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  Abstract 
 A number of  p -haloacetophenones were asymmetrically bioreduced to their corresponding (S)-alcohols by  Mucor  sp .  CG10 
with good conversion and excellent enantioselectivity. The results showed that the electronic effects of the halogen 
substituent (X-group) affected the conversion of the substrates and the enantioselectivity of the reaction. The trend 
observed was as the X-group at the  para -position became more electron donating from F, to Cl, Br and I, the conversion 
of substrates decreased, while the enantioselectivity increased.  

  Keywords:   p-haloacetophenones  ,   chiral alcohols  ,   Mucor  ,   whole-cell   

  Correspondence: X. M. Liu, College of Chemistry and Chemical engineering, Guangxi University, Nanning 530000, P. R. China. Tel:  �    86-771-3270732. 
E-mail: xmliu1@gxu.edu.cn  

 (Received   19   January   2013  ; revised   18   June   2013  ; accepted   21   October   2013  ) 

  Introduction 

 Enantiomerically pure alcohols are useful building 
blocks and key intermediates for the synthesis of 
bioactive compounds such as pharmaceuticals, 
fl avour, agricultural chemicals and speciality materials 
(Hanson et   al. 2005). There are many methods to 
produce enantiomerically pure alcohols, for exam-
ple, chromatographic techniques (McConnell et   al. 
2007), organocatalyzed direct asymmetric aldol 
reactions (Matsuda et   al. 2009) and the enzymatic 
kinetic resolution of racemic alcohols (Singh et   al. 
2010). In addition to these methods, the asymmet-
ric bioreduction of prochiral ketones (Goldberg 
et   al. 2007a,b; Singh et   al. 2009; Barros-Filho et   al. 
2009) is the most attractive because it can result in 
enantiomerically pure alcohols and can give 100% 
theoretical yield (Yang et   al. 2007). 

 Whole-cells of different fungi have been used in 
asymmetric bioreduction because these are inexpen-
sive and readily accessible. For example,  Aspergillus 
terreus  and  Rhizopus oryzae  were found to reduce 
fl uoroacetophenones to corresponding alcohols in 
good yield and high enantioselectivity (Comasseto 
et   al. 2003).  Aspergillus niger  could reduce substituted 
acetophenones to the corresponding optically active 
alcohol (Kurbanoglu et   al. 2007).  Rhodotorula 
rubra  and  Geotrichum candidum  were used to reduce 

4-bromoacetophenone to (S)-4-bromophenylethanol 
and (R)-4-bromophenylethanol (Lopes et   al. 2011), 
etc. However, no microorganism that could reduce 
the four kinds of  p -haloacetophenones into the cor-
responding (S)-alcohols with good conversion and 
high enantioselectivity have been reported. 

  Mucor  has been reported to produce a carbonyl 
reductase which utilizes only conjugated polyketones 
as substrates (Shimizu et   al. 1988). Previously we 
have reported the reduction of acetophenone to 
(S)-1-phenylethyl alcohol, using  Mucor  sp.JX23, 
with high stereoselectivity (Ma et   al. 2011). Herein, 
we reported another ketone reductase-producing 
strain  Mucor  sp .  CG10 for the reduction of 
 p -haloacetophenones 1a – 1d into the corresponding 
(S)-alcohols 2a – 2d with good conversion and high 
enantioselectivity (Figure 1). The enantioselectivities 
were affected by the electronic effects of the halogen 
substituent.   

 Methods  

 Reagents and solvents 

 1a (99%), 1b (99%), 1c (99%) and 1d (99%) were 
purchased from Fluka; The racemic alcohols 2a – 2d 
were prepared by reduction of the corresponding 
ketones 1a – 1d with sodium borohydride in methanol; 
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Analytical grade solvents for extraction and GC 
were purchased from Fisher Scientifi c.   

 Microorganism and cultures 

  Mucor  sp.CG10 (Zhang et   al. 2010) used for the 
bioreduction of  p -haloacetophenones was cultivated 
in a culture medium composed of 50 g dextrin, 24 g 
peptone, 0.5 g NaCl, 0.5 g MgSO 4 , 1 g K 2 HPO 4 , 
0.01 g FeSO 4  ⋅ 7H 2 O, per litre (pH 6.0).   

 Conditions for growth 

  Mucor  sp.CG10 from a slant was inoculated into a 
500 ml conical fl ask containing 100 ml of culture 
medium and allowed to grow at 30 ° C under shaking 
condition (180 rpm) for 72 h. After that period, 
mycelia were separated from the culture broth by 
fi ltration and wet mycelia were then obtained.   

 Bioreductions of 1a – 1d 

 2.4 g wet mycelia were put into a 500 ml conical 
fl ask containing 100 ml of fresh culture medium and 
the substrates 1a – 1d (20 mM diluted in 2 ml of 99% 
ethanol) were added to the medium. Bioreductions 
were performed at pH 4, 30 ° C, 180 rpm for 72 h 
and the asymmetric reaction mixtures were then 
recovered.   

 Analytical methods 

 The asymmetric reaction mixtures were extracted 
from the fi ltered broth with ethyl acetate and con-
centrated under vacuum. Gas Chromatography 
analyses were performed using a Shimadzu GC-2010 
Plus, equipped with a Cyclodex-B capillary chiral 
column (30 m    �    0.32 mm, Agilent) and a FID, 
for the determination of the conversion and enan-
tiomeric exces (ee) of the products formed. The 
chromatographic conditions were carrier gas nitro-
gen 60 kPa; injector temperature 220 ° C; detector 
temperature 220 ° C; injector split ratio 30:1; tem-
perature program 120 ° C – 148 ° C with a rate of 5 ° C 
per minute, then to 150 ° C with a rate of 1 ° C per 
minute, and then to 166 ° C with a rate of 8 ° C per 

minute, to 170 ° C with a rate of 1 ° C per minute, to 
190 ° C with a rate of 5 ° C per minute, then main-
tained for 5 min. The absolute confi gurations were 
identifi ed by comparing the GC retention times with 
those of corresponding racemic mixtures and 
the optical rotations of raw 2a – 2d products were 
measured; the [ α ] D  were all of negative value.    

 Results and discussion  

 Effect of growth conditions on the wet weight 
of Mucor sp.CG10 

 Growth conditions are important for the growth of 
microorganisms and they lead to different concen-
trations of cell mass. The growth conditions for  
Mucor  sp .CG10 , such as temperature and pH were 
investigated. The optimum temperature for the 
growth of  Mucor  sp. CG10 was found to be 30 ° C 
(Figure 2), at which 2.2 g wet mycelia were obtained. 
Under the optimum temperature (30 ° C), the effect 
of pH was investigated. The highest yield of wet 
mycelia 2.4 g was obtained at pH 5.0 (Figure 3). 
Thus, a cultivation temperature of 30 ° C and a 
culture medium of pH 5.0 for  Mucor  sp. CG10 
were chosen.   

 Effect of pH on bioreduction of 1a – 1d 

 One of the important parameters in industrial 
bioproduction is medium pH and its control. In this 
study, the infl uence of pH was investigated, the 
bioreductions were carried out in the range of pH 
3.0 – 8.0. As shown in Figure 3,  Mucor  sp. CG10 
showed similar reduction profi les for all substrates, 
the conversion of 1a – 1d was signifi cantly affected at 
low pH, while the ee of 2a – 2d were slightly affected 
by the pH values tested. The conversion increased 
rapidly when increasing pH from pH 3.0 to pH 4.0, 
and decreased slowly from pH 4.0 to pH 6.0. At 
higher pH values (7.0 and 8.0), the conversion 
decreased rapidly once again. The effect of pH on 
the reduction was roughly similar to that on 
the growth of  Mucor sp.CG10 , except the slightly 
difference in the optimum values.   

 Effect of temperature on bioreduction of 1a – 1d 

 The bioreductions were performed at 20, 25, 30, 35 
and 40 ° C. It was observed that the conversion 
signifi cantly increased as the temperature increased 
from 20 to 30 ° C and decreased at higher tempe-
rature. No signifi cant change was observed for 
the enantioselectivity (Figure 2). It seemed that the 
optimum reaction temperature was 30 ° C, according 

  Figure 1.     Reduction of 4-haloacetophenones with whole cells of 
 Mucor  sp.CG10.  
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with its optimum growth temperature of  Mucor  
sp. CG10.   

 Effect of glucose as a co-substrate 

 Cofactor recycling is one of the key issues in asym-
metric bioreductions (Nie et   al. 2004), and cofac-
tor regeneration with glucose is attractive because 

it is plentiful and cheap. In order to investigate the 
effect of glucose on the bioreduction, different 
concentrations of 1a – 1d were reduced in the pres-
ence of different concentrations of glucose. It can 
be seen that the effect of glucose was signifi cant 
(Table I), the conversion of the reactions with dif-
ferent concentrations (10 – 40 g/L) of glucose were 
higher than that without glucose, and the effect 
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  Figure 2.     Effect of temperature on the wet weight of  Mucor sp .CG10 and the bioreduction of 1a – 1d.  
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  Figure 3.     Effect of pH on the wet weight of  Mucor sp .CG10 and the bioreduction of 1a – 1d.  
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became greater as the concentrations of substrate 
increased. Moreover, at the same concentrations of 
the substrates, the lowest amount of glucose was 
required when 1a was reduced to its maximum 
conversion, compared with 1b, 1c and 1d.   

 Effect of the electronic effects of substituents 

 We began with a research for the bioreduction of 1b 
by  Mucor  sp. CG10, and extended this to the other 
 p -haloacetophenones 1a, 1c and 1d to investigate 

the infl uence of electronic effects of substituents on 
the bioreduction by  Mucor  sp. CG10 (Figure 4). The 
results of bioreduction assays with different concen-
trations of 1a – 1d are listed in Table I. Usually, 
because of the toxicity of aromatic ketones, only 
very low substrate concentrations (typically 10 mM) 
can be used in biocatalytic reactions using whole-
cells as biocatalysts (Xie et   al. 2009). Kurbanoglu 
et   al. (2010) described the reductions of 1a – 1c and 
obtained the corresponding (S)-alcohols 2a-2c with 
100% conversion and higher than 99% ee at low 

  Table I. Asymmetric bioreductions of 1a – 1d at different glucose concentrations by  Mucor  sp.CG10. a   

Conc. of 
substrate (mM)

Conc. of 
glucose (g/L)

Conv. b  (%) ee c  (%) - Confi guration

1a 1b 1c 1d 2a 2b 2c 2d

10 0 97 95 93 91 90-S 96-S 98-S 99-S
10 10 99 99 97 96 93-S 97-S 99-S  �    99-S
10 20 99 98 98 98 92-S 96-S 99-S  �    99-S
10 30 98 98 98 98 92-S 96-S  �    99-S  �    99-S
10 40 98 97 98 98 91-S 96-S  �    99-S  �    99-S
20 0 90 86 84 81 90-S 96-S 98-S 99-S
20 10 97 94 90 88 92-S 96-S  �    99-S  �    99-S
20 20 99 95 94 93 92-S 96-S  �    99-S  �    99-S
20 30 98 95 94 94 92-S 96-S  �    99-S  �    99-S
20 40 96 94 94 94 92-S 96-S  �    99-S  �    99-S
30 0 82 52 38 29 89-S 94-S 97-S 98-S
30 10 91 60 47 40 91-S 95-S 99-S 99-S
30 20 97 64 57 49 92-S 95-S  �    99-S  �    99-S
30 30 94 66 58 51 92-S 95-S  �    99-S  �    99-S
30 40 90 70 59 52 92-S 95-S 99-S  �    99-S
40 0 39 19 11 8 86-S 94-S 97-S 98-S
40 10 46 25 19 15 88-S 94-S 98-S  �    99-S
40 20 54 28 27 24 89-S 95-S  �    99-S  �    99-S
40 30 56 30 28 24 90-S 95-S  �    99-S  �    99-S
40 40 50 31 28 23 90-S 95-S 99-S  �    99-S
50 0 11 8 6 5 86-S 94-S 95-S 97-S
50 10 15 12 9 8 88-S 95-S 97-S 99-S
50 20 18 15 14 12 88-S 96-S  �    99-S  �    99-S
50 30 21 16 15 13 89-S 96-S 99-S  �    99-S
50 40 19 17 16 13 89-S 95-S 99-S 99-S

     a Reaction conditions: pH 4, temperature 30 ° C, time 72 h, agitation 180 rpm.   
  b The conversions were determined by GC analysis.   
  c Enantiomeric excess (ee) was determined by chiral GC analysis, and the absolute confi gurations were 
determined by measuring the optical rotation of raw 2a – 2d obtained.   

  Figure 4.     GC chromatography of 1a – 1d catalyzed by  Mucor  sp.CG10.  
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concentration of substrates (1 mM). In our work, 
4-haloacetophenones were asymetrically reduced by 
 Mucor  sp. CG10, followed the Prelog rule, at a rela-
tively high concentration (10 – 30 mM). As Table I 
shows, when the substrates concentration was 
increased to 20 mM (glucose 20 g/L), satisfactory 
results were obtained, with conversions of 1a – 1d 
( �    93%) and ee of 2a – 2d ( �    92%). When the con-
centration of 1a was further increased up to 30 mM 
(glucose 20 g/L), the reaction conversion achieved 
97% and ee 92%, indicating the potential for indus-
trial production of 2a. Kurbanoglu et   al. (2011) 
observed a decrease in conversion for the analogues 
containing electron-donating substituents (methyl, 
methoxy and phenyl) at the  para -position. Mandal 
et   al. (2004) found that conversion with a methyl 
substitution ( �    I effect) at  para -position was lower 
than that of  p -chloro substitution ( �    I effect) over 
the same reaction time. Here, as shown in Table I, 
the conversion of 1a was the highest among the four 
 p -haloacetophenones. The results indicated that the 
electron-withdrawing substituents were benefi cial to 
the conversion. On the other hand, the optical purity 
of 2a was the lowest, only in the range of 86 – 93%, 
with the optical purities of 2b, 2c and 2d increasing 
in this order. This indicated that the electronic 
effects of substituents in  p -substituted haloaceto-
phenones signifi cantly affected the enantioselectiv-
ity of reactions. As the X-group became more 
electron donating going from F, to Cl, Br and I, the 
enantioselectivity increased.    

 Conclusion 

 An effi cient method for the reduction of  p -
haloacetophenones to the corresponding alcohols 
with whole cells of  Mucor  sp. CG10 has been deve-
loped.  Mucor  sp. CG10 used glucose for cofactor 
regeneration and proved to be an excellent bio-
catalyst in the reduction of  p -haloacetophenones 
to their corresponding (S)-alcohols. The results 
showed that the electronic effects of the halogen 
substituent (X-group) in  p -substituted haloacetophe-
nones greatly affected the conversion and enantiose-
lectivity of the reaction. As the  p -substituent became 
more electron donating from F, to Cl, Br and I, the 
conversion of substrates decreased, while the enanti-
oselectivity increased. Further studies with identi-
fi cation and characterization of the enzymes in 
 Mucor  sp. CG10 are currently in progress within 
our research group.              
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