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bstract

The synthesis of enantiomerically pure compounds employing new and efficient methods has emerged as an active area of research in the recent
ast. In spite of the development of many asymmetric catalytic methods, the resolution of racemic mixtures i.e., kinetic resolutions are preferred
ndustrially. The only drawback of kinetic resolution is that a maximum of fifty percent of starting material can be utilized, and the other enantiomer
s usually not utilized. This limitation has been addressed in many cases by coupling the acylation of one enantiomer with a racemization reaction
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or the in situ conversion of the undesired enantiomer to the desired products. Therefore a combination of lipases with transition metals or other
elated racemizing agents resulted in a single enantiomer. This process is termed ‘dynamic kinetic resolution’ and has been a focus of research in
ecent years towards asymmetric synthesis.

This review enlightens the changing trends from kinetic resolution to the development of dynamic kinetic resolution, with an emphasis on the
hiral intermediates of biological significance and the type of catalysts used along with the enzymes in such processes.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Enantiomerically pure compounds have become the focus of
esearch today. This may be attributed to an increasing demand
f enantiomerically pure compounds for fine chemicals [1–3]
agrochemicals and pharmaceuticals) and material sciences (lig-
nds and polymers). This has mainly been driven by the release
f new FDA marketing guidelines [4]. In spite of a number of
dvances made in asymmetric synthesis, substrate driven or cat-
lyst driven resolution of racemates emerged as a method of
hoice and remains so both in academia as well as in industry
5–8].

The resolution of racemates employing enzymes has become
n important tool for obtaining chiral compounds of biologi-
al significance [9]. Lipases are amongst the most commonly
sed enzymes for kinetic resolution of racemates as they can be
btained commercially from an appropriate source on a required
cale [10]. Further, combination of enzymes with metal catalysts
s another important development for dynamic kinetic resolu-
ion strategies. Several reviews have appeared in the literature
n lipase mediated resolution processes [9–14] including the
ombination of enzymes and metal catalysts as an approach for
symmetric synthesis [15–18]. However this review discusses
he utilization of enzymes for chiral synthesis particularly the
pplication of lipases with respect to the type of reactions which
ater lead to the development of dynamic kinetic resolution pro-
esses. Further, the recent observations that have taken place
n this laboratory have also been included. Moreover an effort
as also been made in the present review to highlight the recent
rends particularly in the last decade that have taken place in this
rea.

.1. Kinetic resolution

Kinetic resolution is a process in which one of the enan-
iomers of a racemic mixture is more readily transformed into
product than its mirror image. The main requirement of this

rocess is that the KR �= KS where R and S are enantiomers of
he given compound.

If the chiral catalyst of biological origin (usually enzymes)
s used then the process is called as an enzymatic kinetic res-
lution or a biocatalytic resolution. In recent years extensive
esearch has been carried out in this area of biocatalytic res-

lution processes. In enzymatic kinetic resolutions a racemic
ubstrate undergoes an enzymatic reaction wherein chiral dis-
rimination of enantiomers take place. In few cases, wherein
he difference in the rate of reaction of enantiomers is very

a
s
r
r

meric excess

arge, then only one enantiomer is transformed and the reac-
ion when reaches around 50% conversion provides both the
nantiomers in their optically pure forms. However in a number
f cases this difference may not be that large as such the reac-
ion further proceeds as a slow process, thereby decreasing the
nantioselectivity.

Several kinetic resolution processes have been reported in the
iterature which utilize enzymes as the chiral catalysts. There
re advantages for these processes such as higher reaction rates
p to 1012 times (compared to chemical methods), improved
fficiency, higher chemo-, regio- and enantioselectivity. More-
ver, from the environmental context, biocatalytic processes are
reener, less hazardous and least polluting. Amongst the very
arge collection of enzymes, lipases (triglycerol acyl hydro-
ases) have emerged as one of the most suitable enzymes for
inetic resolution processes in asymmetric synthesis. Some of
he advantages of using lipases are that, they do not require
ofactors, many lipases are available in free and immobilized
orm, and could be produced in large quantities. Most lipases can
ccept a broad range of non-natural substrates and are thus very
ersatile for applications in organic synthesis. Therefore, lipases
ave been used widely in a number of reactions for produc-
ng enantiomerically pure compounds. These processes could
e broadly classified into two types that include asymmetriza-
ion of meso- and prochiral compounds and kinetic resolution
f racemates. From a chemical point of view, lipases (also pro-
eases) can be considered as mild and selective reagents that are
ble to activate a generic carboxylate and transfer it to a large
umber of nucleophiles in different organic solvents. Apart from
he application of lipases in organic synthesis, there have been
xtensive studies on the improvement of selectivity as well as
he rate of reaction by varying solvents, acyl donors, temperature
tc. More recently the use of lipases in non-aqueous media has
een extended to include supercritical fluids [19,20] and ionic
iquids [21], which has been applied successfully in this labo-
atory towards the synthesis of enantiomerically pure 1,2-diols
22].

.2. Dynamic kinetic resolution

Kinetic resolutions, in spite of their high utility pos-
ess an intrinsic limitation of maximum of 50% conversion.
o overcome this limitation several approaches have been
ttempted, while dynamic kinetic resolution (DKR) involving

racemization reaction for the in situ conversion of unde-

ired enantiomers has received considerable attention in the
ecent years. This process has been discussed in some recent
eviews.
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The following aspects are required for an efficient DKR pro-
ess:

(i) The kinetic resolution step has to be irreversible.
(ii) E value has to be at least 30, preferably in the range of

50–100.
iii) Apart from the E-values, Krac has to be at least equal to KR

(rate of reaction of fast reacting enantiomer).

.3. Racemization

Racemization therefore is one parameter, which needs to be
ptimized for successful DKR (Scheme 1).

If a kinetic resolution is accompanied by racemization, this
rocess is called dynamic kinetic resolution. Moreover, racem-
zation and resolution usually requires certain specific conditions
temperature, concentration, and pH) that are generally incom-
atible. Therefore, for an efficient DKR process a fine balance
etween these two aspects is desired. The driving force of the
acemization process can be predominantly attributed to the
ncrease of entropy caused by the mixing of the two enantiomers.
he racemization methods have been classified on the basis of

ype of compounds and racemization methods [23]. The racem-
zation could be catalyzed by a base, an acid or an enzyme, that

ay involve nucleophilic, photochemical, thermal or oxidative-
eductive processes.

Base-catalyzed racemization is a well-known method and
his has been extensively utilized. It is especially applicable
o compounds with a stereo centre having an acidic proton. It

nvolves the removal of hydrogen from the chiral centre to form
carbanion. This carbanion needs to be stabilized by an adja-

ent group such as keto, nitrile, nitro or other functionalities or
y reversible formation of a �-substituent (Scheme 2). As an

u
o
i

Scheme 3

Scheme 4
Scheme 5.

xample, racemization of an acidic proton neighboring to a car-
onyl group where the carbonyl group stabilizes the generated
arbanion is shown in Scheme 3.

Oxidation and reduction reactions can be used to perform
acemization. Oxidation removes H from an asymmetric car-
on, generating an intermediate species with a planar geometry,
eduction or hydrogenation restores the original hybridization
tate in a non-stereoselective manner thus generating a race-
ate (Scheme 4). The oxidation and reduction can be performed

imultaneously in a single step or in two separate steps (with or
ithout isolation of oxidized intermediate).
Racemization methods based on lability of certain molecules

e.g. organometallic species such as organolithium, organomag-
esium or organopalladium compounds) and those involving
equential nucleophilic displacement over stereogenic centre are
lso known.

. Enzymatic kinetic resolutions and dynamic kinetic
esolutions (with metal catalysts)

.1. Alcohols
Alcohols can be efficiently resolved using enzymes partic-
larly lipases by either esterification or hydrolysis. The use of
rganic solvents for enzyme catalyzed reactions has revolution-
zed the esterification process by employing different lipases

.

.
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24–26]. Several studies have been carried out on solvent effects
or enzyme catalysis including the effect of solvent on enan-
ioselectivity in esterfication [27–31]. The enzyme-catalyzed
ransesterification in organic solvents has proven to be more
ffective in comparison with conventional esterification meth-
ds. The acylation of an alcohol could be performed with an
ster like ethyl acetate [32], which can act both as solvent and
cylating agent (Scheme 5).

In the presence of a good leaving group on the acyl donor,
he equilibrium is shifted towards product formation and for
his purpose trichloroethyl or trifluoroesters or anhydrides can
e used as acylating agents. When anhydrides are used as acylat-
ng agents enantioselectivity is enhanced by removing the acid
o-product [33]. Studies indicate that the use of vinyl carboxy-
ate provides the desired results (Scheme 6). In this process the
everse reaction is prevented by the tautomerization of alcohol
o aldehyde in an irreversible manner [34].

.1.1. Resolution of racemic secondary alcohols by
ransesterification

The process of transesterification, is discussed, based on the
ype of acylating agents, as the choice of these agents is impor-
ant in the dynamic kinetic resolution process.

.1.1.1. Transesterification with non-activated esters. In enzy-
atic transesterifications with non-activated esters like methyl

lkanoates, there is no requirement of additional solvent. Such
rocesses have been employed for the enantioselective reso-
ution of various secondary alcohols and diols [35,36]. The
ransesterification of the ester of a racemic alcohol with methanol
r 1-butanol in the presence of lipase provides an efficient
ethod for the preparation of chiral hydroxy compounds [37]

s shown in Scheme 7. This process has also been extended to
nother important chiral intermediate [38] (Scheme 8).
.1.1.2. Transesterification with activated esters. The enzy-
atic transesterifications with activated esters such as trichloro

r trifluroethyl carboxylate is an efficient enzymatic procedure

b
a
r
i

Scheme 9

Scheme 1
Scheme 8.

o achieve regioselective acylation of polyfunctional compounds
f the type chloramphenicol [39] (Scheme 9).

This method of using activated esters has also been satisfac-
orily applied to the enantioselective synthesis of chiral esters or
lcohols by the resolution of racemic allylic alcohol. Similarly 6-
eptene-2-ol has been resolved with trifluoroethylbutyrate in the
resence of porcine pancreatic lipase to enantiopure R-butyrate
n good conversion (Scheme 10).

Further, resolution of secondary alcohols towards the synthe-
is of chiral intermediates for �-adrenergic blocking agents has
een carried out in this laboratory by utilizing a similar protocol
Scheme 11) [40].

.1.1.3. Irreversible transesterification. The typical procedure
or an enzyme catalyzed irreversible transesterification utilizes
inyl carboxylate as an acylating agent [41,42]. As discussed
arlier the vinyl alcohol tautomerizes to acetaldehyde, which
akes the process irreversible and efficient. Primary alcohols

ossessing a 2-methyl group have been efficiently resolved

y employing vinyl acetate in organic solvents with PFL to
fford almost enantiomerically pure (R)-alcohols and their cor-
esponding (S)-acetates (Scheme 12) [43–46]. Recently another
ntermediate, which is a precursor of thiolactomycin, has been

.

0.
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esolved in this laboratory by employing Carica papaya lipase
47].

Moreover, secondary alcohols have also been efficiently
esolved (Scheme 13). The efficiency of the transesterification
rocess using vinyl ester as an acyl donor along with lipases
rom different sources has been investigated with respect to the
onfiguration. Interesting chiral compounds have been prepared
y resolving their respective intermediates [48–56]. Various
iologically active compounds have been prepared using this
nzymatic procedure [9]. A few reviews [12,13] have empha-
ized the significance of this work. Substantial work has been
arried out in this laboratory particularly towards the synthe-
is of intermediates of biologically important compounds like
mbelactones [57], thiolactomycin [58], quinolone carboxyli-
acid [59], kavalactones [60], calcilytic agent NPS-2143 [61],
-adrenergic blocking agents [40,62], � and � lactones [63] and
ther related intermediates.

The generation of racemic secondary alcohols required for

he resolution process is usually carried out by the reduction of
orresponding carbonyl compounds. However, a one-pot reduc-
ion followed by lipase-mediated resolution has been developed
n this laboratory [64]. For example, the reduction of ace-

p
i

h

Scheme 1
2.

ophenones with sodium borohydride in the presence of neutral
lumina in hexane followed by enantioselective acylation cat-
lyzed by lipases is performed in one-pot (Scheme 14). This
ethodology has also been applied for the chemoenzyamtic

ynthesis of propanolol, sotalol [65] tembamide, aegiline,
enopamine [66].

.1.2. Resolution of allylic alcohols
Enantiomerically pure allylic alcohols represent an important

tructural motif and have attracted synthetic chemists for their
ide range of applications in the synthesis of natural and non-
atural compounds [67–72]. The chemoenzymatic synthesis of
and S verapamil [73] has been carried out employing such a

hiral precursor (Scheme 15).
Kinetic resolution of allylic alcohols was first reported by

urgess and Jennings [74] as part of the study towards develop-
ent of a simple active-site model for prediction of asymmetric

nduction and applied for the asymmetric synthesis of a statin
nalogue [75]. Schurig [76] have reported a kinetic resolution of
rans-4-phenyl-3-butene-2-ol in high enantiomeric excess. The
nantioselective transesterification as well as hydrolysis of its
cetate has been studied (Scheme 16).

Itoh et al. [77] have demonstrated the kinetic resolution of
ome allylic alcohols in ionic liquid media under reduced pres-
ure. An efficient enzymatic pathway has been developed for
he synthesis of enantiopure allylic alcohols from corresponding
,�-unsaturated ketones in this laboratory by employing one-

ot reduction followed by lipase-mediated resolution protocol
n high enantiopurity (Scheme 17) [78].

Chiral diamine (ether-phosphine) ruthenium(II) complexes
ave been used as highly active and selective catalysts in the

4.
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Scheme 15.

Scheme 16.

Scheme 17.

Scheme 18.
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Mechanistically, the ruthenium complex is activated by oxy-
gen and the racemization proceeds with weak bases. Under these
conditions various alcohols have been transformed enantioselec-
tively to the corresponding acetates without observable chemical
Scheme 20.

ydrogenation of �,�-unsaturated ketones to afford enantiomer-
cally enriched unsaturated alcohols. Further, these have been
ubjected to the lipase-catalyzed kinetic resolution to obtain
lcohols in high enantiomeric excess (Scheme 18) [79].

Nevertheless, several examples for the enzymatic kinetic res-
lutions have been investigated for the preparation of chiral
ntermediates; however the desired enantiomers could only be
btained in a maximum of 50% yield. Various attempts have
een made to enhance this yield to more than 50% and the recent
tudies involving the dynamic kinetic resolution processes have
rovided encouraging results.

Several examples of dynamic kinetic resolutions are presently
ound in the literature while the trend which leads to the develop-
ent of such processes is lacking. Therefore, different strategies

hat have been reported in the literature for the dynamic kinetic
esolutions have been categorized systematically. These are
eing discussed in the present review not only to understand the
ecent trend but also to provide a useful direction in the future
ursuit of this research.

.1.3. Early period of dynamic kinetic resolution processes
Dynamic kinetic resolution has been recognized as an impor-

ant phenomenon in the early years of this decade [80]. This
evelopment has paved a way to the future endeavors in this
rea of research. In these investigations various enzymes and
icroorganisms have been utilized for the development of DKR

rocesses.

.1.4. Enzyme-metal combinations in dynamic kinetic
esolutions: Application of this strategy for alcohols

To address the limitations of enzymatic kinetic resolution
uch processes have been coupled with racemization reactions
nd given rise to DKR processes. Williams and co-workers
81] successfully attempted to racemize a single enantiomer of
henethyl alcohol (Scheme 19) with certain metals like rhodium
82], iridium [83], ruthenium [84], and aluminium [85] that are
apable of catalyzing the transfer of hydrogen between ketones
nd alcohols.

Later, they were successful in demonstrating the application
f this racemization process along with enzymatic resolution in

single pot (Scheme 20), which allows the production of more

han 50% of the enantiomerically enriched products.
Further, they also [86] demonstrated the dynamic kinetic

esolution of allylic alcohols with a palladium cata-
Scheme 22.

yst in combination with Pseudomonas fluorescens lipase
Scheme 21).

The palladium(II) catalyst [87] was chosen in comparison to
he Pd(0) catalyst [88], as in this mechanism the acetate does
ot leave the substrate (Scheme 22). Moreover for the Pd(0)
atalyzed racemization, an intermediate allyl palladium complex
an be attacked by nucleophiles other than acetate.

Park and co-workers [89] have developed some racemiz-
ng catalysts (Fig. 1), like (�5-indenyl)RuCl(PPh3)2 1a that are
ound to rapidly racemize (S)-1-phenylethan-1-ol completely at
oom temperature in the presence of a base; the mechanism for
hich is depicted in (Scheme 23).
A detailed discussion is presented in this study on the rate

f racemization by changing the halides, reaction conditions
ike solvents, bases and also by varying the triphenyl phosphine
igands along with the possible pathway for racemization.

Preliminary attempts to combine lipase-catalyzed acylation
ith the above catalytic racemization systems have not been

ruitful due to predominant chemical acetylation of alkoxides.
his problem has been overcome to a large extent by using weak
ases like triethylamine [90], and catalytic amount of oxygen
Scheme 24). Trimethylamine N-oxide was also effective for
acemization. Under these conditions triphenyl phosphine oxide
as always formed as a by-product. This observation suggests

hat oxygen and trimethylamine N-oxide acted as activators,
emoving a phosphine ligand from the ruthenium center.
Fig. 1.
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cetylation. Bäckvall and co-workers [91] have used a catalyst
omplex as shown in Fig. 2 as an in situ racemizing agent for the
ubstrate, in combination with lipase-catalyzed esterification.
he phenethylalcohol is completely racemized in the presence of
his catalyst employing tertiary butanol. In this method 2% of this
atalyst is used with respect to one equivalent of acetophenone
equired for the promotion of ruthenium catalyzed hydrogen
ransfer. This racemization has been combined with Novozyme-

t
l
s
o

Scheme 2
4.

35 catalyzed transesterification process and the success of this
rocess is largely governed by the type of acyl donors (ROAc).
owever, the aldehyde generated from the acyldonor acted as

he hydrogen acceptor and oxidized the substrate alcohol to its
orresponding ketone, thereby decreasing the overall yield in
his process (Scheme 25).

In order to overcome the limitation of low yields, p-
hlorophenylacetate has been used as an acyl donor in
ombination with an enzyme along with the racemizing cata-
yst. This change of the acyl donor allows the formation of the
roduct in good yields and with high enantiomeric excess. This
ethodology has been extended for the resolution of racemic

-indanol (Scheme 26).
The development of such racemization reagents has lead to
he advent of a new era for DKR. However, there are some other
imitations like longer reaction times and the use of inert atmo-
phere that needs to be addressed. Therefore, with a view to
vercome such drawbacks extensive research has been carried

5.
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by using catalyst 4b. A number of allylic alcohols have been
Scheme 26.

ut by the same authors [91,92]. These studies include the use of
ovozyme-435 along with the catalyst 3, in combination with

ome acyl donors. Activated esters such as trichloroethyl esters
nd trifluoroethyl esters have been used to shift the equilibrium
f the enzyme catalyzed reaction towards acylation process.
owever, esters containing protons in the �-position to the oxy-
en are considered not suitable as the alcohol released in the
rocess interferes with the ruthenium catalyst. In this context
ryl esters have been found to be more suitable as acyl donors.
he advantage of employing aryl esters is their higher reactivity

n comparison to the alkyl esters and thus favoring the acylation
f alcohol. Moreover, the reactivity could be tuned by the pres-
nce of electron withdrawing or electron donating substituents in
he aryl esters. The studies indicated that 4-chlorophenylacetate
s an excellent acyl donor for such a process. Interestingly, the
ariation of acyl donors does not have any effect on the selectiv-
ty by the enzyme. Extensive studies that have been carried out
n the above DKR process reveal that the variation in acyldonors
as a vital role in the enhancement of the rate of reaction apart

rom the solvents that have been examined. This investigation
herefore allows one to explore further improvement of such
rocesses by utilizing a variety of acyldonors that have been
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Scheme 2

Scheme 2

Scheme 2
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iscussed earlier in many trans-esterification based resolutions.
he related studies for trans-esterification processes have been
iscussed in the earlier part of this review.

Kim and co-workers [93] have carried out the DKR of acyclic
ubstrates employing Pd(0) based racemization catalyst along
ith the lipase-catalyzed transesterification (Scheme 27).
Further, tetrakis(triphenylphosphine) palladium(0) has been

sed along with bis(diphenylphosphino)ferrocene (dppf) as a
acemization catalyst. However, the use of Pd catalyst alone
ives the unwanted side reactions and therefore the use of dppf
as suppressed the undesired side-reactions (Scheme 28).

Further, Kim and co-workers [94] have reported an interest-
ng asymmetric transformation that involves a one-pot process
or the transformation of ketones or enol acetates to chiral
cetates using lipase and catalyst 3 (Scheme 29). This process
nvolves five steps that are deacetylation of enol acetate gives
he corresponding enol and acylated lipase, which upon keto-
nol tautomerization forms the ketone. Reduction of the ketone
roduces the racemic alcohol followed by the enantioselective
cetylation of the R-alcohol with acetylated lipase to afford the
-acetate. Simultaneous reversible transformation between S
nd R alcohols, i.e. in situ racemization takes place.

DKR of allylic alcohols has been reported by Park and co-
orkers [95] utilizing Ruthenium catalysts in combination with

nzymatic resolution as shown in Fig. 3. Amongst the catalysts
creened 4a and 4b gave and good results with respect to yields
nd enantioselectivity. Therefore, DKR has been carried out
esolved using this protocol (Scheme 30). The DKR studies of
llylic alcohols have generally utilized palladium and ruthenium
atalysts such as 3. However it appears that there is ample scope

7.

8.

9.
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o employ other related ruthenium catalysts for broadening the
pplicability to different types of allylic alcohols with improved
fficiency.

A one-pot method for reduction of ketones to alcohols as well
s enol acetates to achiral acetates and simultaneous DKR to
orm chiral acetates has been developed by Park and co-workers
96] (Scheme 31).

Catalyst 3 is well known for the reduction of ketones and thus
erves for this purpose along with the racemization of the alco-
ol. The solvent used itself acts as an acylating agent thereby
ecreasing the complexity of the process. A combination of dif-
erent sources of hydrogen and various acyldonors have been
tudied to understand its compatibility with respect to the pro-
ess. However there is potential to explore palladium as well as
variety of different ruthenium catalyst for this process.

Later, Nakamura et al. [97] reported another ruthenium cat-
lyst 5 (Fig. 4) that has been utilized for the DKR of secondary
lcohols at ambient temperatures.
The mechanism of racemization is discussed in detail wherein
t is proposed that the reversible transformation between a
uthenium–alcohol complex and a ruthenium–ketone is respon-
ible for this racemization. Further the efficiency of this

s
T
v

Scheme 3

Scheme 3
Fig. 5.

ethodology has also been demonstrated by applying it to dif-
erent substrates as shown in Scheme 32.

In another significant observation by Sheldon and co-workers
98], three new catalytic systems have been developed and exam-
ned for their racemization ability towards secondary alcohols.

oreover, an attempt has been made to overcome the require-
ent of the addition of one equivalent of acetophenone and three

quivalents of triethylamine. In this context a catalyst system has
een developed by combining catalyst 1a (Fig. 5), TEMPO and
-phenylethanol which gives RuH2L3 (Scheme 33).

It is believed that ruthenium hydride which is generated in
his process is responsible for the racemization of alcohols.
owever long reaction times and larger requirement of rather

xpensive TEMPO (3 mol%) limits this from practical applica-
ility. Therefore, this necessitated the development of another
atalytic system (Scheme 34).

Addition of a base like potassium hydroxide leads to sub-

tantial increase in activity. A combination of catalyst 1a with
EMPO and catalyst 5a with potassium hydroxide did not pro-
ide the desired results. However the combination of catalyst

0.

1.
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pounds are known to catalyze the 1,3-transposition of allylic
alcohols resulting in a thermodynamic equilibrium of two regioi-
somers, which undergoes a highly enantio and chemoselective
esterification in presence of a lipase. This DKR protocol pro-
Sch

with TEMPO gives both in situ racemization and dynamic
inetic resolution.

Ikariya and co-workers [99] reported a catalyst system that
hows rapid racemization of chiral non-racemizing secondary
lcohols. The catalyst system used for racemization includes a
ombination of catalyst 6a: 2-diphenylphosphinoethyl amine:
OtBu in the ratio of 1:1:1. Mechanism of racemization is
epicted in Scheme 35.

Bäckvall and co-workers [100] also reported that catalysts
a and 8b (Fig. 6) racemize (S)-1-phenylethanol at room tem-

erature with a half-life of about 2 min or less (Scheme 36).
xtensive studies have been carried out with more catalysts of
imilar type.

Scheme 33.
2.

Recently, Akai et al. [101] reported a DKR of allylic alco-
ols using a combination of lipases with a different metal catalyst
VO (OSiPh3)3] catalyst 9 (Scheme 37). Oxovanadium(V) com-
Fig. 6.
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Scheme 3

Scheme 35.
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Scheme 36.

ides access to optically active esters of secondary alcohols from
orresponding ketones via the readily available tertiary alcohols.
nterestingly there is no need of an inert atmosphere in this DKR
rocess.
A new racemization catalyst 10a, which is stable in atmo-
phere and recyclable has been developed by Park and
o-workers along with its heterogeneous version 10b (Fig. 7)

Scheme 37.

o
k
a
r
c
[
h
H
c

4.

102]. DKR of different secondary alcohols has been performed
sing such catalysts. This is a fascinating study which employs
novel polymer supported catalyst for the aerobic DKR of

lcohols. This approach could generate more practical catalyst
ystems for a variety of ruthenium catalysts for alcohol DKR.

.2. Azido alcohols

Chiral �-azido alcohols are of great significance as potential
recursors for optically active aziridines and �-amino alcohols
Scheme 38) [103–108]. Chiral aziridines are attractive synthetic
argets because of their increasing importance in organic syn-
hesis and also due to their presence in bioactive molecules like
eucomitomycin antibiotics e.g., mitomycin C, a DNA alkylating
gent (Fig. 8) [109,110].

Chiral 1,2-amino alcohols can be synthesized by the reduc-
ion of 1,2-azido alcohols (Scheme 38) and are structural units of
mmense importance. Their presence in biologically active natu-
al products, such as ephedrine and �- or �-adrenergic blockers
nd agonists reflects their importance [110]. Naturally occur-
ing hydroxy amino acids containing a vicinal amino alcohol
ike serine or threonine are also of biological significance and
seful members of the chiral pool [111]. Some other biologically
mportant molecules like sphingosine and indinavir also contain
icinal amino alcohols (Fig. 8) [103,112]. Moreover, there are
lso some 1,2-amino alcohols that have found use in catalytic
rganic transformations [113].

.2.1. Enzymatic kinetic resolution of azido alcohols
Owing to their high synthetic applicability, preparation

f enantiopure azido alcohols is accomplished by enzymatic
inetic resolutions. The first enzymatic kinetic resolution of
zido alcohol has been reported by Ader and Schneider on
acemic 1-azido-3-phenoxy–2-propanol by Pseudomonas cepa-
ia lipase-catalyzed acylation and hydrolysis of the acetate

114]. Similarly, 1-azido-3-(4-tert-octyl)phenoxy–2-propanol
as been acetylated with moderate enantioselectivity [115].
önig and co-workers have also accomplished the lipase-

atalyzed resolution of acyclic and cyclic 2-azido alcohols as

Scheme 38.
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Scheme 41.

recursors of amino alcohols with good enantioselectivity [116].
nantiopure 1-azido-3-aryloxy-2-propanol subunits present in
umerous biologically active compounds such as �-adrenolytic
rugs have been resolved by lipase-mediated trans-esterification
o furnish the optically active (S)-alcohol and corresponding
R)-acetate [117,118] (Scheme 39).

A facile one-pot reduction, resolution protocol to provide
ccess to enantiopure �-azido alcohols from their keto azides
ith high enantiomeric ratio has been developed in this labora-

ory [119] (Scheme 40). The synthetic utility of this procedure
as been illustrated by its application in the synthesis of both the
nantiomers of natural hydroxyamides like tembamide, aegeline
nd �-adrenoceptor agonist denopamine [70].

.2.2. Dynamic kinetic resolution of azido alcohols
The DKR of different phenyl and aryloxymethyl substi-

uted azido alcohol derivatives, has been accomplished by
amies and Bäckvall employing enzymatic resolution in com-
ination with ruthenium catalyzed alcohol isomerization [120]

Scheme 41). Enantiomerically pure acetates are obtained in
igh enantiomeric excess and conversion up to 98% employ-
ng this protocol on a variety of racemic �-azido alcohols
sing immobilized CAL-B with ruthenium catalyst 3 and p-

p
d
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p

Scheme 42.

hlorophenyl acetate as acyl donor. This observation is likely to
reate more interest for exploring it on a wide spectrum of azido
lcohol substrates that are building blocks for a number of bio-
ogically significant compounds, thus enhancing the practical
tility of this protocol.

.3. Halo alcohols

Chiral �-halo alcohols are important structural elements,
s they are potential precursors of chiral epoxides and �-and
-amino alcohols, widely used as adrenergic receptor block-
rs and immune stimulants [121]. The kinetic resolution of
-halo alcohols with Candida antarctica lipase B (CAL-B)
roceeds with low selectivity. Pamies and Bäckvall [122] have
ccomplished DKR of different �-halo-�-phenethyl alcohols to
rovide acetate with excellent enantiomeric excess and conver-
ions (Scheme 42).

.4. Hydroxy nitriles

�-Hydroxy nitriles are a class of bifunctional compounds
ith importance both as reagents and as technical products in
rganic chemistry. These have been extensively investigated
nd employed in synthetic chemistry towards the preparation
f various intermediates for naturally occurring bioactive com-

ounds [123]. The cyano group can be easily transformed to
ifferent functional groups like �-hydroxy amides, �-hydroxy
cids, �-hydroxy esters, diols, and aminoalcohols by using sim-
le methods. Moreover, the stereogenicity at the hydroxyl group
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Scheme 43.

ig. 9.

i
e
d
a
a

2
a

r
e
p
r

3
s
l
c
t
a
O
u
n
A
d
t
[
h
4

(
e
a
b
a
[

F

n these derived compounds has been used to control the gen-
ration of new stereocenters thus offering a potential route to
iastereoselective 1,3-diols and 1,3-aminoalcohols intermedi-
tes for a large number of natural products, antibiotics and chiral
uxiliaries.

.4.1. Enzymatic kinetic resolution of β-hydroxy nitriles
nd their applications

A simple and efficient method for the preparation of a variety
acemic �-hydroxy nitriles and its kinetic resolution using differ-
nt lipases has been developed in this laboratory [124]. Optically
ure �-hydroxy nitriles obtained have been utilized in the prepa-
ation of some �-adrenergic blocking agents (Scheme 43).

Lipase-catalyzed trans-esterification of racemic 3-hydroxy-
-phenylpropanenitrile using various lipases have been
tudied in this laboratory. Among all the lipases screened,
ipase Pseudomonas cepacia adsorbed on ceramic parti-
les (PS-C) in hydrophobic solvents like diisopropyl ether,
oluene, and hexane enhanced the reaction rate drastically
nd gave optimal yields and high enantiomeric excess.
ptically pure 3-hydroxy-3-phenylpropane nitrile has been
tilized towards the preparation of fluoxetine, norfluoxetine,
isoxetine, tomoxetine and (S)-levamisole [125] (Fig. 9).
n efficient and facile enantioconvergent synthesis of
uloxetine by lipase-mediated resolution of 3-hydroxy-3-(2-

hienyl)propanenitrile has been investigated in this laboratory
126] (Scheme 44). This lipase-catalyzed resolution process
as also been extended for the chiral separation of 3-hydroxy-
-trityloxybutanenitrile, 3-hydroxy-4-tosyloxybutanenitrile, N-

2

o
�

Scheme 44.

3-cyano-2-hydroxypropan-1-yl)phthalimide in good enantios-
lectivity and conversions. These hydroxy nitrile intermediates
re used as chiral building blocks in the preparation of numerous
iologically significant compounds like �-adrenergic blocking
gents, antimicrobials, oxazolidinones, GABOB, and carnitine
127,128] (Scheme 45).
.4.2. Dynamic kinetic resolution of β-hydroxy nitriles
Pamies and Bäckvall [129] have reported the kinetic res-

lution of various alkyl, aryl and aryloxy methyl substituted
-hydroxy nitriles using Candida antartica (N-435) lipase in
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Scheme 45.
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Scheme 46.

igh enantiomeric purity. The combination of the enzymatic
inetic resolution along with a ruthenium-catalyzed alcohol
acemization led to the dynamic kinetic resolution. This DKR
rocess has also been carried out using ruthenium catalyst 3,
ovozyme 435, and p-chlorophenylacetate as acyl donor. This

tudy indicates that the efficiency of the process can be increased

y using 2,4-dimethyl-1,3-pentanol as a mild hydrogen source
o suppress ketone formation (Scheme 46). B

Scheme 4

Scheme 4
Scheme 49.

.5. Hydroxy acid derivatives

�-Hydroxy acids or �-hydroxy lactones are of very high
otential in the enantioselective synthesis of various chiral
ompounds like trans-Kumansyne and Beetle sex pheromone
Scheme 47).

The catalytic potential of lipases towards the synthesis of
acrocyclic lactones has been investigated. Hydroxy methyl

sters gave enantiomerically pure macrolactones. A facile and
ighly stereoselective enzymatic intra molecular transesterifi-
ation for preparation of �-lactones is performed using PPL
n different substrates (Scheme 48) [130]. In another signifi-
ant development Japanese beetle pheromone was prepared by
esolving �-hydroxy carboxylic acid derivatives [131]. Kinetic
esolutions using many other lipases have also been performed
Recently DKR of �-hydroxy esters has been reported by
äckvall and co-workers [133] using enzymatic resolution in

7.

8.
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Scheme 50.

Scheme 51.
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Scheme 52.

ombination with ruthenium-catalyzed racemization. Different
uthenium based catalysts have been examined for their racem-
zing ability (Scheme 49).

A one pot aldol-reaction accompanied by simultaneous
acemization and enzymatic resolution has been developed by
uerta and Bäckvall [134] (Scheme 50). A successful attempt
as been made to combine two different types of reactions into
ne pot process.

This ruthenium and enzyme catalyzed DKR in tandem with
–C bond forming reactions like the aldol addition is a very
aluable protocol for asymmetric synthesis. This methodology
eeds to be complemented to the previously reported procedures
s enantiomerically pure aldol adducts lacking an �-substituent
re usually difficult to prepare by catalytic asymmetric aldol
eactions. Interestingly the applicability of this procedure could
e further extended for the generation of C–C bonds using other
ype of reactions accompanied by DKR.

Park and co-workers [135] made another significant contri-

ution to the field of DKR by applying DKR on three different
unctional secondary alcohols, which include �-hydroxy esters
Scheme 51), monoprotected 1,2-diols (Scheme 52) and
ydroxyl aldehydes (Scheme 53).

e
1
i
T

Scheme 5
Scheme 53.

Bäckvall and co-workers [136] have developed DKR of �-
ydroxy acid derivatives. Significant changes have been made
n the substrate to avoid lactonization. A hydrogen source is
sed to reduce the ketone formation, a by-product (Scheme 54).
imilarly, enzymatic kinetic resolution and dynamic kinetic
esolution of �-hydroxy esters has been reported by the same
uthors [137] (Scheme 55).

.6. Amines

Enantiopure amines are used in the fine chemical indus-
ry as resolving agents, chiral auxiliaries and chiral synthetic
uilding blocks for pharmaceuticals and agrochemicals. The
ecent literature on lipase-catalyzed resolution of amines
nd dynamic kinetic resolution approaches has been briefly
iscussed.

.6.1. Enzymatic kinetic resolution of amines
Sheldon and co-workers [138] have reported the lipase-

atalyzed resolution of � and �-aryl amines using penicillin
cylase from Alcaligenes faecalis in organic and aqueous media
Scheme 56).

Irimescu and Kato [139] have reported lipase-catalyzed

nantioselective acylation of 1-phenylethylamine and 2-phenyl-
-propylamine by the reaction of amines with carboxylic acids
n a non-solvent system or in ionic liquids (Scheme 57).
he reaction equilibrium has been shifted towards amide

4.
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Scheme 55.
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Scheme 56.

ynthesis by the removal of water formed under reduced
ressure.

Goswami et al. [140] reported Candida antartica lipase-
atalyzed resolution of racemic sec-butylamine using ethyl
sters of long chain fatty acids as acylating agents in various
olvents (Scheme 58). Further subtilisin is also a promising
esolution catalyst for amine [141].

.6.2. Dynamic kinetic resolution of amines
The chemoenzymatic DKR is also used for the preparation

f enantiomerically enriched amines (Scheme 59). Paetzold and
äckvall [142] reported for the first time an efficient protocol for
KR of unfunctionalized primary amines in high yield and enan-

ioselectivity (Scheme 60). Overall, not much work has been
arried out on the DKR for the preparation of enatiomerically
ure amines and has the potential to be explored further.

Kim and co-workers [143] have reported enantiomeri-
ally active amines in the acetylated forms by coupled
ipase/palladium DKR catalysis in the presence of an acyl donor
sing ketoximes as starting materials under 1 atmosphere of
ydrogen (Scheme 61). Recently Bäckvall and co-workers [144]
ave also developed an efficient and mild ruthenium-catalyzed
acemization of amines under hydrogen transfer conditions
Scheme 62).

Reetz and Schimossek [145] have reported for the first time

hat the combination of CAL-B lipase and palladium on car-
on for the synthesis of (R)-N-(1-phenylethyl)acetamide from
-phenylethylamine in high ee (Scheme 63).

m
a
(

Scheme 5
Scheme 60.

Blacker et al. [146] have reported a simple, efficient iridium
ased catalyst system for the dehydrogenation and racemization
f a variety of amines. A process for the DKR of a secondary
mine has been developed to give a product in good yield and
igh enantiopurity (Scheme 64).

Enantiomerically enriched tertiary amines are commonly
sed as chiral auxiliaries, chiral bases, and catalysts in organic
ynthesis. Chiral tertiary amines are most important intermedi-
tes for the synthesis of pharmaceuticals and agrochemicals. Hu
t al. [147] have reported an efficient and practical chemoenzy-

atic method for the preparation of chiral amines in addition to
variety of endo and exo cyclic alkyl–alkyl secondary amines

Scheme 65).

7.
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Scheme 61.

Scheme 62.
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oped the DKR of thioesters [153] which involves the mechanism
Scheme 63.

Recently Park and co-workers [148] have reported an efficient
rotocol for the DKR of primary amines. This protocol involves

palladium nanocatalyst as the racemization catalyst, lipase

Novozyme-435) and ethylacetate or ethylmethoxyacetate as the
cyl donor (Scheme 66).
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Scheme 6

Scheme 6
Scheme 66.

. Enzymatic kinetic resolutions and dynamic kinetic
esolutions (with out metal catalysts)

.1. Thioesters

Generally enzymatic resolution processes have been carried
ut for esters and amides. However there are very few studies
ith regard to thioesters. In view of the high acidity of the �
rotons [149–152], Dreuckhammer and co-workers have devel-
s shown in Scheme 67. Extensive studies have been carried out
o exploit the high acidic nature of �-hydrogen for development
f a DKR process [152] (Scheme 68).

4.

5.
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Scheme 67.
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Another interesting example has been shown in Scheme 69,
here a DKR process is accompanied by an enzymatic resolu-

ion to achieve high enantiomeric purity.

.2. Phenyl glycine ester (ammonolysis)

Sheldon and co-workers have reported the lipase (Novozyme

35) catalyzed ammonolysis of racemic phenylglycine
ethylester to d-phenylglycineamide [154] (Scheme 70). The

ynthetic utility of this has been demonstrated in synthesis of
enicillin and cephalosporin antibiotics.

c
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Scheme 6
Scheme 70.

Recent efforts have lead to the development of DKR pro-
ess for glycineamide by employing efficient racemizing agents

ike salicylaldehyde and pyridoxal along with lipase-catalyzed
ransesterification (Scheme 71). The proposed mechanism for
his process is shown in Scheme 72.

9.
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Scheme 71.

Scheme 72.
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racemizing agents used in DKR of cyanohydrins have been
Fig. 10.

.3. Hemiacetal

Rayner and co-workers [155] used the lipase for the res-

lution of �-acetoxy sulfides (Fig. 10) (Scheme 73). These
-acetoxy sulfides are useful in the synthesis of lamivudine a
romising drug candidate for HIV.
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Scheme 7
Scheme 73.

Further studies on this molecule towards development of
DKR process have been performed (Scheme 74). A model

ery nearest to this type is that of cyanohydrins. So, the
pplied for �-acetoxy sulfides, but with disappointing results.
inally, SiO2 proved to be the racemizing agent for either enan-

iomer. A DKR process using pseudomonas fluorescens lipase
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a
s
a
d

3

a
s
p
r

p
t

i
c

t
o
2
i
s
l
t
R
t

c
f

b
B

s

Fig. 12.

nd SiO2 as racemizing agent has been developed. A detailed
tudy has been performed by same authors, where in the ee
nd yield with different substituents and conditions has been
escribed.

.4. Furanone and pyrrolidinones

5-(Acyloxy)-2-5H-furanone and pyrrolinone synthons are
class of heterocycles that are of proven potential as chiral

ynthons [156,157] (Fig. 11). (R)-1-Acetoxy-5-isopropoxy-3-
yrrolinone is used as versatile chiral dienophile for Diels–Alder

eaction to demonstrate its synthetic utility [158] (Fig. 12).

Lignans based on structural moiety (Fig. 13), possessing
roperties like anti tumour activity, platelet activating fac-
or (PAF) antagonists, sodium selective diuretic properties,

u
(

t

Scheme 7

Scheme 7

Scheme 7
Fig. 13.

nhibitory effect on microsomal monooxygenases in insects, etc.
an be synthesized.

Keeping in view the high potential of these synthons in enan-
ioselective synthesis, lipase-catalyzed resolution and second
rder asymmetric transformation is developed. 5-(Acyloxy)-
-(5H)-furanones1 and pyrrrolidines 2 have been synthesized
n enantiomerically pure form by exploiting the property of
pontaneous in situ racemization leading to complete reso-
ution by coupling the kinetic resolution to an asymmetric
ransformation [159] (second order asymmetric transformation).
acemization occurs spontaneously under the reaction condi-

ions (Scheme 75).
6-Acetoxy-2H-pyran-3(6H)-one is obtained in enantiomeri-

ally enriched form [160] by exploiting its ability to undergo
acile racemization on its own with the aldehyde (Scheme 76).

Enantiomerically pure (acyloxy) pyrrolidinones are obtained
y kinetic resolution [160] employing CAL-B in n-hexane/n-
uOH (Scheme 77).

An intensive study was done by employing different sub-
trates and a possible racemization of substrate may occur
nder certain conditions, probably owing to ring opening at C5

Scheme 78).

This concept has been exploited and different solvents are
ested by raising temperature (Scheme 79).
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Scheme 78.
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. Conclusion and outlook

Biocatalysis has been one of the challenging areas of research
owards the development of asymmetric synthetic methodolo-
ies. Recent technological developments in this area which has a
elatively greener perspective have made these processes indus-
rially more viable. Lipases are the biocatalysts of choice with
emarkable enantioselectivity for practical purposes. In the last
ecade a reasonably good understanding has been achieved to
esolve substrates of different types, thus demonstrating the wide
pplicability of lipases for enantioselective synthesis. Recent
nvestigations on the combination of enzyme catalysis and metal
atalysis for achieving several DKR processes are highly com-
endable. It is felt that this approach based on the existing

nowledge in asymmetric synthesis could provide highly useful
hiral intermediates for academic as well as industrial purposes.
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