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I. INTRODUCTION

The two main reduction modes of «, f-unsaturated aldehydes and ketones involve formal
hydride attack at either the C-1 or C-3 of the enone system, leading to allylic alcohol
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or saturated carbonyl compound, respectively. It has been suggested that the relative
importance of these paths depends on the relative ‘hardness’ or ‘softness’ of the substrate,
defined in terms of coefficients of the lowest unoccupied molecular orbital (LUMO) (vide
infra). While the 1,2 addition is considered to be a more charge-controlled process, 1,4
addition is a frontier-orbital controlled process.

In addition to these two reduction modes, which involve formal addition of a single
hydrogen molecule to the substrate, it is also possible to add two hydrogen molecules,
yielding the corresponding saturated alcohol. Alternatively, formal addition of two
molecules of hydrogen may completely deoxygenate the substrate, giving the unsaturated
hydrocarbon. Finally, total reduction with three hydrogen molecules would provide the
saturated hydrocarbon.

The synthetic application of a given reduction method should be considered primarily
in terms of its regioselectivity, stereochemical control and chemoselectivity. Regio-
selectivity refers mainly to selection between the 1,4- and 1,2-reduction modes.
Stereochemical control refers to the relative and absolute configuration of the newly
formed sp? centers at positions 1, 2 or 3 of the enone system. Chemoselectivity refers to the
opportunity of selectively reducing the desired functionality in a complex molecule
containing other easily reducible functional groups. Other important factors, particularly
for reactions to be carried out in large scale, are the availability and cost of the given
reducing system as well as convenience and simplicity of the procedures.

Available methods for reduction of carbonyl functionalities and, in particular,
a, B-unsaturated ones may be divided conveniently into four classes, based on historic
considerations. The earliest procedures, extensively used prior to the discovery of catalytic
hydrogenation and metal hydride reductions, employed dissolving metals. In the broader
sense, more recent developments, such as reduction with low-valent transition-metal
compounds and electrochemical processes, may also be included in this category as they
all proceed, in the mechanistic sense, via sequential addition of electrons and protons
to the substrate molecule.

Catalytic hydrogenation may be regarded as the second generation of reducing systems.
Indeed, both heterogeneous and homogeneous catalytic hydrogenation replaced many
of the earlier dissolving metal techniques, although the latter are still used due to selectivity
characteristics or convenience.

The discovery of metal hydrides and complex metal hydrides, particularly those of
boron and aluminum in the early 1940s, have revolutionized the reduction of organic
functional groups. These reagents may be regarded as the third generation of reducing
systems. Extensive studies over the past fifty years have led to a broad variety of hydridic
reagents whose reducing power and selectivity are controlled by appropriate modification
of the ligands in the metal coordination sphere'. Hydridic reagents today include other
main-group metal hydrides, such as silicon and tin derivatives, as well as a variety of
transition-metal hydrides that are employed in stoichiometric quantities, such as the
iron, copper, chromium and cobalt compounds.

The advent of organo-transition-metal chemistry within the past thirty years has
generated a plethora of novel synthetic methods that provide new opportunities for
selective reduction. Composite reducing systems comprised of a transition-metal catalyst
and a relatively nonreactive hydride donor represent the fourth generation of
reductants. The generally high selectivities provided by such systems arise from two main
facts: (a) specific interaction between the transition-metal catalyst and the substrate
functionality, and (b) selective, facile hydride transfer from the hydride-donor to the
transition metal, and hence to the substrate. Many of the transfer-hydrogenation methods
may be included within this fourth category as well. Therefore, although in many respects
several transfer-hydrogenation techniques resemble regular catalytic hydrogenations,
they are discussed in Section VI that deals with composite reducing systems.
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Il. ELECTRON-TRANSFER REDUCTIONS

A. Dissolving-metal Reductions

A variety of organic functional groups are reduced by active metal either in the presence
of a proton donor,or followed by treatment with a proton donor. This approach is one
of the earliest reduction procedures in organic chemistry. Although its importance has
decreased with the development of catalytic hydrogenation and metal hydride reduction,
there remain a substantial number of dissolving metal reductions still in use due to their
advantageous selectivity of reduction. Dissolving metal reductions of a, f-unsaturated
carbonyl compounds have been discussed in several review articles®~'°.

Metals commonly utilized include the alkali metals, mainly lithium, sodium and
potassium, and also calcium, zinc, magnesium, tin and iron. Alkali metals and calcium
have been used in liquid ammonia'®, in low-molecular-weight aliphatic amines’!, in
hexamethylphosphoramide!?, in ether or in THF containing crown ethers'>*, or in very
dilute solutions in polyethers such as 1,2-dimethoxyethane (DME)!!*132% Reactions
with metal solutions in liquid ammonia often use a cosolvent, such as ether, THF or
DME, to increase solubility of the organic substrate in the reaction mixture. These same
metals as well as zinc and magnesium have also been used as suspensions in various
solvents including ether, toluene, xylene, etc. In all procedures a proton source (frequently
ethanol, isopropanol, t-butanol or even water) is provided in the reaction medium, or
together with the substrate, or during the workup procedure.

Sodium amalgam, aluminum amalgam, zinc, zinc amalgam, tin and iron have been
added directly to solutions of the substrate in hydroxylic solvents such as ethanol,
isopropanol, butanol, isoamyl alcohol, acetic acid, water or aqueous mineral acid. With
hydroxylic solvents, and especially with relatively acidic ones, metal amalgams are often
used rather than free metals to minimize the release of hydrogen gas side-product.

The dissolving-metal reductions are better classified as ‘internal’ electrolytic reductions
in which an electron is transferred from the metal surface (or from the metal in solution)
to the substrate. Reduction with low-valent metal ions may also be included in this
general class (vide infra).

The generally accepted mechanism for dissolving-metal reduction of enones (Scheme 1)!°
involves reversible addition of an electron to a vacant orbital of the substrate (S), yielding
a radical anion (S7°). The latter can be protonated to give a neutral radical, which may
either dimerize or accept another electron and a proton. Alternatively, stepwise or
simultaneous reversible addition of two electrons to S can give a dianion capable of
accepting two protons. The sequence and timing of these steps should depend upon the
substrate, the homogeneity and reduction potential of the medium, and the presence and
nature of proton donors in the medium, among other factors.
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The stereochemistry of reduction has been extensively studied. Metal-ammonia
reduction of steroid and terpenoid enones with a f carbon at the fusion of two
six-membered rings leads, in general, to the thermodynamically more stable isomer at
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that position'®. Stork has formulated a more general rule, namely that the product will
be the more stable of the two isomers having the newly introduced f-hydrogen axial to
the ketone ring'®. This rule has correctly predicted the stereochemical outcome of many
metal-ammonia reductions, with very few exceptions. The rule is rationalized in terms
of stereoelectronic effects in the transition state (either the radical anion or the dianion
stage). For example, in reduction of octalones of the type shown in Scheme 2, only two (A
and B) of three possible anionic transition states involving a half-chair conformation of the
enone-containing ring would be allowed stereochemically!>.
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SCHEME 2

In these two conformers the orbital of the developing C—H bond overlaps with the
remainder of the n-system of the enolate. The alternative conformer C is not allowed
because it does not fulfill the overlap requirement. The trans transition-state A is generally
more stable than the cis B, and the trans-2-decalone reduction product would be obtained,
despite the fact that the cis isomer having a conformation related to C should be more
stable when R? and/or R are larger than a hydrogen atom. This rule of ‘axial protonation’
has been found to be widely applicable to metal-ammonia reductions of octalones, steroids
and other fused-ring systems. Representative examples are given in Scheme 33718,

Generally, the conditions employed in the workup of metal-ammonia reductions lead to
products having the more stable configuration at the a-carbon atom, but products having
the less stable configuration at this center have been obtained by kinetic protonation of
enolate intermediates!®2°. A more detailed discussion of stereochemistry in metal-
ammonia reduction of «, f-unsaturated carbonyl compounds is given in Reference 10.

Scope and limitations. Before the introduction of metal-ammonia solutions for the
reduction of «, §-unsaturated carbonyl compounds!®, sodium, sodium amalgam or zinc in
protic media were most commonly employed for this purpose. Some early examples of
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their use include the conversion of carvone to dihydrocarvone with zinc in acid or alkaline
medium?!, and of cholest-4-en-3-one to cholestanone with sodium in alcohol??+23,
Reductions using these earlier methods may be complicated by a variety of side-reactions,
such as over-reduction, dimerization, skeletal rearrangements, acid- or base-catalyzed
isomerizations and aldol condensations, most of which can be significantly minimized by
metal-ammonia reduction.

Ketones ranging from simple acyclic varieties to complex polycyclic ones such as
steroids, terpenoids and alkaloids have been reduced to saturated ketones, usually in good
yield, by metal solutions, mainly in liquid ammonia. A few examples are given in
Scheme 41924726 The reduction is applicable to compounds with any degree of
substitution on the double bond. Although only two equivalents of these metals are
required for the conversion of an enone to a saturated ketone, it is often convenient to
employ the metal in excess. Proton donors are often employed to prevent competing side-
reactions, such as dimerization. The presence of proton donors in the medium may lead to
the conversion of an «, f-unsaturated ketone to the saturated alcohol. Obviously, at least
four equivalents of metal must be present for that type of reduction to take place.

Alcohols, such as methanol and ethanol, lead to the sole formation of saturated alcohols
from unsaturated ketones when the former are present in excess during the reduction.
Mixtures of ketone and alcohol are generally formed when one equivalent of these proton
donors is employed?”. These alcohols have acidity comparable to that of saturated
ketones, and when they are present, equilibrium can be established between the initially
formed metal enolate and the saturated ketone. The latter is then reduced to the saturated
alcohol. Such reductions generally do not occur to a very significant extent when one
equivalent of t-butanol?® or some less acidic proton donor, such as triphenylcarbinol?’, is
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SCHEME 4

employed. The acidity of the ketone involved as well as the solubility of the metal enolate
in the reaction medium are of importance in determining whether alcohols are formed.

Even though the reaction conditions may lead to formation of the metal enolate in high
yield, further reduction may occur during the quenching step of the reaction. Alcohols
such as methanol and ethanol convert metal enolates to saturated ketones much faster
than they react with metals in ammonia2®-3%, and quenching of reduction mixtures with
these alcohols will usually lead to partial or complete conversion to alcoholic product
rather than the saturated ketone. Rapid addition of excess solid ammonium chloride is the
commonly employed quench procedure if ketonic products are desired®!.

To prevent alcohol formation, other reagents that destroy solvated electrons before
reaction mixture neutralization may be employed. These include sodium benzoate>2, ferric
nitrate3-34, sodium nitrite3>, bromobenzene?*®, sodium bromate?’, 1, 2-dibromoethane?,
and acetone!?,

Reduction-alkylation. The versatility of metal-ammonia reduction was considerably
advanced by the discovery that the lithium enolates of unsymmetrical ketones generated
during reduction can undergo C-alkylation with alkyl halides and carbonation with
carbon dioxide38-3%, These enolate trapping reactions allow regiospecific introduction of
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groups at the carbon atoms of unsymmetrical ketones via the appropriate enone
precursors. This procedure has been widely employed for ketones of a variety of structural
types?®:38~44 The procedure usually involves generation of a specific lithium enolate of an
unsymmetrical ketone by reduction of the corresponding «, f-unsaturated ketone with
two equivalents of lithium in liquid ammonia that contains no proton donor or just a
single equivalent of alcohol. This enolate is then reacted with excess alkylating agent
(Scheme 5).

0 OLi 0
2Li/NHg H RX H
—_— —_—
X 1¢9.ROH =~
R
SCHEME 5

This reduction-alkylation sequence has been extensively used in the total synthesis of
natural products. The two transformations shown in Scheme 6 represent key steps in the
synthesis of d, l-progesterone*® and lupeol®®.

1. Li/NHy,E40
2. Mel

A Y
d, /- progesterone

OH

1. Li/NHg,Et,0 K\
Br g |
2. NS o

SCHEME 6

If the ammonia is removed and replaced by anhydrous ether, the intermediate lithium
enolate can be converted to f-keto ester by carbonation, followed by acidification and
treatment with diazomethane, as illustrated in Scheme 747.

Dimerization processes. Because of the intermediacy of radical anions and/or hydroxy-
allyl free radicals in dissolving-metal reductions of enones, dimerization processes
involving these species may compete with simple reduction. Scheme 8 shows the three
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types of dimers that may be produced. 1, 6-Diketones may be formed from coupling of the
two radical anions at their f-positions; unsaturated pinacols are produced if coupling
occurs at the carbonyl carbon atoms; and unsaturated y-hydroxy ketones are produced by
nonsymmetrical coupling of the f-carbon of one radical anion and the carbonyl carbon of

a second such intermediate.
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SCHEME 8

J

The dimerization products shown in Scheme 8 are generally the major ones obtained in
electrochemical reductions*® 3! (vide infra) or reductions at metal surfaces*®32, in which
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radical anion intermediates must diffuse to a surface before further electron transfer can
occur. In metal-ammonia solutions, however, simple reduction is generally favored over
dimerization. These solutions provide high concentrations of available electrons, favoring
the probability of the radical ion or hydroxyallyl radical to accept a second electron.

Olefin synthesis. Appropriate quenching of a reductively formed lithium enolate with a
carboxylic acid anhydride3334, chloride®, methyl chloroformate®® or diethyl phos-
phorochloridate yields the corresponding enol esters, enol carbonates or enol phosphates.
These derivatives may be transformed into specific olefins via reductive cleavage of the
vinyl oxygen function®’, as illustrated by the example in Scheme 9.

[\ [\

0 0
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>
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SCHEME 9

Intramolecular reactions. Dissolving-metal reduction of unsaturated ketones involve
intermediates with carbanionic character at the S-position. Therefore, intramolecular
displacements, additions and eliminations may occur during the reduction of polyfunc-
tional enones. Many «, f-unsaturated carbonyl compounds have structural features which
allow such intramolecular reactions. The examples given in Scheme 10 include intra-
molecular substitution of a tosylate leaving group®®, addition to ketone to form
cyclopropanol®®, and elimination of an acetate group to give the unconjugated enone®®°.

OTs
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2.NH,C! T
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o OH
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2.NH,Ct
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2.NH,CI "
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SCHEME 10
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The examples given in Scheme 11 include synthesis of a perhydroindanedione skeleton
via intramolecular addition to an ester group®!, a related formation of a stable steroidal
hemiacetal®?, and lithium-ammonia conversion of a bicyclic unsaturated triester into a
tricyclic keto diester®3,

m o
—_  »
0,Et
0 2 )

Li/NHy

COEt

SCHEME 11

o, f-Unsaturated ketones with leaving groups at the y-position normally undergo
reductive elimination with metals in ammonia to give metal dienolates as an initial
product (Scheme 12).

0 M
AN 2¢”,2M 7 “ NHaCl -~
X ~-MX
RO~
ROH
Q

SCHEME 12
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Quenching these enolates with ammonium chloride allows the isolation of the B, -
unsaturated ketone. The latter can isomerize under basic conditions to the conjugated
enone. Such processes have been reported with a broad variety of leaving groups, such as
hydroxide anion®*¢° alkoxide®®, and acetate®®, as well as during fission of a lactone®”~6°
or an epoxide ring’®. An example involving elimination of hydroxide ion from
solidagenone®® is shown in Scheme 13.

1. Li/NHg, Et0
2. NHaCI

v

solidagenone

SCHEME 13

o, -Unsaturated carbonyl compounds having a leaving group at the f position react
with dissolving metals to give metal enolates, which may undergo elimination to yield new

o, B-unsaturated carbonyl compounds that are susceptible to further reduction
(Scheme 14)*3:71777,

AM e A e I
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SCHEME 14

For example, B-alkoxy-u, f-unsaturated esters’>’> and acids’® have been found to
undergo double reduction. This procedure was used as a key step in the total synthesis of
eremophilane sesquiterpenes (Scheme 15)72.

OMe
»

EtO2C. EtO2C
1.Li/NHy, E1;0

—-33°C, 12 min
2. NH4Cl,—70 °C

SCHEME 15
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Both linear and cross-conjugated dienones are reduced by solutions of metals in liquid
ammonia. For example, steroidal 4, 6-dien-3-ones (Scheme 16) and related compounds are
reduced initially to 3, 5-dienolates**7°~86, While addition of ammonium chloride to the
latter leads to formation of the nonconjugated 5-en-3-one system®3, addition of proton
donors such as ethanol or water initiates isomerization leading to the more stable,
conjugated 4-en-3-one skeleton®%-8', Treatment of the dienolate with excess methyl iodide
rather than a proton donor gives the 4,4-dimethyl-5-en-3-one*487.
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SCHEME 16

Linearly conjugated dienones may be completely reduced to saturated alcohols using
excess lithium in liquid ammonia®®, In variously substituted dienones, the less substituted
double bond is often selectively reduced under these conditions. For example, treatment of
steroidal 14, 16-dien-20-one with lithium in liquid ammonia (with or without propanol)
leads mainly to reduction of the 16, 17 double bond (Scheme 17)8%-9°, Accordingly, the less
substituted double bond of cross-conjugated steroidal dienones*#4-°1-°2 santonin or
related substrates is selectively reduced under these conditions (Scheme 17)67769:93,

Chemoselectivity. Although a host of organic functionalities are reduced by dissolving
metals?3-3~7% it is often possible to reduce double bonds of «, f-unsaturated carbonyl
systems without affecting other reducible groups. Internal, isolated olefins are normally
stable to metal-ammonia solutions unless they have very low-lying antibonding orbitals®*
or special structural features that stabilize radical anion intermediates®®. However,
terminal olefins may be reduced by dissolving metals®s. Mono- and polycyclic aromatic
compounds undergo reduction with dissolving metals in liquid ammonia (Birch reduc-
tion)2+3:3:8:97.98 byt these reactions are generally slow unless proton donors are added. It
is therefore possible to reduce a, f-unsaturated ketones selectively in the presence of
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aromatic rings®° 7192, Selective reduction preserving a reducible indole ring is illustrated in
Scheme 18193,

1. Li/NHg, THF
2.Hg0"

° CoH

Santonin

SCHEME 17

1. Li/NHg

THF, 2min ~

—_—
2. PhBr oCH

3. HgO

47% 25%

SCHEME 18

Ethynyl carbinols are reduced to allyl alcohols and eventually to olefins with metal-
ammonia solutions containing proton donors'®*, However, by excluding proton donors,
selective reduction of conjugated enones has been carried out despite the presence of
ethynyl carbinol groups3#197107 Similarly, selective reduction of conjugated enones
containing allylic alcohols has also been achieved3*1°519” Carbon-halogen bonds of
alkyl and vinyl halides are readily cleaved by metals in ammonia’'®°. Yet, as shown in
Scheme 19, fluoride substituent may be retained by limiting reaction times®? and a rather
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sensitive vinyl chloride functionality is preserved by using an inverse addition
technique!' 8,

1. Li/NH3, THF
-40to ~60°C 1.5 min

2. NH,CI
Li/Nlig !
‘inverse addition’ j
H \\T;;>\,/)
Cl
0 H
M
-~ normal addition
o] )
“ | N
W

SCHEME 19

Scheme 20 presents a number of enone-containing compounds that bear additional
reducible functionalities, all of which were chemoselectively reduced at the enone site. For

CgHi7

CO,Et

SCHEME 20
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example, the C—S bond of many thioethers and thioketals are readily cleaved by
dissolving metals3-8-2-19%_ Yet, there are examples of conjugate reduction of enones in the
presence of a thioalkyl ether group!©%-119, Selective enone reduction in the presence of a
reducible nitrile group was illustrated with another steroidal enone''!. While carboxylic
acids, because of salt formation, are not reduced by dissolving metals, esters'!? and
amides?® are easily reduced to saturated alcohols and aldehydes or alcohols, respectively.
However, metal-ammonia reduction of enones is faster than that of either esters or amides.
This allows selective enone reduction in the presence of esters!!® and amides36-114-115
using short reaction times and limited amounts of lithium in ammonia.

B. Reduction with Low-valent Transition Metals

Low-valent species of early transition metals, such as chromium(II)! 'S, titanium(II),
titanium(I1T)' 7, vanadium, molybdenum and tungsten, are useful reducing agents'!8,
Electron-deficient olefins and acetylenes are easily reduced by chromium(Il) sulfate, Z-
alkenes being more rapidly reduced than the corresponding E-isomers!!®. Titanium(III)
species are weaker reducing agents, exhibiting higher chemoselectivity!2°,

Several steroid enediones have been reduced by chromium(II) chloride!?!. Interestingly,
reduction of cholest-4-ene-3, 6-dione yields a different product than that obtained by
titanium(ITI) reduction of the identical substrate (Scheme 21)!2°¢,

™
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CrClg
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TiClg
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86 %
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acetone
reflux 3 h

SCHEME 21
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Solutions of chromium-bis(ethylenediamine)diacetate complex in methanol are capable
of reducing simple a, f-unsaturated ketones to the corresponding saturated ketones.
Useful yields are obtained, provided a proton donor (AcOH) and a good hydrogen donor
(BuSH) are present in the reaction mixture (Scheme 22)!22.

Q 0
NH
= e e
Cr(OAc)a(en), en=HzN
MeOH, BuSH
room temp., 24 h

79%

H H
Cr(OAc)a(en)y
MeOH , BuSH +
Y room temp., 2 h o ) (o)
H H
57 % 1Y%

SCHEME 22

Reductive dimerization of a, f-unsaturated ketones is effected by either Cr(IT) or V(I1)
chloride to give 1,4-diketones, and aliphatic «, f-unsaturated aldehydes are dimerized to
the allylic glycals (Scheme 23)!23. Interestingly, nonconjugated aldehydes are stable
towards these reagents. Similar pinacolic couplings of aldehydes and ketones with Ti(IT)
reagents were developed by Corey'?,

R OH
=
G ¢
" N

OH

SCHEME 23

Highly reactive metallic titanium, prepared from TiCl, and potassium, was found useful
for reduction of enol phosphate to alkenes, permitting regioselective synthesis of dienes
from w, B-unsaturated ketones (Scheme 24)!23,

o O

. .
ﬂ Ti powder
(o] (EfO)zPO

S0 %
SCHEME 24
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C. Electrochemical Reductions

The electrochemical reduction of a, f-unsaturated ketones and related compounds® in
aprotic media in the absence of metal cations can, in some cases, lead to relatively stable
anion radicals'2>'2¢, However, in the presence of proton donors the latter are protonated
to form hydroxyallyl radicals, which tend to dimerize more rapidly than they diffuse back
to the electrode to undergo further reduction (Scheme 25)!2¢,

0 Hg cathode
~ =

PO
Pr.N*CIO,

DMF
Hz20
DMF

o[o
¢

60 % racemic
SCHEME 25

Although these allyl radicals prefer to dimerize by coupling at the S-position, if this
position is sterically hindered, as in the case of cholest-4-en-3-one, coupling at the carbonyl
carbon may be observed yielding a pinacol (Scheme 26)'?7.

CoHy7

Hg cathode

AcONo/EtOH

e oty
AT

OH OH

42—51%
SCHEME 26
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As noted above, such reductive dimerizations have been recorded when unsaturated
carbonyl compounds are reacted with various metals, such as lithium, sodium, sodium
amalgam, potassium, aluminum amalgam, zinc or magnesium'2%!2° Formation of
monomeric reduction products is impeded in these reactions because the intermediate
allylic radical must diffuse back to the electrode surface or metal particle for further
reduction. A possible solution to this problem might be concurrent electrochemical
generation of a soluble reducing agent that can intercept radical intermediates before their
dimerization. For example, solutions of magnesium in liquid ammonia can be generated
electrochemically!3°°. Similarly, tertiary amine salts, such as yohimbine hydrochloride,
can participate in the electrochemical reduction of enones (Scheme 27)'3%*%, via
concurrent reduction of the amine to a radical which transfers a hydrogen atom to the
intermediate allyl radical.

1) 0 Hg cathode 0 0 o o]
-1.8vV +
2 Sodium citrote
Hz20, MeOH
pH 5—6 @
0 0
+ —_
with R3NH Ci 57 % 42°%
+
without RaNH CI™— 4% 93%
SCHEME 27

Reductive dimerization of enones to form a new carbon—carbon bond at the #-position,
known as hydrodimerization or electrohydrodimerization, has considerable synthetic
utility’3*. For example, high yields of cyclic products are achieved when cyclization is
kinetically favorable, leading to three- to six-membered rings from the corresponding
unsaturated diesters (Scheme 28)!319,

Hg cathode
-21V
S TNONCOREE  Erent oTe COzEt " NCOoE
(CH2)» — 2 .(CHa), + (CHp),
N C02E!  CHaCH, K0 COLEt N -COEY
n=2 1% a8,
3 100% —
4 90% —
6 — a3%
8 — 50 %
SCHEME 28

The product ratio in electrochemical reduction of benzalacetone is significantly altered
by surfactants and various cations, which cause micellar and/or ion-pairing effects. Using
these additives, it is possible to control the partitioning of the initially formed radical anion
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between the two main reaction pathways: either dimerization or further reduction to the
saturated ketone!32. Additionally, micellar surfactants allow the use of aqueous media
without cosolvents.

Ill. CATALYTIC HYDROGENATION

Addition of molecular hydrogen to «, f-unsaturated carbonyl compounds has been
extensively reviewed3-!33713% Enones can be converted to saturated ketones or to
unsaturated or saturated alcohols. Usually, double bonds conjugated to the carbonyl
moiety are reduced prior to nonconjugated ones. 1,2-Reduction to allylic alcohols via
catalytic hydrogenation is quite rare, and this transformation is more conveniently
performed with hydridic reducing agents, such as boron- and aluminum-hydrides (vide
infra). Nevertheless, there are a number of reported cases where 1, 2-reduction is preferred
over 1,4-selectivity. Citronellal, for example, is reduced preferentially at the carbonyl
function using nickel on silica-gel as a catalyst, while hydrogenation catalyzed by
Pd/BaSO, yields the corresponding saturated aldehyde!®®. Reduction to the saturated
alcohol is achieved by catalytic hydrogenatlon over nickel!3?, copper chromite!38, or
nickel-aluminum alloy in NaQH*'3?,

Enones are reduced to saturated ketones by catalytic hydrogenation, provided the
reaction is stopped following the absorption of 1 mole of hydrogen'*°. A number of
catalysts were found useful for this, including platinum'4!, platinum oxide!#?143,
Pt/C140 Pd/C!40-144 Rh/C'4°, tris(triphenylphosphine)rhodium chloride!#%146, nickel-
aluminum alloy in 10% aqueous NaOH!4’, and zinc-reduced nickel in an aqueous
medium!*®. Mesityl oxide is formed from acetone and reduced in a single pot to methyl
isobutyl ketone using a bifunctional catalyst comprised of palladium and zirconium
phosphate (Scheme 29)!4°,

[0}
_HzO /UJ\ Ha (10 atm) /I\/U\
2 Pd/ZrPOo
110 °C

SCHEME 29

Both the ease and the stereochemical course of hydrogenation of «, f-unsaturated
ketones are strongly influenced by various factors, particularly the nature of the solvent
and the acidity or basicity of the reaction mixture. It is usually difficult to predict the
product distribution in a particular reaction under a given set of conditions. Some efforts
have been made to rationalize the effect of the various parameters on the relative
proportions of 1,2- to 1,4-addition, as well as on the stereochemistry of reduction'S°.

For example, the product distribution in f-octalone hydrogenation in neutral media is
related to the polarity of the solvent if the solvents are divided into aprotic and protic
groups. The relative amount of cis-f-decalone decreases steadily with decreasing dielectric
constant in aprotic solvents, and increases with dielectric constant in protic solvents, as
exemplified in Scheme 30 (dielectric constants of the solvents are indicated in paren-
theses)'3!. Similar results were observed in the hydrogenation of cholestenone and on
testosterone!32, In polar aprotic solvents 1,4-addition predominates, whereas in a
nonpolar aprotic solvent hydrogenation occurs mainly in the 1,2-addition mode.

Acids and bases have a crucial effect on product stereochemistry in hydrogenation of
ring-fused enone systems, as illustrated in Scheme 31133,
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H H
m e /l/\//\iij /[/i\/b
+
0 d o ;
H H

DMF (38) 79 . 21
AcOQE? (6) 57 . 43
diethyl ether (4.34) 58 : 42
hexane (1.89) 48 | 52
methanol (33.6) 4 [ 59
propanol (21.8) 68 | 32
f-butanol (10.9) 91 9
SCHEME 30
H H
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EtOH,H20, HCI 93 | 7
EtOH, KOH 35—50 | 65—50
SCHEME 31

The increased amounts of trans-fused product obtained in basic solutions was suggested
to arise from hydrogenation of the relatively flat enolate ion which adsorbs irreversibly
onto the catalyst surface. Hydrogenation proceeds by hydride ion-transfer from the metal
catalyst, followed by protonation. Conversely, in acidic medium, protonation occurs
initially, followed by irreversible adsorption on the catalyst, and then transfer of a hydride
ion*3%, Stereochemistry of reduction is also related to catalyst activity, catalyst
concentration, pressure and stirring rate, as they all affect hydrogen availability at the
catalyst surface. Under conditions of low hydrogen availability a reversible adsorption is
favorable, and therefore the product stereochemistry is determined by the relative stability
of the cis- and trans-adsorbed species. However, under conditions of high hydrogen
availability, product stereochemistry is determined mainly by the nature of the initial
adsorption!3%131, Platinum catalysts, more than palladium varieties, give products
determined by the initial adsorption.

Substrate structure has an important influence on stereoselectivity of hydrogenation.
For example, hydrogenation of hydrindanone having a trisubstituted double bond gives
mainly the cis product (Scheme 32)' 34, whereas similar compounds with a tetrasubstituted
olefin tend to give the trans isomer. This phenomenon has been rationalized in terms of
preferred conformation of the adsorbed enone, which minimizes steric interactions' 34135,
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OH OH
Pd/C/H,
EtOH, HCIO,
o] o]
H
OH
Pd/C/H,
EtOH, HCIO4
o]
R
SCHEME 32

The key step in the synthesis of 2-deoxycrustecdysone from the corresponding 20-oxo
steroid is the stereoselective catalytic hydrogenation of the a, B-unsaturated lactone shown
in Scheme 33 to afford a 2:3 mixture of §- and y-lactones, respectively!*¢. This crude
product was converted into the thermodynamically more stable y-lactone by treatment
with aqueous NaOH.

Pt0/Hg (1 atm)
AcOEt, RT

NaOH

SCHEME 33
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In the case of multiply unsaturated carbonyl compounds, regioselectivity is also
sensitive to the nature of the catalyst, to reaction conditions and to the structure and
degree of substitution of the hydrogenated double bonds. For example, hydrogenation of
3, 5-heptadien-2-one over nickel-on-alumina or nickel-on-zinc oxide occurs mainly at the
¥, -double bond. But if the catalyst is modified by the addition of lead or cadmium,
reduction occurs mainly at the «, B-double bond (Scheme 34)'37.

0 o]
/\/\/U\ M PleDs /\/\/U\
AN ‘_He_— NN
0
Ni—Aly Oy, Hy /\/\)J\
— 2P 2,
Pb or Cd N

SCHEME 34

Selective reduction the y, -double bond of the dienal shown in Scheme 35 was achieved
by hydrogenation over palladium-on-carbon inhibited by quinoline and sulfur. Without
inhibition, hydrogenation to the saturated aldehyde was observed’ 2.

Pd/C/Hy
Pd/C/Hz umolmc sulfur
CHO Ety N MeoH

SCHEME 35

Homogeneous catalysts, such as RhCI(PPh;);!4® and RuCl,(PPh,),'%%, have proved
efficient in the selective hydrogenation of enones and dienones. For example, the
hydrogenation selectivity of 1, 4-androstadiene-3, 17-dione to 4-androstene-3, 17-dione is
increased by elevated pressures, low temperatures and the presence of optimal amount of
amines (Scheme 36)! 5%,

0 o]
RuCIPPhy)s/Hp
EtyN, benzene
40°C, 130 atm
o] 0

89°%

SCHEME 36

The solvated ion-pair [(CzH,,);NCH,]*[RhCl,]", formed from aqueous rhodium
trichloride and Aliquat-336 in a two-phase liquid system, hydrogenates a, f-unsaturated
ketones and esters selectively at the C=C double bond (Scheme 37)'°°. The reduction of
benzylideneacetone follows first-order kinetics in substrate below 0.2 M, and approaches
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second-order in hydrogen at partial pressures below 0.12 atm. The catalysis is also depends
on the nature of the solvent, the phase-transfer catalyst and stirring rates.

0 0

+ -
Ph)ké\Ph (tcqmancHy ] [Rre1d . Ph/U\/\Ph

Hg, HaO, (CHy Cllg

SCHEME 37

The homogeneous water-soluble hydrogenation catalyst K;(Co(CN);H) is very active
for hydrogenating conjugated dienes and «, f-unsaturated ketones under phase-transfer
reaction conditions'®!. Thus, conjugated dienes are converted into monoenes, generally
with overall 1,4-addition to yield E-olefins, and «, f-unsaturated ketones are reduced to
saturated ketones in high yields. These conditions are not useful with a, f-unsaturated
aldehydes, as they lead to polymerization of the starting material.

IV. REDUCTIONS WITH MAIN-GROUP METAL HYDRIDES

A. Boron Hydrides

Although NaBH, does not attack isolated olefins, C—=C double bonds conjugated to
strong anion-stabilizing groups may be reduced by this reagent!627164,

Rationalization of the regioselectivity of borohydride reduction of «, f-unsaturated
aldehydes and ketones has been attempted using the *hard’ and ‘soft’ acid-base concept!%*
(vide infra, discussion of aluminum hydrides). It is assumed that the relatively ‘soft’
hydrides add preferentially to the enone system via a 1,4-mode while *hard’ reagents attack
the carbonyl carbon. Borohydrides are considered softer than the corresponding
aluminum hydrides. Replacement of a hydride group on boron by alkoxide makes it a
harder reagent. Lithium salts are harder than sodium species. Thus, LiAlH, gives more
1,2-attack than LiBH,, which, in turn, gives more than NaBH,. NaBH(OMe), yields
more 1,2-reduction product than NaBH,, and when production of alkoxyborates is
prevented, 1, 4-reduction predominates. This implies that slow addition of borohydride to
a substrate solution should help to build up alkoxyborate species and increase the relative
amount of 1,2-reduction. Generally, aldehydes undergo more 1,2-reduction than the
corresponding ketones.

The reduction of «, f-unsaturated aldehydes and ketones by sodium borohydride leads,
in general, to substantial amounts of fully saturated alcohols. In alcoholic solvents,
saturated B-alkoxy alcohols are formed via conjugate addition of the solvent!®®. This
latter process becomes the main reaction path when reduction is performed in isopropanol
in the presence of sodium isopropoxide. In a base, a homoallylic alcohol can become the
major product of borohydride reduction of an enone!%,

Analysis of the influence of substrate structure on NaBH, reduction has shown that
increasing steric hindrance on the enone increases 1, 2-attack (Table 1)

NaBH, reduction of 3-substituted 5, S-dimethylcyclohex-2-enones in alkaline solution
of water—dioxane occurs exclusively at the 1, 2-positions. The rate of reduction is strongly
dependent on the 3-substituent. A Hammett-type correlation revealed similar reaction
characteristics to those of borohydride reduction of substituted acetophenones's”.

In order to study the factors determining the regioselectivity of sodium borohydride
reduction of a, f-unsaturated ketones, reactions with 3-methylcyclohexenone, carvone
and cholestenone were carried out in 2-propanol, diglyme, triglyme or pyridine!®8,
Mixtures of 1,2- and 1,4-reduction products were obtained in the alcoholic and etheric



946 Ehud Keinan and Noam Greenspoon

TABLE 1. The effect of the structure of a, B-unsaturated ketones and aldehydes on their reduction
with NaBH, and LiAIH,*

Substrate NaBH, in 1:1 H,O/EtOH LiAlH, in ether
0
\/U\ 86(57:43) 79(92:8)
AN
)
/\/U\ 90(65:35) 85(99:1)
AN
0
89(92:8) 82(100:0
)\/U\ ( )
0
é 90(59:41) 97(98:2)
(9]
d 90(70:30) 88(100:0)
0
/dj 100(49: 51) 99(91:9)
0
100(42: 58) 99(93:7)
X CHO 70(85: 15) 70(98:2)
/VC"W 91(92:8) 94(100:0)
CHO
Y 100(> 99: < 1) 98(100:0)
95(>99: < 1) 82(100:0)

2

*The numbers represent the overall reduction yield (5;), the numbers in parentheses represent the ratio
of 1,2- to 1,4-attack.
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solvents, whereas pure 1, 4-reduction was observed in pyridine. Addition of triethyl amine
to NaBH, in diglyme led to formation of triethylamine borine, Et;NBH,. Similarly, with
pyridine, pyridine-borine could be isolated, leading to exclusive 1,4-reductions.

The results were interpreted in terms of steric requirements of the actual reducing
species. It was suggested that attack of BH, ~ proceeds exclusively along the 1,4-reduction
mode, whereas alkoxyborohydrides (formed as reaction products) prefer the 1, 2-reduction
mode. The pyridine-borine itself does not reduce enones under the reaction conditions, but
it inhibits formation of alkoxyborohydrides'¢®. The same trend was observed with
aluminum hydride reductions. When LiAlH, was first reacted with pyridine to form
lithium tetrakis(dihydro-N-pyridyl) aluminate, 1,4-reduction predominated®®,

Low regioselectivity is observed in reduction of enones with a 2:1 mixture of sodium
cyanoborohydride and zinc chloride in ether at room temperature!®®. A mixture
containing 1,2- and 1, 4-reduction products is obtained in a ratio that is greatly dependent
upon substrate.

TABLE 2. Reduction of a, f-unsaturated carboxylic acid
derivatives with NaBH,

Substrate Yield (%)
CO,E!
59
I
CO,E!
CO,E
\\T"L\\cozsr 4
CO,Et
CO,Et
CN
F’h\/\\ 81
2\ CoNH,
COE!
80
)\ Ph
CO,E!
25
P
(¢}
AN Ph
79
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From the reduction in methanol of a series of substituted 2-aryl-(Z)- and (E)-cinnamates
by NaBH, at room temperature, it was concluded that the facile reduction to give
dihydrocinnamates proceeds through an early transition state of considerable polarity'62,
A few more examples are given in a related study (Table 2)!7°.

Several organoborohydrides were found to effect the selective 1,4-reduction of enones.
For example, lithium and potassium tri-sec-butylborohydrides (L- and K-Selectride) and
lithium triethylborohydride were found useful for conjugate reduction of «, f-unsaturated
ketones and esters. In general, S-unsubstituted cyclohexenones undergo exclusive 1,4-
reduction to the corresponding ketone enolate, which can be protonated or alkylated in
high yields. Ketones such as 5-t-butylcyclohex-2-en-1-one are cleanly reduced to the
saturated ketone using K-Selectride at — 78 °C in THF (Scheme 38)'7!. This regioselectiv-
ity, however, is not general, but is a result of steric hindrance of the olefin, as well as the size
of the ring. Thus alkyl substitution at the f-position completely suppresses the 1,4-
reduction mode. While enones in 5- and 7-membered rings are reduced preferablyina 1, 2-
manner, 6-membered ring enones are reduced in a 1,4-mode. Trapping the intermediate
enolate by an alkylating agent (e.g. Mel, allyl bromide) results in an efficient reductive
alkylation. Accordingly, when the reduction of o, f-unsaturated esters is performed in dry
ether solvents, the major reaction product arises from carbonyl condensation. However,
addition of a proton source such as t-butanol results in 1, 4-reduction.

o}
K—Selectride (1 eq.)

THF,—78—»0 °C 99%

; |
0 0

K—Selectride (1eq.)
—_— 98%
THF,—78——=0 °C

X

o]
AN

K—Selectride{1eq.)

90 %

THF,—78—=0 °C

K—Selectride (1 0q.)
THF,—78—=0 °C

-> 95%

ot
L0

o] HO

0 OH
K—Selectride(i eq.)

L7
THF,—78 —0 °C 83%

SCHEME 38
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Reduction of o, f-unsaturated aldehydes and ketones with 9-borabicyclo[3.3.1]nonane
(9-BBN) proceeds selectively and cleanly to form the corresponding allylic alcohols
(Scheme 39)!72. The reaction tolerates a large variety of functionalities, such as nitro,
carboxylic acid, amide, nitrile, sulfide, disulfide, epoxide, etc. Hydroboration of the double
bond is a much slower reaction, which does not interfere with carbonyl reduction. For
example, 1, 2-reduction of cyclohexenone at room temperature with excess of 9-BBN in
THF is completed within 10 minutes, while hydroboration of the double bond requires 3
days.

CHO 9—BBN,THF

/\/\
Ph/v 0—e25 °C Ph N OH
99%
(o] OH
9—BBN,THF
2T e o
5 25 °¢ 100%
0 OH
9—BBN, THF
‘—‘—’o__,25 oc 95%,
Et0,C Et0,C
SCHEME 39

Borohydride reduction of a, -unsaturated carbonyl compounds has been widely
applied in natural product chemistry. A number of a, 8-unsaturated ketone derivatives of
gibberellins are reduced to the corresponding saturated alcohols by NaBH,'73-17¢,

Sodium borodeuteride reduction of gibberellin A, 3-ketone affords gibberellin A, and
its 3-epimer (Scheme 40)!73-174, Attack of hydride proceeds stereospecifically from the 8-
face at C-1. Protonation at C-2 proceeds with limited selectivity. Thus, reduction of the
above-mentioned gibberellin with either NaBH,—CuCl in deuterated methanol or
NaBH,-LiBr followed by treatment with D,O gave 2-deuteriogibberellin A; methy]
ester together with some 3-epi-GA, with approximately 2:1 ratio of the 28:2a deutenides.

epi A,
SCHEME 40

Using L-Selectride for the reduction of a similar gibberellin enone derivative resuited
mainly in the 1, 2-reduction product, affording the 3a-allylic and saturated alcohols in 47%,
and 30%, yields, respectively (Scheme 41)!73,
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OAc

L-Selectride

SCHEME 41

Substituted gibberellins, such as la- and 18-hydroxy GA¢ and GA,,, were prepared
from a single enone precursor by 1, 2-reduction with NaBH, (Scheme 42). The reaction
yielded 33%; of 1a-hydroxy- and 10%; of 18-hydroxy-GA . Conversely, catalytic hydrogen-
ation of the same enone with 109, Pd/CaCO, in pyridine afforded the 1,4-reduction
product, 1-0x0-GA,,, in 599 yield'”®.

la~-hydroxy GAo 1B—hydroxy GA,q

o °
33% o 10 %

Pd/CaCO3

K
Ha, Pyridine ! IO

1—0xo GAZO
59%

SCHEME 42

The stereoselective 1,2-reduction of the o, f-unsaturated ketone shown in Scheme 43
represents one of the key steps in Corey’s approach to prostaglandin synthesis
(Scheme 43)!77. By using various boron and aluminum hydride reagents, mixtures of the
corresponding 155 and 15R allylic alcohols were obtained in various ratios. Purest yields
were obtained with highly hindered lithium trialkylborohydrides, such as diisobutyl-t-
butylborohydride (74:26), tri-sec-butylborohydride (78:22), di-sec-
butylthexylborohydride (80:20), the reagent indicated in Scheme 43 (82:18), etc. Even
better stereoselectivity was achieved with p-phenylphenylurethane (R =p-
PhC,H,NHCO) as a directing group. This derivative was reduced with thexyl-di-sec-
butylborohydride and tri-sec-butylborohydride with 15S:15R ratios of 88:12 and 89:11,
respectively!””.
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1,2-Reduction of an «, f-unsaturated aldehyde with NaBH, represents one of the steps
in the total synthesis of 6, 15-dihydroxyperezone (Scheme 44)!78,

OAc OAc
OAc Ac
AcO __NEBH‘_, AcO
MeOH, 0°C ,3h
OAc OAc
OHC OAc
H
70%

Q
OH
- & HO
HO

6,15 ~dihydrox yperezone

SCHEME 44

Stereoselective reduction of an enono-lactone was a key step in the construction of the
20-hydroxyecdysone side-chain. Totally different mixtures of products were obtained
when the reduction was carried out with sodium borohydride or by catalytic hydrogen-
ation (Scheme 45)! 56, In all cases, the 1,4-reduction mode is preferred. With borohydride,
however, this process is followed by a subsequent reduction of the saturated ketone and
base-catalyzed rearrangement of the §-lactone into a y-lactone.
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—

(a) Hp/10% Pd/C, benzene
(b) Hp /Pt /benzene

(c) Hp/Pt/AcOEt

(d) NaBH, /MeOH/CHCI

OTHP

+
(a) 98 % — -
() 17% - 81%
) — 80 % 20%
@  — 5% 78%

SCHEME 45

The conjugate reduction of acyclic a, f-unsaturated ketones can provide selectively
regio- and stereochemically defined enolates that are unattainable by other methods. A
knowledge of enone ground-state conformational preferences allows one to predict which
enolate geometrical isomer will predominate in these reactions (Scheme 46)!7°.

Thus, enones that exist preferentially as s-trans conformers will give rise to E-enolates
whereas conjugate addition by hydride to s-cis enone will lead to Z-enolates. These can be
trapped by trimethylsilyl chloride (TMSCI) to give the corresponding silyl enol ethers
(Scheme 47)'7°.

Sodium cyanoborohydride (NaBH,CN) or tetrabutylammonium cyanoborohydride in
acidic methanol or acidic HMPT reduces «, f-unsaturated aldehydes and ketones to the
corresponding allylic alcohol (Scheme 48)!8°, This system is limited to enones in which the
double bond is not further conjugated, in which case the allylic hydrocarbon is formed in
substantial amounts. Thus, reduction of chalcone gives mainly 1, 3-diphenylpropene (48%,)
as well as 26%; of the allylic ether. Cyclic enones are also not good substrates, as competing
1,4-addition gives large fractions of saturated alcohols!8°.

Lithium butylborohydride is prepared by reacting equimolar amounts of butyl lithium
and borane-dimethylsulfide complex'8!, This reagent effectively reduces enones in
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toluene—hexane mixtures at — 78 °C to give, in most cases, high yields of the correspond-
ing allylic alcohols (Scheme 49)!8!. Conjugated cyclopentenones, however, give mixtures
of 1,2-and 1, 4-reduction products. Under identical reaction conditions, saturated ketones
are reduced to alcohols. The latter process can take place in the presence of simple esters.

Regioselective 1, 2-reduction of enones to the corresponding allylic alcohols is achieved
with NaBH, in the presence of lanthanide ions, such as La®*, Ce**, Sm3*, Eu*, Yb3*
and Y3*!82, This procedure is complementary to those giving predominantly 1,4-
selectivity, such as NaBH, in pyridine!®®. The general utility of NaBH,~CeCl, selective
reduction is illustrated by the conversion of cyclopentenone to cyclopentenol in 97%, yield
and only 3% of cyclopentanol, although conjugate reduction of cyclopentenone systems
by most hydride reagents is usually highly favored (Scheme 50).
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OH OH
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Thus, reaction of equimolar amounts of a, f-unsaturated ketones and either samarium
or cerium chloride hexahydrate in methanol with sodium borohydride produced high
yields of the corresponding allylic alcohols (Scheme 51)*82, This approach was applied in
the synthesis of 7, 7-dimethylnorbornadiene, whereas reduction of 4, 4-dimethylcyclopent-
2-enone with sodium borohydride and cerium chloride in methanol afforded dimethylcy-
clopentenol in 93% yield!®3,

A mechanistic study of the role of the lanthanide cations suggests that they catalyze
decomposition of borohydride by the hydroxylic solvent to afford alkoxyborohydrides,
which may be responsible for the observed regioselectivity. The stereoselectivity of the
process is also modified by the presence of Ln* ions, in that axial attack of cyclohexenone
systems is enhanced!82,

H
NoaH., MeOH .
*OH
CcCI3

100%
i OH H
”\_—:/\/\COZMe NoBH4, MeOH - X P
CeCly
1ot
90 %
SCHEME 51

B-Dialkylamino conjugated enones are reduced to the corresponding y-amino alcohols
with NaBH, in the presence of FeCl;. These aminoalcohols could be converted into
conjugated enones by chromic acid oxidation and deamination (Scheme 52)!34. On the
other hand, f-acylamino conjugated enones are reduced by NaBH, to afford B,y-
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unsaturated y-acylamino alcohols, which are regioselectively hydrolyzed to conjugated
enones.

0 NHAc ol NH, R
//LL\V//L\\ AcCl //ll\v//L\\ RaNH //Il\v//L\\
-— —_—»
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” 0
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SCHEME 52
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Reduction of f-sulfenylated «, f-unsaturated ketones with NaBH, in the presence of
catalytic amounts of CoCl, or NiCl, in methanol produces the corresponding
desulfenylated, saturated ketones (Scheme 53)!85, These substrates, however, were not
affected by combinations of NaBH, and other metal salts, including FeCl,, FeCl;, Cul
and CuCl,.

R o 0
M NaoBHa4 /\/U\
R3s7T X R!  MeOH,CoClz(0.1%) o R2 ]!

RT, 3h
SCHEME 53

B. Aluminum Hydrides

The properties of complex metal hydrides, particularly those of aluminum, and their use
in organic synthesis have been compared in a number of papers, review articles and
monographs!86719%, Useful tables, listing the most appropriate hydride reagents for
selective reduction of various polyfunctional compounds, have been published!-189-192,
Use of chiral metal alkoxyaluminum hydride complexes in asymmetric synthesis has also
been reviewed!?3.

The two modes of reduction of a, f-unsaturated aldehydes and ketones, 1,2- and 1,4-
addition of metal hydride to the enone system, lead respectively to either an allylic alcohol
or a saturated ketone. It has been suggested that the relative importance of these paths
depends upon substrate ‘hardness’ or ‘softness’, as defined in terms of the coefficients of the
lowest unoccupied molecular orbital (LUMO) (vide supra, the discussion of borohydrides).
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TABLE 3. Ratio of 1,4- to 1,2-reduction products

o & A

LiAIH(OMe), 5:95 10:90 24:76
LiAlH, 22:78 86:14 100:0
LiAIH(SMe), 56:44 95:5
LiAlH(OBu-t), 78:22 100:0 100:0
LiAlH(SBu-t), 95:5 100:0

While 1, 2-addition is considered to be a mainly charge-controlled process, 1,4-addition is
a frontier orbital-controlled process!®*. These considerations predict, for example, that
the 1,4-addition of a given metal hydride to cyclopentenone should always be faster than a
similar addition to cyclohexenone!®3. Moreover, in cases where the enone system is
further conjugated to a phenyl ring, as in cinnamaldehyde, increased frontier-orbital
control should render the enone more prone to 1,4-addition!?$. Obviously, the course of
reduction of conjugated carbonyl compounds is also highly influenced by the nature of the
metal hydride. According to Pearson’s concept of ‘soft’ and ‘hard” acids and bases!®7+1%8,
hard metal hydrides add preferentially to the 2-position and soft metal hydrides to the 4-
position of the conjugated enone system'?471%, As shown in Table 3, these predictions
agree well with representative experimental results!?3-19%,

Because of their electrophilic nature, Li* cations accelerate the reduction of carbonyl
compounds by LiAlH, or NaBH,, an effect that is significantly inhibited by Li*-
complexing agents, such as cryptands, crown ethers or polyamines, which decrease the rate
of reduction?°°. In the case of «, B-unsaturated ketones, this slowdown is associated with
altered regioselectivity. For example, LiAlH, reduction of cyclohexenones in the absence

0 OH OH
LiAlHg . +

THF 86 . 14 98%

ether 98 . 2 98 %

THF, cryptand(1.2 eq) 14 . 86 85 %

ether ,cryptond (1.2 eq) 23 . 77 80%

Nf\o/\N
N
& 0\—_/0 )

SCHEME 54

cryptand =
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of the cryptand proceeds predominantly with 1,2-reduction. In the presence of the
cryptand, 1,4-attack is favored. This selectivity is more pronounced with LiAIH, than
with NaBH, (Scheme 54)2°° and is also highly dependent on solvent. In diethyl ether, 1, 2-
attack is essentially exclusive. However, when the cation is complexed, 1,4-addition again
predominates.

This effect is explained in terms of Frontier Molecular Orbitals treatment2°°. The
regioselectivity of reduction depends upon the relative values of the C, and C; atomic
coefficients in the LUMO. The atom with the larger coefficient corresponds to the
predominant site of attack. When Li* is complexed by the a-enone, the C, coefficient is
larger than that of C,, and C, attack is favored. In the absence of such complexation, the
C, coefficient is larger, leading to 1, 4-attack. The strength of carbonyl-Li* interaction is
strongly dependent upon the solvent, the nature of the complexing agent and the
interaction between the Li* ion and the reducing agent. Thus, in strongly coordinated
solvents such as pyridine!®®, 1,4-reduction predominates.

Steric and electronic factors in the enone substrate may also alter selectivity. For
example, the high tendency of LiAIH(OBu-t), to undergo 1, 4-addition with simple enones
is modified in the two examples given in Scheme 552°!.

OSOZCHs OSOZCH3

LiAIH(OBu~t)y
_—
100 %
o) T HO
i
CHCgH4 R LiAIH(OBu~-#)5 CHCgH4R
_———
74 —78%
0]

OH

R=H, m-F, p—Me, p—MeO

SCHEME 55

The ratio of 1, 2- to 1, 4-addition of aluminum hydride to an a, $-unsaturated ketone is
highly dependent on the enone structure, solvent, relative initial concentrations of
reactants, temperature, and softness or hardness of the hydride reagent. These reductions
can be controlled to proceed with either 1, 2- or 1, 4-addition, with high selectivity!®®. The
examples presented in Scheme 562°2729% jllustrate the prominent tendency of LiAlH, and
LiAlH(OMe); to yield 1,2- rather than 1,4-adducts, as compared to LiAIH(OBu-t),.

The reagent NaAlH,(OCH,CH,OCH,), favors 1,2-addition to cyclic enones with
greater selectivity than with either LIAIH(OMe); 15 or AlH,'°°. Several examples are
presented in Scheme 57203-2067210,

In most of these examples, reductions are nonstereoselective. In some cases, however,
such as in the reduction of 9-oxoisolongifolene to the allylic 9a- or 9-alcohols (Scheme 58),
reversal of stereochemistry occurs when NaAlH,(OCH,CH,OCH,), is used instead of
LiAlH, or NaBH, 2!!. While the latter two reagents lead to formation of the thermody-
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o OH
s d ef.
X 99.6% g
0 OH
LiAIH(OMe)y
> Ref. 203
M 9% X\)\K
[0] OH
LiAIH(OBu~—# )y
> Ref. 204
O K T o
CO,Me CO2Me
0 OH 0 OH
A)k - A/k + /\/lk + /\/k
Ph Ph Ph Ph Ph Ph  Ph Ph
LiAlH(OMe)3 94 %% 6%
LiAIH(OBu-#)y  38% 62%
Ref. 205

SCHEME 56

namically more stable a-alcohol as the major product, increased steric bulk of the former
seems to favor the less stable p-isomer.

Sterically unhindered enones, such as cyclohexenone, are reduced by LiAIH(OBu-t), to
give predominantly the corresponding saturated ketone'®S. More sterically congested
systems are cleanly reduced via the 1, 2-mode to give the allylic alcohol, usually with high
stereoselectivity (Scheme 59)2127215,

1,2-Reduction has been reported for other hydride reagents, such as diisobutylaluminum
hydride!®4-216-217 " alyminum hydride!®® and 9-borabicyclononane (9-BBN)?!®, as
illustrated by the example in Scheme 60.

1,4-Reduction of enones can be effected with high selectivity with AIH(OBu-
t),, AIH(OPr-i),, AIH(NPr%), or HBI,, forming saturated ketones in 90-100% yield.
AIH(NPr}), exhibited the lowest selectivity, as no. 1,4-reduction of mesityl oxide or
tsophorone is observed with this reagent. The same reagent with methyl vinyl ketone or
cyclohexenone led to mixture of products. Trans-chalcone also undergoes quantitative
1,4-reduction with the above-mentioned hydrides?!’. Similarly, reduction of 9-anthryl
styryl ketone or anthracene-9, 10-diyl-bis(styryl ketone) with LiAlIH(OBu-t), affords the
saturated ketone as the sole product®'®. Hydrides such as LiAlH(OBu-t), and LiAIH(SBu-
t); favor 1,4-reduction in cyclopentenones!?3:196:199.220-223 Ay example is given in
Scheme 61, where steric factors allow only exo approach of the bulky hydride?24-225,

Scheme 62 illustrates an interesting two-step selective reduction of an enone system, first
with sodium hydride and NaAIH ,(OCH,CH,0OCH,), and then with the same reagent in
the presence of 1, 4-diazabicyclo[2.2.2]octane. Specific reduction, however, is not achieved
with NaBH,, LiBH,, LiBH(s-Bu), or 9-BBN226,
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S +
0 HO ™" HO
LiAHg 76 : 24
NaBH, 76 @ 24
NaAIH,(OCH, CH, OCHy ), 18 : 82
SCHEME 58
CO,CH3

CO,CH3
LiAIH(OBu=1)y
> Ref. 212
THF, 0%6,700%
0
H
_.~CO2Et L-COE!
LIAIH(OBu=¢)4 Ret. 213
THF,0°,81%
G HO

H
LIAIH(OBu—#), Ref. 214
———-—> ’
THF, O
HO
OAc

00 LiAH(OBu—1)
—_——
0 THF,0°C, 85%

MeO
SCHEME 59

Ref. 215
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'-Bu:A!H
T es% T Ref.210
0

SCHEME 60
H (¢]
CO2CH3 | (a1 (oBu-114
H CgHi7
H 0
L/__/'COzCHs
H CeHi?

SCHEME 61

NoH
NOAIHa(OCHaCH,0CH ),

T-OMEM ~OMEM

DABCO
NOAIH,(OCH, CHp OCHy ),

HO

-OMEM
MEM=methoxymethy! HO—

SCHEME 62

Both LiAlH(OMe), and NaAlH,(OCH,CH,0OCH,), are convenient reducing agents
for low-temperature, copper-mediated 1,4-reduction, as shown by the examples in
Scheme 63293:227,
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0

LiAIH(OMely, CugBry
THF,—78 to —20 °C,98%

. NGAIH2(OCH,CHa OCHy)a,CugBry

THF,2-butanol,~78 to —20 °C,98%

SCHEME 63

Aside from the nature of the hydride reagent, steric effects and lower reactivity of the
enone substrate affect the course of reduction in polyfunctional molecules. Several
examples of partial reduction of cyclopentenedione systems are given in Scheme 64228230,

0 HO 0 0 OH
LiAIH(OBu~-t)3 + Ref. 228
THF, 0 °C
Cshy Cahyy CsHyy
78°% 3%
Q 0 HO 0 ¢} OH
—— +
(CH,)gCO2EY (CH2)gCOZE? (CH,)gCOLE?
LiAIH(OBu-f)3 10 X 90
AI{OPr-/)z 67 . 33 Ref.229
Q 0 HO., o]
LiAlH4 .
(5)-2,2" -dihydroxy
-1, 1-binaphthyl, _ o o
ethanol, THF,—100 € (R)-(+)67% (94% ee)
SCHEME 64

There are a number of cases where a less reactive enone group remains intact while a
more reactive saturated ketone present in the same substrate is selectively reduced, as
shown in Scheme 652317234,

Alternatively, there are a number of examples of simultaneous reduction of both
saturated and unsaturated ketone$ or of preferential reduction of the unsaturated one
(Scheme 66)2337237,

Reduction of enol ethers or enol esters of 1,3-diketones followed by acid-catalyzed
allylic rearrangement of the reduction product (see p. 85 in Reference 5) is a useful route to
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LOH
%
LiAIH(OBu- #)y
_— Ref. 231
[¢)
OH
LiAIH (OBu-#)y
- " » Ref. 232
0

OH
LiAIH (OBu—-t)y Ref. 233
—_————> '
98% 1
H
O

LiAIH(OBu-y
—_———————
98 %

oA
H
P

.9
o
0
H

‘ H

Ref.234
SCHEME 65

a, f-unsaturated ketones. Aliphatic?3823% and alicyclic?*® enones have thus been
pre&argdzin good yields at low temperatures with NaAIH,(OCH,CH,OCH;), (Scheme
67)241:242,

Reduction of a, B-unsaturated aldehydes can afford either an unsaturated or saturated
primary alcohol, or a mixture of both, depending on reaction conditions. For example,
while addition of cinnamaldehyde to NaAlH,(OCH,CH,OCH,), in benzene gives 97% 3-
phenylpropanol, inverse addition (of the reducing agent to solution of the substrate) yields
94% cinnamyl alcohol?#3:244, Reduction with LiAlH, is similarly dependent on the
addition sequence. The more sterically hindered hydride LiAIH(OBu-t), is highly selective
for 1, 2-reduction of aldehydes, even under conditions of normal addition. For example, it
reduces cinnamaldehyde cleanly to cinnamyl alcohol, without affecting the olefinic
bond?#37247 Similar behavior is exhibited by NaAlH,(OCH,CH,OCH,),, which
reduces 2-butenal to 2-butenol in 979 yield?**. On the other hand, hydrides such as
LiAlH(OMe), 137:24%:246 3nd NaAl,H (OCH,CH,NMe,), 248 usually yield the saturated
primary alcohol. Other examples of 1,2-reduction of a, f-unsaturated aldehydes with
these reagents are given in Scheme 682497251,

Regioselectivity of enone reduction with diisobutylaluminum hydride (DIBAH) is very
susceptible to minor structural changes in the substrate. While five-membered exocyclic
enones provide the allylic alcohols which are the normal products for this reagent,
reduction of chromones possessing exocyclic six-membered enones yield saturated
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LiAIH (OBu-fy

THF, room temp.

77.23

Ref. 235

NaBHg4

Ref. 236

CO,CH3 COoCH3

LiAIH (OBu-#)5
74 %

Ref. 237

H

SCHEME 66



966 Ehud Keinan and Noam Greenspoon

OR
CO,CH3
1. NoAlHp(OCHgCHaOCHg)p , —78°C
) o) 2. H30+
HO
O,
HO'
SO,

Ref.241
R = /-Pr, PhCO, of-2

MeO 0 1. NaAle(OCHgCH OCH,)p Q
2. H 0%
> Ref. 242
|
A

A
SCHEME 67

CHO

NaAng(ocugcugocn,),
benzens, 5 —20°C Ref. 249
HO"”

LiAIH{OBu-t).
ACOWCHO _—

Ref. 250

OH

LiAIH(OBu-1), Ref. 251
af.

COoCH3
Genipin

SCHEME 68
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ketones (Scheme 69)252, This was explained by the strict coplanarity of the enone function
in the five-membered structure, whereas the enones giving rise to saturated kctones are
slightly twisted. Reduction of isoflavones with DIBAH under these conditions provides
the corresponding isoflavan-d-ones in very high selectivity?52,

OMe OMe
DIBAH > —
toluene / THF ,—65°C o 65%

[o] (v}
2 DIBAH
_
toluene / THF,—~65 ‘c
0 OMe 0 OMe
50%
SCHEME 69

The ‘ate’ complex LiAlH(n-Bu)(i-Bu), is prepared from DIBAH and butyllithium in
either THF or toluene—hexane. This reagent is more effective for selective 1, 2-reduction of
enones to the corresponding allylic alcohol than is DIBAH alone?®3. The reagent also
reduces esters, lactones and acid chlorides to the corresponding alcohols, and epoxides to
the respective alcohols. a, §-Unsaturated ketones derived from dehydration of aldol
products from 1-(arylthio)cyclopropanecarboxaldehydes and ketones were selectively
reduced by this ‘ate’ complex or by DIBAH itself, yielding the allylic alcohols with minor
amounts of the 1,4-reduction product (Scheme 70)2*%. Yields were typically higher with
this reagent than with DIBAH.

Enones may be deoxygenated with LiAIH,/AICI, to give the corresponding olefinic
hydrocarbons. The reactive species seem to be AIHCI, or AIH,Cl, which act as both
Lewis acids and hydride donors. The reaction involves initial 1,2-reduction to form the
allylic alcohol, followed by substitution of the allylic hydroxyl group by hydride (mainly
via an Sy2' mechanism) to form the corresponding mixture of alkenes (Scheme 71)%55,

This technique has been applied to the deoxygenation of natural products. By using
mixtures of LiIAIH, and AICl,, flavanone and chalcones were transformed into flavan and
diarylpropenes, respectively (Scheme 72)236.

Conjugate reduction is the major pathway of enone reduction with a mixture of LiAIH,
and excess Cul in THF?*7. It has been shown that the active reducing agent in this mixture
is an H,All species and not the copper hydride. Enones of cis geometry are reduced much
more slowly than the corresponding trans compounds, and no reduction was observed
with cyclohexenone and 3, 3, 5-trimethylcyclohexenone. These results suggest that the
mechanism involves coordination of the metal to the carbonyl, forming a six-center
transition state (Scheme 73)2%7,

Enones with two alkyl groups at the -position are reduced very sluggishly under these
conditions. Other metal salts, such as Hgl,, TiCl; and HgCl,, premixed with LiAIH, in
THEF, similarly give rise to 1,4-reduction. Yields and selectivities were found to be much
lower than with Cul. H,All was found to react in the exact same manner as LiAlH,~Cul,
and the series H,All, HAIIl,, H,AlBr, HAIBr,, H,AICl and HAICl, was therefore
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0 MeO OMe
¢ OH
LiAIH(n-Bu)(/-Bu)
/ ) n i/ u 24# sAr
=
MeO
MeO
86°%
0 MeO OMe
S LiAIH(n-Bu)(/=Bu), _
= 928% o
Phs
oH MeO OMe
S
=
Ph
\/O
SCHEME 70
0

QO 70 e
CORACHCORGE

54°/o 33°/°

AN LiAIH,:AICI;1:3
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ether, 48, 20°C 31% 56%
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O 70 =— OO0
O 0 = O 70

MeO MeO
SCHEME 72

prepared. Of these, the iodo compounds exhibited the highest reactivity. HAII, reduces
enones at a slower rate than H,All, probably due to steric factors.

|
\AI----?

\C C\
(I:I H
HT O\

SCHEME 73

Chiral lithium alkoxyaluminumhydride complexes can be used to obtain optically
active allylic alcohols (Scheme 74)238-261, These reagents are more selective than the
polymer-supported LiAlH, and LiAlH,-monosaccharide complexes?®2.

o o

/\)k LiAlHg | Ref. 258
Crcquiniee —quinine PhM + Ph/\/\ .
(R)- (+) 85% (R)-(=)15%
H
/\/\/ﬁ\/\ LiAlHa ?
= Br (5$)-2,2'-dihydroxy - /\/\M\Br
—1,1-binaphthyl, (8)~(=)96% (9% ee)
ethanol Ref. 259
OMe o) OMe OH
LiAlHg
—> Ref.260, 261
(—)-N-maethylephedrine,
N-ethylaniline
OMe OMe

(S)-(=)100% (92% ee)
SCHEME 74
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o, B-Acetylenic ketones are selectively reduced to the corresponding propargylic
alcohols with LiAIH(OMe), (Scheme 75).

H
G FZ
LiAIH (OMe);
OH 90 % OH
SCHEME 75

Asymmetric 1,2-reduction of acetylenic ketones is an effective method for preparing
optically active propargylic alcohols in high yield and high enantioselectivity. Common
chiral reductants for this purpose include the Mosher—Yamaguchi reagent26372635  the
Vigneron—-Jacquet  complex?667268  and  LiAlH,/2,2-dihydroxy-1, 1'-binaphthyl/
methanol (R and S) complexes?®®, as well as the LiAlIH,-N-methylephedrine/N-
ethylaniline complex?%°. For example, reduction of simple acetylenic ketones (Scheme 76)
with LiAIH,./(2S, 3R)-(+)-4-dimethylamino-3-methyl-1, 2-diphenyl-2-butanol results in
propargylic (R)-alcohols in 62-95%, enantiomeric excess. These chiral building blocks
were used in the synthesis of tocopherol, prostaglandins and 1la-
hydroxyprogesterone264-265,

LiAlHa, (25,3R)-(+)-4~dimethylamino- R
R’ — R
4 3-methyl-1,2-diphenyl-2-butanol /\
R R
(R)70—95% (62— 96°% ee)
o] })

CHy—
R=H,Me,(CH3)3Si,

Q 0

\/

R'=/-Bu,CxH,,,—C HZW

SCHEME 76

This method can also be used for diastereoselective reduction of optically active
acetylenic ketones, as shown in Scheme 77263,

Enantioselective formation of propargylic alcohols is carried out via reductions with the
Vigneron—Jacquet complex?°6~28 However, Landor’s chiral LiAIH,-monosaccharide
complexes are less selective for this purpose?”°~272,

Asymmetric reduction of geranial-d 1, neral-d1 and related linear terpenic aldehydes can
be achieved with LiAlH,-dihydroxybinaphthyl complex with 72-91%, enantiomeric
excess (Scheme 78)273,
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Asymmetric reduction of prochiral «, f-unsaturated ketones with chiral hydride
reagents derived from LiAlH, and (S)-4-anilino- and (S)-4-(2, 6-xylidino)-3-methylamino-
1-butanol gives (S)- and (R)- allylic alcohols, respectively, in high chemical and optical
yields (Scheme 79)274.

OH
Me
LiAlHg + H NHMe —» H N/\
Al~ —-H

NHPh N

| Gt 95% (100% S)
Ph
SCHEME 79

A modified aluminum hydride is prepared by treating LiAlH, in THF with equimolar
amounts of ethanol and optically pure S-(—)-2,2’-dihydroxy-1, I’-binaphthyl. Allylic
alcohols of very high optical purity are obtained in high yield by reduction of a, -
unsaturated ketones with this reagent?’®. Of particular interest are the attractive
opportunities provided by this reagent in prostaglandin synthesis. For example, some of
the chemical transformation shown in Scheme 8027* are more effective in both terms of
chemical and optical yields than standard microbiological reduction??®,

@ o\AI
©

0~ "SOEt
NP ©

THF,—100t0 —78°C

O\AI/H
0~ TNOEt

THF,—100to—-78 °c

dTHP

OH
R=HM,Ac, THP 95-97%  (99.4 —100% ee)

OTHP CO,Me OTHP CO,Me
\ same structure \
NP gs above L <N

THF,100 to —78°C

=
’ ! i
OTHP 0 OTHP OH

76% (100% ee)
SCHEME 80
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Asymmetric reduction of a, f-unsaturated ketones is achieved with LiAlH,, partially
decomposed by (—)-N-methylephedrine and ethylaniline (Scheme 81)2¢°, This reagent
converts open chain enones into the corresponding optically active allylic alcohols in high
chemical (92-100%) and optical yields (78—98%; ee).

0 OH

/\/”\ LiAIH4(3.30q) -~ /\/L
Ph > P

N— Methylephedrine (3.4 eq.)

N —Ethylaniline (6.8 ¢q.) 98% (98% ee)
ether,—78 °C, 3h

SCHEME 81

C. Silicon Hydrides

The hydrogen in the Si—H bond is slightly hydridic in nature, as would be expected
from the relative electronegativities of silicon (1.7} and hydrogen (2.1). Therefore, silanes
may function as hydride transfer agents toward highly electrophilic species such as
carbonium ions. The hydridic nature of the Si—H bond may be significantly increased
upon interaction with strong anionic ligands, such as fluoride and alkoxides (vide infra). In
addition, the average bond energy of the Si—H and C—H bonds (70 and 99 kcal mol !,
respectively) suggests that Si—H bonds should be susceptible to hydrogen atom
abstraction by carbon radicals. Thus, the dehalogenation of alkyl halides with hy-
dridosilane under homolytic conditions is explained in terms of a radical-chain
mechanism?””. Alternatively, silanes readily transfer a hydride ligand to a variety of
transition-metal complexes via oxidative addition, allowing for highly selective transition
metal-catalyzed reduction processes (vide infra, Section 1V, B).

A useful reduction method involving hydridosilane in strongly acidic media, ‘ionic
hydrogenation’, is useful for reduction of a number of organic functional groups?’®. The
ionic hydrogenation reaction is based on the principle that the carbonium ion formed by
protonation of the double bond reacts with a hydride donor to form the hydrogenated
product. Reduction conditions generally involve reflux in strongly acidic media in the
presence of the silane. Obviously, reduction is possible only when the substrate can
produce carbonium ions under the given conditions. A hydrogenation pair most useful for
many reduction processes is comprised of trifluoroacetic acid and a hydridosilane, which
exhibits the following order of reactivity2’®;

Et,SiH > Octyl,SiH > Et,SiH, > Ph,SiH, > Ph,SiH > PhSiH,

These reducing systems tolerate carboxylic acid derivatives, nitriles, nitro groups,
sulfonic esters, aromatic rings and, occasionally, olefins, alkyl halides, ethers and alcohols
as well. Reduction may be chemoselective in compounds containing many functionalities,
with the functional groups most easily capable of stabilizing a carbonium ion being
reduced most readily. Thus, for example, aliphatic alkenes are reduced only when they are
branched at the alkene carbon atom. With a, f-unsaturated ketones, the reduction can be
directed almost exclusively to the C—C double bond. Thus, using only one equivalent of
silane, enones are reduced to saturated ketones (Scheme 82)27°,

With excess silane, further reduction of the saturated ketone to the corresponding
saturated alcohol occurs in high yields. In case of chalcones, excess silane may affect

complete reduction and deoxygenation to yield the corresponding alkane (Scheme
83)279.280_
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The reaction of conjugated enones and dienones with trimethyl- and triethylsilane in the
presence of TiCl, followed by aqueous workup produces the corresponding saturated
ketones. This Lewis acid catalysis is particularly useful for conjugated reduction of
sterically hindered systems (Scheme 84)28!, o, 8-Unsaturated esters are not reduced under
these conditions.

Anionic activation of Si—H bonds?®? by fluorides, such as KF or CsF, or by
potasstum phthalate, KHCO,, KSCN, etc,, yields powerful hydridic reagents that reduce
the carbonyl group of aldehydes, ketones and esters283, It was postulated that the active
species in these reactions is a pentacoordinated or even hexacoordinated hydridosilane.
1,2-Reductions of «, f-unsaturated aldehydes and ketones occur with very high selectivity
to give allylic alcohols (Scheme 85)?83. The analogous activation of hydridosilanes by
fluoride ions is also achieved under acidic conditions with boron trifluoride etherate, in
which the latter compound is consumed and fluorosilanes are formed?®+,
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Effective anionic activation of trichlorosilane can be carried out with either catechol or
2,2-dihydroxybiphenyl in THF yielding bis(diolato)hydridosilicates (Scheme 86)283, Such
reagents exhibit reducing power that is reminiscent of the complex aluminum hydrides.
Even tertiary amines are useful activators of trichlorosilane, enhancing its hydridic
character?®®.
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D. Tin Hydrides

The special characteristics of organotin hydrides as reducing agents are rationalized by
the fact that the tin-hydrogen bond is both weaker and less polar than the B—H or Al—
H bonds?®”, These characteristics are manifested in reactions that proceed by either a free
radical chain or polar mechanism, depending on the substrate, catalyst and reaction
conditions.

a, B-Unsaturated aldehydes and ketones are readily reduced by organotin hydrides
under rather mild conditions, but the reaction is often obscured by subsequent
transformation of the adducts?®®, On heating or under UV irradiation, the organotin
monohydrides add mainly at the 1,4-positions of the enone system to form the enol
stannane. The latter may be hydrolyzed or cleaved by a second equivalent of tin hydride,
resulting in overall reduction of the double bond (Scheme 87)287:288,
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y‘\'
[o} 0SnR3 \R&sot
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o o]
~Jo
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The protonolysis pathway was demonstrated in reactions carried out in deuteriated
methanol (Scheme 88)28°,
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Enolate cleavage by a second equivalent of tin hydride is illustrated in Scheme 8§92#8%!,
With Bu3SnH the reaction proceeds no further, whereas the more electrophilic Ph,SnH
leads to hydrostannolysis of the tin enolate.

OSnRy
LA \)\ \/ﬁ\
X Ph = ~pp Ph

38 °C

BuzSnH(1eq.), 6h 95 . 5

Bu3SnH(1.3eq.),20h 85 . 15

Ph3SnH(1.3eq.),3h 70 : 30
Ph3SnH(2eq.), ah 0 : 100

SCHEME 89

Sterically nonhindered enones may produce mixtures of products, including carbon-
stannylated species. For example, methy! vinyl ketone gives rise to significant quantities of
the inverted 1,4-adduct, where tin binds at the 4-position, leading to S-stannyl ketone. In
the case of methyl propenyl ketone, addition occurs at position 3 and 4, producing a-
stannyl ketone (Scheme 90)288,

o 0 OSnPh3

PhySnH
N _____i_______. ///a\\v//LL\\ \\\///L\\
\/U\ Ph3Sn + -~

55°C,4n0,60% o

2 \———0 \/U\
PhsSnH
o) SnBugy Q
/\/U\ BuzSnH . /\/T\ +
N uv, 47% =
31 SnBugy
SCHEME 90

In this class of reagents, diphenylstannane exhibited the highest regioselectivity,
affording essentially pure 1, 4-reduction. Other hydrides, such as Bu,SnH or Ph,SnH, give
mixtures of 1,2- and 1,4-reduction products and they usually require free radical
initiation2°°,

In the case of «, f-unsaturated esters and nitriles, hydrostannation may proceed via
either a polar or radical mechanism. Compounds containing a terminal multiple bond
form the a-stannyl derivative according to a polar mechanism, while f-adducts are formed
according to the radical pathway??'. Other conditions being equal, triarylstannanes are
more active than trialkylstannanes in radical processes. In general, a, f-unsaturated
nitriles undergo the polar addition more actively than do the corresponding esters.
However, with acrylonitrile, the homolytic mechanism is significant as well2°2. With
triatkylstannanes under the action of azobis(isobutyronitrile) or UV irradiation or with
triphenylstannane on heating, fi-adducts are formed exclusively. Mixtures of - and f-
adducts are produced on thermal addition of trialkylstannanes (Scheme 91)?°2. Ex-
pectedly, the o/ ratio increases with solvent polarity.
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Hydrostannation of a-acetylenic esters generally produces a mixture of products. For
more details, see Reference 287.

V. REDUCTIONS WITH STOICHIOMETRIC AMOUNTS OF TRANSITION-METAL
HYDRIDES

A. Copper Hydrides

The known preference of organo-copper reagents to engage in 1,4-addition to «, §-
unsaturated carbonyl compounds®®® prompted an extensive search for analogous
hydrido-copper reagents that would undergo conjugate addition to enones. Indeed,
reaction of cuprous bromide with either two equivalents of lithium trimethoxyaluminum
hydride or one equivalent of sodium bis(2-methoxyethoxy)aluminum dihydride (‘Vitride’
by Eastman or ‘Red-Al’ by Aldrich) in THF produces a heterogeneous mixture capable of
1,4-reduction of «, f-unsaturated ketones and esters?®*. The exact composition of these
reagentsis not yet known. Reductions usually take place between — 20and — 78 °Cto give
moderate yields of the saturated carbonyl compound along with varying amounts of the
1, 2-reduction product (Scheme 92). The use of lithium trimethoxyaluminium deuteride
with CuBr produces the saturated ketone deuteriated at the f-position. Addition of D,0O
before the aqueous workup leads to deuterium incorporation at the a-position. Because
these reagents react with other functional groups (saturated ketones and aldehydes and
alkyl bromides being reduced almost as rapidly as enones), their chemoselectivity is
limited.z;l;he reagent has also been used for the conjugate reduction of a, f-unsaturated
nitriles®°>.

0] e} OH
LiA1(OMe)}yH(4 eq.)
CuBr (2 eq.)
—»> +
THF
—20°C,1h
84 % 3%
SCHEME 92

Combination of LiAlH, and catalytic amounts of Cul in HMPA/THF (1:4) s useful for
1, 4-reduction of «, B-unsaturated ketones, aldehydes and esters?°®. Reactions carried out
at — 78 °C for 1 hour resulted predominantly in the 1,4-reduction product, but traces of
the saturated and allylic alcohols were also formed?°S. It was claimed that the ratio
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between LiAlH, and Cul (10:1) as well as the presence of HMPA generates a
hydridocuprate species which acts as the actual reducing agent. In contrast, in a previously
reported work using either LiAlH, or AIH, and Cul (in a 4:1 ratio) in THF, it was
suggested that the active reductant is H,Al12%7 (vide supra). An improved system based on
diisobutylaluminum hydride (DTBAH) as the hydride donor and MeCu as the catalyst
effects clean conjugate reduction of a variety of «, f-unsaturated carbonyl compounds
without 1, 2-reduction products. The presence of HMPA, probably acting as a ligand, was
found to be of crucial importance for this reducing system, as shown in Scheme 932°7,
Other coordinating solvents including pyridine, DMF and DMSO did not lead to
comparable regioselectivity. Chemoselectivity is demonstrated by the selective 1,6-

o] 0 OH

MeCu(O.16q.)/DIBAH(1eq.)

THF, —50°C - +
with HMPA 73%
without HMPA 1% 56%
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COzMe + 1. THF,~850°C, 2h
/\/\/ >
NN 2. Hgo*
0
Me +
/\/\/CO \/\/[k/\/
- 2
97 % 100%
o}
’ MeCu/HMPA /DIBAH
+ 1. THF, —50°C, 2h
! —
o]
(0] OH

o]

Tooe

84°% 6%

SCHEME 93
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reduction of methyl sorbate in the presence of a saturated ketone, and the conjugate
reduction of the enone of progesterone with only minor reduction of the saturated ketone
in this molecule.

A series of heterocuprate complexes Li " HRCu ™, with R representing a nontransferable
ligand such as 1-pentynyl, t-BuO~ or PhS~, was generated in toluene from DIBAH and
Cul by addition of RLi. These reagents were used for clean 1,4-reduction of o, -
unsaturated ketones and esters2°8, Yields, however, were quite low in several cases due to
the strong basicity of these reagents. Although HMPA was found to facilitate 1,4-
reduction in substrates where the f-carbon is highly substituted, enone reduction in
multifunctional compounds resulted in low yields (Scheme 94). In a related, independent
study, the hydridocuprate complex was prepared by addition of RLi (R = alkyl or alkynyl)
to a suspension of CuH in ether or in THF. These reagents were used for clean conjugate
reduction of a, f-unsaturated carbonyls?®®, however with poor chemoselectivity, as
saturated aldehydes and ketones were reduced under these conditions to the correspond-
ing alcohols, and various tosylates and bromides were reductively cleaved.

o]

Caghy—C=CCuHLi*
37

—> +
RMPA(10% ) toluene / THF
24h-20°C
. O/
PhSCu~ HLi* toluens/ THF 80:10 (90 %)
100: 0 (50%}

HMPA(10%) 24h, +25°C

SCHEME %4

Polyhydrido-copper complexes, such as LiCuH,, Li,CuH;, Li;CuH,, Li,CuH, and
Li;CuHg, were prepared®°° by LiAlH, reduction of Li,Cu(CH,),_,. Reduction of a, §-
unsaturated carbonyl compounds with any of these hydrides in ether or in THF produced
mixtures of 1,4- and 1,2-reduction products. These reagents also reduce ketones, alkyl
halides, alkyl tosylates and aryl halides.

The stable, well-characterized copper(l) hydride cluster ((PPh;)CuH)43°! is a useful
reagent for conjugate reduction of a, f-unsaturated carbonyl compounds*®2. This hydride
donor is chemically compatible with chlorotrimethylsilane, allowing formation of silyl
enol ethers via a reductive silation process (Scheme 95).

B. Iron Hydrides

Iron hydrides were also used for selective 1,4-reduction of enones2®7®. For example,
tetracarbonylhydridoferrate, NaHFe(CO),, which is prepared directly by refluxing
pentacarbonyl iron with sodium methoxide in methanol, reduces benzalacetone to
benzylacetone. Addition of this reagent to an ethanolic sotution containing both an
aldehyde and a ketone results in reductive alkylation of the ketone. The reaction probably
involves base-catalyzed aldol condensation of the aldehyde and the ketone, followed by
elimination of water to give the corresponding a, f-unsaturated ketone. The latter is then
reduced by the tetracarbonylhydridoferrate, to afford the saturated ketone®?3. Interest-
ingly, NaHFe(CO), in THF reduces a,f-unsaturated carbonyl compounds to the
corresponding saturated alcohols with high stereospecificity. For example, (+)- and (—)-
carvones are reduced to (—)- and (+)-neodihydrocarveol, respectively3°4,

The binuclear hydride NaHFe,(CO)g 35396, which is prepared by addition of AcOH to
aslurry of Na,Fe,(CO)q in THF, is also useful for clean conjugate reductions. This reagent
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is capable of selective 1, 4-reduction of a, f-unsaturated ketones, aldehydes, esters, nitriles,
amides and lactones in good yields (Scheme 96). Reductions are generally performed at
— 50°Cin a THF solution of NaHFe,(CO)g and HOAc. Usually, two or more equivalents
of the reagent are required for the reduction of 1 equivalent of substrate.

According to a detailed mechanistic study3°S, the reaction involves concerted,
reversible, regiospecific addition of NaHFe,(CO), to the C=C double bond of the enone,
affording the corresponding binuclear iron enolate. Cleavage of the latter to the
mononuclear iron enolate represents the rate determining step. Finally, protonolysis of this
iron enolate by acetic acid provides the saturated ketone (Scheme 97).

C. Other Transition-metat Hydrides

The intermetallic hydride LaNisHy was found to be an effective reagent for conjugate
reduction of enones. Reduction of the resulting saturated carbonyl compound occurs very
slowly with this reagent, giving high yields of the 1,4-reduction product3°’,
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a, B-Unsaturated carbonyl compounds are reduced selectively and in good yields (55—
80%) to the corresponding saturated derivatives by the hydridochromium complex
NaHCr,(CO),, in THF at 66 °C. This latter complex is prepared by stirring chromium-
hexac?gsbonyl with potassium graphite (CgK) in dry THF with subsequent addition of
water>%®,

Excess hydridocobaltcarbonyl reduces «, S-unsaturated ketones and aldehydes in
moderate yield and good regioselectivity. The reaction involves complexation of the
double bond to cobalt, followed by migratory insertion of hydride into the enone, forming
an oxa-allyl cobalt complex3°°. Poor chemoselectivity is one of the major drawbacks of
this reaction, as simple olefins are rapidly hydroformylated to the corresponding aldehyde
under the reaction conditions (25°C, 1 atm of CO).
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o, f-Unsaturated ketones and esters are selectively 1,4-reduced by Et,N[u-
HMo,(CO),,] and HOACc in refluxing THF3!°. Benzalacetone is quantitatively reduced
to benzylacetone under these conditions. However, reduction of cinnamaldehyde gives a
mixture of dihydrocinnamaldehyde (3%), cinnamyl alcohol (85%) and phenylpropane
(12%).

VI. COMPOSITE REDUCING SYSTEMS

Composite reducing systems are comprised of at least two components, namely a
relatively inactive source of hydride ions and a transfer agent to deliver the hydride
selectively from that donor to a target functionality. This family of reducing systems will
therefore selectively transfer a hydride ion to various electrophilic functional groups,
including «, B-unsaturated carbonyl compounds. The acceptor properties of the latter
make them excellent ligands for low-valent, electron-rich transition metals and, obviously,
good substrates for selective reduction with nonreactive hydride donors.

Such multiple-component reducing systems offer high flexibility because they involve a
large number of independent variables that can be tailored to various synthetic tasks,
especially in comparison to metal hydride reduction which utilizes a single reagent. Thus,
appropriate modification of the hydride donor, judicious selection of a transition metal
transfer agent and, in some cases, use of a cocatalyst provide an opportunity for creating a
wide variety of reducing systems that exhibit improved chemoselectivity, as well as regio-
and stereocontrol.

A. Transfer Hydrogenation Using Alcohols as Hydrogen Donors

Catalytic transfer of hydrogen from an organic donor to a variety of unsaturated
organic acceptors is widely documented®!!. This approach has also been applied to the
reduction of a, f-unsaturated carbonyl compounds, utilizing a catalyst and an organic
compound with a low enough oxidation potential to be oxidized under the reaction
conditions by the unsaturated carbonyl substrate3!!. With respect to enone reduction, the
most commonly used hydrogen donors are primary or secondary alcohols. Temperatures
for catalytic transfer hydrogenation are usually in the range 100-200 °C, depending upon
the hydride source.

When a, -unsaturated ketones are heated with a primary or secondary alcohol in the
presence of RuCl,(PPh,); or RuHCI(PPh,); at 200 °C, hydrogen is transferred selectivity
to the olefinic double bond (Scheme 98)3!27314 The competing equilibrium that reduces
the saturated ketone back to the alcohol may be suppressed by use of a primary alcohol
such as benzyl alcohol or, more conveniently, by the use of boiling ethylene glycol, since
saturated ketones are readily separated from insoluble glyoxal polymers®'?. Polyvinyl
alcohol can also be used as convenient hydrogen donor?!®, «, f-Unsaturated ketones give
higher yields than the corresponding aldehydes, which undergo self-condensation. «, -
Unsaturated esters undergo transesterification side-reactions with the donor alcohol.

o] ]

/\/U\ RuCl,(PPhy )y /\/U\
RCHOH + Ph-" S —————» RpCO + Ph

200 °C

SCHEME 98

Studies on the role of a Ru(II) catalyst as well as the mechanism of hydrogen transfer in
enone reduction with benzyl alcohol at 170-190°C revealed that RuCl,(PPh,), is
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converted by the primary alcohol into RuH,(CO)(PPh,);, which then hydrogenates
benzylideneacetone!”. The kinetic data are compatible with the expresston:

reaction rate = k[ Ru][enone] [alcohol]

The rate-determining step of this reaction is generally assumed to be hydrogen transfer
from the alcohol to a ruthenium species®!”.

Transfer hydrogenation catalyzed by RuCl,(PPh,), has been applied to the synthesis of
cyclododecane-1,2-dione in 53% yield from the corresponding 1,2-diol using benzyl-
ideneacetone as the hydrogen acceptor3!8. 5, 5-Dimethylcyclohexa-1, 3-dione reacts via
its enol tautomer on heating with ethylene glycol in the presence of RuCl,(PPh;), to give
3, 3-dimethylcyclohexanol, 3, 3-dimethylcyclohexanone and its corresponding ketal
(Scheme 99)3!°.

[0}
RuCIAPPhg)y
— _—
- ) HO/\/OH
o] OH

ISR 455

SCHEME 99

Vinyl ketones, such as methylvinyl ketone, are not reduced in the presence of
RuCl,(PPh;); on heating with common primary or secondary alcohols, but they are
reduced on heating with allylic alcohols, such as hex-1-en-3-o0l, using hydrated RuCl,,
RuCl,(PPh,);, RuHCI(PPh,);, RuH(OAc)(PPh,); or, most efficiently, Ru;O(OAc),
(Scheme 100)*2°. Surprisingly, other ketones, including acetophenone or benzylidene-
acetone, are not reduced under these conditions.

OH 0 [0} 6]
Ru complex \/‘k/\ \)J\
\)\/\ + %)k —o0%c—® S +

SCHEME 100
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As in hydrogen transfer between alcohols and saturated ketones, the rate-determining
step in the corresponding reaction with a, f-unsaturated ketones is hydrogen abstraction
from the a-carbon atom. It has been suggested that the hydrogen atom is transferred
directly to the B-carbon of the enone, yielding an 73-oxaallyl complex which, following
protonation, yields the saturated ketone (Scheme 101)3'2.

Unsaturated esters also undergo trasnfer hydrogenation under RuCl,(PPh,), catalysis
to the saturated esters, but significant transesterification reaction with the reacting alcohol
also occurs3!3, Simple olefins are reduced, in general, very slowly under the reaction
conditions, although RuCl,(PPh,), is reported to catalyze hydrogen transfer from
indoline to cycloheptene in refluxing toluene, to give cycloheptane and indole32!, and
other Ru(II) complexes catalyze hydrogen transfer from alcohols to diphenylacetylene to
yield cis-stilbene322,

Transfer hydrogenation of a prochiral olefin in the presence of a chiral catalyst may lead
to a chiral saturated product. For example, tiglic acid (MeCH=C(Me)CO,H) is
hydrogenated at 120°C by either isoprdpanol in the presence of Ru H,(CO)((—)-
diop), 323 (diop = 2, 3-O-isopropylidene-2, 3-dihydroxy-1, 4-bis(diphenylphosphino)-
butane) or by benzyl alcohol in the presence of Ru,Cl,(diop); at 190 °C32*. The optical
purities reported for the resulting saturated acids, however, do not exceed 10—15%, a lower
figure than that obtained by catalytic hydrogenation with hydrogen gas.

Prochiral a, f-unsaturated esters can also be asymmetrically hydrogenated by benzyl
alcohol or 1-phenylethanol and catalytic Ru,Cl(diop),3%4, but the optical purities of the
resulting esters are even lower than those obtained from hydrogenating the corresponding
acids. Enantioselectivity is also observed in transfer hydrogenation of «, f-unsaturated
ketones, such as PACH=CHCOMe, by racemic 1-phenylethanol in the presence of Ru(Il)
chloro complexes containing optically active tertiary phosphines, including diop and
neomenthyldiphenylphosphine. Thus the optical purity of 1-phenylpropan-1-ol enriched
in the S+ —)-isomer is 11% when reacted under these conditions with benzylideneacetone32°.

Asymmetric hydrogen transfer from optically active monosaccharides, such as 1, 2-a-D-
glucofuranose, to prochiral enones is catalyzed by RuCl,(PPh;); in diphenyl ether at
180°C or by RuH,(PPh,), in toluene at 100°C (Scheme 102)32¢,

Catalytic hydrogen transfer from sugars with free anomeric hydroxyl groups was
studied with 2,3; 5, 6-di-O-isopropylidene-pD-mannofuranose and RuH,(PPh;),. In an
excess of enone acceptor, these sugars were converted in high yields into the corresponding
lactones (Scheme 103)327,

The 1,4-reduction of styryl ketones by 1-phenylethanol using RhH(PPh,), catalyst can
be carried out at 50°C, a relatively low temperature for transfer hydrogenation. An
electron-withdrawing group present in the enone system increases the initial rate of
reduction, suggesting a transfer of hydrogen to the enone by an intermediate with hydride-
ion character’?®. Isotope labeling of the alcohol donors shows that hydrogen is
regioselectively transferred from the carbinol carbon to the f-carbon of the enone, with the
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100 % (5% opticol purity)

hydroxylic proton being transferred to the a-position (Scheme 104). Cleavage of an O—H
bond is the rate-determining step in this reaction32®.
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CH3CH,0D
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High catalytic activities, with turnovers of up to 900 cycles/min, is displayed in the
transfer hydrogenation of «, f-unsaturated ketones, such as benzylideneacetone and
chalcone, using isopropanol and catalytic amounts of [Ir(3,4,7, 8-Me,-phen)COD]CI
(phen = 1, 10-phenanthroline; COD =1, 5-cyclooctadiene) in a weakly alkaline
medium?3°. Other Ir-chelated complexes are also active catalysts in this reaction, with
over 95% selectivity for the 1,4-reduction mode.

B. Transition Metal-catalyzed Reductions with Group-14 Metal Hydrides

Group-14 metal hydrides, especially those of silicon and tin, are satisfactory nonreactive
hydride donors, as in the absence of a catalyst they are, generally, poor reducing agents.
Transition-metal complexes are attractive transfer agents because they insert readily into
Si—H or Sn—H bonds and they also bind specifically to various functional groups.

Indeed, a combination of tributyltin hydride, Pd(0) catalyst and a weak acid, such as
ammonium chloride, forms an effective, yet mild tool for conjugate reduction of «, §-
unsaturated aldehydes and ketones33!. Similar results are obtained with other acidic
cocatalysts, such as zinc chloride, acetic acid and tributyltin triflate32, With this system,
reductions occur with high regioselectivity, providing a useful approach for deuterium
incorporation into either the - or a-position by using either tributyltin deuteride or D,0,

respectively (Scheme 105)33".
Bu,SnD, PdL )\/CHO
/—'—é—oﬂto Ph

CHO
P X"
BugSnH, PdL CHO
ugSn . Ph/Y

D20
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The above-described reducing system comprising tributyltin hydride and a soluble
palladium(0) catalyst also allows chemoselective reductive cleavage of allylic heterosubs-
tituents, even in the presence of aldehydes, benzylic acetate and benzylic chloride
groups. These latter functions are normally as reactive as the allylic structure when using
standard hydride reducing agents33.

Silicon hydrides offer even greater selectivity in these reductions®*4. Their superiority
over tin hydrides is manifested by the greater stability of the palladium catalyst in the
reaction solution, and the absence of diene side-products, frequently formed via the
competing Pd-catalyzed elimination processes. Moreover, the difference in reactivities
between tin and silicon hydrides can be exploited for functional-group differentiation. In
the presence of Pd(0), tributyltin hydride, for example, reduces rapidly «, f-unsaturated
ketones and aldehydes but silicon hydrides are unable to do so. Thus, the treatment of a
mixture of an allylic acetate and an unsaturated ketone with tin hydride and Pd(0) catalyst
results in total conjugate reduction of the latter and nonreacted allylic acetate (Scheme
106)334, In contrast, employment of silicon hydride provided complementary chemoselec-
tivity: allylic reduction was completed before reduction of the Michael acceptor could be
detected.
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When using either tin or silicon hydrides, allylic substitution occurs with absolute
inversion of configuration at the carbon, implying that hydride is initially transferred to
palladium and from there to the allylic ligand via migratory insertion33:334¢. This
behavior is reminiscent of the proposed mechanism of the palladium-catalyzed conjugate
reduction of enones (vide infra).

The useful flexibility characteristic of these multicomponent reducing systems is well
illustrated by the silicon hydride/Pd(0} mixture. As mentioned above, this combination is
essentially useless for reduction of electron-deficient olefins. However, addition of catalytic
amounts of zinc chloride fundamentally alters the situation and creates a new three-
component mixture that enables rapid conjugate reduction of «, f-unsaturated ketones
and aldehydes®33. In fact, soluble palladium complexes of various oxidation states were
equally efficient catalysts, an obvious practical advantage of this approach. The generality
of the method with respect to the substrate, its experimental simplicity and its easy
applicability to large-scale work make it a method of choice for conjugate reduction of
unsaturated ketones and aldehydes.

The reaction was found to be both regio- and stereoselective. In all cases where
diphenyldideuteriosilane was used to reduce unsaturated ketones, deuterium was
stereoselectively introduced at the less-hindered face of the substrate and regioselectively
at the B-position (Scheme 107). Conversely, when reductions were carried out in the
presence of traces of D,0, deuterium incorporation occurred at the a-position33*,

Interestingly, this method is highly selective for unsaturated ketones and aldehydes, a$
reduction of corresponding «, f-unsaturated carboxylic acid derivatives, such as esters,
amides and nitriles, is very sluggish under the conditions used. Thus, benzylideneacetone
was selectively and cleanly reduced in the presence of methyl cinnamate, cinnamonitrile or
cinnamamide333,

Based on deuterium-incorporation experiments and 'H NMR studies, a multistep
catalytic cycle was postulated (Scheme 108) in which the first step is rapid, reversible
coordination of the Pd(0)-phosphine complex to the electron-deficient olefin, resulting in
complex 1. Oxidative addition of silicon hydride to palladium in that complex forms
hydrido-palladium olefin complex II. Migratory insertion of hydride into the electrophilic
B-carbon of the coordinated olefin produces intermediate palladium enolate ITI which, via
reductive elimination of the silicon moiety and enolate ligand, completes the catalytic
hydrosilation cycle, resulting in silyl enol ether IV. The latter is prone to acid-catalyzed
hydrolysis, yielding the saturated ketone333,

The role of the Lewis acid cocatalyst is not yet fully understood. One may envision a
number of points at which intervention of a Lewis acid could promote the reaction. It
seems that in addition to its obvious role in catalyzing hydrolysis of the silyl enol ether,
ZnCl, polarizes the substrate, thereby facilitating migratory insertion of hydride into the
olefin (IT to III in Scheme 108).
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Combination of silicon hydrides with catalytic amounts of a ruthenium(II) complex in
tetrahydrofuran, chloroform or benzene has afforded a new reducing system capable of
efficient reduction of «, f-unsaturated carboxylic acids, esters, amides, etc>%. Addition of a
weak proton source, such as a sterically-hindered phenol, significantly increases reaction
rates. The ruthenium mixture was found to exhibit the same regioselectivity observed with
the above-described palladium systems.

The order of reactivity of this Ru/silane combination to various functional groups
differs greatly from that of its Pd/silane/ZnCl, analog. While the latter is very useful for
allylic reductions and essentially useless for unsaturated esters, the Ru-based system
exhibits exactly opposite reactivity. A convincing demonstration of this complementary
chemoselectivity is illustrated by the reduction of cinnamyl cinnamate (Scheme 109), a
substrate containing both an allylic carboxylic and an «, f-unsaturated ester>?®. Each of
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these can be reduced separately by silicon hydride and the appropriate transition-metal
catalyst.

Early transition-metal complexes, including those of group 6, have been rarely used to
catalyze transfer hydrogenation®3” and hydrogenation with hydrogen gas*® and, in
particular, little is known about hydrosilation with these catalysts. Under mild thermal
conditions, catalytic amounts of Mo(CO), and phenylsilane engender a powerful reducing
system, suitable for conjugate reduction of a, f-unsaturated ketones, carboxylic acids,
esters, amides, etc. The mixture is especially useful for conjugate reduction of unsaturated
nitriles, usually difficult to reduce with other media (Scheme 110)*3°. Although the
reaction also works with mono- and dihydridosilanes, the general order of silane reactivity
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is: PhSiH; > Ph,SiH, > Me(EtO),SiH > PMHS, PhMe,SiH, Et;SiH.

Of special interest are the relative rates of reduction of various cyclic enones, such as
carvone, acetylcyclohexene and pulegone (Scheme 110). While the enone system in
carvone is frozen in its transoid form, in acetylcyclohexenone it is flexible and may adopt
either transoid or cisoid conformation. Acetylcyclohexenone is completely reduced while
essentially no reaction observed with carvone, demonstrating the clear preference of the
cisoid form and indicating that the molybdenum atom interacts simultaneously with both
the olefinic bond and the carbonyl of the enone system. Accordingly pulegone, which is
frozen in the cisoid form, is reduced much faster than the other two compounds. A similar
phenomenon was observed in enone hydrogenation catalyzed by arene-chromium
tricarbonyl complex, where the cisoid conformation is also markedly preferred*38°. With
Pd(0) catalyst, however, enones behave as monodentate ligands and reductions of the
above-mentioned substrates proceed at comparable rates®3®, These reactivity character-
istics may be utilized for chemoselective differentiation between similar enones. For
example, benzylideneacetone is quantitatively reduced to benzylacetone in the presence of
carvone®>®. Allylic heterosubstituents and a-halo carbonyl compounds are also reduced
very efficiently under these conditions3*°.
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Highly regioselective reduction of «, f-unsaturated ketones and aldehydes to give either
the corresponding saturated carbonyls or allylic alcohols as the predominant product is
effected by hydrosilation catalyzed by tris(triphenylphosphine)chlororhodium (Wilkinson
catalyst), followed by methanolysis of the resulting adducts**!. Regiospecific deuteriation
is also achieved by using deuteriosilanes. Product distribution is mainly dependent upon
the structure of the hydrosilane employed. In general, monohydridosilanes afford the 1,4-
adduct (silyl enol ether), which may be hydrolyzed to the corresponding saturated
carbonyl compound. Diaryl or dialkyl dihydridosilane produce mainly silyl ether (1,2-
adduct), which may be hydrolyzed to the corresponding allylic alcohol.

Other factors controlling the regioselectivity of this method include the enone structure,
the hydridosilane/substrate ratio, the solvent and temperature. Although regioselectivity
here is generally satisfactory (Scheme 111)**!, in some cases mixtures of 1,2- and 1,4-
reduction products are obtained, even under maximally optimized conditions. The
reaction is usually complete within 30-120 minutes at 0-80°C in benzene, or in the
absence of solvent, using 1.1 equivalents of the hydridosilane and 0.1 mol%, of the Rh(I)
catalyst.

Treatment of «, -unsaturated esters with triethylsilane in benzene in the presence of
catalytic amounts of RhCI(PPh,); at room temperature yields the corresponding
saturated esters. Conjugated diene esters are reduced to the §, y- or y, 5-unsaturated esters,
depending upon their substitution pattern (Scheme 112)342,

CO,Et COLEt
o 2 ENSIN, RICHPP)y L NN~ 02

benzens, 80 °C,16h

68%
E1,S1H,RhCI{PPh,),
benzens,80 °C,10h
Z~ NCO,Et CO,E!
80%

SCHEME 112

Other Rh catalysts were also employed for hydrosilation of a, f-unsaturated carbonyl
compounds and unsaturated nitriles. Rh(acac), and a tetrakis(u-acetato)dirhodium
cluster were used as catalysts in the hydrosilation3*? of a, f-unsaturated aldehydes. These
reactions, however, are not chemoselective, as acetylenes, conjugated dienes and alkenes
are also hydrosilylated, and allylic heterosubstituents are reductively cleaved under
reaction conditions.

Optically active, saturated compounds and allylic alcohols were prepared via 1,4- and
1, 2-asymmetric hydrosilation of enones using Rh(I) catalysts bearing chiral ligands. For
example, 1,4-hydrosilation of «, f-unsaturated ketones afforded the corresponding
optically active ketones in 1.4-15.6% enantiomeric excess (Scheme 113)*¢. These
reactions were achieved at room temperature with diinethylphenylsilane and either (—)-
2, 3-0-isopropylidene-2, 3-dihydroxy-1, 4-bis(diphenylphosphino)butane  ((—)-diop)***
or [Rh{(R)-(PhCH,)MePhP},H,(solvent),]*CIO, .

Asymmetric 1,2-hydrosilation in benzene of «, f-unsaturated ketones with dihy-
dridosilanes and a chiral Rh(I) catalyst produced allylic alcohols with up to 69%
enantiomeric excess. Thus, varying proportions of carveol isomers were obtained from
carvone (Scheme 114)345,
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Highly stereoselective 1, 2-hydrosilation of an «, f-unsaturated aldehyde was achieved
with triethylsilane and nonchiral Wilkinson catalyst®*®. Dehydrofaranal was thus
stereoselectivity reduced to the insect pheromone (3S,4R)-faranal with 859 dias-
tereomeric excess (Scheme 115).
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SCHEME 115

The main product in hydrosilation of «, f-unsaturated ketones and aldehydes catalyzed
by chloroplatinic acid, platinum on alumina, or metallic nickel is the corresponding silyl
enol ether®*”. With nickel catalyst, product distribution is highly dependent on the enone
structure, as exemplified in Scheme 116345,

Hydridosilanes add to «, f-unsaturated esters, producing the corresponding silyl
enolate as well as carbon silylated products. The course of addition depends on substrate
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structure and the hydridosilane utilized. Thus, triethylsilane undergoes 1,4-addition to
methyl acrylate in the presence of chloroplatinic acid, while trichlorosilane with either
chloroplatinic acid or Pt/C gives the S-silyl ester (Scheme 117)34%,
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This approach was successfully applied to the total synthesis of d,l-muscone?3°.

Treatment of the «,f- and f,y-enone mixture (Scheme 118) with triethylsilane in
refluxing glyme containing catalytic amounts of chloroplatinic acid afforded 1-triethyl-
silyloxycyclotetradecene. The two isomeric enones rapidly equilibrate under these
conditions.

Selective reduction of pregna-14, 16-dien-20-ones to pregn-14-en-20-ones is achieved
via hydrosilation with tetramethyldisiloxane and catalytic amounts of chloroplatinic acid
(Scheme 119)33!. o, f-Unsaturated esters are also reduced to the corresponding saturated
esters under these conditions332.
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The platinum dimer (Pt(u-H)(SiR;3)(PR%)), also catalyzes the hydrosilation of «, B
unsaturated aldehydes and ketones. Several aldehydes and ketones were hydrosilated in
high yield in the presence of this dimer33 at 60-100°C and trialkylsilanes, including
MePh,SiH, EtMe,SiH and Et,SiH. Triethoxysilane, was inert under these reaction
condmons Excellent regioselectivity was generally observed except in cases of highly
sterically hindered enones such as tetraphenylcyclopentadienone, where the 1, 2-reduction
mode was observed. Saturated aldehydes and ketones were not reduced under these
reaction conditions, and unsaturated carboxylic acids and esters were only sluggishly
reduced. Unfortunately, terminal olefins and acetylenes were efficiently hydrosilated. A
suggested mechanism involves cleavage of the platinum dimer to a platinum hydride
species, its coordination to the olefin, and subsequent transfer of the R;Si group to the
carbonyl oxygen, affording a n-allyl platinum complex. Hydride migration from Pt to the
allylic ligand produces the corresponding silyl enol ether.

C. Transition Metal-catalyzed Reductions with Other Hydrogen Donors

Aldehydes such as a-naphthaldehyde, p-tolualdehyde or p-chlorobenzaldehyde and
DMF can serve as hydrogen donors and transfer their formy! hydrogen to a,f-
unsaturated ketones in the presence of RuCl,(PPh,),. However, in some cases, decar-
bonylation of the aldehyde is so severe that no transfer hydrogenation is observed®***.

A particularly convenient hydrogen donor is formic acid, which not only hydrogenates
a, f-unsaturated ketones®*®, but also terminal olefins in the presence of a variety of
ruthenium complexes under mild conditions3*¢.

Trialkylammonium formate and catalytic amounts of palladium on carbon form a
convenient reducing system for reduction of a number of organic functional groups,
including o, f-unsaturated aldehydes, ketones and esters**”. Conjugated dienes are
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reduced to monoenes with one equivalent of reagent fairly selectively. Typical reductions
are carried out at 100°C with 10% excess formic acid, 309, excess triethyl- or
tributylamine, and 1mol%, of palladium in the form of 10% Pd/C. Progress of the
reduction is conveniently monitored by measuring the amount of CO, evolved. Some
examples are given in Scheme 120337, The chemoselectivity of this system is somewhat
limited, as it affects many other functionalities, such as halo- and nitroaromatic

compounds>3%8, allylic heterosubstituents3*®, and terminal acetylenes and olefins®”.
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The reaction between triisobutylaluminum and a, f-unsaturated ketones, in pentane at
room temperature, leads to products which correspond to a 1,2-addition processes. The
extent of such reactions depends both on the structure of the enone and of the
concentration ratio between reagent and substrate. Under these experimental conditions,
bis(N-methylsalicylaldimine)nickel catalyzes conjugate reduction of o, S-unsaturated
ketones by triisobutylaluminum3¢°, The cyclic and acyclic saturated ketones are obtained
in 40-90%; yield, the lower figure corresponding to enones substituted at the a-position
(Scheme 121). In all cases, 1,2-reduction products were also obtained (probably via
noncatalyzed reduction) and, in some cases, side-products containing an isobutyl group
were also formed. The reaction is interpreted in terms of a catalytic cycle involving a
hydridonickel intermediate formed by reaction of i-Bu,Al with the nickel complex.
Addition of the hydridonickel to the olefin affords a nickel enolate that undergoes
transmetallation, to aluminum enolate. The latter is finally hydrolyzed to the saturated
ketone.

A number of composite reducing systems comprised of heterogeneous mixtures of
transition metal salts, sodium alkoxides and sodium hydride were developed, which are
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useful for reduction of various organic functional groups®¢!. In organic chemistry, sodium
hydride is generally used as a base for proton abstraction. Although some substrates can
be reduced by NaH, it is by itself a poor reducing agent.

Typical reducing systems (known as complex reducing agents, CRA)35! are prepared
from a transition-metal chloride or acetate, sodium tert-amyloxide and sodium hydride (in
1:1:4 ratio) in either THF or DME. Obviously, neither the exact structure of the actual
reducing entity nor their reduction mechanism is fully understood.

The CRA reagents involving nickel salts exhibit reducing properties that are signifi-
cantly different from those of the corresponding CRA prepared from zinc or magnesium
salts. It was demonstrated that the three-component mixture, NaH/RONa/Ni(OAc),
(NiCRA), reduces carbon-carbon double bonds3®2. Conversely, the mixture
NaH/RONa/ZnCl, (ZnCRA) reduces olefins poorly but effectively reduces saturated
carbonyl functionalities, particularly when mixed with alkaline- or alkaline earth-metal
salts3¢3, These observations led to the expected complementary regioselectivity when
reducing a, f-unsaturated carbonyl compounds with these reagents.

Indeed, NiCRA exhibits very high regioselectivity for 1, 4-reduction of a number of o, §-
unsaturated ketones, while under the same conditions ZnCRA is an effective reagent
mixture for highly regioselective 1,2-reduction of these substrates (Scheme 122)364,
Addition of magnesium bromide enhances the activity of both reagent mixtures. It is
important to remember that the general applicability of CRA reagents is limited, due to
their high basicity as well as their tendency to undergo side-reactions via one electron-
transfer processes. The heterogeneity of these reagents limits reproducible reduction
yields.

Vil. BIOCHEMICAL REDUCTIONS

A. Enzymatic Reductions

Much work has been published on the microbiological reduction of a, f-unsaturated
ketones. Under anaerobic conditions the reduction of A*-3-keto steroids by Clostridium
paraputrificum led to the 3-keto-58 derivatives*¢® (Scheme 123). Similar transformations
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were observed previously with Bacillus putrificus°, Penicillium decumbens®®”, Rhizopus
nigricans®® or Aspergillus niger*%°. In most cases further reduction led to the correspond-
ing 3a-hydroxy-58 derivatives.

Highly enantioselective conjugate reductions of substituted cyclopentenones and
cyclohexenones were reported by Kergomard using Beauveria sulfurescens (ATCC 7159)
under anaerobic conditions®”°. The reaction takes place only with substrates containing a
small substituent in the a-position and hydrogen in the f-position. The saturated ketones
obtained were, in some cases, accompanied by saturated alcohols. A number of useful
transformations, including enantioselective reductions of acyclic substrates, are illustrated
in Scheme 124.
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Both naturally occurring enantiomers of carvone were selectively reduced by B.
sulfurescens (Scheme 125). (—)-Carvone was reduced to (+ }-dihydrocarvone (trans) and
further to (—)-neodihydrocarveol, whereas (+)-carvone was reduced to (—)-isodihy-
drocarvone (cis), which was then converted to (—)-neotsodihydrocarveol®”!. Similar
reductions with identical stereoselectivities were observed earlier with Pseudomonas ovalis
(strain 6-1) and with a strain of Aspergillus niger®™!.
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The reduction of «, f-unsaturated aldehydes by Beauveria sulfurescens proceeds along
two mechanistic pathways: (a) reversible formation of the corresponding allylic alcohols
and (b) irreversible formation of the saturated alcohol (Scheme 126)372. The latter involves
initial, slow 1, 4-reduction, followed by fast reduction of the resultant saturated aldehyde.
A similar sequence was proposed for the reduction of geranial and geraniol to (R)-
citronellol with Saccharomyces cerevisiae.
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The above-described reducing characteristics of B. sulfurescens were found to be a
general phenomenon exhibited by many types of eukaryotic organisms (six fungi) and
prokaryotes (more than 20 Actinomycetes and Clostridium species)®’2. For example, in
conjugate reduction of cyclobexenone derivatives the addition of two hydrogen atoms
across the olefin occurs with trans stereochemistry, as shown in Scheme 127 where X
represents a small alkyl group and Y a hydrogen atom. In all cases, the 1, 4-reduction mode
was completed within 48 hours. As these characteristics are shared by many organisms, it
was suggested that they all contain very similar reducing enzymes®7>

o]

SCHEME 127

a, B-Unsaturated ketones bearing perfluoroalkyl groups are reduced by baker’s yeast
(Scheme 128)%74. Perfluoroalkyl alkenyl ketones give mainly the saturated ketone, along
with a small amount of optically active saturated alcohol. Substrates having a
perfluoroalkyl group attached to the alkene moiety give mixtures of optically active allylic
as well as saturated alcohols, whose relative concentration is time-dependent.
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Unsaturated aldehydes derived from citronellol and geraniol are also reduced by
baker’s yeast to the corresponding saturated primary alcohols with very high enan-
tioselectivity (Scheme 129)37°.

Two key chiral building blocks used in the total synthesis of a-tocopherol were
prepared via microbial reduction of unsaturated carbonyl compounds with baker’s yeast
and with Geotrichum candidum, as illustrated in Scheme 130379,

Similarly, a key intermediate in the total synthesis of optically active natural
carotenoids was prepared by microbial reduction of oxo-isophorone with baker’s yeast
(Scheme 131)*77,
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An alternative approach to the synthesis of a-tocopherol employs a chiral building
block that was obtained by baker’s yeast reduction of 2-methyl-5-phenylpentadienal
(Scheme 132)378,
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Microbial reduction of enones has been applied to prostaglandin synthesis. For
example, enantioselective reduction of the enone system in A%!2.15.dehydro-PGE, with
Flavobacterium sp. (NRRL B-3874) provided optically pure (—)-15-epi-A3!2-PGE,
(Scheme 133)37°.
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As a general rule of enzymatic reductions, the 1,4-reduction of enones is preferred over
the 1, 2-reduction mode. However, when an electronegative substituent, such as halogen, is

introduced that stabilizes the double bond, enzymatic reduction to allylic alcohols may be
achieved®”6. A 1,2-reduction of a f-iodo enone is illustrated in Scheme 134.
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B. Biomimetic Reductions with NAD(P)H Models

A number of pyridine nucleotide-linked dehydrogenases catalyze the reversible
hydrogenation—dehydrogenation of the double bond in «, f-unsaturated ketones>®°.
Similar biomimetic conjugate reduction of o, f-unsaturated aldehydes and ketones occurs
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with NAD(P)H models, such as 3, 5-dicarboethoxy-2, 6-dimethyl-1, 4-dihydropyridine
(Hantzsch ester). With highly electron-deficient olefins, such as maleic acid, maleic
anhydride, diethyl maleate, diethyl fumarate, etc., reductions proceed well*®!, Similarly,
the olefinic bond of 1-phenyl-4,4,4-trifluoro-2-buten-1-one is reduced by dihydropy-
ridines under mild condition (Scheme 135)382, Tracer experiments showed that hydrogen
is transferred directly from the 4-position of the pyridine ring to the f-position of the enone
system. The reaction thus parallels the enzymatic reduction of androstenedione®83,

/\/ﬁ\ E10CO COLE!
methanol
CF3 \ Pr ' II H” 8s %
N

R
o CO,Et
EtOCO N 2
+ l
CFy Ph N/
|+
R
SCHEME 135

However, these reaction condition (refluxing methanol or photoactivation at room
temperature) are useful only for the reduction of highly activated double bonds3%4.
Nevertheless, it was found that the reaction is promoted by silica gel>®®, broadening the
scope of reducible enone substrates (Scheme 136).

Q £+0CO CO,E!
/\/U\ silica gel
R NS R’ + ‘ | benzens
N

H

0

EtOCO CO,Et
0
I+ I
R R y
N

SCHEME 136

The method is highly chemoselective as no alcoholic products are observed, and
carbonyl, nitro, cyano, sulfinyl and sulfonyl groups remain intact under the reaction
conditions (Scheme 137).

Pandit has provided evidence for the Lewis-acid catalysis postulated to operate in these
reductions386. The reduction of various cinnamoylpyridines by 1,4-dihydropyridine
derivatives to the corresponding saturated ketones is catalyzed by zinc or magnesium
cations. The reduction rate was fastest in the case of 2-cinnamoylpyridine, in which the
metal ion can complex simultaneously to both the nitrogen and oxygen sites (Scheme 138).
This example is regarded as a model of Lewis-acid catalysis of the NADH-dependent
enzymatic reduction of §*-3-ketosteroids.
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In a similar manner, iminium salts derived from «, f-unsaturated aldehydes and ketones
are reduced by Hantzsch ester (Scheme 139)°%7. The ratio between the 1,4- and 1,2-
reduction products depends upon the pK, of the amine component.

An autorecycling system for the specific 1, 4-reduction of a, f-unsaturated ketones and
aldehydes was based on 1, 5-dihydro-5-deazaflavin, which can be regarded as an NADH
model®®®. The reaction occurs on heating the substrate with catalytic amounts of

S-deazaflavin in 989 formic acid, typically at 120°C for 24 h (Scheme 140).

The iminium salts of 3,3, 5-trimethylcyclohex-2-en-1-one were reduced with 1,4-

dihydronicotinamide sugar pyranosides to give the corresponding optically active
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saturated ketone in enantiomeric excess ranging over 3—319%,. The product stereochemis-
try changed sensitively with structural variations in the sugar residues (Scheme 141)38%,

The cob(I)alamin catalyzed reduction of a-methyl-a, f-unsaturated carbonyl com-
pounds produces the corresponding saturated derivatives having an S configuration at the
a-carbon (Scheme 142)3°°, The highest enantiomeric excess (33%) is exhibited by the Z-
configurated methyl ketone. The E-configurated enone is reduced by this system to the
corresponding R-product with poor enantiomeric excess.

Viil. MISCELLANEOUS REDUCING AGENTS

Several techniques utilizing miscellaneous reagents, that were not mentioned in the
preceding sections, have been reported to effect the 1,4-reduction of a, f-unsaturated
aldehydes and ketones.
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Sodium dithionite under nitrogen atmosphere at 80 °C in a water—benzene mixture and
in the presence of a phase-transfer catalyst was shown to be a useful reducing agent.
Dienoic carboxylic acids and esters were reduced in a 1, 6-mode using this approach3®!,

2-Phenylbenzothiazoline reduced a, f-unsaturated carbonyl compounds in a 1,4-
fashion in the presence of stoichiometric amounts of aluminum chloride3*2. No 1,2-
reduction products or saturated alcohols were detected. The reagent reduces unsaturated
esters and aldehydes much less effectively.

Condensation of an a, f-unsaturated ketone with benzylamine gives the corresponding
Schiff base. Treatment with a base, such as potassium ¢-butoxide, affects rearrangement to
a benzaldehyde derivative, as shown in Scheme 143393, Hydrolysis of the latter with dilute
acetic acid furnishes the corresponding saturated ketone with concomitant formation of
benzaldehyde.

A reagent prepared from tellurium powder and sodium borohydride in ethanol
engenders 1,4-reduction of «, f-unsaturated aldehydes, ketones and esters in high yield and
with good regio- and chemoselectivity (no 1,2-reduction and no reduction of isolated
double bonds)3%*.

Anthracene hydride (the anion derived from 9, 10-dihydroanthracene) reacts rapidly
with chalcone to form an anionic Michae! adduct along with a chalcone dimerization
product (Scheme 144)395, Prolonged reaction in the presence of anthracene hydride
cleaves the Michael adduct into anthracene and the enolate of the saturated ketone. The
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partial structure RCCCO is essential for this fragmentation, as mesityl oxide, for example,
gave only the Michael adduct.

0 Ph/:n\/\
Ph/\NHz + R/u\4\R‘ * R ~ "\R'
lbol.

PR RIN
/U\/\ <~ /K/\
Ph R X R
SCHEME 143
Q Ph
Ph. Ph
+
OH
anfhracene Ph
hydride
Buki
THF
anthrocens o-
hydride
Ph Ph
SCHEME 144

Photolysis of 4a-methyl-4,4a,9, 10-tetrahydro-2-(3H)-phenanthrone in isopropanol
gave rearranged and 1,4-reduction products, along with traces of 1, 2-reduction and small
amounts of coupling products396

2-Propanol doped on dehydrated alumina reduces at room temperature various
aldehydes and ketones to the corresponding alcohols®®”. &, f-Unsaturated aldehydes are
selectively reduced under these conditions to the corresponding allylic alcohols. For
example, citral is converted to geraniol in 889 yield.

a, f-Unsaturated nitriles are reduced to saturated nitriles with triethylamineformic acid
azeotrope in DMF 398,

a, f-Unsaturated ketones are reduced to allylic alcohols with f-branched trialkyl-
aluminum compounds, such as (i-Bu),Al and tris-((S)-2-methylbutyl)aluminum. The
latter reagent reduces prochiral enones to optically active allylic alcohols with 7-15%,
enantiomeric excess>®%,
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