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The improved enantioselectivities were observed for lipase MY-catalyzed esterifications
of 2-phenoxypropionic acids in organic solvent at high reaction temperature. In this pa-
per, we proposed an assumed model for explaining its high temperature-induced high
enantioselectivity.  1997 Academic Press

INTRODUCTION

The demand for the enantiomeric purity of chemical compounds has become
larger year by year, and the importance of useful catalysts has been also enlarged
for enantioselective transformations such as esterifications in organic solvents (1).
Lipases have been proven as one of the most useful interfacial catalysts for such
enantioselective reactions in organic solvents (2). For enzymic reactions, it has
become apparent that enantioselectivities of enzymes are greatly affected by the
reaction conditions such as a nature of reaction medium (3). Also, it is known that
an addition of small amounts of water to the organic solvents as the reaction medium
is necessary for the catalytic function of the enzyme (4). Although the reaction
temperature is considered to be one of the most important factors to control enzymic
functions, definite information is still lacking as to the effect of reaction temperature
on the enantioselectivity. In order to obtain the details of the temperature depen-
dence of the lipase’s enantioselectivity, especially at high reaction temperature,
we have studied the behavior of the lipase’s enantioselectivity from 108C (low
temperature) to 578C (high temperature) for the esterifications of 2-phenoxypropio-
nic acids in isopropyl ether, using lipases originated from Candida rugosa.

RESULTS AND DISCUSSION

For the lipase-catalyzed esterifications of the racemic 2-phenoxypropionic acids
1–5 with n-butyl alcohol in isopropyl ether (Scheme 1), the combined effects of
the reaction temperature and an addition of water upon the enantioselectivity (E

1 Parts of this work have been reported as preliminary communications, Refs. (6) and (7).
2 To whom correspondence should be addressed.
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SCHEME 1

value) (5) of the lipase were investigated. For these reactions, lipase MY and
lipase AY, both lipases originated from C. rugosa, produced preferentially the R
enantiomers of the ester products of 2-phenoxypropionic acids under the ordinary
conditions. For the esterification of racemic 2-(4-ethylphenoxy)propionic acid 1,
we have preliminarily reported two types of the lipase’s enantioselectivities: high
temperature- and low temperature-induced high enantioselectivities (6).

As is seen in Figs. 1 and 2, for no water added to isopropyl ether in the esterifica-
tions, the enantioselectivities observed for both lipases, lipase MY and lipase AY
(at ca. 40% conversion), decreased with an increase of the reaction temperature
from 10 to 578C, thus resulting in a loss of the enantioselectivity (E p1) at 578C.
This observation could be explained by the assumption in which some of the essential
waters maintaining the lipase’s native structure are stripped out by the disruption
of the lipase–water molecule associations caused by the high reaction temperature.
An addition of a suitable amount of water, however, can alter dramatically the
behavior of their enantioselectivies as a function of the temperature. The enantiosel-
ectivity of lipase MY increased with an increase of the reaction temperature in
isopropyl ether containing an optimum amount of water (0.75 vol%)3 (Fig. 1). Thus,
unexpectedly, lipase MY displayed the excellent enantioselectivity (E 5 49) even
at the high reaction temperature (578C). On the other hand, the reverse temperature
dependence of the enantioselectivity was observed for lipase AY in the same
reaction (Fig. 2). The enantioselectivity of lipase AY decreased with an increase
of the reaction temperature in spite of wide range of an amount of water, in sharply
contrast to that of lipase MY. For lipase AY, the highest enantioselectivity (E 5
80) at the low reaction temperature (108C) was obtained for the esterification with
an addition of an optimum amount of water (0.15 vol%)3 to the reaction medium.

3 Lipases MY and AY showed a different optimum amount of water with the highest E value studied
here, probably depending on the characteristics of the enzyme surface.
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In order to elucidate the mechanism of these temperature dependences, we
investigated the initial rates for the esterifications of each enantiomer of 1 catalyzed
by these lipases in isopropyl ether containing an optimum amount of water, 0.75
vol% for lipase MY and 0.15 vol% for lipase AY. The results of the initial rates
affected by the reaction temperature were summarized in Table 1. For lipase MY-
and lipase AY-catalyzed esterifications, the initial rates of the R enantiomer (VR )
were larger than those of the S enantiomer (VS ) at each temperature; this fact is
responsible for the R preference of both lipases for these esterifications.

There was a marked difference, however, between the temperature dependences
of the VR for the lipase MY-catalyzed esterifications and that for the lipase AY-
catalyzed ones. In the former esterifications, the VR increased smoothly with an
increase of reaction temperature; the largest values for the VR and the relative ratio
of the VR (which defined as the ratio of the initial rates at 37 and 578C to the initial
rate at 108C) were observed at 578C (Table 1). In the latter ones, however, the VR

varied irregularly with the reaction temperature. At the high reaction temperature
(578C), the values of VR and relative ratio of VR became smaller than those at 378C,
the behavior of which was distinct from the smooth increase of the VR for lipase
MY. In contrast to the behavior of the R enantiomer, for both lipases, a smooth

FIG. 1. Temperature dependencies of the enantioselectivities (E value) of lipase MY-catalyzed esterifi-
cations of 1 with the addition of various amounts of water. j, No water added; d, 0.25 vol% water
added; h, 0.75 vol% water added; s, 1.00 vol% water added.
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FIG. 2. Temperature dependencies of the enantioselectivities (E value) of lipase AY-catalyzed esterifi-
cation of 1 with the addition of various amounts of water. d, No water added; j, 0.15 vol% water
added; n, 0.75 vol% water added; s, 1.00 vol% water added.

increase of the initial rates for the S enantiomer (VS ) was observed with increasing
the reaction temperature.

The high temperature-induced high enantioselectivity of lipase MY can be charac-
terized by the largest value (2.38) of VR at 578C and the smooth increase of VR with
the reaction temperature (Table 1). This result suggested that the high temperature-
induced high enantioselectivity of lipase MY was probably derived from the flexible
conformation of the lipase’s molecule. For the lipase MY-catalyzed esterifications,
the accommodation of the R enantiomer of 1, the just fitting substrate, into the
lipase MY’s active site and the stabilization of the complex between the lipase
and the substrate would be accelerated by the combined effects of high reaction
temperature and water added, probably because, by the high reaction temperature,
the large conformational flexibility might be brought to the lipase’s molecule binding
water in isopropyl ether. In other words, the active site of lipase MY is found to
maintain nearly the native structure even at 578C. To investigate the scope of
the high temperature-induced high enantioselectivity of lipase MY, we tried the
esterification of 1 at 678C, nearly the boiling point of isopropyl ether (68–698C),
and then the higher enantioselectivity of lipase MY was observed; the E value has
reached to 84. Also, for trying at the higher temperature, we used n-butyl ether as
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the reaction medium, boiling point of which was 142–1438C. In n-butyl ether, the
high enantioselectivity (E 5 72) of lipase MY was maintained even at 678C. How-
ever, the loss of the enantioselectivity with the low reactivity was observed at higher
temperature than 708C; the E values were 5.2 and 1.5 at 72 and 778C, respectively.

On the other hand, a characteristic feature of the low temperature-induced high
enantioselectivity of lipase AY is described by the smallest value (0.00068) of VS

at 108C and the irregular increase of VR with the temperature. For the lipase
AY-catalyzed esterifications containing a small amount of water (0.15 vol%), we
speculated that the R enantiomer of 1 might not bind correctly to the lipase AY’s
active site deformed by the high reaction temperature (578C), because of the loss
of the enantioselectivity at 578C (Fig. 2). The low temperature-induced high enantio-
selectivity for lipase AY might be due to the highest ratio of VR /VS (5 118) at
108C, calculated from the data in Table 1. The highest enantioselectivity at 108C
could be explained by assuming that the relatively rigid structure of lipase AY
arising from lowing the temperature might exclude mainly the S enantiomer from
its active site. According to this conformational rigidity for lipase AY, we supposed
that the phenoxy group of the S enantiomer was liable to be excluded from the
smaller pocket of the active site, as can be seen from the picture in Fig. 3.

Next, we tried to apply the enantioselective characteristics of lipase MY, high
temperature-induced high enantioselectivity, for improving the poor enantioselec-
tive behavior of several substrates, bulky ones and a loosely accommodated one.

For the esterifications of the bulky substrates, such as 2-(2-methylphenoxy)propi-
onic acid 2 and 2-(4-tert-butylphenoxy)propionic acid 4, lipase MY displayed the
poor enantioselectivity at the ordinary temperatures, 10 and 378C; for example, the
E values of the lipase MY-catalyzed esterifications of 2 and 4 were 1.73 and 1.49,
respectively, at 378C with 1.00 vol% water added (Tables 2 and 3). As is seen from
the relative reaction time for ca. 40% conversion at each temperature listed in Table

TABLE 1
Temperature Dependence on the Initial Ratesa for Lipase MY- and AY-Catalyzed

Esterifications Using the Enantiomer of 1

Lipase MY-catalyzed, Lipase AY-catalyzed,
water (0.75 vol%) water (0.15 vol%)

Enantiomer Temperature Relative ratiosb Relative ratiosb

of 1 (8C) Initial rates of the initial rates Initial rates of the initial rates

R 10 0.35 1 0.080 1
R 37 0.91 2.6 0.19 2.4
R 57 2.38 6.8 0.15 1.9
S 10 0.0051 1 0.00068 1
S 37 0.018 3.5 0.0022 3.2
S 57 0.037 7.3 0.0045 6.6

a The units of initial rates: e mol/(h ? mg of lipase).
b Defined as the ratios of the initial rates of 37 and 578C to the initial rate at 108C.
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FIG. 3. A possible model of the lipase accommodating each enantiomer of 1.

2, the reactivity of 2 bearing a bulky group (o-methylphenyl group) was significantly
lowered in comparison with that of 3 bearing a nonbulky group (p-methylphenyl
group). This result implied that the accommodation of 2 into the lipase’s active site
was difficult by the steric effect of the methyl group attached to the ortho-position
in the phenyl ring. Then, we applied the enantioselective characteristics of lipase
MY, the high temperature-induced high enantioselectivity, to get over the difficulties
about the poor enantioselectivity and the low reactivity arising from the bulky
substrate 2 (7). The higher reaction temperature (578C) with a small amount of
water (1.00 vol%) was found to produce a remarkable improvement of the lipase’s
enantioselectivity together with the reactivity, as shown in Table 2. It seemed that
the bulky substrate could be accommodated into the lipase’s active site by the large
flexibility of the lipase molecule arising from the combined effects of high reaction
temperature and water added. On the other hand, for the esterifications of 3 bearing

TABLE 2
Enantioselectivity (E Value) and Reaction Time for ca. 40% Conversion in Lipase MY-Catalyzed

Esterification of 2 and 3 at 10, 37, and 578C with the Addition of 1.00 vol% Water to the Reaction Medium

Water added Temperature Reaction time
Substrate (vol%) (8C) E value (h)

2(o-methyl) 1.00 10 1.66 (S pref.) 941
37 1.73 (R pref.) 222
57 8.12 (R pref.) 166

3(p-methyl) 1.00 10 4.94 (R pref.) 68
37 8.03 (R pref.) 15
57 33.3 (R pref.) 6
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TABLE 3
Enantioselectivity (E Value) and Reaction Time for ca. 40% Conversion in Lipase MY-Catalyzed

Esterification of 4 at 10, 37, and 578C with the Addition of Various Amounts of Water to the Reac-
tion Medium

Substrate Water added (vol%) E value at 108C E value at 378C E value at 578C

4(p-tert-butyl) 0.00 3.87 (S pref.) 1.79 (S pref.) 1.53 (S pref.)
0.25 1.87 (S pref.) 1.35 (R pref.) 1.82 (R pref.)
0.75 1.24 (S pref.) 1.39 (R pref.) 4.60 (R pref.)
1.00 1.24 (S pref.) 1.49 (R pref.) 8.10 (R pref.)
1.25 1.12 (S pref.) 1.14 (R pref.) 7.49 (R pref.)

the methyl group at the para-position in the phenyl ring, its temperature dependence
of the enantioselectivity was similar to that of 1, as mentioned above (Table 2).

Furthermore, for the lipase-catalyzed esterifications of the substrate 4 bearing a
typical bulky substituent, the tert-butyl group, at the para-position in the phenyl
ring, the application of lipase MY at 578C with 1.00 vol% water resulted in a marked
improvement of the enantioselectivity (7) as well as that of 2, although lipase MY’s
poor enantioselectivity remained at the ordinary temperatures, 10 and 378C, despite
of ranging the addition of water from 0.00 to 1.25 vol% (Table 3). In the absence
of water added, however, the poor enantioselectivity for 4 was not improved by an
increase of the temperature up to 578C, owing to the loss of the essential water
from lipase MY. The S enantiomers of the ester products of 2 and 4 were preferen-
tially obtained with the poor enantioselectivity under the low temperature and/or
the absence of water added, probably because of the rigid structure of lipase MY
caused by these reaction conditions (Tables 2 and 3).

TABLE 4
Temperature Dependence of the Michaelis Constant (KM) in Lipase MY-Catalyzed Esterifications of

the Racemic Substrates with the Addition of 0.75–1.00 vol% Water to the Reaction Medium

Water added Temperature
Substrate (vol%) (8C) KM

a Vmax/KM
b Vmax

c

1(p-ethyl) 0.75 10 103 0.6 3 1022 0.63
37 86 2.0 3 1022 1.76
57 36 6.8 3 1022 2.45

4(p-tert-butyl) 1.00 37 166 1.7 3 1023 0.28
57 46 6.5 3 1023 0.30

5(nonsubstituted) 1.00 37 90 2.7 3 1023 0.24
57 38 6.3 3 1023 0.24

a The unit of the Michaelis constant (KM) : mM.
b The unit of the catalytic specificity (Vmax/KM ) : the reciprocal of hour.
c The unit of the maximum velocity : emol/(h ? mg of lipase).
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FIG. 4. The E value observed for ca. 40% conversion, by the effect of water added alone for the
esterifications of 1 and 5 at 378C. j, 1; d, 5.

For the other type of the substrate, 2-(4-phenoxy)propionic acid 5, having the
poor enantioselective behavior for the same esterifications at the ordinary tempera-
tures, we also applied the high temperature-induced high enantioselectivity of lipase
MY. It is known that a small amount of water in organic solvents enhances the
lipase’s conformational flexibility due to hydrogen bonding effects of water, resulting
in an improvement of lipase’s enantioselectivity (8). Indeed, for the esterification
of the just fitting substrate such as 1 (6), the enantioselectivity of lipase MY was
improved by an addition of a small amount of water (Fig. 4).

However, such an effect of water alone was not useful for 5 to enhance the
enantioselectivity; it was hardly improved at 378C in spite of an amount of water
ranging from 0.00 to 1.50 vol% (Fig. 4). Contrary to the steric hindrance of the
bulky substrates 2 and 4, the poor enantioselectivity of 5 would probably come
from its loose accommodation into the active site of the lipase’s molecule. On the
basis of this assumption, we also applied the enantioselective characteristics of
lipase MY at high temperature to improve the poor enantioselectivity for the loosely
accommodation of the substrate 5. As is seen in Fig. 5, in fact, the improved
enantioselectivity was obtained (E value 5 10–12) by employing the high reaction
temperature (578C).

Thus, the high temperature-induced high enantioselectivity of lipase MY was
found to be useful for improving the poor enantioselectivity arising from the struc-
tural factor of the substrate. We preliminary investigated the affinity of lipase MY
for the substrate by use of the racemic one. The results were summarized in Table
4. As is seen in Table 4, the Michaelis constants (KM) decreased with an increase
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of the reaction temperature and the catalytic specificity constant (Vmax/KM) (9)
increased with it. The affinity of lipase MY for the substrates seems to increase
with an increase of the reaction temperature, thus leading to an enhancement of
its catalytic specificity of lipase MY. In other words, we inferred that the lipase’s
active site attained an increased affinity for the substrate at high reaction tempera-
ture, and thus, the induced-fit motions (10) of the lipase for the substrate would
probably become easy to occur around the active site by the large flexibility of the
lipase’s molecule.

In conclusion, the enantioselectivity of lipase was significantly affected by the
reaction temperature, a small amount of water added, and the structure of the
substrates in organic solvents. We found two types of the temperature dependence
of the lipase’s enantioselectivity, the high temperature-induced high enantioselectiv-
ity of lipase MY and the low temperature-induced high enantioselectivity of lipase
AY. We proposed the assumed model for the temperature dependence observed
for the lipase-catalyzed esterification. Especially, the high temperature-induced high
enantioselectivity of lipase MY was found to be useful for improving the poor
enantioselectivity for the bulky and the loosely accommodated substrates at the
ordinary temperatures; thus, the remarkable improvements were observed for these
substrates at high reaction temperature. Our study provides a useful guide to improv-
ing the enantioselectivity of the lipase in organic solvents.

FIG. 5. The E value observed for ca. 40% of conversion in lipase MY-catalyzed esterifications of 5,
depending on the combined effects of reaction temperature and water added (vol%). d, No water
added; j, 0.25 vol % water; m, 0.75 vol % water; n, 1.00 vol % water.
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EXPERIMENTAL

The course of the enzymic reactions was monitored by HPLC (Shimadzu liquid
chromatograph LC-10A system, Kyoto, Japan) on chiral columns; Chiralcel OK
for the esterificstions of 1, 3, 4, and 5, and Chiralcel OJ for the esterification of 2
(both of columns from Daicel Chemical Industries, Osaka, Japan). NMR spectra
of the substrates were recorded in CDCl3 (TMS: internal reference) at 90 MHz
using JEOL JNM-EX90A spectrometer. Melting points were determined on a
Yanaco MP-S3 apparatus.

Procedure for the Lipase-Catalyzed Esterification and Determination of the
Enantiomeric Ratio

In a typical experimental procedure, the racemic 1 (70 mg, 0.36 mmol) and a
three-fold molar excess of n-butyl alcohol (80 mg, 1.08 mmol) were dissolved in 2
ml of isopropyl ether. To the solution, a small amount of water was added, followed
by the ultrasonic dispersion, and then the powdered lipase (30 mg) was added. The
suspension was shaken at the settled temperature and the reaction was monitored
by HPLC for the conversion. The mobile phase used for HPLC was mixed solvents
(n-hexane : isopropyl alcohol, 16 : 1) with an addition of 0.1 vol% of trifluoroacetic
acid. The enantiomeric ratio (E value) was calculated from the enantiomeric excess
(e.e.) for the butyl ester produced, according to the literature (5). The e.e. value
was determined with HPLC on a chiral column.

Preparation of Substrates

Racemic 2-(4-ethylphenoxy)propionic acid 1, 2-(2-methylphenoxy)propionic acid
2, 2-(4-methylphenoxy)propionic acid 3, and 2-(4-tert-butylphenoxy)propionic acid
4 were prepared from para-ethyl-, ortho-methyl-, para-methyl-, and para-tert-butyl-
substituted phenols and 2-bromopropionic acid ethyl ester, according to the known
method (11), respectively. Racemic 2-(4-phenoxy)propionic acid 5 was commer-
cially available and recrystalized from n-hexane and benzene prior to use. The R
enantiomer of 1 was obtained by repetition of the enantiomeric esrerifications of
racemic 1 with n-butyl alcohol by use of lipase MY (the R ester preferentially
produced), followed by the hydrolysis of the ester. The S enantiomer of 1 containing
a little amount of the R acid was extracted from the residue of the reaction mixture
of the enantiomeric esterification, followed by removing the R acid by the esterifica-
tion of it with lipase MY. The e.e. values of (R)- and (S)-1 used in this work were
95 and 96%, respectively. Isopropyl ether and n-butyl alcohol in this work were of
analytical grade and n-butyl alcohol was distilled prior to use. Lipase MY was
supplied from Meito Sangyo Co., Ltd., and lipase AY from Amano Pharmaceutical
Co., Ltd.

Substrate 1

mp 55–568C (lit. (12) 508C)
1H NMR (90 MHz, CDCl3 ) d 1.20 (t, J 5 7 Hz, 3H), 1.64 (d, J 5 7 Hz, 3H), 2.60

(q, J 5 7 Hz, 2H), 4.76 (q, J 5 7 Hz, 1H), 6.97 (m, 4H), 8.71 (br s, 1H).
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Substrate 2

mp 94–95.58C (lit. (13) 93–948C)
1H NMR (90 MHz, CDCl3 ) d 1.52 (d, J 5 7 Hz, 3H), 2.27 (s, 3H), 4.78 (q, J 5 7

Hz, 1H), 6.96 (m, 4H), 10.73 (br s, 1H).

Substrate 3

mp 101.5–1038C (lit. (13) 101–1028C)
1H NMR (90 MHz, CDCl3 ) d 1.68 (d, J 5 7 Hz, 3H), 2.32 (s, 3H), 4.79 (q, J 5 7

Hz, 1H), 6.98 (m, 4H), 8.82 (br s, 1H).

Substrate 4

mp 84.5–85.58C (lit. (14) described as crystal)
1H NMR (90 MHz, CDCl3 ) d 1.29 (s, 9H), 1.64 (d, J 5 7 Hz, 3H), 4.78 (q, J 5 7

Hz, 1H), 7.07 (m, 4H), 11.18 (s, 1H).

Substrate 5

mp 114.0–116.08C (lit. (15) 114.5–1168C)
1H NMR (90 MHz, CDCl3 ) d 1.66 (d, J 5 7 Hz, 3H), 4.80 (q, J 5 7 Hz, 1H), 7.10

(m, 5H), 9.78 (br s, 1H).

Enzyme Kinetics

Enzyme kinetics were followed by HPLC for the formation of the butyl esters.
The concentration of the racemic substrates were varied from 40 to 260 mM and
the concentration of n-butyl alcohol was threefold of the acids. All analyses were
carried out up to 10% conversion of the acid substrate.
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