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bstract

The stereoinversion of ortho-, meta- and para-substituted fluoro, chloro, bromo and methyl 1-phenylethanols using red alga (Cyanidioschyzon
erolae) was investigated. It was found that 1-(4′-chlorophenyl)ethanol (1f) gave the corresponding (S)-alcohols in high ee and high yield
95%, 91% ee). On the other hand, stereoinversion of 1-(3′-chlorophenyl)ethanol (1e) indicated moderate ee (1e, 54% ee). In the case of 1-(2′-
hlorophenyl)ethanol (1d), the biotransformation did not proceed. Moreover, we discuss about stereoinversion of alkyl group for secondary alcohols
3a–3d) and cis-2-methylcyclohexanol.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Enantiopure chiral secondary alcohols have been used in the
harmaceutical, food industry, flavour, fragrances and liquid
rystal. In the synthesis of enantiopure chiral secondary alco-
ols, prochiral ketones or racemic alcohols are commonly used
s starting material. For example, they are synthesized by the
symmetric reduction of corresponding prochiral ketone using
hemical [1–3] or biocatalytic methods [4,5]. The biocatalytic
eduction of ketones, the kinetic resolution of the alcohols via
cyltransfer employing lipase [6] or via oxidation [7–10] is also
idely applied. However, the yield is limited to 50% of each

nantiomer. In order to overcome this problem, deracemisa-
ion techniques of the alcohols have been developed [11–13].

eracemisation can be carried out by either stereoinversion or
inetic resolution. Stereoinversion of a secondary alcohol by
iocatalyst consists of enantioselective oxidation of one enan-
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iomer to the corresponding ketone and subsequent reduction to
he other enantiomer.

Chiral diols [14–17], hydroxy acid derivatives [18–23],
liphatic [24–27] and aromatic alcohols [28–31] have been
btained in enantiopure by stereoinversion. Biocatalytic
tereoinversion is divided into two systems. For example, a
wo-biocatalyst system [19,20,23,24] and a one-biocatalyst sys-
em [14–18,21,22,25–32] have been reported. Two biocatalysts,
lcaligenes bronchiseptcus and Streptococus faecalis have been
sed for stereoinversion of (±)-mandelic acid [20]. (S)-Mandelic
cid was oxidized by A. bronchiseptcus to give benzoylformate.
ext, benzoylformate was reduced by NADPH-dependent ben-

oylformate reductase of S. faecalis to give (R)-mandelic acid in
0% yield with >99% ee. About stereoinversion with one bio-
atalyst, it has been reported that (R)-3-pentin-2-ol was obtained
nantioselectively from the corresponding racemic alcohols by
ocardia fusca [25–27]. Also, arylethanols by Geotrichum can-
idum [28] and Sphingomonas pausimobilis [29] have been

eported. Moreover, Nakamura et al. reported the stereoinversion
f aliphatic �-hydroxy esters using G. candidum IFO 5767 to
roduce the (R)-enantiomers in 97–99% ee and 26–48% isolated
ield [33]. Plant cell cultures have also been used as biocatalysts

mailto:cahoriuchi@nifty.com
mailto:horiuchi@rikkyo.ac.jp
dx.doi.org/10.1016/j.molcatb.2007.10.002


20 T. Utsukihara et al. / Journal of Molecular Catalysis B: Enzymatic 51 (2008) 19–23

Table 1
Screening of microbe for stereoinversion of 1f

Algae 1-(4′ -Chlorophenyl)ethanol

Yield (%) ee (%) Config.

Cyanidioschyzon merolae NEIS-1332 89 91 S
Cyanidium caldarium IAM R-11 85 89 S
Synechococcus elongatus PCC 7942 70 41 S
S
S
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trometer. CDCl3 with tetramethylsilane as the internal standard
was used. Optical rotation was measured with a Jasco DIP-370.
ynechosystis sp. PCC 6803 72
pirulina platensis NEIS-39 69

eaction conditions: substrate (20 mg), algae (dry weight 1 g/L), and medium (

or the stereoinversion of racemic alcohols [22,29–32]. Several
nantiopure chiral secondary alcohols have been prepared by
tereoinversion. It is known that C. merolae is extremely char-
cteristic algae inhabiting sulfate-hot springs (pH 2.5, 42 ◦C).
ore recently, we reported the reduction of acetophenone

erivatives using C. merolae into stereoselective compounds
34]. From these results, it was found that fluoro, chloro and
romo acetophenone derivatives were reduced with good enan-
ioselectivity. The reduction followed Prelog’s rule, giving the
S)-alcohols in all cases. It is known that alga converts from
O2 to O2 by the direct use of light energy using photosyn-

hetic microbe as biocatalysts. The growth rate of C. merolae
s faster than other typical microbe. The problems using plant
ultured-cells, as biocatalysts are it slowness and to require large
mount of biocatalyst. For example, in the case of reduction of
+)- and (−)-camphorquinones by N. tabacum and C. roseus,
5 g plant cultured-cells are required to biotransform 20 mg of
he substrates. However, 50 mg (dry weight) of C. merolae could
e biotransformed stereoselectively.
Here, we report the stereoinversion of 1-arylethanols by C.
erolae.

ig. 1. Time course of stereoinversion of 1-(4′-chlorophenyl)ethanol by
. merolae NEIS-1332: (�) (1S)-(4′-chlorophenyl)ethanol; (�) (1R)-(4′-
hlorophenyl)ethanol; (�) 4-chloroacetophenone; (�) ee.

m

F
N

42 S
11 S

L) were employed for 7 days.

. Experimental

The racemic alcohols were obtained by reduction of the
orresponding ketones with sodium borohydride or authen-
ic samples. C. merolae NEIS-1332 and Spirulina platensis
EIS-39 were obtained from the National Institute for Environ-
ental Studies (NIES-Collection). Cyanidium caldarium IAM
-11 was obtained from the Institute of Applied Microbiology
ulture Collection (IAMCC). Synechococcus elongatus PCC
942 and Synechosystis sp. PCC 6803 were obtained from the
nstitut Pasteur. Gas chromatographic analysis was performed
sing chiral GC-column (Chirasil-DEX CB; 25 m) equipped
n Shimadzu GC-17A. Gas chromatography/mass spectrometry
nalysis was Shimadzu GCMS-QP5050 (EI-MS 70 eV) using
B1 (0.25 mm × 30 m × 0.25 �m) capillary column GC; GC:
C-17A. The IR spectra were measured on a Jasco FT-IR 230.
he NMR spectra were measured on a JEOL GSX 400 spec-
The absolute configurations of the compounds were deter-
ined by comparing the specific rotation with the literature

ig. 2. Time course of stereoinversion of (S)-1-phenylethanol by C. merolae
EIS-1332: (�) (S)-1-phenylethanol; (�) (R)-1-phenylethanol; (�) ee.



lar C

[
C
(
−
(
B
5
C
(
[
[
(

2

l
f
a
o
w
2
w
c

2

(
a
a

Z
N

3

3
1

s
a
S
y
u
l
(
s
d
1
9

i
s
p
1
i

T
S

R

1
1
1

R

T. Utsukihara et al. / Journal of Molecu

34]: for 1-(3′-Fluorophenyl)ethanol (1b) [α]27
D −29.0 (c = 0.7,

HCl3), 75% ee; 1-(4′-Fluorophenyl)ethanol (1c) [α]27
D −15.2

c = 0.6, CHCl3), 24% ee; 1-(3′-Chlorophenyl)ethanol (1e) [α]27
D

20.7 (c = 1.5, CHCl3), 54% ee; 1-(4′-Chlorophenyl)ethanol
1f) [α]27

D −38.2 (c = 1.0, CHCl3), 91% ee; 1-(3′-
romophenyl)ethanol (1h) [α]27

D −21.0 (c = 1.0, CHCl3)
6% ee; 1-(4′-Bromophenyl)ethanol (1i) [α]27

D −38.6 (c = 1.0,
HCl3), 92% ee; 1-(3′-Methylphenyl)ethanol (1k) [α]27

D −10.0
c = 0.6, CHCl3), 25% ee; 1-(4′-Methylphenyl)ethanol (1l)
α]27

D −13.0 (c = 0.4, CHCl3), 16% ee; 1-Phenylethanol (3f)
α]27

D −32.8 (c = 0.4, CHCl3), 75% ee; 1-Phenyl-1-propanol
3b) [α]27

D −5.0 (c = 1.0, CHCl3), 10% ee.

.1. General procedure of stereoinversion conditions

1-Arylethanols (20 mg) were added to the culture of C. mero-
ae (100 mL, 1 g/L as dry weight) in Allen’s medium and shaken
or the periods shown in Tables. The mixture was treated with
shaker (120 rpm) at 42 ◦C in the light (2000 lx). At the end

f the reaction, alga was filtrated from the medium. The filtrate
as extracted with ether (2× 20 mL), washed with water (2×
0 mL) and dried with Na2SO4. All the structures of products
ere identified by IR, 1H NMR, optical rotation [34] and gas

hromatographic analyses.

.2. Preparation of microbial culture
Allen’s medium was prepared by mixing (NH4)2SO4
2.64 g), KH2PO4 (0.544 g), MgSO4 (0.492 g), CaCl2 (0.148 g),
nd P4 metal (4 mL) in distilled H2O (1 L). The medium was
djusted to pH 2.2–2.5 and sterilized.

1
d
r
F

able 2
tereoinversion of 1-phenylethanols (1a–1l) by Cyanidioschyzon merolae NEIS-1332

un Substrate R

1 1a o-F
2 1b m-F
3 1c p-F
4 1d o-Cl
5 1e m-Cl
6 1f p-Cl
7 1g o-Br
8 1h m-Br
9 1i p-Br
0 1j o-CH3

1 1k m-CH3

2 1l p-CH3

eaction conditions: substrate (20 mg), algae (dry weight 1 g/L), and medium (100 m
atalysis B: Enzymatic 51 (2008) 19–23 21

P4 metal solution was FeCl3 (196 mg), MnCl2 (36 mg),
nSO4 (22.2 mg), CoCl2 (4 mg), Na2MoO4 (2.5 mg) and
a2EDTA (1000 mg) dissolved in distilled H2O (1 L).

. Results and discussion

.1. Stereoinversion of 1-(4′-chlorophenyl)ethanol (1f) and
-phenylethanol 1-d

First, we screened five algae for their abilities with the
tereoinversion of 1-(4′-chlorophenyl)ethanol (1f). The results
re summarized in Table 1. All algae gave high chemical yields.
ynechococcus elongatus PCC 7942 afforded (S)-1f in 70%
ield and 41% ee. On the other hand, the biotransformation
sing S. platensis afforded moderate yield in low enantiose-
ectivity. Among the algae, C. merolae gave the best result
89% yield and 91% ee). Fig. 1 shows the time course of
tereoinversion of 1f by C. merolae. Initially, (R)-1f was oxi-
ized to 2f, which was subsequently reduced to (S)-1f. After
68 h, almost all of the (R)-1f was converted to (S)-1f, with the
1% ee.

However, reaction pathway of stereoinversion for the algae
s not clear at present study. The mechanistic investigation of
tereoinversion was carried out using a deuterated substrate,
henylethanol 1-d (3a′). Deuterium content in racemic 3a′-
-d decreased to 11% and (R)-3a proceeds 9% after 7 days’
ncubation. In contrast, (S)-1-phenylethanol is converted to (S)-

-phenylethanol (91%) and (R)-1-phenylethanol (9%) after 16
ays incubation (ee 82%) (Fig. 2). It was the same result for
eduction of acetophenone reported previously (ee 80%) [34].
rom these results, it seems that at least two active enzymes

Yield (%) ee (%) Config.

75 10 S
75 75 S
73 24 S
70 0
87 54 S
89 91 S
94 0
84 56 S
95 92 S
67 0
74 25 S
60 16 S

L) were employed for 7 days.
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Table 3
Stereoinversion of 1-phenylethanols (3a–3d) by Cyanidioschyzon merolae NEIS-1332

Run Substrate R Yield (%) ee (%) Config.

1 3a CH3 74 35 S
2 3b CH2CH3 85 10 S
3
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e
o

3

e
P
a
o
M
d
1
h
t
c

s
r
l
c
1
d
s
e

s
o

3
c

m
o
r
w
D

(
f
7
m
s
o
o
t
c

c
r
o
a
o
o
C
o
c
5a in moderate yield after 16 days (trans-alcohol; 1S, 2S 62% ee.
cis-alcohol 1R, 2S 77% ee). The results are shown in Fig. 4. In
the case of biotransformation of cis-alcohol 5a by C. merolae,
3c (CH2)3CH3

3d (CH2)4CH3

eaction conditions: substrate (20 mg), algae (dry weight 1 g/L), and medium (

xist, one oxidizes (R)-1-phenylethanol into the ketone and the
ther reduces acetophenone into (S)-1-phenylethanol.

.2. Stereoinversion of secondary alcohols

Stereoinversions using C. merolae were targeted for sev-
ral aryl alcohols. The results are summarized in Table 2.
ara-substituted 1-phenylethanols gave the corresponding (S)-
lcohols in high ee and high yield. However, stereoinversion
f meta-substituted 1-phenylethanols indicated moderate ee.
oreover, ortho-substituted chloro and bromo 1-phenylethanols

id not proceed. But stereoinversion of ortho-substituted fluoro
-phenylethanol proceeded. The result may be due to the steric
indrance by ortho-substituents. This behaviour is similar to
he microbial stereoinversion in analogy with alcohols using G.
andidum [28].

We investigated the effect of the size of alkyl group for
econdary alcohols using C. merolae. The results are summa-
ized in Table 3. From these results, it was found that as the
ength of the alkyl chain increases, the enantioselectivity for the
orresponding (S)-alcohols decreases. Furthermore, 1-phenyl-
-butanol (3d) did not proceed (ee 0%). These results may be
ue to steric hindrance by length of the alkyl chain. Because
tereoinversion of 3c by C. merolae gives in 73% yield and 12%
e.

The configuration of the alcohol compared with the sign of the
pecific rotation with our literature data [34] allowed assignment
f the (S)-configuration to the alcohol.

.3. Biotransformation of 2-methylcyclohexanone and
is-2-methylcyclohexanol

Trans- and cis-2-methylcyclohexanol (5a) and (R, S)-2-
ethylcyclohexanone (6a) are used as model compounds
f synthetic substrates for biotransformation. Bruni et al.
eported that the (1S, 2S)-2-methylcyclohexanol (5a) (100%)
as obtained from corresponding carbonyl compound using
aucus carota [35]. Moreover, Shimoda et al. reported that

F
1
(

73 0
70 0

L) were employed for 7 days.

1S, 2S)- and (1S, 2R)-2-methylcyclohexanol (5a) was obtained
rom 2-methyl-2-cyclohexen-1-one by Synechococcus sp. PCC
942 [36]. More recently, we reported the reduction of (R, S)-2-
ethylcyclohexanone (6a) by various vegetables (carrot, potato,

weet potato, apple, Japanese radish, cucumber, burdock and
nion) gave trans- and cis-2-methylcyclohexanol (5a) [37]. In
rder to discuss the flexibility for 6-ring, we report the bio-
ransformation of (R, S)-2-methylcyclohexanone and trans- and
is-2-methylcyclohexanol by C. merolae.

We observed the stereoselectivity of (R, S)-2-methyl-
yclohexanone in the course of reaction using C. merolae. The
esults are shown in Fig. 3. As can be seen in Fig. 3, in the case
f biotransformation of ketone 6a using C. merolae, the trans-
lcohol 5a was preferentially formed. And then, a preference
f the biotransformation of the mixtures was observed and the
xidation from cis-alcohol 5a to ketone 6a was promoted by
. merolae. On the end of the reaction, trans-alcohol 5a was
btained preferentially. On the other hand, biotransformation of
is-2-methylcyclohexanol (5a) by C. merolae gave trans-alcohol
ig. 3. Biotransformation of 2-methylcyclohexanone (6a) by C. melorae NEIS-
332: (�) cis-2-methylcyclohexanol (5a); (�) trans-2-methylcyclohexanol (5a);
�) 2-methylcyclohexanone (6a).
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ig. 4. Biotransformation of cis-2-methylcyclohexanol (5a) by C. melorae
EIS-1332: (�) cis-2-methylcyclohexanol (5a); (�) trans-2-methylcyclohex-

nol (5a); (�) 2-methylcyclohexanone (6a).

etone 6a was preferentially formed. And then, the reduction
f ketone 6a gave trans-alcohol 5a. However, the biotransfor-
ation of trans-2-methylcyclohexanol (5a) did not proceed. It

eems that in comparison with 1-arylethanols, biotransforma-
ion of 2-methylcyclohexanone and cis-2-methylcyclohexanol
as too time-consuming due to the flexibility and the bulky for
-ring.

. Conclusion

The racemic alcohols were converted into the correspond-
ng (S)-alcohols in good ee and chemical yield. However,
rtho-substituted chloro and bromo 1-phenylethanols did not
roceed. The result may be due to the steric hindrance by ortho-
ubstituents. This is the first report that the stereoinversions of
acemic alcohols using algae have been accomplished.

cknowledgment

This work was partially supported by Frontier Project “Adap-
ation and Evolution of Extremophile” and a Grant-in-Aid for
cientific Research (no. 18550142).

eferences
[1] S. Gladiali, E. Alberico, Chem. Soc. Rev. 35 (2006) 226.
[2] J.S.M. Samec, J.-E. Backvall, P.G. Andersson, P. Brandt, Chem. Soc. Rev.

35 (2006) 237.
[3] Y. Ma, H. Liu, L. Chen, X. Cui, J. Zhu, J. Deng, Org. Lett. 5 (2003)

2103.

[

[

atalysis B: Enzymatic 51 (2008) 19–23 23

[4] K. Nakamura, T. Matsuda, Reduction of ketones, in: K. Drauz, H. Wald-
mann (Eds.), Enzyme catalysis in Organic synthesis, vol. 3, Wiley-VCH,
Weinheim, 2002, p. 991.

[5] R.N. Patel, Curr. Opin. Biotechnol. 12 (2001) 587.
[6] U.T. Bornsceuer, C. Bessler, R. Srinivas, S.H. Krishna, Trends Biotechnol.

20 (2002) 433.
[7] J.W. Faller, A.R. Lavoie, Org. Lett. 3 (2001) 3703.
[8] Y. Nishibayashi, A. Yamauchi, G. Onodera, S. Uemura, J. Org. Chem. 68

(2003) 5875.
[9] S.K. Mandal, M.S. Sigman, J. Org. Chem. 68 (2003) 7535.
10] J.B. Arterburn, Tetrahedron 57 (2001) 9765.
11] K. Faber, Chem. Eur. J. 7 (2001) 5004.
12] O. Pamies, J.-E. Backvall, Trends Biotechnol. 22 (2004) 130.
13] C.C. Gruber, I. Lavandera, K. Faber, W. Kroutil, Adv. Synth. Catal. 348

(2006) 1789.
14] J. Hasegawa, M. Ogura, S. Tsuda, S. Maemoto, H. Kutsuki, Agric. Biol.

Chem. 54 (1990) 1819.
15] S. Matsumura, Y. Kawai, Y. Takahashi, K. Toshima, Biotechnol. Lett. 16

(1994) 485.
16] A.J. Carnell, G. Iacazio, S.M. Roberts, A.J. Willets, Tetrahedron Lett. 35

(1994) 331.
17] A. Goswami, K.D. Mirfakhrae, R.N. Patal, Tetrahedron: Asymmetr. 10

(1999) 4239.
18] S. Shimizu, S. Hattori, H. Hata, H. Yamada, Enzyme Microb. Technol. 53

(1986) 519.
19] S. Shimizu, S. Hattori, H. Hata, H. Yamada, Enzyme Microb. Technol. 9

(1987) 411.
20] S. Tuchiya, K. Miyamoto, H. Ohta, Biotechnol. Lett. 14 (1992) 1137.
21] D. Buisson, R. Azerad, C. Sanner, M. Lalcheveque, Biocatalysis 5 (1992)

249.
22] M. Takemoto, Y. Matsuoka, K. Achiwa, J.P. Kutney, Tetrahedron Lett. 41

(2000) 499.
23] E. Takahashi, K. Nakamichi, M. Furui, J. Ferment. Bioeng. 80 (1995) 247.
24] G. Fantin, M. Fogagnolo, P.P. Giovannini, A. Medici, P. Pedrini, Tetrahe-

dron: Asymmetr. 6 (1995) 3047.
25] S.X. Xie, J. Ogawa, S. Shimizu, Appl. Microbiol. Biotechnol. 52 (1999)

327.
26] J. Ogawa, S.X. Xie, S. Shimizu, Biotechnol. Lett. 21 (1999) 331.
27] S.X. Xie, J. Ogawa, S. Shimizu, Biosci. Biotech. Biochem. 63 (1999) 1721.
28] K. Nakamura, Y. Inoue, T. Matsuda, A. Ohno, Tetrahedron Lett. 36 (1995)

6263.
29] G.R. Allan, A.J. Carnell, J. Org. Chem. 66 (2001) 6495.
30] M. Takemoto, K. Achiwa, Tetrahedron: Asymmetr. 12 (1995) 2925.
31] M. Takemoto, K. Achiwa, Phytochemistry 49 (1998) 1627.
32] M. Takemoto, K. Achiwa, Chem. Pharm. Bull. 46 (1998) 577.
33] K. Nakamura, M. Fujii, Y. Ida, Tetrahedron: Asymmetr. 12 (2001) 3147.
34] T. Usukihara, O. Misumi, N. Kato, T. Kuroiwa, C.A. Horiuchi, Tetrahedron:

Asymmetr. 17 (2006) 1179.
35] R. Buruni, G. Fantin, A. Medici, P. Pedrini, G. Sacchetti, Tetrahedron Lett.
43 (2002) 3377.
36] K. Shimoda, N. Kubota, H. Hamada, S. Yanase, T. Hirata, Bull. Chem. Soc.

Jpn. 77 (2004) 2269.
37] T. Utsukihara, S. Watanabe, A. Tomiyama, W. Chai, C.A. Horiuchi, J. Mol.

Catal. B: Enzym. 41 (2006) 103.


	Stereoinversion of 1-arylethanols by Cyanidioschyzon merolae NEIS-1332
	Introduction
	Experimental
	General procedure of stereoinversion conditions
	Preparation of microbial culture

	Results and discussion
	Stereoinversion of 1-(4´-chlorophenyl)ethanol (1f) and 1-phenylethanol 1-d
	Stereoinversion of secondary alcohols
	Biotransformation of 2-methylcyclohexanone and cis-2-methylcyclohexanol

	Conclusion
	Acknowledgment
	References


