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a b s t r a c t

Candida antarctica lipase A (CALA) and Pseudomonas stutzeri lipase (PSL) displayed opposite enantioselec-
tivities in the acylation of 1,2-diphenylethanol and 1,2-diphenylethanamine. CALA was (S)-selective
while PSL was (R)-selective. In addition, fourteen different 1,2-diarylethanols were tested as the sub-
strates of CALA. It was found that most of them were accepted by CALA with high enantioselectivity.
The DKR of five representative substrates by the combination of CALA and a ruthenium-based racemiza-
tion catalyst provided good yields (82–91%) and acceptable enantiopurities (87–94% ee).

� 2012 Elsevier Ltd. All rights reserved.
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Figure 1. Faster-reacting enantiomer in the lipase-catalyzed transesterification of
secondary alcohols.
Among enzymes, lipases have been most frequently employed
as catalysts for enantioselective transformations in organic synthe-
sis.1 They accept a broad range of substrates and often display good
enantioselectivity. They are particularly useful in the kinetic reso-
lution (KR) of racemic alcohols and amines. The enzymatic KRs
provide two separated enantiomers with 50% theoretical maxi-
mum yield for each of them. The maximum yield can be improved
up to 100% if the enzymatic KR is coupled with in situ racemization
of substrate to transform all of the substrates to single enantio-
meric products. This process is called dynamic kinetic resolution
(DKR).2 In contrast to KR, DKR provides only one type of enantio-
mer (R or S) as the product depending on the stereospecificity of
enzyme employed. Accordingly, a pair of stereocomplementary en-
zymes should be available to prepare both (R)- and (S)-products via
DKR.3,4 We herein report that Candida antarctica lipase A (CALA)
and Pseudomonas stutzeri lipase (PSL) are a pair of stereocomple-
mentary enzymes for the resolution of 1,2-diarylethanols and
1,2-diarylethanamines.5

It has been known that most lipases have the same stereospec-
ificity. In the transesterification of simple secondary alcohols, for
example, lipases accept the enantiomer (1) shown in Figure 1
selectively if the substrate has one small and one relatively larger
substituent at the hydroxymethine center.6 According to the
empirical rule, lipases accept (R)-enantiomer (2) selectively in
ll rights reserved.

: +82 54 279 0654.
the transesterification of 1-phenylethanol. Interestingly, subtilisin
Carlsberg (SC, Bacillus licheniformis), a proteolytic enzyme, has been
known to accept (S)-enantiomer selectively in this case.7 The
empirical rule, however, is hardly applicable to sterically more
demanding secondary alcohols which have two similarly large sub-
stituents at the hydroxymethine center. As such a class of second-
ary alcohols, 1,2-diarylethanols 3a–o have one phenyl and one
benzyl at the hydroxymethine center (Fig. 2). In this case, it is dif-
ficult to tell which is the larger of two in terms of enzymatic
enantioselectivity. In this work, we indeed found that two lipases,
PSL and CALA, were opposite in the enantiopreference toward 1,2-
diarylethanols. PSL was (R)-selective so that it appears to recognize
the phenyl group as the larger substituent. In contrast to this, CALA
was (S)-selective.

The stereopreferences of PSL and CALA were explored with the
transesterification of 1,2-diphenylethanol (3a). The CALA-cata-
lyzed transesterification reaction was performed in the presence
of trifluoroethyl butyrate (TFEB) as an acyl donor in acetonitrile8
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Figure 2. 1,2-Diarylethanols.
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while the PSL-catalyzed reaction was carried out using vinyl buty-
rate (VB) as an acyl donor in toluene (Scheme 1).9 After the reac-
tions had been carried out to 48% conversion, acylated products
and unreacted substrates were separated to determine their enan-
tiopurities and optical rotations.8,9 It was found that the signs of
optical rotations for acylated products and recovered substrates
were opposite between two enzymatic reactions, indicating that
CALA is (S)-selective because the (R)–selectivity of PSL was previ-
ously reported.3d

The stereocomplementary relationship between PSL and CALA
was also found in the acylation of 1,2-diphenylethanamine (5)
which is isosteric to 1,2-diphenylethanol. The CALA-catalyzed acyl-
ation of 5 was best performed in the presence of trifluoroethyl
butyrate (TFEB) in acetonitrile (Scheme 2).10 In contrast to this,
the PSL-catalyzed acylation of 5 proceeded smoothly in the pres-
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ence of ethyl methoxyacetate (EMA) in toluene (Scheme 2).11 The
optical rotations of unreacted substrates from both reactions,
which were isolated at 40–41% conversion, gave opposite signs,
thus indicating that the stereopreferences of PSL and CALA were
opposite as well. It is noted that the selectivity of PSL was higher
(E = >200) than that of CALA (E = 22).

Previously, we reported that PSL accepted a wide range of 1,2-
diarylethanols with good enantioselectivity.3d For comparison in
substrate scope and stereospecificity between CALA and PSL, we
tested fourteen 1,2-diarylethanols (3b–o) as the additional sub-
strates of CALA in this work. Most of them reacted smoothly with
good to excellent enantioselectivity but two, 3i and 3j, were poorly
reactive, indicating that the substitution on 1-phenyl ring reduces
the reactivity significantly (Table 1). This is compared to the broad-
er specificity of PSL which tolerated the substitution on the 1-phe-
nyl ring well.3d It is particularly noted that in general a substitution
on the 2-phenyl ring and the replacement of 1-phenyl group by a
smaller ring (furyl) enhanced the enantioselectivity (compare 3a
with 3b–d or 3e–h, and also 3a,b,e,f,h with 3k–o, respectively).

As the stereocomplementary procedure to the PSL-catalyzed
DKR,3d CALA-catalyzed DKR was explored with five 1,2-diaryletha-
nols 3a,e–h (Table 2). Ru complex 8 was chosen as the racemiza-
tion catalyst. The Ru-catalyzed racemization of 3a in acetonitrile
turned out to be so sluggish. Accordingly, acetonitrile was replaced
by toluene for DKR to promote the racemization at the cost of
enzymatic activity and enantioselectivity. The DKR reactions were
performed with solutions containing substrate (0.1 mmol), 8
(4 mol %), CALA (60 mg), TFEB (1.5 equiv), and K2CO3 (1 equiv) in
toluene at room temperature for 48 h.14 Three portions of enzymes
(3 � 20 mg) were added periodically at t = 0, 12, and 36 h because
the enzymatic activity decreased gradually with time. All the DKR
reactions provided good yields (82–91%) with acceptable enantio-
purities (87–94% ee).
PSL
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Table 1
CALA-catalyzed transesterification of 1,2-diarylethanols (3b–o)a

Substrate Product ees (%) eep (%) Conv (%) Eb Substrate Product ees (%) eep (%) Conv (%) Eb

3b 4b 91 95 49 128 3i 4i ndc ndc 10d ndc

3c 4c 91 96 49 156 3j 4j ndc ndc 3d ndc

3d 4d 95 95 50 133 3k 4k >99 86 54 80
3e 4e 98 91 52 97 3l 4l >99 95 51 227
3f 4f 92 96 49 168 3m 4m >99 90 53 117
3g 4g 94 96 49 197 3n 4n >99 99 50 >400
3h 4h 94 96 49 187 3o 4o >99 96 51 271

a The values of optical rotation of unreacted substrates and acylated products are described in Refs. 12,13.
b E = ln[(1 � c)(1 � ees)]/ln[(1 � c)(1 + ees)] with c = ees/(ees + eep).
c Not determined.
d Determined by 1H NMR.

Table 2
DKR of 1,2-diarylethanols with CALA

OH
R

OCOPr
R

CALA

PrCO2CH2CF3

Ru
OCOAr

OC
OC

Ar
Ar

Ar

Ar
Cl

K2CO3, toluene
25oC, 48 h3a,e-h 4a,e-h

8 Ar = Ph-p-OMe

Entry Substrate Product Yielda (%) eeb (%)

1 3a 4a 90 89
2 3e 4e 90 87
3 3f 4f 91 91
4 3g 4g 82 93
5 3h 4g 84 94

a Determined by H NMR spectroscopy.
b Determined by HPLC using a chiral column (Whelk-O1, Merck).
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In summary, we have demonstrated that CALA and PSL are ste-
reocomplementary in the acylation reactions of 1,2-diphenyletha-
nol and 1,2-diphenylethanamine: CALA was (S)-selective but PSL
was (R)-selective. CALA accepted 1,2-diarylethanols with good to
high enantioselectivity but its substrate scope was relatively nar-
rower than that of PSL reported previously. The DKR of 1,2-diaryl-
ethanols by the combination of CALA with a ruthenium-based
racemization catalyst was successful. Further applications of CALA
and PSL to dynamic kinetic resolution are in progress at this
laboratory.
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