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Introduction

The simultaneous achievement of high enantioselec-
tivity and broad substrate specificity is one of the most
important aspects of chiral catalysts. Recent experimen-
tal results® and mechanistic studies? indicate that even
an enzyme can exert high enantioselectivity that is
compatible with broad substrate specificity. A carbonyl
reductase that we have purified from bakers’ yeast (BY,3
Saccharomyeces cerevisiae) exhibits high enantioselectivity
for a variety of ketones including a-chloro ketone, a-ac-
etoxy ketone, a- and $-keto esters, and S-diketones.* This
carbonyl reductase is a monomeric, NADPH-dependent
enzyme with a molecular mass of ca. 37 kDa, although
its natural substrate and function are unknown. BY is a
useful biocatalyst,® partly because such an enzyme,
capable of showing broad substrate specificity, is con-
tained in the cells. Although many reductases have been
isolated from BY® and other organisms,” little is known
about the scope and limitation of substrate specificity of
isolated enzymes. In this paper, we report that the
potential capabilities of this enzyme as a versatile chiral
biocatalyst are promising and even surprising.

Results and Discussion

The purification of the enzyme and asymmetric reduc-
tions were carried out according to the procedures
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reported previously.* The glucose-6-phosphate (G6P)/
glucose-6-phosphate dehydrogenase (G6PDH) system?®
was used to regenerate a catalytic amount of NADPH in
the enzymatic reductions. Under the reaction conditions
employed, the enzyme and NADPH make approximately
30 000 and 100 turnovers at 100% conversion, respec-
tively.* The results of the asymmetric reductions using
the purified enzyme or the BY whole cells are sum-
marized in Table 1, where the previously reported results
are also shown for comparison.

The enzymatic reductions showed higher enantio-
selectivity than the corresponding whole-cell reductions
in most cases, and 13 out of 20 alcohols obtained in the
former had the enantiomeric purity of more than 98%
enantiomeric excess (ee) (Table 1). The selectivity was
even inverted by using the purified enzyme as compared
with the corresponding whole-cell reductions (entries 12—
16 and 19). The isolated yields for some ester-containing
alcohols were higher in the enzymatic reductions than
in the corresponding whole-cell reductions (entries 5—8,
11, 13, 16—17, and 20), partly because hydrolases that
cleave the ester bond of the substrates and/or the reduced
products were not contained in the enzymatic reductions.
The isolated yields for 32 and 35 in the enzymatic
reductions were very low, which is due to the relatively
low enzymatic activity for 12 and 15.

Optically active alcohols useful for organic synthesis
were obtained by the enzymatic reductions. Some of them
have been used as chiral building blocks for natural
products and biologically active compounds: e.g., (R)-34
for fluoxetine,® (S)-35 for dihydrokawain,® (S)-36 for
xestospongin A,!* and (S)-37 for pyrenophorin.’? The
antipodal enantiomer of (S)-32 has been used in the
syntheses of compactin analogues.'®* Compounds (R)-22
and (S)-26 are applicable to the syntheses of chiral host
molecules.* As shown in Table 1, both aliphatic and
aromatic ketones were successfully transformed. Not only
o- and S-keto esters 9—16 but also y-keto ester 17 were
converted to the corresponding alcohols in high enantio-
meric excesses. Entries 2, 6, and 12 indicate that olefin
is inert for the enzyme. Previously, we have observed that
the enzymatic reductions of a-chloro ketone 1 and a-ac-
etoxy ketone 5 give (R)-21 and (S)-25, respectively. In
this study, a-chloro ketones 2—4 were reduced to the
corresponding (R)-alcohols, while a-acetoxy ketones 6—8
were reduced to the corresponding (S)-alcohols. Thus, this
single reductase can afford the derivatives of both enan-
tiomers of 1,2-diols in a manner that is dependent on the
a-substituent (Cl or OAc).
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Table 1. Asymmetric Reduction of Carbonyl Compounds Using the Purified Reductase and BY Whole Cells?

reduction purified reductase whole cells
entry substrate product % yield (% ee) RIS % yield (% ee) RS  ref
(¢] QH
1 N PN O~ 21 64 (>99) R 74(80) R 4
0 QH .
2 cl Z 2 C AN 22 83 (>98) R 79(51) R  this
(0] QH
3 CI\/"\© 3 Ay B 49 (88) R 59(66) R this
o} QH .
4 uw 4 cu\/\/© 24 80 (>99) R 61(31) R this
(o] QH
5 A~ 0AC 5 A AALDOAC 25 80 (98) S 52(96) S 4
o QH _
6 B OAc ¢ AALAC 26 43 (>98) S 32 (35) S this
i OA 4
7 @/"v c 7 @/’VOAG 27 84 (9%6) S 75(94) S this
Q QH .
8 QI _oac s X oac 28 9 (85) S 44 (83) S this
Q (QH
9 Acoer o A COEt 29 41(>99) S 65(93) S 4
0] (;)H )
10 EtOZC)l\© 10 Etozc"\© 30 79 (95) R 99 (91) R this
(o] OH
11 M _coMe 4 _A_COMe 4, 64 (>99) S 49097) S 4
(@] QH .
12 I COEL 12 A~A~-COEt 32 22(>99) S 70 (59) R this
o QH .
13 c M _Co.Et 13 CI~A_-COsEt 33 84 (98) R 52 (1) S this
R 1§ 51(88) S th
14 @/“\,cozEt 14 @/’\,COZEt 34 43(72) R 1(8 this
15 i 4 8(>98) S 16 (64) R this
@/\)l\/COZMe 15 @/\;\,cozm 35 >
(o] OH .
16 gl ~~J_COsEt 16 Gl ~A_COEt 3¢ 52 (90) S 10(62) R  this
R 4 36(>99) S thi
17 )j\Acone . A~coe 37 9GS (>99) is
O 0 QH O
18 NI 48 X 38 69 (>99) S 35(8) S 4
00 QHO
19 ch AN 19 h AN 39 19 (>99) R 4G4 S 4
o 0 O OH
20 M 0Ae 20 A A 0AC 40 65(68) S 33(65) S 4

a For the reaction conditions and procedures, see ref 4 or Supporting Information.

To understand the stereochemical trend in the enzy-
matic reductions, all the products in Table 1 are drawn
in such a way that the g-face of the carbonyl group in
the substrates is attacked by NADPH. The enzymatic
reductions of 1-6, 9, 11-13, and 17—20 yielded the
Prelog-type alcohols; the right-hand moiety of the prod-
ucts is bulkier than the left-hand moiety.®> The enantio-
meric purity of these products was high in most cases.

Although we have previously reported that the present
reductase is one of the enzymes that contribute to
Prelog’s rule,* the anti-Prelog-type alcohols 7—8 and 14—
16 were also obtained in this study; the left-hand moiety
is bulkier than the right-hand moiety. It should be noted
that all of the anti-Prelog-type alcohols possess an ester
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group. These results (Table 1) can be most simply
explained by assuming a binding pocket that can accom-
modate, in order of affinity, either an ester group or a
hydrophobic substituent. In the case of substrates 16,
9, 11-13, and 17—20, an ester group or a bulkier
substituent (the right-hand moiety in each structure in
Table 1) might be preferentially accommodated in the
binding pocket, with the carbonyl group oriented as
shown in Table 1. The 5-face attack of the carbonyl group
by NADPH would produce a Prelog-type alcohol. In the
case of substrates 7—8, 10, and 14—16 having an ester
group on one side and a bulkier substituent on the other
side, the competitive binding of both substituents could
occur, resulting in the ambiguous recognition of the
enantioface of the carbonyl group; however, except for
10, the binding of an ester group could predominate
considerably over that of the bulkier substituent, giving
an anti-Prelog-type alcohol. Table 1 suggests that enan-
tioselectivity increases as the putative binding abilities
of the two substituents flanking the carbonyl group are
unbalanced.

In conclusion, the present enzyme, showing high enan-
tioselectivity and broad substrate specificity simulta-
neously, is promising as a versatile biocatalyst for the
asymmetric reduction of carbonyl compounds. The enzy-
matic reductions afforded useful alcohols and exhibited
the interesting stereochemical trend.

Experimental Section

General. 'H and 3C NMR spectra were measured in CDCl3
at 200 and 50 MHz, respectively. Silica gel column chromatog-
raphy was performed using Fuji Silysia BW-127 ZH (100—270
mesh), and TLC was performed on Merck silica gel 60 Fasa.
G6PDH (from BY, lyophilized powder) and the molecular-weight
marker for SDS—PAGE (lysozyme (14 kDa), f-lactoglobulin (18
kDa), trypsinogen (24 kDa), ovalbumin (45 kDa), albumin (66
kDa)) were purchased from Sigma. The pressed BY, NADPH,
NADP*, and G6P were purchased from Oriental Yeast Company.
Purification of the enzyme and asymmetric reductions were
performed as described previously.* The purity of the enzyme
was examined by SDS—PAGE. All compounds have been re-
ported elsewhere. f3-Keto esters 12,22 15,16 and 16! were
prepared according to the literature. Although synthetic methods
for a-chloro ketones 2'7 and 418 and a-acetoxy ketones 6,%° 7,20
and 8%' have been reported, a-chloro ketones 2 and 4 were
prepared by a different method,??2 and a-acetoxy ketones 6, 7,
and 8 were prepared from 2, 3, and 4, respectively, as described
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Notes

previously.* Ketones 3, 10, 13, 14, and 17 were purchased.
Alcohols 22,23 23,24 24,25 26,26 27,20 28,21 30,27 32,13 33,28 34,29
35,10 36,1 and 373 were characterized according to the litera-
ture. Bakers’ yeast reductions of 3 (90% ee, R),%* 7 (94% ee, S),%°
8 (72% ee, S),21 10 (82% ee, R),3! 12 (43% ee, R),:2 13 (55% ee,
S),28 14 (87—-93% ee, S),° and 15 (80% ee, R)1° have been reported
by other researchers.

Determination of Enantiomeric Purities and Absolute
Configurations. The enantiomeric purities of alcohols 23, 24,
32, and 37 (acetate derivative) were determined by GC with a
CP-cyclodextrin-$-2,3,6-M-19 capillary column (Chrompack). The
enantiomeric purities of alcohols 30, 34, and 35 were determined
by HPLC without derivatization. For the determination of the
enantiomeric purities of other alcohols, derivatization was
necessary. Alcohols 22 and 26 were converted to the correspond-
ing tosylates. Alcohols 27 and 28 were converted to the corre-
sponding diol and diacetate derivatives, respectively. Alcohols
33 and 36 were converted to the corresponding MTPA esters.
They were then analyzed by HPLC with the following chiral
columns (Daicel Chemical Industries): Chiralpak AD-H (22),
Chiralcel OB—H (26, 27, 30, 34), and Chiralcel OD-H (28, 33,
35, 36). The absolute configurations of all the optically active
alcohols except 22 were determined by comparing the sign of
their specific rotations with that of the reported specific rota-
tions. The absolute configuration of 22 was determined to be
(R) by the stereochemical trend of the reductase as discussed
above. Details are given in the Supporting Information.
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