones 

synthesis, 352 
reductive decarboxylation, 720 

Lead tetrabenzoate 
a-hydroxylation 

ketones, 167 
reaction with silyl dienol ethers, 178 

oxidation 

Lead tetraacetate 

Lead tetrakisfluoroacetate 

aromatic compounds, 338 
Lead triacetates, ak -  I-enyl- 

synthesis, 620 
Lead trifluoroacetate 

alkane oxidation, 13 
Lemieux-Johnson oxidation, 71 1 
Lemieux-von Rudloff oxidation, 71 0 

oxidative cleavage of alkenes 

Leukotrienes 
synthesis 

with pemanganate and periodate, 586 

via D-arabinose, 242 
Limonene 

anodic oxidation, 796 
synthesis, 429 

Limonene, tetramethyl- 
epoxidation, 362 

Linalool 
microbial hydroxylation, 62 

Lipoic acid 
synthesis, 90 

Lithium bis(phenyldimethylsily1)cuprate 
introduction of hydroxy groups, 646 

Lithocholic acid 
microbial hydroxylation, 73 

Loganin aglycone 
synthesis, 301 

Lubimin, oxy- 
synthesis, 178 

Lumiflavin, 4a-hydroproxy- 
oxidation 

Lupanone oxide 
cyclopalladation-oxidation, 630 

Lycorine alkaloids 
synthesis, 336 

Macrolide antibiotics 

sulfides, 763 
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synthesis, 57 
Macrolides, oximino- 

synthesis, 507 
Magnesium, chloro((diisopropoxyethylsily1)methyl)- 

hydroxymethylation, 647 
Magnesium monoperoxyphthalate 

Baeyer-Villiger reaction, 674 
epoxidizing agent, 374 

Maleic anhydride 
alkylated 

EDA complex 

Malonates 
sulfenylation, 125 

Malonic acid, alkyl- 
synthesis 

synthesis, 930 

with hexamethylbenzene, 856 

via disubstituted organopotassium compounds, 3 
Manganese acetate 

reaction with alkenes, 532 
Manganese azide 

1,2-diazides from alkenes and, 487 
Manganese, chloro( tetrapheny1porphyrin)- 

alkane oxidation, 11 
Manganese complexes 

allylic oxidation, 95 
Manganese dioxide 

glycol cleavage, 708 
oxidation 

p-aminophenol, 349 
diols, 3 18 
primary alcohols, 306 
primary arylamines, 738 
secondary alcohols, 324 

quinone synthesis, 142,350,355 
Manganese triacetate 

allylic oxidation, 92 
a' -hydroxylation 

enones, 174 
a-oxidation 

enones, 154 

viu aminomercuration-oxidation, 638 

Mannojirimycin, 1 deoxy- 
synthesis 

synthesis, 406 

synthesis, 57 

synthesis, 380 

Marmine 

Maysine 

Maytanshe 

Mazur oxidation, 842 
Menthol 

oxidation 
solid support, 841,845 

Beckmann rearrangement, 691 

activation barriers, 869 
charge transfer excitation energies 

EDA complexes, 870 
EDA complexes 

intermediates, 868 

a-acetoxy lation 
ketones, 154 

Menthone 
oxime 

Mercuration 

Mercury acetate 

allylic oxidation, 92, 108 
dehydrogenation 

steroids, 93 
ketone a-acetoxylation, 145 

Mercury acetate, cinnamyl- 
solvolysis, 92 

Mercury acetate, crotyl- 
solvolysis, 92 

Mercury nitrate 
oxidation 

reaction with alkenes, 533 

allylic oxidation, 93 
decarboxy lative halogenation, 724 

decarboxylative halogenation, 724 
halofunctionalization 

reactions with alkanes, 3 
Mercury trifluoroacetate, pentamethy Iphenyl- 

synthesis, 870 
Mercury trifluoroacetates 

electrophilic oxidation, 868 
a-Mes y lox ylation 

ketones, 155 
Metac yclophanes 

synthesis, 354 
Metal acetates 

allylic oxidation, 92 
Metal ions 

oxidation 

halides, 665 

Mercury oxide 

Mercury salts 

alkenes, 533 

thiols, 759 
Metallic oxidants 

ethers, 236 
Methacrylates, thienyl- 

synthesis, 5% 
Methane 

oxidation 
ozone, 14 

reaction with elemental sulfur, 14 
Methane, tetrachloro- 

alkane chlorination, 15 
Methane, tetranitro- 

fragmentation 

Methane, trichlorobromo- 
alkane bromination, 15 

Methane monooxygenase 
hydrocarbon hydroxylation 

Methanesulfenyl chloride 
reactions with alkenes, 516 
reactions with dienes, 5 16 

Methanesulfonic acid 
Beckmann rearrangement reagent, 691 

Methanesulfonic acid, trifluoro- 
Beckmann rearrangement, 695 

Methanesulfonic anhydride, trifluoro- 
activator 

unstable radical anions, 855 

catalyst, 80 

DMSO oxidation of alcohols, 299 
Methanesulfonyl chloride, trichloro- 

alkane chlorination, 16 
oxidation 

thiols, 761 
Methanesulfuryl chloride 
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synthesis, 14 
Methoxatin 

synthesis, 349 
Methox ylamine 

oxidation 
synthesis of aziridines, 744 

a-Methoxylation 
electrochemical 

amides, 804 
aromatic compounds, 799 
carbamates, 804 
ketones, 798 

Methyl acrylate 
oxidation 

Wacker process, 45 1 
Methyl dihydrojasmonate 

synthesis, 457 
Methylene groups 

activated 
oxidation, 267 

Methylenomycin A. decpoxy-4,5-didehydro- 
synthesis, 243 

Methyl 10-fluorofarnesoate 
regioselective epoxidation, 359 

Methyl jasmonate 
synthesis, 59 

Methylococcus spp. 
hydrocarbon hydroxylation, 56 

Methylosinus spp. 
hydrocarbon hydroxylation, 56 

Methylotropic bacteria 
hydrocarbon hydroxylation, 56 

Methynolide 
synthesis, 246 

Mevalonolactone 
synthesis, 312,316 

Mevalonolactone, anhydro- 
synthesis, 240 

Michael-Michael ring closure reactions, 625 
Microbial dehydrogenation 

carbonyl compounds, 145 
Microbial epoxidation, 429 
Microbial hydroxylation 

ketones, 158 
Microbial oxidation 

alternatives, 79 
enantiotopic discrimination, 57 
mechanism, 56 
nonsteroidal substrates, 56 
steroids, 56 
unactivated C-H bonds, 53-80 

p-hydroxylation, 56 

cultures 

immobilized 

mutation, 56 
oxidation 

via hmmerer rearrangement, 206 

Micrococcus jlavus 

Microorganisms 

collections, 55 

steroid dehydrogenation, 68 

unactivated C-H bonds, 53 
uses, 55 

sources, 55 
taxonomy, 55 

Milbemycins 

synthesis, 300 
Minisci reaction 

alkenes, 498 
Mitomycin 

synthesis 

Mitomycin C 
synthesis, 353 

Mitsunobu reaction 
activation of alcohols, 752 

Molecular sieves 
asymmetric epoxidation, 396 

Molybdenum 
oxidation 

via Baeyer-Villiger reaction, 684 

secondary alcohols, 320 
Molybdenum complexes, peroxy- 

epoxidations with, 382 
a-hydroxylation 

amides, 183 
enones, 175 
esters, 180 
ketones, 160 
ketoximes, 187 

Molybdenum dioxide diacetylacetonate 
oxidative cleavage of alkenes 

with t-butyl peroxide. 587 
Molybdenum hexacarbony 1 

a-hydroxylation 
ketones, 167 

Molybdenum oxide 
activator 

DMSO oxidation of alcohols, 299 
Molybdenum pentachloride 

reaction with alkenes, 530 
Molybdenum pentoxide 

oxidation 

Monacolin-K 

Monensin B 

Monoperoxysuccinic acid 

alkenyloxyboranes, 602 

microbial oxidation, 77 

synthesis, 361 

anti hydroxylation 
alkenes, 446 

Monoterpenes 
synthesis 

via DMSO, 301 
Morphine alkaloids 

synthesis, 801 
Morpholine N-oxide, N-methyl- 

asymmetric dihydroxylation, 429 
oxidation 

primary alcohols, 309.3 1 1 
MSD-92,rldeaza- 

synthesis, 342 
Muscone 

synthesis, 57 
via Wacker oxidation, 455 
viu Wagner-Meerwein rearrangement, 806 

Myoporone, 7-hydroxy- 

M yrtenol 

Nafion 5 1 1 

synthesis, 827 

synthesis, 92,99 

chromium(II1) oxidants 



992 Subject Index 

alcohol oxidation, 282 
Nagilactones 

synthesis, 33 1 
Naphthalene, N-arenesulfeny limino- 1 ,Cdihydro- 

thermolysis 

Naphthalenes 
sulfenylnitrenes from, 483 

anodic oxidation, 799 
charge-transfer osmylation, 864 
synthesis, 628 
thermal osmylation, 863 

2-Naphthalenetellurenyl iodide 
synthesis, 774 

Naphthalen3-01,4a-decahydro- 
synthesis, 4 13 

Naphthalen-2-01,4a-methyl-2,3,4,4a,5,6,7,8sctahydro- 
synthesis, 413 

Naphtho[ 1.8-4- 1,2-diselenole 
oxidation, 770 

oxidation 
a-Naphth01 

solid support, 843 
Naphthols 

synthesis, 144 
1 ,CNaphthoquinone 

in microbial dehydrogenation 
steroids, 67 

synthesis, 345 

asymmetric epoxidation, 425 

oxidation 

Naphthoquinones, 2-alkyl- 

1 ,I-Naphthyridinium chlorochromate 

alcohols, 270 

alcohols, 278 

1,8-Naphthyridinium dichromate 
oxidation 

Naproxen 
synthesis, 506 

Nef reaction 
solid support, 842,844 

Nerol 
oxidation, 306 

Neryl acetate 
allylic oxidation, 89 

Nezukone 
synthesis 

Nickel benzoate 
oxidation 

via oxidation of carbon-tin bonds, 615 

diols, 3 16 
Nickel 2-ethylhexanoate 

oxidation 

Nickel peroxide 
aromatization, 143 
oxidation 

Nicotinic acid 

Nicotinic acid, 6-hydroxy- 

diols, 3 16 

primary arylamines, 738 

microbial hydroxylation, 79 

synthesis 

oxidation 

via microbial hydroxylation, 79 
Nicotinium dichromate 

alcohols, 277 
NIH shift 

microbial hydroxylation 

oxidation 

aromatic compounds, 78 

halides. 664 

electrochemical 

secondary amines, 746 

alkenic 

synthesis 

Nitrates 

Nitration 

aromatic compounds, 800 

Nitrenes 

intramolecular cyclization, 476 

via alkenes, 470 
Nitrenes, amino- 

synthesis 

Nitrenes, aryl- 
aziridines from, 476 

Nitrenes, benzamido- 
synthesis, 482 

Nitrenes, cyano- 
synthesis, 479 

via oxidation of 1,l disubstituted hydrazines, 742 

via decomposition of cyanogen azide, 10 
Nitrenes, ethoxycarbonyl- 

reactions with alkanes, 10 
synthesis, 478 

quinone synthesis, 355 

reactions with alkenes, 488 

synthesis 

Nitric acid 

Nitric oxide 

Nitriles 

via amines, 739 
via oxidative cleavage of alkenes, 542,588 

Alpine borane, 603 

halides, 664 
Nitro compounds 

reactions with alkenes, 488 
synthesis, 493 

Nitriles, a-keto- 
reduction 

Nitrites 
oxidation 

via nitroso compounds, 752 
via N-oxidation of oximes, 75 1 
via oxidation of primary amines, 736 
via solid support oxidation of amines, 842 

Nitrogen compounds 
oxidation, 735-753 

Nitrogen dioxide 
reactions with alkenes, 488 

Nitrogen groups 
functionalization 

Nitrogen trichloride 
reaction with organoboranes. 604 

Nitromercuration 
alkenes, 501,534 

Nitrones 
a-hydroxylation, 186 
synthesis 

oxidative cleavage, 588 

via oxidation of imines, 750 
Nitronium tetrafluoroborate 

nitration 
hydrazines, 745 
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reaction with dkenes, 488 

synthesis 

Nitrosamines 
photoaddition to alkenes, 488 
synthesis 

via secondary amines, 746 
Nitrosation 

secondary amines, 746 
P-Nitroselenation 

alkenes, 496 
Nitroso compounds 

oxidation, 751 
reactions with alkenes, 488 
synthesis 

Nitrosamine, diphenyl- 

via oxidation of 1 .I-diphenylhydrazine, 744 

via oxidation of N-alkylhydroxylamines. 748 
via oxidation of primary amines, 736 

Nitroso compounds. acyl- 
synthesis 

via oxidation of hydroxamic acids and 
N-acylhydroxy lamines, 748 

Nitrosyl chloride 

Nitrosyl fluoride 

Nitrosyl halides 

alkane chlorination, 15 
aziridine synthesis, 474 

allylic oxidation, 113 

addition reactions 
alkenes, 500 

Nitrosyl hydrogen sulfate 
addition to alkenes, 493 

Nitrosylsulfuric acid 
synthesis 

Nitrous oxide 
via nitrosating agent, 740 

methane oxidation, 14 
oxidative rearrangement, 833 

synthesis 
via oxidation of secondary amines, 745 

Nitryl chloride 
addition reactions 

alkenes, 500 
Nitryl fluorosulfonate 

addition to perfluoroalkenes, 493 
Nitryl iodide 

addition reactions 
alkenes, 502 

reaction with isoprene, 505 
synthesis, 534 

Nitryl tetrafluoroborate 
addition to alkenes, 493 

Nocardia corallina 
epoxidation, 429 

Nojirimycin, l-deoxy- 
synthesis 

1-Nonene, 3-acetoxy- 

Wacker process, 453 
2-Nonene, 1 -acetoxy- 

Wacker oxidation, 453 
1-Nonene, 6,7-dihydroxy- 

Wacker oxidation 

Nitroxides 

via aminomercuration-oxidation, 638 

oxidation 

synthesis of brevicomin, 45 1 

Nootkatone 
synthesis 

Norbomadiene 
via Wacker oxidation, 458 

anodic oxidation, 7% 
oxidative halogenation, 528 

oxidative rearrangement, 824 

synthesis, 604 

aziridination, 479 
oxidative halogenation, 528 

Baeyer-Villiger reaction, 682 

Baeyer-Villiger reaction, 682 

oxidation, 12 

synthesis 

Norbomadienol 

Norbomane, 2-bromo- 

Norbomene 

Norbomenone 

Norcamphor 

Norcarane 

Nojasmone, dihydro- 

via double bond migration, 457 
19-Nortestosterone 

synthesis, 460 
Novobiocin 

microbial oxidation, 77 
Nucleophilic addition 

donor radical cations, 878 
radical cations 

bimolecular reaction, 859 
Nucleosides 

amino sugars 
synthesis, 7 12 

C-Nucleosides 
synthesis 

via Baeyer-Villiger reaction, 682 

1,7-Octadiene 

1,7-Octadiene, 3-acetoxy- 

1,7-Octadien-3-one 

A4-Octalin, 4-(3-butenyl)-3-0~0- 

A5-Octalin, 4,4,1@trimethyl- 
allylic oxidation, 100 

A3*4-2-Octalone 
synthesis 

microbial epoxidation, 429 

synthesis 

synthesis 

via palladium-catalyzed oxidation, 460 

via hydrolysis and oxidation, 460 

synthesis 
via Michael addition and aldol condensation, 460 

via cyclohexanone, 460 
Octalone, methyl- 

synthesis, 464 
Octane, 2-iOdo- 

Komblum oxidation 
solvent, 655 

Octane, methoxy- 
synthesis, 603 

1,2-0ctanediol 
oxidative cleavage, 708 

2-octanol 
oxidation 

solid support, 845 
1 -0ctene 
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oxidation 
Wacker process, 45 1,452 

oxidation, 464 

2-Octenol 
acetate 

Octosyl acid A 
synthesis, 245 

photolysis, 9 
Oligosaccharides 

synthesis, 245 
Olive fly pheromone 

synthesis, 237 
Oogoniol steroids 

synthesis 

Ophiobolins 
synthesis, 710 

Oppcnauer oxidation 
primary alcohols, 309 
trichloroacetaldeh yde 

secondary alcohols, 320 
Organic oxides 

oxidation 
thiols, 760 

Organobismuth reagents 

Octyl nitrite 

via microbial methods, 73 

pentavalent 

Organoboranes 
glycol cleavage, 704 

autoxidation, 598 
electrocyclic reactions, 594 
ionic reactions 

stereochemistry, 594 
oxidations, 594 

carbonyl compounds, 603 
pyridinium chlorochromate, 264 

radical reactions, 594 
reactivity, 593 

Organoboranes, dialkoxy(u-phenylthio)- 
oxidation, 604 

Organoboron compounds 
oxidation, 330 

Organofluorosilicates 
synthesis, 642 

Organolithium compounds 
oxidation, 330 

Organomagnesium compounds 
oxidation, 330 

Organometallic compounds 
oxidation, 613 

Organometallic compounds, aryl- 
reaction with oxygen, 329 

Organoselenium reagents 
oxidation 

allylic alcohols, 307 
Organostannanes 

toxicity, 614 
Osmium 

catalyst 

reactions with alkenes, 485 

alkene oxidation 

oxyamination, 489 
Osmium t-alkylimides 

Osmium tetroxide 

diasteroselectivity ,439 
stoichiometry, 439 

asymmetric dihydroxylation, 429 
a-hydroxy lation 

ketones, 166 
syn hydroxylation 

alkenes, 439 
osmylation 

arenes, 863 
oxidation 

alkenes, mechanism, 438 
primary alcohols, 3 10 
sulfoxides, 768 

oxidative cleavage of alkenes 
catalysts, 542 
synthesis of carbonyl compounds, 564 

reaction with alkyl enol ethers, 170 
reaction with vinyl cyanide, 172 

arenes, 862 
electron transfer, 866 

charge-transfer 
arenes, 865 
features, 865 

features, 865 

Osm ylation 

thermal 

Oxah ydrindene 
synthesis, 300 

Oxalyl chloride 
activator 

alcohol oxidation 

reactions with alkanes, 7 

alkenes, 488 

photochemical decarboxylation, 729 

oxidation 

DMSO oxidation of alcohols, 2% 

dimethyl sulfoxide, 291 

Oxamination 

1,2-Oxazine-3,6-dione, tetrahydro- 

Oxaziridine, 2-aryl-3-sulfamyl- 

sulfides, 778 

a-hydroxylation 
ketones, 162 

Oxaziridine, pentamethylene- 
reaction with alkenes, 470 

Oxaziridines 
synthesis 

a-hydroxylation 
ketones, 162 

a-hydroxylation 
amides, 183 
enones, 176 
esters, 18 1 
ketones, 162 

selenides, 772 

Oxaziridine, 2-arylsulfonyl-3-phenyl- 

via oxidation of imines, 750 
Oxaziridines, camphorsulfonyl- 

Oxaziridines, 2-sulfonyl- 

oxidation 

Oxazolidines 
synthesis, 492 

Oxazolidines, 5-phenyl- 
synthesis, 492 

Oxazolidinones 
asymmetric hydroxylation, 184 
en o 1 at e s 

a-hydroxylation, 184 
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Oxazolines 
alkenic 

dehydrogenation 

ring opening, 487 
synthesis, 477,490,493 

Oxetane, a-chloro- 
synthesis, 725 

Oxidation 
activated C-H bonds, 83-1 13 

dehydrogenation, 119-146 
ethers, 235-248 
hydroxylation, 15 1-187 
quinone synthesis, 345-356 
sulfur compounds, 193-214 
vinylic, 329-344 

allylic stannanes, 616 
wallylpalladium complexes, 629 
azo compounds 

biomimetic, 40 
carbon-boron bonds, 593-608 
carbon-carbon bonds 

carbon-halogen bonds, 653469 
carbon-hydrogen bonds 

carbon-mercury bonds, 63 1 
carbon-metal bonds, 613-638 
carbon-palladium bonds, 629 
carbon-silicon bonds, 641450 
carbon-cin bonds, 614 

unactivated, 614 
definition, 39 
electrochemical, 707,789-8 1 1 

alkenes, 98 
enzymatic, 99 
nitrogen compounds, 735-753 
nitroso compounds, 75 1 
oximes, 75 1 
phosphorus compounds, 735-753 
primary alcohols, 305 
primary amines, 736 
secondary amines, 745 
selenides 

to selenones, 773 
to selenoxides, 770 

iodolactamization, 503 

use of benzeneseleninic anhydride, 132 

alcohols, 251-286,291-302,305-325 

synthesis of azoxy compounds, 750 

microbial, 66 

remote functionalization, 39-5 1 

selenium compounds, 757-779 
selenols, 769 
solid-supported reagents, 839-847 

alumina. 84 1 
clay, 845 
silica, 842 

spores, 80 
sulfoxides 

sulfur compounds, 757-779 
tellurium compounds, 757-779 
tertiary nitrogen compounds, 748 
y-trialkylstannyl alcohols, 621 
trigonal nitrogen compounds, 749 
unactivated C-H bonds, 1-17 

microbial methods, 53-80 
vinylstannanes, 620 

to sulfones, 766 

Subject Index 

Oxidation potentials 
electron donors, 853 
electron-transfer oxidation 

driving force, 852 
organic compounds, 852 

alkenes, 541 
Oxidative cleavage 

nitrogen and sulfur functionalization, 588 
phase transfer catalysis, 559 

Oxidative decarboxylation 
aliphatic carboxylic acids, 722 

Oxidative demercuration 
alkoxymercuration, 63 1 

Oxidative demethylation 
methoxyarenes, 346 

Oxidative halogenation 
halometallic reagents, 527 

Oxidative rearrangements, 8 15-836 
skeletal, 827 

Oxides 
oxidation 

thiols, 761 
N-Oxides 

oxidation with, 661 
synthesis 

via oxidation of tertiary amines, 748 
Oxidoreductases 

dehydrogenation 
carbonyl compounds, 145 

Oxime acetates 

Oximes 
a-hydroxylation, 186 

aromatic 

cleavage 

isomerization 

methanesulfonates 

N-nitrosation 

oxidation, 75 1 
synthesis 

oxidation, 276 

trimethylsilyl chlorochromate, 285 

Beckmann rearrangement, 691 

Beckmann rearrangement, 693 

synthesis of N-nitrimines, 75 1 

via trimethylsilylamines, 737 
Oximes, O-acyl- 

carboxyl radicals from, 719 
Oximes, p-stannyl 

oxidation, 628 
Oximes, 2-sulfato- 

synthesis, 493 
Oxiranemethanol, 2-methyl- 

synthesis 
via asymmetric epoxidation, 398 
via 4-nitrobenzoate derivative, 398 

Oxiranes (see also Epoxides) 

hydrogen peroxide, 446 
in alkene oxidation 

oxidative cleavage, 709 

cleavage 
Oxiranes, phenyl- 

Oxocane 
pyridinium chlorochromate, 267 

2.8-disubstituted 
synthesis, 679 

Oxone - see Potassium hydrogen persulfate 
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Ox yamida tion 
alkenes, 488 

Oxygen 
epoxidations using, 384 
molecular 

amide a-hydroxylation, 183 
enone a-hydroxylation, 175 
ester a-hydroxylation, 180 
ketone a-hydroxylation, 156,159 

ethers, 247 

allylic oxidation, 96, 110 
ester a-hydroxylation, 182 
ketone a-hydroxylation, 165, 169 
oxidative rearrangements, 8 16 
reaction with bis-silyl ketene acetals, 185 
reaction with silyl dienol ethers, 177 

Oxygenase 
aromatic hydroxylation 

catalyst, 80 
Oxy mercuration 

alkenes 
synthesis of ketones, 451 

oxidative demercuration, 632 
Oxythallation 

alkenes 
synthesis of ketones, 451 

Ozone 

oxidation 

singlet 

alkane oxidation, 14 
silica support, 842 

oxidation 
ethers, 247 
primary amines, 737 
selenides, 77 1 

oxidative cleavage of alkenes 
catalysts, 542 
synthesis of alcohols, 543 
synthesis of carbonyl compounds, 544 
synthesis of carboxylic acids, 574 

Ozonization 
ethers, 247 
methylene groups 

solid support, 842 

cyclic alkenes 
in ammonia, 507 

silyl enol ethers, 166 
vinyl silane 

Ozonolysis 

generation of a-hydroxy ketones, 172 

Palladation 

Palladium 
alkenes, 490 

allylic oxidation, 94 
catalyst, 107 

dehydrogenation, 139 
mechanism, 141 

oxidative rearrangment, 828 

allylic oxidation, 94 
oxidation 

Palladium acetate 

diols, 3 14 
Palladium bis(trifluomacetate) 

Palladium chloride 
allylic oxidation, 94 

allylic oxidation, 95 
Palladium complexes, .rr-allyl- 

oxidation, 629 
Palladium complexes, nitro- 

alkene oxidation, 452 
Pal ygorskite 

solid support 

Patchoulol 
microbial hydroxylation, 64 

Payne rearrangement 
epoxy alcohols, 402 

Penicillin 
reaction with dichlorine monooxide, 537 

Penicillin sulfoxide 
methyl ester 

oxidants, 845 

Pummerer rearrangement, 205 
Penicillium concavo-rugulosm 

hydrocarbon hydroxylation, 59 
Penicillium spinulosum 

epoxidation, 429 
1 ,4-Pentadien-34 

asymmetric epoxidation, 416 
Pentalenene 

synthesis 

Pentalenic acid 

Pentanal, 3-phenyI-4-oxo- 

Pentanals, 4-oxo- 

Pentane, 2.3-epoxy- 
resolution, 429 

Pentane, 2-methyl- 
hydroxylation, 12 

Pentane-2,4-diol, ap-dimethyl- 
chromium trioxide complex 

alcohol oxidation, 278 

synthesis 

Pentaprismane 
synthesis 

via Wacker oxidation, 455 

synthesis, 109 

synthesis 
via Claisen rearrangement, oxidation, 456 

synthesis 
via Claisen rearrangement, oxidation, 456 

Pentanoic acid, 5-oxo- 

via oxidative cleavage of cyclopentene, 558 

via Baeyer-Villiger reaction, 683 

via Claisen rearrangement, oxidation, 456 

4-Pentenal, 3-phenyl- 
synthesis 

4-Pentenal, 2-p-tolyl-2-methyl- 

via Wacker oxidation, 455 
synthesis 

1 -Pentene, 4-methyl- 
oxidation 

Pentyl nitrite 

Peracetic acid 

Wacker process, 451 

diazotization, 740 

anti hydroxylation 
alkenes, 446 

Baeyer-Villiger reaction, 674 
chromium oxide cooxidant 

alcohol oxidation, 279 
epoxidizing agent, 372 
oxidation 
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selenides, 771 
sulfoxides, 766 

Peracetic acid, trifluoro- 
anti hydroxylation 

alkenes, 446 
Baeyer-Villiger reaction, 674 
epoxidizing agent, 373 
oxidation 

organoboranes, 599 
sulfoxides, 766 

Perbenzoic acid 
oxidation 

organoboranes, 599 
sulfoxides, 766 

Perbenzoic acid, m-chloro- 
Baeyer-Villiger reaction, 674 
epoxidations, 359 
oxidation 

allylstannanes, 616 
primary amines, 737 
selenides, 771 
sulfides to sulfoxides, 194 

oxidative halogenation 
alkenes, 535 

Perbenzoic acid, 3,5-dinitro- 
epoxidizing agent, 373 

Perbenzoic acid, 4-nitro- 
epoxidizing agent, 373 
oxidation 

ethers, 247 
Perbenzoic acid, 2-sulfo- 

anti hydroxylation 
alkenes, 446 

Perepoxide 

Performic acid 
alkene oxygenation, 96 

anti hydroxylation 
alkenes, 446 

epoxidizing agent, 372 
Periodates 

glycol cleavage, 708 
oxidants 

silica support, 843 
oxidative cleavage of alkenes 

with permanganate, 586 

glycol cleavage, 708 
mechanism, 709 

oxidant 
solid-supported, 841 

Period inane 
oxidation 

primary alcohols, 3 1 1 
secondary alcohols, 324 

Periodic acid 

Periplanone-B 

Peroxides 
synthesis, 61 9 

allylic oxidation, 95 
oxidation 

selenides, 771 
sulfides, 762 
sulfoxides, 766 

Peroxides, arylsulfonyl 

Peroxides, bis(trimethylsily1) 
reaction with enol esters, 169 

hydroxylation 

Subject Index 

aryllithium, 330 

allylic alcohols, 308 

Peroxides, hexamethyldisilyl 

Peroxy acids 

oxidation 

reaction with lithium phenolate, 334 

reaction with enol acetates, 169 

alkane oxidation, 13 
allylic oxidation, % 
anti hydroxylation 

alkenes, 446 
decomposition 

alcohols, 727 
epoxidations. 358 

intramolecular, 375 
a-hydrox y lation 

esters, 182 
ketones, 158 
silyl ketene acetals, 185 

ethers, 247 
organoboranes, 599 
selenides, 771 
sulfides, 762 
sulfoxides, 766 
thiols, 760 

oxidation 

reaction with enol acetate, 167 
reaction with silyl dienol ethers, 177 
reaction with silyl enol ethers 

ketone a-hydroxylation, 163 
Peroxyarsenic acid 

polymer bound 
oxidation, 674 

Peroxycamphoric acid 
asymmetric epoxidation, 390 

Peroxycarbonic acid, o-trichloroethyl- 
c yclobutanones 

chemoselective epoxidation, 385 
Perox ycarboximidic acids 

epoxidizing agents, 373 
Peroxycarboxylic acids 

anti hydroxylation 
alkenes, 438 

Peroxydodecanoic acid 
oxidation 

Peroxy esters 
sulfoxides, 766 

allylic oxidation, 95 

pyrolysis, 720 
a-hydroxylation 

ketones, 158 
reductive decarboxylation, 720 
silyl-protected 

epoxidations utilizing, 38 1 
Peroxyphosphates 

allylic oxidation, % 
Perox yphosphonates 

allylic oxidation, % 
Peroxyphosphoric acid 

oxidation 
aryl ketones, 674 
ethers, 247 

sulfides to sulfoxides, 194 

t-butyl 

Peroxyphthalic acid, monomagnesium salt 
oxidation 
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Peroxysulfuric acid 
Baeyer-Villiger reaction, 674 
silylated 

oxidation, 674 
Perrhenyl chloride 

Persulfate 
reaction with alkenes, 530 

decarboxylation 

Phase transfer catalysis 
chloroform solvent, 720 

synthesis of carbonyl compounds, 559 
synthesis of carboxylic acids, 578 

oxidative cleavage of alkenes, 542 

Phenacyl azide 
synthesis, 506 

Phenacyl bromide 
oxidation 

Phenanthrene 
Nfl-dialkylhydroxy amines, 663 

epoxidation. 374 
oxidative rearrangement, 833 
thermal osmylation, 863 

Phenol, 2-alkyl- 
oxidative rearrangement, 835 

Phenol, 2-amino- 
oxidation, 738 

Phenol, 4-fluoro- 
metallation, 333 

Phenols 
binding to titanium(IV) compounds 

asymmetric epoxidation, 409 
synthesis, 13 1,800 

Phenothiazine sulfoxide 
Pummerer rearrangement, 202 

Phenyl dichlorophosphate 
activator 
DMSO oxidation of alcohols, 299 

Phenyliodonium chloride 
alkane chlorination, 16 

Phorocantholide 
synthesis, 627 

Phosgene 
activator 

Phosinihnides 
synthesis 

Phosphates, a-keto- 
synthesis, 155 

Phosphimides 
oxidation 

ozone, 752 
Phosphine, triphenyl- 

Phosphines 

DMSO oxidation of alcohols, 299 

via reaction of phosphines with azides, 752 

B e c h m  rearrangement reagent, 692 

amination 
reaction with O-diphenylphosphinyl- 

hydroxylamine, 752 
halogenation, 752 
oxidation 

phosphine oxides, 752 
Phosphines, alkylbis(phenylthi0)- 

synthesis, 727 
Phosphine selenides 

synthesis 
via oxidation of phosphines, 752 

Phosphine sulfides 
synthesis 

via oxidation of phosphines, 752 

via oxidation with perbenzoic acid, 753 

oxidative rearrangements, 8 19 

synthesis of phosphates, 753 

Phosphinic anhydride, diphenyl- 
synthesis 

Phosphite, triphenyl 
ozonide 

Phosphites 

Phosphonates, alkylbis(pheny1thio)- 

Phosphonic acid, 2-methyl- 1 -vinyl- 

Phosphonic acids 

oxidation 

synthesis, 727 

microbial epoxidation, 429 

synthesis 
via phosphines, 753 

Phosphonium permanganate, triphenylmethyl- 

Phosphonyl chloride, alkyl- 

Phosphoroamidate, Nfl-dibromo- 

Phosphorus, tris(pheny1thio)- 
reaction with 0-acyl thiohydmxamates, 727 

Phosphorus compounds 
oxidation, 735-753 

Phosphorus pentoxide 
activator 

reaction with vinyl cyanide, 172 

synthesis, 10 

addition reactions 
alkenes, 500 

DMSO oxidation of alcohols, 299 
Phosphorylation 

decarboxylative chalcogenation, 727 
Photochemical electron transfer 

charge transfer, 850 
Photochlorination 

alkanes, 15 
Photoelectrochemical oxidation 

halide salts, 539 
Photoelectron spectra 

ionization potentials, 852 
Phthalimide, N-amino- 

oxidation, 742 
reaction with alkenes, 481 

Phthalimide, N-bromo- 
addition reactions 

alkenes, 500 
Phthalimide, N-phenylselenenyl- 

ether synthesis, 523 
Phthalimides 

photochemistry, 42 
Phthalimidoketo aldehyde 

synthesis, 657 
Phytol 

synthesis, 109 
2-Picoline 

nitration 
nitronium tetrafluoroborate, 750 

Picoline N-oxide 

Picrotoxinin 

Pikronolide 

oxidation with, 661 

synthesis, 162,243 

synthesis, 246 
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Pimaranes thallium, 333 
synthesis Poly(viny1pyridinium chlorochromate) 

via biomimetic conversion of communic acids. 634 oxidation 
Pinacol 

oxidative cleavage, 707 
Pinacolone 

reduction 
chloroborane, 603 

allylic oxidation, 99 
metallation 

oxidation, 99 
photooxidation, 11 1 

photooxidation, 11 1 

synthesis, 92,99 

anodic oxidation, 804 

addition reactions, 499 

photoaddition to alkenes, 490 
synthesis 

a-Pinene 

$-Pinene 

Pinocarveol 

Piperidine 

Piperidine, N-chloro- 

Piperidine, N-nitroso- 

via nitrosation of 1 -methylpipidine, 749 
Piperidines, N-(2-nitroalkyl)- 

Piperidinyl-1-oxyl, 2,2,6,6-tetramethyl- 
synthesis, 490 

oxidation 

Piperid-2-one 
bridged 

Pipery lene 
anodic oxidation, 795 

Pirprofen 
chemoselective epoxidation, 384 

Pivaloyl azide 
nitrenes from, 477 

Platinum, trichloromethylbis(tripheny1phosphine)- 
synthesis, 4 

Pleurotin 
synthesis, 350 

Podocarpic acid, dimethoxy- 
synthesis 

Polarity 

primary alcohols, 308 

microbial hydroxylation, 60 

via Baeyer-Villiger reaction, 678 

inversion 
electrochemical oxidation, 790 

Polyenes 

Polyethylene glycol 
addition reactions, 504 

solvent 

Poly godial 

Polymers 

alcohol oxidation, 280 
Polyoxochromium dichloride 

oxidative halogenation, 530 
Polystachins 

synthesis 

Polystyrenes 

Wacker oxidation, 451 

synthesis, 91,307 

chromium(V1) oxidants support 

via cinnamyl compounds, 83 1 

hydroxylation 

alcohols, 282 
Poly(viny1pyridinium dichromate) 

oxidation 

Ponzio reaction 
alcohols, 282 

oxidation of oximes 
dinitrogen tetroxide, 75 1 

aziridination catalysts, 477 
manganese complexes 

Porphyrins 

aziridination catalysts, 484 
catalyst for radical-based processes, 8 

solid support, 841,845 

Potassium dichromate 
oxidant 

Potassium hydrogen persulfate (oxone) 
oxidation 

sulfides, 765 
sulfoxides, 769 

Potassium iodate 
hydroxylation 

alkenes, 445 
Potassium nitrodisulfonate -see Fremy’s salt, 347 
Potassium nitrosodisulfonate 

quinone synthesis, 143 
Potassium permanganate 

aqueous 

basic 

catalytic oxidative cleavage 

heterogeneous oxidation 

hydroxylation 

mixed solvent systems 

oxidation 

oxidative cleavage of alkenes, 558 

alkane oxidation, 12 

alkenes, 542 

alkenes, 586 

alkenes, 444 

oxidative cleavage of alkenes, 558 

diols, 313 
sulfoxides, 768 

phase transfer assisted, 559 
synthesis of carbonyl compounds, 558 
synthesis of carboxylic acids, 578 
with periodate, 586 

reaction with vinyl cyanide, 172 
solid support 

clay, 845 
silica, 844 

Potassium superoxide 

oxidative cleavage of alkenes, 542 

ketone a-hydroxylation, 157 
oxidation 

hydrazines, 744 
primary amines, 738 

Sa-Pregnane 
allylic oxidation, 100 

Pregnenolene 
oxidation 
Bornstein’s reagent, 533 

Prelog-Djerassi lactonic acid 

Primetin 
synthesis, 300 
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synthesis, 341 

microbial hydroxylation, 62 

allylic oxidation, % 
microbial hydroxylation, 68.70,73 

oxidation 

Pristane 

Progesterone 

Progesterone, 1 la-hydroxy- 

Proline, N-hydroxy- 

Propane 
reaction with rhenium 

Propane, 2-methyl-2-nitro- 

DMSO, 295 

synthesis 
via oxidation of pyrrolidine, 745 

metal vapor synthesis, 4 

via oxidation of t-butylamine, 737 

via Wacker oxidation, 452 

synthesis 

Propane, 1 -phenyl-2,2dialkoxy- 
synthesis 

Propane-l,2-diol, 1-phenyl- 

b p a n e -  1.3-diol. 1 -phenyl- 

solid support, 841 
Ropanoic acids, 2-aryl- 

2-F'ropano1,2-hydroperoxyhexafluoro- 

2-Propanone, I-aryl- 
synthesis, 828 

Propargylic alcohol 
allylic alcohols from, 396 

Propene, 3-acetoxy-3-phenyl- 
synthesis, 95 

Propene, 2-t-butyl- 
photooxygenation, 399 

Propene, 1-phenyl- 
allylic oxidation, 95 
diamination, 484 
oxidative rearrangement 

solid support, 845 

synthesis, 442 

oxidation 

chiral synthesis 
microbial oxidation, 57 

oxidation 
sulfides, 763 

Propene, 3-phenyl- 
oxidation 

Wacker process, 452 
oxidative cleavage 

phase transfer assisted, 583 
2-ROpen-l-01,2-methyl- 

asymmetric epoxidation, 398 
Propionamide, N-phenyl-3chloro- 

synthesis, 6% 
Ropionamides, 3-phenylsulfinyl- 

Pummerer rearrangement, 201 

Propionic acid, 34 3,4-dimethoxyphenyl)- 
oxidation, 336 

Propionic acid, 3-methoxy-1,2-diaryl- 
synthesis, 829 

Propionic acid, 3-(2,3,4-trimethoxyphenyl)- 
oxidation, 337 

Propionitrile, 2,2-dimethoxy- 
synthesis 

formation of sulfenylated p-lactam, 202 

via Wacker oxidation, 45 1,452 

Ropiophenone 
oxidative rearrangement 

solid support, 845 
As-Pro~taglandin FI,,, 1 l-deoxyd,l la-epoxy- 

synthesis, 633 

synthesis, 633 

synthesis, 621 

microbial hydroxylation, 66 
synthesis, 59,180,824 

via Baeyer-Villiger reaction, 682,686 
via dihydropyrans, 83 1 
via DMSO, 302 
via microbial oxidation, 54 
via Wacker oxidation, 454 

bstaglandin 12.5-hydroxy- 

A6-Prostaglandin I1,9(0)-thia- 

Prostaglandins 

Protonation 
acceptor radical anions, 884 
radical anions 

bimolecular reaction, 861 
Proxicromil 

synthesis, 338 
Wvost reaction 

hydroxylation 
alkenes, 438,447 

Pseudocumene 
radical cations 

oxidation, 870 
Pseudocytidine 

synthesis 
via Baeyer-Villiger reaction, 682 

Pseudomom oleovorans 
epoxidation, 429 

Pterocarpans 
synthesis 

Puerarin, 7,4'-di-O-methyl- 
synthesis, 830 

Pulegone 
oxidation 

Pummerer rearrangement, 194 
abnormal reactions, 203 
a-alkylation 

preparation of u-alkylated sulfides, 199 
a-arylation 

preparation of a-arylated sulfides, 199 
asymmetric reaction 

a-acetoxylation. 199 
p-elimination, 204 
examples, 1% 
hydroxylic solvents, 202 
intramolecular 

a-acetoxylation, 196 
participation by hydroxy groups, 202 
preparation of a-alkylated and a-arylated sulfides, 

via isoflavones, 83 1 

peroxy acid, 684 

199 
mechanism, 195 
(methy1thio)methyl ethers, 292 
nitrogen participation, 201 
oxidation 

oxidative rearrangement, 826 
sulfoxides 

halides, 667 

formation of a-functionalized sulfides, 193 
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transannular reactions, 205 
trimethylsilyl triflate, 202 
vinylogous, 204 

Pupukeanane, isocyano- 
synthesis, 3 18 

Pyran, dihydro- 
allylic oxidation, 103 
oxidation 

ring contraction, 83 1 

synthesis 

pyridinium chlorochromate, 267 

Pyran, tetrahydro- 

via electrophile cyclization, 523 
W-Pyran-3-01, tetrahydro-2.2.6-trimethyl- 

synthesis 
via sulcatol, 634 

Pyrazine, 2,5-diboradihydro- 
oxidation 

use of chromyl trichloroacetate, 601 
Pyrazine, tetrachloro- 

oxidation 

Pyrazinethiol 

Pyrazinium chlorochromate 

hydrogen peroxide, 750 

synthesis, 667 

oxidation 
alcohols, 271 

Pyrazinyl sulfoxide 

Pyrazole, 3,J-dimethyl- 
Pummerer rearrangement, 667 

chromium trioxide complex 
alcohol oxidation, 260 
allylic oxidation, 104 

pyridinium chlorochromate 
allylic alcohol oxidation, 264 

Pyrazole, tetrahydro- 
synthesis 

Pyrazolines 
synthesis 

Pyrazolinone 

via amination, 741 

via azacyclopropanes, 628 

stereochemistry 
epoxidation, 372 

Pyrethrolone 
synthesis 

synthesis, 777 

N-oxidation 

Pyridine, alkyl- 
synthesis 

via Wacker oxidation, 455 
Pyridazine, 4,5-dibenzoyl- 

Pyridine 

m-chloroperbenzoic acid, 749 

via alkyl radical addition, 732 
Pyridine, 2,6-dibromo- 

oxidation 
hydrogen peroxide in trifluoroacetic acid, 750 

Pyridine, dihydro- 
aromatization 

oxamination, 489 

1 -N-oxide 

solid support, 846 

Pyridine, 4-dimethylamino- 

oxidation with, 662 
Pyridine, 2-mercapto- 

N-oxide 
0-acyl thiohydroxamates from, 719 

Pyridine, methyl- 

Pyridine, 2-nitroso- 
microbial oxidation, 75 

synthesis 
via oxidation of sulfimides, 752 

Pyridine, pentafluoro- 

hydrogen peroxide, 750 
Pyridine, 1,2,3,6-tetrahydro- 

oxamination, 489 
Pyridinecarbaldehyde 

synthesis, 656 
4-Pyridinecarboxylic acid, 2,6-diphenyl- 

synthesis 

oxidation 

via oxidative cleavage of alkenes, 578 
Pyridinedicarbaldeh yde 

synthesis, 656 
Pyridine N-oxide 

dehydrogenation, 144 
oxidation with, 661 

Pyridinium chlorochromate 
allylic oxidation, 103 
organoborane oxidation, 601 
oxidant 

oxidation 

oxidative halogenation reagent, 530 

oxidation 

solid-supported, 841 

alcohols, 260 

Pyridinium chlorochromate, 4-(dimethylamino)- 

alcohols, 269 
Pyridinium chromate 

inert inorganic support 

oxidation 
alcohol oxidation, 279 

solid support, 845 
Pyridinium dichromate 

allylic oxidation, 103 
oxidation 

alcohols, 272 
Pyridinium dichromate, 3-carboxy- 

Pyridinium dichromate, 4-carboxy- 

oxidation 
alcohols, 277 

alcohols, 277 
oxidation 

Pyridinium fluorochromate 
oxidation 

alcohols, 267 
bridinium sulfonate, 2-fluoro- 1 -methyl- 

activator 
DMSO oxidation of alcohols, 299 

Pyridone, N-hydroxy- 
oxidation with, 662 

3-Pyridyl isocyanide 
0-acyl thiohydroxamate photolysis, 73 1 

Pyroangolensolide 
synthesis, 174 

2-Pyrones 
6-conjugated 

synthesis, 109 
4-Pyrones, 2.3-dihydro- 

a’-acetoxylation, 175 
Pyrrole, 3-acetyl- 
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oxidative rearrangement 
solid support, 846 

F'yrrolidie, methoxymethyl- 
a-hydroxylation, 184 

F'yrrolidine, N-phenylsulfenyl- 
reaction with 1 -octene, 493 

F'yrrolidines 
synthesis 
via alkenes, 476 

3-Pymolidinone 
phenylacetyl amide 

bromination 

microbial hydroxylation, 60 

flavanones, 120 

2-Pyrrolidone hydrotribromide 

Pymolines 
synthesis 

Pyrrolizidinone 
synthesis 

via Beckmann reaction, 697 

via Baeyer-Villiger reaction, 677 

Quadrone 
synthesis, 105,817 

Quadrone, decarboxy- 
synthesis 

Quassinoids 
via Wacker oxidation, 455 

oxidation, 239 
synthesis, 174 

Queen bee substance 
synthesis 

Quinazolines 
oxidation, 480 

Quinidine, dihydro- 
asymmetric dihydroxylation, 429 

Quinine, dihydro- 
asymmetric dihydroxylation, 429 

5,8-Quinoflavone 
synthesis, 341 

Quinol acetates 
synthesis, 338 

Quinoline, 2-chloro- 
oxidation 

via Wacker oxidation, 454 

peroxymaleic acid, 750 
Quinolinecarboxylic acid 

Quinolines 

Quinolines, 2,3-disubstituted 

Quinolines, tetrahydro- 

reductive decarboxylation, 720 

synthesis, 628 

synthesis, 627 

microbial hydroxylation, 75 
oxidation, 745 

oxidation 
Quinoliiium chlorochromate 

alcohols, 27 1 
Quinolinium dichromate 

alcohols, 277 
oxidation 

2-Quinolones, 3,4-dihydro- 1 -hydroxy- 
synthesis 

Quinone diacetals 
synthesis, 799 

via oxidation of tetrahydrcquinolines, 745 

Qu' inones 
aromatization, 136 
synthesis, 143,345-356,800 

use in dehydrogenation 

radical alkylation, 930 
synthesis, 346 

via solid support oxidation, 841 

imines, 138 
1.4-Quinones 

Radical anions 

Radical cations 
chemistry, 861 

bimolecular reactions, 858 
chemistry, 857 
electron-transfer oxidation, 850 
unholecular reactions, 857 

electron-transfer oxidation 

Radical relay chlorination, 46 

Radical ions 

reactive intermediates, 854 

catalytic turnover, 50 
selectivity, 47 
template-directed, 47 

donor radical cations, 875 
radical cations 

Rearrangement 

unimolecular reaction, 858 
Recifeiolide 

synthesis 
via Wacker oxidation, 455 

Reduction potentials 
electron acceptors, 855 
electron-transfer oxidation 

driving force, 852 
metal oxidants, 854 
oxidants 

electron acceptors, 854 
Reductive decarboxylation, 720 
Reed reaction, 14 
Reforming 

Remote functionalization 
alkanes, 7 

chlorination, 43 
oxidation . 

Remote oxidations 
C-H bonds, 39-5 1 

alkanes, 42 
photochemical, 42 
prospects, 50 

Reorganization energy 
electron-transfer oxidation, 852 

Reserpine 
precursor 

synthesis, 647 

chromium(V1) oxidants support 

synthesis, 677 

Resins 

alcohol oxidation, 280 
Resorc y lide 

synthesis 

Retinoic acid 

Retinol 

via Wacker oxidation, 455 

synthesis, 109 

oxidation, 31 1 
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Rhenium 
metal vapor synthesis 

reactions with alkanes, 4 
Rhodium 

allylic oxidation 
catalyst, 107 

Rhodium acetate 

Rhodium chloride 

Rhodium hydride, tetrakis(tripheny1phosphine)- 

allylic oxidation, 95 

allylic oxidation, 95 

oxidation 
diols, 3 14 

Ribofuranoside 
synthesis 

Rifamycin4 
synthesis 

Ritter reaction 
acetonitrile 

modified, 488,490 
vinylogous, 505 

Rosaramicin 
synthesis 

Rubradirin 
synthesis, 346 

Ruthenium chloride 
catalyst 

via Baeyer-Villiger reaction, 684 

via Baeyer-Villiger reaction, 683 

reaction with methyl phenyl sulfoxide, 201 

via Wacker oxidation, 454 

ether oxidation, 238 
Ruthenium chloride, bis(tripheny1phosphine)- 

oxidation 
allylic alcohols, 308 

Ruthenium chloride, tris(tripheny1phosphine)- 
oxidation 

primary alcohols, 309,310 
Ruthenium complexes 

oxidation 
primary alcohols, 309 
secondary alcohols, 324 

Ruthenium dichlorate, dioxygen(6,6’-dichlorobipyridyl)- 
oxidation 

ethers, 236 
Ruthenium dioxide 

hydrated 

oxidation 

oxidative cleavage of alkenes 

periodate cleavage of alkenes 

oxidation, allylic alcohols, 308 

ethers, 235,238 

catalysts, 542 

catalyst, 587 

diols, 314 
Ruthenium tetroxide 

Ruthenium hydride, tetrakis(tripheny1phosphine)- 
oxidation 

asymmetric dihydroxylation, 43 1 
oxidation 

benzyl ethers, 240 
benzyl methyl ether, 240 
ethers, 236,237 
organoboranes, 602 

synthesis of carbonyl compounds, 564 
oxidative cleavage of alkenes, 542 

synthesis of carboxylic acids, 587 
Ruthenium trichloride 

catalyst, 587 
periodate cleavage of alkenes 

Saframycin B 

SalaUn reagent 

Salcomine 

synthesis, 350 

solid support, 843 

cobalt(@ complex 

oxygen 

Salinomy cin 
synthesis, 245 

Sarett oxidation 
alcohols 

Selenamides 
synthesis 

oxidation, quinones, 354 

quinone synthesis, 355 

chromium(VI) oxide/pyridine complex, 256 

via sulfenylation of primary amines, 741 
Selenation 

decarboxylative chalcogenation, 726 
electrochemical, 819 

Selenenic acid, aryl- 
allylic oxidation 

alkenes, 91 
Selenenic acids 

synthesis, 770 
Selenenyl bromide, phenyl- 

reaction with alkenyldihydroxyboranes, 608 
Selenenyl bromide, 2-pyridyl- 

dehydrogenation 
carbonyl compounds, 128 

Selenenylenones, 2-phenyl- 

Selenides 
synthesis, 521 

halogenation, 772 
oxidation, 129,770 

to selenones, 773 
photooxidation, 774 

synthesis, 495 

reaction with tri-n-butyltin hydride 
reductive decarboxylation, 721 

Selenides, acetamido 

Selenides, acyl phenyl 

Selenides, 2-adamantyl phenyl 

via adamantane, 14 
synthesis 

Selenides, alkenyl phenyl 

Selenides, alkyl phenyl 

Selenides, alkyl 2-pyridyl 

Selenides, P-hydroxy 

synthesis, 608 

oxidation, 773 

synthesis, 726 

oxidation 
solid support, 841 

Selenides, P-hydroxy phenyl 
oxidative rearrangement, 8 19 

Selenides, nor-alkyl-2-pyridyl 
synthesis, 722 

Selenides, propargyl phenyl 
oxidative rearrangement, 826 

Seleninic acid, allyl- 
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in allylic oxidation 

Seleninic acid, phenyl- 
hydroxylation 

alkenes, 446 

oxidation, 770 
synthesis, 770 

allylic oxidation, 110 

dehydrogenation 

halogen displacement, 124 
Selenium compounds 

oxidation, 757-779 
secondary alcohols, 323 

allylic oxidation, 84 
a,P-unsahuated carbonyl compounds, 108 

anti hydroxylation 
alkenes, 446 

oxidant 
silica support, 843 

oxidative rearrangement, 829,832 

Diels-Alder reactions 
diamines from, 486 

selenium dioxide, 85 

Seleninic acids 

Seleninic anhydride, 2-pyridine 

Selenium 

carbonyl compounds, 128 

Selenium dioxide 

Selenium imides 

Selenoacetals 

Selenocarbamates, P-phenyl- 

Selenoc y anates 

carbonyl group regeneration, 846 

synthesis, 495 

alkyl 

oxidation, 770 
synthesis, 608 

Selenocyclizations, 495 
Selenolactonization, 523 
Selenols 

oxidation, 769 
Selenones 

oxidation, 773 
Selenonic acids 

oxidation 
to selenoxides, 770 

Selenophthalimide, N-phenyl- 
addition reactions 

alkenes, 522 
Selenosuccinimide, N-phenyl- 

addition reactions 
alkenes, 522 

Selenosulfides 
synthesis, 519 

Selenosulfonates 
addition reactions 

alkenes, 523 

synthesis, 5 19 

alkenes, 520 

synthesis, 772 

synthesis, 772 

Komblum oxidation, 657 

Selenosulfones 

Selenothiolactonization 

Selenoxide, 2-azidocyclohexyl phenyl 

Selenoxide, benzyl phenyl 

Selenoxide, di4-anisyl 

Selenoxide, dimethyl 
Komblum oxidation, 657 

Selenoxide, methyl phenyl 
synthesis, 772 

Selenoxide elimination 
carbonyl compound dehydrogenation 

Selenoxides 
chiral 

synthesis, 777,779 
elimination 

carbonyl compounds, 128 
oxidation, 657,770 

to selenones, 773 

choice of reagent, 146 

Sepiolite 
solid support 

oxidants, 845 
Sesquiterpenes 

hydrazulene-based 
synthesis, 301 

microbial hydroxylation, 63 
Silane, acyl- 

synthesis, 598 
Silane, allyl- 

allylic rearrangements, 822 
epoxidation, 360 

Silane, aryltrimethyl- 
metaVmetal exchange, 649 

Silane, benzyltrimethyl- 
C-Si bond cleavage, 649 

Silane, chlodiethyl-  
h ydrosil ylation 

alkynes, 643 

hydrosilylation 
alkynes, 643 

Silane, dimethylphenyl- 
oxidation, 646 

Silane, epoxy- 
synthesis, 643 

Silane, @hydroxy- 
synthesis, 643 

Silane, methoxybis(trimethylsily1)methyl- 
methoxycarbonyl anion synthon, 650 

Silane, methoxy(trimethylsily1)methyl- 
fonnyl anion synthon, 650 

Silane, trichloro- 
addition to alkenes, 642 

Silane, triisopropyl- 
reaction with acyl chloride 

Silane, (diethoxymethy1)- 

reductive decarboxylation, 721 

generation of a-hydroxy ketones, 172 

Silane, vinyl- 
hydroxylation 

oxidative rearrangement, 816 

synthesis, 644 

asymmetric epoxidation, 423 

p-elimination, 204 

solid support 

Silane, vinyl(alkoxy)- 

Silanol, (3E)-phenylethenyldimethyl- 

Sila-Pummerer rearrangement 

Silica 

oxidants, 840 
oxidation, 842 

Silicates, organopentafluoro- 
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synthesis, 642 

allylic oxidation, 92 

iodine 

Silver acetate 

Silver benzoate 

alkene hydroxylation, 447 
Silver carbonate 

on celite 

oxidation 
oxidant, 841 

diols, 3 18 
a,odiols, 312 
secondary alcohols, 320 

Silver carboxylates 
reaction with halogens, 723 
synthesis, 718 

oxidation 

Silver nitrate 
oxidation 

Silver oxide 

Silver dichromate, tetrakis(pyridine)- 

alcohols, 286 

halides, 664 

quinone synthesis, 355 
reaction with acyl chloride 

preparation of silver carboxylates, 723 
Silver permanganate, bispyridine- 

primary arylamines, 738 
oxidation 

Silver salts 

Silver tetrafluoroborate 
Komblum oxidation, 656 

activator 
DMSO oxidation of alcohols, 299 

Silver trifluoroacetate 

Silyl chromate, bis(tripheny1- 
alkane oxidation, 13 

oxidative cleavage 
alkenes, 571 

Silyl dienol ethers 
a'-hydroxylation, 177 

Silyl enol ethers 
Beckmann reaction, 697 
chlorination, 530 
dehydrogenation 

palladium catalysts, 141 
quinones, 137 

halogenation, 121 
a-hydroxylation 

ketones, 163 
ozonolysis, 166 
sulfenylation, 125 
a-sulfonyloxygenation, 145 
synthesis 

via oxidative cleavage, 587 
Silyl groups, 2-furyldimethyl- 

desilylation, 647 
Silyl ketene acetals 

dehydrogenation, 142 
a-hydroxylation, 182 

Silyl ketene acetals, bis- 
a-hydroxylation, 185 

Silylmethyl radicals 
cyclization, 648 

Silyl perbenzoates, triorgano- 
rearrangement, 641 

Silyl peroxide 

Simonini complex 

Sirenin 

Sodium azide 

Sodium bis( 2-methoxyethoxy)aluminum hydride 

rearrangement, 641 

alkene hydroxylation, 447 

synthesis, 86 

reaction with trialkylboranes, 607 

allylic alcohol synthesis 
reduction, 397 

Sodium bismuthate 
glycol cleavage, 703 

Sodium borohydride 
reductive demercuration, 632 

Sodium bromite 
oxidation 

secondary alcohols, 322 
Sodium chromoglycate 

synthesis, 338 
Sodium dichromate 

oxidation 
alcohols, 252 

Sodium hypochlorite 
oxidation 

organoboranes, 602 
primary arylamines, 738 
secondary alcohols, 3 18 

Sodium metaperiodate 

solid support, 842 

solid support, 842 

halides, 665 
Sodium perborate 

1 -hydroxy- 1 -acetoxyalkene synthesis, 446 
oxidation, 674 

oxidant 

Sodium methoxide 
oxidant 

Sodium nitrite 
oxidation 

organoboranes, 602 
primary amines, 737 
primary arylamines, 738 

Sodium percarbonate 
oxidation 

primary amines, 737 

ethers, 238 
selenides, 772 
sulfides to sulfoxides, 194 
sulfoxides, 769 

, oxidative cleavage of alkenes 
synthesis of carbonyl compounds, 564 
with catalysts, 542 

oxidative rearrangement 
phenols, 835 

Sodium permanganate 
oxidation 

primary amines, 737 
Sodium persulfate 

Sodium selenoisocyanate 

Sodium tetrapheny lborate 

Sodium periodate 
oxidation 

oxidative decarboxylation, 722 

reaction with trialkylboranes, 608 

oxidation 
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organoboranes, 603 
Solid-supported reagents 

oxidation, 839-847 
alumina, 84 1 
clay, 845 
silica, 842 

Solvent cage 
electron-transfer oxidation, 852 

Solvents 
electrochemical oxidation, 792 

Solvent-separated ion pairs 
electron-transfer oxidation, 85 1 

Sommelet oxidation 
benzaldehydes 

synthesis, 666 
Specionin 

synthesis, 301 
Spirocyclohexa-l,44iene 

oxidative rearrangement, 833 
Spirodienones 

synthesis, 136 
Spirolactones 

synthesis 

Spirorenone 
synthesis 

Sporamine 

via oxidation of hydroxyalkenes, 267 

via microbial methods, 74 

synthesis, 536 
spores 

oxidation, 80 
Squalene 

synthesis, 87 
Squalene, 1 -hydroxy- 

asymmetric epoxidation, 409 
Stannane, 1 -adamantyltrimethyl- 

oxidation 

Stannanes, alk-1 -ynyltriakyl- 
oxidation, 620 

Stannanes, allylic 
oxidation, 616 

Stannanes, cyclohexenyl- 
hydroxylation, 616 

Stannanes, 1 ,2-epoxy- 
synthesis 

Stannanes, tetraakyl- 

Stannanes, vinyl- 
oxidation, 620 

cyclic 
1,4-fragmentation, 621 

1,3-eliminative cyclization 
formation of cyclopropanes, 621 

oxidation, 621 

synthesis, 246 

addition reactions 

formation of tertiary alcohol, 614 

via oxidation of vinylstannanes, 620 

chromium trioxide, 614 
oxidation 

7-Stannyl alcohols 

Stannyl alcohols, 7-trialkyl- 

S terepolide 

Steroid-5-enes 

nitrosyl chloride, 500 
Steroids 

hydroxylation 

metalloporphyrin, 50 

radical relay chlorination, 46 

dehydrogenation, 132 
dehydrogenation, selenium dioxide, 128 
oxidation, 675 

iodoaryl esters 

ketones 

microbial dehydrogenation, 145 
microbial oxidation, 66 
synthesis 
via palladium catalyzed oxidation, 460 

via microbial methods, 74 

microbial hydroxylation, 72 

synthesis, 164 

cleavage by sodium hydrazide, 506 
nitro addition reactions, 488 
oxidation 

osmium tetroxide, 441 
solid support, 841 

Steroids, 19-hydroxy- 

Steroids, A4-3-keto- 

Sterpuric acid 

Stilbenes 

synthesis 

Streptonigrin 
synthesis, 347 
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synthesis, 726 
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choice of reagent, 146 

synthesis, 777,778 

to sulfones, 766 

a-acetoxylation of alkyl sulfides, 1% 
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Sulfoximines, cycloalkenyl- 

Sulfoxonium salts 
ylides from 

dehydrogenation with, 124 
electrophilic 

halogen displacement, 124 
radical 
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Pummerer rearrangement, 203 

asymmetric epoxidation 
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synthesis, 406 

Vitamin Be 
synthesis, 338 

Vitamin D3 
epoxidation, 362,376 

via Wacker oxidation, 455 

solid support, 841 

hydroxylation, 172 

oxidative rearrangement, 8 16 

Wacker oxidation 
addition reactions 

reaction conditions, 450 
reoxidants, 45 1 
scope, 450 
solvents, 450 

Warburganal 
synthesis, 87 

Wenker synthesis 
aziridines, 472 

Widdrol 
synthesis, 100 

Willgerodt-Kindler reaction 
alternative, 829 

Withafenin A 
synthesis, 366 

Wittig reaction 
aziridine synthesis, 474 

C 4  bond formation, 449-466 

Xanthobacter pY2 
epoxides 

resolution, 429 

Xenon difluoride 

m-Xylene 

p-Xy lene 

decarboxylative fluorination, 723 

radical cations 
oxidation, 870 

radical cations 
oxidation, 870 

Xylitol 
synthesis, 645 

Yangonin 
synthesis, 109 

Yohimbine 
oxidation 

DMSO, 295 

Zearalenone 
microbial hydroxylation, 59 
synthesis 

via Wacker oxidation, 454 
Zeatinc, ~-D-ribofuranoside 

Zeolites 
synthesis, 88 

asymmetric epoxidation, 396 
solid supports 

oxidants, 840 
Zinc dichromate 

oxidation 
ethers, 236 

Zincophorin 
synthesis, 246 

Zinc permanganate 
oxidation 

ethers, 236,237 
solid support, 844 

reaction with alkanes, 3 

oxidation 
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