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1 Introduction

This article covers the literature from April 1995 to March
1996, and continues the coverage of the previous review. As
before, since asymmetric synthesis is such a large area, a highly
selective choice of examples has had to be made.

2 Chiral auxiliaries

2.1 Reactions of enolates
2.1.1 Alkylation
The 8-phenylmenthyl ester 1 has been used as a chiral glycine
enolate, and by careful choice of conditions either diastereo-
isomer of the alkylated products can be obtained.1 Use of
KOBut and alkyl halides gives the (R)-configuration at the new
stereocentre (95 :5 dr), whereas use of LDA or BuLi and alkyl
triflates gives the opposite configuration in up to 20 :80 dr.
Asymmetric glycine enolate alkylation has also been achieved

by Myers et al., by extending his previous use of pseudo-
ephedrine as the auxiliary (available as either enantiomer) to
the glycine ester 2.2 The alkylations of the enolate of 2 are
performed without protection of the amino group, and removal
of the auxiliary is particularly mild (reflux in pure water).
Alternatively, N-protection followed by replacement of the aux-
iliary by a Grignard or alkyllithium reagent results in α-amino
ketones.3

Alkylation of the two closely related glucose-derived prop-
ionate esters 3 and 4 containing pseudo-C2 symmetry gives
opposite diastereoisomers in >91% de, and requires the use of
LiCl or HMPA as additives for 3 and 4 respectively, in order to
obtain high selectivities.4 The oxazolidinone 5 has been sug-
gested as a more bulky version of the popular Evans’ auxiliar-
ies, and can be prepared from serine methyl ester.5 It has been
tested in alkylation, aldol and Diels–Alder reactions, and
advantages claimed include crystalline aldol adducts and
possible superiority in radical reactions.

An unusual tandem asymmetric alkylation–Dieckmann
cyclisation is shown in Scheme 1, using the symmetrical bis-
(acylimide) 6.6 Asymmetric α-alkylation at either terminal of 6,
followed by tandem Dieckmann cyclisation of the enolate
formed at the other terminal gives the heterocyclic ketone 7 as
the major isomer.

1,3-Dithiane-1-oxide has been used as a chiral auxiliary in
the methylation of the enolate of a ketone side chain.7 Destruc-
tive removal of the auxiliary followed by cleavage of the 1,2-
diketone products gives α-arylpropanoic acids in up to 93% ee.
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2.1.2 Aldol reactions
Several developments in the asymmetric synthesis of anti-aldol
adducts have been reported. The N-propionyl Evans’ oxazol-
idinone 8 reacts in an anti-manner with acetaldehyde (anti : syn =
7 :1), where the only change from the standard Evans’ condi-
tions is the use of two equivalents of Bu2BOTf in the enolisation
step.8 A novel tartaric acid work-up is also described. The
titanium enolate of propionate ester 9 gives good selectivities
(anti : syn 85 :15 to 99 :1) with several aldehydes which have been
precomplexed with TiCl4, but only a 44 :55 dr with benzalde-
hyde.9 Similarly, the enolate of the N-propionyl camphor-
derived auxiliary 10 gives good anti : syn selectivities (99 :1) after
transmetallation with TiCl4 or SnCl4, but much lower select-
ivities with aromatic aldehydes.10 The analogous N-acetyl
oxazolidinone 11 affords no diastereoselectivity at all in the
titanium aldol reaction, but the corresponding N-acetyl-
oxazolidine-2-thione 12 performs much better (dr 93 :7 to
95 :5).11

The N-propionyl bicyclic lactam 13 gives uniformly high
selectivities for a single syn isomer (dr >98 :2) in the standard
boron enolate aldol reaction with a variety of aldehydes, includ-
ing benzaldehyde.12 The design of 13 is a development of a
previous, much less selective auxiliary, and takes into account
both dipole–dipole and steric interactions.

Desymmetrisation of meso-substrates is a popular current
strategy in asymmetric synthesis, and Oppolzer has used boron
aldol reactions of the N-propionyl camphor-derived sultam
14 to desymmetrise the meso-dialdehyde 15 (Scheme 2).13 The
lactol 16 is formed with 95% selectivity, without reaction at the
second aldehyde group, and is an intermediate for the synthesis
of the marine polypropionates Denticulatin A and B.

2.2 Reactions of carbanions
2.2.1 SAMP and RAMP hydrazones
Further recent developments in the uses of 1-amino-2-
(methoxymethyl)pyrrolidine (SAMP and RAMP) hydrazones
by Enders include the alkylation of the SAMP hydrazones of
protected hydroxyacetaldehyde 17 (Scheme 3).14 The products
18 are formed with diastereoselectivities which vary with the
type of protecting group, and can either be cleaved to give the
corresponding hydroxy aldehydes, or the C]]N double bond can
undergo nucleophilic addition to give vicinal amino alcohols
with two adjacent stereogenic centres. Enders et al. have also
reported two methods for the silylation of the anions of SAMP
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and RAMP hydrazones, involving either direct silylation with
silyl triflates, or alternatively, silylation of the methyl group of
hydrazones derived from acetaldehyde or methyl ketones,
followed by α-alkylation.15 This latter method allows the regio-
selective formation of α-silyl ketones, not accessible by the
direct method.

The SAMP hydrazones of 6- and 7-membered cyclic lactones
can be prepared by cyclisation of ω-chloroacyl hydrazides.16

Diastereoselective alkylations (83–93% de) are then possible,
but require 3.3 equiv. of LDA and 3.4 equiv. of alkylating
agent, with final cleavage of the hydrazone by ozone providing
an enantioselective route to 2-alkyl cyclic lactones.

Other uses of SAMP/RAMP hydrazone anions include
α-phosphinylation,17 and anionic Carroll 18 and [2,3]-Wittig
rearrangements.19,20

2.2.2 Other carbanions
Several other chiral auxiliaries have been employed in the [2,3]-
Wittig rearrangement. Glucose methyl ethers give a high degree
of asymmetric transmission from the anomeric centre, which is
part of the carbon skeleton involved in the rearrangement.21

Two groups have reported diastereoselective [2,3]-Wittig re-
arrangements using chiral phosphorus-stabilised anions con-
taining chiral auxiliaries. The oxazaphosphorinanes 19 and 20
are prepared from the corresponding amino alcohols, and the
anions undergo [2,3]-rearrangement with complete control of
stereochemistry at the anionic carbon atom (Scheme 4).22 The
minor diastereoisomer formed from 20 has the methyl group
syn to the hydroxy group. The auxiliary can be removed
by vigorous hydrolysis (refluxing in 6  HCl) to give the
phosphonic acids. The phosphonates 21 are prepared from
readily available menthol, and the [2,3]-Wittig rearrangement
proceeds in 92% de.23 As with the first case, vigorous conditions
are required to remove the auxiliary by hydrolysis to give the
corresponding phosphonic acid.

Another use of phosphorus-stabilised carbanions is the
Horner–Emmons reaction, and phosphonates with a second
anion stabilising group containing a chiral benzopyrano-
oxazolidine auxiliary have been used for the synthesis of axially
disymmetric alkenes from 4-substituted cyclohexanones.24 The
use of potassium hexamethyldisilazide (KHMDS) and 18-
crown-6 to form the anion is essential for high diastereo-
selectivities, which are 90 :10 to 96 :4 dr for a range of ketones
under optimum conditions.
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Protected α-amino nitriles formed from aldehydes can be
lithiated, giving ‘umpoled’ anions, and examples with a chiral
auxiliary on the amino group e.g. 22 have been used for con-
jugate addition to cyclohexenones, followed by tandem
α-alkylation (Scheme 5).25 Hydrolysis of the α-amino nitriles
23 then removes the auxiliary, revealing the ketone. The
2-alkyl-3-aroylcyclohexanones 24 are formed in >97% ee, but
the alkylation step requires activated alkyl halides and also the
use of HMPA. Meyers has developed the use of chiral form-
amidine stabilised anions for the asymmetric synthesis of sev-
eral types of heterocyclic system, and sequential bis-alkylation
of an isoindoline formamidine gives (S,S)-1,3-dialkyl isoindol-
ines in >95% ee.26

A sulfimine-stabilised anion adds to carbonyl compounds
with subsequent ring closure to give chiral epoxides; benzalde-
hyde reacts in 70% ee, but other examples are much less selective
(21–45% ee).27

2.3 Michael addition reactions
2.3.1 Michael addition reactions of chiral nucleophiles
SAMP hydrazones have been used as nucleophiles for Michael
reactions in two different ways. Lithiated SAMP hydrazones of
methyl ketones are chiral enolate equivalents, and undergo
Michael addition to alkenylphosphonates, to give 4-oxophos-
phonates in moderate to very good ees (20 to >95%).28 On
the other hand, the SAMP hydrazone of formaldehyde 25 is
a neutral formyl anion or cyanide equivalent in its Michael
additions to nitro alkenes (Scheme 6).29

The lithium enolate of a chiral N-propionyloxazolidine
reacts with α,β-unsaturated esters and amides in 87 :13 to

Scheme 5

O O

Ph

N
Me

CN

Ar
R O

Ar

CN
MeN

Xc

R O

Ar

O

1. LDA, THF
2. cyclohexenone

3. HMPA, RCH2Br
4. crystallisation

AgNO3

H2O–THF

22 23

24

53–88%

96 to 99% de

Scheme 6

H H

N
N

OMe

R
NO2

H

N
N

OMe

NO2

R

H

O

NO2

R
NC

NO2

R

CHCl2

 –78 to –25 °C

25
O3

90 to >98% de

magnesium
monoperoxyphthalate

>99 :1 dr; however small structural variations, or the use of the
oxazolidine as the Michael acceptor, gives poor selectivities.30

Davies has extended the use of chiral lithium amides to Michael
additions to α,β-unsaturated Weinreb amides, which allows the
products to be transformed into either β-amino aldehydes or
ketones.31

Two groups have described the Michael additions of chiral
phosphorus-stabilised allyl anions to α,β-unsaturated cyclic
ketones. One uses the allylphosphonate of binaphthol 26
(Scheme 7),32 and the products can be oxidatively cleaved at the
new alkene bond. Tandem methylation of the intermediate
enolate is possible, and the crotylphosphonate analogous to 26
can also be used, forming two stereocentres during the addition
step. A second approach utilises the anions of P-allyl oxaza-
phosphorinanes closely related to 19 shown in Scheme 4.33

2.3.2 Michael addition reactions to chiral electrophiles
The well-established conjugate addition of cuprates to α,β-
unsaturated esters of Helmchen’s camphor-derived auxiliaries
has been extended to the use of unsaturated 5- and 6-membered
cyclic β-keto esters, e.g. 27 (Scheme 8).34,35,36 The products are
formed in uniformly high diastereoselectivities (>95%), and
removal of the auxiliary is accomplished simply by heating in
methanol, but requires a sealed autoclave at 125 8C.

Meyers has reported the conjugate addition of primary
amines to his chiral bicyclic lactams in 95 :5 to >98 :2 dr, and
the products can be transformed by reductive cleavage to chiral
3-aminopyrrolidines.37 Lithium enolates of esters and ketones
undergo Michael addition to chiral Fischer vinyl carbene com-
plexes derived from 8-phenylmenthol.38 1,3-Oxathianes have
previously been used as auxiliaries for addition to attached
carbonyl groups; conjugate addition of organocuprates to the
α,β-unsaturated acyl oxathianes gives chiral β-substituted
ketones, and the addition of YbCl3 improves the diastereo-
selectivity.39

2.4 Additions to C]]N double bonds
The addition of nucleophiles to imines prepared from 1-
phenylethylamine e.g. 28 has been well studied, and reaction
with crotyl titanium reagents 29 gives the syn homoallylic
amines in 94 :6 dr (Scheme 9).40 Modification of 1-phenylethyl-
amine by introduction of a methoxy group gives the imines 30,
which give better diastereoselectivities (93 :7 to 98 :2) in the
addition of organolithium reagents, as a result of chelation.41

The imine 31 also incorporates a chelating methoxy group, but
in a different position, and the addition of lithium diethyl-
phosphite provides a route to α-aminophosphonates.42 Add-
itions to chiral oxime ethers are much less well studied, and
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examples bearing a chiral O-(1-phenylethyl) group e.g. 32
undergo addition of organolithium and Grignard reagents in
the presence of BF3?OEt2 in 35–95% de.43 The bulky (2,6-
dichlorophenyl)imine 33 gives fairly good selectivity (83 :13) in
the Staudinger addition of phenoxyketene to give β-lactams;44

the unsubstituted phenyl analogue is almost unselective.

Asymmetric Strecker reactions using auxiliaries on the imine
have in the past given mostly moderate selectivities, however
Davis has reported that the addition of PriOH to the reac-
tion of Et2AlCN with chiral sulfinimines gives dramatically
improved results (82–86% de compared with 36–42% de with-
out PriOH).45

Two different strategies for the addition to the C]]N bond of
hydrazones are represented by the addition of organolithium
reagents to SAMP hydrazones of ferrocene aldehydes 34 in
>98% de,46 where the auxiliary is on the nitrogen atom of the
hydrazone, and secondly, addition to a dimethylhydrazone of
glyoxal 35,47 where the auxiliary is a chiral aminal formed on
the second aldehyde group.

2.5 Cycloaddition reactions
New examples of auxiliaries for the dienophile component of
Diels–Alder reactions continue to appear. The oxazolidinone
37 derived from aminoindanol 36 gives higher selectivities
(87.5–98.4% de) than the structurally related but conform-
ationally less restricted analogue 38.48 However, simple acrylate
esters of 36 with an N-tosyl group are also quite selective (92 :8
dr) in the TiCl4-promoted reaction with cyclopentadiene.49

Another α,β-unsaturated N-acyl oxazolidinone derived from
camphor also gives good results with cyclopentadiene.50 The
Diels–Alder reaction of the acrylate ester 39 is unusual in that it
gives an excellent selectivity under one set of conditions, which
is reversed simply by changing the solvent and Lewis acid
(Scheme 10).51 Cyclic 2-methylene-1,3-bis-sulfoxides give >97 :3
selectivity in the addition of various dienes, and serve as chiral
ketene equivalents.52

Incorporation of the chiral auxiliary into the diene com-
ponent is rather less common, however use of 2-(2-phenyl-
cyclohexyl)oxy dienes gives moderate to high face selectivity.53
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Nitro alkenes serve as the 4-atom component in the [4 1 2]
cycloaddition to chiral vinyl ethers; the resulting cyclic nitro-
nates can be readily transformed into chiral pyrrolidines.54

2.6 Other addition reactions
A chiral version of the THP protecting group has been attached
to α-hydroxy aldehydes and ketones (Scheme 11); addition of
allyl stannanes or Grignard reagents occurs with 22 :1 to 50 :1
selectivity, and the auxiliary can be removed by conventional
hydrolysis.55,56 Chiral 2-phenoxycyclohexanols have been used
as auxiliaries by forming esters with glyoxylic acid; addition
of alkylzinc reagents to the aldehyde then affords a route to
α-hydroxy acids.57

Roush has reported an improved cyclic amide derivative
of tartaric acid as an auxiliary for the addition of chiral
allylboronates to aldehydes.58 Allylsilanes undergo addition to
ketones mediated by a norpseudoephedrine derivative;59 this is
a development of the same reaction with aldehydes, but surpris-
ingly gives the opposite facial selectivity with ketones.

2.7 Miscellaneous uses of chiral auxiliaries
Desymmetrisation of cyclic meso-anhydrides is an attractive
approach to diacid derivatives containing two or more stereo-
genic centres in a single step. Norbornene- and norbornane-
derived anhydrides, e.g. 40, react with proline methyl ester
hydrochloride salt 41 to give the amide 42 with complete select-
ivity (Scheme 12);60 however cyclohexane-derived anhydrides
react non-selectively. Chiral titanium complexes have also been
used to desymmetrise cyclic meso-anhydrides to give isopropyl
monoesters.61

Chiral cyclic acetals have been widely used as auxiliaries in
ring-opening reactions. A four-step sequence from the ene
acetal 43 results in a synthesis of 1,4-diols 44 (Scheme 13).62 A
new dioxane acetal with a 2,6-dichlorophenyl substituent is
effective for TiCl4-mediated reaction with allylsilanes and silyl
enol ethers, and the products are consistent with the operation
of an SN2-like mechanism.63

Dynamic kinetic resolution in the alkylation of dibenzyl
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malonate has been achieved using the halide 45, with rapid
epimerisation of 45 occurring under the reaction conditions,
and one diastereoisomer reacting selectively (Scheme 14).64

HMPA is required for good selectivity, with other solvents
being much less effective.

Intramolecular palladium catalysed cyclisation of chiral
enamines onto allylic acetates has been used to form cyclo-
pentanes, with the best result being obtained using a pyrrol-
idine bearing a pendant phosphine group.65 Another transition
metal mediated cyclisation is the rhodium catalysed insertion
of diazo amides containing a chiral ester auxiliary, to give
4-substituted pyrrolidinones.66 cis-2,6-Disubstituted piperidines
have been prepared from Meyers’ chiral bicyclic lactams by an
Eschenmoser sulfur contraction followed by stereoselective
hydrogenation.67

The sulfinamide 46 has been used to introduce a sulfoxide
auxiliary by reaction with enolates of ketones (Scheme 15).68

The auxiliary is used to direct the reduction of the ketone, and
can then be eliminated thermally to give chiral allylic alcohols
or their esters.

3 Chiral reagents

3.1 Chiral bases
The combination of BuLi (or BusLi) and the natural chiral
diamine (2)-sparteine has been used for the asymmetric depro-
tonation of a number of substrates. Lithiated crotyl carbamates
have been converted into allylstannanes in high regio- and
enantio-selectivity (Scheme 16).69 The opposite enantiomer can
be obtained via an intermediate titanium species, and the allyl-
stannanes can be reacted with aldehydes and ketones with
complete chirality transfer. Reaction of indenes with BuLi–(2)-
sparteine gives a configurationally labile organolithium species
which undergoes thermodynamic equilibration controlled by
the sparteine, before reaction with electrophiles in >95% ee
(Scheme 17).70 A similar phenomenon has been reported for the
lithiation of N-Boc-N-methylbenzylamine, which undergoes
enantioselective lithiation in the presence of sparteine followed
by rapid racemisation and subsequent equilibration to an enan-
tiomerically enriched species.71 The asymmetric deprotonation
of N-Boc-pyrrolidine using BusLi and various chiral ligands
has been studied by Beak,72 with (2)-sparteine being the
best ligand yet found. N-Boc-N-(3-chloropropyl)benzylamines

Scheme 13

O O

Ph Ph

O O

Ph Ph

MeO I

Et
Me

OH

OH

43

I(coll)2ClO4

MeOH,

CH2Cl2,

 –78 °C to room temp.

44

dr 85:3:12:0

1. LiAlH4
2. EtMgBr
3. H2, Pd or Ca, NH3

Scheme 14

NMe

N

Me

Br

OButO2C

O

NMe

N

Me

CH(CO2Bn)2

OButO2C

O

NaCH(CO2Bn)2

HMPA, room temp.

dr 94 : 645

undergo enantioselective deprotonation followed by rapid
cyclisation which is faster than racemisation, to give 2-aryl-
pyrrolidines, mostly in 84–96% ee.73 Ferrocene bearing an
electron-withdrawing amide group is lithiated enantioselec-
tively by BuLi–(2)-sparteine; trapping with electrophiles then
gives ferrocene derivatives with axial chirality in 81–99% ee.74 A
similar deprotonation of ferrocene bearing a diphenylphos-
phinyl group can be achieved using a chiral lithium amide
base.75 Selective deprotonation of enantiotopic methyl groups
rather than enantiotopic protons by BusLi–(2)-sparteine has
been applied to the phosphine borane 47 (Scheme 18).76 Trap-
ping of the anions with benzophenone gives products in 79–87%
ee, but homocoupling of the anions gives C2-symmetric diphos-
phines 48 in higher 96–99% ee, since the coupling of opposite
enantiomers gives the minor meso-diastereoisomer. Treatment
of cinnamyl alcohol (and other cinnamyl derivatives) with BuLi–
(2)-sparteine results not in deprotonation, but enantioselective
carbolithiation of the alkene; protonation or trapping with
electrophiles then gives products in up to 84% ee.77

Selective deprotonation of enantiotopic protons by chiral
lithium amide bases has been quite extensively studied, and in
some cases addition of LiCl dramatically improves the enantio-
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selectivity, e.g. from <40% to about 90% ee in the case of trop-
inone 49 (Scheme 19).78 Preparation of the lithium amide
from the hydrochloride salt of the amine and two equivalents
of BuLi achieves the same effect.

3.2 Asymmetric protonation
Enantioselective protonation of enolates is possible using a
variety of chiral protonating agents.79 Chiral alcohols are usu-
ally not sufficiently acidic to be effective, however the γ-hydroxy
selenoxide 51 (Scheme 20) gives 89% ee with the zinc enolate of
2-benzylcyclohexanone, 50,80 and internal hydrogen bonding is
proposed as an important acidifying effect. Phenols are suf-
ficiently acidic to be effective, and the novel chiral binaphthol
carbamate 52 protonates substituted-tetralone enolates in up to
94% ee (Scheme 21),79 with magnesium enolates giving much
higher selectivities than lithium enolates.

3.3 Miscellaneous uses of chiral reagents
Kinetic resolution of alcohols, commonly achieved using
enzymes, is also possible using synthetic chiral reagents. For
example, 4-(dimethylamino)pyridine is a widely used nucleo-
philic catalyst for acylation, and the chiral derivative 53 resolves
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aromatic secondary alcohols when used in stoichiometric
amounts (Scheme 22),81 although turnover has not yet been
achieved. Racemic secondary alcohols have also been resolved
in the Mitsunobu reaction, using a chiral phosphine reagent
derived from binaphthol.82 The ester product is formed in low
ee (0–39%), but the unreacted alcohol can be obtained in up to
99% ee at the expense of allowing the reaction to proceed to
high conversion. The desymmetrisation of the cyclic anhydride
54 can be effected to give either enantiomer of the β-lactone
product 55 or 56 using the lithium alkoxides of hydroquinine
and hydroquinidine respectively (Scheme 23).83 The β-lactones
55 and 56 can then be converted into various chiral half-esters
or amides.

The use of chiral additives in the reaction of organometallic
reagents with aldehydes and ketones has been a popular topic in
asymmetric synthesis for many years now. Two recent examples
use ephedrine derivatives; in one case for the addition of a
lithium acetylide to a trifluoromethyl aryl ketone in 96–98%
ee,84 and in the second for an enantioselective Reformatsky
reaction (Scheme 24).85 Two equivalents of N-methylephedrine
57 are required to give the product in 84% ee, with three equiv-
alents of organozinc reagent, since deprotonation of 57 occurs.
Sub-stoichiometric amounts of 57 give reduced selectivities
(54% ee with 0.1 equiv.), and the reaction resembles the inten-
sively studied addition of dialkylzinc reagents to aldehydes.

Modified binaphthols have been prepared to give improved
reagents for particular applications. For example, the amide-
substituted binaphthol 58 is effective in the Simmons–Smith
cyclopropanation of cinnamyl alcohol, giving the cyclopropane
59 in 90% ee.86 A silyl-substituted binaphthol has been used to
prepare the aluminium compound 60, and this has been used as
a chiral Lewis acid to promote radical cyclisation reactions in
up to 48% ee.87

Chiral alkyl boranes have been used extensively for asym-
metric hydroboration, and double cyclic hydroboration of a
diene has been achieved using isopinocampheylchloroborane
61 (Scheme 25).88 The cyclic borane intermediate 62 is then
reacted with α,α-dichloromethyl methyl ether to insert a carbon
atom, resulting in a synthesis of tetralone 63 in 99% ee. Two
other terpene-derived chloroboranes, di-2- and di-4-isocaranyl-
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chloroborane, have been used to prepare enol borinates of sub-
stituted acetic acids; subsequent aldol addition to benzaldehyde
occurs in >99% ee for several examples.89

Camphorsulfonic acid has been used as an additive in a
pinacol coupling of the imine 64 (Scheme 26) to give the 1,2-
diamine 65 in high enantiomeric purity, together with the meso-
isomer 66 as a minor product.90 This is an unusual approach to
the asymmetric synthesis of 1,2-difunctional systems, since it
forms the 1,2-C]C bond as well as the two asymmetric centres
in a single reaction.

Other uses of chiral reagents include a mannitol-derived
selenide for methoxyselenation of alkenes,91 chiral diols to give
asymmetric aldol-ring cleavage reactions via the acetals,92 and
the allylation of aldehydes by diallyltin dibromide using chiral
diamines as Lewis base promoters.93

4 Chiral catalysts

4.1 Oxidations
4.1.1 Epoxidation
The Mn-salen catalysed epoxidation of alkenes generally
employs aqueous sodium hypochlorite as the stoichiometric
oxidant, but if a combination of m-CPBA and N-methyl-
morpholine N-oxide in dichloromethane at low temperature is
used then enhanced enantioselectivities are seen in many cases,
particularly for terminal alkenes (Scheme 27).94 This method is
also useful for substrates which are water-soluble, or which
decompose in aqueous bleach.

Tetrasubstituted alkenes would be expected to give poor
enantioselectivities in the Mn–salen catalysed epoxidation, since
their bulkiness prevents side-on approach to the metal-oxo
intermediate. However, certain cyclic tetrasubstituted alkenes
(e.g. chromene derivatives) have been found to react with high
selectivities.95 Nevertheless, small structural changes in the sub-
strate can result in dramatically worse results. Cyclic 1,3-dienes
have been epoxidised at low temperature (218 8C) with
improved enantioselectivity (82–94% ee; <70% ee obtained
previously) using a catalyst with enhanced steric and π-
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electronic interactions.96 Enantioselective ring-opening reac-
tions of symmetrical meso-epoxides with Me3Si–N3 are also
catalysed by salen complexes in 81–98% ee, with a change of
metal from Mn to Cr being essential to control selectivity.97

Kinetic resolution of racemic terminal epoxides is also possible.
A Cr–salen complex has also been employed for catalytic epox-
idation of cis-β-methylstyrene in 77% ee using iodosylbenzene
as the stoichiometric oxidant.98 This reaction differs sub-
stantially from the Mn–salen catalysed reaction: a different
mechanism operates, and trans-disubstituted alkenes react
more selectively than do the cis-isomers.

The chiral ketone 67 is a non-transition metal catalyst for
asymmetric epoxidation (Scheme 28).99 Oxone is the stoichio-
metric oxidant, the reaction proceeding via a chiral dioxirane
intermediate, but with alkenes other than 68 poorer selectivities
are obtained (<5–50% ee). A binaphthyl-based iminium salt has
also been used with Oxone as a chiral oxygen transfer catalyst
for the epoxidation of alkenes.100 An oxaziridinium salt is the
intermediate and 1-phenylcyclohexene reacts with good select-
ivity (70% ee), but other examples react less selectively (8–45%
ee).

A variety of α,β-unsaturated ketones undergo asymmetric
epoxidation with basic hydrogen peroxide using poly(leucine)
as the catalyst (Scheme 29).101,102 The epoxides 69 are formed
in high yields and ees, and the poly(leucine) catalyst is com-
mercially available, or easily prepared in both - and -forms.

4.1.2 Dihydroxylation
Sharpless has reported several developments in the osmium-
catalysed asymmetric dihydroxylation (AD) of alkenes (Scheme
30). Bis(cinchona) alkaloid ligands containing new diphenyl-
substituted spacers DPP (diphenylpyrazinopyridazine) 70 and
DP-PHAL (diphenylphthalazine) 71 give better ees than those
used previously for most classes of alkenes, except for alkyl-
substituted terminal alkenes.103 A new spacer based on an
anthraquinone core has been found to be effective for terminal
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alkenes containing allylic substituents, and is better than previ-
ous ligands for this class of compound.104 Sharpless proposes
osmaoxetane intermediates for these reactions, and has studied
them using DFT-calculations, concluding that they explain all
the enantioselectivities so far observed in AD reactions.105 The
AD reaction has been extended to catalytic aminohydroxyl-
ation of alkenes, using Chloramine-T as the nitrogen source
(Scheme 31).106

Corey has used his alternative mechanism, involving a com-
plex with a U-shaped cleft and a [3 1 2] cycloaddition pathway,
to develop the AD reaction on p-methoxyphenyl ethers of
homoallylic alcohols (Scheme 32).107 The same approach has
also been used for the AD reaction of p-methoxyphenyl
ethers of bishomoallylic alcohols,108 and also ethers of 1,3-
dienes containing an allylic or homoallylic hydroxy group at the
2-position.109

4.1.3 Other oxidations
Asymmetric catalytic oxidation of sulfides to sulfoxides
(Scheme 33) is currently attracting attention, using both syn-
thetic catalysts and enzymatic methods. The widely used Kagan
method, using a water-modified Sharpless titanium complex
has been optimised, and experimental conditions reported for
reproducibly high enantioselectivities for aryl alkyl sulfides.110

Two recent sulfide oxidations both use hydrogen peroxide as the
stoichiometric oxidant. In one, the catalysts are acetals of oxo-
camphorsulfonylimine 72, and the reactive intermediate is pro-
posed to be the corresponding α-hydroperoxyamine.111 Dialkyl
sulfides are oxidised in up to 86% ee for acyclic cases, and >98%
ee for 2-substituted dithianes. A second example uses a van-
adium catalyst with an imine 73 derived from a salicylaldehyde
and tert-leucinol as the chiral catalyst,112 and is also more select-
ive for cyclic dithioacetals than acyclic sufides. An Mn–
aldiminato complex 74 in combination with pivalaldehyde and
molecular oxygen oxidises aryl methyl sulfides in up to 72%
ee,113 and appears to involve the pivalaldehyde in the reactive
intermediate.
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Other miscellaneous asymmetric oxidations include the reso-
lution of chiral secondary alcohols using the aminoxyl 75 as
catalyst together with commercial bleach,114 the Baeyer–Villiger
type oxidation of cyclobutanones using the copper catalyst 76
with pivalaldehyde and oxygen,115 and the allylic oxidation of
alkenes (Kharasch reaction), also using a copper catalyst 77,
and tert-butyl perbenzoate.116

4.2 Reductions
4.2.1 Hydrogenation
The rhodium-catalysed hydrogenation of α-(N-acylamino)-
acrylic acids in the presence of chiral phosphines is probably
the most used and intensively studied asymmetric hydrogen-
ation reaction to date. One of the most widely used ligands
is DIPAMP 78 (Scheme 34), its isosteric ethyl analogue 79
having also been prepared, and giving similarly high ees in
hydrogenation reactions; this suggests that the steric effect of
the o-MeO group in 78 is more important than coordination to
the metal.117

Asymmetric transfer hydrogenation of aryl alkyl ketones can
be achieved in very high selectivity using a ruthenium catalyst
together with a chiral diamine derivative 80, and PriOH as the
hydrogen source (Scheme 35).118 An amino alcohol analogous
to 80 is also effective.119 Because the reaction is reversible, the ee
becomes lower as the reaction proceeds, and low substrate con-
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centrations are used to obtain high selectivity. However, by
using formic acid instead of PriOH as the hydrogen source the
reduction becomes irreversible, allowing higher substrate con-
centrations.120 This is then a very practical method, with the
catalyst being prepared in situ, and the reaction being con-
ducted in an open vessel. Helmchen has found that chiral phos-
phinooxazolines are also useful ligands for reduction of aryl
alkyl ketones,121 and they are also reasonably effective (60% ee)
for a dialkyl example.

Asymmetric hydrogenation of β-keto esters using a BINAP–
Ru catalyst was developed by Noyori several years ago, but
most reductions of this type using chiral Ru complexes required
elevated pressures of hydrogen (35–100 atm). Catalytic systems
have now been developed which allow the reaction to proceed
at atmospheric pressure (Scheme 36),122 or slightly above
(4 atm).123

4.2.2 Other reductions
Various chiral catalysts have been introduced for the reduction
of ketones using borane (Scheme 37), following Corey’s use of
oxaborolidines. A polymer supported version 81 can easily be
recovered although the selectivity does begin to diminish after
more than one reuse.124 The chiral titanium alkoxide 82 repre-
sents the first titanium-catalysed borane reduction of a
ketone,125 giving 82% ee for acetophenone. The oxazaphos-
pholidine oxide 83 becomes more effective as a catalyst for the
reduction of acetophenone as the temperature is increased
(70% ee at 60 8C; 40% ee at 20 8C).126 It is very effective for
chloroacetophenone (94% ee) but much less so for alkyl
ketones (25–49% ee). Sodium borohydride reductions of
ketones can also be made enantioselective by chiral catalysts,
and aldiminato cobalt complexes have been used in 68–92%
ee.127 Cyclic meso-N-phenyl imides have been reduced using a
phenoxyborane and a catalyst prepared from diethyl zinc and a
chiral α-amino thiol;128 the products are formed in 70–99% ee
and are readily transformed into chiral lactones.
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4.3 Carbon–carbon bond forming reactions
4.3.1 Additions of carbon nucleophiles to carbonyl groups
The addition of dialkylzinc reagents to aldehydes in the
presence of chiral catalysts (Scheme 38) has been intensively
studied, and continues to attract new developments. Most
catalysts are 1,2-amino alcohols or 1,2-diamines, but new
examples include the diselenide 84, which is derived from 1-
phenylethylamine, and is thus accessible in either enantiomeric
form.129 Only 1 mol% of 84 is required for good enantio-
selectivities using Et2Zn, with lower selectivities being obtained
for non-aromatic aldehydes and other organozinc reagents. The
ferrocenyl amino alcohol 85 gives 98.6% ee in the addition of
dimethylzinc to ferrocenecarbaldehyde, and the product can
be transformed into the opposite enantiomer of the catalyst.130

Automultiplication of the catalyst, where the product of the
reaction is itself the catalyst, has been studied for this type of
reaction before, but only low ees had previously been obtained.
The pyrimidyl alcohol 86 is the first example of a catalyst giving
high ee (93.8%) for automultiplication,131 although a fairly large
amount of catalyst (20 mol%) is required. The use of amino
alcohols as catalysts in this reaction gives dramatic non-linear
effects, with high ees of products being obtained even with
catalysts of low ee. This effect has been studied in detail
by Noyori, and discussed in terms of self-recognition of the
catalyst in the formation of dimeric species.132

A similar type of non-linear effect is seen in the BINOL-
catalysed addition of allylstannanes to aldehydes,133 where
titanium complexes can also be used to poison the racemic
catalyst and thus improve enantioselection. The same reaction
is also catalysed by a BINOL–zirconium alkoxide complex,134

again showing positive non-linear effects dependent on the
enantiomeric purity of the catalyst. Catalysts prepared from
substituted BINOLs and lanthanum alkoxides are effective in
the nitroaldol reaction,135 which is diastereoselective for the syn-
product (up to 92 :8) and also shows good enantioselectivity
(up to 97%).

The dienol derivative 87 undergoes addition to aldehydes
catalysed by the titanium complex 88 to give products which
are the equivalent of enantioselective aldol reactions at the
γ-position of acetoacetate (Scheme 39).136 Very similar products
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can also be obtained in 75–91% ee by the reaction of diketene
and aldehydes, catalysed by a titanium complex containing a
valinol-derived imine.137

The Baylis–Hilman reaction involving the addition of α,β-
unsaturated ketones to aldehydes is catalysed in low enantio-
selectivities by cinchona alkaloids. Using chiral disubstituted
DABCO (1,4-diazabicyclo[2.2.2]octane) derivatives this can be
improved to 47% ee, but high pressures (5 kbar) are required.138

The preparation of epoxides which also involves C]C bond
formation can be achieved by the reaction of sulfonium ylids
with aldehydes; use of catalytic amounts of a chiral camphor-
derived sulfide together with formation of the ylid by a
rhodium-catalysed reaction with phenyl diazomethane results
in epoxides in 23–41% ee.139

4.3.2 Palladium-catalysed reactions
Several new catalysts and substrates have appeared for the
palladium-catalysed substitution of allylic systems. The most
studied examples involve the reaction of allylic acetates with
malonates as nucleophiles; the terpene-derived phosphino-
carboxylic acid ligand 89 gives very high ees with cyclic allylic
acetates (Scheme 40).140 A bis(diphenylphosphanyl) ligand 90
based on a tartrate-derived diol gives ers of up to 88 :12 with
acyclic acetates (Scheme 41).141 Nitromethane can serve as the
nucleophile as well as the solvent, using allylic carbonates as
the substrates.142 A ligand 91 of the widely used phosphanyldi-
hydrooxazole type is employed, and gives >99% ee. Prochiral
gem-dicarboxylates react with enantioselective replacement of
one carboxylate group in >95% ee using the bis-phosphine
ligand 92.143 Using a racemic vinyl oxirane as the allylic sub-
strate gives diastereomeric π-allyl palladium intermediates,
which interconvert rapidly.144 Substitution with phthalimide
results in conversion of both enantiomers of the oxirane into a
protected vinylglycinol in 98% ee.

The phosphanyldihydrooxazole 93, which has been previ-
ously used in allylic substitution reactions, has also been found
to be very effective in the palladium-catalysed Heck reaction
(Scheme 42).145 Intramolecular asymmetric Heck reactions
using BINAP as the ligand have been extended to study the
regioselectivity of reaction between two alkene bonds.146
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A novel approach to the asymmetric synthesis of biaryl com-
pounds involves the Pd-catalysed cross-coupling of the achiral
biaryl 94 with a Grignard reagent (Scheme 43).147 Selective reac-
tion of one of the two enantiotopic triflate groups in 94 gives
the chiral biaryl 95 in 93% ee.

4.3.3 Cycloaddition reactions
Several examples have appeared of the use of chiral titanium
complexes as catalysts in cycloaddition reactions, including
Diels–Alder, hetero Diels–Alder and ene reactions. A BINOL–
Ti catalyst has been used for ‘inverse electron demand’ Diels–
Alder reactions between the commercial pyrone 96 and
electron-rich enol ethers (Scheme 44).148 Details of the prepar-
ation of the catalyst are given, which follow the protocol of

Scheme 41

OPPh2

OPPh2
O

O

Me

Me

Ph Ph

Ph Ph

H

H

O

N PPh2Me

Me
SBui

NH

NH

O

O

PPh2

PPh2

Nu, PdL*

NuH = CH2(CO2Me)2,

R1 = R2 = Ph, R3 = Me

er = 88:12

L* = 91: NuH = CH3NO2,

R1 = R2 = Et, R3 = OMe

>99% ee

L* = 92:

L* = 90:

NuH = CH2(CO2Bn)2,

R1 = Ph, R2 = OAc, R3 = Me

>95% ee

R1 R2

OCOR3

R1 R2

Nu

Scheme 42

O

TfO

N

O

But

PPh2

O
+

[Pd(dba)2] 3 mol%

PhH, Pri
2NEt, 30 °C, 3 d

6 mol%

93
92%

99% ee

Scheme 43

TfO OTf Ph OTf

N

Pd
N

Ph Ph

Ph Ph

Cl

Cl

PhCH2

PhMgBr–LiBr

L*PdCl2, 5 mol%

87%

93% ee

L*PdCl2 =

94 95



J. Chem. Soc., Perkin Trans. 1, 1998 1161

Mikami, but the moisture content of the molecular sieves used
to prepare the catalyst, and the temperature of mixing with 96
are crucial for success. Mikami has used a modified catalyst,
prepared from 6,69-dibromo-BINOL to give higher selectivities
than the parent BINOL-derived catalyst in hetero Diels–Alder
reactions,149 and also for an ene reaction with isoprene, which
gives complete enantioselectivity and very high periselectivity
for reaction of one of the two alkene double bonds.150 A com-
plex prepared from 2 :1 BINOL:Ti(OPri)4 catalyses the hetero
Diels–Alder reaction of Danishefsky’s diene with various
aldehydes to give dihydropyrans in up to 97% ee.151

3-Hydroxypyrone 97 undergoes Diels–Alder reaction with
dienophiles, e.g. N-methylmaleimide 98, with normal electronic
matching (unlike the example with 96 above) (Scheme 45).
Cinchona alkaloids catalyse the reaction, with cinchonidine
and cinchonine giving opposite enantiomers of the product 99
in 77 and 71% ee respectively.152

A Brønsted-acidic catalyst 100, formed from a BINOL-
derived triol and a phenylboronic acid, is a development of
a borate catalyst previously described by Ishihara et al., and
causes a very large rate acceleration and high enantioselectivity
in the Diels–Alder reaction shown in Scheme 46.153

1,3-Dipolar cycloadditions of nitrones have been investigated
using Ti catalysts with ligands prepared from tartrate-derived
diols (TADDOL–TiX2).

154 Changing the ligand X from Cl to
toluene-p-sulfonate remarkably reverses the diastereoselectivity
of the reactions from exo to endo, and also increases the
enantioselectivity, often to >90% ee.

4.3.4 Other carbon–carbon bond forming reactions
Various chiral metal complexes can be used to catalyse form-
ation of carbenoid species from α-diazocarbonyl compounds,
and both C]H insertion reactions and addition to alkenes
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to form cyclopropanes can be achieved with high enantio-
selectivities. Chiral dirhodium() carboxamides have been used
for intramolecular C]H insertion reactions of diazoacetates,
and modification of the catalyst ligand allows insertion into
tertiary alkyl ester groups, which have previously given moder-
ate selectivities, in up to 90% ee (Scheme 47).155 Insertion reac-
tions of diazoacetamides of cyclic amines produces bicyclic
β-lactams in up to 97% ee, again using chiral dirhodium()
carboxamide catalysts.156 An alternative chiral ligand for the
dirhodium catalyst is an N-protected tert-leucine, and selective
C]H insertion into one of the two enantiotopic phenyl groups
of 101 forms the indanones 102 in 88–98% ee (Scheme 48).157,158

with moderate enantioselectivity, but in a case where rho-
dium() catalysts were unsuccessful. The systematic investig-
ation of different ligand–metal–solvent combinations for C]H
insertion reactions has been investigated using the techniques
of combinatorial chemistry, with high throughput screening in
96-well plates.159

The intramolecular cyclopropanation reactions of allylic and
homoallylic diazoacetates has been extensively investigated by
Doyle 160 using a variety of chiral dirhodium() carboxamide
catalysts (Scheme 49). The allylic substrates give higher enantio-
selectivities, but these are subject to greater variation with the
substitution pattern on the double bond. Racemic secondary
allylic diazoacetates undergo kinetic resolution,161 with the
products being formed in 83–95% ee for cycloalkenyl examples,
using Rh2(MEOX)4 (MEOX = methyl 2-oxooxazolidine-4-carb-
oxylate). N-Allyl diazoacetamides also undergo intramolecular
cyclopropanation with very high enantiocontrol (92–95% ee).162

Chiral semicorrin–copper complexes have been used for the
intramolecular cyclopropanation of allylic and homoallylic
alkenyl α-diazomethylketones,163 with the bicyclo[3.1.0]- and
bicyclo[4.1.0]-alkanones being formed in up to 85 and 95%
ee respectively. Intermolecular cyclopropane formation from
α-diazoacetates has been achieved in up to 73% ee using a
Co()–salen catalyst,164 and 88% ee using a bis(oxazolinyl)-
pyridine Ru() complex,165 with the trans-diastereoisomer also
being formed selectively in both cases. Cooperative use of a
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chiral menthyl α-diazoacetate allows the selectivity in the latter
case to be increased to 96% ee.

Shibasaki has reported that Michael additions of malonates
to cyclic alkenones occurs with improved enantioselectivities
using bimetallic BINOL catalysts containing either lanthanum
and sodium,166 or aluminium and lithium (Scheme 50),167 com-
pared to the previous alkali-metal free BINOL complexes. A
very similar lanthanum–potassium–BINOL catalyst is also
effective for the addition of dimethyl phosphite to the C]]N
double bond of N-protected imines, to give α-amino phos-
phonic acids in up to 96% ee.168

The asymmetric Michael addition of α-cyano esters to
enones and acrolein, catalysed by a bis(phosphinoethyl-
ferrocene) ligand, has been extended to the use of an α-cyano
Weinreb amide, which allows the chiral products to be trans-
formed into aldehydes and ketones.169

Stoichiometric amounts of chiral amidophosphines have
previously been used to control the Michael addition of lithium
cyanocuprates to cyclic alkenones, and the use of magnesium
cuprates has also been found to result in high enantioselectivi-
ties, but giving the opposite enantiomer of the product.170 Use
of substoichiometric amounts (0.32 equiv.) of ligand gives good
enantioselectivities with alkylmagnesium chlorides and copper
iodide, but reducing the amount of ligand to 3 mol% substan-
tially lowers the enantioselectivity.171

Zirconium-catalysed carbometallation of simple unfunc-
tionalised alkenes is effected by trimethylaluminium and the
chiral zirconocene complex 103 in 65–85% ee (Scheme 51).172 In
this reaction, the bulky chiral ligand in 103 not only controls
the stereochemistry, but also prevents hydride transfer between
the methyl-metallated intermediate and the starting alkene. A
different chiral zirconocene 104 has been used for asymmetric
carbomagnesiation of unsaturated cyclic ethers by Grignard
reagents (Scheme 52).173 The reactions proceed in high enantio-
and diastereo-selectivity, forming branched alkylated products,
consistent with the involvement of intermediate 105. Addition
to unfunctionalised alkenes can also be achieved by iodocarbo-
cyclisation reactions of pentenylmalonates using a chiral
titanium catalyst, to give chiral cyclopentanes in up to 94%
ee.174

4.4 Miscellaneous uses of chiral catalysts
Desymmetrisation of meso-substrates has been employed in the
enantioselective isomerisation of bis(silylated) ene diols e.g.
106, catalysed by a BINAP–rhodium complex, to give the
hydroxy ketone 107 in 97.5% ee after desilylation (Scheme
53).175 This reaction has also been extended to the use of a

Scheme 50

O

CO2Bn

CO2Bn

O

CO2Bn

CO2Bn

Al–Li–(R)-BINOL, 10 mol%
+

99% ee

THF, room temp.

88%

Scheme 51

R R
OH

Me

Me

Pri
Me

Pri

1. Me3Al, Cl2ZrL*2 (cat.) 103

2. O2

ZrCl2103

65–85% ee

monocyclic meso-substrate, but in lower enantioselectivity (70%
ee).176 Desymmetrisation of meso-epoxides of cyclic alkenes is
effected by ring-opening with Me3SiCN, using a Cr(salen)N3

catalyst, in 94% ee.177 Desymmetrisation of meso-diols by
enantioselective ester formation is generally achieved using
enzymic methods; however developments in the use of synthetic
catalysts are represented by the acetylation of cis-cyclohexane-
1,2-diol in 62–67% ee by acetic anhydride in the presence of 5–8
mol% of a chiral phospholane.178

Enantioselective protonation of enolates has usually
employed stoichiometric amounts of chiral proton donors,
however the chiral imide 108, which has previously been used
stoichiometrically, has now been used in catalytic amounts,
together with a bulky phenol as an achiral proton source
(Scheme 54).179

Rhodium catalysed hydroboration of styrene using a chiral
pyrazole-containing phosphinoferrocene ligand is fairly regio-
selective (2 :1) for attachment of boron to the internal carbon
atom, and gives 1-phenylethanol in 95% ee after oxidation.180

4.5 Enzymes and antibodies
Resolution of racemic esters by enzymic hydrolysis is one of the
most widely used applications of enzymes in synthesis. By using
the thioester 109 of a carboxylic acid with an α-stereogenic
centre, rather than the oxygen analogue, spontaneous racemis-
ation of the substrate occurs in an aqueous–organic biphasic
system containing trioctylamine, with lipase-catalysed hydrol-
ysis proceeding to complete conversion in 96% ee (Scheme
55).181 A further advantage is that if the racemisation is fast
compared with the hydrolysis, then the substrate never becomes
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enriched in the less reactive enantiomer, so the enantioselectiv-
ity is independent of the extent of conversion, and remains at
the initial (highest) value, unlike the case for a normal kinetic
resolution. An alternative approach has been employed in the
lipase-catalysed hydrolysis of the acetate esters of some chiral
cyclic allylic alcohols, where the racemisation is catalysed by a
palladium() complex.182 The reverse reaction, the formation of
esters from alcohols, has been applied to the meso-diol 110
(derived from the microbial oxidation of benzene) (Scheme 56),
to give the monoacetate 111.183 Substituted analogues of 110
can be formed enantioselectively during the microbial oxidation
step, but since the parent compound 110 is achiral, this provides
a route to a desymmetrised chiral derivative 111.

Enantioselective oxidation of sulfides to chiral sulfoxides
using enzymes and microorganisms continues to attract con-
siderable attention. The oxidation of methyl p-tolyl sulfide can
be carried out using bakers’ yeast in a procedure which is
experimentally simple to perform, and gives the sulfoxide in
92% ee.184 Cyclohexanone monooxygenase has been used to
oxidise 1,3-dithiane 112 (Scheme 57);185 the second oxidation to
the sulfone is faster for the minor enantiomer of the sulfoxide
113, and so a kinetic resolution of the sulfoxide occurs, improv-
ing its enantiomeric purity to >98% ee. In contrast, oxidation
of 112 by chloroperoxidase or the Kagan method gives 113 in
only about 20% ee. Oxidation of 2-substituted dithianes with
the same enzyme gives poorer enantioselectivities, except for the
2-benzoyl case, which is oxidised in 90% ee to the trans-
sulfoxide.186

Enzymatic Baeyer–Villiger reactions using a monooxygenase
from Ps. putida have been applied to the kinetic resolution of
racemic 2-substituted cyclic ketones (Scheme 58).187 By running
the reaction to only 37% conversion the product lactone 114 is
formed in >98% ee.

The enantioselectivity of the chloroperoxidase-catalysed
epoxidation of simple unfunctionalised alkenes has been exam-
ined for a range of different structural types of substrate.188

Good selectivities are found for a number of disubstituted cis-2-
alkenes and 3-alkenes, but they are poor for trans-disubstituted
isomers, and for terminal alkenes and styrene. However, simple
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alkyl benzenes undergo side-chain oxidation α to the benzene
ring to give benzylic alcohols in high enantioselectivities (88–
97% ee). 1,1-Disubstituted terminal alkenes undergo epoxid-
ation with chloroperoxidase with much higher selectivities than
the mono-substituted analogues.189

The reduction of 1,2-diketones by bakers’ yeast normally
gives a mixture of the two α-hydroxy ketones and the 1,2-diol,
however addition of methyl vinyl ketone as an enzyme inhibitor
allows the regio- and enantio-selective reduction of the unsym-
metrical diketone 115 (Scheme 59).190

Enantioselective formation of cyanohydrins from aldehydes,
catalysed by oxynitrilase from almonds, is a well known enzym-
atic carbon–carbon bond forming reaction. The reaction also
works for methyl and ethyl ketones,191 with methyl ketones
giving higher enantioselectivities in aqueous than in organic
media, which is opposite to the case with aldehydes. Using the
racemic cyanohydrin of a methyl ketone as the HCN donor,
together with an aldehyde as the acceptor, results in both
kinetic resolution and enantioselective cyanohydrin formation
in the same reaction (Scheme 60),192 allowing both ketone and
aldehyde cyanohydrins to be produced in high ee. (S)-Selective
oxynitrilases can be isolated from plants, but are less accessible
than the (R)-selective enzyme from almonds. However the gene
for the (S)-selective oxynitrilase from Manihot esculenta has
been overexpressed in E. coli, with an 80 litre culture giving as
much enzyme as 100–200 kg of dried leaves.193 The (S)-cyano-
hydrins are produced from aldehydes using this recombinant
enzyme, mostly in 86–98% ee.

The isolation of a crude enzyme from Alternaria solani,
which catalyses Diels–Alder reactions has been reported.194 In
the intramolecular Diels–Alder reaction shown in Scheme 61
the exo-adduct 116 is formed in 99% ee, whereas the spon-
taneous thermal reaction gives mostly the endo-adduct. Anti-
bodies which catalyse the Diels–Alder reaction have been raised
using an unusual strategy for the design of the hapten: a flexible
ferrocene-containing hapten is employed instead of the more
usual rigid bicyclooctane systems,195 and produces antibodies
which give either exo- or endo-diastereoisomers of the Diels–
Alder adduct, in 95% ee in each case.

The first antibody-catalysed enantioselective aldol reaction
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uses quaternary ammonium salts as the haptens, as analogues
of the iminium ion intermediates in the amine-mediated aldol
reaction.196 Selective aldol addition of acetone to the Si-face of
an aldehyde is observed.

5 Miscellaneous asymmetric processes

The alkylation of enolates of simple α-amino acid derivatives
often results in racemisation, however self-regeneration of the
stereogenic centre has been achieved by stereoselective form-
ation of a borane adduct 117, followed by alkylation and simple
regeneration of the amino group (Scheme 62).197

The asymmetric synthesis of a product with no chiral reagent
or catalyst has been achieved by photolysis in the crystalline
state.198 The achiral substrate forms chiral crystals, and can be
selectively crystallised in either enantiomeric form by seeding
methods. The products are formed in low enantioselectivities
(5–20%), but this is an unusual example of crystal-lattice
induced stereoselectivity.

Finally, a new method for enantiomeric enrichment exploits
differences in density between the crystals of racemic com-
pounds and those of pure enantiomers.199 Pulverised crystals
of an enantiomeric mixture are stirred in a liquid phase whose
density is adjusted by mixing bromobenzene and chloro-
benzene, and the crystals separate into two layers according to
their density. In one case, efficient enrichment was achieved,
with phenylalanine of 50% optical purity being separated into
two layers of 90 and 13% optical purity respectively.
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