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Abstract

Biocatalytic resolution of 3-(2′-nitrophenoxy)propylene oxide (1a), 3-(3′-nitrophenoxy)propylene oxide (1b) and 3-(4′-nitrophenoxy)pro-
pylene oxide (1c) were exploited by using lyophilized cells of yeastTrichosporon loubierii ECU1040 with epoxide hydrolase (EH) activity,
which preferentially hydrolyzes (S)-enantiomers of the epoxides (1a–c), yielding (S)-diols and (R)-epoxides. The activity increased as the
nitro group in the phenyl ring was shifted from 4′-position (1c) to 2′-position (1a). When the substrate concentration of1a was increased
from 10 to 80 mM, theE-value increased at first, until reaching a peak at 40 mM, and then decreased at higher concentrations (>40 mM). The
optically active epoxide (R)-1a was prepared at gram-scale (97% ee, 41% yield). Furthermore, a simple method was developed to predict the
enantiomeric excess of substrate (ees) at any time of the whole reaction course based on the ees value determined at a certain reaction time at
a relatively lower substrate concentration. This will be helpful for terminating the reaction at a proper time to get both higher optical purity
and higher yield of the remaining epoxides.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Chiral epoxides and vicinal diols play an important role in
the preparation of various bioactive products in pharmaceuti-
cal and agrochemical industries, due to their chemical versa-
tility and high reactivity[1,2]. Both chemical and biological
methods have been explored for the synthesis of enantiopure
epoxides and diols. Heavy metal-based catalysts have been
developed to synthesize the epoxide in enantiopure form via
either direct epoxidation of an olefin or kinetic resolution of
racemic epoxides[3,4]. Meanwhile, a biochemical approach
using epoxide hydrolases (EHs) has also drawn much atten-
tion in recent years for its mild condition and environmental
friendliness[5–10]. Moreover, EHs are cofactor independent
enzymes. Depending on the substrate, these microbial en-
zymes may exhibit high activity and enantioselectivity. This
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will allow organic chemists to prepare enantiopure epoxides
in a simple way from cheap racemic epoxides.

Aryl glycidyl ethers and their related compounds are
potentially useful intermediates for the synthesis of chiral
amino alcohols[9] and �-blockers[11]. Nevertheless, for
this kind of compounds, only very few were investigated re-
garding their kinetic resolution by EHs[12,13]. A bacterial
strainBacillus megaterium ECU1001, which was previously
isolated in our laboratory, could preferentially hydrolyze the
(R)-enantiomer of phenyl glycidyl ether[14]. Recently, a
yeast strain (Trichosporon loubierii ECU1040) with opposite
enantioselectivity was also discovered, which could pref-
erentially hydrolyze the (S)-enantiomers of phenyl glycidyl
ether and its analogs, yielding (R)-epoxides and (S)-diols
with good selectivity[15]. This paper focuses on the kinetic
resolution of 3-(nitrophenoxy)propylene oxides (1a–c) using
the whole cells ofT. loubierii ECU1040 (Scheme 1). In ad-
dition, a simple equation has been established for successful
prediction of the time-dependent changes in enantiomeric
excess of the substrate (ees) during the reaction course.
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Scheme 1. The enantioselective hydrolysis of racemic nitro-substituted phenoxypropylene oxides (1a–c) catalyzed by lyophilized cells ofT. loubierii
ECU1040.

2. Experimental

2.1. General

NMR spectra were recorded in CDCl3 at 500 MHz. Chem-
ical shifts (δ) are reported in ppm from tetramethylsilane
(TMS) as an internal standard. All the chemicals were ob-
tained commercially and of analytical grade.

2.2. Chemical synthesis of racemic epoxides (1)

To a solution of nitrophenol (0.2 mol, 27.8 g) in 1.0 mol
(∼79 ml) of epichlorohydrin in a round-bottom flask, was
added a solution of 50 mmol sodium hydroxide in 4 ml
deionized water. The reaction mixture was magnetically
stirred at 85◦C for 2 h, and then filtrated after addition of
50 ml chloroform. The organic layer was washed serially
by 5% NaOH solution (40 ml, 2×) and water (40 ml, 2×).
After the organic phase was dried over anhydrous Na2SO4,
the solvent was removed under reduced pressure. The re-
sulting crude product was recrystallized in hot ethanol. The
epoxide was isolated as a light yellow solid. For1a (13.8 g,
35% yield), 1H NMR (500 MHz, CDCl3, TMS) (δ, ppm):
2.87 (dd, 1H,J1 = 4.8 Hz, J2 = 2.7 Hz), 2.93 (dd, 1H,
J1 = J2 = 4.5 Hz), 3.39–3.41 (m, 1H), 4.15 (dd, 1H,J1 =
11.3 Hz, J2 = 5.0 Hz), 4.42 (dd, 1H,J1 = 11.2 Hz, J2 =
2.8 Hz), 7.06–7.14 (m, 2H), 7.52–7.54 (m, 1H), 7.84–7.86
(m, 1H)[16]. For1b (9.0 g, 23% yield),1H NMR (500 MHz,
CDCl3, TMS) (δ, ppm): 2.77 (dd, 1H,J1 = 4.8 Hz,
J2 = 2.7 Hz), 2.93 (dd, 1H,J1 = J2 = 4.5 Hz), 3.35–3.38
(m, 1H), 3.97 (dd, 1H,J1 = 11.0 Hz, J2 = 6.0 Hz), 4.35
(dd, 1H,J1 = 11.0 Hz, J2 = 2.6 Hz), 7.24–7.28 (m, 1H),
7.40–7.46 (m, 1H), 7.73–7.74 (m, 1H), 7.82–7.84 (m, 1H).
For 1c (7.9 g, 20% yield),1H NMR (500 MHz, CDCl3,
TMS) (δ, ppm): 2.79 (dd, 1H,J1 = 4.8 Hz, J2 = 2.6 Hz),
2.95 (dd, 1H,J1 = J2 = 4.5 Hz), 3.38–3.41 (m, 1H),
4.01 (dd, 1H,J1 = 11.1 Hz, J2 = 6.0 Hz), 4.39 (dd, 1H,
J1 = 11.1 Hz, J2 = 2.8 Hz), 6.99–7.02 (m, 2H), 8.20–8.23
(m, 2H).

The racemic diols were prepared by acid-catalyzed hy-
drolysis of the corresponding epoxides. For2a, 1H NMR
(500 MHz, CDCl3, TMS) (δ, ppm): 3.80–3.89 (m, 2H),
4.12–4.16 (m, 1H), 4.21 (dd, 1H,J1 = 9.2 Hz,J2 = 5.9 Hz),

4.27 (dd, 1H,J1 = 9.2 Hz, J2 = 4.0 Hz), 7.07–7.12 (m,
2H), 7.55–7.58 (m, 1H), 7.90–7.92 (m, 1H).

For2b, 1H NMR (500 MHz, CDCl3, TMS) (δ, ppm): 3.72
(dd, 1H,J1 = 11.3 Hz, J2 = 5.2 Hz), 3.81 (dd, 1H,J1 =
11.3 Hz, J2 = 4.5 Hz), 4.05–4.10 (m, 3H), 7.18–7.20 (m,
1H), 7.36–7.40 (m, 1H), 7.69–7.70 (m, 1H), 7.78–7.80 (m,
1H).

For2c, 1H NMR (500 MHz, CDCl3, TMS) (δ, ppm): 3.75
(dd, 1H,J1 = 11.3 Hz, J2 = 5.1 Hz), 3.85 (dd, 1H,J1 =
11.4 Hz, J2 = 3.5 Hz), 4.10–4.16 (m, 3H), 6.95–6.97 (m,
2H), 8.17–8.18 (m, 2H).

2.3. Cultivation of yeast ECU1040 and preparation of
lyophilized cells

The yeast ECU1040 was grown in a 5-l jar fermenter
with 3.0 l of the following medium (per liter): glucose 2 g,
glycerol 5 g, peptone 4 g, yeast extract 2.7 g, MgSO4·7H2O
0.45 g, NH4Cl 0.67 g, NaCl 0.45 g, KH2PO4 0.95 g,
K2HPO4 2.53 g, phenyl glycidyl ether 1.67 g in pH 5.2.
In the late exponential growth phase (28–32 h), the cells
were harvested by centrifugation (5000× g), resuspended
in phosphate buffer (50 mM, pH 7.0), centrifuged again and
lyophilized. Typical yields of lyophilized cells ranged from
8 to 12 g l−1 culture.

2.4. General procedure for the enantioselective hydrolysis
of 1a–c

Lyophilized yeast cells (3 g) were rehydrated in sodium
phosphate buffer (90 ml, 100 mM, pH 7.0) for 30 min on
a shaker (160 rpm, 30◦C). Then 10 ml DMSO containing
500 mg of the substrate was added and the mixture was
agitated at 30◦C. The reaction progress was monitored by
TLC or HPLC. After the degree of hydrolysis was around
50%, the mixture was centrifuged. The pellet of cells were
washed three times with ethyl acetate while the aqueous
phase was saturated with NaCl and then extracted three times
with ethyl acetate. The combined organic phase was dried
over Na2SO4 and condensed under reduced pressure. Pu-
rification from the crude product by flash chromatography
with ethyl acetate/hexane (3:2) afforded (R)-epoxides and
(S)-diols.
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2.5. Effect of substrate concentration on kinetic resolution
of epoxide 1a

Lyophilized cells (100 mg) were suspended in 1.8 ml
of sodium phosphate buffer (100 mM, pH 7.0) and
pre-incubated on a shaker (160 rpm, 30◦C) for 10 min.
A 0.2 ml of DMSO containing different concentrations of
epoxide1a was added, giving final substrate concentrations
of 10, 20, 40, 60 and 80 mM. The reactions were stopped
after 40 min of incubation (160 rpm, 30◦C). The conver-
sion ratio and ee value of the substrate was monitored by
HPLC.

2.6. Analytical methods

The substrate concentration was determined by HPLC
using a reverse phase C18 column and methanol/water
(60/40 v/v) as the mobile phase (0.8 ml min−1). �-Naphthol
was used as the internal standard. The enantiomeric ex-
cesses of the epoxide and diol were also determined by
HPLC using a chiral column (Chiralcel OD or Chiralcel
OJ, 250 mm× ∅4.6 mm, Daicel, Japan) and the sample
was detected at 254 nm. Prior to Chiral HPLC analysis,
the diols (2a–c) were derived into its acetate, as described
below.

A 10 ml of CH2Cl2 solution containing 5 mmol of a diol
and 6 mmol of pyridine, acetic anhydride (200 mmol) was
added dropwise. Then the resulting solution was stirred
for 4 h at room temperature. After filtration with microp-
ore membrane, the resultant sample was subjected to Chi-
ral HPLC analysis using Chiralcel OD column for2a and
2c (the mobile phase is hexane/isopropanol, 90/10 (v/v),
1.0 ml min−1) or Chiralcel OJ column for2b (the mobile
phase is hexane/isopropanol, 80/20 (v/v), 1.0 ml min−1).

The ee value of epoxide1a was determined directly by
HPLC analysis using Chiralcel OD column. The mobile
phase was hexane/isopropanol 90/10 (v/v) at a flow rate of
1.0 ml min−1. The ee values of epoxide1b and1c were de-
termined by HPLC analysis of the corresponding methoxy
derivatives using Chiralcel OJ column eluted with hex-
ane/isopropanol 80/20 (v/v), 0.8 ml min−1). The methoxy
derivative was made in two steps: Firstly, the epoxide (1b or
1c) was reacted with NaOMe (15 equivalents) in methanol
at 30◦C (ca. 5–6 h), then the resultant mixture was ex-
tracted by CH2Cl2 and acetylated using pyridine and acetic
anhydride, as described above.

3. Results and discussion

3.1. Kinetic resolution of 3-(2′-nitrophenoxy) propylene
oxide (1a) by ECU1040

The general reaction condition was firstly investi-
gated with the enantioselective hydrolysis of racemic
3-(2′-nitrophenoxy) propylene oxide (1a) by lyophilized
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Fig. 1. Time course of biocatalytic production of (R)-1a. Reaction con-
ditions: substrate concentration, 10 mM; lyophilized cells, 100 g l−1; tem-
perature, 30◦C. Symbols: (� ) conversion; (�) enantiomeric excess of
substrate.

cells of ECU1040. The highest activity was shown at pH 7.0
when pH was varied in the range of 4–10. The lyophilized
cells showed the highest activity at 30–35◦C and the activ-
ity was lost completely when the temperature was higher
than 45◦C. Owing to the low solubility of the epoxide in
the aqueous solution, various co-solvents including DMSO,
methanol, acetonitrile, ethanol, isopropanol and tetrahydro-
furan were tested. Karboune et al.[17] reported that the
activity reached its maximum at 8% (v/v) of DMF during
the enantioselective hydrolysis ofpara-nitrostyrene oxide
by an epoxide hydrolase fromAspergillus niger. While
the lyophilized cells of ECU1040 showed the best activity
when the buffer contained 10% of DMSO.Fig. 1 shows
typical curves of conversion and ees versus time based on
the conditions mentioned above. It can be seen fromFig. 1
that the reaction rate became slower when the conversion
of compound1a reached around 50%, at the same time the
ees was close to 100%. This phenomenon implies a high
enantioselectivity of ECU1040 cells toward (S)-enantiomer
of compound1a.

3.2. Effect of substrate concentration

Because substrate concentration is a sensitive parameter
influencing the catalytic performance of fungal epoxide hy-
drolase, it was optimized, as shown inFig. 2. A three fold
selectivity-enhancement was observed when increasing sub-
strate concentration from 10 to 40 mg ml−1. However, an
additional increase in substrate concentration caused a de-
crease in enantioselectivity. Hellström et al.[8] also found
a 1.6-fold selectivity-enhancement upon doubling the sub-
strate concentration from 17 to 33 mM using lyophilized
cells ofRhodococcus rubber with an epoxide hydrolase ac-
tivity. They explained it as interfacial enzyme activation. On
the contrary, Genzel et al.[18] found theE-value decreased
as the substrate concentration increased from 5 to 80 mM
in the hydrolysis of racemic pyridyloxirane by an epoxide
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Fig. 2. Effect of substrate (1a) concentration on the enantioselectivity.
Lyophilized cells, 50 g l−1; reaction temperature, 30◦C.

hydrolase fromA. niger and a substrate inhibition was found
to be the reason. So it might be presumed that interfacial en-
zyme activation occurred with increasing of substrate con-
centration. While at high substrate concentrations, the in-
hibition of substrate will become prominent, leading to a
decrease in theE-value.

3.3. Preparation of (R)-epoxides from their racemates
(1a–c)

A preparative scale experiment was carried out with
500 mg of (R,S)-epoxide (1a–c) and 3.0 g of lyophilized
cells suspended in 100 ml of 100 mM sodium phosphate
buffer solution containing 10% of DMSO. The mixture was
magnetically stirred at 30◦C for appropriate time. Both the
residual epoxide and the produced diol were extracted by
ethyl acetate, and then separated by flash chromatography.
The results were summarized inTable 1.

FromTable 1, it can be concluded that the epoxide hydro-
lase activity of lyophilized ECU1040 cells increased when
the position of the nitro group at the benzene ring was shifted
from 4′-position (1c) to 2′-position (1a). So a much longer
time was needed to get a high optical purity for1c as com-
pared to1a under current experimental conditions.

Table 1
The biocatalytic resolution of nitro-substituted phenoxypropylene oxides
(1a–c) by lyophilized cells ofT. loubierii ECU1040

Substrate Reaction
time (h)

(R)-epoxide (S)-diol

yield (%) ee (%) yield (%) ee (%)

± 1a 7.5 41.0 97.2 41.8 74.0
± 1b 24 28.2 67.2 29.4 90.4
± 1c 48 33.1 58.7 34.2 85.7

Reaction conditions: 500 mg of (R,S)-epoxide (1a–c) and 3.0 g of
lyophilized cells suspended in 100 ml of 100 mM sodium phosphate buffer
(pH 7.0) containing 10% DMSO. The mixture was magnetically stirred
at 30◦C and stopped at different times for different substrates.

3.4. Prediction of the time-dependant changes in
enantiomeric excess of substrate (ees ∼ t)

According to Chen et al.[19] and Lu et al.[20], for a
simple irreversible kinetic resolution, theE-value is shown
to be:

E = ln(A/A0)

ln(B/B0)
(1)

This indicates that the discrimination between two compet-
ing enantiomers (A andB) by an enzyme is equal to a con-
stantE. Eq. (1)can be re-written as:

ln(A/A0)

ln(B/B0)
= −kt

−kt/E
(2)

ThenEq. (2)can be derived to:

A = A0 exp(−kt) (3)

B = B0 exp

(−kt

E

)
(4)

At a low initial substrate concentration according to Lu’s
derivation and Michaelis–Menten equation (if the substrate
concentration is low enough relative toKm, the reaction is
first order). HereA0 and B0 are initial concentrations of
the fast- and slow-reacting enantiomers andk is the rate
constant for the fast-reacting enantiomer. For the kinetic
resolution of a racemate(A0 = B0 = 0.5S0), it is known
that:

ees = B − A

B + A
(5)

By substitutingEq. (3) and (4)into Eq. (5), we can write:

ln

(
B

A

)
= k

(
1 − 1

E

)
t = ln

(
1 + ees2

1 − ees2

)
(6)

Considering that bothk andE are constant, we can get:

1

t1
ln

(
1 + ees1

1 − ees1

)
= 1

t2
ln

(
1 + ees2

1 − ees2

)
(7)

where ees1 and ees2 are ees values att1 andt2, respectively.
Eq. (7)can be written as:

ees2 = [(1 + ees1)/(1 − ees1)]t2/t1 − 1

[(1 + ees1)/(1 − ees1)]t2/t1 + 1
(8)

It can be concluded fromEq. (8) that if we know ees1 at
t1, then we can theoretically predict the ees value at another
time (t2) in the same reaction mixture in a low substrate con-
centration range. If the substrate concentration is relatively
high,Eq. (3) and (4)will no longer valid. SoEq. (8)does not
fit to high substrate concentration and in that case the result
of prediction based onEq. (8) may deflect the experiment
data. FromFig. 3A, one can see that both of the theoretical
curves (the curves were plotted according toEq. (8)and ees
values at 30 and 60 min, respectively) fit the experimental
data quite well. This enables one to stop the reaction at a
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proper time (e.g. ees ≥ 98%) to get both high optical purity
and high yield of the epoxide. This will also simplify the
work of measurement.

The test was also performed at different substrate con-
centrations from 10 to 200 mM. Three typical curves were
shown inFig. 3B. It was found that the theoretical curves
fit the data quite well at low substrate concentrations and a
slight deflection was found at a substrate concentration of
60 mM. When the substrate concentration was further in-
creased to 200 mM, the deflection of the theoretical curve
from the experimental data was more obvious. While the
deflection can be minimized if the time point used for pre-
diction (t1) is near the time point to be predicted (t2), be-
cause the change ofk value is minimized in a shorter time
interval. In order to minimize errors, it is recommended
to use data sets of ees within a range of 25–75% for the
calculation.

The effort in deriving an equation for the eep (ee value
of product) at a certain time was also tried, but failed
unfortunately. The present method is not applicable to
a reversible reaction and the validity of the equation
(Eq. (8)) for other biocatalytic systems needs to be further
proved.
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