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1 Introduction

This article covers the literature from April to December 1996,
and continues the coverage of corresponding areas in the previ-
ous review by A. Regan. A highly selective choice of examples
has had to be made from what is a very large, and expanding,
field. The emphasis throughout will be on significant improve-
ments and developments of asymmetric catalysis rather than
comprehensive coverage of all applications of asymmetric cata-
lysis to synthetic chemistry. Reference to other reviews is limited
to those of keynote significance to the field.

2 Synthetic asymmetric catalysts

2.1 Oxidations

2.1.1 Epoxidation and aziridination

As in previous years, the Mn-salen catalysed epoxidation of
alkenes (the Jacobsen epoxidation) continues to attract a
significant level of interest. Although the mechanism of the
reaction is still not fully understood, extensive structural studies
have provided a great deal of data about the modes of binding
in these! and related? catalysts. The role of additives and
primary oxidant appears to be crucial. Scientists at Merck have
established that 4-(3-phenylpropyl)pyrrolidine N-oxides are the
best of a range of oxidants in this process,® giving epoxyindene
in up to 88% ee and 90% yield. Other researchers have found
that the bleach oxidation gives epoxides from chromenes in up
to 95% ee when carried out in the presence of isoquinoline
N-oxide as an added donor ligand* (Scheme 1). The additive
accelerates the reaction, in which as little as 0.1 mol% of Mn—
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salen complex need be used, as well as giving good ee values.
Racemic indene derivatives may be kinetically resolved to good
effect using the Mn-salen system.’ Epoxidations of enol ethers®
using the same methodology provides a convenient approach to
enantiomerically enriched (80-85% ee) a-hydroxy ketones.

R
O

0.1-0.4 mol%
? =N_ /N_ Naocl,
Mn isoquinoline N-oxide
Buf o/ (l;|\o Buf
Bu! Bu!

~0

R E
: (@) ;

up to 95% ee
Scheme 1

Contemporary research into asymmetric catalysis has
focused in some detail on the immobilisation of catalysts onto a
polymer support. The most convenient approach to this in the
case of Mn-salen catalysts is through copolymerisation of an
alkene substituted derivative with styrene. A number of func-
tional polymers have been prepared by this method, although in
general it appears that a long spacer is essential for optimal
results.” Encasing the catalyst within polydimethylsiloxane
membranes also provides a convenient immobilisation
method.? In a completely different approach, chromenes have
been epoxidised in up to 73% ee (although low yield) using an
achiral Mn-salen complex (2 mol%) in conjunction with (—)-
sparteine (40 mol%).’

In many respects, aziridination reactions of alkenes represent
closely analogous reactions to epoxidations. Using Mn-salen
complexes, Katsuki has reported asymmetric inductions of
up to 94% ee for this class of reaction.’ Chiral tetraalkyl-
ammonium salts of quinoline alkaloids have been reported to
catalyse the reaction to give products of up to 45% ee.!!

The other very well established asymmetric epoxidation pro-
cess is of course the Sharpless epoxidation of allylic alcohols.
This is now a very mature and well studied reaction which con-
tinues to find further applications, both in the synthesis of small
molecules such as isostatine '? and large complex targets such as
preswinholide A '* and FR900482.'*

Developments in the synthesis and applications of metallo-
porphyrins in asymmetric oxidation reactions have been com-
prehensively reviewed."® Although somewhat less effective than
Mn-salens and the Sharpless epoxidation, research in this area
continues to increase, particularly with Mn porphyrins’® and
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more recently ruthenium complexed analogues. Enantiomeric
excesses of up to 57% have been obtained using the latter
reagents for the epoxidation of styrene in conjunction with a
pyridine oxide as primary oxidant.!” The same reaction may be
achieved using a binuclear iron(m) complex (low yields but
‘optical yields’ of up to 73%) designed to mimic the methane
mono-oxygenase enzyme.'”® An interesting silica supported
dioxomolybdenum complex with 4-hydroxyproline has been
reported to give moderate enantioselectivity in epoxidations.'

A great deal of research has been carried out on the develop-
ment of catalytic dioxirane reagents for asymmetric catalysis.
Since many ketones may be readily prepared in enantiomeri-
cally pure form, the attraction of the approach is clear. How-
ever many attempts have been hindered by the instability of
ketones in the reaction, and particularly the propensity for the
intermediate dioxiranes to undergo rearrangement to the
Baeyer—Villiger product. Ketone 1 is one of the very first
reagents which has been demonstrated to be capable of mediat-
ing the epoxidation of simple alkenes in catalytic quantities.”’
In the case of stilbene, the epoxide was obtained in up to 76% ee
using 10 mol% of 1 and 5 equiv. Oxone (Scheme 2). Other
substrates gave even better selectivities in the oxidation. The
chiral ketone 2 also works effectively, but an excess is required
for optimal results (3 equiv. of 2 with 5 equiv. Oxone epoxidises
stilbene in up to 95% ee).?' Further developments in this area
are likely to be reported in the next review.
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Polymeric a-amino acids were found to be effective catalysts
for the asymmetric epoxidation of electron-poor alkenes some
years ago, however it is only recently that they have emerged as
truly valuable synthetic reagents.?> Of the most recent develop-
ments, Roberts has been able to demonstrate the use of polyleu-
cine in the oxidations of a wide range of substrates, affording
products such as 3 to 5 in excellent yields and enantiomeric
excesses (Fig. 1). Polyleucine mediated epoxidation has been
applied to the synthesis of enantiomerically enriched dihydro-
flavanols.?® In a related process, liposomised MCPBA has been
used for the epoxidation of unsaturated esters to give products
in a reported 95% ee.**

2.1.2 Dihydroxylation

The Sharpless dihydroxylation reaction is one of the foremost
asymmetric catalytic processes currently available to the syn-
thetic chemist. The mechanism of the reaction is still a subject
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of some debate, although a comprehensive kinetic and syn-
thetic investigation by Corey,” supported by X-ray crystal
structures® and theoretical calculations?” appears to favour the
longer-established [3+2] cycloaddition mechanism over the
alternative [2+2] model forwarded by Sharpless.

Although a small number of effective alternative ligands have
been reported for the asymmetric dihydroxylation reaction,?*
Sharpless’ own AD-mix method remains dominant. Whilst
the use of chemical primary oxidants is normally favoured, an
alternative electrochemical method, employing potassium
osmate in an undivided cell, has also been reported to give
high yields and ee values.”

A high profile candidate for modification within a solid sup-
port, the dihydroxylation catalysts have been supported on sil-
ica gel;*® however, as in the case of attachment to a polymer
chain,*! the ligand suffers a significant reduction in perform-
ance in terms of acceleration and selectivity. In many respects
this is perhaps not surprising since ligand-accelerated asym-
metric catalysis necessitates a sterically unencumbered ligand
system; steric hindrance caused by a nearby polymer chain
allows the uncatalysed process to compete. In response to this
Janda®! has described an alternative approach in which a long
polyethylene glycol chain is attached to a cinchonidine ligand,
thus allowing it to behave as a homogeneous reagent. As a
result it performs as well as the free ligand (89% yield of the diol
from stilbene in 88% ee) yet may be simply precipitated from the
reaction mixture at the end of the reaction by the addition
of ether (Scheme 3). The recovered catalyst may be reused a
number of times without significant loss of activity.
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It is not possible to list here all of the synthetic applications
for which the Sharpless dihydroxylation has been employed.
It has now become accepted as a widely used versatile and
commonplace transformation in which the configuration of
the product usually fits that predicted, although there are some
exceptions.® In some cases it is possible to ‘tune’ protecting
groups to the particular application.*® An example is provided
by the dihydroxylation of compounds 6a and 6b, the former of
which gives the optimum selectivity with AD-mix-o (product 7)
and the latter of which is optimally protected for the conversion
into 8 using AD-mix-B.*** In another example, the major
enantiomer isolated from the dihydroxylation of 1-phenyl-1-
cyclohexylethene proved to be dependent upon the exact
bridging group in the alkaloid dimer ligand.***
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Asymmetric dihydroxylation reactions have been carried out
in the presence of sulfur containing groups,* and in key steps
upon furan derivatives to give intermediates in the synthesis of
zaragozic acids®® and multistriatin.’ A dihydroxylation reac-
tion of a styrene derivative has been employed as a key step in
the synthesis of a non-natural amino acid employed in an
approach to the total synthesis of vancomycin.*” The selective
dihydroxylation reaction of a polyene has been employed to set
up a complex polyene cyclisation for the synthesis of dam-
marenediol I1*® (Scheme 4) and related compounds.*
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Scheme 4

Multiple dihydroxylation reactions, either sequentially or
in one concerted process, have proved to be highly effective
transformations, providing rapid entries to complex target
molecules.*

Finally, in this section, readers of the previous review will
have noted the introduction of an impressive aminohydroxyl-
ation process which works particularly well on unsaturated
esters. Subsequently the application of this reaction to the
asymmetric synthesis of the side chain of Taxol has been
reported.*!

2.1.3 Sulfoxidations, allylic oxidations and other oxidations
A number of reports have appeared describing the asymmetric
synthesis of sulfoxides via sulfide oxidation. Perhaps the most
widely explored reagent is the titanium—diethyl tartrate system
introduced by Kagan.*>* This has been studied in depth and
has been developed to the point where ees of over 95% may be
achieved for certain substrates. A titanium(1v) catalyst contain-
ing a C,-symmetric triol derived ligand* and a Mn-salen lig-
and*® have also been reported to work well in this application
(up to 84 and 94% ee for the optimal substrates in each case).
The synthesis of sulfimides from sulfides represents an
analogous process to the sulfoxidation, although it is far less

fully developed. The combination of a bis(oxazole) ligand with
a Cu' salt generates a system capable of generation of up to
71% ee for the example shown in Scheme 5.*6 Undoubtedly we
shall soon see further developments of this interesting reaction.
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Another reaction which has generated contemporary interest
is the allylic oxidation reaction of cyclic alkenes. Recent reports
in this area have concentrated on the use of ligands which are
known to be stable to the oxidising conditions (phosphines are
unlikely to find an application here). With the ligands 947 and
10,*® the transformation shown in Scheme 6 (n=1,2) gives
products in up to 81% ee, the slightly better result being
obtained with 10. During the study of this reaction with ligand
9, proline was shown to be rather less effective, however another
group have shown that the natural amino acid can give products
with an ee of up to 63% when anthraquinone is used as an
additive in the reaction.*” A related asymmetric benzylic oxid-
ation using Mn-salen complexes has been reported.®® In the
latter case the solvent is critical—a 36% ee in acetonitrile

increases to 64% ee in chlorobenzene.
@/oco%
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PhCO3Bu' or PACO,H-BU‘OOH
CuOTf or Cu' salt

%,

ligand 9 or 10
n=1,60% ee (9), 59% ee (10)
n=2,65% ee (9), 81% ee (10)
Scheme 6
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Enzymes have the lead in asymmetric Baeyer—Villiger reac-
tion technology (see a later section), however chemical methods
have been reported, with mixed results.’® Enantioselective
decomposition of a racemic peroxide using a Mn-salen com-
plex has been developed as a kinetic resolution process. Under
optimised conditions and at 50% conversion, both residual
peroxide and derived alcohol (of opposite configuration) are
isolated in 45% ee.*

2.2 Reductions

2.2.1 Hydrogenation (C=C double bond reduction)

The asymmetric hydrogenation of a-(N-acetylamino)acrylic
acids and esters using Rh or Ru diphosphine ligands is almost
certainly the most widely studied variant of this reaction. Many
synthetic transformations, most notably the synthesis of non-
natural amino acids, have been achieved using this method-
ology in conjunction with known ligands®* and some new
ligands have been reported, although they will not be described
in detail here. Polymer supported versions which have been
reported involve attachment of diphosphines to a polymeric
acrylic acid salt (which has the advantage of water solubility),**
grafting onto Tentagel resin, and attachment to silica.*® In
many cases the supported catalysts perform as well as the free
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ligands. Gilbertson has taken the first steps towards the devel-
opment of an asymmetric hydrogenation system using a com-
binatorial method.”” In this work two amino acids bearing
diphenylphosphine groups are embedded within a short peptide
which is prepared in a multi-well system. The catalysts are
tested in parallel in the reduction of a-(acylamino)acrylates.
Although the resulting ees are presently low (up to 18%), the
method has been demonstrated to be feasible and practical.
The reduction of a-(acylamino)acrylates works well because
the amide group coordinates to the metal (usually Rh) in the
catalyst, thereby reducing the conformational freedom of the
system. o,B-Unsaturated carboxylic acids also behave well in
asymmetric hydrogenations for similar reasons, especially in
conjunction with ruthenium-BINAP catalyst systems and close
analogues thereof.®® Noyori has this year reported a valuable
variant of this process in which a partially hydrogenated
BINAP ligand is used in supercritical carbon dioxide. Reduc-
tion products from this system are obtained in essentially quan-
titative yields and ees of up to 89% (Scheme 7).° Higher selec-
tivities have previously been obtained by Noyori and others* in
the same reaction under conventional conditions, however the
carbon dioxide system provides practical advantages which are
of great interest to industry. Asymmetric reduction of unsatur-
ated acids has been achieved in up to 93% ee using a combin-
ation of a mixed P-N donor ligand with rhodium.® A poten-
tially valuable new transformation is the remarkably selective
reduction of cyclic carbonates with Ru-BINAP reagents, which
has been the subject of a detailed investigation (Scheme 8).°"!
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Compared to their homogeneous cousins, heterogeneous
asymmetric hydrogenations lag considerably in terms of asym-
metric induction (although they have potential practical advan-
tages). There are a few notable exceptions which will be high-
lighted throughout this review. One of these is the combination
of cinchonidine with palladium on a titanium oxide support, a
complex system in which the ee of reductions increases with
conversion, reaching a maximum at a relatively early stage.®*
Although the latter reactions will require development to
become competitive with the homogeneous system, the closely
related ephedrine-modified palladium on charcoal reduction
of enones (Scheme 9) represents a very interesting new
development.®?

O (o]
0.02—-0.03 equiv. 10% Pd on C
— 0.5 equiv. (-) ephedrine, [l _| /™" \
)n R MeCN, H, ), R

n=1, upto 36% ee
Scheme 9

Asymmetric reduction of isolated double bonds still cannot
be achieved using conventional phosphine-metal reagents. It
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can be achieved however, and with reasonable selectivity,
through the wuse of certain organoyttrium—metallocene
reagents. Marks has published a comprehensive paper on this
work this year.®

Asymmetric hydrogenation provides an excellent method for
the asymmetric reduction of ketones to alcohols, indeed many
new catalysts which are analogous in structure to BINAP are
routinely tested in this application.®® The asymmetric hydro-
genation of B-keto esters provides a particularly attractive
application which is now well established as a standard syn-
thetic method. Refinements and applications of this general
transformation are continually being reported,** including the
use of supported reagents.® B-Keto phosphate esters may also
be reduced in high enantioselectivity using this methodology.**

For the reduction of a-keto esters such as pantolactone, ami-
dophosphine phosphinites (i.e. derived from amino alcohols)
have given good results.’> However what is perhaps notable
about this class of substrate is that it represents one of the few
which work well in heterogenous asymmetric hydrogenations. A
great deal of work has been carried out on the ethyl pyruvate
reduction over cinchonidine-modified Pt (Scheme 10).58
The reaction, which requires very low quantities of homochiral
modifier and metal, is quite a complex one. In particular the
enantioselectivity of the reaction increases with conversion,
reaching an optimal level after a relatively short time.®® Add-
ition of a small amount of enantiomerically pure methyl lactate
reduces this ‘lag’ period, thus strongly suggesting that the prod-
uct is structurally involved in some way with the catalyst.

e OH
o )
)H(OEI dihydrocinchonidine /H(OEI IZ’%/COOelleoiléScl)?g
o modified Pt,H, optimal size

(e}
Scheme 10

In a related homogeneous application, a complex of rhodium
metal with a chiral diamine was employed to catalyse the
asymmetric reduction of methyl phenylglyoxylate in up to 50%
enantiomeric excess.®

In most of the successful asymmetric hydrogenations of
carbonyl groups, it is advantageous for the substrate to contain
proximal coordinating groups (e.g hydroxy, ester, halide ezc.) to
assist coordination within the complex. As a result, methods for
the asymmetric hydrogenation of simple ketones have, until
recently, proved elusive. A number of recent breakthroughs by
Noyori and others, which generally rely on the addition of a
further phosphine ligand to the reduction system, have
provided an effective solution. These developments have been
reviewed this year.”

Asymmetric hydrogenation of C=N bonds may be achieved
by a number of methods. The combination of the diphosphine
BINAP with ruthenium(m) generally works well” although
iridium(1) appears to be a rather more suitable metal for this
particular application.”””* Again BINAP may be employed as
the chiral ligand, promoting reactions of dihydroisoquinolines
in up to 88% ee.”” An alternative ligand which has given good
results is the diphosphine bdpp, which is reported by Osborn to
be superior to BINAP and DIOP in the application shown in
Scheme 11.”% Some interesting results have been obtained in the
presence of reverse micelles, in which enhanced reactivity is
observed.”™

PPh, PPhy, I
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96% yield, 90% ee (R)
Scheme 11



An improved method for the asymmetric reduction of
imines, which works particularly well for cyclic substrates, has
been reported by Buchwald.” In this process a C,-symmetric
titanocene complex is employed at the 5 mol% level for the
reduction of cyclic imines in up to 99% enantiomeric excess.
This reaction is closely related to the asymmetric hydrosilyl-
ation reaction described by the same author, which will be
discussed in the next section.

2.2.2 Hydrosilylation

Asymmetric hydrosilylation represents a very attractive altern-
ative to hydrogenation for the reduction of carbonyl groups.
Using a combination of (R)-BINOL with titanium(1v) tetraiso-
propoxide gives a catalyst which promotes the hydrosilylation
of acetophenone in up to 55% ee.’® Several groups have
reported on the effective use of chiral oxazoline derivatives in
combination with either rhodium(n)”” or iridium(n)®* com-
plexes in asymmetric hydrosilylation reactions. In one of the
best of these, reported simultaneously by two research groups,
an enantiomeric excess of 86% ee was recorded using the P-N
donor ligand 11 in the reaction shown in Scheme 12.””-”® In one
of the reports very low levels of ligand were employed (0.4
mol%) and the use of (CF;),C¢H; group in place of phenyl on
the phosphorus atom was found to give an improved ligand.” A
C,-symmetric bis(dihydrobenzazaphosphole) ligand has been
reported to promote asymmetric hydrosilylation reactions of
aryl or alkyl ketones in up to 84% ee.*!

o (i) 2 mol% (Rh(COD)CI),

)J\ 10 mol% 11, Ph,SiH, OH
Ar R (iiy HCI AR
up to 86% ee
(Ar =Ph, R = Me)
Scheme 12
(o]
V
N
Ph,P
11

Buchwald’s asymmetric C=N hydrosilylation reaction using
a C,-symmetric titanocene catalyst is a very powerful process.
In many cases as little as 0.02 mol% of the active catalyst is
required in order to achieve asymmetric inductions of up to
99% (Scheme 13).%* The reaction is highly versatile and applic-
able to a wide range of substrates including acyclic, organo-
metallic and alkyl, alkyl substituted imines.

TiF,
-~
)N]\ HN
Ph PhSiH3, 35 °C ph/'\
95% yield, 99% ee
Scheme 13

2.2.3 Other reductions
Asymmetric reduction of ketones to secondary alcohols repre-
sents a pivotal and fundamental asymmetric transformation
(see below). The combination of (S)-BINOL with titanium(1v)
tetraisopropoxide (10 mol of each) coupled with tributyltin
deuteride as the stoichiometric reducing agent is reported to
give the labelled product from benzaldehyde in up to 94% ee.®®
In the sphere of ketone reductions, many new methods have
been reported. Cobalt(i1)-C,-symmetric diimine complexes 12
mediate the reduction of ketones with sodium borohydride.
This reaction may be dramatically improved by the addition of

tetrahydrofurfuryl alcohol as a co-solvent.** Both the asym-

metric reduction of ketones and the kinetic resolution reactions
of racemic ketones are optimised with this additive, the former
to the point where products of up to 98% ee may be obtained in
sharply reduced reaction times (Scheme 14).

cat 12 (1 mol%)
)(L/\ NaBH,, EtOH OH
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o up to 97% ee
Scheme 14
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Asymmetric transfer hydrogenation has seen a dramatic
increase in recent research interest, largely due to the develop-
ment of highly active combinations of monotosylated C,-
symmetric diamines 13 with ruthenium(ir) complexes (see pre-
vious review). New, closely related, ligands have been reported
for this reaction,® and Noyori has reviewed the area.’® The
methodology has also been extended to an impressive method
for the reduction of imines (Scheme 15).%” Diurea ligands have
been reported to give enantiomeric excesses of up to 72%
when used in conjunction with a rhodium catalyst® whilst
combinations of ruthenium(mr) and BINAP also catalyse the
reaction, but in rather moderate selectivity.* Meerwein—
Ponndorf reductions represent an attractive alternative process
and some success has been achieved using aluminium(tr) and
lanthanide(ir) modified reagents in this respect.”” Lanthan-
ide(1m1) alkoxy complexes have also been reported to catalyse the
reductions of ketones by borane (see below for more details
of this), although in modest ee and with a requirement for a
relatively large quantity of catalyst.*

MeO. MeO.
0.5mol% 13
N 0.15 mol% [Ru(cymene)Cl], NH
MeG 5:2 HCO,H:EtsN MeO
R R
R = Me, Bn
>98% yield
95% ee (R)
Scheme 15
Ph
H
NHTs = P
NH; \B\
13 14

Arguably the most intensely investigated recent break-
through in asymmetric carbonyl reduction has been the use of
oxazaborolidines for catalysis of ketone reductions by borane.
Despite the apparant disadvantages of this process (10 mol%
catalyst required, use of borane etc.) the method has been
applied to a very wide spectrum of substrates. Despite the
continual development of new oxazaborolidines,” Corey’s
original proline-derived reagent 14 remains the most widely
used. In reductions of aryl or alkyl ketones for example, ee
values routinely in excess of 95% are obtained.*

The mechanism of oxazaborolidine catalysed reductions has
been examined in great depth. A modelling study has suggested
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that the initial reduction product (a monoalkoxyborane) may
compete with borane during the reduction process if there is
insufficient time for its dissociation and disproportionation
during the reaction.”® This prediction could account for the
improved results obtained when the ketone is added slowly to
the reaction mixture, and for certain temperature effects
The addition of triisobutylaluminium to reduction mixtures
appears to accelerate the rate of reduction, although the
enantioselectivity is largely unchanged.*

Unsaturated ketones represent challenging substrates for
catalytic reductions by borane because the double bond can
also participate in reactions. However the highly chemoselective
properties of oxazaborolidines make them excellent catalysts
for this application.®® Prop-2-ynyl ketones also make excellent
substrates®® although sometimes a rather large quantity
of catalyst is required for optimal results of up to 98% ee
(Scheme 16)!”” A reduction of a prop-2-ynyl ketone with the aid
of an oxazaborolidine catalyst was used as a key step in the
synthesis of discodermolide by Schreiber and co-workers.” The
asymmetric reduction of diketones using 14 gives products of
extremely high ee (>99%) although at the cost of diastereo-
selectivity (threo: erythro 88:12 for PhCOCOPhH).'*®

/‘1 r

2 equiv. 14, THF /k
— R1 _ = 1
R = 5 equiv. BHz*SMe, = R

up to 98% ee at —30 °C
(0.5 mol% 14 gives up to 86% ee)

Scheme 16

Asymmetric reductions of the pyridinium salt 15 using cata-
lytic quantities of 14 with borane gave a reduction product 16
[a precursor of (S)-carbinoxamine 17] after removal of the
allyl group, in 98% ee. The selectivity was much lower when
the neutral pyridine was employed as the substrate.'” A very
attractive synthesis of a challenging histidine antagonist (ceti-
rizine hydrochloride) 18 has been achieved via the key step of
oxazaborolidine catalysed reduction of the chromium tricarb-
onyl complex 19 to alcohol 20 in 99% yield and 98% ee.'*® The
chromium unit serves two roles here; (i) to provide a differen-
tiation between the aromatic rings in the reduction process and
(ii) to assist the substitution reaction of the alcohol to give 18,
which proceeds with retention of configuration.

Phosphinamides are a new class of catalyst for the asym-
metric reduction of ketones by borane and are a subject on
which the author of this review has published.!®*'** Although
early versions proved to be rather unselective, it has been found
that the incorporation of a proximal hydroxy group into the
structure results in a dramatic improvement to the selectivity.
Using 10 mol% of 21' or 22'% in the reduction of ketones
results in high selectivity. Scheme 17 illustrates some of the
optimal results with each catalyst. The related oxazaphosphol-
idine oxide 23'% gives even better results (Scheme 17) although
it is anticipated that the heterocyclic ring is opened by the
action of borane to give a similar intermediate in the reaction
to that which is formed from the reaction of 21. It is therefore
likely that they share a common mechanism. Interesting further
developments are likely to be reported in this area in the near
future.

o OH
10 mol% 21-23 : X
Ph)K/x BHa+SMe; ph" >
cat 21, 92% ee (X = Cl)
cat 22, 91% ee (X = Me)
cat 23, >99% ee (X = Cl)
Scheme 17
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2.3 Carbon—carbon bond forming reactions

Although this section is concerned mainly with the formation
of C—C bonds, closely related processes for the formation of
C-N bonds will also be described.

2.3.1 Additions of carbon nucleophiles to C=0 and C=N bonds
As in previous years, a very large amount of work has been
carried out on the asymmetric catalysis of the addition reac-
tions of dialkylzinc reagents to aldehydes (Scheme 18). One of
the most remarkable features of the amino alcohol accelerated
process is the frequent observation of non-linear effects.'”” This
is a result of the formation of stable meso dimers in the reaction
mixture which do not participate in the catalysis process. The
result of this process is that a ligand of, say, 15% ee gives a
product of 95% ee!'*®

o OH

EtpZn, ligand (see Fig. 2) )\/
)J\ Ph~ *

Ph H

Scheme 18

Although limited by space, this review seeks to be com-
prehensive. Fig. 2 illustrates some of the new ligands which
have been employed within the time frame of this review for
the reaction shown in Scheme 18, together with a comparison
of their performance.'®'* Polymeric reagents have also been
employed to good effect.”! Additions of dialkylzincs to C=N
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Fig. 2 Ligands used in asymmetric addition of diethylzinc to aldehydes

double bonds work well if the substrates are N-protected by a
diphenylphosphino group.'**'** The copolymer derived from 24
with styrene and vinylstyrene catalyses additions to such imines
to give products in as high a selectivity as the homogeneous
ligands themselves (Scheme 19).' Additions of dialkylzincs to
symmetrical dialdehydes on iron tricarbonyl complexes shows
both regio- and diastereo-selectivity.'*® Although many simple
amino alcohols give good results, some researchers have found
advantages in the use of titanium(1v) salts with chiral ligands
for the asymmetric dialkylzinc addition reaction.*?#26-128 This
method appears to be particularly effective when reactions are
carried out on functionalised organozinc reagents, as developed
by Knochel and colleagues.

A further interesting feature of diethylzinc chemistry is
autocatalysis, a phenomenon which results from a situation
in which the product of a reaction is also a catalyst for that
reaction.'*3! A typical observation is a rapid increase in the
ligand catalysed acceleration which is terminated by exhaustion
of reagents. An example of this is the reaction shown in Scheme

Ph H
Ph polymer from 24 Ph Ph

[l Et,Zn, toluene

>95% ee

Scheme 19

Ph
RROH

24

ot

20, in which catalyst and product are identical!"?® In this process
the use of 20 mol% of catalyst leads to the formation of the
product in 51% yield and of 70.5 % ee.
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20 mol%
OH

SN CHQ N7 (37.2% ee) X OH
+ Priyzn

_ 2 N/

N

51% yield, 70.5% ee

Scheme 20

The addition of HCN to imines (an asymmetric Strecker
synthesis) is an attractive but elusive target of the synthetic
chemist. Using 2 mol% of the cyclic dipeptide 25, this trans-
formation may be achieved in up to 99% ee and 97% yield
(Scheme 21).">'33 Titanium(iv) complexes of chiral salen
ligands also work well in this application ** (87% ee).

H
N_ _NH,
NH
NR NHR HN »
)k HCN, 2 mol% 25 H
N - NH
Ph H —25°C, MeOH ph”” >CN l\“ ‘\((

97% yield Ph O

99% ee 25

Scheme 21

Aldol reaction of nitromethane with aldehydes may be pro-
moted by the addition of a catalytic quantity of a lithium—
lanthanide-BINOL combination."*>!3¢ A quite complex pattern
of selectivities is often observed in these reactions, depending
on the exact structure of the catalyst and the substrate, however
ees of up to 95% may be routinely achieved.

Several examples of catalytic asymmetric aldol reactions of
enol ethers with aldehydes have been reported. Some of the best
results have been obtained by Evans, who has used chiral
copper(i1) complexes such as 26 to promote the reaction
between a trimethylsilyl ketene acetal and a-benzyloxy-
acetaldehyde (Scheme 22).37-'3 The alkoxy group appears to be
important for a chelation interaction in the complex in this
reaction, which is also promoted in high selectivity by Cu™
pyridine-2,6-bis(oxazoline) complexes.'*®

2+
o] (0]
e,
eI
Ph Ph
26

«2 SbFg

OTMS OH

fo) (0]
\)L ’ )\ e B O\/k)J\
BnO n
H SBu' SBu'

99% ee
Scheme 22

Trimethylsilyl enol ethers and ketene acetals have been
employed in asymmetric titanium(1v)-BINOL catalysed reac-
tions with aldehydes.®*'" and in conjunction with tin(i)—
chiral diamine complexes."! Borane-containing heterocycles
27 derived from N-tosylated amino acids are excellent Lewis
acid catalysts for catalytic asymmetric aldol reactions, several
examples of which have been reported this year.'**'** The
example shown in Scheme 23 underlines the very powerful
directing effect which the catalyst can have in this application.'®
Asymmetric aldol reactions of zinc(i1) bromide enolates may
be catalysed by an ephedrine-derived amino acid in up to
82% ee. '

Lewis-base catalysts are relatively rare in asymmetric syn-
thesis. Apart from the phosphinamide catalysts for ketone
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TSN 5 O
H
27
o OTMS
Ph + =
H OEt
CH,Cly,
cat. 27 _78°C, 3h
OH O OH O

44%, >99% ee 20%, >99% ee

Scheme 23

reduction by borane described in a previous section, the other
notable reagents are phosphoramides such as 28, which are
reported by Denmark to catalyse the aldol reaction of tri-
chlorosilyl enol ethers with aldehydes in moderate to good ees
(Scheme 24).'* The use of the electron-poor silyl group is essen-
tial for coordination of both phosphinamide and aldehyde in
the transition state. A related process, in which a phosphor-
amide catalyses the addition of an allyltrichlorosilane to an
aldehyde (which was also developed originally by Denmark) in
up to 88% ee, has also been reported this year."*” The addition
of allyltributyltin to aldehydes may be catalysed in excellent ees
by Lewis acids derived from titanium-BINOL complexes (up to
97% ee)*® and with the use of a combination of silver(r) and
the diphosphine ligand BINAP ' (up to 96% ee).

/

Ph., N O

\//
Lm0

N/
Ph

\

28

“,

0SiCly

10 mol% 28

+ RICHO P
212

R!= Ph, 97% de, 93% ee
Rl = E-(CHCH)Ph, 98% de, 88% ee

Scheme 24

Enantiomerically pure BINOL in conjunction with titanium
tetrafluoride forms a highly active catalyst for the asymmetric
addition of allyltrimethyl silanes to aldehydes (up to 94% ee).'
The same chiral diol, within a complex derived from other
titanium(1v) complexes, effectively directs the ene reactions
of alkenes with aldehydes (Scheme 25).""'5% In an intriguing
variation upon this protocol, the use of racemic BINOL-Ti"V
together with a catalytic amount of enantiomerically pure
D-tartrate diester was reported to form a complex capable of
generating rather higher asymmetric inductions in the ene
reaction than those obtained with enantiomerically pure
BINOL alone.'*

Where exactly to place the very interesting work reported by



10 Mol% TiCl,(OPr),»BINOL

o 4 AMS, 0°C, 1h, CH,Cl, CFs
J\ + N HO Y
H H

>98% de, >95% ee

FsC

Scheme 25

Aggarwal on the asymmetric catalysis of the reaction of sulfur
ylides with aldehydes to form enantiomerically enriched
epoxides (Scheme 26) is not obvious. However since a key step
at the end of the sequence of methylene transfers involves a
nucleophilic attack on a carbonyl group, it is featured here.'s’
The corresponding aziridination reaction, involving an attack
on a C=N bond, is also possible using this methdology,
although in a slightly lower ee of up to 55%. No doubt this will
be improved by optimisation studies.'*®

cat. o
s
Ph/\ N, + R/\\O \l/ 0]
Cu(acac), /A
96% de, up to 93% ee
Scheme 26

2.3.2 Palladium-catalysed allylic substitution

In view of the emormous growth in interest in this asymmetric
reaction, this reviewer has decided to allocate an entire section
to palladium-catalysed allylic substitution reactions.’**!** One
obvious attraction of the reaction is that it is quite easy to
perform and generally gives good results, particularly for the
prototype reaction of 1,3-diphenyl substituted substrates
shown in Scheme 27. New ligands for this reaction are featured
in Fig. 3, together with their optimal inductions.'®*~'"° It should
be noted that the exact conditions for each ligand are likely to
vary slightly, however there is not sufficient room for a discus-
sion of this here. Many of the ligands also direct the asym-
metric addition of nitrogen nucleophiles in high ee.

e0,C CO,Me

OAc M
05 )
X Pd®, ligand (see Fig. 3)
Ph/\)\ Ph X
Ph *

Scheme 27

Ph

Of the leading researchers in the field, Trost has perhaps
been the most industrious over a long and productive term of
involvement. He has been instrumental in the development of
diphosphines such as 29 with particularly large ‘bite angles’,
which are highly suited to the control of asymmetric inductions
with most substrates. Of the many papers published by this
author this year!”"!"* selected highlights include a concise
approach to epibatidine (Scheme 28)'"! and a very neat intra-
molecular cyclisation reaction (Scheme 29).'7

OBzl OBzl
—
Pd;(dba)s:CHC, 29 Lb/@/
NaNg, THF, “NaNg, THF, 0°C
98% yield >05% ee  epibatidine
OBz|
Scheme 28

Other diphosphines,'”*'7* most notably BINAP,'” have been
used in allylic substitution reactions, and an X-ray crystal
structure of a BINAP-Pd-allyl complex has been reported.'”
The use of rubidium salts was described as critical for optimal
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Fig.3 Ligands used in palladium allyl substitution reactions

n n\ H
NH XY Pd° 29, -25°C, 6 h e
Ph—/ OAC PhJ

n=1,80% ee
n=2,88% ee
n=3,51% ee

Scheme 29

results in the allylic alkylation reaction shown in Scheme 30.'7*
Although diphosphines are generally favoured reagents, mono-
phosphines such as MOP-phen 30 sometimes give competitive
results.'”” X-Ray crystal structures have clearly demonstrated
that 30 binds to palladium only through the phosphorus atom,
usually in a 1: 1 complex (Scheme 31).

The second major class of ligands which have worked well in
the palladium catalysed allylic substitution reaction are those
based on differential atom donors, most commonly P and N. It
is generally believed that these ligands work by producing a
difference in the level of positive charge density at each end of
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the allylic ligand, through the well established ‘trans-effect’
from the electron-accepting phosphorus atom. Several studies,
spectroscopic '*'7 and structural,'®'8 have been reported in
support of this effect in both mixed donor and unsymmetric
diphosphines.

Using the simple and effective mixed donor ligand 12
(reported previously in a hydrosilylation reaction), and close
derivatives thereof, Williams has developed a useful approach
to B-amino acids (Scheme 32)'®® and Pfaltz has applied the
ligand to an intramolecular cyclisation process (Scheme 33).'%

Ph R Ph R
W CH(CO,Me), W
2.5 mol% [PdCl(allyl)], H
Ph A
Ph OAc 10 mol% 12 MeO,C~ >CO,Me
\
ozc\/R
: +
“SNH,
Scheme 32
COzMe CO,Me
CO,Me

(o)
\\> CO,Me
PPh, N—/
“Ph =

2.5 mol% [PdCl(allyl)], up to 87% ee

Scheme 33

0CO,Me

Finally, in this section, we note an asymmetric e/imination
reaction of a racemic carbonate using BINAP-Pd complex
which proceeds with an ee of up to 37%.'%
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2.3.3 Heck, hydroformylation and related reactions

A variety of asymmetric Heck reactions have been reported. In
the majority of cases the reagent of choice is a combination of
palladium with BINAP.'3'38 Scheme 34 illustrates the key step
in a very concise approach to the synthesis of capnellene '*® in
which the Heck reaction—allylic alkylation not only established
the second ring and the absolute stereochemistry, but also sets
up the groups for the cyclisation to the third ring in the product.
In contrast, (S)-alaphos proved to be the best ligand for the
palladium catalysed coupling of an alkynyl Grignard reagent to
a prochiral ditriflate precursor (Scheme 35).'%

TfO |I OTf

Hydroformylation reactions may be catalysed in an asym-
metric sense through the use of Pd ™ or Rh*' complexes. The
mixed phosphine—phosphonite donor 31 appears to work par-
ticularly well in this capacity (Scheme 36). The related hydro-
cyanation of alkenes may be carried out using a combination of
Ni(COD), with a chiral diphosphite in up to 95% ee. The
electronic nature of the aryl groups on the phosphine donors is
critical for optimal results.'*'?
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o
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2.3.4 Cyclopropanations

Of the many catalysts reported for asymmetric cyclopropan-
ation reactions, two classes dominate the field; copper(r) com-
plexes, usually of bis(oxazoline), and Rh complexes of chiral
amides and esters. A third major class is the borate ester reagent
derived from diamide derivatives of tartaric acid e.g 32 which
perform particularly well in the cyclopropanation of allylic
alcohols.’>" Strictly these act as chiral reagents since usually
a full equivalent is required, however they are worthy of
mention here since the extension to a catalytic version is
inevitable. Most notable is their application to the synthesis
of the poly(cyclopropane ring) containing natural products
FR-900848 5 and U-106305,>1% the side chains of which
may be prepared by a series of asymmetric cyclopropanation

reactions.
(MeN),0 o
\
/BBu”
(MeN),0C"™
32
Research into C, symmetric bis-oxazolines continues

unabated, although very few new reagents match the success
achieved by Evans et al. some years ago. Several groups have
reported the use of large ‘bite angle’ reagents derived from
protected tartrates "' or chiral binaphthyl systems.””® The
particularly attractive feature of this reaction is that the con-
figuration of the chiral backbone may in principle be ‘matched’
in selectivity to the oxazoline groups. Good results have been
obtained in both cases, with ees routinely in excess of 85% being
reported for the prototype reaction of diazo acetates with
styrene. An analogous reaction on enol ethers has been
reported to proceed with high trans: cis selectivity but moderate
enantioselectivities.”® An intramolecular version has been
reported by Shibasaki (Scheme 37). Related reagents have
been prepared from the pyridine based pybox ligand.?*

o] O
}Wg
(Me)2

"‘c[:(Me)z

7 OSiMes OSiMes

N~

. Cu'OTf, CH,Cly, 0 °C
o) OSiMes Y 2

70% yield, 92% ee
Scheme 37

Dirhodium tetraacetate derivatives of chiral acids and
amides, most significantly developed by Doyle, continue to be
reported in new applications.?2"® New p-lactam derived
reagents 33 have been reported to be excellent catalysts for the
styrene cyclopropanation process (Scheme 38).2* The products
are formed in high enantioselectivity, but the cis: trans ratios are
disappointing. Intramolecular variations upon this class of
cyclopropanation reaction are frequently highly selective 22%
In the example in Scheme 39, an intramolecular cycloaddition
is followed by a ring expansion to the tremulane natural prod-
uct skeleton.® In this application the substrate containing a
cis-double bond gives significantly improved results compared
to the same reaction on the trans- compound (the initial
cycloadduct is thermally isomerised to set up the ring-
expansion).

Finally in this section we note the use of a titanium(v)—
BINOL complex in the catalysis of an asymmetric cyclopropan-
ation of an enone using 1-trimethylsilyl-2-phenylselanyl ethene.
The cycloadduct of the [2+1] addition was formed in up to
47% ee®

CO,R
jug

© 4Rhy
33
N\ P2
Nz/ COzR ~ "Ph cat. 33 ,
_— Ph ‘COsR
up to 95% ee
Scheme 38
“““ co,

SOZR 4Rhy
R= 4(012H25)C6H4

Scheme 39

2.3.5 Cycloaddition reactions

Asymmetric Diels—Alder reactions of cyclopentadiene with
acrylamides attached to oxazolidinones may be catalysed effect-
ively by the use of copper complexes of bis-oxazolines?'**!! or
pybox ligands.'”” In the example shown in Scheme 40, the
cyclopropane group in the bridge was considered essential for
optimal selectivity—Ilarger rings gave inferior results.”*° In this
process the two-point interaction of the dienophile with the
metal is essential for control. This interaction, and hence
the stereochemical outcome, are often very finely balanced. In
the magnesium(i) catalysed variation on this reaction the
inclusion of two equivalents of water results in a complete
and unexpected inversion of the observed stereochemistry.?'*
The combination of a magnesium(1r) salt with a homochiral 8-
hydroxy sulfoxide has been reported to give a cycloadduct in the
reaction shown in Scheme 40 in up to 88% ee.?'** Hetero Diels—
Alder reactions of aldehydes with dienes may also be catalysed
by the copper—bisoxazoline system.?!3214

CHCl, N N

Cu(0Tf),
7
X
(0] N (0]
-/
Scheme 40
N-Tosylated  oxazaborolidine systems and related

materials2>"® have been shown to be excellent catalysts for
the asymmetric Diels—Alder reaction of a-substituted a,f-
unsaturated aldehydes with dienes. In this case, and in contrast
to the reagents described in the previous section, a single-point
interaction is all that is required to direct the cycloaddition. In
one impressive variation a supported reagent contained within
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a column of packed material is reported to give products of up
to 95% ee.”® The ‘super Lewis acid’ catalyst 34 gives partic-
ularly good results in this process—up to 98% ee (Scheme 41).2'¢
The same reaction may be catalysed by a rhodium-chiral
diphosphine complex, but with rather lower selectivity.?"
Hetero Diels-Alder reactions of imines with cyclopentadiene
(in which the latter is the dienophile) can be catalysed in up to
91% with a combination of Yb™ and (R)-BINOL.**

(0]
cat. 34 CHO
+ H _— 7
99% yield Br

exo.endo 91:9
98% ee

Scheme 41

The [2+2] cycloaddition of ketenes with aldehydes, pro-
moted by the chiral aluminium derivative 35, provides an
impressive entry into B-lactone target molecules, many of which
are found in natural products (Scheme 42).*' The related
catalytic asymmetric dimerisation of methylketene gives prod-
ucts in up to 98% ee using quinidine as catalysts.”* In the latter
case it is believed that the catalyst actually forms a reactive
intermediate upon reaction with one ketene, which then par-
ticipates in the addition reaction to a second equivalent of
ketene.

Ph Ph

ArO;SN._ NSOAr Ar = % Bu
Al
Me

35

=0
(e}

(o]
O

cat. 35 (30 mol%)
J‘L + A
SiMeg R
up to 99:1 cis:trans
83% ee [R = CHy-p-(OMe)CgHy4]

Scheme 42

SiMe3

Metal-catalysed asymmetric 1,3-dipolar cycloaddition reac-
tions have been reported. Effective catalysts for the cyclo-
addition of nitrones to alkenes include titanium(rv) TADDOL-
ate complexes (in excess of 90% ee)?** and combinations of
silver(1) salts with (S)-BINAP-Pd complexes (up to 91% ee**).
Tartrate-modified diethylzinc reagents moderate the addition
of nitrile oxides to allylic alcohols in up to 90% ee.*®

An impressive and versatile system for the asymmetric
catalysis of Pauson-Khand type reactions using a C,-
symmetric titanocene catalyst has been reported by Buchwald
(Scheme 43).72¢ A wide range of examples were described in this

paper.

2.3.6 Addition of carbon nucleophiles to C=C bonds
Asymmetric Michael additions have proved elusive, although
several asymmetric modifications of cuprate??’?* and nickel
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20 mol% Ti(CO)2 Ph

(0] - —O0
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12 h, 90 °C 85% vyield,

96% ee

T

Scheme 43

reagents have been tested, with mixed results.** Effective
promoters include phosphines,*® bis(oxazolines)** and sulfur-
containing ligands.”** In most cases a reasonably large amount
of promoter is required for optimal results, suggesting a prob-
lem with turnover. Lithium reagents may also be successfully
modified in an asymmetric sense with the use of an excess of a
suitable C,-symmetric diether.”*! The use of a rubidium salt of
proline is effective at directing the asymmetric addition of
dimethyl malonate to cyclic enones with good to moderate
enantioinductions. Other reagents which have been used in
Michael additions include a xylylene-strapped porphyrin,*?
lanthanide-BINOL combination (Scheme 44)2** and the com-
bination of a silyl enol ether with a stoichiometric quantity of a
chiral tetraamide auxiliary.?® Finally a radical mediated reac-
tion of an alkyl iodide with an oxazolidinone-tethered acrylate,
mediated by a chiral bis(oxazoline) and zinc(ir) Lewis acid is
reported to give addition products in up to 82% ee.?*®

CO,Me
CO,Me 10 mol% La—Na—BINOL
50 °C,12h —

-

73% yield, up to 91% ee
Scheme 44

2.3.7 Other carbon—carbon bond forming reactions

The reaction of carbenes to form cyclopropanes has been
described. The analogous C—H insertion reactions of carbenes
represents a powerful method for the asymmetric formation
of C—C bonds, when a suitable catalyst is employed.?*”**
The directing effect of the catalyst can often be very strong,
and will override the natural chemoselectivity of the process
(Scheme 45).2%7 Synthetically valuable insertion reactions into
N-H and Si—H bonds have also been reported.?**4
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Scheme 45



The combination of a zirconocene catalyst with a Grignard
reagent has been shown to be an effective method for the con-
version of allylic amines and ethers to the asymmetric products
of Sy2’ allylic substitution.*****? Some impressive examples
have been reported this year, in which enantiomeric excesses of
up to 98% have been recorded (Scheme 46).2* The same reac-
tion upon racemic substrates provides an effective method for
kinetic resolutions.?*! Through the careful consideration of the
mechanism of operation and conformation of the zirconium
reagents, Whitby has designed and tested the zirconocene 36 in
analogous reactions. Some excellent results have been obtained
for both asymmetric substitution and kinetic resolution
experiments (Scheme 47).4

9 ‘
EtMgBr,
10 mol% (R)-(EBTH)Zr(BINOL)
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N
Ts NHTs

72% yield, >98% ee
Scheme 46
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SMe
Scheme 47

Selective opening of meso-epoxides is a long-established and
valuable synthetic method. In a series of papers, Jacobsen has
described in detail the use of Cr'™-salen complexes 37 for this
reaction. Using just 2 mol% of catalyst a product of 96% ee
may be obtained from the addition of azide anion to a cyclic
epoxide (Scheme 48). The product is a carbocyclic nucleoside
analogue.?** Kinetic resolution of racemic epoxides may also be
achieved with very high selectivity (97% ee and 98% yield based
on the use of 1 equivalent of trimethylsilyl azide with two
equivalents of racemic 1-substituted epoxide.?*>24

H/QH
_N\Cr/N
Bu! O/ &3\0 Bu!
Bu!
37

Bu!

OTBS
TMSN3
cat. 37 $
(¢) HO
95% vyield,
96% ee
Scheme 48

A combinatorial approach was used by Hoveyda and co-
workers in the synthesis of the catalyst 38 for ring opening
reaction of cyclohexene oxide by trimethylsilyl cyanide (Scheme
49).*" The optimum catalyst was developed through a process
of repetitive iteration in which the final product was ‘focused in
on’ by modification of each part of the catalyst. A different
optimum catalyst structure was developed for the correspond-
ing ring-opening of the five membered cyclic epoxide.

o] Bu!

E
CN
o H
~ OTMS
TMSCN
cat. 38
up to 86% ee
Scheme 49

2.4 Miscellaneous applications of synthetic asymmetric
catalysts

a-Hydroxy phosphonate esters may be formed in up to 90% ee
through the catalysis of the additions to aldehydes of phosphin-
ate esters by aluminium(m)-BINOL complexes.**® An analo-
gous reaction upon imines has been applied to the synthesis of
a-amino phosphonate esters, in which case the use of 5-20% of
the BINOL modified catalyst gives a product of up to 98% ee
(Scheme 50).2%

MeO
MeO—P=0
%/\\ 3-20 mol% [Yb-K—BINOL] %/<H
N+ (MeO),P(O)H NH
86% yield S

S\ﬁ
up to 98% ee
Scheme 50

Asymmetric protonation of prochiral enolates is now a very
well established method. However the catalytic version (i.e. with
a sub-stoichiometric quantity of homochiral proton source) of
this is quite clearly a far more challenging objective due to the
requirement for a delicate balance between the proton-transfer
rates from several potential protonating agents. In the first of
two recent examples, slow addition of a non-chiral alcohol to
a samarium(m) substituted homochiral dialkoxide (15 mol%)
results in protonation of a ketene-derived samarium(i) enolate
in up to 93% ee.*” In another example a trimethylsilyl enolate is
protonated in up to 82% ee with a combination of a hindered
phenol and 2 mol% of a monomethylated BINOL-tin(1v) tetra-
chloride complex.?! The latter approach has been successfully
applied to the asymmetric synthesis of a-arylpropionic acids
such as ibuprofen (93% ee).

As will be described in a later section, the enantioselective
acylation of racemic alcohols is performed with extremely high
stereoselectivity by enzymes. However recent years have seen
the development of quite effective synthetic reagents.”>*>* The
design of compound 39 for this application is based on both a
face and ‘side’ differential around the pyrrole ring. Using 10
mol% of 39 the alcohol from the acylation reaction in Scheme
51 is recovered in 87% ee at 67% conversion.?

Some intriguing reactions can be achieved from inclusion
compounds of achiral substrates with enantiomerically pure
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modifiers.**?** In one example the irradiation of a 1: 1 complex
of 40 with diol 41 gave 42 in 98% ee. In contrast the irradiation
of a 2:1 complex of 41 with 40 resulted in formation of the
enantiomer 43, in 96% ee.>* Whilst not strictly an asymmetric
catalysis in this case, the potential is clear for catalytic modifica-
tion through development of the process.

Ph

]\ g\/§
o
o

40

42 43

Asymmetric hydrosilylation of ketones has been discussed
in the section on reductions. The corresponding asymmetric
reaction on dienes has been reported to give products in up
to 80% ee using the MOP-phen ligand 30 in a complex with
palladium.?*® In a remarkable intramolecular reaction, 44 was
converted into 45 in up to 99% ee using 0.3-0.5 mol% of a
chiral diphosphine-rhodium(r) complex.?*’

s S
|/ )/
B Si
H,Si
7 / )
| s
S
44 45
TsO,
N N O
[N (0] .
RMORl R OR?
H
46 47
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In the last example in this section, and a very unusual trans-
formation, we note the alkaloid catalysed Neber reaction of 46
to give the heterocycle 47 (which is subsequently converted to
the cis-aziridine) in up to 82% ee.”®

3 Enzymes and antibodies

As in past years, reports of the applications of enzymes, either
isolated or as part of a whole-cell system, continue to be
prolific. For the purposes of this review, the selections are of
particularly novel applications and developments, or solutions
to difficult problems. Routine applications have not been listed
comprehensively. The majority of the work refers to enzymes
rather than catalytic antibodies, although the latter has been
reviewed .

3.1 Reductions and oxidations

Microbial reduction reactions may be carried out under condi-
tions of high pressure.”® Using this modification the ee values
of products are increased, however yields are reduced. Asym-
metric reduction of carbonyl groups with bakers’ yeast is a
versatile transformation which works well on a range of sub-
strates including 1-acetoxyacetophenone.®®! A detailed study
of the reduction of ketones with Geotricum candidum served to
demonstrate the importance of dilute conditions and control of
the oxygen regime.*®® A major drawback in the use of yeast, the
need for a large quantity of material for even quite small scale
applications, can be overcome through the use of acetone
powders, or dried extracts of the cells. Such extracts, to which
NADH coenzyme must be re-added, often show modified
and/or improved properties over the whole cell system. The
reductions of both acetophenone and 1,1,1-trifluoroaceto-
phenone may both be achieved with such an extract with ees
of over 98%.%* Most remarkable, and unexpected, was the
observation of a complete reversal of selectivity between each
substrate.

Kinetic resolutions may be coupled to asymmetric ketone
reduction,?®* however a reaction which is often restricted to 50%
yield for the transformation of a racemate may be modified to
give 100% potential yield if it is modified to a dynamic ver-
sion.?5 Such a process is eminently applicable to the reduction
of a-substituted B-keto esters, which epimerise at a faster rate
than the ketone reduction. Asymmetric reductions of isolated
double bonds by bakers’ yeast, whilst less common than
carbonyl reductions, have been reported.?®® Enantioselective
oxidation reactions of racemic alcohols proximal to thiophenol
groups can result in recovery of unreacted alcohol of up to 99%
ee, although two iterations are required for optimal results.?®’

Asymmetric epoxidation reactions may be achieved in good
selectivity using chloroperoxidases in conjunction with tert-
butyl hydroperoxide.® The epoxide 48 was prepared in this way
and subsequently used as an effective intermediate in the
synthesis of (R)-(—)-mevalonalactone 49. Effective epoxidation
enzymes also often function well as asymmetric sulfoxidation
catalysts.?®® The use of a Pseudomonas putida cell system results
in formation of the sulfoxide 50 in >98% ee from the corre-
sponding benzothiophene.*”® The same system effectively
catalyses the enantioselective (and diastereoselective) synthesis
of bifunctional synthetic units via a highly versatile benzylic
oxidation (Scheme 52).*”* Analogous asymmetric hydroxylation
of a carboxylic acid provides an entry to a-hydroxy acids in
>99% ee.2”?

O
NP
OEt

48 49 50

O-



OH
P. putida UV4
R putiaa wiR >98% ee
0,
(R =Me, OH, Br, N, I)
Scheme 52
Asymmetric dihydroxylation of aromatic?”*** or hetero-

cyclic?” rings is a powerful method for the introduction of a

high degree of functionality in an asymmetric system. The
product of the reaction in Scheme 53 represents a key inter-
mediate in an approach to intermediate 51 and subsequently
the morphine skeleton.?”® Asymmetric Baeyer—Villiger oxid-
ation of prochiral, cyclic ketones with the P. putida system,*’
cyclohexanone monoxygenase®”” or engineered bakers’ yeast?’®
has been employed in a variety of applications to good effect.
Scheme 54 illustrates an example in which the substrate has
been designed, on the basis of reported results, to be partic-
ularly compatible with the enzyme system employed, hence the
extremely high enantioselectivity.””® A detailed proposal for the
mechanism of action and origin of stereoselectivity of Baeyer—
Villigerases has been published.?”

Br Br

Br HO., Br
microbe ‘
.

o

HO"
Scheme 53

3.2 Lipases

Although one commonly accepts that enzymes tend to give best
results at ambient temperature, a report of a study of protease
action in frozen aqueous (ice) has been reported to give as

OH

Ar/‘&

up to 99% ee

OH OH

Ph)\/\

S-alcohol up to 91% ee

H

(Pseudomonas lipase)  R-acetate upto 98% ee (Subtilisin BPN)
(ref. 282) (Lipase PS) (ref. 284)
(ref. 283)

rrype Gl
. X

(o] R
Alcohol >99% ee ester up to 77% ee (R)
(Lipase PS) alcohol up to 99% ee
(ref. 287)

(ref. 288)

NH
Ph/‘\/ 2

Ester/amide up to 99% ee

H o H
©) P. putida
R o
H
H H H
>98% ee
Scheme 54

good, if not rather better results than those obtained from
aqueous—organic systems.”®" The introduction of cross-linked
polymer supported enzyme crystal technology has represented
a very exciting development in practical enzyme systems for
synthetic chemistry. The support of Candida rugosa lipase in
this manner provides a very effective system for kinetic resol-
ution in hydrolysis reactions of racemic acetates.”®' On sub-
strates related to a-arylpropionic acids, ee values of >99.5%
are recorded in one example in contrast to 69% for the crude
enzyme.

As in past years, a very wide variety of kinetic resolution
reactions of racemic secondary alcohols has been reported. Fig.
4 summarises the results of such a transformation on a repre-
sentative selection of substrates reported this year.?*?*° In most
cases vinyl acetate provides the acetyl source. Alternative acetate
donors have been reported, including diketene®' and an acyl-
ated ketene acetal.®* Dynamic kinetic resolution,” of which
only one example is featured in Fig. 4, provides a mechanism
for quantitative conversions. In a very clever strategy, use has
been made of an organometallic complex to perform an in situ
racemisation of secondary alcohols in conjunction with a
Pseudomonas fluorescens lipase acylation to furnish products of
98% ee and up to 60% yield (at this conversion the theoretical
maximum ee should have been 67%).?* Although optimisation
is still required, there is clearly tremendous potential here.

Enantioselective hydrolysis with a lipase also provides an
effective method for the synthesis of enantiomerically pure
products. It should be noted that in practice this method can
of course be employed for the preparation of either enantio-
merically enriched alcohols **** or carboxylic acids****7 from
the esters which are hydrolysed. Enzymatic hydolysis of racemic
six-membered cyclic carbonates provides a method for the
formation of chiral diols.*® Likewise enzymatic formation®”
or cleavage’® of amides provides an analogous approach to
enantiomerically pure products.

The asymmetric acylation of meso diols (the ‘meso trick’)
provides another solution to the recurring problem of how to
get 100% yields from an enzymatic acylation reaction.3*"*>
Through the careful choice of enzyme system, the acylation of

HO/I}O wnOH
52

acetate up to 99% ee
(dynamic kinetic resolution)
(ref. 285)

N3

(1R,2R)-acetate 98% ee
(1S5,25)-alcohol 99% ee
(Lipase PS)

(ref. 286)

NR
OH 74

RO\)\ N

1
R OBn
(C. antarctica)

(ref. 289) R-acetate 78% ee

S-alcohol 74% ee
(Lipase PS)
(ref. 290)

Fig. 4 Representative substrates in kinetic resolution of racemic alcohols (vinyl acetate used as coreagent)
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the cis-dihydroxylation product of benzene may be achieved in
over 98% ee.’*! The solvent dependence of such reactions has
been examined in detail.*” Conventional kinetic resolution
reactions of racemic diols have also been reported®” (one
monoacylated and one diacylated product is formed). Likewise,
the reverse reaction, of monohydrolysis of a racemic diester,
may also be employed to good effect.’***7 In the example in
Scheme 55, one of four acetates is stereoselectively hydrolysed
in a conduritol desymmetrisation process.’*

OAc OH

OAc OAc
lipase, Bu"OH

OAc OAc
OAc OAc

50-60% yield, >95% ee
Scheme 55

3.3 Miscellaneous biotransformations

Enantioselective ring-opening reactions of racemic epoxides
provides an attractive route to enantiomerically enriched diols,
if the products are of interest, or epoxides, if recovered sub-
strate is required.*®3!' An interesting enantioconvergent
approach (Scheme 56) provides an effective route to a single
major diol from a racemic epoxide starting material.**®

e}

/—y\/\/ oH

H,0 Norcardia FH1 >—K/\/
+ pH6 HO
]
VAN .
ﬁ Y N 79% yield, 91% ee
H,0
Scheme 56

Asymmetric aldol reactions catalysed by aldolases provide a
powerful method for the formation of C—C bonds,** as does
the asymmetric addition of HCN to aldehydes.’'® Selective
hydrolysis of a prochiral dinitrile provides a practical and
effective desymmetrisation method (Scheme 57).3'*

OBn
Brevibacterium OBn
L CN 65% yield
88% ee
CN CN COM
Scheme 57
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