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采用通透性处理的安大略假丝酵母全细胞高效合成 
 (R)-2-氯-1-(3-氯苯基)乙醇 
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摘要: 考察了利用安大略假丝酵母 (Candida ontarioensis) 静息细胞不对称催化 2-氯-1-(3-氯苯基) 乙酮合成 (R)-2-氯-1-(3-氯苯

基) 乙醇的转化反应条件 .  结果表明 , 当底物浓度为  10 g/L 时 , 在最适转化条件下反应  72 h, 产物的  ee 值和产率分别达到 

99.9% 和 99.0%.  采用 4 g/L 十六烷基三甲基溴化铵对 Candida ontarioensis 细胞于 4 °C 通透性处理 20 min 后, 全细胞的酶活

提高 2 倍以上.  当底物浓度提高为 30 g/L, 转化 24 h 后, 产物的 ee 和产率分别达到 99.9% 和 97.5%.  该研究为高效制备 (R)-2-

氯-1-(3-氯苯基) 乙醇提供了可行途径, 并为生物催化合成芳基手性醇类手性中间体提供了理论指导.    
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Efficient Synthesis of (R)-2-Chloro-1-(3-chlorophenyl)ethanol by  
Permeabilized Whole-Cells of Candida ontarioensis 
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Abstract: (R)-2-Chloro-1-(3-chlorophenyl)ethanol is a key pharmaceutical intermediate in the synthesis of β3-adrenoceptor receptor (β3-AR) 

agonists. The asymmetric reduction of 2-chloro-1-(3-chlorophenyl)ethanone to (R)-2-chloro-1-(3-chlorophenyl)ethanol catalyzed by resting 

cells of Candida ontarioensis was studied. At a substrate concentration of 10 g/L, the microbial cells showed excellent catalytic activity un-

der the optimum reaction conditions, giving the product in 99.9% ee and 99.0% yield. After cetyltrimethylammonium bromide-pretreatment, 

the activity of permeabilized Candida ontarioensis cells was increased by more than 2-fold and the product could be produced over the sig-

nificantly shortened reaction period of 24 h in 99.9% ee and 97.5% yield at a substrate concentration of 30 g/L. This work provides a practi-

cal approach for the efficient preparation of the important chiral intermediate (R)-2-chloro-1-(3-chlorophenyl)ethanol. 
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Optically pure chiral alcohols are valuable building 
blocks for the synthesis of pharmaceuticals, agrochemicals, 
and liquid crystals [1]. The α-halohydrins are particularly 
important as synthons for the preparation of β-adrenergic 
drugs [2]. Several chemical and biological approaches for 
the synthesis of optically active α-halohydrins have been 
developed [3,4] and the asymmetric reduction of the corre-
sponding prochiral aromatic ketones is regarded as the most 
promising methodology [5]. Owing to its excellent stereo-
selectivity, mild reaction conditions, and environmental 
benignancy, biocatalysis has been reported for the produc-
tion of a variety of optically pure pharmaceutical intermedi-
ates [6–8]. In biocatalytic reactions, whole-cell systems are 
often preferred to isolated enzymes as the tedious enzyme 
isolation/purification processes required are eliminated and 
reactions involving multiple enzymes/pathways as well as 
co-factor regeneration are allowed [9–11].  

(R)-2-Chloro-1-(3-chlorophenyl)ethanol is a versatile in-
termediate for the synthesis of β3-adrenoceptor receptor 
(β3-AR) agonists, such as the anti-depressant drug SR58611 
and the thermogenic anti-obesity drug BRL 37344 [12]. 
Several groups have reported the biocatalytic synthesis of 
(R)-2-chloro-1-(3-chlorophenyl)ethanol. Sawa et al. [13] 
reported the asymmetric synthesis of (R)-2-chloro-1-(3- 
chlorophenyl)ethanol using whole cells of Rhodotorula 
glutinis at a substrate concentration of 3.25 g/L. Lin and 
co-workers [14] reported the bioreduction of 2-chloro-1-(3- 
chlorophenyl)ethanone by Saccharomyces cerevisiae, pro-
viding the product after 48 h in 99% ee and 97% yield at a 
substrate concentration of 28 g/L. Recombinant E. coli cells 
and cell-extracts from Nocardia globerula and Rhodotorula 
glutinis have also been reported for the asymmetric produc-
tion of (R)-2-chloro-1-(3-chlorophenyl)ethanol in over 99% 
ee. However, the inclusion of expensive additives such as 
NADP+/NAD+ and glucose dehydrogenase was required for 
regeneration of the cofactor [15–18].  

In this study, Candida ontarioensis was selected from a 
screening panel of 90 strains in our laboratory collection 
because of its high carbonyl reductase activity towards 
various halo-acetophenone substrates and 2-chloro-1-(3- 
chlorophenyl)ethanone was used as a model substrate to 
investigate the asymmetric reduction catalyzed by whole- 
cells of Candida ontarioensis (Scheme 1). Using cetyl-
trimethylammonium bromide (CTAB)-permeabilized cells, 
the reaction time was significantly reduced from 72 to 24 h 
and the product was obtained in 99.9% ee and 97.5% yield 
at a 30 g/L substrate concentration.  

1  Experimental 

1.1  Screening and identification of the target strain 

Three strains were screened from the 90 strains in our 
laboratory using 10 g/L 2-chloro-1-(3-chlorophenyl)ethanone 
(Porton Co., Ltd, China) as the substrate and Candida sp. 
BC 2A showed the highest carbonyl reductase activity. The 
18S rRNA gene sequence of Candida sp. BC 2A was deter-
mined (GenBank number: JN820129), identifying the strain 
as Candida ontarioensis. 

1.2  Cultivation conditions of Candida ontarioensis 

The fermentation medium was composed of 1% (w/v) 
glucose, 2% (w/v) corn steep liquor power, and 0.005% 
(w/v) CaCl2 and was adjusted to pH 6.5. The microorganism 
was cultured at 30 °C for 20 h with 180 r/min shaking. The 
cells were collected by centrifugation at 2350  g for 5 min 
and washed twice with 0.85% saline. 

The cell pellet was treated with 4 g/L CTAB at 4 °C for 
20 min to improve permeability. The CTAB-treated and 
untreated Candida ontarioensis cells were used as biocata-
lysts in the bioconversion of 2-chloro-1-(3-chlorophenyl) 
ethanone. 

1.3  Asymmetric bioreduction of 2-chloro-1- 
(3-chlorophenyl)ethanone in aqueous medium 

The reaction system consisted of 1 g of wet cells (col-
lected from 30 ml of culture broth), glucose (5%, w/v), the 
appropriate amount of 2-chloro-1-(3-chlorophenyl) 
ethanone, and potassium phosphate buffer (0.2 mol/L, pH 
6.5), in a final volume of 10 ml. The reaction was conducted 
in a 50-ml Erlenmeyer flask with stopper and shaken at 30 
°C and 180 r/min for 72 h. The mixture was extracted with 
an equal volume of ethyl acetate and the organic layer was 
concentrated under vacuum and diluted with mobile phase 
for subsequent HPLC analysis. 

1.4  Activity assay 

The carbonyl reductase activity of Candida ontarioensis 
cells was measured according to the reaction conditions 
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Scheme 1.  Bioreduction of compounds 1–8 with Candida ontario-

ensis whole cells. 
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mentioned above by analyzing the reaction during the first 
30 min to determine the initial velocity. One unit of the 
enzyme activity (U) is defined as the amount of enzyme 
required for generation of 1 μmol (R)-2-chloro-1-(3- 
chlorophenyl)ethanol per minute. 

The enantiomeric excess (ee) and analytic yield of 
(R)-2-chloro-1-(3-chlorophenyl)ethanol were determined on 
an Agilent 1100 HPLC (California, USA) equipped with a 
5 μm Chiralcel OB-H (0.46 mm × 250 mm, Tokyo, Japan) 
column using an UV detector at 220 nm. The HPLC was 
performed using n-hexane/isopropanol (9/1, HPLC grade, 
Xingke Chemical Reagent Co., Ltd, China) as the mobile 
phase at a flow rate of 1.0 ml/min and the column tempera-
ture was 30 °C. 

2  Results and discussion 

2.1  Cell growth and carbonyl reductase production by 
Candida ontarioensis 

The time course of cell growth and carbonyl reductase 
production by Candida ontarioensis was investigated. As 
shown in Fig. 1, the cell growth continued throughout the 
entire fermentation process and the carbonyl reductase ac-
tivity of whole-cells increased rapidly over the first 20 h. A 
maximum activity of 25.4 U/L (0.74 U/gWCW) and a cell 
mass of 34.5 gWCW/L (WCW = wet cell weight) was reached 
at the 20 h mark. A decrease in enzymatic activity was evi-
dent after 20 h because of the degradation of reductase by 
protease at the end of the fermentation process. Thus, Can-
dida ontarioensis cells were collected after 20 h of the fer-
mentation process for further bioreduction studies. 

2.2  Optimization of bioreduction conditions 

Major parameters in the asymmetric reduction of 
2-chloro-1-(3-chlorophenyl)ethanone were investigated, 

including buffer pH, temperature, cell concentration, and 
cosubstrate (for cofactor recycling). 

2.2.1  Effect of pH and temperature 

To evaluate the effect of pH on the carbonyl reductase ac-
tivity, the reaction was carried out in buffers at various pH 
values, including sodium acetate buffer (pH 4.5–6) and po-
tassium phosphate buffer (pH 6–8). Figure 2(a) shows that 
the buffer pH did not affect the ee of the product and that 
the product yield was greater than 90% in the pH range of 
5–8. The asymmetric reduction was sensitive to acidic en-
vironments and the product yield was observed to decrease 
from 94.3% to 72.9% when the pH was reduced from 5.0 to 
4.5. Therefore, pH 6.5 was chosen as the optimum pH for 
this study. 

Reaction temperature could also affect the activity and 
stability of the enzyme. An increase in the temperature 
could make the activation energy for the reaction easier to 
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reach and the mass transfer of substrate/product could also 
be improved. The effect of reaction temperature was inves-
tigated (Fig. 2(b)) and the results indicated that the product 
yield was maintained at 98%–99% between a temperature 
range of 30–45 °C. Therefore, 30 °C was chosen as the op-
timum temperature for the bioreduction reaction.  

2.2.2  Effect of cell concentration 

The amount of cell mass in the biocatalytic reaction sys-
tem directly affects the product yield of the bioconversion. 
The reaction time course at different cell concentrations was 
also investigated (Fig. 3). As shown in Fig. 3, the yield of 
product increased rapidly over the first 24 h for all of the 
cell concentrations tested. A yield of 100% was reached at 
cell concentrations of 200 and 250 g/L after 36 h of reac-
tion. Thus, a cell concentration of 200 g/L was used as the 
optimum cell concentration.  
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Fig. 3.  Effects of cell concentration on product ee and yield in the 

bioreduction. Reaction conditions: 5% (w/v) glucose, 10 g/L substrate, 

potassium phosphate buffer (0.2 mol/L, pH 6.5) and different cell con-

centrations in a final volume of 10 ml, 30 °C, 72 h. 

2.2.3  Effect of different cosubstrates 

Cofactor regeneration is crucial for the continuous pro-
gress of asymmetric reduction, because of the limited 
amount of NAD(P)H in microbial cells [19,20]. Thus, a 
cosubstrate should be added to the reaction system for the 
cofactor to be recycled by glucose dehydrogenase or alcohol 
dehydrogenase mediated oxidation of the cosubstrate. Sug-
ars and alcohols, including glucose, sucrose, ethanol, and 
isopropyl alcohol, are commonly used as cosubstrates. In 
this study, several cosubstrates were investigated (Fig. 4). In 
comparison with the control (no cosubstrate), the highest 
yield was observed in groups supplemented with glucose or 
xylose. In contrast, the use sucrose, glycerol, and isopropa-

nol resulted in no obvious positive effect and negative ef-
fects were actually observed. The different cosubstrates did 
not affect the ee of product and the optical purity achieved 
in all cases was 99.9%. Glucose was therefore selected as 
cosubstrate due to its low cost. 

2.3  Substrate specificity 

The asymmetric synthesis of several optically active al-
cohols by Candida ontarioensis was also tested (Table 1). 
Candida ontarioensis whole-cells showed high reaction 
activity and enantioselectivity towards various halo-aceto-
phenones including 2-chloroacetophenone, 2-bromoaceto-
phenone, 2-chloro-1-(3-chlorophenyl)ethanone, p-bro-
moacetophenone, m-aminoacetophenone, and p-nitroace-
tophenone. The corresponding alcohols reached over 99.9% 
ee and 99.0% yield in all cases. However, Candida on-
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Fig. 4.  Effect of various cosubstrates on the bioreduction reaction. 

Reaction conditions: 2 g wet cells, 5% (w/v) cosubstrates, 10 g/L sub-

strate, potassium phosphate buffer (0.2 mol/L, pH 6.5) in a final vol-

ume of 10 ml, 30 °C, 72 h. 

Table 1  Bioreduction of compounds 1–8 by Candida ontarioensis 

whole cells 

Substrate R X ee (%) 
Configu-

ration 

Yield 

(%) 

2-Chloroacetophenone 1 H Cl > 99.9 R 99.0

2-Bromoacetophenone 2 H Br > 99.9 R 99.0

2-Chloro-1-(3-chloroph

enyl)ethanone 
3 m-Cl Cl > 99.9 R 99.0

p-Bromoacetophenone 4 p-Br H > 99.9 R 99.0

m-Aminoacetophenone 5 m-NH2 H > 99.9 R 99.0

p-Nitroacetophenone 6 p-NO2 H > 99.9 S 99.0

COBE 7 — — — — — 

OPBE 8 — — — — — 

Reaction conditions: 2 g wet cells, 10 g/L substrate, potassium phos-

phate buffer (0.2 mol/L, pH 6.5) in a final volume of 10 ml, 30 °C, 72

h. 
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tarioensis whole-cells showed no activity for ethyl 
4-chloroacetoacetate (COBE) and ethyl 2-oxo-4-phenylbu-
tyrate (OPBE). The results suggest that the carbonyl reduc-
tase activity of Candida ontarioensis has high substrate 
specificity and enantioselectivity towards various halo-, 
amino-, and nitro-substituted acetophenones, but not for 
keto ester substrates.  

2.4  Reaction acceleration by improved membrane 
permeability 

Whole-cell catalyzed reactions often exhibit much slower 
reaction rate than that of isolated enzymes due to the mass 
transfer limitations imposed by the cellular membrane. Our 
previous studies demonstrated that the reaction rate of 
whole-cell biocatalysis could be significantly accelerated by 
modulating membrane permeability [21,22]. Various 
chemical and physical strategies including detergents, sol-
vents, chelators, and freeze-thaw treatments have been em-
ployed to address the permeability issue. CTAB is a cationic 
surfactant and has long been utilized as an effective perme-
abilizer to enhance the permeability of microbial cell mem-
branes [23]. Low product yields and prolonged reaction 
times were often reported in whole-cell asymmetric reduc-
tions involving unnatural and hydrophobic substrates. Yu 
and co-workers [24] reported that the reactions catalyzed by 
alcohol dehydrogenase and glucose-6-phosphate dehydro-
genase from CTAB-permeabilized fresh brewer's yeast were 
increased by 525- and 7.9-fold, respectively. Cortez and 
co-workers [25] compared various permeabilization meth-
ods including CTAB, Triton X-100 and freezing-thawing 
and found that CTAB-pretreatment could effectively im-
prove the accessibility of glucose-6-phosphate dehydro-
genase in Candida guilliermonedii. In this study, the effect 
of CTAB-treatment on the bioreduction reaction was inves-
tigated in detail.  

2.4.1  Effect of CTAB pretreatment time 

Herein, the effect of CTAB-pretreatment time on the ini-
tial reaction rate was studied (Fig. 5(a)). The initial reaction 
rate reached a maximum when Candida ontarioensis cells 
were pretreated with 2% CTAB for 20 min at 4 °C and the 
activity of whole-cells reached 74.8 U/L, representing a 
greater than 2-fold increase relative to the cell without 
CTAB-treatment. Hence the favorable CTAB pretreatment 
time was determined to be 20 min at 4 °C. 

2.4.2  Effect of CTAB pretreatment concentration 

The effect of CTAB concentration on the asymmetric re-
duction was also examined. As shown in Fig. 5(b), the 
greatest yield was achieved at a CTAB concentration of 4 
g/L. Further increases in the CTAB concentration, however, 
led to a slight decline in the yield and also compromised the 
enantioselectivity. An appreciable decrease in product ee at 
over 10 g/L of CTAB was noted. It was speculated that 
CTAB might interact with carbonyl reductase and interfere 
with its enzymatic activity and enantioselectivity. Also, the 
increased membrane permeability could promote the forma-
tion of the alcohol product of the opposite configuration 
catalyzed by other reductases, leading to a decreased ee 
value in the product. Therefore, a CTAB concentration of 4 
g/L was used for permeabilization treatment. 

2.5  Time courses of bioreduction catalyzed by 
CTAB-pretreated and untreated cells 

To evaluate the potential of CTAB-pretreated cells as 
whole-cell biocatalysts in the biosynthesis of (R)-2-chloro- 
1-(3-chlorophenyl)ethanol, an asymmetric reduction cata-
lyzed by CTAB-pretreated and untreated Candida ontario-
ensis cells was conducted (Fig. 6). During the first 10 h, the 
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reaction rate of CTAB-pretreated cells was 2-fold greater 
than that of the cells without CTAB-treatment. The reaction 
catalyzed by CTAB-pretreated cells was almost finished 
after 24 h (97.5% yield), whereas a yield of only 86.6% was 
attained by untreated cells over a prolonged reaction period 
of 72 h. It was speculated that the reaction progress was 
hindered in the later stage of bioconversion by high levels 
of intracellular product, because of mass transfer resistance 
across the untreated-cell membrane. The optical purity of 
product was maintained at 99.9% ee throughout the bio-
conversion process. Consequently, the CTAB-pretreatment 
resulted in a greatly reduced reaction time at an elevated 
substrate concentration of 30 g/L and was therefore feasible 
for the bioreduction catalyzed by whole-cells of Candida 
ontarioensis. Compared with the bioreduction of 2-chloro- 
1-(3-chlorophenyl)ethanone by Saccharomyces cerevisiae 
[14] on a 1-L reaction scale, the reaction time was shortened 
considerably in this study.  
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Fig. 6.  Time courses of bioreduction catalyzed by CTAB-pretreated 

(solid) and untreated (hollow) Candida ontarioensis cells. Reaction 

conditions: 200 g wet cells, 30 g/L substrate, potassium phosphate 

buffer (0.2 mol/L, pH 6.5) in a final volume of 1 L, 30 °C, 72 h. 

2.6  Isolation and identification of the bioreduction 
product 

The reaction system consisted of 24 g wet cells, 1200 mg 
substrate, and 0.2 mol/L potassium phosphate buffer (pH 
6.5) in a final volume of 120 ml. The process was carried 
out at 180 r/min and 30 °C over 24 h. The mixture was ex-
tracted with ethyl acetate and the organic layer was concen-
trated under vacuum. The crude product was separated by 
silica gel chromatography using ethyl acetate/petroleum 
ether (1:6) as eluent. The optical purity and yield of 
(R)-2-chloro-1-(3-chlorophenyl)ethanol were determined by 
HPLC analysis. After purification, 800 mg of the product 
with > 99.9% ee and 99% purity was obtained. The yields of 
biotransformation and purification processes were calcu-
lated to be 99% and 66.7%, respectively.  

The product was identified by 1H (400 MHz) and 13C 
(400 MHz) NMR using CDCl3 as solvent, and the 1H and 
13C NMR spectra are as follows. 1H NMR (CDCl3, 400 
MHz): δ 2.70 (s, 1H, OH), 3.60 (dd, 1H, CH2Cl), 3.72 (dd, 
1H, CH2Cl), 4.87 (dd, 4H, aromatic H), 7.26–7.32 (m, 1H, 
CH); 13C NMR (CDCl3, 100 MHz): δ 51, 73, 124, 126, 129, 
130, 135, 142. 

3  Conclusions 

The asymmetric reduction of 2-chloro-1-(3-chloro-
phenyl)ethanone to its corresponding chiral alcohol by 
Candida ontarioensis whole-cells was investigated. In the 
aqueous system, the microbial cells showed excellent cata-
lytic ability under the optimum reaction conditions (30 °C, 
pH 6.5, 10 g/L substrate concentration), giving the product 
in 99.9% ee and 99.0% yield. A substrate specificity study 
indicated that the carbonyl reductase from Candida on-
tarioensis shows high substrate specificity and enantioselec-
tivity for various halo-, amino, and nitro-substituted aceto-
phenones, but not for keto ester substrates. CTAB-treatment 
was applied to enhance the cellular membrane permeability 
and to accelerate the reaction. Using cells pretreated with 4 
g/L CTAB for 20 min, the reaction rate was increased by 
2-fold over the first 10 h of the biotransformation and a 
product yield of 97.5% was achieved in 24 h, which was 48 
h earlier than that without CTAB-treatment (86.6% yield at 
72 h). The results demonstrate the importance of good mass 
transfer across the cell membrane for the whole-cell bio-
catalysis and that the efficiency of biocatalytic reactions can 
be greatly improved by increasing membrane permeability. 
This study provides a feasible and green approach for the 
efficient production of (R)-2-chloro-1-(3-chlorophenyl) 
ethanol. To further enhance the enzymatic activity and effi-
cacy of the biocatalytic reaction, asymmetric preparation of 
(R)-2-chloro-1-(3-chlorophenyl)ethanol using recombinant 
strains overexpressing carbonyl reductase is underway. 
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