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a b s t r a c t

The phenyl glycidyl ether derivatives have been kinetically resolved with the growing cells of Bacillus
alcalophilus MTCC10234 yielding (S)-epoxides with up to >99% ee and (R)-diols with up to 89% ee. The
enantiomeric ratio (E) of up to 67 has been obtained for biohydrolysis process. The effect of different
substituents of phenyl glycidyl ether on the biocatalytic efficiency of B. alcalophilus MTCC10234 showed
preference for methyl- and chloro-substituted aryl glycidyl ether derivatives whereas nitro-derivatives
vailable online 11 January 2010
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were transformed at a slower rate. 2,6-Dimethylphenyl glycidyl ether which contains a bulky aryl group
having methyl group on both the ortho positions was resolved with an E = 39.

© 2010 Elsevier B.V. All rights reserved.
iohydrolysis

. Introduction

The synthesis of enantiopure epoxides, as well as their cor-
esponding vicinal diols is an actively pursued area of research.
his is due to the fact that these compounds are essential
hiral intermediates for the synthesis of bioactive products in
he pharmaceuticals and agrochemical industries. Therefore, the
evelopment of efficient and cost effective processes for the
reparation of these chiral synthons in enantiopure form are of
tmost importance. The biocatalytic hydrolytic kinetic resolution
HKR) of racemic epoxides is one of the most promising meth-
ds. The methodology is based on the use of epoxide hydrolases
EH) (EC 3.3.2.3)—a natural, biodegradable and environmentally
enign catalyst that provides an important “sustainable chem-

stry” alternative to the traditional potentially toxic transition
etal catalysts. Therefore, this methodology allows minimizing the

ost of resources and the production of toxic waste in industrial

pplications.

In addition to these advantages, epoxide hydrolases from fun-
al and bacterial sources have been shown to be highly selective,
ofactor independent, produced in sufficient quantity by fermenta-

∗ Corresponding authors. Tel.: +91 183 2258809x3204; fax: +91 183 2258820.
E-mail addresses: sschimni@yahoo.com (S.S. Chimni),

ainihs@gmail.com (H.S. Saini).

381-1177/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2009.12.019
tion without the requirement of sophisticated enzyme induction. In
the last two decades a few fungal [1–5], bacterial [6–12] and yeast
[13–16] strains have been shown to produce epoxide hydrolase
enzymes that have found applications in the synthesis of enan-
tiopure epoxides and diols. However, the use of bacterial epoxide
hydrolase for kinetic resolution of aryl glycidyl ether is limited.
The discovery of new bacterial strains with enantioselective epox-
ide hydrolase having broad substrate selectivity and high activity
is an actively pursued area of research and development. With
the objective of finding a new bacterial strain having enantios-
elective epoxide hydrolase activity, we initiated the screening of
bacterial strains available with the working group. This resulted in
the discovery of Bacillus alcalophilus MTCC10234 (HA-13) having
epoxide hydrolase activity for the enantioselective kinetic reso-
lution of aryl glycidyl ether derivatives. Aryl glycidyl ethers and
their related compounds are potentially important intermediate
for the synthesis of chiral amino alcohols [17] and bioactive com-
pounds such as �-blockers [18]. Bacterial epoxide hydrolase from
Bacillus megaterium [8], has been shown to resolve phenyl glycidyl
ether with high enantioselectivity (E = 47.8) but its general appli-
cability for substituted derivative of phenyl glycidyl ethers has not

been explored. In this report we present the study of the scope
of bacterial epoxide hydrolase from B. alcalophilus MTCC10234 for
kinetic resolution of phenyl glycidyl ether derivatives, obtaining
(S)-epoxides with up to >99% ee and (R)-diols with up to 89% ee.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:sschimni@yahoo.com
mailto:sainihs@gmail.com
dx.doi.org/10.1016/j.molcatb.2009.12.019
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. Experimental

.1. General methods

NMR spectra were obtained at 300 MHz (JEOL AL-300) using
ither CDCl3 or DMSO as solvents with Me4Si in CDCl3 as the inter-
al standard. The chemical shifts are reported in ı values relative
o TMS and coupling constants (J) are expressed in Hertz. Spectral
atterns are designated as s = singlet; d = doublet; dd = doublet of
oublets; q = quartet; t = triplet; br = broad; m = multiplet. Analyti-
al thin-layer chromatography (TLC) was performed on either (i)
luminum sheets pre-coated with silica gel GF254 (Merck, India)
r (ii) glass plates (7.5 cm × 2.5 cm) coated with silica gel GF-254
Spectrochem, India) containing 13% calcium sulphate as binder
nd various combinations of ethyl acetate and hexane were used
s eluents. Visualization of the spots was accomplished by expos-
ng to UV light or iodine vapors. Column chromatography was
erformed on 60–120 mesh silica (Spectrochem, India) using mix-
ure of hexane and ethyl acetate as eluents. Organic compounds
enzyl alcohols, phenols and epichlorohydrin used for the synthe-
is of epoxide were obtained from Aldrich, Spectrochem or S. d.
ne-chem. Ltd. India and used as received without further purifi-
ation. The substrate and product concentrations as well as the
nantiomeric excess of epoxide and diol were determined by HPLC
Dionex, USA) using chiral columns (Daicel Chiralpak OD-H and AD-
). The racemic epoxides were prepared by the procedure reported

n literature [20–21].

.2. Growth medium

Minimal salt medium (MSM) of following composition was used
or biotransformation reaction (in 1 L): Na2HPO4 3.6 g, (NH4)2SO4
.0 g, KH2PO4 1.0 g, MgSO4 1.0 g, ammonium ferric citrate (1%, w/v)
.0 mL, CaCl2·2H2O 0.10 g, TES1 1.0 mL, tryptone and sucrose were
dded as required from their respective sterilized stock solution,
H 7.

The stock solution of the tryptone (25%, w/v) and sucrose (50%,
/v) were sterilized separately and added to MSM as per desired

upplement.
Nutrient agar medium (NAM) of following composition (in 1 L)

as used for preservation of culture on Petri plate: Beef extract
.0 g, peptones 5.0 g, NaCl 5.0 g and agar 20 g.

.3. General method for B. alcalophilus MTCC10234 mediated
iohydrolysis of epoxides (1–15)

The protocol for conducting the biotransformation involves the
ctivation of the culture in 50 mL sterilized minimal synthetic
edia (MSM) in Erlenmeyer flasks (250 mL) containing 1.2% (w/v)

ryptone and 1% (w/v) sucrose, added from their respective stock
olutions. The flask was incubated for 24 h at 30 ◦C in an orbital
haker at 110 rpm. Then 5% (v/v) of inoculum was used to inoculate
00 mL of sterilized MSM in 500 mL Erlenmeyer flask supple-
ented with 1.2% (w/v) tryptone and 1% (w/v) sucrose. The flask
as incubated for 24 h on an orbital shaker at 110 rpm. Epoxide

100 mg) dissolved in ethanol (300 �l) was added to each flask
ear a spirit in laminar flow and further incubated in an orbital

haker for time period specified in Table 1. The biotransforma-
ion was ceased by the addition of acetone and after saturation
ith NaCl, the reaction mixture was extracted with chloroform,
ried over anhydrous sodium sulphate and concentrated to obtain

1 Composition of trace element solution (in 1 L): ZnSO4·7H2O 10 mg, MnCl2·4H2O
.0 mg, CoCl2·6H2O, NiCl2·6H2O 2.0 mg, Na2MoO4·2H2O 3.0 mg, H3BO3 30 mg and
uCl2·2H2O 1.0 mg.
is B: Enzymatic 63 (2010) 128–134 129

the crude product. The product was chromatographed for analy-
sis.

(S)-1,2-Epoxy-3-phenoxypropane (1a): Yield 27%; colourless
oil; 1H NMR (300 MHz, CDCl3): ı 2.72 (dd, J = 2.7 and 4.95 Hz,
1H, CH2), 2.88 (t, J = 4.5 Hz, 1H, CH2), 3.29–3.34 (m, 1H, CH), 3.95
(dd, J = 5.4 and 10.9 Hz, 1H, CH2), 4.16 (dd, J = 3.3 and 10.9 Hz, 1H,
CH2), 6.87–6.96 (m, 3H, ArH), 7.22–7.29 (m, 2H, ArH); 13C NMR
(125.75 MHz, CDCl3): 43.9, 49.6, 68.1, 113.9, 120.5, 128.8, 157.8;
enantiomeric excess >99%; determined by HPLC (Daicel Chiralpak
OD-H, hexane/i-PrOH 90:10); flow rate 1 mL/min; � = 218 nm, tR (R)
8.27 min, tR (S) 12.89 min.

(R)-3-(Phenoxy)propane-1,2-diol (2a): Yield 73%; white solid;
1H NMR (300 MHz, CDCl3): ı 2.52 (bs, 1H, OH), 3.12 (bs, 1H, OH),
3.60–3.80 (m, 2H, CH2), 3.95 (d, J = 5.4 Hz, 2H, CH2), 4.06 (m, 1H,
CH), 6.84–6.94 (m, 3H, ArH), 7.12–7.25 (m, 2H, ArH); 13C NMR
(75.45 MHz, CDCl3): 62.9, 68.4, 69.7, 113.8, 120.6, 128.8, 157.7;
enantiomeric excess 68%; determined by HPLC (Daicel Chiralpak
OD-H, hexane/i-PrOH 90:10); flow rate 1 mL/min; � = 218 nm; tR
(R) 16.25 min, tR (S) 34.52 min.

(S)-1,2-Epoxy-3-(4-methylphenoxy)propane (1b): Yield 38%;
colourless oil; 1H NMR (300 MHz, CDCl3): ı 2.27 (s, 3H, CH3), 2.70
(dd, J = 2.7 and 4.9 Hz, 1H, CH2), 2.84 (dd, J = 4.8 and 9.6 Hz, 1H, CH2),
3.26–3.31 (m, 1H, CH), 3.92 (dd, J = 5.4 and 10.9 Hz, 1H, CH2), 4.10
(dd, J = 3.3 and 10.8 Hz, 1H, CH2), 6.72–6.82 (m, 2H, ArH), 6.98–7.08
(m, 2H, ArH); 13C NMR (125.75 MHz, CDCl3): 20.4, 44.7, 50.2,
68.9, 114.5, 129.9, 130.0, 130.3, 130.4, 156.4; enantiomeric excess
>99%; determined by HPLC (Daicel Chiralpak OD-H, hexane/i-
PrOH 95:5); flow rate 1 mL/min; � = 218 nm; tR (R) 7.58 min, tR
(S) 8.85.min.

(R)-3-(4′-Methylphenoxy)propane-1,2-diol (2b): Yield 62%;
white solid; m.p. 69–70 ◦C; 1H NMR (300 MHz, CDCl3): ı 2.28 (s,
3H, CH3), 2.38 (bs, 1H, OH), 2.89 (bs, 1H, OH), 3.70 (dd, J = 5.1 and
11.4 Hz, 1H, CH2), 3.79 (d, J = 8.7 Hz, 1H, CH2), 3.97 (d, J = 5.7 Hz,
2H, CH2), 4.01–4.05 (m, 1H, CH), 6.73–6.78 (m, 2H, ArH), 7.03 (d,
J = 8.7 Hz, 2H, ArH); 13C NMR (125.75 MHz, CDCl3): 19.7, 63.0, 68.6,
69.8, 113.7, 129.3, 129.8, 156.6; enantiomeric excess 73%; deter-
mined by HPLC (Daicel Chiralpak OD-H, hexane/i-PrOH 95:5); flow
rate 1 mL/min; � = 218 nm; tR (R) 30.66 min, tR (S) 45.08 min.

(S)-1,2-Epoxy-3-(3′-methylphenoxy)propane (1c): Yield 37%;
colourless oil; 1H NMR (500 MHz, CDCl3): ı 2.25 (s, 3H, CH3), 2.78
(dd, J = 3.0 and 4.96 Hz, 1H, CH2), 2.89 (dd, J = 4.0 and 4.89 Hz,
1H, CH2), 3.36–3.38 (m, 1H, CH), 3.96 (dd, J = 5.4 and 12.0, 1H,
CH2), 4.22 (dd, J = 3.0 and 11.1, 1H, CH2), 6.80 (d, J = 8.28, 1H,
ArH), 6.87–6.88 (m, 2H, ArH), 7.13–7.15 (m, 2H, ArH); 13C NMR
(125.75 MHz, CDCl3): 16.2, 44.7, 50.3, 68.7, 111.3, 120.9, 126.8,
127.1, 130.8, 156.7; enantiomeric excess 98%; determined by HPLC
(Daicel Chiralpak OD-H, hexane/i-PrOH 90:10); flow rate 1 mL/min;
� = 218 nm; tR (R) 6.78 min, tR (S), 8.91 min.

(R)-3-(3′-Methylphenoxy)propane-1,2-diol (2c): Yield 63%;
white solid; m.p. 63–65 ◦C 1H NMR (300 MHz, CDCl3): ı 2.21 (s,
3H, CH3), 2.47 (bs, 1H, OH), 2.92 (bs, 1H, OH), 3.70–3.84 (m, 2H,
CH2), 3.96–4.01 (m, 2H, CH2), 4.05–4.11 (m, 1H, CH), 6.76–6.86 (m,
2H, ArH), 7.08–7.12 (m, 2H, ArH); 13C NMR (100.61 MHz, CD3OD):
16.0, 64.4, 70.5, 71.9, 112.6, 121.6, 127.8, 131.4, 158.3; enantiomeric
excess 86%; determined by HPLC (Daicel Chiralpak OD-H, hexane/i-
PrOH 90:10); flow rate 1 mL/min; � = 218 nm; tR (R) 15.75 min, tR
(S) 17.54 min.

(S)-1,2-Epoxy-3-(2′-methylphenoxy)propane (1d): Yield 38%;
colourless oil; 1H NMR (300 MHz, CDCl3): ı 2.23 (s, 3H, CH3), 2.74
(dd, J = 2.7 and 4.9 Hz, 1H, CH2), 2.87 (dd, J = 4.2 and 4.9 Hz, 1H, CH2),
3.29–3.34 (m, 1H, CH), 3.96 (dd, J = 5.4 and 10.95 Hz, 1H, CH2), 4.16

(dd, J = 3.3 and 11.1 Hz, 1H, CH2), 6.73–6.85 (m, 2H, ArH), 7.06–7.11
(m, 2H, ArH). 13C NMR (125.75 MHz, CDCl3): 14.9, 43.4, 49.0, 67.4,
110.0, 119.7, 125.5, 129.5, 153.0; enantiomeric excess >99%; deter-
mined by HPLC (Daicel Chiralpak OD-H, hexane/i-PrOH 95:5); flow
rate 1 mL/min, � = 218 nm; tR (R) 7.63 min tR (S) 10.60 min.
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Table 1
Bacillus alcalophilus catalyzed enantioselective hydrolysis of different epoxides.a

S. No. Substrate Yield of epoxideb (%) ee epoxideb (%) (S) Yield of diolb (%) ee diolb (%) (R) Ec

1 27 >99 73 68 27

2 38 >99 62 (16h) 73 33

3 37 98 63 (16h) 86 67

4 38
44

>99
94

62 (24h)
56 (16h)

84
89

64
61

5 24 93 76 84 39

6 70 28 30 64 6

7 62 5 38 28 2

8 94 2 6 20 –

9d n.t. – – – –

10 33 >99 67 68 27

11 40 93 60 78 27
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Table 1 (Continued )

S. No. Substrate Yield of epoxideb (%) ee epoxideb (%) (S) Yield of diolb (%) ee diolb (%) (R) Ec

12d n.t – – – –

13 70
33e

10
>99e

30
67e

68
72e

6
31

14 30 23 70 (10 h) 27 2

15 50 30 50 40 3

a Unless otherwise specified the biotransformation reaction time is 24 h in all cases.
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b Calculated on the basis of HPLC analysis.
c E values are calculated as given in [19].
d No transformation (n.t.) was observed in these cases.
e 6% DMSO was used as additive.

(R)-3-(2′-Methylphenoxy)propane-1,2-diol (2d): Yield 62%;
hite solid; m.p. 65–66 ◦C 1H NMR (300 MHz, CDCl3): ı 2.21 (s,

H, CH3), 2.23 (bs, 1H, OH), 2.74 (bs, 1H, OH), 2.92 (bs, 1H, OH),
.63–3.85 (m, 2H, CH2), 4.02 (d, J = 5.1 Hz, 2H, CH2), 4.09 (m, 1H,
H), 6.77–6.86 (m, 2H, ArH), 7.08–7.13 (m, 2H, ArH); 13C NMR
125.75 MHz, CDCl3): 15.5, 63.1, 68.5, 69.8, 110.4, 120.3, 125.9,
26.2, 130.1, 155.7; enantiomeric excess 84%; determined by HPLC
Daicel Chiralpak OD-H, hexane/i-PrOH 95:5); flow rate 1 mL/min,
= 218 nm; tR (R) 36.68 min tR (S) 42.75 min.

(S)-1,2-Epoxy-3-(2′,6′-dimethylphenoxy)propane (1e): Yield
4%; colourless oil; 1H NMR (300 MHz, CDCl3): ı 2.15 (s, 3H,
H3), 2.26 (s, 3H, CH3), 2.72 (dd, J = 2.7 and 4.9 Hz, 1H, CH2), 2.85
dd, J = 4.2 and 4.9 Hz, 1H, CH2), 3.28–3.33 (m, 1H, CH), 3.95 (dd,
= 5.4 and 10.9 Hz, 1H, CH2), 4.13 (dd, J = 3.6 and 11.1 Hz, 1H, CH2),
.63 (d, J = 8.4 Hz, 1H, ArH), 6.73 (d, J = 7.5 Hz, 1H, ArH), 6.97 (t,
= 7.8, 1H, ArH); 13C NMR (125.75 MHz, CDCl3): 11.6, 20.2, 44.6,
0.4, 69.1, 109.4, 122.8, 125.5, 125.8, 138.1, 156.4; enantiomeric
xcess 93%; determined by HPLC (Daicel Chiralpak OD-H, hexane/i-
rOH 95:5); flow rate 1 mL/min; � = 218 nm; tR (R) 8.22 min, tR
S) 12.65 min.

(R)-3-(2′,6′-Dimethylphenoxy)propane-1,2-diol (2e): Yield
6%; white solid; 1H NMR (300 MHz, CDCl3): ı 1.54 (bs, 1H, OH),
.13 (s, 3H, CH3), 2.26 (s, 3H, CH3), 2.64 (bs, 1H, OH), 3.68–3.86 (m,
H, CH2), 3.95–4.00 (m, 2H, CH2), 4.03–4.12 (m, 1H, CH), 6.65 (d,
= 8.1 Hz, 1H, ArH), 6.74 (d, J = 7.5 Hz, 1H, ArH), 6.97 (t, J = 7.8 Hz,
H, ArH); 13C NMR (75.45 MHz, CDCl3): 11.6, 20.0, 63.9, 69.5, 70.6,
09.2, 122.9, 125.1, 125.9, 138.1, 156.2; enantiomeric excess 84%;
etermined by HPLC (Daicel Chiralpak OD-H, hexane/i-PrOH 98:2);
ow rate 1 mL/min; � = 218 nm; tR (R) 36.79 min, tR (S) 49.61 min.

(S)-1,2-Epoxy-3-(2-metohxyphenoxy)propane (1f): Yield
8%; colourless oil; 1H NMR (300 MHz, CDCl3): ı 2.73 (dd, J = 2.7
nd 4.9, 1H, CH2), 2.87 (m, 1H, CH2), 3.34–3.40 (m, 1H, CH), 3.85

s, 3H, OCH3), 4.02 (dd, J = 5.4 and 11.4 Hz, 1H, CH2), 4.22 (dd,
= 3.6 and 11.4 Hz 1H, CH2), 6.85–6.97 (m, 5H, ArH); 13C NMR
75.45 MHz, CDCl3): 44.4, 49.8, 55.5, 70.1, 112.0, 114.5, 120.7,
21.8, 148.1, 149.7; enantiomeric excess 28%; determined by HPLC
(Daicel Chiralpak AD-H, hexane/i-PrOH 95:5); flow rate 1 mL/min;
� = 218 nm; tR (R) 8.67 min, tR (S) 9.05 min.

(R)-3-(2′-Methoxyphenoxy)propane-1,2-diol (2f): Yield 30%;
viscous oil; 1H NMR (300 MHz, CDCl3): ı 3.49–3.59 (bs, 2H, OH),
3.68–3.74 (m, 2H, CH2), 3.81 (s, 3H, OCH3), 3.97–4.15 (m, 3H,
CH2, CH), 6.80–6.89 (m, 4H, ArH); 13C NMR (75.45 MHz, CDCl3):
55.7, 63.8, 70.3, 71.7, 111.9, 114.5, 121.2, 121.9, 148.2, 149.6;
enantiomeric excess 64%; determined by HPLC (Daicel Chiralpak
OD-H, hexane/i-PrOH 95:5); flow rate 1 mL/min; � = 218 nm; tR (R)
27.5 min, tR (S) 31.2 min.

(S)-1,2-Epoxy-3-(2-nitrophenoxy)propane (1g): Yield 62%;
yellow solid; m.p. 42–43 ◦C; 1H NMR (300 MHz, CDCl3): ı 2.82 (dd,
J = 2.7 and 4.95, 1H, CH2), 2.87–2.91 (m, 1H, CH2), 3.32–3.37 (m, 1H,
CH), 4.12–4.17 (m, 1H, CH2), 4.35 (dd, J = 3.0 and 11.2, 1H, CH2),
7.02–7.13 (m, 2H, ArH), 7.47–7.53 (m, 1H, ArH), 7.79–7.83 (m, 1H,
ArH). 13C NMR (75.45 MHz, CDCl3): 44.4, 49.7, 71.0, 115.5, 121.1,
125.7, 133.8, 151.9; enantiomeric excess 5%; determined by HPLC
(Daicel Chiralpak AD-H, hexane/i-PrOH 95:5); flow rate 1 mL/min;
� = 218 nm; tR (R) 16.9 min, tR (S) 15.88 min.

(R)-3-(2′-Nitrophenoxy)propane-1,2-diol (2g): Yield 38%; yel-
low oil; 1H NMR (300 MHz, CDCl3): ı 2.98 (bs, 1H, OH), 3.80–3.88
(m, 2H, CH2), 4.09–4.26 (m, 3H, CH2, CH), 7.02–7.12 (m, 2H,
ArH), 7.52–7.57 (m, 1H, ArH), 7.84–7.88 (m, 1H, ArH). 13C NMR
(75.45 MHz, CDCl3 + d6-DMSO): 63.3, 69.8, 71.0, 114.8, 120.8, 125.8,
134.6, 139.4, 152.1; enantiomeric excess 28%; determined by HPLC
(Daicel Chiralpak AD-H, hexane/i-PrOH 95: 5); flow rate 1 mL/min;
� = 218 nm; tR (R) 30.79 min, tR (S) 41.55 min.

(S)-1,2-Epoxy-3-(4′-nitrophenoxy)propane (1h): Yield 94%;
yellow solid; m.p. 60–62 ◦C; 1H NMR (300 MHz, CDCl3): ı 2.73
(dd, J = 2.7 and 4.8 Hz, 1H, CH2), 2.90 (dd, J = 4.2 and 4.8 Hz, 1H,
CH2), 3.30–3.70 (m, 1H, CH), 4.00 (dd, J = 5.7 and 11.2 Hz, 1H, CH2),
4.33 (dd, J = 3.0 and 11.1 Hz, 1H, CH2), 6.95–7.00 (m, 2H, ArH),

8.15–8.21 (m, 2H, ArH); 13C NMR (100.61 MHz, CDCl3): 44.2, 49.6,
69.6, 114.8, 125.8, 142.2, 163.5; enantiomeric excess 2%; deter-
mined by HPLC (Daicel Chiralpak AD-H, hexane/i-PrOH 90:10); flow
rate 1.0 mL/min; � = 218 nm; tR (R) 20.26 min, tR (S) 21.82 min.
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(R)-3-(4′-Nitrophenoxy)propane-1,2-diol (2h): Yield 6%; yel-
ow oil; 1H NMR (300 MHz, CDCl3 + DMSO): ı 3.64–3.76 (m,
H, CH2), 4.03–4.19 (m, 3H, CH and CH2), 4.52–4.62 (bs, 2H,
H), 7.00–7.09 (m, 2H, ArH), 8.14–8.20 (m, 2H, ArH); 13C NMR

75.45 MHz, CDCl3 + d6-DMSO): 62.8, 69.5, 69.6, 114.2, 125.3, 140.9,
63.6; enantiomeric excess 20%; determined by HPLC (Daicel
hiralpak AD-H, hexane/i-PrOH 90:10); flow rate 1.0 mL/min;
= 218 nm; tR (R) 31.32 min, tR (S) 35.78 min.

(S)-1,2-Epoxy-3-(3′-chlorophenoxy)propane (1j): Yield 33%;
olourless oil; 1H NMR (300 MHz, CDCl3): ı 2.70 (dd, J = 2.7 and
.0 Hz, 1H, CH2), 2.86 (t, J = 4.5 Hz, 1H, CH2), 3.26–3.31 (m, 1H, CH),
.92 (dd, J = 5.4 and 11.0 Hz, 1H, CH2), 4.16 (dd, J = 3.3 and 11.1 Hz,
H, CH2), 6.75–6.79 (m, 1H, ArH), 6.87–6.94 (m, 2H, ArH), 7.14–7.25
m, 2H, ArH); 13C NMR (75.45 MHz, CDCl3): 44.4, 49.7, 69.0, 113.1,
15.1, 121.4, 130.2, 135.0, 159.2; enantiomeric excess >99%; deter-
ined by HPLC (Daicel Chiralpak OD-H, hexane/i-PrOH 95:5); flow

ate 1 mL/min; � = 218 nm; tR (R) 8.71 min, tR (S) 9.14 min.
(R)-3-(3′-Chlorolphenoxy)propane-1,2-diol (2j): Yield 67%;

hite solid; 1H NMR (300 MHz, CDCl3): ı 3.03 (bs, 2H, OH), 2.92
bs, 1H, OH), 3.72 (dd, J = 6.0 and 11.5, 1H, CH2), 3.82 (dd, J = 3.0 and
1.4 Hz, 1H, CH2), 3.98–4.03 (m, 2H, CH2), 4.06–4.13 (m, 1H, CH)
.76–6.80 (m, 1H, ArH), 6.89–6.96 (m, 2H, ArH), 7.15–7.20 (m, 1H,
rH); 13C NMR (75.45 MHz, CDCl3): 63.5, 69.2, 70.3, 112.9, 115.0,
21.5, 130.3, 134.9, 159.1; enantiomeric excess 68%; determined
y HPLC (Daicel Chiralpak OD-H, hexane/i-PrOH 95:5); flow rate
mL/min; � = 218 nm; tR (R) 29.84 min, tR (S) 38.88 min.

(S)-1,2-Epoxy-3-(2-chlorophenoxy)propane (1k): Yield 40%;
olourless oil; 1H NMR (300 MHz, CDCl3): ı 2.78 (dd, J = 2.7 and
.25 Hz, 1H, CH2), 2.88 (dd, J = 4.2 and 4.95 Hz, 1H, CH2), 3.32–3.37
m, 1H, CH), 4.06 (dd, J = 5.1 and 11.1 Hz, 1H, CH2), 4.22 (dd, J = 3.6
nd 11.1 Hz, 1H, CH2), 6.86–6.94 (m, 2H, ArH), 7.13–7.19 (m, 1H,
rH), 7.31–7.35 (m, 1H, ArH); 13C NMR (125.75 MHz, CDCl3): 44.5,
0.0, 69.7, 114.1, 122.2, 123.1, 127.7, 130.3, 154.0; enantiomeric
xcess 93%; determined by HPLC (Daicel Chiralpak OD-H, hexane/i-
rOH 95:5); flow rate 1 mL/min; � = 218 nm; tR (R) 10.93 min, tR (S)
1.99 min.

(R)-3-(2′-Chlorophenoxy)propane-1,2-diol (2k): Yield 60%;
hite solid; 1H NMR (500 MHz, CDCl3): ı 3.18–3.19 (bs, 1H, OH),

.63 (bs, 1H, OH), 3.77–3.86 (m, 2H, CH2), 4.05–4.13 (m, 3H, CH
nd CH2), 3.97 (m, 2H, CH2), 4.03–4.10 (m, 1H, CH), 6.88–6.91
m, 2H, ArH), 7.17–7.20 (m, 1H, ArH), 7.32–7.34 (m, 1H, ArH). 13C
MR (125.75 MHz, CDCl3): 63.9, 67.9, 70.5, 113.6, 121.7, 122.6,
27.6, 129.8, 153.5; enantiomeric excess 78%; determined by HPLC
Daicel Chiralpak OD-H, hexane/i-PrOH 98:2); flow rate 1 mL/min;
= 218 nm; tR (R) 35.51 min tR (S) 38.49 min.

(S)-1,2-Epoxy-3-(4′-bromophenoxy)propane (1m): Yield 33%;
hite solid; m.p. 55–56 ◦C; 1H NMR (300 MHz, CDCl3): ı 2.64–2.68

m, 1H, CH2), 2.80–2.84 (m, 1H, CH2), 3.23–3.27 (m, 1H, CH),
.09–4.15 (m, 1H, CH2), 4.09–4.15 (m, 1H, CH2), 6.72–6.76 (m, 2H,
rH), 7.28–7.33 (m, 1H, ArH), 7.31–7.35 (m, 1H, ArH). 13C NMR

100.61 MHz, CDCl3): 44.5, 49.9, 69.3, 113.6, 116.7, 132.3, 157.8;
nantiomeric excess >99%; determined by HPLC (Daicel Chiralpak
D-H, hexane/EtOH 99.5:0.5); flow rate 1 mL/min; � = 228 nm; tR

R) 21.9 min, tR (S) 20.3 min.
(R)-3-(4′-Bromophenoxy)propane-1,2-diol (2m): Yield 67%;

hite solid; 1H NMR (300 MHz, CDCl3): ı 1.28 (bs, 1H, OH), 2.89
bs, 1H, OH), 3.69 (dd, J = 5.1 and 11.3 Hz, 1H, CH2), 3.80 (dd,
= 4.8 and 11.4 Hz, 1H, CH2), 3.97 (m, 2H, CH2), 4.03–4.10 (m,
H, CH), 6.74–6.83 (m, 2H, ArH), 7.17–7.38 (m, 2H, ArH); 13C
MR (75.45 MHz, CDCl3): 63.5, 69.4, 70.3, 113.5, 116.3, 130.4,
32.4, 157.5; enantiomeric excess 72%; determined by HPLC (Dai-

el Chiralpak AD-H, hexane/i-PrOH 90:10); flow rate 1 mL/min,
= 228 nm; tR (R) 13.4 min, tR (S) 14.8 min.

(S)-1,2-Epoxy-3-(phenylthio)propane (1n): Yield 30%; colour-
ess oil; 1H NMR (300 MHz, CDCl3): ı 2.47 (dd, J = 2.4 and 4.9 Hz,
H, CH2), 2.72 (dd, J = 3.9 and 4.8 Hz, 1H, CH2), 2.87–2.95 (m, 1H,
is B: Enzymatic 63 (2010) 128–134

CH), 3.09–3.16 (m, 2H, CH2), 7.16–7.23 (m, 3H, ArH), 7.38–7.40
(m, 2H, ArH). 13C NMR (100.61 MHz, CDCl3): 31.6, 41.9, 45.7, 121.5,
123.7, 125.3, 130.4; enantiomeric excess 23%; determined by HPLC
(Daicel Chiralpak OD-H, hexane/i-PrOH 95:5); flow rate 1 mL/min;
� = 218 nm; tR (R) 7.54 min, tR (S) 7.24 min.

(R)-3-(Phenylthio)propane-1,2-diol (2n): Yield 70%; white
solid; 1H NMR (500 MHz, CD3OD): ı 3.00 (dd, J = 6.86 and 13.5 Hz,
1H, CH2), 3.10 (dd, J = 5.98 and 13.5 Hz, 1H, CH2), 3.59 (dd, J = 5.89
and 11.3 Hz, 1H, CH2), 3.66 (dd, J = 4.14 and 11.3 Hz, 1H, CH2),
3.76–3.78 (m, 1H, CH2), 7.15–7.18 (m, 1H, ArH), 7.25–7.28 (m, 2H,
ArH), 7.36–7.38 (m, 2H, ArH); 13C NMR (125.75 MHz, CD3OD): 37.3,
65.4, 71.2, 126.6, 129.4, 129.7, 136.8; enantiomeric excess 27%;
determined by HPLC (Daicel Chiralpak OD-H, hexane/i-PrOH 95:5);
flow rate 1 mL/min; � = 218 nm; tR (R) 34.1 min, tR (S) 31.3 min.

(S)-1,2-Epoxy-3-(benzyloxy)propane (1o): Yield 50%; colour-
less oil; 1H NMR (300 MHz, CDCl3): ı 2.57 (dd, J = 3.0 and 5.0 Hz,
1H, CH2), 2.75 (dd, 1H, J = 4.2 and 5.0 Hz, CH2), 3.10–3.15 (m, 1H,
CH), 3.41 (dd, J = 5.7 and 11.4 Hz, 1H, CH2), 3.71 (dd, J = 3.0 and
11.4 Hz, 1H, CH2), 4.53 (d, J = 12.0 Hz, 1H, CH2), 4.59 (d, J = 12.0 Hz,
1H, CH2), 7.23–7.32 (m, 5H, ArH); 13C NMR (75.45 MHz, CDCl3):
44.0, 50.7, 70.7, 73.2, 127.6, 128.3, 137.9; enantiomeric excess 30%;
determined by HPLC (Daicel Chiralpak OD-H, hexane/i-PrOH 93:7);
flow rate 0.5 mL/min; � = 218 nm; tR (S), 17.93 min tR (R) 19.64.

(R)-3-(Benzyloxy)propane-1,2-diol (2o): (RS)-3-(Benzyloxy)
propane-1,2-diol [11] (2o): Yield 50%; colourless oil; 1H NMR
(300 MHz, CDCl3): ı 2.02–2.56 (bs, 2H, OH), 3.46–3.70 (m, 4H, CH2),
3.82–3.88 (m, 1H, CH2), 4.53 (s, 2H, CH), 7.25–7.35 (m, 5H, ArH); 13C
NMR (125.75 MHz, CDCl3): 64.0, 70.7, 71.7, 73.5, 127.8, 127.9, 128.4,
128.5, 137.6; enantiomeric excess 40%; determined by HPLC (Dai-
cel Chiralpak OD-H, hexane/i-PrOH 93:7); flow rate 0.5 mL/min;
� = 218 nm; tR (R) 43.29 min, tR (S) 55.0 min.

3. Results and discussions

The different isolates (80) were screened for epoxide hydrolase
activity using phenyl glycidyl ether (1a) as substrate following the
protocol described in Section 2.3. Five isolates designated as MO-
10, AO5, AO6, WH-15 and HA-13 were capable of carrying out the
hydrolysis of 1a. The isolates AO6 and AO5 afforded the conversion
of 30% and 25%, respectively to the corresponding racemic diol.
The isolates MO-10, WH-15 and HA-13 resulted in enantioselec-
tive kinetic resolution of phenyl glycidyl ether yielding (S)-phenyl
glycidyl ether (1a) with an ee of 70%, 20% and >99%, respectively,
and (R)-(phenoxy)propan-1,2-diol (2a) with an ee of 45%, 8% and
68%, respectively. The isolate HA-13 was chosen for further stud-
ies as it supported the highest enantioselectivity of (S)-phenyl
glycidyl ether and (R)-(phenoxy)propan-1,2-diol out of these five
isolates. This isolate was deposited in MTCC, IMTECH, Chandigarh
(India) under the accession number 10234 and was identified as B.
alcalophilus.

The comparison of these results with the literature reports the
untransformed phenyl glycidyl ether was assigned (S)-absolute
configuration and biohydrolysis product 3-(phenoxy)propan-1,2-
diol was assigned (R)-absolute configuration. We were delighted
to obtain these results since the (S)-enantiomer of phenyl glycidyl
ether (1a) is useful for synthesis of bioactive �-blocker [18] and
(R)-(phenoxy)propan-1,2-diol (2a) is an important intermediate in
synthesis of various bioactive molecules [22].

In order to study the scope and limitation of this biotransfor-
mation process different substituted aryl glycidyl ether derivatives
were subjected to hydrolytic kinetic resolution by the growing cells

of B. alcalophilus MTCC10234 (Fig. 1). In all the cases the enzyme
preferentially hydrolyzes (R)-enantiomer of racemic phenyl gly-
cidyl ether, resulting in the hydrolytic kinetic resolution of the
substrates. The untransformed aryl glycidyl ether derivatives were
obtained in high enantioselectivity (up to >99%) and the diol deriva-
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Fig. 1. B. alcalophilus catalyzed biohydrolysis of glycidyl ethers.

Table 2
Effect of time on biotransformation of 1c by B. alcalophilus MTCC10234.

Time (h) Yield of epoxide (%) (S)-Epoxide ee (%) Yield of diol (%) (R)-Diol ee (%)

4 65 30 35 93
8 54 38 46 93

t
F
c
s
b

k
m
w
M
r
E
(
i
w
f
o
d
r

a
w
w
o

i
A
t
4
s
o
1
a
v
T
i
g
f
o
r
n
l
s
i
o

t
g

Acknowledgments
12 48 66
16 41 98
24 37 100

ives with moderate to high enantioselectivity (up to 89%) (Table 1).
urther the same absolute configuration as in phenyl glycidyl ether
ould be assigned to other derivatives of both epoxide and 1,2-diol
ince the homologous series of molecules is similarly recognized
y the enzyme [23].

The substituents on the aryl group affect the course of hydrolytic
inetic resolution by B. alcalophilus MTCC10234. Although, the
ethyl- and chloro-substituted aryl glycidyl ether derivatives
ere well recognized by the epoxide hydrolase of B. alcalophilus
TCC10234 but the nitro-derivatives were transformed at a slower

ate. The biohydrolysis of methyl derivatives 1b–1d (Table 1,
ntries 2–4) occurred faster than that of chloro derivatives 1j–1k
Table 1, Entries 10 and 11). A conversion of 63% was obtained
n 16 h in case of 1d where as in case of 1j a conversion of 67%

as obtained in 24 h. An enantiomeric excess of 98%, >99% and 93%
or kinetically resolved epoxides 1c–1e (Table 1, Entries 3–5) were
btained, respectively. In case of 3-chloro and 2-chloro-substituted
erivatives 1j and 1k an enantiomeric excess of >99% and 93%,
espectively were obtained for resolved epoxides.

2,6-Dimethylphenyl glycidyl ether (1e) which contains a bulky
ryl group having methyl group on both the ortho positions was
ell recognized by the enzyme to provide the corresponding diol
ith 76% yield in 24 h (Table 1, Entry 5). The residual epoxide was

bserved to have an ee of 93% and the diol ee of 84%.
2-Methoxyphenyl glycidyl ether (1f) (Table 1, Entry 6) contain-

ng bulky OMe group at ortho position was biotransformed slowly.
conversion of 30% was obtained in 24 h with a low ee 28% for

he residual epoxide (1f) and a moderate ee 64% for the diol (2f).
-Bromophenyl glycidyl ether (1m) (Table 1, Entry 13) also reacts
lowly to provide lower conversion and lower ee of epoxide. It was
bserved that this probably originates from the lower solubility of
m in the biotransformation medium which decreases its avail-
bility. A repeat biotransformation reaction of 1m using DMSO (6%
/v) as an additive, resulted in enhancing the conversion to 67%.
he enantiomeric excess of epoxide and corresponding diol was
ncreased to >99% and 72%, respectively. The nitro-substituted aryl
lycidyl ether derivatives 1g–1i were found to be poor substrates
or epoxide hydrolase of B. alcalophilus MTCC10234. A conversion
f 38% and 6% was obtained in case 2-nitro- and 4-nitro-derivatives,
espectively. No transformation was observed in the case of 3-
itrophenyl glycidyl ether. We thought that this may be due to

ow bioavailability of the substrates. The bioavailability of the sub-
trate was increased by using DMSO (6% v/v) as additive, but no

mprovement in conversion and ee of epoxide and ee of diol was
bserved.

Further, in order to observe the effect of the ether oxygen on
he biotransformation we performed the biohydrolysis of phenyl
lycidyl thioether (1n) (Table 1, Entry 14) under similar condition,
52 90
59 86
63 77

the introduction of sulphur atom resulted in faster transformation
however the ee of the epoxide (ee 23%) and diol (ee 27%) were found
to be low.

The selectivity of enzyme decreases significantly on introduc-
tion of the CH2 spacer between the phenyl ring and oxirane ring. In
benzyl glycidyl ether (1o), after 24 h the yield of remaining epoxide
was 50% with an enantiomeric excess of only 30% and the yield of
3-(benzyloxy)propan-1,2-diol (2o) was 50% with an enantiomeric
excess 40% (Table 1, Entry 15).

As the efficiency of an enzymatic kinetic resolution process can
be expressed in terms of enantiomeric ratio (E). So E values have
been calculated for all substrates. As shown in Table 1 substrates
1b–1e and 1m are the best substrates for the biotransformation
having E value 31–67 while substrates 1a, 1j and 1k having E value
of 27 are moderate substrates for this biotransformation. E values
for the 1f–1h, 1l, 1n and 1o are below 15, showing that these are
not good substrates for biotransformation.

As 3-methylphenyl glycidyl ether (1c) was giving the highest
value of E, it was chosen for another study, i.e. the variation in time
of biotransformation reaction. It is clear from Table 2 that after 4 h
the conversion to diol is only 35% and ee of epoxides and diols were
30% and 93%, respectively. As we increase the time of biotransfor-
mation reaction from 4 h to 24 h the conversion to corresponding
diol as well as the ee of epoxide increases up to 63% and 100%,
respectively and the ee of diol decreases to 77%. These results are
expected in the case of enantioselective kinetic resolution. Thus by
allowing the biotransformation reaction to run for different period
both (S)-epoxide and (R)-diol can be obtained in high ee.

4. Conclusion

In conclusion we have developed a biocatalytic methodology
using growing cells of B. alcalophilus MTCC10234 for procuring
enantiomerically enriched glycidyl ether derivatives and their cor-
responding diols. The scope and limitation of this methodology has
also been explored. The epoxides have been kinetically resolved
with up to >99% enantiomeric excess and 1,2-diol with an ee of up
to 89%. The enantiomeric ratio (E) of up to 67 has been obtained for
biohydrolysis process which is considered to be excellent for any
biocatalytic resolution process.
The authors are grateful to UGC, India for financial assistance
[Grant No. F.31-121/2005(SR)] and award of senior research fel-
lowship to NB. The authors thank IIIM-Jammu for providing NMR
facility.
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