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Preface

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

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

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

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

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

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

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

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

ix



X Preface

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

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

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

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

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

BARRY M. TROST
Palo Alto, California
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Abbreviations

The following abbreviations have been used where relevant. All other abbreviations have been defined
the first time they occur in a chapter.

Technigues

CDh circular dichroism

CIDNP chemically induced dynamic nuclear polarization
CNDO complete neglect of differential overlap
CT charge transfer

GLC gas-liquid chromatography

HOMO highest occupied molecular orbital
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IR infrared
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MS mass spectrometry

NMR nuclear magnetic resonance
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uv ultraviolet

Reagents, solvents, etc.
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1.1
Oxidation by Chemical Methods

ROBERT H. CRABTREE and AFROZE HABIB
Yale University, New Haven, CT, USA
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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 examined. Intramolecular cases are covered elsewhere, and general re-
views of the area are available.!2



2 Oxidation of Unactivated C—H Bonds

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 groups in the Periodic Table. Within each section, radical, electrophilic and carbenoid mech-
anisms are discussed.

R-H + X R—X (0))

1.1.3 GENERAL PROBLEMS IN ALKANE FUNCTIONALIZATION

Alkanes have no lone pairs nor low-lying empty orbitals, but only the C—H and C—C o- and o*-
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 alkane 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 difficult 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) electrophilic;® and (iii) carbenoid. The C—H bond-breaking steps in (i) and (ii) are 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
(equauons 5 and 6), in which H-atom abstraction precedes collapse of the radical pair, a pathway which
is characteristic of triplet carbenes.

C-H + ¢ —— C- + Q-H ()}
C-H + E* ct + E-H 3
:Q + C-H C-Q-H 4
Q + C-H H-Q + Ce &)
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 are carbenoids, perhaps
having singlet character, which insert into an alkane C—H bond.

1.14 FORMATION OF R—M BONDS (M = GROUP I AND I METAL)

s-Butylpotassium (formed in situ from R;Hg and K) reacts with alkanes to give the terminally mono-
and di-substituted organopotassium compounds. Treatment with CO; 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).4

K
Co
n-CsH;;—Me BuK_ n-CsHy, ~ K + !‘l-CsH]]_( 2
K
CO,H
n-CsHyy_COH 4+ nCH,, —< M
CO;H

H/D exchange in alkanes is catalyzed by a number of heterogeneous catalysts, such as Ni/alumina.’

1.1.5 FORMATION OF R—M BONDS (M = GROUP HI METAL AND THE LANTHANIDES
AND ACTINIDES)

WatsonS was the first to show that methane could be attacked by a Group III metal reagent, in a re-
action termed ‘o-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 (Zr=NR) can also activate methane, the basic amine group re-
ceiving the proton released from methane (equation 10).

Cp*;LuMe + 13CH, Cp*;Lu('3CH;) + MeH 8

Me
/
CH, Cp"l 2Th
Cp*2Th<>< D \__<. ®)

Cp* = ns' CsMes

(R,SiNH),Zr=NSiR; + CH, (R3SiNH),Zr(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 Bu'CH==CH2 to give Bu'CHaoMe. If a quaternary center is present,!® 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,!2 Graham!? and Jones'4 and their coworkers observed a series of reactions, of which the
examples shown in equations (11) 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 elimina-
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
methy! hydride, cubane the cubyl hydride (without C—C bond breaking) and adamantane the secondary
adamantyl hydride. !5

CplrLH,

CpIl).(R)(H) an

CpRel; CpReL(R)(H) (12)

(Cp = CsHy; L =PMe3, R=CgH,y)

Strained alkanes, such as cyclopropane and cubane, react much more easily with transition metal com-
pounds.!¢ Bare metal atoms also react with alkanes under metal vapor synthesis conditions to give syn-
thetically useful quantities of alkane derivatives. For example, W atoms, cyclopentane and PMe; give
[CpW(PMe3)Hs],!” while rhenium atoms react with benzene and propane to give [(n5-CsHs)2Rez(p.-
Me2C)(u-H)2].!8 Related transformations! in mass spectroscopic and ion cyclotron resonance experi-
ments do not have preparative value.

Shilov!? found that a methylplatinum complex, [MePtCl3(PPh3);], was formed from methane and
H>PtCls at 120 °C, followed by reaction with PPhs.

1.1.7 FORMATION OF R—C BONDS

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

2R-H — R-R + H; (13)
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R R R R
~ — = o+ H (14)
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 room temperature
or by fluorosulfonic acids at —80 °C.2!

Skeletal isomerization also occurs readily with acid catalysts. If a tertiary C—H is present a less
powerful acid (e.g. conc. H2SOy) 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/Ti02,22 SbFs/A1203%* and H2S04—-SbFs/Zr0,.2* The reactions are driven thermodynamically, so,
for example, tetrahydrodicyclopentadiene gives adamantane while higher n-alkanes are subject to crack-
ing, and cyclohexane gives both methylcyclopentane and n-hexane.?

1.1.7.2 Alkane Dehydrodimerization

The mercury-photosensitized dehydrodimerization reaction has been known for many years,? but it
has only been made preparatively useful very recently.2’ 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).

254 nm

Hg

O‘“‘“O a6
O— 0000 =

dimerization disproportionation

He o+ @ S O as)

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 RCH20H as the
major product. This product is very easy to separate from the glycol by washing with water and from the
alkane homodimer, Rz, 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

Hg' 15

Hg*

MeOH T (19
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could be used in the vapor and only RCH20H and R; would be formed. The yield based on alkane will
exceed 90% 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 HSO3F-SbFs at 140 °C
methane gives Me3C*, as does neopentane, the former via C—C bond formation, the latter by C—C
cleavage.?® 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).

H,C=CH, + H' —— MeCH; (20)
MeCH; + CHy —— CHg + Me* @D
H,C=CH, + Me%* — A~ (22)
A+ + CH —— 7~ + M 23

1.1.7.3 Transition Metal Catalyzed Alkane Dehydrogenation and Carbonylation

The groups of Felkin,?® Crabtree®® and Tanaka®! 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 [RhCI(CO)(PMes).J/hv system also carbonylates alkanes (equations 26 and 27).
Lin*2 has applied the iridium system to more complex alkanes (equation 28).

IrH5(0,CCF3)L,, Av

CeH) CHip + H; 29
ReH
n-CgHg ReB s (BU'CH=CHCH=CHReH,l, + (PPCH=CHCH=CHMe)ReH,L, +
P(OMe),
(EtCH=CHCH=CHEt)ReH,L, 1-Octene (25)
CO, RhCCO)L',, hv
CeHiz (oL CH,CHO + CHu~_OH (1710) + CgH,COH (26)
CO, RhCKHCO)L',, k Pr
n-CsH,,  ROCICONL, by n-CeH;;CHO + >—CHO @7n

L =PPhy; L' = PMe,

IrHs(PPr3);
- + (28)
100°c, BU\__

1.1.7.4 Dehydrogenation and Aromatization

The [IrH2(Me2CO)2(PPh3)2]PFs/Bu'CH==CH, system, mentioned above, has also been used for the
aromatization of cyclohexane.?? Photolysis of pyridine N-oxide in an alkane leads to dehydrogenation of
the alkane.34 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 °C.36

1.1.7.5 Cracking and Reforming

Thermolysis of alkanes at ca. 750-800 °C gives dehydrogenation, skeletal rearrangement, cracking
and even aromatization in some cases.3” Catalysts are available which favor one or other of these routes,
which are all important in the petroleum-refining industry.3® Pyrolysis of various alkanes in Hz can lead
to the epitaxial growth of a diamond phase on a suitable substrate.>® Superacids bring about alkane rear-
rangements even at 25 °C.40 Alkylation of alkanes with alkenes under acidic conditions is also well

known (equation 29).
: > H,S0, Bu'\ <
+ (29)

1.1.7.6 Other Reactions

Oxalyl chloride yields -COCI radicals on photolysis and this reaction has been used to directly sub-
stitute alkanes with the chloroacyl group (equation 30).#! Similarly, biacetyl reacts with alkanes in a ben-
zoyl peroxide-initiated chain reaction to give ketones in ca. 60-70% yield (equation 31).4243 Cyanogen
chloride affords nitriles under similar conditions with a strong tertiary > secondary > primary selectivity
pattern in 50-95% yields (equation 32);* MeO,CCN is also reported to be an alternative reagent for the
transformations .3

hv
CeHiz +  (COCD: CeH,,COCI (30)
63%
peroxide
CeHiz  +  (COMe), CeH|COMe 31
66%
peroxide
CeéH;p + CICN C¢H,;CN 32)
66%

A radical addition reaction has been used to functionalize cyclopentane. The chain carrier, Cl-, was
generated and regenerated by a B-elimination process (equation 33).46 Other activated alkenes, such as
maleic anhydride, furanone and acrylonitrile, have also been added to cyclohexane in 15—45% yield in a
reaction initiated by ButOOH or light.4’

Cl

O ey e P
~_Cl
Q/\/ +  Cl (33)

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.®® In a similar way, a variety of alkenes?® and arenes*® can be alkylated by
alkanes, or alkanes acylated by RCOCI/AlBr3.5!

AlBr;, =70 °C
3 Ad ~ Br (34)

AdH + H,C=CH,
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In the Koch—Haaf reaction, a superacid/CO mixture leads to carbonylation of the alkane.2 A variety of
products were obtained, e.g. Bu'tCO;H, PFCHCOMe and PriCH,COBU', from isobutane using this prod-
uct. Usually the method is only useful for alkanes containing a tertiary C—H bond,!2 but Sommer has in-
troduced a modification that allows secondary C—H bonds to be functionalized, although only with 4%
conversion (equation 35).53

o

Br~,~10°C
PPH + HF + SpFs + CO pri )J\F (35)

In the Benson process’* CH4/Cl2 mixtures are heated to 7001700 °C and rapidly quenched. Ethylene,
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-
ers.” These proceed via carbonium ion intermediates and, as expected, extensive rearrangement can be
obsc*;l;ved; for example, cyclohexane in FSO3H gives 1-acetyl-2-methyl-1-cyclopentene as major prod-
uct!

Carbene reagents also functionalize alkanes.’’ Triplet :CH2 adds unselectively to alkkane 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.>® Monochloro-
methylcarbene, CHCI, is less reactive and more electrophilic and so the normal tertiary > secondary >
primary selectivity pattern was observed.>® 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 copper(I)® or rhodium(I),$! 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).!°

Hg*

RSi—H + R—H R—SiR, + H, 36)

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 MeNO: from methane. Hydrogen
radical atom abstraction from the alkane is thought to be followed by trapping of the radical with NO2. A
mixture of products tends to be formed in these cases, of which the nitroalkane and alkyl nitrite are most
prominent.®? Nitrogen oxides have been used for the same purpose.*> Aminooxidation of cyclohexane
with NH3/O; takes place at 180 °C and 30 atm with copper or cobalt naphthenoate catalysts to give good
yields of adiponitrile,5¢

A recent radical-based system, shown in equations (37) to (40), has been developed by Hill ef al.%° The
catalyst in this process is a manganese(III) 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 alkyi 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, Cl, 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 turn-
overs of RI being formed. The X = Cl 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.%

Mn(TPP)X <+ PhHIO O=Mn(TPP)X 37
RH + O=Mn(TPP)X Re + 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 Hill% is a photochemical system (equations 41 to 48) based on a polyoxoacid,
HiPW 2040 (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.s8

Pox + hv ————= P*, @n

P* o + 2RH Pea + 2RH* 42)
RH+* Re + Ht (43)
P"ed + 2 H+ Pox + H2 (44)
CeH;* + MeCN C¢H,o(C=NH)Me (45)
CeHjo(C=NH)Me + H,0 CeH,;oCOMe (46)
+ +
CeH1y + MeCN [ C6H”—N-z——] @47
(0]
+
[c,—N=—] + Ho Csﬂn\NJ\ (48)
|
H

A mixture of hydrazine and zinc oxide aminates cyclohexane in ca. 40% yield on photolysis.®® Pos-
sibly, the hydrazine is dissociated by ZnO photosensitization and -NH> 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 alkane. 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) Br; was
used to generate the carbonium jon. 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.” In a
related reaction, HCN gives amine products (equation 52).”!

Ad—H + Bn Adt + HBr + Br (49)
+
Adt + MeCN [Ad—NE——} (50)
(o}
+
[Ad-N=—] + HO Ad~NJ\' (s1)
|
H

( + Hon BWORHsO_\ <NH2 (52)
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Another electrophilic reaction employs AICl3/NCls, in which case the aluminum reagent generates the
carbonium ion which is then quenched by NCl;~. 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.”? NO;PFs reacts with alkanes at
25 °C to give nitroalkanes, but skeletal rearrangements can occur and the yields are often poor.”>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 similarly.”

R—N (53)

1.1.10  FORMATION OF R—X BONDS (X =P, As, Sb)

In the presence of Oz, PCl; reacts readily with alkanes even at 25 °C to give alkylphosphonyl chlorides
in yields up to 60%.76 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 Autoxidation?’

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.”® The reagents used to initiate the reaction are usually O-centered
radicals or even O itself. These can efficiently start a chain reaction of the sort shown in equations (54)
to (56), because the O—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 formed by attack at all the secondary positions along the
chain.” Alkyl hydroperoxides have been used as initiators.® The RO>- 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)
Re + O —_— R—0=-0e (55)
R—-0-0+ + R—H Re + R—-0-O-H (56)
Oo. _H
05, peroxide o
(61

A special situation occurs if two tertiary centers are in a 1,3-relationship to each other. In this case, the
intermediate peroxy radical tends to abstract an H-atom from the B-C—H bond to give the bis-1,3-
hydroperoxide as the final product. The key steps are shown in equation (58).82

O .
W"‘{’W—*—’W&W (58)
o. o. o._ O
o OH

“OH ~Oe



Oxidation by Chemical Methods 11

Air oxidation of n-butane to maleic anhydride is possible over vanadium phosphate and, remarkably, a
60% selectivity is obtained at 85% conversion.®? 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.34

1.1.11.2 Hydroxylation and Related Reactions

The classical Fentons reagent,3 H202/Fe?*, hydroxylates alkanes by producing hydroxyl radicals in
solution.®6 This reagent is relatively unselective and inefficient since much of the peroxide reagent is
wasted by catalytic decomposition to O,. Ferryl radicals, FeO?*, 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.?’

Alkane hydroxylation is carried out in nature by a variety of enzymes, but the ones that have attracted
most attention are the cytochrome P-450 dependent systems®8 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 Oz, but only one of the two O-atoms of
the Oz is incorporated in the substrate, the other is reduced to H20. This means two reducing equivalents
are also required. Because they introduce only one O-atom from O into the substrate, these enzymes are
called monooxygenases (equation 59).

R-H + O, + 2 + 24t R-OH + H0 (59)

In cytochrome P-450, an iron(III) 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(IIl) is re-
duced to iron(II), which then binds O2. By a process still not completely elucidated, the distal oxygen is
lost as H20, leaving the active form of the cofactor, which is believed to be an oxoiron species, probably
best described as O=Fe!V(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).

o=reV@) + R-H HO—FeV(P) + Re (60)

R-OH + Felll(p) (1))

HO-FelY®P) + R

The early functional models for this oxidation chemistry were rather simple: Udenfriend® used
iron(II), EDTA, ascorbic acid (as the reducing agent) and Oz to hydroxylate arenes, while Hamilton®
showed that the same system hydroxylates unactivated C—H bonds (e.g. androsten-3-ol-17-one is con-
verted to androsten-3,7-diol-17-one). Mimoun®' developed the use of an iron(Il)/PhNHNHPh/
PhCO;H/O, system which is also active for alkane hydroxylation. Curiously, other metals {copper(II),
manganese(lI), vanadium(Il), 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)CI] (TPP = tetraphenylporphyrin) was used as the catalyst, but instead of the O 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 O2 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-
dant.?? In the presence of the bromine atom donor BrCCls, 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 1040:1,
depending on the substrate used.

Although less relevant as a model, [Mn(TPP)Cl] is a better reagent for alkane oxidation and up to 70%
conversion has been reported for cyclohexane in CH2Cl,.3 Rearrangements were observed for norca-
rane, which led to 7 products, including ones in which the CH2Cl; 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.™

The chief problem with these systems from the synthetic point of view is the relatively rapid oxidation
of the catalyst. Traylor et al.% have introduced tetraphenylporphyrins 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 acetoxylation of cyclohexane has been reported which utilizes Et;NO/iron(II)/CF,COH.%

In the chromate oxidation of (+)-3-methylheptane to the corresponding tertiary alcohol, there was 70—
80% retention of configuration, which is a useful synthetic reaction.”’ Iridium and ruthenium salts also
have been shown to catalyze this reaction.%8

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.”®

An interesting reagent, CrO2Clo/Me.C==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).!%0
This reaction is worth further investigation.

i, CrO;Cly/alkene CHO
62)
ii, H,O

25%

Other chromium(VI) reagents are known to attack at tertiary C—H bonds. For example, CrO3/AcOH
appears to be a general reagent for the introduction of an OH group at the 14-position of steroids (equa-
tion 63).!9! Yields depend critically upon the amount of water present, 1-2% being best. CrO2Xz (X = Cl
or OAc) also reacts with alkanes to give oxidized products.!®?

0

CrO,

63)
AcOH

AcO

B

r
Br

Basic KMnOj4 has been found to hydroxylate tertiary C—H bonds in certain cases (equation 64).'0%
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. Trans-decalin
affords both the tertiary alcohol (37%) and trans-1-decalone (43%).!% Overoxidation of the products
with C—C bond cleavage can be a problem with manganese(VII) reagents, however.!% KMnOj in triflu-
oroacetic acid reacts with alkanes at 25 °C with a tertiary > secondary > primary selectivity ratio of
2100:60:1; ku/kp is 4.3 at 25 °C.106

OH basic OH

KMnO4 ( 64)
: ‘Q / \\7 OH

Cobalt(III) 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%).197 Co(OCOCF3)s is a related reagent which has been re-
ported to acetoxylate alkanes.!08

Lead tetraacetate reacts poorly with acyclic alkanes, even 3-methylpentane,'® although cyclohexane is
readily converted to the corresponding acetate at 80 °C or with irradiation at room temperature.!!0 The
yield of acetate is increased 10-fold by the addition of Bu'OH, under which conditions Bu'O- is thought
to act as H-atom abstractor.!!! The more reactive lead(IV) reagent Pb(OCOCF3)4 has been used to intro-
duce the trifluoroacetate group. Hexafluorobenzene or CF3CO;H 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.!!2

A similar reagent is thought to be formed from Ag20- and trifluoroacetic acid. Here, the silver oxide
reacts as Ag'[AgM'02] and forms Ag(OCOCF:) in situ, which is believed to be the active oxidant. With
adamantane, the normal tertiary substitution product, AAOCOCF;, was obtained in 98% yield. This oxi-
dation could be made catalytic using NHsNOj3 as cooxidant and AgOCOCF; as catalyst.!13

Alkyl peroxycarbonates, which give -CO2R radicals on thermolysis, function in chain reactions to give
good yields of the corresponding carbonates from alkanes (equation 65).!4

0]
A

CHn + (©OOR, —S— )J\OR + HOR 65)
61111

The ‘Gif’ system, discovered by Barton and coworkers at Gif-sur-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 °C,!!6 and the basic acetate
[FellFel';O(OAc)epya] 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 ca. 1:1 is still much higher than
expected for radical or oxometal oxidations,'!” 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 Shilov'!3 has suggested that
the active oxidant may be pyridine-derived, e.g. CsH4NO*-. This suggestion is made more plausible by
the fact that the iron can be replaced by other metals.!!® 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(IT)/EtsNO/CF3CO-H, which gives trifluoroacetates from alkanes also without overoxidation, 20

Peracids can react with alkanes to give hydroxylated products,!2! 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 I2.122 CF3CO3H is also an effective oxidant.!?3 The re-
action of trans-1,2-dimethylcyclohexane with PhCOsH is reported to be 97% stereoselective (retention)
and 97% regioselective for tertiary hydroxylation.

CO,H
H O/ OH
O,N
(66)
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 CHz groups, which are complete-
ly oxidized to the ketone. Conversions of up to 50% have been observed.!2* CF3(Me)CO: is a more re-
cently developed reagent of the same type.!25 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.!2¢ The
example shown in equation (67) illustrates the application to a steroid, which was achieved in 51% yield
at a respectable 11% conversion with regard to ozone.!?’

o, OH

67
silica gel

AcO

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.!28 Ozone and HSO3F-SbFs at —78 °C react with alkanes, but skeletal rearrangement
often occurs; for example, methane gives acetone.!2® Oxygen atoms (in the 3P-state), formed from CO>
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; Os, in contrast, gives the tertiary alcohol and PriCOMe. !30

Methane may be oxidized to formaldehyde by N2O at 600 °C over MoOs. At 5% conversion, 3.5%
yield of CH20 and MeOH are also obtained.!?! These reactions are not especially useful for laboratory
scale experiments,

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

Photolysis of CsFsSCl in cyclohexane leads to formation of both arylthio- and chloro-cyclohexane by
a radical pathway.!32 Sulfuryl chloride in pyridine can chlorosulfonate alkanes by a radical route under
photolytic conditions, the chloride being a minor product (equation 68).13* SO, and Cl, also gives the
sulfonyl chloride by the route shown in equations (69) to (72).134

R-H + SOl R—SO,Cl + R-Cl , (68)
Cl, w 2Cl (69)

Cl+ + R—H Re + H-Cl (70)

R* + SO, RSO;e an

RSOy + CIr RSO.CI (72)

The synthesis of MeSO,Cl on an industrial scale has been achieved directly from methane by the EIf
Aquitaine Company. This is notable not only in being a practical conversion of methane, but also in that
itis a photochemical process.!33

Lead tetraacetate in CFsCO:H, followed by RSH, affords the introduction of the SR group (R = Bu")
into adamantane and bicyclof3.3.1]nonane in high yields.'*¢

Photolysis of alkane/SO2 mixtures leads to the formation of alkylsulfonic acids,!?’ the Hostapon pro-
cess utilizing SO2/O2/hv.!38 It is curious that this reaction seems to be so efficient, given the low & for al-
kane and SO; at the wavelengths used, and an efficient chain reaction is presumably involved. The Reed
reaction uses SO2/Clo/hv to convert alkanes to the corresponding sulfonyl chlorides.!?® Alkanes also re-
act with SOs to give alkyl sulfonates, sulfones and sulfates.!40

Methane reacts with elemental sulfur above 700 °C or at lower temperatures in the presence of a cata-
lyst to give good yields of CS,, a reaction that has been used for the commercial synthesis of the disul-
fide.!4! n-Butane, however, gives alkenes, dienes and thiophene under similar conditions.

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—Se bonds, for example, 12% of 2-adamantyl phenyl selenide
is formed from adamantane. 42
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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 F3, but the very high bond strengths of both H—F and C—F.!? Nevertheless, by the use of
diluted F; and appropriate choice of temperatures, a number of organic compounds can be successfully

fluorinated (equation 73).144
Fo/He
3.5%

Barton and coworkers!45 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.!4¢

OAc OAc

: @8
74)
PhNO,
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 F.. This route was thought to be particularly useful
for the synthesis of compounds with useful biological activity (equation 75).!47

hv
CGH 12 + MeOF

CGHl ]F + MeOH 75)
44%

11.14 FORMATION OF R—X BONDS (X=Cl, Br, )

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 Clz2 and Brz, but not
for iOdirxlfs' These halogenations are easy to control and the selectivity of chlorination has been carefully
studied.

Photochlorination has been recommended for the preparation of choice of cyclodecene from cyclode-
cane via the intermediate chloride.!4? Bromine is a rather weak brominating agent for alkanes and only
unusually favorable substrates, like adamantane, react at a reasonable rate. The mixture HgO/Brz is much
more reactive than bromine itself, as shown by the facile bromination of 1,1,3,3-tetramethylbutane.!0
Silver hexafluoroantimonate has also been used to activate bromine for this type of reaction.?’ Iodine is
normally ineffective in functionalizing alkanes, but use of vy-irradiation of a solution of I in alkanes
leads to unselective formation of all possible iodoalkanes. 3!

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 CCls, which can chlorinate alkanes by a free
radical chain mechanism.!32 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-
pcraturelss 4a.re therefore normally required.!3? Nitrosylchloride at 100 °C has also been used for these re-
actions,

Trichlorobromomethane appears to be an efficient bromination reagent because of kinetic rather than
thermodynamic factors, and fairly long radical chain reactions result.!>5 1,2-Dibromotetrachloroethane is

Q + CgHjy — QH + CeHy e (76)

CeHye +  CCl,

Cl3C + CgH; Cl (77)
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Cl1Ce + CgHp,

ClCH +  CgHjye (78)
Q- = initiator

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

a a a
Br>— —— = + Bn (19)
a « a «a

Trichloromethanesulfonyl chloride has also been used as a chlorination reagent for alkanes, but this re-
action requires a peroxide initiation step (equation 80),156

ClsCsO,C1 + R-H R-Cl + 8O, <+ HCCh (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.!5” NBS/dibenzoyl peroxide is
not very selective, giving mixtures with methylcyclohexane,!*8 although decalin gives tetrabromides in a
reasonably well-defined manner (equation 81).!°

Br Br

NBS, peroxide
81

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 PriNCI. 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 w-1 position) is attacked preferentially with selectivities of ca. 90% being re-
ported.!0 Intramolecular versions of the reaction are also known. ¢!

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.!2 A recent im-
provement to the use of PhICl; 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-
lyst.163 In all these cases, the reaction is believed to go via chlorine radicals and PhICI radicals.

Iodine monochloride, IC, is another reagent which is useful for the chlorination of alkanes. It was
known in the 1950s that IC] was unstable in alkane solution,!% but the use of irradiation to accelerate the
reaction to useful rates was reported later.!$® The chain-carrying step is shown in equation (82).

Re + IC — R-Cl + I (82)

Similardy sulfuryl chloride, SO2Clz, 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 SOCI-, rather than the chlorine radical. The monochlorinated
species is more reactive than the alkane and consequently multiple chlorination takes place. Electron-
withdrawing groups destabilize a radical center and so subsequent chlorination events tend to take place
at a site remote from the first point of attack.!%6 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-chloronorbornane, as the result of
the steric bulk of the reagent leading to attack on the least-hindered site.!¢” Sulfuryl chloride is also a
useful halogenating agent for nonalkane substrates. 68
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t-Butylhypochlorite has been used to chlorinate alkanes with either peroxide or light initiation.!s?
Bu'Ol, made from Bu'‘OCl and Hgl>, has also been used for iodination in CCls under photolytic condi-
tions. The secondary to primary selectivity in these reactions is good (ca. 30:1). Indeed the reaction is
only preparatively useful for secondary iodides (yields 30-80%) since the tertiary iodides, although
formed, decompose rapidly under the reaction conditions.!7® 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(II)/R2NCI/CF3COzH, which affords secondary chlorides in good yield
from n-alkanes without overoxidation.!7!

Chemistry reported by ShilovZ!72 allows chlorination of alkanes at the expense of a platinum(IV)
halide as the chlorination reagent, but catalyzed by a platinum(II) species. Methane and ethane give the
chlorides together with some of the corresponding alcohols. Propane gives a 3:1 mixture of Pr*Cl and
PriCl, 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.!”3

AgSbFe/Cl>/CH.CI, at -15 to +35 °C is reported to be a convenient and effective reagent for the elec-
trophilic chlorination of tertiary alkanes and cycloalkanes.!” Adamantane was sufficiently reactive to
undergo uncatalyzed electrophilic bromination at 80 °C.!75 Substrates with adjacent tertiary C—H bonds
produce a,B,y,5-tetrabromides by a series of bromination/dehydrobromination reactions.!’® Alkanes also
can be chlorinated by an electrophilic route using heterogeneous catalysts such as TaOF3/Al2Os at 180—
250 °C: >90% yield is obtained at 10-50% conversion.!”” Clz/SbFs/SOCIF 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.!’® Schwartz!? has shown that [Rh(allyl)s] may be
supplcg)gted in molecular form on alumina, and that the resulting material can be used to chlorinate meth-
ane,
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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,!? vinylni-
trenes,>* arylnitrenes,>7 acylnitrenes,®-!2 cyanonitrenes!? and sulfonylnitrenes.!# In addition there are
relevant reviews on the nitrenes in heterocyclic synthesis,!>-!7 photoaffinity labeling using nitrenes,!8
and on the decomposition and synthetic uses of azides.!9-2!

Although this chapter is primarily concerned with the functionalization of unactivated sp> 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 sp> C—H bonds, since many of these reactions have found wide use in
recent years in the synthesis of natural products.

21



22 Oxidation of Unactivated C—H Bonds
12.2 NITRENE GENERATION AND REACTIVITY: A BRIEF OVERVIEW

1.2.2.1 Generation

The main methods of nitrene generation are summarized in Scheme 1, although it should be bome 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 are 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 temperatures in excess of
200 °C to initiate decomposition. However, for handling 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 1,3,4-dioxazol-2-ones,
e.g. (1), and 1,3,2,4-dioxathiazole 2-oxides which can eliminate CO; and SO 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(I'V) acetate to give nitrene intermedi-
ates.

RN;
i

RNCO
+

RNH; i
\ /
RN¢
/ \ -
RNO; ii RN—X

X = SMey, IPh, PPh;

RNHX
X = Cl, OSOAr

i, heat, hv, or catalyst; ii, heat or Av ; iii, base; iv, Pl reagent; v, oxidant

Scheme 1

N-O - +
/ 1-::ozc1~:1hlosoz—<i>—r~zo2 EtO,CN—SMe;
Ph/k OX fo)

@ ) 3

1.2.2.2 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-
cemed 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

Rﬁ: + H2C=CH2

C-H Insertion

RN: + "C "H R',C —NHR
Rearrangement
$l
R—C-N¢ R >
/ —_— NR
R R
Reaction with nucleophiles
(1] - +
RN: + 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.

1.2.3 INSERTION INTO sp® C—H BONDS

1.2.3.1 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.

RN: NHR
- 89

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.2* 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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Table1 Functionalization of Cyclohexane by Nitrene Insertion (equation 1)

R Conditions of generation Yield (%) Ref.
Me Azide, A 0.4 22
CF,CHFCF; Azide, hv 18* 23
Ph Azide, A b 24
Tetrafluoropyrid-4-yl Azide, A 45 25
Bu‘'CO Azide, hv 20 26
PhCO Azide, hv 4046 27,28
PhCO (1), hv 23 28
EtO.C Azide, A 52-76° 29,30
EtO,C Azide, hv 51,78 31,32
EtO,C (2), base 13-20 33,34
EtO.C 3), hv 21 35
C3sH370,C Azide, A 60-73¢ 36
Ms Azide, hv 18 37
CsH,;1S0; Azide, A 54 38
Ts Azide, A 58 38
(EtO),PO Azide, hv 88 39
(PhO),PO Azide, hv 67 39

* After hydrolysis to cyclo-CsH;;NHCOCHFCF;; GLC suggests yield is ca. 30%. ® Gives mainly aniline; yield of
cyclo-CeH,;NHPh not quoted. ° Yield increased in presence of ‘additives’ such as 1,3-dinitrobenzene; see 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 azidoformate in cyclohexane,
although the yield can be improved by carrying out the reaction in the presence of ‘additives’ such as
1,3-dinitrobenzene, sulfur or hydroquinone.?” 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 hexafluorobenzene.3® Photochemical generation of ethoxycarbonylnitrene
from ethyl azidoformate also gives a useful yield of the insertion product,!*2 but the alternative nitrene
precursors such as the N-arenesulfonyloxy carbamate (2) and the sulfimide (3) are less satisfactory,33-33
the latter precursor giving largely triplet nitrene on irradiation. When the decomposition of the N-arene-
sulfonyloxy carbamate (2) was carried out in cyclohexane-di2, an isotope effect of about 1.5 was ob-
served.3? 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 products.*
Again, the yield of the N-cyclohexyl carbamate is improved in the presence of 1,3-dinitrobenzene. Fi-
nally, some sulfonyl- and phosphonyl-nitrenes give good yields of the corresponding cyclohexylamine
derivatives.3’-3

1.2.3.1.1 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-
nylnitrene.3!33 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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NHCO,Et
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Scheme 3

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.% Pivaloylnitrene 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 formation.264! In the
latter case, the C—H insertion selectivity is apparently dependent on the nitrene precursor.?8

Table2 Relative Reactivity of Tertiary, Secondary and Primary C—H Bonds in 2-Methylbutane towards Nitrene

Insertion®

R Conditions of generation Tertiary Secondary Primary Ref.
Ph Azide, A 140-280 >7 1 40
Bu'CO Azide, hv 120200 9 1 26
PhCO Azide, hy 58 7 1 41
EtO.C Azide, hv 43 6.6 1 42
EtO.C Azide, hv 34 9 1 33
EtO.C Azide, A 32 10 1 36
EtO:C (2), base 27 11 1 33
Ms Azide, hv 9.6 42 1 37
Ms Azide, A 58 2.2 1° 43
(EtO),PO Azide, hy 6.0 43 1 39
(PhO),PO Azide, hy 34 1.2 1 39
NC Azide, A 67 1¢ 46

* Statistically corrected for number of C—H bonds. ® Substrate is 2,4-dimethylpentane. ° Substrate is 2,3-dimethylbutane.

The 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 solvent.33% In the
presence of dioxane, the selectivity for tertiary C—H insertion over primary decreases with increasing
dioxane concentration.** 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 trans-1,4-dimethylcyclohexane as substrate. Results
show that insertion into equatorial C—H bonds is favored over axial by a factor of about 1.3.4° Sulfonyl-
and phosphonyl-nitrenes are significantly less selective in their insertion reactions, although the reactions
involving the phosphonylnitrenes are particularly high yielding.’”3%43 The relative lack of selectivity
compared to acylnitrenes is explained by the fact that both S==O and P==0 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.*

CO,Et
N..
o ™o EtO,CNH W/~ 7

@ )]
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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 CHz 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 6:1.4748 Similarly, ethoxycarbo-
nylnitrene inserts selectively at the ring junction tertiary C—H bond in bicyclic hydrocarbons such as de-
calin,* although in one experiment a CIDNP effect was observed, suggestive of triplet involvement.

Two groups of insertion substrates that require special mention are ethers and chloroalkanes. In ethers,
the nitrene inserts selectively a 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.’!-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,w-amino alcohol derivatives as shown in

Scheme 4.5!
() —=— 1 =
(o] O

NHCO,Et HO NHMe
i, EtO;CNG3, hv; ii, LiAlH,
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-
roalkanes tend to occur away from the chlorine atom; with trans-1,2-dichlorocyclohexane as substrate,
the insertion product (5) is formed in good yield.%

O e Qe
5.0
1.0 o 3.0 o o

Scheme §

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.

1.2.3.1.2 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,* 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 trans-1,4-dimethylcyclohexane with
retention of configuration.*!38 Similarly with cis- and trans-1,2-dimethylcyclohexane as substrate,
ethoxycarbonyl-,® methanesulfonyl-*? and cyano-nitrenes*6. 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,2* whereas ethoxycarbo-
nylnitrene inserts stereoselectively with 98-100% retention into the tertiary C—H of (S)-(+)-3-methyl-
hexane.5! 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.



Oxidation by Nitrene Insertion 27

1.2.3.2 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.

12.3.2.1 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,5? and the only apparently genuine example of a reaction
of this type involves the azidosteroid 6B-azido-5a-pregnane (7), which leads to functionalization of the
19-methyl group upon irradiation, albeit in very poor yield.®?

QR —A— Q\R @
3 H

(6)
Et Et
hv
—_— 3
6% NH
N3

™

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 6.5 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 CH> group is particularly
interesting, although the reaction is solvent dependent with the alternative ‘insertion product’, ethyl 1-
methyl-B-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 4:1.57-70 Some examples are shown in Scheme 7; again the reaction has been applied
in the steroid field, the 1-azidoestrone (10) giving the C-11 functionalized product in good yield.”!

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 50-60% yield in ca. 100% optical purity.’> 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 =
NO) with triethyl phosphite.”

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 8-lactams is preferred to vy-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 8- and y-lactams in a ratio of 2:1 in lowish overall yield of 30-35% (Scheme
8).874.75 The reaction proceeds stereoselectively at the C—H bond, the nitrene derived from the optically
pure %?)-azide (13) inserting with ca. 98% retention of stereochemistry, although in poor chemical
yield.
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Scheme 8

Nitrenes derived from azidoformates, however, do not suffer from competing Curtius rearrangement,
and undergo intramolecular C—H insertion in good yield. Thus irradiation of ¢-butyl azidoformate re-
sults in cyclization by insertion into the unactivated C—H bond of the methyl group to give the oxazo-
lidinone (14) in good yield.” When the optically active (S)-azidoformates (15; R = Me, Ph) were
irradiated, the corresponding oxazolidinones were formed with >97% retention of stereochemistry,’>78
confirming once again that high stereoselectivity is a feature of nitrene insertion reactions.

Paiiuey

N, 75%
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Sulfonylnitrenes also undergo intramolecular C—H insertion to give six-membered sultams.” In the
series of sulfonyl azides (16; » =0, 1), the sultams were formed in low yield; no five-membered sultams

were observed.

A
M

0,8 Ph 0,5. Ph
N, h 17-26%

(16)

I Z

1.2.3.2.2 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 azidoformate,
readily prepared from 1-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-1-adamanta-
nol (Scheme 9).80

(o]
OH OC(O)N. O/q
(O)N; NH OH NH,
hv HCl
45%

an
Scheme 9

A similar nitrene insertion reaction was used in the synthesis of 6”-aminogentamycin C; by function-
alization of the garosamine moiety of the antibiotic.3! 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.

o

N0

5.0 ZNH A
Gentamycin C, ZMeN
Ho| HO NHZ
o

0
ZNH NHZ

o>\\
H N% \/
HN 0 MeNH 2
o) —_— Hol| HO | NH
2
ZMeN 0 OnH
HO H)N 2

6"-Aminogentamycin C;
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 3-lactam (20; 20%), which
has the azabicyclononane ring system of the diterpene alkaloids such as atisine.%2

OMe - OMe
hv (0] N

@®)
20%

H
(19) (20)

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 (30-35%), a
mixture of the y- and §-lactams (22) and (23). The y-lactam (22) predominated, although the overall
yield was poor.83:34 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 nitrene insertion reaction
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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.3

H
CON 0 o]

3 NH N
P~ ;j@ . ;[%

@1 (22) 14% (23) 9%
CON; " O NH
18%
(24) (25)
hv
o ————
N, /go o ca. 5-10%

(26)
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 trans-decalins 347 thermal decomposition
of 3B-lanost-8-enyl azidoformate (28) gives rise to a mixture of y- and d-lactams (29; 55%) and (30;
25%) resulting from nitrene insertion into the 2-CH> and the 4a-methyl group respectively.?® 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% yield.®

CgH7

+ o L1 9

(o) N, (28) (29) 55% (30) 25%
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AcO OCON,
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1.24 INTRAMOLECULAR INSERTION INTO sp? C—H BONDS

Intramolecular nitrene insertion reactions into sp> 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 sp?> 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.

Scheme 12

Simple 3-substituted indoles can be formed in high yield by heating 8-azidostyrenes in solution. Thus
heating Ph,C=CHN:3 in toluene gives 3-phenylindole in 82% yield.% 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-iti
0

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

Scheme 13

The formation of 2-substituted indoles from B-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,? 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.?9

7 N CO,R A, xylene s \
X— | X— | COR an
x N3 90-98% A N

33 A

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 (34), readily prepared from commercially
available 4-aminosalicyclic acid.?® 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, respectively.*®*’ 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.%”
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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).%%% In this synthesis, all
six ‘pyrrole’ rings were formed using nitrene insertion. Thus O-benzylbromoisovanillin was converted
into azidocinnamate (43), 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-II (49), and by the coupling together of appropriate pyrroloindoles, into the ‘dimer’ (50), 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 (§3), the
tricyclic indole (54) was formed in 42% yield. Finally, following known chemistry, the indole (54) was
converted into the cyclopropapyrroloindole (55). Since the left-hand unit (5§5) 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.'®
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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.!?!
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).'92
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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 = NO3)
cyclize to 2-substituted indoles in moderate to good yield (equation 18),!93:104 although a detailed study
of the reaction has confirmed that the mechanism does not involve a genuine C—H insertion.!® The
corresponding reaction of the azidoquinone (63) has been used as a key step in the synthesis of the in-
dolequinone (64), a precursor to the mitosene analog (65).!%

The intramolecular cyclization of the arylnitrenes derived from azido- or nitro-biphenyls to the ad-
jacent aromatic ring has been well reviewed.>7 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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ily of antibiotics, the dinitro terpheny! (66), readily prepared by dehydrogenation of the Diels—Alder ad-
duct of the appropriate 1,4-diarylbutadiene with maleimide, was deoxygenated with triphenylphosphine
in collidine to give the ‘double nitrene insertion’ product, the indolocarbazole (67; 65%), demethylation
of which gave arcyriaflavin B (68).!%7 In the second example, the azide (69), constructed in 10 steps from
2.5-:10%memylacetanilide, cyclized to the antitumor alkaloid ellipticine (70) in excellent yield on heat-
ing.

OMe

PPh,, collidine, A

65%

(66)

o () (s

96% N

Scheme 15

Thus the intramolecular reaction of nitrenes 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-
trene insertions into unactivated sp> C—H bonds discussed in earlier sections.
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1.3.1 INTRODUCTION

1.3.1.1 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—Cl, 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-—OH 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



40 Oxidation of Unactivated C—H Bonds

bonyl 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 steps, 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,2 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 products.®-!! 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;!2 this is done by geometric
control within the enzyme-substrate complex. The outstanding regioselectivity and stereoselectivity of
enzymatic processes led to the coining of the term ‘biomimetic’ to describe selective chemical function-
alizations of unactivated positions similarly directed by geometric constraints.!? In this chemistry the in-
trinsic reactivity of the substrate is overridden by the geometric preference of the reagent—substrate
combination. The term ‘biomimetic’ has now been enlarged in scope, to refer to chemistry that mimics
biochemical processes or pathways in any aspect.

132 INTRAMOLECULAR FUNCTIONALIZATIONS IN THE VICINITY OF EXISTING
SUBSTRATE FUNCTIONAL GROUPS

Free radicals can undergo 1,5-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—Loffler—Freytag reaction (Scheme 1).!4 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 chain-carrying radical. On treatment with base, the product

—\—\+,H A Cl/__\_\+ oin ()
N — NH,
_/_J ° _/_/

N
Bu”®
70-80%
hv 1 Chloraminium ion
(\9}!2 /—\ (\CHZ.
*+ H I +
N-y NH,
Bu" Bu"

Scheme 1
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8-chloroamine can cyclize to form a pyrrolidine. More recently phosphoramidate radicals have been used
to perform similar hydrogen abstractions. !

A related reaction occurs on irradiation of a hypochlorite (Scheme 2).!6 The alkoxyl radical can again
abstract a hydrogen atom in a 1,5-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 8-
hydrogen can be directly converted to a tetrahydrofuran on refluxing with lead tetraacetate.!” 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.!8 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.'?

hv : ROCI
/\/>( —_— i
ocl Ho HO HO
80%

Scheme 2

A particularly nice conversion is the reaction of a cyanohydrin with I; and Pb(OAc)4 (the Heusler-
Kalvoda reaction; Scheme 3).20 After the abstraction of a 8-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 v to the ketone.

0]

I,

“111“1% o %ﬂ""%\

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).2! Again an alkoxyl radical abstracts a 8-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(Il) acetate the intermediate carbon radical can be oxidized to an alkene, rather than capture
NO.Z 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 5).24

o
Na o)
HO
hv
0
Scheme 4

Photolysis of ketones can also lead to 1,5-hydrogen shifts, resulting in functionalization of the y-carb-
on. The resulting 1,4-diradical can then fragment or cyclize to form a cyclobutanol (Scheme 6).25 Exam-
ples are also known in which hydrogen abstraction involves a seven-membered?® or a five-membered
ring transition state.?” This photochemical Type II 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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OH

Scheme §

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

Related photochemistry has also been examined with other functional groups such as phthalimides,
which also abstract nearby hydrogens with the photoexcited carbonyl group.28?® 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 m*-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).303!

o - O  NHAc
)J\(Cﬂz)sMe vl
MeCN, H,0
m2 3 4 5 6
% 45 25 15 10 S
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

1.3.3.1 Remote Photochemical Functionalization

In 1969 the general principle of this field was enunciated in a paper? reporting the photochemical in-
sertion of a benzophenone carbonyl group into the CH: groups of long alkyl chains (Scheme 8). It was
pointed out that, as in biochemical reactions, the intrinsic reactivity of a substrate can be overridden 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 prep-
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).34 The insertion product could be dehydrated, and the resulting alkene fur-
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0 o}
0 o)
hv OH
(" (
O 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.

“0,C (/fco;

. 0 . ~0.C Co;
+ +
Me;N NMe, v Me;N n NMe,
SSRGS

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
A and A'S-alkenes is produced on irradiation of (2).3* However, with compound (3) photolysis pro-
duces only (4) as a new steroid.? 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 studied;?’-39 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 11).404! In the steroid series a
related reaction led to remote dehydrogenation, not hydroxylation.*> Oxygenation of C—H bonds can
also be achieved by photolysis of nitroxides (Scheme 12),%*#4 but so far only at nearby carbons, not
remote ones.*

1.3.3.2 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 functionalization.*> Steroidal diene (5) underwent the epoxi-
dation shown (Scheme 13) with excellent regiochemical and stereochemical control.*6 The product was
formed in quantitative yield, although the reaction was carried through to only 25% conversion.

1.3.3.3 Directed Chlorinations

The major work to date on synthetic applications of remote functionalization has involved free radical
chlorination. The earliest studies®*” 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 Cl-, 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 SO2CI- or Cl. 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 (PhICl2, SO2Cls, or Cl3) 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 103 to 10-2 M there is normally little
competition from intermolecular nondirected processes.

H XCls
I I\ ——
: %; < >al

Ci
I + XCle

T

XCl,

I + HCl

Scheme 15 Radical relay chlorination

Iodoaryl esters of steroids can serve as templates for radical relay chlorination. For instance (Scheme
16), refluxing 10-2 M (8) in CCly with 1.2 equiv. SO2Cl2 and 10 mol % benzoyl peroxide for 5 h, then
basic hydrolysis and dehydrochlorination, afforded the A%!!-alkene product (9) in 75% yield along with
15% of recovered cholestanol and only 10% of other products.*®0 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

$0,Cl,
B20.
B202) OH-
-— 9.1 —
I W
o HO'
75%
8 4)]
‘e PhiCl, 9-Cl steroid
o" B
o 100% yield

Si \O/ I 80% conversion

(10)
Scheme 16
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directs the chlorination of three steroid substrates at C-9 under similar conditions, in quantitative yield
and ca. 80% conversion.3! 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 selectivity.5%52 Dehydrochlorination forms the
Al6.alkene (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 17-chloro
steroids can be dehydrochlorinated toward C-20, and the resulting A1720-ajkenes directly oxidized to af-
ford the 17-keto steroid.53:54

e H

PhIC12 u\l\C]

- 56% conversion

I
O : (12), 66% overall
(o)
9 |
l
o]

REadbe

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).% The selective chlorination of C-9 seems to
be quantitative, although in the first report>0 the A%1D-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 90-95% range,
and good yields for this reaction have also been reported from another laboratory.s Template-directed
radical relay chlorination on the a-face of steroids has also been successful in the A/B cis-coprostanol ste-
roid series,*® and in the cholestanol series with iodopheny] templates linked by amide, ether, or sulfonate
functions rather than carboxylic esters.?

Scheme 17

o : o

(14)

Scheme 18
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Limited studies have been done on template-directed chlorination on the B-face of steroids. Compound
(15; Scheme 19) was designed so that the template could curve around the angular C-18 methyl group
and direct chlorination to C-20.58 Reaction with an excess of PhIC led to ca. 40% chlorination of C-20
with 25% unfunctionalized steroid. The 20-chloro steroid was converted in part to the A2X2).alkene,
which was ozonized to form the 17-acetyl steroid (16). A similar result was observed with the i-steroid
derivative (17).3 The selectivities and yields are not yet up to those of other examples of the radical
relay reaction.

H

Cl
PhICl,
I
AcO
(16)

(o)
53% yield
(o) 75% conversion

s

0)

a7
Scheme 19

Diary] sulfide templates have also been used to direct chlorinations.’® 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 chiorine in a radical relay process.% The best
sulfur template so far examined is the thioxanthone system (Scheme 20).5! Thus with 3 equiv. PhICl,
compound (18) undergoes directed C-9 chlorination in 100% conversion, affording a 71% yield of the
A%1D.alkene after base treatment, along with some polar products from excessive chlorination. The
thioxanthone template can be recovered unchanged.

; )
radical Se

o l S ! relay 9-Cl

Scheme 20



Oxidation by Remote Functionalization Methods 49

Binding of Cl- to an aryl iodide may well involve sp3d 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 Cl- complexes; the evidence indicates that these
complexes utilize three-electron bonds, not d-orbitals.52 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. PhiCl
led to the 9-chloro derivative (20) in >98% yield; with Ag* this was converted to the A%!D.alkene.5
Again the template-directed reaction overcomes the normal reactivity of the substrate, but at 21 mM (19)
undirected reactions start to compete and some 6-chloro 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.% Furthermore, an imidazole template in compound (21) directs chlorination at C-9 with
similar efficiency to the templates previously examined,% and (21) is particularly easily prepared using
carbonyldiimidazole. .

OAc

19 (20) >98% yield

P
J

Scheme 21

@n

134 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 B-cyclo-
dextrin (Scheme 22).%-68 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-

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.5? Other related reactions
have also been observed in which cyclodextrin binding is used to direct functionalization chemistry.

The shape-selective metalloporphyrin-catalyzed 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.” In this case hydrophobic binding produces a complex with predictable geo-
metry.

HO

— I

HO

H

T——f—— T L7

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-
strate.”® 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.

PhICI,
_— 9-Cl1 + 14-Cl1
78% conversion 57% 16%
Scheme 24

Catalytic turnover has also been seen in radical relay chlorinations in which the template is tempo-
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.”

1.3.5 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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—_— 9-Cl
[\} /O
0 22
o) \0‘ (22)
Zn2+
=N N=
\_7 \_/
I
(23)
Scheme 25

double ion pair of Scheme 9. To justify the complex template catalyst that this implies, multiple turn-
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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14.1 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 3B-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 appeared.>-$

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 groups 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 niger’ 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
\./_U\_Zo
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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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14.2 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 published>10 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 available.” 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 American Type Culture Collection, Rockville, MD, USA
CBS Centraalbureau voor Schimmelcultures, Baarn, The Netherlands.
CMI Commonwealth Mycological Institute, Kew, Surrey, UK
DSM (or GCM) German Collection of Microorganisms, Soc. Invest. Biotechnol., Gottingen, Germany
FERM Fermentation Research Institute, Ibaraki, Japan
1AM Institute of Applied Microbiology, University of Tokyo, Japan
IFO Institute for Fermentation, Osaka, Japan
NCIB National Collection of Industrial Bacteria, Torry Research Station, Aberdeen, UK
NCTC National Collection of Type Cultures, Central Public Health Laboratory, London, UK
NCYC National Collection of Yeast Cultures, Brewing Industry Research Foundation,
Nutfield, Surrey, UK
NRRL Culture Collection Unit, Northern Utilization Research Branch, (formerly Northern

Regional Research Laboratories), US Department of Agriculture, Peoria 5, IL, USA

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.

1.4.2.3 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 starting point for attempting a new oxidation, and these are given in Table 2. More extensive
listings are available.? 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. 12
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Table 2 Some Microorganisms Commonly Used for Oxidation of Unactivated C—H Bonds

Microorganism Class Some applications

Beauveria sulfurescens* Fungi imperfecti 11a-Hydroxylation of steroids, hydroxylation of

(ATCC 7159) cyclic and acyclic amides, tricyclic terpenes and
aromatics

Rhizopus nigricans® Phycomycetes 11a-Hydroxylation of steroids, hydroxylation of

(ATCC 6227b) diterpenes

Calonectria decora Ascomycetes Steroid hydroxylation and dehydrogenation,

(ATCC 14767, NRRL 2380) hydroxylation of cyclic hydrocarbons

Curvularia lunata Fungi imperfecti Steroid 11B-hydroxylation

(ATCC 12017)

Aspergillus niger Fungi imperfecti Very general use

Cunninghamella elegans Phycomycetes Steroid hydroxylation and allylic hydroxylation

(NRRL 1393)

Pseudomonas putida Schizomycetes Unactivated C—H hydroxylation

* This is the most commonly used name for this microorganism, but it has recently been reclassified as Beauveria bassiana. In
earlier literature it is referred to as Sporotrichum sulfurescens. *This is the most commonly used name for this microorganism, but
it has recently been reclassified as Rhizopus stolonifer.

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 previously,*!!-13 and these sources of information will provide all that is
necessary to be able to carry out a laboratory microbial oxidation.

143 MICROBIAL OXIDATION OF NONSTEROIDAL SUBSTRATES

1.43.1 Acyclic Hydrocarbons 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 B-position) to give either the secondary alcohol or a
ketone. In both cases further oxidation!4 can take place to give carboxylic acids, themselves liable to B-
oxidation and shortening of the carbon chain by successive two-carbon units (Scheme 2),

The mechanisms of these oxidations and the nature of the various enzyme systems involved have been
discussed previously,!4 as have some examples of these types of microbial reactions.!

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,w-dicarboxylic acids, and up to 30 g I-! of the products could be accumulated in high yield.!¢

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).> 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 and/or
carboxylic acids.

B-Hydroxylation of short chain aliphatic carboxylic acids can be accomplished by a number of micro-
organisms!? (see also Scheme 3) including Endomyces reessii, Trichosporum fermentans, Torulopsis
candida and Micrococcus flavus. Longer chain carboxylic acids can also be satisfactorily hydroxylated.!8

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-
otropic bacteria are noted for their ability to degrade hydrocarbons and in some cases intermediate hy-
droxylated products can be recovered. Patel and coworkers have done much of the work in this area!®
and systems capable of converting n-alkanes to secondary alcohols? or ketones?! 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,??

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 3.28-3! 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 antibacterials.?3-# (S)-2-Methyl-3-hydroxypropanoic
acid (8) has been widely employed as a source of chirality, for example in the synthesis of maysine,2
macrolide antibiotics?® and both (R)- and (S)-muscone.?” A variety of other optically active 3-hydroxy
aliphatic carboxylic acids can be prepared by analogous methods. 8

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 yield.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 (1S)-enantiomer of the substrate, and one from hydroxylation at C-4 (15; 22% yield, 53% ee) and
derived from the (1R)-enantiomer.34
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1432 Cyclic Hydrocarbons and Their Functionalized Derivatives

The literature in this area 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.

Beauveria sulfurescens 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 are particularly relevant.*36 Cyclohe-
xylcyclohexane (16), for example, can be 4,4’-bishydroxylated by Beauveria sulfurescens to give a 30%
yield of the 4,4’-dihydroxy derivative (17). More recent work employing Beauveria sulfurescens 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 isolated.’’

Beauveria
sulfurescens

(16) amn

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).33
OH
Mm ©)
Cl Cl

COH CO,H

(18)

Hydroxylation of 7-carboxybicyclo(2.2.1]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)*® This can then be oxidized to give the ketone (22; 92.2%
ee; Scheme 5).

HO,C HO,C HO,C

Aspergillus awamori Jones' reagent

57% 69%
OH o

(19) (21) (22)

Scheme §

The unsaturated ester (20) can be similarly converted to the endo-alcohol (23), which can be oxidized
to the ketone (24; 81.9% ee) with an overall yield of 8% (Scheme 6). These products are potential inter-
mediates for (-)-methyl jasmonate and natural prostaglandins.*’ Here the microorganism is showing
good discrimination between the two enantiotopic endo hydrogens on C-2 and C-3.

MCOZC M302C HOzC

3 Bacillus thuringiencis i, i
2

OH
(20) 23) 29

i, hydrolysis; ii, Jones' reagent

Scheme 6

Diastereoselective hydroxylations are more common, for example Streptomyces rimosus (NRRL 2234)
will hydroxylate zearalenone (25) to give the (S)-8'-hydroxy derivative (26; equation 7).4! 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 tri-cyclic amides and saturated nitrogen heterocycles
have been studied® and a rational basis for the position at which the hydroxy group is introduced into the
substrate molecule has been put forward;*243 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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OH O

o 2%

HO 7 o

@5 (26)

M

enantio-selectivities are possible, although as with other areas 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 stereocontrol* to give
the exo-alcohol (28), a useful precursor to novel 2’-desoxynucleosides (equation 8). In other cases the
regio- and stereo-chemical outcome of the reaction may be highly dependent upon the nature of the sub-
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 pyrollidin-3-one (30) gave the (5)-3-hydroxy derivative (31) with a 30% ee
(equation 9).

Bn .Bn
N Beauveria sulfurescens HO N
®
5 (ATCC 7159) o
)-(27) (25)-(28)
N
bII (o]
R
29 n=1-3
OH

[N_>§O Beauveria sulfurescens (N—>§O 0
(
Ph \/go Ph \/go

30 31

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 r-
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.46®

Thus the active site of the hydroxylating enzyme appears insensitive to the relative position of the
amide group. This has also been observed for bicyclic amides, for example both exo and endo isomers of
the amide (34) are hydroxylated to the exo-alcohol (35) with the same regio- and stereo-selectivity (equa-
tion 10).43 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-
tam4_§36b) are representative cases respectively, are both hydroxylated at the same position (Scheme
8a).%78

These observations have led to the development of a trajectory-based model to rationalize the selectiv-
ity of the monooxygenase enzyme in Beauveria sulfurescens,*’ 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. 47
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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 sesquiterpenes*® or B-lactams. In this latter context
regioselective hydroxylation of unactivated positions is particularly attractive as several {3-lactam anti-
biotics, e.g. the carbapenem derivative thienamycin, have a free hydroxy group in their structure.

HO
o ‘4, H
N N~
Bn
i
Bn

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

1.4.3.3 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.>#-0* 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 case 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.5® The microbial oxidation of a variety of acyclic terpenoid hydrocarbons has been
investigated by Nakajima,3! and although terminal alcohols can be obtained, for example pristanol (39)
from pristane (38; equation 11), further oxidation can also occur.

i
W MNY an

OH
(3% 39

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 reported 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).5%

L OAc
HO
| OH
OH
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l OR (12)
o
CHO
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\H/\E/ # ~

F
(40
Scheme 9

Mono- and bi-cyclic monoterpenes containing sites of unsaturation 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 10.5>57 The hydroxylation of 1,4-cineole (42)°* is illustrative of
the enantioselectivity that may be achieved in such transformations. Bacillus cereus gives a 1:7 mixture
of (2R)-exo- and (2S)-endo-monohydroxy-1,4-cineole, both with essentially 100% enantiomeric
purity.33b:3c

In the case of the transformation of bomyl acetate (43) by Fusarium culmorum it is interesting to note
that both enantiomers of the substrate yielded only the 5-exo-hydroxybornyl acetate as the major product.
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Alsosgn this case the major product from microbial oxidation corresponded to that from chemical oxida-
tion.

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 hydroxylations.’ 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 echinulata,
NRRL 3655),%8 the product from the hydroxylation of the lactone (45) (Aspergillus niger, MIL 5024) at
the equivalent position is not obtained,*® and the diol (1) is not hydroxylated at the expected (allylic) po-
sition (Cunninghamella elegans).!

44) o)) 1
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The sesquiterpene cedrol (46) can be hydroxylated regio- and stereo-selectively with Beauveria sulfu-
rescens (equation 13).% 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
exam%})e, in the above system the unsaturated substrate cedrene (47) gives low yields of a mixture of pro-
ducts.

Beauveria sulfurescens

13)
HO 43%

46)

@n

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,5!* and of the C-14 methyl group in (1R)-caryolan-1-o1 (48b) by Aspergillus
niger (MMP 521) in 26% yield.6!®

HO HO
74%

5 (14)

OH

(48b) 49)

Because of their importance as precursors to gibberellins, diterpenes with the ent-kaurane skeleton
have been subjected to microbial hydroxylation.* 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.5* 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-, 2B-,
3a- or 3B-hydroxy derivatives can be obtained in this way (e.g. equation 15).%4
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Table3 Hydroxylation of ent-17-Norkauranones (49)

Substrate Microorganism Yields (%)
(49) la 7a 68
R=—OH Rhizopus nigricans 25 35
Calonectria decora 40
Aspergillus ochraceus 25 30
R==0 Calonectria decora 40
(0] (0]
. w0 | 40% .0
2 8 S (15)
3
OAc HO OAc
OH OH
(50)

14.34 Alkaloids

Microbial oxidations are relatively common in the alkaloid field and a number of excellent reviews
covering the literature up until 1984 have appeared.!3:65-67 Hydroxylation at both aliphatic and aromatic
positions of alkaloid molecules can be accomplished, however the latter is favored and the site of hy-
droxylatilc;n in these cases is usually predictable based on the rules governing electrophilic aromatic sub-
stitution.

The heteroyohimbine alkaloids can be effectively hydroxylated at the (aromatic) C-10 and C-11 posi-
tions. For example ajmalcine (51) is 10-hydroxylated in 92% yield by Cunninghamella elegans (ATCC
9245) and tetrahydroalstonine (52) is 11-hydroxylated in 72% yield by a plant-derived mold. This latter
transformation is particularly difficult to achieve by chemical methods.

10 R
1 6 N CO,Et
R?
N
KO ~
8 I‘II
o) H
MCOZC
SD)R'=a-H,R?=8-H (53) R =H or alkyl

(52) R'=a-H,R%?=a-H

Carboline alkaloids (53) can be hydroxylated by Beauveria sulfurescens (ATCC 71985) at either the 6-
or 8-position depending on the substituents on the substrate.5® 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 yield,” to dehydro
derivatives by Aspergillus flavipes (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.”!
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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 (55)).
Streptomyces ruber (NRRL B-1268), Aspergillus niger (ATCC 9142), Cunninghamella blakesleeana
(ATCC 9245) or Microascus trigonosporus (NRRL 1199) can be employed with a wide range of prosta-
glandin substrates.!!13 Little is known of the stereochemistry of these reactions.

9

1 13 15 17 19

(5%)

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
cannabinoids:”? Aspergillus niger (ATCC 9142), Botrytis allii (ATCC 9435), Cunninghamella elegans
(ATCC 9245), Mycobacterium rhodochrous (ATCC 19067) and Streptomyces aureus (ATCC 15437),

144 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 properties.”> 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 Charney and Herzog!? 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.
2-41374 A discussion of practical aspects is also of great value to those unfamiliar with this area.”* The
commercial relevance of steroid hydroxylation can also be appreciated from a recent extensive review on
the subject.”3b

Microbial oxidative transformations of steroids can be divided into a number of key categories:!3 (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,B-unsaturated ketone (A!- and/or A%-3-keto steroid formation); (iii)
double bond formation, (a) introduction of a A! double bond in 3-keto steroids, (b) introduction of a A*
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.

Carbon—carbon 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,’®”” 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,B-unsaturation in 3-keto steroids can be read-
ily accomplished using microorganisms, and an excellent review on this aspect of steroid oxidations has
appeared.Z Although many microorganisms possess the sterol 1-dehydrogenase enzyme, Mycobacterium
smegmatis and Arthrobacter simplex (also known as Corynebacterium simplex), and various mutants
thereof, have proved especially useful for 1,2-dehydrogenation. A more complete list is as follows: Arth-
robacter simplex (ATCC 6946 and NRRL B-8055), Bacillus lentus (ATCC 13805), Glomerella cingula-
ta (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.2

o OH o) OH
(0] wmQH (0] wOH
0] 0]

(56) &)

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 1,4-naph-
thoquinone.”® The 1,2-dehydrogenation is reversible, but the forward reaction can be encouraged to go to
completion by efficient aeration of the fermentation.!? Existing alcohol groups present in the molecule
generally remain unaltered, for example in the conversion of cortisol (58) to prednisolone (89; equation
18), although 3-ols can be oxidized to 3-keto steroids concomitant with 1,2-dehydrogenation. If the sub-
strate contains a 20-keto group this may be reduced during the 1-dehydrogenation.

0] OH (o) OH
HO wi QH HO nQOH
Arthrobacter simplex
(18)
0] O

(58) (59

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

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
conve;gion of the diene (60) to the a-estradiol derivative (61; equation 19) by Proactinomyces glob-
erula.

OH
\\‘\\\‘% ofi\%
Proactinomyces globerula
(19
HO 8% HO

(60) (61)
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Immobilized microorganisms, in particular Arthrobacter simplex and Nocardia rhodocrous, and fungal
spores, in particular those from Septomyxa affinis, can also be used to effect dehydrogenations.280 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.’!
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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 11a- 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 1960s, following
Peterson’s original discovery of the 11a-hydroxylation of progesterone (64) by Rhizopus nigricans 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-1.85

o) 0]
HO "I',
— @n
o) 0]
(64)

The basic work on steroid hydroxylation is recorded in the handbook by Charney and Herzog'® 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 microorganisms,’ on the mechanism
of hydroxylation,$3* and on improving the efficiency of synthetically important transformations.33®

Reviews consisting of a compilation of hydroxylations accomplished, along with the microorganisms
employed, have been published to cover the period 1979 to 1988.76.77.83%

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 11a-hydroxylase enzyme in Aspergillus ochraceus, whilst a 11a-hydroxypregn-4-
en-3-one structural feature induces an independently operating 6B3-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.’¢ Numerous additives (e.g. surfactants, antibiotics and fungicides) have been used to
improve microbial hydroxylation of steroids, and some of these have been discussed previously.8’

1.4.42.1 Chemoselectivity'

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.8

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
effect. Previous work has shown that steroid hydroxylation and epoxidation can be performed by the
same enzyme,?® 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 A*-steroids by microorganisms can however be inhibited by the addition of metabolic
poisons such as hydrazine, ammonia or some antibiotics.”

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 Pellicularia filamentosa (TFO 6675) and Bacillus len-
tus (ATCC 13805) gives simultaneous 11B-hydroxylation and A'-dehydrogenation.”!

(22)

(65)

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 5a-androstan-3-one (66) the re-
sults shown in Table 4 were obtained.”?

¢

(67)

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 are
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Table 4 Hydroxylation of Sa-Androstan-3-one (66)

Microorganism Hydroxylation product Yield (%) Reduction of 3-Ce=Q (%)
Calonectria decora 128,15a 47 . 65
Rhizopus nigricans 1la,168 35 30
Aspergillus ochraceus 68,11 84 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 p-
homoprogesterone (67) can be converted to various mono- and di-hydroxylated products (Table 5).%!

Table § Hydroxylation of o-Homoprogesterone (67)

Microorganism Main product Yield (%)
Aspergillus ochraceus 11a-OH 30
Calonectria decora 128,15«-(OH), 23
Fusarium lini 15a-OH 13
Glomeralla cingulata 11a,168-(OH), 45
Pellicularia filamentosa 118,17a-(OH),; 44
Rhizopus arrhizus 68,11a-(OH) 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).2 This has been accomplished using 2,2-bipyridyl,?? 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 <10% 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).%

,

e OH OH

Botryodiploida theobromae

23)
45%

(68)

Side chain degradation is also a common problem, and those substrates with long chains at C-17 (e.g.
cholesterol) are difficult to hydroxylate without loss or truncation of the hydrocarbon chain.

Chemoselectivity is indeed a very complex issue in the hydroxylation of steroids, but microorganisms
capable of chemoselective transformations can often be selected on precedent, 01374

1.4.4.2.2 Regioselectivity

Aspects of regioselectivity in the microbial hydroxylation of steroids have been reviewed most recent-
ly by Kieslich.!3 :

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 11a-hydroxylators, Curvularia lunata
as a 11@3-hydroxylator (not as selective), Calonectria decora as a 123,15a-dihydroxylator and Rhizopus
arrhizus as a 63-hydroxylator of 3-keto A*-steroids. Cunninghamella elegans is not as easy to categorize
in this way, although it has been extensively used, but most frequently causes 7a- and 78-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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¢

(64)

Table 6 Hydroxylation of Progesterone (64)

Microorganism Product(s) Yield(s)(%) Ref.
Aspergillus ochraceus 11a-OH 91 85
Aspergillus ochraceus (spores) 11a-OH 95
Aspergillus phoenicis 11a-OH 10
Rhizopus nigricans 11a-OH 10
Cunninghamella echinulata 11a-OH 29 96

17a-OH 54 96
Mucor spp. 14a-OH 98
Streptomyces coriofaciens 16a-OH 97

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 3B-stereoisomers of the androstan-17-one
(69) by Calonectria decora gave different regioisomeric products (Scheme 11).4 In many cases mixtures
of regioisomers are obtained.

MeO
(0] y
MeO 0
OH
(69) 3a
60%
MeO™
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 nigricans®? and a précis 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 6B-hydroxylation of A‘steroids in Section 1.4.4.2.3). Thus binding of
16B-hydroxy-5a-androstan-3-one (70) to the hydroxylase of Rhizopus nigricans results in 11a-hydroxy-
lation, but if the keto and alcohol groups are transposed, reversal of the binding orientation results in the
7a-hydroxylated product (71).% Similarly with Rhizopus arrhizus, whilst 9a,10B-androst-4-ene-3,17-
dione (72) undergoes 11a- and 6B-hydroxylation, 98,10a-androst-4-ene-3,17-dione (73) is 9B-hydroxy-
lated, again due to the reversed binding orientation (Scheme 12),!00
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(70) (m

73

Scheme 12

1.4.4.2.3 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.82® 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
—OH group. Cunninghamella spp. are less stereospecific, giving both axial- and equatorial-substituted
products. -

Stereoselectivity will be dictated in most cases by the binding of the substrate to the hydroxylating
enzyme. One exception to this occurs in the 6@-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-
tronic processes, as the mechanism is believed to involve axial addition of oxidant to a conjugate of the
substrate and the hydroxylating enzyme (equation 24).8%

29

H

0 o
enzyme

The principles alluded to above are exemplified by some further steroid hydroxylations in Sections
1.44.2.4and 1.4.4.2.5.

1.4.4.2.4 Saturated substrates

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 Leptoporus fissilis with oxygenated Sa-androstanes®* and the microbial oxida-
tion of a-nor- and a-homo-Sa.-androstanes by Cunninghamella elegans.'® The chemically modified ste-
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roid (74) can be hydroxylated at the 11a-position by Rhizopus nigricans when R = H, but when R = Me
hydroxylation occurs predominantly at the 1B-position!® to give the steroid (75). Acid-catalyzed rear-
rangement of the steroid (75) can be used to give 1B,3p-dihydroxyandrost-5-en-17-one (76; Scheme 13).

o

OH
H;0*

HO

(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 78,1 1a-dihydroxylated by Aspergillus ochraceus, but the 12,12-difluoro derivative (78) is 7p-
monohydroxylated (Scheme 14).92

R R o) F_ F (o)
34% R=F
43%
l~={ OH
(7HhR=H
(78 R=F
Scheme 14

1.4.4.2.5 Unsaturated substrates

Aspergillus giganteus (ATCC 10059) will dihydroxylate progesterone (64) to give the 11a,15B-dihy-
droxy derivative (79; equation 25), which is a precursor to the oogonial steroids.!03

0, o)
HO.,,
40%
OH (25)
(o) o)

(64) (79)

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 153-hy-
droxylate lithocholic acid (80; equation 26) in 31% yield.!®* Further reaction is possible!®® to give
3a,11B8,15pB-trihydroxy-5B-cholanic acid (15%), 3a,15B,18a-trihydroxy-58-cholanic acid (4%) and
3a,11a,15p-trihydroxycholanic acid (9%). Taurolithocholic acid (81; equation 27) can be 7B-hydroxy-
lated in virtually quantitative yield by Mortierella ramanniana.'%
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CO.H CO,H
31%
(26)
OH
HO' HO'
H
(80)

CONHR CONHR

Q@n

H o\\\\‘ HO ‘\\\\
H H OH

(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-4-ene-3,17-dione (72)

Microorganism Product Yield (%) Ref.
Neosaltria fisheri IFO-5866) 11a-OH 40 108
Nocardia canicruria (ATCC 31548) 9-OH 45 90
Penicillium stoloniferum (CBS P 102) 15«-OH 7 107

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
filamentosa'® will 19-hydroxylate cortexolone (82; equation 28) successfully. 11B-Hydroxylation of
cortexolone derivatives can be accomplished in up to 86% yield using a mutant strain of Curvularia lu-
nata (FERM P-8515).110

o o
OH OH
| wOH | wOH

HO

(82)

As a final example, hydroxylation of the A3-steroids (83) and (84) can be accomplished microbially,
and the ?roducts are useful in the synthesis of the aldosterone antagonist, spirorenone (85; Scheme
15).11L11

14.5 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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0 0
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(ref. 111)
HO HO OH
83)
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OH
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84)
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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.!!3 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.!!4 Penicillium adamerzi
and a range of other microorganisms are also useful in benzylic hydroxylations in certain specific cases.*

OH

29
HN
HN \/\ NEIZ \/\ NEtz
(86) 87

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.!!5 Similarly triprolidine (90) is converted to the alcohol (91; equation
31) in respectable yield.!16
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Table8 Benzylic Hydroxylation of Methylpyridines

Substrate Products Yield (%)
2-Me 2-CH,OH 427
4-Me 4.CH,OH 444
2,6-Mez 2-Me,6-CH,OH 86.7
4,5-Mez 4-Me,5-CH,OH 81.7
OH
C(j\ C(j\ (30)
III N
]
CO-p-tolyl CO-p-tolyl
(88) (89)

OH

CN Cunninghamella elegans CN

(ATCC 9245)
N N
/ N\ 3% /N

3n

(90) 1)

The fungus Mortierella 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 obtained.!!”

HO

R R
92) 93)

Table9 Benzylic Hydroxylation of Ethylbenzenes by Mortierella isabellina

R Yield (%) ee (%) Configuration
H 10 33 R
CN 60 39 R
Cl 30 34 (S)
Pr 45 25 R
NO2 40 9 R)
Me 4 20 R)

Cunninghamella echinulata (ATCC 26269) and Helminthosporium spp. (NRRL 4671) are also useful
in the benzylic oxidation of ethylbenzenes, both exhibiting enantioselectivities similar to Mortierella isa-
bellina.''” 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 alcohol—carbonyl interconversion at C-1 is
observed.
Benzylic oxidations to give aldehydes (rare) and carboxylic acids have been considered previously.?

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 oxidation®# have also included some examples of allylic oxidations.

Good regioselectivity is obtained in the allylic hydroxylation of B-damascone (94) by Botryosphaeria
rhodina (equation 33),!'® 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 benihana
(NRRL 11111) is superior to chemical methods.!! A similar terminal methyl allylic oxidation on an acy-
clic terpene has also been affected by a Nocardia microorganism (FERM-P 1609),!20

o o] (0]
S F HO F
99%
OH
94) (95) 98% (96) 2%
o] o
OH
RNH - RNH #
OH OH

OH

e 4) N
R= - 0
OCONH,

Allylic hydroxylation of A*-steroids at the 6B-position and A’-steroids at the 7-position is possible
using a wide range of microorganisms,?!? including Cunninghamella elegans and Rhizopus nigricans.

Milbemycin derivatives can be stereoselectively hydroxylated at the allylic 13B-position by a variety
of microorganisms including Streptomyces violascens (ATCC 31560), Streptomyces carbophilus (FERM
BP-1145) or Streptomyces diastatochromogenes (ATCC 31561), and in preparatively useful yields.!20°

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 nigricans (SANK 42372) [3a, 26%
from (98)),'2! Mucor hiemaliis (SANK 36372) [3B, 72% from (98)]'2? or Schizophyllum commune {8a,
80% from (98)].12 However hydroxylation of (98) with a Nocardia species gave rearrangement as well
as hydroxylation to give the allyl alcohol!242 (100; R = H), and the use of Mucor heimaliis with (99) gave
the corresponding 6a-hydroxy derivative (100; R = Me) as shown in equation (35).122

In other examples of allylic hydroxylation, Streptomyces roseosporus A-5797 (FERM BP-1574),
Streptomyces sclerotialus (FERM BP-1370) or Nocardia autotrophica (FERM BP-1573)12% and Bot-
rytic cincerea'?* have proved useful.
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(35)

(98)R=H; (99)R=Me (100)

1.4.5.3 Nuclear Hydroxylation of Aromatic Hydrocarbons

Much work has been devoted to this area but a large part of this has been on metabolic studies® 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 previously.>* An impressive example is the conversion of L-tyro-
sine (101) into L-DOPA (102; equation 36).

NH, NH,
CO,H CO.H
Aspergillus oryzae
(36)
9%
OH
OH OH
(101) (102)

Microbial ortho- and para-hydroxylation reactions are considered to proceed via the arene oxide,!2’
and a phenomenon known as the NIH shift is commonly found to occur (Scheme 16) with di- or poly-
substituted substrates.

R! R! R! R!
i i l R2” ; R?” i
R? R 0 0 OH

Scheme 16

Fungi appear to preferentially ortho-hydroxylate monosubstituted arenes,'? however there are some
exceptions. For example, the near ubiquitous fungus Beauveria sulfurescens (ATCC 7159) will hydroxy-
late the herbicide Propham (103) to give a 49% yield of para-substituted products (104; equation 37),126
about half of which were O-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 Absidia pseudocylindrospora (NRRL 2770)!?7 whilst
Pseudtlagonas SG 1043 (FERM-P 4471) gives a mixture of 2- and 3-monohydroxy derivatives, in a ratio
of 3:1.14%

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

3N
49%
OR
(103) (104)
Absidia pseudocylindrospora
OO e e
(105) (106) X = OH

good yield by Cunninghamella echinulata,'?® Streptomyces rimosus (ATCC 10970) or Nocardia lyena
(ATCC 21430).1%¢

Methylotropic bacteria (for example Methylomonas methanica) will hydroxylate aromatics when
methane or the like is also provided as a carbon source,!?? 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 8176 or
10521) are particularly effective in the hydroxylation of nicotinic acid (107) to 6-hydroxynicotinic acid
(108; equation 39), and commercial processes capable of giving up to 97% yield have been developed.!30
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.

HO,C F Achromobacter xylosoxydans HO,C Z
| | 2
SN 9% SN ol
(107) (108)

Benzimidazole can be hydroxylated in the 5-position by spores of Absidia spinosa and by microorgan-
isms of the class micromycetes. !3!

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 transformations.!32:133 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.!32

The nuclear hydroxylation of aromatics can be catalyzed by horseradish peroxidase, and with suitably
activated substrates synthetically useful yields can be obtained.!34 The reactions are usually carried out at
0 °C in the presence of dihydroxyfumaric acid cofactor and a source of oxygen. Thus L-DOPA (102) has
been prepared using this system,!3
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A general review on oxygenase-catalyzed hydroxylation of aromatic compounds has appeared, which
discusses this area in greater detail.!?6

A bacterial methane monooxygenase that catalyzes the hydroxylation of saturated hydrocarbons!? has
been isolated, but there are severe limitations in practical use.!32 Similarly the enzymes involved in ste-
roid hydroxylation have been isolated and used in vitro,!3813 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 5,5-difluorocamphor gives the 9-hydroxy derivative.!4!

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.* The technique has been largely restricted to the steroid area, with Al-
dehydrogenation being the most common use.2 In hydroxylation reactions the spores of Aspergillus och-
raceus and Cunninghamella elegans have proved particularly useful,!42 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,B-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.
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For most reagents this pattern is multiplied in cases 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 modern variants of selenium di-
oxide oxidations are 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-Sosnovsky
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 a,B-unsaturated carbonyl compounds.
Some of these occur by initial oxidation to the allylic alcohol, followed by a second oxidation or oxida-
tive rearrangement 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-3,5-dimethylpyrazole 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.

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

2.12.1 Selenium Dioxide Based Reagents

2.1.2.1.1 Stereochemistry 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 (E)-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 stereochemistry 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 stereo-chemical
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 Trachtenberg* 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 unrearranged allylic alcohols, although enones
were also observed in some cases. In contrast to earlier work they suggested that tertiary positions are
preferentially oxidized over secondary, and secondary positions over primary (CH > CH; > CHj3). They
further found the reactions to be stereoselective, pseudoaxial alcoholic products being favored in cyclic
systems (e.g. equation 5).
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Early proposals conceming the mechanism of selenium dioxide allylic oxidations involved solvolysis
of allylseleninic acid intermediates or free radical processes.!>578 Trachtenberg® 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 involved.® In order to explain his findings Trachtenberg®
suggested a mechanism proceeding through an oxaselenocyclobutane intermediate (Scheme 1). This
mechanism was preferred to those of Schaefer (Scheme 2) and Wiberg® on stereochemical and other
grounds.

HOSeO
-H
slow
Sn2' or Shi'
and le
Se
(o]
WOH
)]
Scheme 1
O SeOH
- . Se
HB f?o slow O fast
Ph Ph
Ph” ¥ “pp — +
Ph)\/\ Ph Ph/\)\ Ph
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:!®
1,2-disubstituted alkenes (1) reacting via an oxaselenocyclobutane intermediate with a reactivity se-
quence CH > CH; > CH3; geminally disubstituted alkenes (2) with a reactivity sequence CH > CHz >
CH3; and trisubstituted alkenes (3) with a reactivity sequence CH, > 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 final step to occur by Sni’ or Sx1 processes and not by Sn2'. Monosubstituted
alkenes, particularly arylpropenes, commonly react with rearrangement.? 2
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A new mechanism, now generally accepted, was proposed by Sharpless in 1972.!3 Following some
elegant experimental work, Sharpless suggested that allylseleninic acids are indeed intermediates, but
that they react by 2,3-sigmatropic rearrangement (well known for the analogous allylic sulfinates and
sulfoxides) rather than by solvolysis. The fully regio- and stereo-specific 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 reaction was provided by isolation from
appropriate substrates of selenino ketones (5), presumed to be trapped forms of the allylseleninic acid in-
termediates (e.g. equation 6). However, while this mechanism does neatly explain the preference for (E)-
allylic alcohol formation 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. Stephenson'* 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 are suppressed in basic
media, the Sharpless mechanism then being predominant. A similar ene reaction/2,3-sigmatropic rear-
rangement mechanism incorporating an alternative explanation for reduced regio- and stereo-selectivity
was put forward in 1980 by Woggon!S following a !3C-labeling study (Scheme 4).
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Scheme 4

2.1.2.12 Synthetic examples

Among early synthetic examples of selenium dioxide allylic oxidation!® is Rapoport’s synthesis of
sirenin (6).16® Oxidation of (7) with selenium dioxide in ethanol at 90 *C for 13 h gave a mixture of
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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,B-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.

+ (7a)

) @® &)

R R
R_ _O_ (OH CHO
~— Se
o
H—

Scheme §

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.!2!® One recent
example which well illustrates the mildness and possible selectivity of the reaction is shown in equation
(8).18a

CO,Me CO,Me
SeOz

®)
dioxane
100°C,4h

In this regiospecific oxidation, taken from a synthesis of (~)-warburganal (10) from glycyrrhetinic acid
(11), only allylic methyl group oxidation occurred, no overoxidation or competing reactions at the ter-
tiary alcohol or ester groups being reported. The reaction conditions, selenium dioxide in dioxane solu-
tion at 100 °C for 4 h, are typical, although one very recent example used ¢-butyl alcohol as solvent to
produce the sensitive diol (13; equation 9).!°

Selenium dioxide has also been used in combination with pyridine for the preparation of acid-sensitive
materials.?0

A useful modification of selenium dioxide allylic oxidation was introduced by Sharpless in 1977.2! An
inevitable complication of the normal 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.2? Sharpless provided a solution to this problem by the introduction into the re-
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CHO

CHO

] [ = L)
u
65% HO OH

12) a3

action of a selective reoxidant for selenium. While the use of hydrogen peroxide? tends to give rise to
epoxide products, r-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. Propargy! substrates gener-
ally undergo a,a’-dioxygenation.2* Oxidation of more substituted alkenes can also be carried out at room
temperature under catalytic conditions (1.5-2% SeO-) using ¢-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 s-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 currently available for selective allylic oxidation without rearrangement.

Under these conditions for 2 h at room temperature germacrane-type sesquiterpene lactones (14), (18)
and (16) were all regio- and stereo-selectively oxidized at C-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.2 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 ¢-butyl
hydroperoxide species which undergoes the ene reaction (Scheme 6). The authors also comment that
catalytic amounts of selenium dioxide suffice for the reaction.

(14)R=Ac (17)R=Ac
(15)R=X (18)R=X
(16) R = SO,Me (19) R =SO,Me

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 (E)-zeatine B-p-ribofuranoside (22),
none of the other functionality within the molecule being affected.?

The isomeric (Z)-zeatine riboside was obtained from (22) by UV irradiation induced equilibration.
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The possible regioselectivity and the preference for (E)-allylic alcohol production using the reoxida-
tive modification are demonstrated in a projected synthesis of cembranolides (equation 10).2” 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.

OH
>0 /\)\/\/K
1>hsoz/\)\/\/k PhSO,” N Z (10)

Bu'OOH
76%

An allylic oxidation of neryl acetate, apparently using partially catalytic conditions (0.25 equiv. SeO2,
2 equiv. TBHP), has recently been reported (equation 11).28 While this reaction is described as highly se-
lective, it should perhaps be noted that the product was obtained in only 45% yield.

Y a 2 OH
_— 11
N"0Ac N"N0Ac
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The method has also recently been used in a short synthesis of lipoic acid (Scheme 7)?° and featured in
MacMillan’s conversion (equation 12a)* of gibberellin A3 (23) into gibberellins A¢7 (24) and Ass (25),
and in Mander’s conversion of gibberellin A7 (26) into antheridic acid (equation 12b).3! In these last two
examples the terminally disubstituted alkenes were oxidized with almost complete stereoselectivity 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.

AN CO,Me §¢0, A/\/\/ CO,Me B,Hg/NaOAc/H,0,
Bu'OOH OH 80%
60%
m/\/\/COZMe (Y\/\/COZH
HO OH S-S
Scheme 7

0COZH
(23)R! =OH,R2=H,R3=0H
(24)R'=OH,R2=0H,R3=H
(25 R! =H,R2=0H,R3=0H
(26) R1 =H,R2=H,R3}=0H

H
i o Ac
SeOz
(12a)
R Bu'OOH
A\
o)
R=H, OAc
@»J - . (12b)
Momo™"
\ COzMC
(o]

A number of reoxidants for selenium dioxide have been examined. For example, while hydrogen per-
oxide is sometimes successful,2® 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 carried 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
achieved®? in boiling dioxane solution using ‘catalytic amounts’ of selenium dioxide in the presence of
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@n (28) 29)

CHO

CHO

A
(30) 3

bis(4-methoxyphenyl) 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.33 Addition of hydroquinone
to the reaction mixtures suppresses their formation and consequently a free radical pathway has been
proposed (Scheme 8).

OBut OOBu!
cat. SeO;
Bu'OOH
CH,Cl,, 20 °C
(32) (33)
0 -OBu!
OBu!

‘ + Se0; + Bu'Oe

Scheme 8

Selenium dioxide has been used supported on silica gel in combination with r-butyl hydroperoxide in
hexane or dichloromethane solution.3¢

Sharpless has achieved the allylic oxidation of alkenes using arylselenenic acids, generated in situ
from the diselenide and z-butyl hydroperoxide, a reaction claimed to occur with exclusive allylic rear-
rangement.3’
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2.12.2 Metal Acetates and Related Reagents

2.12.2.1 Mercury and related metals

Rappoport?® and Muzart® have noted that the reaction of alkenes with metal acetates and related deri-
vatives,*04! including those of mercury,*? palladium (Section 2.1.2.2.2), thallium, manganese, silver and
lead, can give rise to a variety of products including m-complexes, addition products, acetates, diacetates,
rearrangement products and allylic esters. Lead tetraacetate in general gives mixtures of substitution, re-
arrangement and addition products, and is usually not a synthetically useful reagent for allylic oxida-
tion. 40412 Thallium triacetate, while a more powerful oxidizing agent than mercury(II) acetate, normally
gives allylic oxidation only as a minor side reaction.“0:41> Manganese triacetate catalyzed by potassium
bromide has been reported to convert toluene into benzyl acetate and alkenes into allylic acetates vig a
radical mechanism,*? and cobalt triacetate can induce allylic oxidation or dihydroxylation of a double
bond, depending upon substrate structure.

While allylic oxidation products may arise by elimination of a metal hydride from an intermediate ad-
duct or metal-alkene complex,*’ allylmercury species (34) are thought to be intermediates in the case of
mercury(ll) acetate.4246 A number of pathways have been suggested, for example involving radical* and
carbenium ion*’ intermediates, and addition—elimination*® and rearrangement processes.#?

R _~_ HgOAc
34

Winstein showed that the solvolysis of crotylmercury(Il) acetate under kinetically controlled condi-
tions gives >99.5% of a-methylallyl acetate (equation 13).5° Subsequent work indicated that both the sol-
volysis of cinnamylmercury(Il) acetate and the mercury(Il) acetate oxidation of allylbenzene give ca.
60% cinnamyl acetate (35) and 40% a-phenylallyl acetate (36; equation 14).3% 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.

OAc
AN HgOAc — )\/ (13

P N HgOAc \ OAc on
C
or Ph/\) + )\/ (14)

Hg(OAc), Ph

N %' 35) (36)

Similarly, both a- and B-pinene give the acetates of both myrtenol and trans-pinocarveol (and also the
ring cleavage product) upon mercury(Il) acetate oxidation (equation 15).5!

A
é 0 OAc
or —_— + é + é/OAc (15)
OAc

On the basis of this and other evidence allylic mercury(I) acetates are believed to be the reaction in-
termediates in all allylic oxidations with mercury(Il) 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).

F

R/\(\ R

HgOAc HgOAc

1 |

F R e
R/\/\O N /\O(c\

Scheme 9

R/\/\

In contrast to lead tetraacetate, simple addition to the double bond does not occur as a side re-
action.41542 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(II) 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 rearrangement is seen in the reaction of abietic acid (37;

equation 16).52
@t@ — QEEF
OAc
COH COH

&)

That mercury(II) acetate allylic oxidation can be a useful reaction in the case of complex and sensitive
substrates is demonstrated by the oxidation of avermectin Az, (38).53 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).

RO s, ',

Hg(OAc),
an

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.3
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2.1.2.2.2 Palladium and related metals

Nucleophilic addition to r-allylpalladium complexes is known to take place with a range of nucleo-
philes, and the mechanism and stereochemistry of these reactions have been thoroughly investigated over
the last few years.3941.5560 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.% Alternatively, in the presence of chloride ions, a trans attack takes place to give the product
of opposite stereochemistry (Scheme 10).57 Intramolecular versions of the reaction are known.58

OMe

’O Me benzoquinone, 25 °C OAc

| LiCl, LiOAc, AcOH OAc OMe

benzoquinone, 25 °C
Scheme 10

A new and very highly selective catalytic method for allylic oxidation based on palladium acetate
chemistry was discovered in 1984.5 The alkene, palladium bis(trifluoroacetate) (S 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 2:1 ratio (equation 18). No other available procedure proved
as selective. The reaction presumably proceeds via formation of a w-allylpalladium complex® and attack
by an oxygen nucleophile with expulsion of Pd?, subsequently reoxidized to Pd?* by the oxidizing agent.
A range of reoxidants and added ligands was examined. The reaction was used in a synthesis of helmin-
thogermacrene (43) and B-elemene (44),5! and then subsequently to prepare (45) in a synthetic approach
to casbene (46);52 however, despite its promise the method does not seem yet to have been widely

adopted.
(0]
)K/\/]\/\)\/ OAc
(o)
W @
F a —_— + (18)
“ W
a
OAc
42)
Z (0] (0]
X/\)\/\W
2 “co.Et
43) L)) ()]

111
bL
0
S
<

(46)
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Palladium chioride in combination with potassium acetate, pentyl nitrite and oxygen,%? and in combi-
nation with silver acetate, ¢-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 used, as has a palladium acetate—manganese dioxide—
benzoquinone mixture.% Several other metal species,’® among them rhodium(Il) acetates5:!72
rhodium(II)~copper(Il) in combination,®® vanadyl acetylacetonate,® rhodium(I)’® and iridium(I)
chloride complexes,™ and various iron-,”-’2 manganese-,’? cobalt-"** and chromium-(III)’3* complexes,
catalyze allylic oxidation and epoxidation of alkenes with very limited selectivity in the presence of re-
oxidants such as molecular oxygen, r-butyl hydroperoxide, hydrogen peroxide and iodosylbenzene.

2.1.2.3 Miscellanecus Reagents

2.1.2.3.1 Peroxy esters and peroxides

Oxidation of C—H bonds by copper ion catalyzed reaction with an organic peroxy ester (the Kha-
rasch-Sosnovsky reaction)’ was at one time very popular for allylic oxidation and has been thoroughly
reviewed.3%75 The reaction is usually carried out by dropwise addition of peroxy ester (commonly ¢-butyl
peracetate or f-butyl perbenzoate) to a stirred mixture of substrate and copper salt (0.1 mol %; commonly
copper(l) chloride or bromide) in an inert solvent at mildly elevated temperature (60—120 °C). 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).

o o

: 2+
@) OBut + ' — + Cu + Bu'O-
ANy Ao
(i) BuO+ + RH BuOH + R
(iii) Re + cu¥t 4+ j\ —_— j\ + of
. _ . R, u
R” ~o R 0
Scheme 11

With allylic substrates the intermediate is an allylic radical, and allylic oxidative rearrangement is
therefore common; reaction of optically active bicyclo{3.2.1joct-2-ene gave racemic exo-(47) after hy-
drolysis.”® Benzylic oxidation is slow and proceeds in only moderate yield, but allylic oxidation is
usually clean and can occur in high yield (e.g. equation 19),75.77.78

’f ’\ OH
@n

OCOR

OCOR
+ 19)

85-90%

Terminal alkenes are oxidized with negligible rearrangement to give the 3-acyloxy species.”> How-
ever, oxidation of internal alkenes, including cycloalkenes, may result in substantial or exclusive
rearrangement.’>80 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).8!
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OAc
Ve

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;®? for example treatment of progesterone with ¢-butyl
perbenzoate in the presence of copper carbonate gave after hydrolysis and isomerization the 6a-hydroxy-
lated product (48),%* neither rearrangement nor competing reaction « to either carbonyl group being ob-
served.

WCOzH

49)

The reaction has also featured in a synthesis of chrysanthemic acid (49), exclusive rearrangement oc-
curring to give the secondary allylic benzoate (equation 21).34

OCOPh
Bu'0,COPh
J\/X\C‘%E‘ /K/x\cozﬂ @1)

Cu!
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,”> diacyl peroxides,”® and peroxyphosphates and peroxyphospho-
nates®’ are alternative oxidants. t-Butyl hydroperoxide may also be used in place of peroxy esters with
broadly similar results, although formations of mixed peroxides” and r-butyl ethers3¢ can then compete
with allyl ester production.

2.1.2.3.2 Singlet oxygen

Photosensitized oxygenation of alkenes using singlet oxygen is a well-known reaction?”'% and several
comprehensive reviews have appeared.3®88:89 The normal course of singlet oxygen reactions with mono-
alkenes is vig 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) intermediates,?® and indeed pere-
poxides have been proposed as common intermediates for the formation of dioxetanes and other by-pro-
ducts.? Typical photosensitizers for singlet oxygen production in these reactions are rose bengal,

0”9 H '0 0,0\ H reduction OH

N2 - = &

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 cosin in aprotic solvents.®! 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.

50 (51)

Oxidation with singlet oxygen is subject to steric effects? but can show poor regioselectivity 88:89.93
For example, (+)-3-carene (52) is oxidized to produce a mixture of all three possible regicisomeric hy-
droperoxides with oxygenation occurring at the face of the allyl system opposite the gem-dimethylcyclo-
propane unit in each case (equation 22).89.%¢

hv, 0, < OOH ‘N\OOH
+ + (22)
rose bengal
MeOH

52)

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).%5

70%
53
——————— +
HoO"" HoO™"
85-90% 10-15%
Scheme 13

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 reac-
tive as monosubstituted alkenes. 3889 This effect is illustrated in the oxidation of diene (55), in which oxi-
dation occurred exclusively at the more substituted double bond.%

(2@ =

(85)

OOH
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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.58

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 + 2] cycloaddition.?® Some of these dioxetanes, e.g. (§7), are relatively stable, although most suffer
cleavage to produce carbonyl compounds or other materials.”” For example, photooxidation of indene
gives homophthaldehyde (58) which was not produced under identical reaction conditions from hy-
droperoxide (59).%8 Isomeric hydroperoxides (60) and (61) were also isolated when the oxidation was
carried out in methanolic solution (Scheme 14).

e

0}

(56) (57 (59
— O - O
CHO W “*OMe
(58) (60)
OMe
@' +  bisdimethyl acetal of (58)
"OOH
H
(61)
Scheme 14

The factors which control the reaction pathway followed in individual alkene photooxidations do not
seem to be well understood,” 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,!®
bromine—-alkaline hydrogen peroxide, !0! sodium hypochlorite-hydrogen peroxide,'%? and anthracene en-
doperoxide;!% however the potential for greater selectivity offered by such reagents has not yet been
thoroughly investigated.

2.1.2.3.3 Electrochemical methods

Torii has reported the electrochemical oxyselenation—deselenation of alkenes to give allylically re-
arranged allyloxy products.!® A typical example is given below (equation 23).!% Benzyl- or acetyl-(S)-
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™2. The corresponding
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.

s

;

23
OCH,Ph i OCH,Ph  (23)
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2.1.2.3.4 Allylic oxidation via metallation

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).196:107 Some allylic rearrangement may be observed; for
example, metallation of a-pinene with potassium s-butoxide in petroleum ether solution and subsequent
boration and oxidation gave myrtenol (42%) and trans-pinocarveol (1%) (equation 24), while treatment
of the allylpotassium with oxirane gave the alkylated products in a ratio of ca. 2:1.1%6

FB(OMe); o H,;0,

R/\/\ K R/\/\ B(OMe), R/\/\OH
Scheme 15
OH
i, KOBu! OH
w + (24)
ii, FB(OMe),
iii, HyOs

2.1.2.3.5 Enzymatic methods

The copper—protein dopamine B-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 hydroxylation!?® and sulfoxidation.!®® Very recently enantioselective allylic
oxygenation by DBM has also been reported.!!0 2-(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.

OH
@/\/ NH, i: A~ NH,

(62) (63)

2.1.3 ALLYLIC OXIDATION REACTIONS WHICH PRODUCE o,3-UNSATURATED
CARBONYL COMPOUNDS

2.1.3.1 Chromium(VI)-based Reagents

2.1.3.1.1 Chromic acid and simple chromate esters

Examples of the use of chromium(VI) reagents to effect the allylic oxidation of alkenes to give o,3-
unsaturated carbonyl compounds are very common in the literature.!!!:!12 The reaction was first reported
by Treibs and Schmidt'!? 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).!14

. — +
0
20% 2%

Scheme 16

Extension of this type of reagent!!5 to the use of sodium dichromate in acetic acid!!6 was found to fur-
nish the allylic oxidation of 4,4,10-trimethyl-A%-octalin into 7-keto-4,4,10-trimethyl-AS-octalin (64)!!7 in
65% yield (equation 25); this reaction was employed in the total syntheses of ()-widdrol (65) and of ()-

thujopsene (66).!!8
X
)
(

(65

25)

//
70% o \\

(66)
i, 1.4 equiv. NaCr,09, acetic acid, r.t./overnight, then 100 °C/2.5 h

Allylic oxidation of steroids, particularly at the 7-position, has evoked interest over many years. For
example, chromium trioxide—acetic acid,!! sodium dichromate,'20 and r-butyl chromate!2!~128 have all
been used in the oxidation of the 5-a-pregnane series (e.g. equation 26).

COMe COMe

i, ii or iii
AcO 0

i, CrO3, AcOH; 50%; ii, Na;Cr,04, AcOH, Ac,0; 79%, iii, (Bu'0),CrO,; 62%

AcO

The overall mechanism of chromium(VI) 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).2

An alternative mechanism has also been proposed in which oxidation at the double bond leads to a
ketol derivative, elimination of water from which then gives the unsaturated ketone (Scheme 18a).!!2
Limited kinetic data are available and suggest that Scheme 17 is obtained for chromic acid oxidations.!?%

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 solution!30:13!
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Scheme 18a

for a number of days, rather than high temperature conditions for extended periods. Dauben!32 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 stereoelectronic 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 C-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 ap-
proach from beneath. Indeed, allylic oxidation proceeds to yield only cholest-5-en-7-one in 52% yield
(equation 27).

i
Pri Pri V1))
52%
(o]

i, 20 equiv. CrO3+2Py, CH,Cl,, r.t./24 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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Ss-b—d
LS

o)

10%
Scheme 18b

Allylic oxidation reactions employing chromium(VI) 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 ¢-butyl chromate allylic oxidation of (+)-3-carene (67; equation 28)!34 where no great preference
for either product exists.

(Bul0),Cr0,
(28)

(67)

50% 34%

An attempted allylic oxidation of (68; equation 29) was found by Paquette!3’ 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.

;Q 29
SO,Ph SOzPh

SO,Ph
(68)
i, 20 equiv. CrO5+2Py, 25 °C/24h

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

a-methylene-v-butyrolactones (equation 30). 136

This method was found to be superior to others tested, including selenium dioxide, chromium triox-
ide-acetic acid, and r-butyl chromate.
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R3 ; R3
M R? 33-62% zj/ R? o
o (0]

Rl O Rl

R!,R? = H, Ph or alkyl
R3 = Hor alkyl
i, 20 equiv. CrO;2Py, CH,Cl,, reflux, 1 h

2.1,3.1.2 Pyridinium chlorochromate and dichromate

An alternative to the chromium trioxide—pyridine complex is provided by pyridinium chlorochromate
(PCC) and pyridinium dichromate (PDC).137 These reagents, now ubiquitous for chromate-based oxida-
tion of alcohols, overcome the hygroscopic nature of the chromium trioxide—pyridine complex!38 and are
prepared by a less hazardous procedure;!3? 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
b i d
o 85%

X
)

(698) ;| equiv. PCC, 60-70°C/9 h

o 70% o) fo)

(69b)
i, 1 equiv. PCC, 60-70°C/12h

(3la)

Indeed, Parish!4! claims that PCC is the reagent of choice in the allylic oxidation of AS-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, 138142

#, 1,
0, 1,
),
1, ',

1, ii or iii

_——

(32)

BzO BzO o

i, PCC, benzene, reflux, 89%; ii, PCC, DMSO, 100 °C, 78%; PDC, pyridine, 100 °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 reflux'4> and more successfully a t-butyl hydroperoxide—pyridinium dichro-
mate mixture (equation 33).144

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).!44
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(33)
84% conv.
81% yield
AcO 0

i, 4 equiv. PDC, Bu'OOH, celite, anhydr. benzene, r.t.

29% y:eld

i, 2 equiv. PDC, Bu'OOH, celite, anhydr. benzene, r.t.

2.1.3.1.3 Chromium trioxide-3,5-dimethyipyrazole

With the advent of the chromium trioxide—3,5-dimethylpyrazole complex as an oxidant!45:146 allylic
oxidation has become far more valuable as a synthetic transformation. The reagent was applied by Sala-
mond!? to the allylic oxidation of cholesteryl benzoate to give the corresponding AS-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.
pr pr
35)
cO cO (o]

i, 12 equiv. CrO3+3,5-DMP, CH,Cl,, -15°C, 4 h

The observed rate enhancement for this reagent over other chromium(VI) 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

A@
H
o / .)  ——  Oscr M
O‘\CI'NN\ O/_ ;.:]/
o) )__f

~

10 R
HO N‘ —————— 6\ ’& /
\ N /Cr\
| HO oOH
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 chlorochromate or dichromate because: (i) no ligand sites are
available for complexation with m-electrons 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.

+A/)

H
OHO o OHO\ I"I"' proton transfer
=Cr NS =Cr N X
> ).—_—-7/ °- =
) H
HO\€<_O /\EA Ilq =
/| = 6\ .N /
HO N —_— /Cr\
“N HO oH
\ A
/qu/
A 0~ NS
ol
HO 0O
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 literature; 47 for example in
a total synthesis of vernolepin,4® 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).

Z Z
. 0 o
SO
MeO™ % MeO™
H H
(70) 48% 5%

i, 20 equiv CrO4+3,5-DMP, CH,Cl,, -20 °C/1 h then 0 °C/4 h

The reagent has been used by Magnus!*? 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;'50
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 reaction.!S! 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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(3%

3) (72)

i, 30 equiv. Cr0;+3,5-DMP, CH,Cl,, r.t.

1 l H
) o 0 oo o
H o}
(75) (76) 74
i, CrO4¢3,5-DMP, CH,Cl,
Scheme 20

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 r-butyl hydroperoxide in the presence of a catalytic amount (0.05-0.5 mol equiv.) of
chromium trioxide!52 in dichloromethane solution at room temperature (equation 39). Yields vary from
32 to 69%. This modification is useful in terms of cost, operational simplicity and yields.

[ ]

— + (39)

AcO
AcO AcO o

(@]

44% - 2% -
i, 0.4 equiv. CrO3, BU'OOH, CH,Cl,, 5.5 h/r.t.
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A chromium hexacarbonyl--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 : Q\COZM‘: (40)
83% °

i, 0.5 equiv. Cr(CO)g, 1.2 equiv. Bu'OOH, MeCN, reflux/18 h

OH OH
i
“n
60%
o

i, 0.25 equiv. Cr(CO)g, 1.2 equiv. ButOOH, MeCN, reflux/30 h

2.1.3.2 Other Transition Metal Catalyzed Allylic Oxidations

2.1.3.2.1 Palladium

Palladium catalysts are best known for oxidizing alkenes to ketones or vinyl derivatives.!¢ However,
formation of a,B-unsaturated carbonyl compounds by UV irradiation of oxygenated solutions of alkenes
in the presence of catalytic amounts of palladium salts has been observed by Muzart.3%:157:158 This re-
action is believed to proceed through a mr-allylpalladium trifluoroacetate complex, e.g. (77).

Pd(0,CCF,),

(77) R=alkyl

The process was later improved by the use of a p-toluenesulfonyl substituent!5? 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 reported,!60-165 g]-
though these are generally of less importance.

p-TolSOz i
\
1/\ _2557__, P-T01502 \/v (0] (42)
-51%

i, PA(O,CCF3),, hv, Oy, acetone

2.1.3.2.2 Rhodium

Rhodium catalysis for effecting allylic oxidation has been developed and has led to considerable con-
troversy over the operative mechanistic pathway.!66

The first example of rhodium catalysis for this purpose utilized chlorotris(triphenylphosphine)rho-
dium(]) to catalyze the allylic oxidation of a range of alkenes.!67:!68 This catalyst has also been shown to
successfully oxidize cyclic allylsilanes!®? to afford B-silyl-2-cycloalkenones in very good yields and with
exclusive rearrangement (equation 43).
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i
oW oW
SiMe, 81-84% o) SiMe,

i, 0,, 0.01 equiv. RhCI(PPhs),, 97 °C

A combination of rhodium(IIl) chloride with silver acetate,!” and treatment of rhodium(II) acetate in
acetic acid solution with ozone,!”! are two methods for generation of the p3-oxotrimetal-acetato com-
plex of rhodium [Rh30O(OAc)s(H20)3]OAc. This ‘Rh30’ complex was found to effect catalytic allylic
oxidation of alkenes efficiently to give the corresponding a,B-unsaturated carbonyl compounds!72 in the
presence of a reoxidant such as r-butyl hydroperoxide, although in disappointing yield (equation 44).

O+~ 00 -
(o OAc

30% ca.2%
i, cat. [Rh3O(OAc)g(H20)3]0Ac, Bu'OOH, AcOH

21323 Iridium

Iridium catalysts have not been widely developed for allylic oxidation; however a small number of
examples of such use have been reported.!73:!74 One example is given below (equation 45).

0 OH
O - @@O
74% 26% traces

i, cat. ICO(PPh3),Cl, O,

2.1.3.2.4 Other transition 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(PPh3)Cl/0;,15 Mn(TPP)C1/O2,!76 [Fe(PPh3)]20/UV,!”7 Ni(phthalocyanine)/O;'’® and an unusual
mercury(II) acetate example!? in which the enone is formed rather than the expected acetate.

2.13.3 Selenium-based Reagents

2.13.3.1 Selenium dioxide

Selenium-mediated allylic oxidations producing allylic alcohols have been discussed above; however,
in some cases oxidation proceeds further to sgive the a,B-unsaturated carbonyl compounds directly, or
mixtures of alcoholic and ketonic products.!® That the regioselectivity observed in these allylic oxida-
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 Rapoport!” and was explained mechanistically as an elimination of the inter-
mediate allylic selenite ester via a cyclic transition state, analogous to Sni’ (rather than Sn2°) solvolysis
(Scheme 21). Of the two possible transition states (78) and (79), the cyclic alternative (78) was preferred
because oxidation exclusively yields trans aldehydes.
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H

o )
MHR_ _HE®) . g)ss'OH . 040
T — R« @ (o
HOCH, CH H H
H H

(78) 79
Scheme 21
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Oxidation reactions of this nature are common in the literature.!8! 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 46).!82 This trans-
formation was also used in a total synthesis of phytol.1®3 Similarly, an «,B-unsaturated aldehyde was ob-
tained under similar conditions in studies of a synthesis of pentalenic acid derivatives (equation 47).!%4

i /k/\/k/\ 46
(46)
)\/\/K/\OAC OHC ~ A OAc

54%

i, Se0,, EtOH, reflux

H H

e
O

XD = XD

~
ol
=
N

NS

&
&
S
N

NS

i, SeO,, EtOH, reflux overnight

“n

Evidence for the preferential formation of the trans-substituted product of selenium dioxide allylic ox-
idation!8s 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).!8¢ This intermediate was employed in the

total synthesis of natural pyrones such as yangonin.

| - —1- &/(%\L w
(o} (0] OHC (o] 0

i, SeO;, aq. dioxane, reflux/12 h

OMe OMe

i, 5 equiv. SeO,, dioxane, 180 °C, sealed tube, 3 h

OMe
i N
= . (49)
5% = o~ To
(o} (o] OHC (o] (0}
MeO

Yangonin
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2.1.3.3.2 Other selenium-based reagents

More recently Barton and Crich!®7 reported the use of 2-pyridineseleninic anhydride in the allylic oxi-
dation of alkenes. This reagent is prepared ir situ by the oxidation of the corresponding diselenide by
iodylbenzene. It effects oxidation to a,B-unsaturated ketones with retention of the double bond regio-

chemistry (e.g. equation 50).
i
(50
95%
0]

i, 0.1 equiv. 2,2'-dipyridy] diselenide, 3 equiv. iodylbenzene, chlorobenzene, 80 °C/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).

0,Se | N . OH | \
=
RI/vRZN & Rl/\)\RZ + %e N
X
! \
X =
N/ Se’o\
T
0
Scheme 22

2-Pyridineseleninic anhydride was also shown to be more reactive towards benzylic oxidation than the
previously reported benzeneseleninic anhydride.3”-188.18 This was rationalized as an effect of the greater
electron-withdrawing properties of the pyridine nucleus in rendering the Se=0 bond a better enophile.
Alternatively, the 2-pyridineseleninic anhydride may exist in equilibrium with a pyridinium salt which is

the effective oxidant (equation 51).

?
S S°\> O-se
0
NN\ —_—— O +/= (51)

N Se
X \\0 A N\
F

2.1.3.4 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 a,B-unsaturated carbonyl compound.9-192 A more direct route to the enone can also occur
via B-climination of water from the allylic hydroperoxide. Ireland,!% 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

30%

0
(0] —
30% 55%
i, 10,5, Acy0
Scheme 23

Decomposition of the intermediate allylic peracetates yielded the desired a-methylene ketones along
with ring-expanded divinyl ethers, formed via a Hock fragmentation.!93 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).

o)

10,, Ac,0, pyridine f
; ; 1%

DMAP, CH,Cl;, 2 h

. base
02 -HOAc
OOH 00Ac
O Acy0, base
Scheme 24

For example, photooxidation of a-pinene led to formation of the desired product in 97% yield, where-
as similar reaction of B-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).!9 Thus 1,4-cholestadien-3-one was obtained rather than the expected Diels—
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i o
i ——
1.5h
97%

CHO

25h
58%

i, 104, Acs0, pyridine, DMAP, CH,Cl,
Scheme 25

Alder endoperoxide product. These results are discussed by the authors in terms of failure to meet the
steric requirement for endoperoxide formation.?!95

- =

i, ii

52
% (52)
o)

i, 10y, EtOH, 0 °C, Av, 18 h; ii, AL O,

2.1.3.5 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 Thomson. !9

(33)

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 (80) and (81) in yields of about 60% in each case.!%

Rl O\\ //o

R! . \\S// S ‘
JuP N 7
07 nNF HO  YCO.R?

(80) a:R!=H (81) a:R!=H,R2=PhCH,
b: R! = PhOCH,CONH b:R! = PhOCH,CONH, R2 = Ph,CH
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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).
AN i It
MeO,C CO,Me —— (54)
: : 53%  MeO,C /\)J\cone

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

(55)

50%
CO,Et HO “COEt

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 treatrnent
with nitrosyl fluoride solutions.200
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2.2.1 INTRODUCTION

The synthetic versatility of a,B-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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222 HALOGENATION-DEHYDROHALOGENATION REACTIONS

2.2.2.1 Halogenation

The traditional method for introducing a,B-unsaturation into compounds containing C=X groups is
by a halogenation—dehydrohalogenation sequence. The halogen leaving group can be either a or B to
C=X (Scheme 1), although base-mediated elimination is more facile in the latter instance. Since selec-
tive functionalization of the B-position is difficult, except where it is activated by other groups,>€ it is
usual to introduce the halogen at the «-position.

R! Y R! H R!

R? base = base R?
H R? R? R? R3 Y
X X X
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(II) chloride’ or bromide? 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
preferentia]l(l))]' ]halogenate at the more highly substituted a-carbon atom.® Similar selectivity is observed
with NBS.'%

While bromine itself can be used to effect a-bromination of ketones,'?!3 the hydrogen bromide pro-
duced can be detrimental.!? The addition of acid scavengers such as 1,2-epoxycyclohexane (equation
1) or potassium perchlorate! can, however, lead to good yields in the more difficult cases. As with
copper(Il) salts, the conditions for elemental bromine also favor substitution at the more highly sub-
stituted carbon atom.

Bry, hv o

@

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).!6

0 | Ph oyt DMSO, A 0P PHT, THF NG
97% 98% Br
(0] (0] (0]

cis:itrans 2:3

m

o 15%

Scheme 2

A greater degree of regiocontrol over the above methods can be achieved by quenching the enolate of
carbonyl compounds with either bromine!” or iodine.!®!° 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 (1), which on elimination gives the enone (2).!7 A similar procedure allows
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esters to be iodinated in excellent yields (Scheme 4).13:19 Lactones (Scheme 5) also undergo bromination,
and good yields have been obtained using 1,2-dibromoethane as the halogen source.20:21

(o] (0]
i,LDA,-78°C  DBr Li,CO,, LiBr
ii, Bry, 78 °C DMF, 130 °C

60-70% 89%
@ 2)
Scheme 3
t t
CO,Bu I coBw CO,Bu
i, LICA, -78 °C DABCO, r.t.
NH-t-BoC 1h1»-78°C NH-t-BOC %% NH-t-BOC
100%
Scheme 4

i, PhyCLi DBU

ii, BrCH,CH,Br toluene, A

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.2223 Thus, the iodination of enol acetates in
the presence of thallium(l) acetate has been reported (entry 1, Table 1),2¢ although the toxicity of this re-
agent limits its use to all but difficult cases. Silver acetate, although expensive, is an effective substitute
(entry 2, Table 1).23 The enol acetates of aldehydes undergo facile reaction with NBS and fumnish good
yields of the dehydrogenated derivatives on subsequent base treatment.?2:23 Fortunately, silyl enol ethers
react well with elemental bromine or NBS under mild conditions?22>2627 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.

TIOAc, I, CH,Cl, 75 24

g

Me,SiO

rf

OSiMe,

Bry, CCly, —20 °C 90 26

W i, AgOAc, I, CH)Cly; ii, EtsN-HF 64 25
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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-Zelinski con-
ditions are adequate in most instances (equation 2).2® Alternative conditions have been developed,
however, in which the acyl halide may be halogenated using NBS.?° Quenching the reaction with alco-
hols or amines offers the opportunity of forming carboxylate derivatives.

Br
Br,, cat. PCl; \(\‘))\
CO,H
\ﬁs/\ A P A COZH (2)
83%

Tertiary amides can be converted into their a,B-unsaturated derivatives in good yield by the sequential
treatment with phosgene then pyridine N-oxide and triethylamine (Scheme 6),% 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. This 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. >

cocl,
CHzclz NEtJ

(&)}
Scheme 6

o NMe,

2222 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 (E)- and (Z)-isomers since
elimination usually proceeds via an antiperiplanar loss of the halogen acid (Scheme 7). For chiral com-
pounds having only one B-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 (E)-isomers
may result in mixtures.

Y X
Rz"——, 1 R* R R base R RS
R! m,,\< == A [ st A [
H R X R R? R! R3
X H
Y X
Rl Y 4 R! R?2 R! R4
R = LT
! = R4
H R X R? R? R?
X H
Scheme 7

In those cases where there are two hydrogen atoms on the B-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 R! and R? are large formation of the al-
kene in which R! and R? are trans to one another will be preferred.



Oxidation Adjacent to C==X Bonds by Dehydrogenation 123

Y
le. Y R3 Rl H b H R2
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R st R base SN
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H R? X R? H R3
X H 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,2? DABCO,!? collidine?!
and triethylamine.3? Yields tend to be variable with these reagents and reductive dehalogenation or
double bond migration have been observed.?! Inorganic bases such as lithium carbonate!21727:33 or cal-
cium carbonate!? (Table 2) are usually preferred to organic bases since fewer side reactions are en-
countered. Stronger bases such as potassium hydroxide* and potassium z-butoxide3 have been
successfully employed, although with ketones the incidence of Favorskii rearrangement is increased.36

Table 2 Base Elimination of a-Halides

Entry Substrate Product Conditions Yield (%) Ref.
Br
1 FL Et3N, ether, A 60 32
o (o)
Br,,
2 \ v-Collidine, A 41 31
o) H (o)
H
20-Bromocholestan-3-one
Ph O Ph_ O
H H
Br

3 d:‘j’ Li,CO;, DMF, A 51 12,33

H H

(o) (o)
Br

4 CaCO3, MeCONMe;, A 95 13

H H

CO,Et CO,H

5 Br Ijr KOH, toluene, A >85 34
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In general, although halogenation—dehydrohalogenation reactions are the classical method for the de-
hydrogenation of C==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 thio* and selenenyl?’-3° 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.

2.2.3 SULFUR-BASED REAGENTS

Elemental sulfur has been used for many years to effect dehydrogenation reactions*’ and, provided that
the substrate is thermally 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 neat*! or
using a high boiling solvent such as p-cymene,*2 as illustrated in equation (3).%!

00 g 0.0
pr 0°C NS

56%

@

Although in some instances elemental sulfur is favorable to halogenation—dehydrohalogenation and
quinone dehydrogenation reactions,*! 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 B-carbon 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 110-130 °C for alkyl
sulfoxides.* In general, exclusive formation of the (E)-geometric isomers is observed with the exception
of those compounds having similar 8,8-disubstitution or in those cases where this geometry is unattain-
able or otherwise disfavored.**? Thus, in acyclic systems the regiochemistry for hydrogen abstraction is
usually governed by the order C==CCH2 ~ Ca=CCH; > ArCH; = CH3 > CH; >> C—H, whereas in cy-
clic systems preference is for the formation of endocyclic alkenes.*

b a o A a o
L N
H S L d b d 4)
So 3V © 60130 °C c

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.*> Elimination may also be enhanced by conversion of the sulfide to the N-p-toluenesulfonylsul-
filamine with Chloramine T prior to pyrolysis,* 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.*’ Thus, alkylation of the thio compound () with ethyl trifluoromethylsulfonyloxy-
acetate generates the ylide (6) which spontaneously decomposes under the reaction conditions to give the
corresponding a,B-unsaturated carbonyl compound (7; Scheme 9).47

Several methods are available for the introduction of sulfenyl groups a to carbonyl derivatives and
these have been reviewed.*43 The most versatile procedure involves reaction of the enolate with an ap-
propriate thiol derivative,4>48 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 ST oxidation level.**-5! The oxidation of sulfides to sulfoxides is a trivial procedure that can be ef-
fected by a variety of reagents. Sodium metaperiodate, m-chloroperbenzoic acid and hydrogen peroxide
are the most common oxidants, but ¢-butyl hydroperoxide, #-butyl hypochlorite, N-chlorobenzotriazole,
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o EtOZCW o o
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Me” (0] Me” + (o] (o]
MeCN, 2 d, r.t. 94% \
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Scheme 9

chromic acid, dinitrogen tetroxide, iodosylbenzene, nitric acid, ozone and a host of other oxidizing
agents have also been used.**> 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 oxidant,*3

Dehydrogenation reactions using sulfur reagents have been shown to tolerate a variety of other func-
tional groups, including acetals, alkenes, epoxides and silyl ethers,*3-2 but the milder procedures avail-
able using selenenyl moieties may offer advantages in more sensitive molecules (see Section 2.2.4).

22.3.1 Sulfur(Il) Reagents

The sulfenylation of esters,*>2 lactones,*8-52-53 carboxylic acids,*35* amides’5 and lactams5-% 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 halides.*® The enolates of ketones,
however, are insufficiently nucleophilic to react with dialkyl sulfides unless HMPA is added to the re-
action mixture,*3 although they do react smoothly with diaryl sulfides.>48 This difference allows the se-
lective sulfenylation of esters in the presence of ketones (entry S, Table 3).43

In those instances where sulfenylation of ester enolates results in poor yields, use of the more stable
t-butyl or silyl esters can offer advantages.* The sulfenylation of aldehyde enolates is only possible at
~100 °C due to competing aldol condensation reactions.*® 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 agents.*> 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 substitution.*?

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.33

w0 i, LDA, -78 °C, HMPA wQ i, NalO4 w0
0 - (o] o}
ii, PhSSPh o i A
)

81%
88%

Scheme 10

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)* 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
rapids;'oom 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.5®39 Sulfenylation of
ketone enol silyl ethers also proceeds well with the more reactive sulfur species.% Sulfenamides and
their derivatives (e.g. 11) are particularly suited to the direct sulfenylation of ketones and active
methylene compounds such as B-diketones, B-keto esters and malonates, which undergo facile reaction
at room temperature (equation 5).° 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)
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Table 3 Sulfenylation of Lithium Enolates

Entry Substrate Product Reagent Yield (%)° Ref.
CHO
1 ~~_-CHO /\/Y MeSCl 70 48
SMe
0 0 o) SPh
SPh
+
2 PhSSPh 87 43
8) 4:1
0
SPh
PhSSO,Ph 85 43
0 0
SPh
3 PhSSPh 87 43
CO,Me
4 /\j\/ COMe /\j\( MeSSMe 88 52
SMe
COo,M
hivle SMe c one
5 MeSSMe 100 52
0 0
H H
(o) (o)
6 0 0 MeSSMe 79 53
MeS
CO.H CO,H
;Y < MeSSMe 9 48
Ph MeS Ph
0 0
/\/[L P Me e Me
8 Iﬁ Iﬂ MeSSMe 80 55
Ph SMe Ph
L CC
9 ITI 0 N 0 MeSSMe 69 55
Me l\lde

8 Reactions carried out at -78 to 0 °C in THF. ° Reaction carried out at 100 °C.
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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.5! This offers the opportunity to introduce unsaturation out of con-
jugation with the ester moiety.

on SPh
DMSO, r.t.
+ PhS—N=( ©)
NH,*HCl 57%
an
CO,Et CO,Et CO,Et
NaH, BuLi - PhSSPh, THF
o) o) o)
< rt,4h
85%
12) 13) SPh
Scheme 12

The direct suifenylation of N,N-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).5 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.

.NMe, .NMe, .NMe, Me;N.
N Pll IT N
| LDA, THF Li MeSSMe,~78°C SMe ! SMe
0°C 100%
Bu' Bu' But But
(14) (1%) (16)
Scheme 13

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

2.2.3.2 Sulfur(IV) Reagents

Methods for the sulfinylation 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 reflux49.50
(equation 6).*° These bulky reagents have been used to good effect in distinguishing between two other-
wise similar methylene groups in a complex asymmetric ketone.5!
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(o)
NaH, Elzo. PhSO;Me //o
S ©
60% \Ph

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,53 although the full utility of this reaction re-
mains to be explored. Furthermore, in an unusual reaction, p-toluenesulfiny] chloride has been shown to
effect a facile one-step dehydrogenation of the thiolactam (17; equation 7) in good yield.* These re-
actions contrast with the oxidative removal of thiocarbonyl, hydrazonyl and similar functionalities with
Se'V species (see Section 2.2.4.2).

i, p-TolSOC, NPr,Et
MDC, 0°C

ii, ACOH
: SO, 75%
MeO an

2.24 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),6%!7! but the re-
agent lacks selectivity’’ and has proved problematical with more sensitive compounds.® As a conse-
quence therefore, organoselenium reagents have virtually replaced selenium dioxide for effecting this
transformation.

(o} OAc (o] OAc
~OH ~OH

SeO;, Bu'OH
®)

AcOH
(o} (o}

These newer reagents rely on the extremely facile syn elimination of selenoxides in which the B-carb-
on atom bears at least one hydrogen atom (equation 9).3767 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 unfavorable.®’ 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 (E)-isomer is formed.® How-
ever, not all selenoxides collapse readily and difficulties have been found with primary alkyl
selenoxides®® and some ketones and aldehydes.® Since the rate of selenoxide elimination is enhanced by
electron-withdrawing groups on the aromatic ring, the introduction of o- or p-nitro groups is particularly
beneficial.® The use of 2-pyridylselenenyl bromide was found to be a useful alternative for the dehy-

o
H (st-r

Pt =+ s

b
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drogenation of ketones and aldehydes,”® and Chloramine T under phase transfer conditions has also been
found to facilitate the elimination of selenium in some difficult cases.?®

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 species.3”-’! Like sulfur,
selenium may be introduced either in the divalent state and subsequently oxidized””! 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 carried out.

o o 0]
_asea K~ ) NN

SeAr SeOAr
Scheme 14

Y

Selenides are more readily oxidized to Se!" than the corresponding sulfur compounds and most oxidiz-
ing agents will effect this transformation.? The most commonly used reagents are hydrogen peroxide, so-
dium periodate, peracids and ozone,’”:7 although a number of more exotic reagents have also been
used.%” 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 remove.>? Fur-
thermore, whereas sulfides are oxidized more slowly than alkenes by ozone, selenides are oxidized
considerably faster,3767 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.

2.24.1 Selenium(II) Reagents

Selenenylations of ketones,”! esters,? lactones2’! and lactams® are usually effected by the reaction of
the corresponding lithium enolates with PhSeCl, PhSeBr and PhSeSePh (with the exception of ketones)
at low temperature.’! 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),737* and has significant advantages over the more traditional methods for ef-

i~ii

85%

0]
(2)-Tubiferine

i, LDA, THF; ii, (PhSe),, ~20 °C; iii, HCI; iv, LDA, THF, -78 °C;
v, PhSeCl, =78 °C; vi, O3, ~78 °C, CH,Cly; vii, 25 °C

Scheme 15
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fecting this transformation.” In order to ensure the formation of reasonable amounts of the exo isomers,

however, it has often been found necessary to introduce the selenenyl moiety prior to alkylation, rather
than the other way around.”3.74

Table 4 Dehydrogenation of Ketone, Ester, Lactone and Lactam Enolates?

Entry Substrate Product Oxidant Yield (%) Ref.
o) o)
1 NalO, 78 71
Ph )K/ Ph /u\/ 4

o)
2 \@ O3 65 7

H,0, 58 71
o]
PhCO PhCO
4 W/\ >““_ H,0, 55 71
PhSO PhSO
5 nCoH, ~_ COEt 1-CoH, 5 X CO.E MeCO;H 79 39
CO,Me CO,Me
6 H,0, 96 71
0 o]
0 o]
7 \ 03 46 71

MeCO;H 820 74

H,0, 31 56

2 Selenenylation of enolate, usually generated with LDA in THF, with PhSeCl or PhSeBr. ° Reaction of enolate with (PhSe); 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.”’® An interesting base-catalyzed transse-
lenenylation reaction of a-alkyl-a-phenylseleneno ketones to the less-substituted a’-position has recently
been reported”” 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).3%.7
These stepwise procedures overcome the problems of slow incorporation and low yields of selenenyl
moieties observed under acid-catalyzed conditions. Selenium can be efficiently introduced in one step,
how%})’er, using a combination of PhSeSePh and SeO; in the presence of a catalytic amount of sulfuric
acid.

1

R! PhSeCl, 78 °C R\  Cl | NaHCO, H,0 R H

R? OMe CH)Cl, R2 OMe R? [o]

75—
18) i, PhSeCl, ~110 °C 5-95%
ii, H,0
NalO,
or MCPBA

- RI piperidine R!
o — -
R? R? R? CHO

50-80%
Scheme 16

An alternative one-step procedure using N,N-diethylbenzeneselenamide has been developed?!#2 and,
as illustrated in equation (10), this reagent is particularly suitable for differentiating between aldehydic
and ketonic moieties in the same molecule.8! The analogous morpholinoselenamide has been shown to
selenenylate the a-keto ester (20; equation 11) but no other examples have been reported.%’

o o) SePh
/U\/\/\ ThSeNEs )J\/\/K
CHO CHO (10)
CH,Cl,, r.t.
72%
o) ™\ o
i, P , CH,Cl
cor  “PRSeN_ 0.CHChL CO,E an
ii, Hy04, pyridine ==
76%
(20)

Using PhSeNEty,, it is also possible to selenenylate B-dicarbonyl compounds, but this method has re-
ceived little attention.®? The enolates of B-dicarbonyl compounds are also selenenylated on treatment
with PhSeCl or 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 pyridine.?3
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 conditions.83

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).84-36 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 yield.?-26 The reaction works well with ketones,
esters and B-dicarbonyl compounds, but has the disadvantage of requiring the use of HMPA 8485

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,B-enones readily undergo selenenylation at the a’-position and on
oxidation and elimination afford the corresponding phenols.5-88
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(o] OLi (o] (o]
Se _ Mel
d_ — I A A s
(22)

23

(21

Scheme 17

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

22.4.2 Selenium(IV) Reagents

For those reactions in which the insertion of «,3-unsaturation is the immediate objective, the introduc-
tion of the selenenyl species as SelV, rather than as Sel!, 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.? Nevertheless, selenium dioxide effectively dehydrogenates 1,4-dicarbonyl com-
pounds and has been useful for the dehydrogenation of steroidal and terpenoid ketones.®® Benzenese-
leninic anhydride has proved to be particularly suited to this transformation and has been used
successfully for the dehydrogenation of steroidal ketones,’2?! lactones?? and lactams (Table 5). 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 products.” At the higher temperatures (>120 °C) benzeneseleninic acid is con-
verted to the anhydride and so forms a useful alternative reagent.”? A feature of the reaction is that the
PhSeSePh formed in the oxidation may be isolated and reoxidized to the anhydride with nitric acid if re-
quired.” The catalytic use of PhSeSePh with r-butyl peroxide,’? iodosylbenzene,? or better m-iodosyl-
benzoic acid,? 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.9 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. 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 thiones,”” and hydrazones, oximes, thiosemicarbazones and hydroxylamines,” into the
corresponding carbonyl compounds under relatively mild conditions. Furthermore, hydrazo derivatives
are converted to the azo compounds.®

Little work appears to have been carried 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 cinnamamide,? 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,* a typical example being illustrated in equation (12).9

(0] (0]
(Ph$e0),0
(12)
n=23
70-87%

In an interesting extension of the use of benzeneseleninic anhydride, Barton and coworkers!® 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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Ref.

Yield (%)

Product

Substrate

Entry
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Table 5 (continued)

Ref.

Yield (%)

Product

Substrate

Entry

Oxidation of Activated C—H Bonds

[sa)
-

* Reaction with benzenescleninic anhydride at 120-130 °C.° With 2 equiv. of anhydride.
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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 Sel.

N N
! !
(PhSe0),0

0 0

(13)
92%

(25)

Benzeneseleninyl chloride is another example of a Se'V 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 Se!! halides. An alternative reagent, phenylselenium
trichloride, offers a milder approach for the direct introduction of Se!V, although its utility appears to be
limited to ketones.!0! 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.!0! 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] O 0O
PhSeCl; SeCL,Ph NaHCO,
Et,0,5°C 64%
81%

(26) 27

Scheme 18

2.2.5 DICHLORODICYANOQUINONE AND RELATED REAGENTS

Although quinones have been recognized since the tum of the century, it was not until the mid 1950s
that Braude and coworkers demonstrated their full potential as dehydrogenation reagents.!92.103 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; 28)!% and chloranil (29)!% as the most commonly used reagents.

0 0O
Ci CN Cl Cl
Cl CN Cl Cl
0 0
(28) 29)

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),192

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 (Eg = 600 mV, ¢f. DDQ,
Ep = 1000 mV).!%2 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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complex slow + — fast
RH; + Q [RHQ] RH + QH R + QH;
(30)
Scheme 19
fast + _
Q + HX —/])— QH + X
31)
+ slow +
RH; + QH RH + QH,
+ - fast
RH + X R + HX
Scheme 20

Quinones have been extensively used for aromatization reactions!?? in addition to the dehydrogenation
of steroidal ketones and lactones.!% Interestingly, whereas chloranil (29) and a number of other quinones
oxidize steroidal 4-ene-3-ones (32) selectively to 4,6-dienones (34),!% DDQ (28) resuits only in the for-
mation of the 1,4-dienone (36; Scheme 21).!% 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.!!® 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 thermodynamic enol, resulting only in the formation of the linear di-

enone.!10
(o} : f

B e
@) \ -

o)

// (32)
+ “‘1\,\1111%
: I i X 28) gt
HO 0

(35) Scheme 21 36)

/

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.!% Similar conditions have also been used to prepare flavones,!!!
chromones!!2 and spirodienones!!? in good yields (Table 6). Consistent with the apparent requirement
that enolization is a prerequisite to dehydrogenation with quinones,!!4 reactants such as a-formyl
ketones, e.g. (37) and (38), that have a high enol content, dehydrogenate rapidly at room temperature
(Table 6)_115.116

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

Entry Substrate Product Conditions Yield (%) Ref.
OMe O OMe O
MeO MeO
1 DDQ, dioxane, A, 12 h 100 111
MeO o Ph MeO (o) Ph

2 DDQ, dioxane, A, 8 h 75 112
OH
3 DDQ), dioxane, r.t., 2 min 50 116
(0]
HOT ™
H .
4 0 DDAQ, dioxane, r.t. 76 115
(38) (0]

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,!!8-120 although for
good yields care is needed to ensure removal of the acidic by-product DDQH>. Usually this problem is
overcome by the addition of bis(trimethylsilyl)acetamide!!8 or bases such as collidine!!? or 2,6-lutidine
(Table 7).!120 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).!!® 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 carried 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.!2! Thus, unless stabilization of the intermediate carbonium ion is possible,!22123 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.!% Allylic alcohols may be rapidly oxidized to aldehydes or ketones under these
conditions!%5 and require prior protection.

The conversion of carboxylic acids to a,B-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).124!25 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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ﬂk‘—“\'\—""\‘ DDQ H,0 : ! iﬁ‘\"x“\‘\-\"ﬂ
EtO EtO o

+
39 (40) (42)
DDQ
EtO (o]
+
@1
Scheme 22
Table 7 Dehydrogenation of Trimethylsilyl Enol Ethers using DDQ
Entry Substrate Product Conditions & Yield (%) Ref.
oS iMe3 (o]
1 \© BSA,1h 50 118
OSiMe;, 0
2 \© BSA, 1 h 53 118
OSiMe, o]

3 \éY Collidine, 1.5 h 52 119

® Reactions carried out with DDQ in benzene at room temperature, BSA = N,0-bis(trimethylsilyl)acetamide.

CO,H
- DDQ
R/\/COzNa [ R/\/CO2 ] Na*Li* /‘—:‘/
- R
43)
Scheme 23

Quinones have also been used to dehydrogenate adjacent to C==N in a variety of substituted nitrogen
heterocycles!2-127 with the ultimate generation of aromatic species (equation 14). In some instances
DDQ has been claimed to be preferable to other reagents generally used for this purpose!2S 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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Table8 Dehydrogenation of Lactones and Lactams using DDQ
Entry Substrate Product Conditions  Yield (%) Ref.

1 240 h? 25 121
AcO AcO
2 130 h? 55 121
(o} o
o) o |
3 ‘O OO 14 h? 70 122
CN CN
OMe
X
4 N2 N0 Benzene — 123
0
N-
N (14)
\ |
x
| —R
y

2.2.6 NOBLE METALS AND THEIR SALTS

The application of transition metals and their salts or complexes to dehydrogenation reactions adjacent
to C==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 p-cymene 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.!?® Whereas these
reaction conditions have proved to be successful for the aromatization of hydroaromatic 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.

Pd/C

(15)
p-cymene, A

AcO

44)

A detailed study of over 45 catalysts, primarily from Group VIII metal salts and complexes, showed
palladium(II) compounds to be the most effective in the dehydrogenation of a variety of aldehydes and
ketones.!? Soluble palladium(II) salts and complexes such as dichloro(triphenylphosphine)palladium(II)
and palladium(lI) acetylacetonate have been shown to be optimal, with the salts of rhodium, osmium, iri-
dium and platinum having reduced efficacy.!?? Since the dehydrogenation reaction is accompanied by re-
duction of the palladium(II) catalyst to palladium(0), oxygen and a cooxidant are required to effect
reoxidation. Copper(lI) salts are favored cooxidants, but quinones, and especially p-benzoquinone, are

also effective (Scheme 24),129:130
0 OH

Pd(acac),, Cu(OAc),, O, AcOH, 100 °C 95% 3%
8%
PdCl,, Bu'OH, conc. HCI, 80 °C 90% <%
90%
Scheme 24

Improved conditions for dehydrogenation reactions have been developed using palladium(II) chloride
in a mixture of ¢-butyl alcohol and concentrated hydrochloric acid,!*® although these conditions limit the
utility of the method to compounds without acid sensitive groups. The yields of enones from readily eno-
lizable 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.!2%-13! Carboxylic acids, esters and amides are not
dehydrogenated by palladium(Il) derivatives,'? 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).129:130 L jke most other methods, however, acyclic aldehydes and ketones furnish trans enones

exclusively,129:130
o) (0] (0]
PdCl,, BuOH
+ 16)
conc. HCI, 80 °C
45% 46%
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(0] o o

PdCl,, Bu'OH
+ amn

conc. HCl, 80 °C
26% 65%

Mechanistically, palladium-catalyzed dehydrogenations have been shown to proceed according to
Scheme 25, in which the initially formed m-complex (45) rearranges to a o-complex (46) prior to the
elimination of palladium hydride. 129130

OH Ho Lyt

45)

l L =ligand

0] 0]
L._.L
Pd,L
[HPdL:;] + e

(46)

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
PdCly(PhCN); 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 18).132 Ketones
undergo a similar reaction, affording enones in 60-78% yield, but require prior formation of the tin enol-
ate with tin(II) triflate.!32 Under these conditions, however, 2 equiv. of palladium(II) chloride were used
to effect conversion, which severely limits the usefulness of the method.

PACl;(PhCN),
R ~~_-CHO X CHO (18)

AgOTS, [:] R

Me

Probably the most widely applicable conditions developed for palladium catalysts utilize silyl enol
ethers.!33134 In one instance,!* an excellent yield of enone was obtained using 0.5 equiv. each of palla-
dium(Il) 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-

R2
R! Pd(OAc), ,
R2CH =< R! \ Pd_ RICH
OSiMe, P‘be;le%qNumone o X 2 .
(o)

Scheme 26
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Table9 Dehydrogenation of Trimethylsilyl Enol Ethers and Ketene Acetals with Pd”

Entry Substrate Product Conditions & Yield (%) Ref.
OSiMe, o
1 A 87 135
OSiMe, 0
2 A 100 135
OSiMe,
3 W A~ COsE B 79 137
< OEt
OSiMe,
AN
4 0 0 B 70 137

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

dium(0) has also been used to effect a similar reaction with silyl enol ethers!34135 and enol carbo-
nates. 34136 In these cases the palladium is present in truely catalytic quantities and the reaction proceeds
with as little as I mol % of palladium(II) 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.!3? Palladium(0) chemistry offers a mild, high yielding entry to ,8-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.!3® Further work in
this area should provide valuable methodology for the formation of chiral a,-unsaturated carbonyl sys-
tems.

0 -~ OSiMe; o)
-
" Ph N THE Pd(OAc),, MeCN
ii, Me,SiCl 87%
But 88% But Bu!
47 (48) 49)

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).13%-14! Where manganese dioxide oxi-
dations have been compared with other methods they have frequently been found to give similar or better
yields.!39.142 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.!3%14! The quality of the
oxidant is important, with activated manganese dioxide!4® affording greatest efficiency.!3*!4! Potassium
nitrosodisulfonate (Fremy’s salt) will also effect the oxidation of dihydroquinones to quinones,!* in ad-
dition to effecting a wide variety of other oxidations.!4’

Table 10 Miscellaneous Oxidations of Carbony! Compounds and Heterocycles

Entry Substrate Product Conditions Yield (%) Ref.
0 0
1 m O‘ MnO,, A, PhH, 24 h 62 139
o] o]
Ph Ph
2 n oo MnO,, A, PhH, 7h 98 141
0 0
; _>\ ; _\>\
1 Q
3 SN CoMe /Q\N COMe NiO,, CHCl3, 25°C, 3 d 81 146
H O 0
N—Me N—Me
4 NiOg, PhH, A, 7h 62 146
H o o}
0
5 TI(NO3)3, MeOH, HCIO3, 5 h 76 148
0] o)
Ar Ar
6 Me3SiCl, Ac,0, 6065 °C, 168 h 55 150
MeO (o] MeO (o]
0
7 hv,MeOH, 48 h 50-55 151
s "R $” "R

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).!'46 This reagent is not specific for the dehydrogenation of C==X compounds, however,!46
and may not be suitable for reactions requiring selective oxidation. A variety of other oxidants!47 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),!4? 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, 48 but apparently was without effect on flavanones.!4? The ease with which
chromanones and similar compounds may be dehydrogenated has also permitted unusual procedures
such as trimethylsilyl chloride/acetic anhydride!*° and photolysis!3! 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),!!9:152 although major side reactions involving
a-tritylation have been reported and yields are variable.!5? Nonetheless, this is a particularly suitable way
to convert tetralones into naphthols (equation 20).!53 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 doubtful.!!9:153 Palladium(II) acetate behaves similarly, but is expens-
ive on catalyst.!3* Trityl tetrafluoroborate has also been shown to abstract hydrogen from enamines,!34
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 o,B-unsaturated derivatives in excellent yields.!5

OTMS 0]
Pr'  ppc*BE,- PY
19
CH)Cl,, 18 h
(50) 74%
OTMS OH
PhyC* BF4~
99 99 &
or
Ph3C+ ClO4~ 93%
CH)Cl;, 3-5h

Pyridine N-oxide will dehydrogenate carboxylic acids in the presence of acetic anhydride,!5¢ 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(ll) bromide is another reagent that has been used successfully for the dehydrogenation of
ketones and amides (equation 21).!5718 This procedure, which presumably proceeds via the a-bromo
compounds, (¢f. Section 2.2.2) was found to have particular advantages over a number of alternative
methods for the dehydrogenation of some dihydrouracils.!38

CuBr;, CHCl3, A

6 CO.Me s COMe 1)

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

An interesting dehydrogenation of hydrazones (51) has been reported by Barton3 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.?S 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 o to carbonyl-type functions is the subject of another chapter
(Chapter 2.3, this volume), but clearly this represents an alternative, though seldom used, procedure for
the dehydrogenation of such species. The direct insertion of other oxygen moieties is, however, com-
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% i, KOBu!, (CH;OMe),
4-NO,CsH4COzH, 1.t.
ii, AcCOH
100%

(22)

(81)

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
450-550 °C to afford the enone.?? Enolizable ketones will also react with lead tetraacetate and mer-
cury(II) acetate!% to give a-acetoxy derivatives that can be subsequently eliminated, but this method is
unpopular.

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).!%% This method is similar to
that used by the same workers to introduce the trifluoromethylsulfonyloxy group « to ketone carbonyl
groups via their silyl enol ethers.!6! 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 «,B-unsatu-
rated species.

OTMS @)

PhI(OH)OTs OTs

23
CH,Clp, 1.t
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,!05:162-164 although this approach has
found greatest favor for stereospecific reduction and regiospecific oxidation reactions.!6516 The class of
enzymes that effect dehydrogenation reactions are of the redox type and have been classified by the
International Union of Biochemistry as oxidoreductases.!* A number of such enzymes are now
known.!63 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.!56 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.!9’ 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,!6” although simple qui-
nones have been shown to suffice.!68

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.!%5 Yields of dehydro compounds formed by microbiological methods
are somewhat variable, ranging from very little to 95%.!95 In a typical experiment, good yields of an-
drostene-3,17-dione (52) have been obtained using Bacillus sphaericus and the mechanism established as
proceeding via a trans diaxial (1a,28) elimination (equation 24).'%¢ 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 steroids,!63166:169 byt particularly interesting is the
stereochemical preference shown by cortisone B-reductase for the 53-hydrogen atom compared to the
Sa-reductase, which shows a preference for the opposite enantiomer.!53
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o o}

Bacillus sphaerius

24
80%

= o211
o o311

(52)

Specific enzymes have also been identified which convert 5,6-dihydrouracil into uracil, succinate into
fumarate and acylated coenzyme A into 2,3-dehydroacyl derivatives.!S> 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,!5? although there is little evidence that these reactions can
be advantageously exploited relative to alternative chemical methods.

229 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 g-bonds that it forms with carbon, which results in the syn elimination of selenoxides being some
1000 times faster than that of sulfoxides.? 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
C=X compounds following oxidation.!”? As a rule, such derivatives are prepared by conjugate addition
to a,B-unsaturated carbonyl compounds,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.!® 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.%
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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.

151
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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 turn has led to
axll inqrease 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.

2.3.2 HYDROXYLATION a TO C=0
2.3.2.1 Saturated Ketones

2.3.2.1.1 Directly from ketone/enol

(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 o-acetoxy derivatives. Originally a
radical mechanism was proposed (Scheme 1),3 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).
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R' / Rv

R
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— Complex — g + AcOH + Pb(OAc);
\/kk-
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(0] (0]
+ Pb(OAc —_— + Pb(OAc
R\)J\R. (OAc), R%R, (OAC);

OAc
I (0] (0]
ermination
R + AcOe — R
OAc
(0]
(0] R
Rl
2 R —_—
7 R' R
R
(0]
Scheme 1

Alternatively, the reaction may proceed through formation of a lead enolate derived from the enol fol-
lowed by intramolecular rearrangement to the desired product (Scheme 2). It appears that the first 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-determining step is the forma-
tion of the enol, a factor which heavily influences the choice of reaction conditions.
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Scheme 2

Numerous examples are available that demonstrate the utility of the process. Sasaki and Eguchi®
utilized LTA to effect a-acetoxylation of isodihydro-O-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 reported? 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
octahydrobenzofuran’ producing the stereoisomer indicated in good yield (3 to 4). B-Dicarbonyl sub-
strates, a-aryl ketones and B,y-unsaturated ketones may also be usefully oxidized with LTA.% a-Dicar-
bonyl compounds do not yield simple oxidation products.® It is quite possible to effect bisacetoxylation,
the second residue being introduced regiospecifically at the o’-position (5 to 6).!° The approach is suc-
cessful for oxidation of primary, secondary and tertiary centers, but in most cases yields are only moder-

LTA, PhH

reflux, 12 h
38%

LTA, AcOH

5%

OAc LTA, AcOH AcO OAc

64%

%) (6)

ate.
In an attempt to ameliorate this situation Henbest reasoned* 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
room temperature effects rapid o.-acetoxylation.!! The yields are indeed improved in most cases, for
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example (7) to (8) and (9) to (10), although they remain generally moderate despite the remarkable
example shown.!!b

OAc
0 (0]
LTA, PhH
reflux
AcO AcO
)] ®
with BF3;°OEt, 71%

without BF3+OEt, 53%

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 noted!? during
oxidation of a B-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(Il) acetate, a milder
reagent than LTA, effects a-acetoxylation? through a comparable mechanism. However the correspond-
ing yields for these processes are poor.!4 3,3-Dimethylcyclohexanone, for example, is oxidized to the a-
acetoxy derivative in only 14% yield.!’ The B,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.!6 Not surprisingly therefore the reagent has found little synthetic application for this transformation.

Thallium(III) salts also provide a means of a-oxidation. Thallium triacetate, which lies between LTA
and mercury(Il) acetate in oxidizing power, can induce a-acetoxylation of ketones? in hot acetic acid, al-
though again the yields are low.!” 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.!? 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 yield? 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(IIT) sulfate can effect a similar a-hydroxylation of straight chain saturated ketones.2! 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 manganese? 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 been limited to
the LTA-mediated examples.
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(ii) Hypervalent iodine reagents

In 1978 Mizukami and coworkers? showed that treatment of a-aryl ketones and B-dicarbonyl ketones
with phenyliodosyldiacetate in strongly acidic media resuited 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.2” 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 5.28.2% 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.?® 1,3-Dicarbonyl substrates are not oxygenated but produce stable iodo-
nium ylides.?® In some cases work-up is facilitated by the use of 2-iodosylbenzoic acid.*® Yields are
moderate or good.

0 1
PhI(OAc), OH 0~ “Ph 0
Ar/& + Ar/& Ar/lk/ OAe
‘ s ool
e H" \-PhI(OAc), 1%

Scheme 3

R R Meo~ - R
MO OH MeQ (5
R 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 (+)-cephalotax-
ine.?> 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.?!2 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 B-dicarbonyl systems.

The equivalent reagent for a-mesyloxylation has been reported.3!® 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 reported.3!¢

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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(iii) Molecular oxygen

It has long been realized that the enol form of ketones can react with molecular oxygen to generate the
a-hydroperoxy ketone?? 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



Oxidation Adjacent to C==X Bonds by Hydroxylation Methods 157

enol is enhanced, either as a result of substrate stabilization (for example in B-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 (16).322 A relatively stable enol was
formed in this case by the 1,4-addition of hydrogen across the enone. Similarly Crombie demonstrated
that a-hydroxylation of an «-aryl ketone, (x)-isorotenone (17), could be achieved by simply passing air
through an alkaline solution of the ketone.3?* A number of similar oxygenations have been observed in
the tetracycline system®? involving highly enolized B-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 ketone33 as a single stereoisomer. A recently described procedure®* utilizing potassium super-
oxide/18-crown-6 and oxygen provides only low yields of the a-hydroperoxy ketones.

H, /Pt

(16) 80%

KOH, EtOH
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~65%

OMe OH OH O o OMe OH O 0 0

(18)
Cl O Cl O
0,, 50% aq. NaOH OH
PhMe
(EtO)3P, 5 mol % (19)
95%
OMe OMe

(S)-(19a) 79% ee

Br~

CF,
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An excellent extension to these processes is the enantioselective, molecular oxygen mediated a-hy-
droxylation reported by Shiori.>> 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,B-unsaturated
ketones,3% but where the a-center is tertiary, stereoselective hydroxylation is possible, e.g. (20).3%® 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
4h
80%

0

Treatment of a B-keto ester directly with peracid has been shown in one case (21)*7 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 B-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]

CO,Me
9 MCPBA

| DCM

CO,But 3h

100%

o

-

(21) (DCM = dichloromethane)

Hydroxylation using alkali metal based oxidants®?33% (for example KMnQs, K2Cr07, 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 reaction® 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 -dicarbonyl substrates where relatively efficient conversion is possible. DDQ has been used to ef-
fect a-oxygenation in a specific a-aryl case,? 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 yield*? through a two-electron redox pathway involving hydride
transfer. Finally microbial hydroxylation,*! although usually effecting initial hydroxylation independent
of the position of the ketone, has, in some cases, generated a-hydroxy ketones, either as the primary pro-
duct*®3 or through multiple hydroxylation.*? 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

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

(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 cases*® pro-
vided the basis for what has become a widely used procedure.

R (0]

— Lo

R’ o0 M

(0] R 0
j base J/ m*t 0

Scheme 6

R

Rv

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).%3 Alternatively oxidation may be thought to proceed through a radi-
cal chain mechanism involving single-electron transfer from the enolate to oxygen generating an c.-keto
radical (Scheme 7).45 Presumably this process would only require an initiating quantity of the enolate.
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The primary product is the a-hydroperoxy ketone. The corresponding alcohol is obtained after reduc-
tive work-up. Initially this was achieved using zinc dust in acetic acid, e.g. (22) to (23).% Potassium
t-butoxide was used to generate the enolate in this case*® 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 r-butoxide, triethyl phosphite and
oxygen in either DMF, ¢-butyl alcohol or monoglyme at temperatures between —-30 °C and ambient may
be regarded as standard conditions for the process. Where the a-center 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).4 Other potential sites of anion formation may also be susceptible, e.g. (26) to (27)
and (28).% Use of alternative combinations of reagents and solvents can promote efficient oxygenation,
e.g. (29) to (30), in this case producing a highly enolized B-dicarbony] substrate used in the total syn-
thesis of (£)-terramycin.® Clearly this method is of synthetic value.

PC Ph
N Bu'OK, O, k N
/ HO /
NH, Bu'OH/monoglyme NH,
o 0 (EtO)3P, =20 °C
96% o 0
(24) (25)
MeO i, BuOK, O, MeO (0] OH MeO O
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Br ii, (EtO);P Br

MeO MeO

Ph
i, NaH, O,
H.
THF, DMF OH OH °N ’ks
(EtO)sP :
i, H
47%

(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
publications? 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 alkenes.’3-55 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 O—O 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 °C).
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



Oxidation Adjacent to C=X Bonds by Hydroxylation Methods 161

o) -
0.9

/U\r MO — O

Lo dh®

oM /O\ ) / O-0 Cleavage

N v TR
R 1
[} L'
R 0
L HMPA @31 ' O MO —0
= Pyridine L 0~

Ll
Mo—O Cleavage
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. B-Dicarbonyl
compounds are not hydroxylated.5?

1.05 equiv. LDA

1.5 equiv. MoOPH OH
o) THF/hexane, ~22 °C o)
81%
32) 33)
0 1.05 equiv. LDA o
1.5 equiv. MoOPH
ane OH
THF, hexane, -44 °C
75%
PO 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-

HO
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0 ™ THF 0 OSiBu'M
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(38) (+)-Coriamyrtin
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thesis most often involves hydroxylation « to esters® or lactones” (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 anti-Bredt fashion is possible because the cyclohexane is locked in a boat conformation (38), 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 nitrogen.>? The highly electrophilic nature of the ring oxygen in these com-
pounds was soon established.50-63 That this was due at least in part to the powerfully
electron-withdrawing phenylsulfonyl group was equally clear.5 Reaction of ketone enolates with the re-
agents produces the a-hydroxy ketone by direct nucleophilic attack on the ring oxygen®!%> and sub-
sequent B-elimination (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
temperature.55 Products from condensation of the enolate with the generated sulfonimine (40) have been
observed only where the corresponding base was potassium r-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).%5 Oxidation of B-dicarbonyl compounds is possible (see Section 2.3.2.2.2.iii).
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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
(4S), were considered.5667 Relatively low levels of chiral induction were achieved®® 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 (48).%° 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 state.%

Nd % E E
\/ 502 "',
; N
SO \ : \ 502

(-)-(E)-(45) .
(also antipode) (46a) (46b)
o (o]
Ph [Ph; 88% (95% ee)] oH ;
47
(R) minor (48) (S) major

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-acetoxylation’® at lower temperature and more rapidly than the corresponding
enol examples. Similarly a-benzoylation using benzoy! peroxide is possible for both lactones’! and B-
keto esters’? and presumably could be used for less-activated ketones.

i, Bu'OK
Bu'OH/DME

i, 90%H0 MO

S O
H 76% N
Me CO,Me ’ Me CO,Me

49) (50)

MeO

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).7% 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 silyl enol ether

(i) Peracid

Perhaps the most convenient and reliable a-hydroxylation procedure involves treatment of the silyl
enol ether’® of a ketone with organic peracids.” 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 10). That epoxides are indeed the intermediates has been demonstrated by their isolation
and X-ray characterization.’s” The silyl migration may occur by one of two processes involving either
an oxacarbenium ion (51)77 or a tight ion pair (52).”5 Recent work implicates the former.’d The process is
successful for a range of enol ethers derived from reaction of the enolate with various silylating agents’8
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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.”

O-SiR"

(52

Scheme 10

ArCOO~ Ar

0§(
MCJSiO Me;SlO('O\ Mc;SiO ( Oﬂ 0

MCPBA D 0 OCOAr
Rv Etzo Rv Rv Rv
R R R R
(53 (54)

Most frequently the reactions are performed by treating the crude silyl enol ether with MCPBA at
0-25 °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).7 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 oxidation?” 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).

OSiMe,
OSiMe,
85%
(Cr,0,Cl; 66%)
OSiMe; o
OSiMe
Ph)\r 4% Ph)\ﬁ 3

Scheme 11

Synthetic application includes Paquette’s recent application in work directed toward the total synthesis
of sterpuric acid.”® Exposure of enol ether (55) to peracid provided a single diastereomer of the silyloxy
compound (56) in good yield. It was from this substrate (§5) that the first stable trimethylsilyloxy epox-
ide was obtained (57) and examined by X-ray crystallography. Similarly stereoselective oxygenation of
B-keto ester (49) via the corresponding silyl enol ether provided (50), also in 76% yield.30 Lastly effi-
cient and highly stereoselective a-hydroxylation by this method was employed during studies towards
the synthesis of helenanolides (58 to 59).8!
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MCPBA
DCM

20°C,26h
76%

i, LDA, HMPA
Me;SiCl

ii, MCPBA
DCM, 0°C Bu'O 0

75% (59)

(58)

(ii) 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.?2 Secondly a
silatropic process cleaving the Si—O bond in a comparable fashion may occur. The latter process gives
rise to a-oxygenated products. In general, however, where [3-protons are available, the prototropic ene
reaction takes precedence.384 Clearly where B-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 mr-system).’2 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).285 The silatropic ene reaction dominates in the presence of an
‘unavailable’ B-proton.

Ph_ OSiMe, ppy OSiMes o]
9)\§/ 0 — ph Prototropic
N 0 62
) H e
3
Me3 5
o ,Q?‘/ o o (l)SiMe3 0 Silatropic
{|  —— o _— OH
0 Ph Ph
Ph 4
Scheme 12
10,,~20 °C
OSiMe, DCM o . OSiMe; . 0SiMe;,
/ ’ / /
/O
(60) 00SiMe; 0—O o
64% 30% <5%

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.82 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 report®® 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).

0,
MeOH/DCM
OSiBu'Me, 0
~78°C
100% OSiBu'Me,
(61)
i, 03, CH,Cly,
MeOH
ii, Me;S
OSiMe,
(62)

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,%” e.g. (64) to
(65). The success of the catalytic procedure®® bodes well for future application and furthermore bears
some possibilities for asymmetric hydroxylation.8

i, OsO, cat.
NMO OH
O ‘ OSiMe;  (Me),CO/H,0 o
i, HY
64 (or Bu'OH/py/OsO,4) (65) 59%

Lee has reported a-hydroxylation through the action of chromyl chloride, e.g. cycloheptanone
(Scheme 11).% 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 reported?? 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.

OH i, Me3SiCl, 90 °C
NSiMe,
[ »

ii, v, 24 h
HO 60%

(66) (67)

Lead(IV) 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).% B,y-Unsaturated ketones are also successfully oxidized, e.g. (70) to (71).%
The corresponding LTA a-acetoxylations are possible, but the benzoate salt remains the transition metal
reagent of choice for these substrates.” These reactions appear to be uniformly efficient and perhaps
deserve wider synthetic application.

E-
Me,SiO . (0]
Me;Si<5 OBZOBz OBz
Pb(OBZ)4 Et3NI‘IF
DCM, 0°C l
I 30 min \
(68) (69) 92%
OSiMe, (0]
i, LTB/DCM OBz
ii, EtsNHF
91%
(70) (71)

Reagents which effect epoxidation of the enol ether unsaturation effect a-hydroxylation comparable to
the peracid approach. Thus a combination of molybdenum hexacarbonyl and ¢-butyl hydroperoxide®
converts the substrates to a-silyloxy derivatives.”® The peroxide generated in situ from benzonitrile, po-
tassium carbonate and hydrogen peroxide® can also perform the oxidation.”® 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. 36

2.3.2.1.4 Via enol acetates and alkyl enol ethers

(i) Peracid

Enol acetates and alkyl enol ethers can be a-hydroxylated 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.?” Where acid catalyzed, intramolecular rearrangement occurs with retention of configuration at the
a-center of the acetoxy epoxide (Scheme 13).97%8 The thermal rearrangement is thought to involve a
slightly different mechanism.?” Thus enol acetate (72) produces the a-acetoxy derivative (73) on treat-
ment with perbenzoic acid in benzene.” Peracetic acid was less efficient. Numerous other examples are
available.!® Where dienol acetates are utilized, the product is derived from epoxidation of the more nu-
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cleophilic, remote unsaturation.!?! Both thermodynamic and kinetic enol acetates may be prepared!®2 (al-
though with less precision than the silyl equivalent), allowing a useful degree of regiocontrol.

o/%o HO o\+( OH
m@ "
3 _ o OAc
either...

Scheme 13
PhCO;H
PhH, 30 °C
8 5 h
72) (73)

The comparable process for alkyl enol ethers involves participation of solvent,!%* residual peracid!* or
water!S in cleaving the initially formed epoxide.!% Thus vinyl ether (74) produces the a-hydroxy deri-
vative directly,!% while (75) provides the dimethoxy acetal.!03b

OMe MCPBA

H0/E 0
0°C
65% MeO

i, MCPBA, CH,Cl,

[ TuJoo*
ii, AcOH o <
AcO I OAc
Ac
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A more complex example is seen in Kishi’s tetrodotoxin synthesis.!%” 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 normal ene reaction.
The primary work with enol acetates!%® 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 aldehyde-derived enol acetate was used).!® 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)!% would allow regeneration of the ketone.

R R OA 1o OAc (0]
) ¢ 2 R% R%
R R
OOH OH
(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.!!? Best results are nonetheless achieved where the competitive processes are re-
stricted.!!! Thus enol ether (79) produces hydroxylated dimethoxy acetal (80) via direct incorporation of
methanol or through reduction of the 1,2-dioxetane (81).

PPhy
104, —20°C CCl
MeCN
MeOH
\ OH
(81)
(79) OMe
(80)
102
MeOH
OMe OMe

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

(iii) Miscellaneous

Treatment of enol acetates with LTA in acetic acid affords a-acetoxy ketones.!!2!!3 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 cycloneosamandione.!!* 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!!5:!!6 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. FeCls,
SnCls or BF3-OEt:) gives moderate yields of a-acetoxy and a-hydroxy ketones.!!? A similar transforma-
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OAc 0

AcO LTA AcO OAc

Ac—N Acs0 Ac—N

82) 83)

tion is possible for some large ring enols. Osmium tetroxide in pyridine converts alkyl enol ethers to the
corresponding a-hydroxy ketones!® although the poor yield may be synthetically restrictive. Finally,
electrochemical acetoxylation of enol acetates occurs in moderate yield.!!8

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

2.3.2.1.5 Via alternative derivatives

(i) Enamines and enamides

Enamines are readily available ketone derivatives.!!® 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 triacetate.!20 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).

O

[ ] COAC AcO O O
/‘“(OAC)z N OAc ¢ ’(
TI(OAc)3 TI(OAc), TOACc), i

AcOH or CHC13

O
o]

0

(J oo C

(N /~ AcO-TIOAc),

)

Z+

+
0] N
OAc ij/OAc ﬁ LOAc

7%
(from cyclohexanone)

Scheme 15

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. 121 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 12 Thus expo-
sure of the relatively stable enamide (86) to LTA in benzene affords the a-acetoxyimine (87), which can
be used, if required, to regenerate the enamide and repeat the process. Alternatively, hydrolysis would re-
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O (o) [Oj
N k/ o) N N
N OAc
OA ¢ OAc OAc (o)
+ ‘ +
PhH rt
10% 17% 49%
Scheme 16

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

. H
N\OH l‘} NAc
i, A0, py / k o} LTA wOAC
ii, SiOy PhH
87% 90%
AcO (86) 87
AcOH
OAc o OAc
NAc LTA. PhH NHAc
A OH Y
wOAC ¢ wOAC wOACc
100% 50°C
84%

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.!2* Similar conversion of a steroidal enamide to the a-hydroxy ketone using

monoperphthalic acid has been reported.
i,McPBA  HO,,
PhH
¢

ii, ag. NaOH

o ofTII)

@9

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 pyrrolidino enamines. 113,116 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 (25-82%).%¢% A
single example describes a-hydroxylation of an enamide by ozonolysis and reductive work-up; 1122 the
steroidal conversion was achieved in remarkable 94% yield. The generality of the approach is unclear.
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(ii) Vinyl cyanides

Vinyl cyanides are readily prepared in single-pot reactions from the corresponding ketones.!24 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).125 A more
recent permanganate-based approach utilizes triphenylmethylphosphonium permanganate at low tem-
perature.!26 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.!?5 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(Il) nitrate) to realize the same efficiency, e.g. (94) to (95).1% Nonetheless the overall sequence pro-
vides a useful method.

OAc OAc
Vs Oon
0 KMnO, o
o) o
4 e
(90)

on

CN (o]
OH

“ o PhsP Me MnG, o
°>< DCM, 78 °C 0><
OMe 66% : OMe -

(92) 93)
0
/ N WOH
cat. O8Oy
65%
OMe OMe
94) (95)

(iii) Vinylsilanes

Vinylsilanes may be prepared from the corresponding ketones by formation of the hydrazone followed
by Shapiro reaction, quenching the vinylic anion with chlorosilanes.!27:128 An equally effective process
derives the vinylsilane from the vinyl chloride, in turn prepared simply from the ketone.!?8 The crucial
oxidative transformation may be achieved in two ways. Firstly, ozonolysis in dichloromethane/methanol
at approximately 0 °C followed by reductive work-up affords the a-hydroxy ketone, e.g. (96) to (97), via
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 applicable.!?’ 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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Me;Si00
i, 03, MeOH/DCM o
25° /
25°C o
SiMe, Me,Si ]
ii, MesS
(96 (98) 99
OH
0]
(97) 713%

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

SiMe,(OEt) SiMeg(OEt) o
i, MCPBA, DCM ii, Hy0,, KHF, OH
5h,0°C KHCO,
MeOH/THF
(100) (101) 3hrt (102) 74%
(iv) Vinyl sulfides

Viny! sulfides are readily prepared directly from the ketone!3%:13! 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 occur to generate o-hydroxy aldehydes.!32

)@L o )@
DCM, Py i OH
SR SR SR

=70°C
(103) (105) (104) 60%

LTA reacts with enol sulfides,!3? to produce thionium ions, e.g. (106), and thence allylic acetates (107)
or bisacetoxylated products (108), in good yields. Presumably either of these compounds could be hydro-
lyzed to the a-acetoxy ketone.

Ph .
SPh |S PhS_ OAc SFh
OAc OAc OAc
__LTL. and/or
Bu Bu Bu Bu

(106) (108) 107
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23.2.2 o,f-Unsaturated Ketones: sp® Center

2.3.2.2.1 Directly from ketone/enol

(i) Transition metal salts

The majority of procedures outlined in Section 2.3.2.1 are applicable to these substrates through com-
parable mechanisms. Thus LTA played a dual role in the total synthesis of pyroangolensolide;!3* firstly
ao’-acetoxylation (109) and subsequently carbon—carbon bond cleavage (110). Numerous other examples
of this process are available, e.g. (111)8!% and (112).13%1402 In some cases, however, a-oxidation (rather
than o-oxidation), occurs with alkene deconjugation, although this may in some cases be circumvented
by using an alternative reagent (compare refs. 136 and 137). The o’-oxidation product is generally
formed regardless of enol distribution.!38

. . OH
i, LTA, PhH LTA
o)
ii, K,COs, MeOH AcOH, H;0
74% 93%
(109)
LTA, PhH
reflux
80%
o)
OAc
LTA, PhH
75% >
(112)

Manganese triacetate has been specifically reported as a reagent for o’-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.!4? Enone (113) was con-

MH(OAC)g

PhH, 80 °C
150min  BnO

BnO

o]
o
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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).

OBz

Mn(OAc),
BnO |
PhH, 80 °C &
H o
(o]
(116)

BnO

115)

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

/
o I o) ’ Mn(OAc)s
PhH, 80 °C
53%
0]

117)

(ii) Miscellaneous

Where the dienol form of an a,B-unsaturated ketone is available, autoxidation giving the a’-hydroxy
ketone through the a’-hydroperoxide is possible, as seen for saturated ketones (see Section 2.3.2.1.1.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.3°

0
HO

BSA, PhMe (o)
(0]
reflux, 24 h | /
57% o

(118) (119}

2.3.2.2.2 Via preformed enolate

(i) Molecular oxygen

These substrates are as readily susceptible to hydroxylation as saturated ketones (Section 2.3.2.1.2.1).
Thus enone (120) was oxygenated via the corresponding sodium enolate.!4? Exposure to oxygen and in
situ reductive work-up provided (121) in moderate yield during the synthesis of (x)-deoxyaspidodisper-
mine, Similarly ()-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.!4?

(ii) Molybdenum peroxy complexes

MoOPH may be used to o’-hydroxylate lithium enolates of a,B-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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Bu'OH/NaOH
+ epimer 5%
DMF, O,
P(OEt);
51%
(121)
0] (o)
MeO,C KF, 18-crown-6 HO
Oz, DMSO, P(OER)3 Me0,C
OMe 3h,rt. OMe
60%
(122) (123)

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 yields.2 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.

OH
(0] (0]
LDA, MoOPH
THF, =20 °C
52%
MeO MeO

(124) (125)

(iii) 2-Sulfonyloxaziridines

Although few examples of the oxidation of «,B-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 reported.S” 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 MCPBAS’ 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

OBz HO OBz

i, LDA, THF

ii, (PhCOO),, ~10 °C
50%
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benzoy! peroxide at ~10 "C produced hydroxy ketone (127).1* 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.

23.2.2.3 Viassilyl dienol ethers

(i) Peracid

Silyl dienol ethers are readily available.’* o’-Hydroxylation through the action of peracids is facile
(see Section 2.3.2.1.3.i).!45.146 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 stereocontrol.!4’ The tricyclic sub-
strate (133) is similarly oxidized, albeit in surprisingly low yield.

OSiMe, o]
i, MCPBA OH
ii, EiNHF, DCM
87%
(128) (130)
OSiMe, 0]
i, MCPBA OAc
ii, EtaNHF
EtN, Ac0
(129) 8% 3y
i o io
MCPBA _
{ “n,, wOSiBUMe, ", wOSIBuMe,
Me;,SiO (/ 75% o “t, O
Bu'Me,Si0” HO /
¢ .
(132) Bu'Me,SiO
2:1 mixture of diastereoisomers; major
isomer isolated as cyclic ether
Me;Si0 i, MCPBA
ii, HCl, THF
50%
(133)
(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 + 2] cycloaddition with the diene unit.?2 Reductive cleavage of the so-formed endoperox-
ide and dehydrative reconstitution of the enone generates the o’-hydroxy enone (Scheme 17).148

OSiMe3 i,

Phap'o‘o 0 ?
o ) HO
s, AT — ")
ii, PPh, Me,SiO
69%

Scheme 17

The technique has been applied to the total synthesis of (£)-oxylubimin (134) through hydroxylation of
dienol ether (135).!48 The stereoselectivity is good, particularly when compared to the equivalent selecti-
vities obtained using MCPBA, MoOPH or manganese triacetate.

Me,SiO o) o 0
0
i php, 0 HO HO,, HO
0
3 A + Ol - \ s,
‘\““\ W DCM9 _5 0 °C \““\ o \\“\\ o \‘\\“\ W “ CHO
ii, TPP
% “,
OCOBu'  from ketone OCOBu! OCOBu* ]&
8:1
(135) 1349)

The procedure is mild and reasonably efficient and may therefore find further synthetic use. One might
also expect that photosensitized preparation of the singlet oxygen would be equally effective,?? although
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 «’-benzoyloxy enones when combined with fluoride-induced
hydrolysis of (136) and (137).14° However, success is restricted to acyclic ketones. Where cyclic dienol
ethers are employed, products derived from a-oxidation are obtained. 49

Me,Si0 Me,SiO_ OBz 0
LTB Et;NHF OBz
bcM OBz
54%

(136)
OSiMe, i, LTB, CHCl, 0o
- OB
PhM it, Et;NHY F Ph/\)J\/ z
137 78%

Finally, a radical-induced a’-hydroxylation has been achieved using anhydrous ¢-butyl hydroperoxide
in the presence of a copper(I) chloride catalyst at 50 °C in benzene,'*? but it is a relatively low yielding
process.

2.3.2.2.4 Via other derivatives

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.!3! 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 a’-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.!5! By the same token enamine and ketoxime substrates should be effective (see Section 2.3.2.1.5).

SiR3 SiR; o]
~ R _‘9_2__ 5\ R MCPBA R
R" RS0 0 R" | on
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,B-unsaturated vinylsilanes and sul-
fides using the previously described procedures would not be successful (Sections 2.3.2.1.5.iii and
2.3.2.1.5.iv). However a singlet oxygen cycloaddition process (cf. Section 2.3.2.2.3.ii), followed by
eliminative hydrolysis, could provide a usable, although lengthy, approach (Scheme 18).

23.23 a,B-Unsaturated Ketones: sp? 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 B-elimination of the initial nucleophilic component.!? Such
multistep processes will not be discussed here. However direct hydroxylation methods are scarce. Mo-
riarty has reported that o,8-unsaturated ketones are oxidized by phenyliodosyldiacetate at the a-site in
preference to the o’-position, e.g. (138) to (139),'5* although no yield has been indicated. There is no
available mechanistic rationale, although the intermediacy of the a,B-epoxide is precluded.

(o] (o]
PhI(OAc), HO

MeOH, KOH

(138) (139)

Clearly there is little precedence for this direcr procedure and the development of an efficient and re-
liable method is required.

2.3.2.4 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 B-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 for the a-hydroxylation of ketones using iodosylbenzene or its
diacetate has been extended for use with esters.!5¢ 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.3!® Neither of these
studies addressed the question of stereoselectivity.
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o

R—<{/0Me RYCOzH

HO - OH OH

R_ _CO,Me
R_COMe _— . Y
Ph/ ~ OAc \

MeO 0

R OMe R YCOZMe
OMe OMe

Scheme 19

(ii) Miscellaneous

A number of enol oxidations of B-keto esters utilizing, for example, peracid, singlet oxygen or the
peroxy ester reaction have been recorded (see Section 2.3.2.1.1.iv).

2.3.24.2 Via preformed enolate

(i) Molecular oxygen

Electrophilic consumption of the enolates of esters and lactones is the most widely used process 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.!5* 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,!’¢ oxidation at nontertiary centers by a similar procedure are
generally not useful. a-Hydroxylation of the extended enolates of enoate substrates, reducing with tin(II)
chloride, has also been demonstrated.!5”

BnO i, LDA, THF, BnO
-78t0 0 °C
J 7 OH
ii, O, THF,
RO o P(OEt), RO (o)

-718°C
89% 2:1 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.5? They appear to be better substrates than ketones, reacting at lower tempera-
tures and with generally greater efficiency. The use of lower temperatures suggests an ameliorating ef-
fect on stereoselectivity. An interesting example (141) to (142)!58 cites interaction of the enolate
counterion 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 (143).!5% 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.!% Thus exposure of the
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OH OH
i, LDA A
\/\cozst ! Y\cozsz .\ ﬁ/‘\cozl-::
CF, ii, MOOPH CF,3 CF,
75%
(141) 97:3
(142)

\5 i, Li base
/ THF, ~78 °C j OH
K T + o
D\ ii, MOOPH
0™ >0 70% 0™ "o 0 o

OTr OTr OTr

(143) 90% 10%
(i,0; 50% 50%)

potassium enolate of ester (144) to MoOPH at ca. —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 (E)- or (£)-
enolate. Basic hydrolysis of the diastereomeric products produces the enantiomeric a-hydroxy acids
without racemization.

S 2 KN(Me,Si
I O,Ph (Me, :)2 OH OH
N 8 KOBu . . H
SAr RO + RO
5 R \ﬂ/\ R
R THF, -50 to =30 °C
Y\ ’ MoOPH ° °
0 from 95:5
(144) Ar = 2,4,6-Me;CgH, o 99:1

(iii) 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 ester/lactone oxidations.

A comparative study,55 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.

/— (o] /— (o)
(o) (o)
OH
(o) o +
(o) o)
H

LDA/MoOPH 15% 75 : 25
LHMDS/
oxaziridine 62% 100 : 0
KHMDS/
oxaziridine 91% 100 : 0

Scheme 20
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A recent display of such potential may be seen in Corey’s excellent synthesis of (+)-Ginkgolide B.!6!
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.!S? The procedure appears to have drawn little attention despite its obvious effectiveness.

2.3.2.4.3 Viasilyl 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.!6? 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 B-protons the a-hydroperoxy
ester is readily obtained in good yield. In one case where 8-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.

(iii) Transition metal salts

a-Acetoxylation and a-benzoylation of esters and lactones via their ketene acetals may be achieved
using the appropriate lead(IV) salt.!** Thus good yields of the acyloxy lactones (146) were obtained after
fluoride treatment of the crude ‘ortho ester’ (¢f. 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 21).163 Chemi-

1 i, LTA, CH,Cl; 1
R ~15°Ctor.t. R "
RO R'O ’_
\% B \,(kom R*= O\g
s Bt
OSiMe; o)

55-67% SO.NR'
(>97:3) 7

R'= C5H|2 or Pri

Scheme 21
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; OSiMe
OSiMe 3 0]
0] 3 (0] o
\ Pb(OCOR), OCOR Et;NHF
CH,Cl; or PhH OCOR OCOR

R=Me 82% (146)
R=Ph 78%

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.

2.3.2.5 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, (NaHSO3),156 gives good yields of the required material.

B0 o i, LHMDS
- THF, 0 °C

N—Et(Bn)
ii, Oy, P(OEt)3
Ph 0°Ctor.t.
60%

(147)

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.!6¢ 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)*2 may be a suitable reagent for lactam enolate hydroxylation. This is
suggested by the oxidation of lactam (148).!67 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.

i, Bu'Li, THF, -78 °C
Me. O /. OH

Me S N S 0
N N N
ii, MoOPH

OSiBu'Me, 0SiBu'Me,

(148)

(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 diastereomer!%® after exposure of the lithio enolate of the lactam (149) to the oxidant at -78 °C.

i, LHMDS Ho'o.,

Lo w3
0=~ YCOBz 0=~ YCO,Bz
1‘3 oc ii, TosN(O)CHPh 1'3 oc
61%

(149) (150)

Futhermore the reagent has proven valuable for asymmetric hydroxylation of face-discriminating
amide and oxazolidinone enolates. Davis has shown!6 that oxidation of secondary centers via the enol-
ate derived from chiral pyrrolidinoamide (151a) provides the hydroxylated derivative in high yield (93—
96%) and with excellent diastereoselection in either direction. The equivalent processes with
methoxymethylpyrrolidine (151b) were of little value. This latter point contrasts with later studies con-
cerning similar oxidations at tertiary centers.!70 Utilizing the chiral oxaziridines (46a) and (46b) 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
\ \ 3
i, base, =78 °C to I.t.
R! 1 1
R!, ,OH + HO, ,R
N ii, oxaziridine N N
Ph —78°Ctord. Ph Ph
(0] (0] 0
(151) a:R=H;R!=H (R) (151a) (s)

b:R=Me;R!=H

(152) R=Me;R! =Me LDA/THF 96% 2:98

NaHMDS/THF 93% 96:4

Similar high levels of asymmetric induction using the oxazolidinone methodology developed by Evans
have been observed.!”! In contrast to Davis’ observations with amides!6%:!70 the sodium enolates were
preferred in these cases, allowing diastereomeric ratios in the range 90:10-99:1 to be realized (Scheme

22).
o o} i, NaHMDS o

o o
1 1 THF, -78 °C
R \/U\NJ\O or R \)LNJ\O RI%X
H ~J if, PhSO,N(O)CHPh oH
Ph R

; diastereomeric ratio
= Prt —_
R=Pr' or PhCH, 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.iii) involving a counterion dependent equilibrium.

(iv) Miscellaneous

Hydroxylation of face-differentiated oxazolidinone enolates (vide supra) has also been enacted using
dibenzoyl peroxydicarbonate as the electrophilic spouse.!7? 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 Viaenol form

Direct treatment of a free acid with thallium triacetate provides the a-acetoxy acids via intramolecular
reductive rearrangement of the derived thallium enolate.!’® 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.

2.3.2.6.2 Via preformed enolate dianion

A number of related procedures for this oxidation exist. Initially they were performed by bubbling air
through solutions of the enolate,'7 but were subsequently improved by using oxygen or ethereal solu-
tions of oxygen.!”> 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).

2.3.2.6.3 Via bis-silyl ketene acetals

(i} Peracid

These derivatives of carboxylic acids behave analogously to ester silyl ketene acetals (Section
2.3.2.4.3.1). Thus treatment with peracid in hexane followed by acidic work-up allows isolation of good
yields of the a-hydroxy acids.!76

(ii) Singlet oxygen

Bis-silyl ketene acetals devoid of B-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 «-silylperoxy silyl ester quantitatively.!”’ 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, 10 o)
Bu' —_ Bu'
\/\osuwa3 100% j/lkosm;a3
00SiMe,
MeOH
100%
0 0
Bu % o PyH; But \/U\ oH
100%
OH OOH

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.!”® Similarly
treatment of the silyl enol ethers with LTA in acetic acid containing potassium acetate effects the same
transformation.!”?

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),

2.3.3 HYDROXYLATION a TO C=N

2.3.3.1 Oxime Acetates and Nitrones

House has reported!® 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.
Me;d BF, /Q E;;N

o
/lk MeNO, Nt
0]

(153)
H;0' I
OAc i OA
0 _N

major product
50% (154)

An identical rearrangement can be arrived at through acylation of N-methyl nitrones, '8! conveniently
prepared from 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 158), allows the transformation to be carried out simply and efficiently.'®2 In this
case rearrangement produces a-acyloxyenimides, whose hydrolysis provides the keto equivalent.

. Me .+ O"
i, MeNHOH-HCI N i, RCOCl Q
[}
70 °C BN (0 OAc
ii, NH, if, H,0
- A HOAc n

= Byt
(155) R ?" }59% (156)
n=
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CgH,; CeHyy
i, ACCl. ACzo
tertiary b.
criaTy base AcO,,
o ii, H,0, heat
P 8h
N 72% o
(157) (158)

23.3.2 Ketoximes and Hydrazones

Oxygenation of the dianion of a ketoxime!#3.13 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,32 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.

o

H /U\’llr OBn
[M;@e Nm i, iv N2
N B3 /
R? 296% ee
iv,v
Rl

Z

(0]

/U\#(OAC

R2
89—2>96% ee

N]/
|
Rl )\ Rl « OH
R? R? \

i, LDA, THF, 0 °C; ii. oxaziridine; iii, NaH, BnCl; iv, O3 ; v, Ac;0, DMAP

Scheme 24

Enders and coworkers have shown that deprotonation of chiral SAMP/RAMP 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 diastereoselectivity.!85 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 (R? substitution alters the a-stereochemistry for aldehyde hydrazones). The process
clearly provides a valuable approach to both systems.
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24.1 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 1). 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.

RIS RIS
RR—5H—H —— RI——X )
R3 R?

Conventional oxidants are little used for bringing about the functionalization reactions encompassed
by equation (1), 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 a-
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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24.2 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).! 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
pn~ S~ COH PhSH + OHC-COH +  )—COMH )
o PhS
?
Ph._S._Ph —— Ph _SH + PhCHO &)
. OAc
S._COEt — @
Ph” 2 PhS /KCOZEt

Use of the Pummerer rearrangement 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 peroxide® and ¢-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
B-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.!?

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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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 form an ylide, which
rapidly eliminates an acetate ion to form 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
resuits 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 terms of both inter- and intra-
molecular mechanisms. For a much fuller account of mechanistic aspects of the rearrangement see the

0 Ac0 DAc PAc a0
s s+ — S+ ——
Me Me CH,
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+ AcO™ S ~~ OAc
S=CH,

Scheme 2
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analysis by Wolfe and his coworkers!! and the review by Russell and Mikol.!213 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 Pummerer 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
S CO,Et S CO,Et
N2 Ac,0, DCC Y 2
(10)
/O/ /©/ OAc
(0]
I +
( SR ( SR C > —R
X x) X

Scheme 3

24.3 THE PUMMERER REARRANGEMENT EXEMPLIFIED

24.3.1 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 requires
elevated temperatures, often at reflux for several hours. Acetic anhydride containing dicyclohexylcarbo-
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 Pummerer 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 B-keto or other acid strengthening sub-
stituent, e.g. entry 2, leads to functionalization of the methy] 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 8-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-(dimethylphosphoryl)methyl p-tolyl sulfide of 24% optical purity, a result used
as evidence for an acetoxy migration vig 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 (11) with acetic anhydride containing
p-toluenesulfonic acid yields a sulfenylated butanolide, the carboxylic acid function having intercepted
the a-thiocarbocation intermediate. Yet another demonstration of the intramolecular process, due to Al-
lenmark,%0 is the cyclization of o-carboxyphenyl benzyl sulfoxide with acetic anhydride to form the 1,3-
benzoxathian-4-one shown in equation (12). This reaction was also conducted with one of the
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enantiomers of the sulfoxide and asymmetry transfer to the extent of 11% was observed.>® 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

Ph .~ Acy0: p TS, PRV /[1 (11)
S CO.H 63% PhS o
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24.3.2 Pummerer Rearrangement with a-Alkylation and Arylation

Various kinds of a-alkyl and a-aryl substituted sulfides are accessible by Pummerer rearrangement
where the a-thiocarbocation 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-
agents.’2 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 m-route 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.?* 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%.3%
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 Mundill*¢ and that in
equation (19) due to Magnus and his coworkers, where the participating double bond is provided by the
indole system.3’
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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 form.3 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 B-keto variety,
thus ensuring regiospecificity in the point of cyclization. Equation (21) (formation of a six-membered
carbocycle),’ equation (22) (formation of a six-membered sulfur heterocycle),! equation (23) (forma-
tion of a six-membered nitrogen heterocycle)*® and equation (24) (formation of a seven-membered ni-
trogen, sulfur heterocycle)*? provide illustrations of the versatility of this form of intramolecular
aromatic alkylation.
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2.43.3 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 occurs.*? 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.* 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 B-lactam antibiotics. Keneko and his
coworkers have extended this study to include the enantioselective Pummerer cyclization of homochiral
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3-phenylsulfinylpropionamide to produce the sulfenylated B-lactam with 67% ee. In this case the re-
agents employed were trimethylsilyl triflate and diisopropylethylamine.*> An example of 8-lactam 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.*6 Equation (28) shows a variant of amide participation opera-
ting through the oxygen atom leading to the construction of a seven-membered heterocycle.
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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 nucleophile.’ 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 triflate indicated in 91% yield.?
Other tertiary amines which undergo this reaction include triethylamine and N,N-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 90% yield.
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24.3.4 Pummerer Rearrangement in Hydroxylic Solvents

Pummerer! and Smythe? 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 B-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;# 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 methoxide.® In another example addition of
cthanol to the formyl group leads intramolecularly to attack on the a-acetoxy group with formation of
the bridged product (equation 33).4° 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 thioacetal.’® 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 intermediate.52
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2.4.3.5 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 B-keto sulfoxides; methyl phenyl sulfoxide furnishes chloromethyl phenyl sulfide (equation 37).%3
Benzoyl chloride and acetyl chloride behave similarly.>® Cyanuric chloride is transformed into cyanuric
acid“bs); dimethyl sulfoxide, which in turn is transformed into methyl chloromethyl sulfide (equation
38).3%

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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gress to a stable neutral product, such as B-elimination. The reaction of cyclohexyl phenyl sulfoxide
(equation 39) with trifluoroacetic anhydride and triethylamine to form 1-phenylthiocyclohexene is an il-
lustrative example.’ B-Elimination is also the main pathway of the Pummerer rearrangements sum-
marized in equations (40) and (41). The reagents in these cases were trimethylsilyl chloride’ and
trifluoroacetic anhydride-lutidine,>” respectively. The Pummerer process shown in equation (42) culmi-
nates in a 8-proton elimination.’® 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’ rearrangement.>® A vinylogous Pummerer rearrangement has been observed in the reaction of the
vinyl sulfoxide shown in equation (44) with acetic anhydride.%
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This section concludes with a selection of reactions which are believed to follow the Pummerer 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 5:1 ratio.” 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 46)6! and of the sulfoxide shown
in equation (47).5! 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.52 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 rearrange-
ment involving sulfide participation and the formation of a dication intermediate has been proposed for
the a-acetoxylation process shown in equation (49).9
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A few examples of additive Pummerer rearrangements are known involving direct conversion of a,f-
unsaturated sulfoxides into a,B-disubstituted sulfides.51%4.655 Scheme 4 illustrates two general pathways
for such processes and specific examples of each are known. For example, alk-l-enyl phenyl sulfoxides



206 Oxidation of Activated C—H Bonds

on exposure to thionyl chloride at room temperature produce o,-dichlorosulfides in excellent yield via a
route which exemplifies pathway 1 of Scheme 4 (equation 50).5 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.®6 When the sulfoxide used in this sequence
was enantiomerically pure, the product was assessed as being 20% optically pure.

'.‘r
+
S Y. _SAr
g2 =
1l | i/ — —_—
~ /\ x\
w Ty R™ W0 RT W R™ W
1 Y
9
SAr
JI/ Ar
R Ar |
2 i ~e+ ArS
= —\ +S\ —_— /S o~ —_— °
W=x=0 J|/) 0 /E\/ : X=0
~_ i « . < R W
R W0 R™ W "0
Scheme 4
(|:|) Cl
SOCl
S. 2 P)
RN pn ~85-95% R/K(s " ©0
R =H, n-CgH,3, Ph a
o) c i SCgH,M o
H (29
§ o . N
——— —
@/ ~CeHaMe-p o . (51)
a’ a COMe

244 a-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 tetrachloride.”:$8 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).%° 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.”® The same combination of reagent and solvent has
been used to transform the isothiazolidine shown in equation (54) into the corresponding a-chlorosul-
fide.”! Bordwell and Pitt employed sulfuryl chloride in pentane or dichloromethane to prepare a-chloro-
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 B-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 sulfury! chloride (equations 56 and 57), where
only trace amounts of the normal products are obtained, the major products being 3,4-dihydro-2H-thiin
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and 2,3-dichlorothiolane, respectively.”? 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 thiolane.”?
Controlled introduction of two chlorine atoms at the a-position of alkyl phenyl sulfides has been
achieved using sulfuryl chloride—pyridine (1:1 molar ratio) in carbon tetrachloride at -5 °C.”*

Me” Me +  SOCL — MeeSNY 4+ HO o+ so, (52)

a
P s P+ SOCL  — Ph)\s/\l)h + HCl + SO, (53)

Ph_ Ph Ph_ Ph
o cl
% +  solh, —- oﬁ)g/ + HCl + SO,  (58)
N=§ N-S
But But’
pentane
"> Me + SOCh g3~ (55)
or CH,Cl,
R = alkyl, aryl
O + SO,Cl, -_— @ (56)
S S
a
L) + soc, — d\ (57
s s” ¢

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.”S 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 CCls 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 route 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 B-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, 3-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 chioride 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 alternative.®? 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 PhSMe PhSCH,Cl - 75
2 PhSEt PhSCHCIMe —_ 75
3 PhS(CH;)4Me PhSCHCIBu" >90 76
4 Me3SiO(CH,),SPh Me;SiOCH,CHCISPh >95 77
5 Me;Sn(CH,),SPh Me;Sn(CH;)3CHCISPh 100 78
6 PhS(CH;,)4SPh PhSCHCI(CH,),CHCISPh >65 79
e () _ "
S s7 a
S s ~a
o o
9 [j [j\ — 80
S s” ~a
a
SPh SPh
10 SPh SPh >62 79
a
\‘H
1 SC> 100 81
12 )k/\ >95 82
SPh
SPh
13 Q/ — 83
SPh C
SPh
14 o o 95 84
o 0Ny~ 0
o) o)
Bz, )J\ .Bz Bz. )J\ .Bz
N N N N
15 Z—ﬁ d 100 85
S S Cl
16  MeSCH,CO,Me MeSCHCICO;Me 78 86
17  PhSCH,SiMe; PhSCHCISiMe; 100 87
18  PhSCH,COCI PhSCHCICOCI 86 88
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Table2 (continued)
Entry Substrate Product Yield (%) Ref.

(o] (o]
Cl
Me\N/U\/SMe Me\N/U\J/SMe
F F

OMe OMe
.Me .Me
N N
20 (Ko O)\( SPh 100 920
_N.__ SPh _N. Cl
Boc Boc H
Cl
0]
>< SPh 0 SPh
21 o M —_ 90
COMe 07> co,Me
Cl
MeO MeO
N SPh N SPh
22 o) o) — 91
(0] SlMes (0] SlMe3
Ts Ts
N N
{1 ) {IT )
23 S S —_ 92
CO,Et Cl CO,Et
SPh
_ SPh
24 {I_ Cl — 93
\O
(0]

25 <::> <::>—Cl - 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 R! = alkyl, Chloreal produced a much faster reaction at room temperature than did
NCS.®? Furthermore, chlorination of primary allylic phenyl sulfides (equation 59; R! = H) was also signi-
ficantly faster with Chloreal than with NCS. Thus, phenyl crotyl sulfide (equation 59; R! = H, R2 = 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 (E)-isomer in the product was greater with NCS.83 Chloreal has also
been used by Cohen to prepare the cyclopropyl chlorosulfide shown in equation (58).9

a
o _N__O
ASPh ¥ T \lf - /A(SPh (58)
a” \ﬂ/ ~cl a
0
a
R! 0. _N_ _O Rl a

PhS R2 9

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.” 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(s) 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.

IPLNGS oo SR
_ +
—HX Cl cr
A
cl -HX Cl a
S R X 7 ! . _S R
R™ _S._R SR T s R T R
cn T eon — £ Y
X \
R s+ Rt ox
0
(Ncs:x=N;>;sozc12:x=C1)
0

Scheme 5 Mechanisms of chlorination by NCS and SO,Cl;

The work of Tuleen and Stevens on the regioselectivity of chlorination of a series of unsymmetrically
substituted dialkyl sulfides with NCS provides clues to the directive effects implicit in the mechanisms
encompassed by Scheme 5.9 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.”® Secondly, chlorination of benzyl ethyl sulfide (3) and
benzyl isopropy] 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 p-chloro 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 (5)—(8) 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.

33R=H)
2.1 (R = Me)
only 5-16 S6R=CD
O/\ s~ @/\ s~ /@A s J\
R
2 3) C)]
20 50 25 79
s eN 87 coMe ~s7a J\s/\a
6)) (6) )] ®
34 37 10 24
S l N S l
NN Ny NS - Y \]/
(&) 10) an (12)
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 (9)—(12) of which (11), with a 10:1 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 < ethyl = n-propyl < isopropyl, which is also the order expected if in the
course of the reaction the a-carbon atom assumes some degree of carbocation character in the transition
state for a-hydrogen atom abstraction. This is consistent with pathway A in Scheme S 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.®’ 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 4:1 when the chlorinating agent is sulfuryl chloride.”® On the other hand, NCS
chlorination of the symmetrical bis-sulfide series in equation (61) produces symmetrical 1,X-dichlorides
rather than geminal dichlorides.”

> ook
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Cl q

PhS )\V).)\sm (61)

Phs” T, Nsph + 2NCS

n=0,1and2

Tuleen and Stephens noted a regioselectivity difference during the chlorination of ethyl methy! 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, carbocation 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 ¢-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 chloridle 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 shouid
be facilitated by the release of a relatively stable carbocation, in this case -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.

Cl
t NCs t
Ph/\ s’ Bu —_— Ph)\ s’ Bu (62)
t SOzClz
PR S Bu Ph” S S+ pua (63)

24.4.1 Miscellaneous Routes to a-Chloro Sulfides

Although this chapter is devoted primarily to methods of functionalizing 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.%% 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.!%

PhSH + CH0 + HCl —— g5 (64)

s
PSH + ~oCHO o oo —— Y\ (65)
a

a a
2 Ph/ks Ph” S
+ NCS — +
(66)
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Ph S Cl
CHO ~

Ph” O SH + + HCl —— 6N
Cl
SH Ph)\s

PhCHO + + HCl —— (68)

Yet another route to a-chlorosulfides 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).!01.102 This
route, which features the simultaneous introduction of both chlorine and sulfur moieties, is particularly
useful when one wishes to place the chlorosulfide unit adjacent to the carbony! group of a ketone in a re-
giospecific manner. Since terminal a-diazo 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 (70).!%3 The process is also applicable to
a-diazo esters (equation 71) and 2-diazo-1,3-dicarbonyl compounds (equation 72).192 Dimedone can be
com"&rted directly into an a-chlorosulfide without prior activation via the diazo intermediate (equation
73).

o) o)
H SPh
Ph)\n/ + PhSCl — Ph/“\( (69)
N, cl
o) o)
N SPh
2+
PhSCI v al (70)
n n
n=1,2,3and 4
o) o)
/\O)Hrﬂ + PhSCl — /\OJKr SPh ™)
N, cl

O O O O
)\ﬂ/k + PhSCl -—— /\Sej\ (72)
Cl" SPh
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O O

SMe
+ MeSCl

(73)
Cl

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.!% 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]
2
Rl )j\/ R
Rl
R! Ph
2

3 X/ R? R3S )\/ R
RS viii
R? N e
vil

R!
) i RS _ ClI , vi \
RS R! R RN R
(o) R4 iii v\\
R _ R! o l RL_ MgCl
2 2
Et0,C R R3S >§/ R

R, X
2
Et0,C RSSX/R
X = OR?, OCOR?, SR*

i, aromatic alkylation; ii, enol ether alkylation; iii, active methylene alkylation;
iv, alcohol, thiol, carboxylate; v, Grignard formation; vi, Ramberg-Bicklund rearrangement;
vii, eliminate HCI; viii, hydrolysis

Scheme 7 Summary of a-chlorosulfide uses

a-Chlorosulfides 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-Bicklund synthesis. a-Chlorosulfides
form and couple with Grignard reagents. Elimination of hydrogen chloride provides access to vinyl sul-
fides and thiocarbenoids. a-Chlorosulfides 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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