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ABSTRACT

The substrate matching strategy is described as a new approach for effectively enhancing the lipase enantioselectivity in organic solvent. In
the lipase-catalyzed transesterifications of 3a−c, higher enantioselectivities have been achieved using 1a−c, respectively, as the structurally
matched acyl donors.

Transformations based on enzymatic catalysis in organic
solvent provide useful methods for the synthesis of chiral
molecules with high optical purity.1 In many cases, however,
enzymes show low catalytic activities and moderate selectiv-
ity in organic solvent. Among the strategies2 that have been
explored for overcoming these problems, one of the most

practical is the molecular imprinting of enzyme.3 When
imprinted with a substrate or an inhibitor in water, proteases
such as chymotrypsin and subtilisin exhibited markedly
increased activity and more favorable substrate specificity
in organic solvent.4 The aqueous imprinting method, how-
ever, was rather ineffective in enhancing the activity and
enantioselectivity of lipase to a satisfactory level.5 We herein
describe “substrate matching” based on enzyme memory as
a new strategy for effectively enhancing the lipase enanti-
oselectivity.
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In the lipase-catalyzed transesterification following a ping-
pong mechanism,6 the enzyme reacts first with acyl donor1
to give deacylated product2 and acyl-enzyme intermediate
and then the acyl-enzyme intermediate reacts with acyl
acceptor3 to give acylated product4 and free enzyme
(Scheme 1). On the basis of this mechanism, we imagined

that the enzyme would memorize1 and2 in the first half of
the reaction and then the memory would be used for the
recognition of3 and the production of4 in the second half
of the reaction if the reaction is carried out in an anhydrous
organic solvent where the enzyme has a high conformational
rigidity. Accordingly, we hypothesized that the enantio-
selectivity of the lipase should be high in the reactions, where
1 and2 are structurally close to4 and3, respectively, and
relatively lower in those where the former are significantly
different from the latter. On other words, the two substrates
1 and3 should be matched for high enantioselectivity.

To test this hypothesis, the transesterifications between
enol acetates1a-d as acyl donors and secondary alcohols
3a-cas acyl acceptors were studied with two lipases from
Candida antarctica (CAL)7 and Pseudomonas cepacia
(PCL).8 The reactions were carried out in anhydrous organic
solvents at room temperature. The enantioselectivity in each
reaction was determined by analyzing the optical purities of
the unreacted substrate and acetylated product4awith chiral
HPLC, which allowed us to measure the enantiomeric excess

(ee) up to>99.5% ee. The enantioselectivity constant (E)
was calculated using the equationE ) ln[1 - c(1 + eep)]/
ln[1 - c(1 - eep)] or ln[(1 - c)(1 - ees)]/ln[(1 - c)(1 +
ees)], wherec ) ees/(ees + eep).9 It is noted that1a-c are
structurally similar to3a-c, respectively, except for the
acetyl moiety and chirality, and that popular acyl donor1d
is very different from each of them.

The results from the lipase-catalyzed reactions of 1-phen-
ethyl alcohol3a with 1a (1-phenylvinyl acetate, PVA) and
1d (vinyl acetate, VA) in several different organic solvents
are described in Table 1. In the reactions with VA, CAL

showed low enantioselectivity (E ) 3-10) and PCL showed
moderate to good enantioselectivity (E ) 68-639). However,
the enantioselectivities increased significantly in the reactions
with PVA. The enantioselectivity of CAL increased to a
moderate level (E) 18-86) and that of PCL increased to a
high level (E ) 445 to>2390). The largest enhancements
in enantioselectivity realized were 33-fold and>17-fold for
CAL and PCL, respectively, in THF.

The results from additional lipase-catalyzed transesterifi-
cations between1a-d and 3a-c in anhydrous THF are
described in Table 2. In the CAL-catalyzed reactions of3b,
the enantioselectivity was moderate (E) 21) with VA and
significantly higher (E ) >818) with 1b (entries 1-2). In
this case, at least a 40-fold enhancement in enantioselectivity
was realized. Similar behaviors were observed in the
reactions of3b catalyzed by PCL:E ) 42 with VA andE
) 1330 with1b (entries 3-4). Accordingly, at least a 50-
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(E ) >800).
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Scheme 1. Lipase-Catalyzed Transesterification

Table 1. Enantioselectivity in Lipase-Catalyzed Reactions of
3a with VA (1d) and PVA (1a) in Anhydrous Organic Solventsa

lipase solvent E(VA)b E(PVA)c

E(PVA)/
E(VA)d

CAL toluene 4 42 11
benzene 10 25 2.5
tert-butyl methyl ether 2 18 9
methylene chloride 6 21 3.5
tetrahydrofuran 3 98 33

PCL toluene 639 >2390e >3.7
tert-butyl methyl ether 216 445 2.1
methylene chloride 175 >870f >5.0
tetrahydrofuran 68 >1160f >17
acetonitrile 161 >943f >5.9

a In typical experiments, the reactions were carried out at room
temperature with enol acetate (2-8 equiv), alcohol (30-50 mg), and enzyme
(100 mg) in solvent (1-1.5 mL). The reactions were carried to ap-
proximately 40-50% completion, and then the optical purities of the
remaining substrate and acetylated product were analyzed by HPLC using
a chiral column (Chiralcel OD or Whelk-O-1). Analytical conditions:3a,
Chiralcel OD, hexane/2-propanol) 98/2, flow rate 1.0 mL/min, UV 217
nm; 4a, Whelk-O-1, hexane/2-propanol) 98/2, flow rate 0.5 mL/min, UV
217 nm.b The enantioselectivity in the reaction with VA (1d). c The
enantioselectivity in the reaction with PVA (1a). d The ratio of the
enantioselectivies between two reactions, indicating the enantioselectivity
enhancement.e The optical purities (ee) of both remaining substrate and
acetylated product were>99.5%.f In these cases, the optical purities (ee)
of acetylated products were> 99.5%.
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fold enantioselectivity enhancement was achieved in this
case. In the reactions of3c catalyzed by the same enzyme,
at least a 40-fold enhancement was observed when VA was
replaced by1c (entries 5-6). Interestingly, the enantiose-
lectivity enhancements were modest (5.4- to 9.6-fold) in the
crossed reactions between1a-c and3a-c (entries 7-10).

All of the results from Tables 1 and 2 clearly indicate that
the enantioselectivities of both lipases in the matched
reactions between1 and3 are significantly higher compared
to those in the poorly matched reactions in anhydrous organic
solvents, supporting the theory that the enzyme memory
induced by acyl donors in the first half of the reaction is
effectively displayed toward acyl acceptors in the second
half of the reaction. This memory process can be rationalized

by assuming that acyl donors could bind to the active site in
nearly the same mode as the fast reacting enantiomers of
acyl acceptors do later in the second half of the reaction.10

Here, the binding of1a-c into the hydrophobic active site
should be energetically more favorable than that of1d.
Accordingly 1a-c must be more effective than1d in
inducing the preorganized active site, thus resulting in better
imprinting and significantly enhanced molecular recognition.

In conclusion, this work has demonstrated that the enan-
tioselectivity of lipase in transesterification reactions can be
maximized up to an almost perfect level by using two
matched substrates. In our separate studies, we have shown
that the lipase-catalyzed reactions between two matched
substrates are synthetically useful.11
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Table 2. Enantioselectivity in the Lipase-Catalyzed Reactions
of 1 with 3 in THFa

entry lipase donor acceptor E E/E(VA)b

1 CAL VA 3b 21
2 1b 3b >818c >39
3 PCL VA 3b 43
4 1b 3b >2390d >56
5 VA 3c 48
6 1c 3c >2130c >44
7 1b 3a 364 5.4
8 1c 3a 390 5.7
9 1a 3b 255 5.9

10 1a 3c 459 5.9

a The reactions were carried out as described in Table 1, and the optical
purities of remaining substrates and acetylated products were determined
by chiral HPLC using the following conditions:3a and4a, see Table 1;
3b Chiralcel OD, hexane/2-propanol) 98/2, flow rate 0.5 mL/min, UV
217 nm;3c, Chiralcel OD, hexane/2-propanol) 99/1, flow rate 0.5 mL/
min, UV 217 nm;4b,c, determined after hydrolyzed to3b,c, respectively.
b The enantioselectivity ratio between the reactions of1 except VA with3
and the corresponding reaction of VA, indicating the enantioselectivity
enhancement.c The optical purity (ee) of the acetylated product was>
99.5%.d The optical purities (ee) of both remaining substrate and acetylated
product were>99.5%.
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