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Abstract

Asymmetric hydrolysis of enol acetates with enantiofacial protonation was investigated using plant cell cultures of
Marchantia polymorpha. The cells hydrolyzed cyclohexanone enol acetates with alkyl groups at a-position to the acetoxyl
group to give optically active ketones. Bulky substituent at a-position reduced optical yield of the product, and long side
chain (C > 3) or a bulky gem-dimethyl bridge reversed the stereoselectivity of protonation at enantiotopic face of the enol

intermediate. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Optically active a-substituted ketones are im-
portant chiral synthons in chemical synthesis.
Strategies for efficient generation of optically
enriched «a-substituted cycloalkanone were de-
veloped in conception of asymmetric protona-
tion of enolate compounds by enantioselective
protonation of metal enolates using chiral pro-
ton sources [1-4]; as an attack of a proton
occurs from one specified side of the double
bond of an enol intermediate, the resulting ke-
tone is optically active. Hydrolysis of enol es-
ters accompanied with enantiofacial protonation
of enol intermediates by use of microorganisms
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[5-7] and abzyme [8] as biocatalysts are very
attractive methods of achieving optically active
ketones.

In our recent studies, we observed a high
enantioselective hydrolysis of sec-acetates by
use of plant cell cultures of Marchantia poly-
morpha [9-11]. In connection with these stud-
ies, we have now applied the cultured cells of
M. polymorpha for the enantioface differentiat-
ing hydrolysis of «-alkylated cyclohexanone
enol acetates to produce optically active ke-
tones. This paper describes the specificity of the
hydrolysis using a number of substrates and the
effects of the introduction of bulky substituent
at the a-position of the acetoxyl group on the
stereoselectivity of the protonation of the enal
intermediate.
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2. Experimental
2.1. Analysis

Anaytical and prep. TLC (0.25-mm thick)
were carried out on silica-gel plates (Merck,
Type 60, GF,5,). GC analysis was performed by
using a capillary column (0.25 mm X 25 m)
coated by CP cyclodextrin 8 236M-19 with N,
as carrier gas (column temp., 100°C; split ratio
of 50:1; flow late of N,, 50 ml min~%). *H
NMR spectra were obtained on a JEOL GSX-
270 spectrometer using tetramethylsilane as an
internal standard in CDCl 5.

2.2. Substrates

Cyclohexanone enol acetates, 1-13, were
prepared by treatment of the corresponding
racemic a-alkylated ketoneswith perchloric acid
and acetic anhydride at room temperature [12].

1-Acetoxy-2-methylcyclohexene (1): 'H
NMR (CDCl,) & 1.51 (s, 3H, Me), 2.13 (s, 3H,
Ac); IR (nest) 1640 (C=C), 1750 (C=0) cm™ ™.
1-Acetoxy-2-ethylcyclohexene (2): 'H NMR
(CDCl,) 6 0.93 (t, 3H, Me), 1.92 (g, 2H,
—CH,-), 212 (s, 3H, Ac); IR (neat) 1690
(C=0), 1745 (C=0) cm™1. 1-Acetoxy-2-iso-
propylcyclohexene (3): *H NMR (CDCl,) &
0.92 (d, 6H, isopropyl Me), 2.13 (s, 3H, Ac),
2.70 (m, 1H, >CH—); IR (neat) 1685 (C=C),
1750 (C=0) cm™ ! 1-Acetoxy-2-t-butylcyc-
lohexene (4): *H NMR (CDCl,) 6 1.03 (s, 9H,
t-butyl Me), 2.06 (s, 3H, Ac); IR (neat) 1670
(C=0C), 1750 (C=0) cm~ 1. 1-Acetoxy-2-pro-
pylcyclohexene (5): *"H NMR (CDCl,) & 0.86
(t, 3H, Me), 1.37 (m, 2H, —CH ,—), 1.89 (t, 2H,
—CH,-), 213 (s, 3H, Ac); IR (neat) 1690
(C=C), 1750 (C=0) cm™ ! 1-Acetoxy-2-
butylcyclohexene (6): *H NMR (CDCl,) & 0.89
(t, 3H, Me), 2.13 (s, 3H, Ac); IR (neat) 1695
(C=C), 1745 (C=0) cm 1 1-Acetoxy-2-
pentylcyclohexene (7): *H NMR (CDCl,) &
0.88 (t, 3H, Me), 2.12 (s, 3H, Ac); IR (neat)
1690 (C=C), 1740 (C=0) cm ' (9-1-
Acetoxy-2-isopropyl-5-methylcyclohexene (8):

'H NMR (CDCl;) & 0.92 (d, 6H, isopropyl
Me), 0.97 (d, 3H, 5-Me), 2.12 (s, 3H, Ac), 2.70
(m, *H, >CH-); IR (neat) 1690 (C=C), 1745
(C=0) cm ' (R)-1-Acetoxy-2-isopropyl-5-
methylcyclohexene (9): *H NMR (CDCl,) &
0.91 (d, 3H, 5-Me), 2.11 (s, 3H, Ac); IR (neat)
1690 (C=C), 1750 (C=0) cm ' (9)-1-
Acetoxy-2-methyl-5-isopropylcyclohexene (10):
'H NMR (CDCl,) & 0.89 (m, 6H, isopropyl
Me), 1.24 (m, 'H, >CH-), 2.14 (s, 3H, Ac); IR
(neat) 1650 (C=C), 1760 (C=0) cm™*. (R)-1-
Acetoxy-2-methyl-5-isopropylcyclohexene (11):
'H NMR (CDCl,) & 0.89 (m, 6H, isopropyl
Me), 1.24 (m, 1H, >CH—), 2.14 (s, 3H, Ac); IR
(neat) 1650 (C=C), 1760 (C=0) cm™ % (1S
5R)-3-Acetoxy-2,6,6-trimethylbicyclo[3.1.1]-
hept-2-ene (12): *H NMR (CDCl,) 6 0.99 (s,
3H, gemMe), 1.28 (s, 3H, 2-Me), 1.53 (s, 3H,
gemMe), 2.14 (s, 3H, Ac); IR (neat) 1695
(C=C), 1750 (C=0) cm ' (1R59)-3-
Acetoxy-2,6,6-trimethylbicyclo[3.1.1]hept-2-ene
(13): *H NMR (CDCl,) & 0.99 (s, 3H, gem
Me), 1.28 (s, 3H, 2-Me), 1.53 (s, 3H, gem-Me),
2.14 (s, 3H, Ao); IR (neat) 1695 (C=C), 1750
(C=0)cm™*.

2.3. Preparation of a-alkylated ketones

(+)-2-Methylcyclohexanone (14), (+)-2-
ethylcyclohexanone (15), (4 )-2-t-butylcyclo-
hexanone (17) and ( 4 )-2-propylcyclohexanone
(18) were purchased from Wako Chemical (+)-
2-1sopropylcyclohexanone (16) was prepared
from 1-isopropylcyclohexene by hydroboration
[13] and then by oxidation of resulting alcohol
with pyridinium chlorochromate (PCC). (+)-2-
Butylcyclohexanone (19) and (4 )-2-pentyl-
cyclohexanone (20) were prepared from 2-
(ethoxycarbonyl)cyclohexanone by alkylation
with corresponding alkyl iodide, followed by
decarboxylation with conc. H,SO,, according
to the reported method [7]. (2R,5S)-2-Isopro-
pyl-5-methylcyclohexanone (21), [a]% + 28.0
(c 15 EtOH) {lit. [14]: [«]® —29.9 for
(2S5R)-isomer} was prepared by oxidation of
(1S,2R,55)-2-isopropyl-5-methylcyclohexanol
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with PCC, and (2R,5R)-2-isopropyl-5-methyl-
cyclohexanone (23), [« 1% +94.8 (c 1.0, EtOH)
{lit. [14]: [«]® +95.0} was purchased from
Aldrich Chemical. (2S55S)-2-Methyl-5-isopro-
pylcyclohexanone (25), [«]® —5.3 (c 2.3,
EtOH) {lit. [15]: [«]® —6.0} and (2S5R)-2-
methyl-5-isopropylcyclohexanone (27), [«]Z
—55.3 (c 1.0, EtOH) {lit. [16]: [«]® —56.5}
were prepared from (S)-2-methyl-5-(1-methyl-
ethenyl)cyclohex-2-en-1-one, [«]® +57.1
(neat) and (R)-2-methyl-5-(1-methylethenyl)
cyclohex-2-en-1-one, [«]& —60.1 (neat), res-
pectively, by reduction with zinc powder [17].

(1S,2S,5R)-2,6,6-Trimethylbicyclo[3.1.1]-
heptan-3-one (29), [« 1% +11.0 (c 1.0, CHCl,)
{lit. [18]: [« ]® +8.8}, and (1R, 2R, 55)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-one (30), [« ]®
—8.0 (c 1.0, CHCI ) were prepared by oxida
tion of (1S2S3S5R)- and (1R,2R,3R,59)-
2,6,6-trimethylbicyclo[3.1.1]heptan-3-ol with
PCC, respectively.
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2.4. Cultures and biotransformation conditions

The suspension cells of M. polymorpha were
prepared by the culture of M. polymorpha cells
[19] in MSK-II medium with continuous shak-
ing for 2 weeks. The cultured cells (30 g) were
added to a 300 ml conical flask containing 100
ml of MSK-IlI starvation medium (glucose
0.2%). To the flask containing the suspension
cells, the substrate (30 mg) was added. The
transformation was performed by incubating the
mixture at 25°C for 5 h on a rotary shaker (70
rpm) under illumination (1000 lux).

2.5. ldentification of the products

The incubation product was extracted with
ether and was subjected to chromatography on
silica gel with pentane-ethyl acetate (95:5, v /v)
to separate the products. The products were
identified by comparison of their TLC, GC, and
spectral data with those of authentic samples.
The absolute configurations and enantiomeric
purities of 14—20 were determined by CD-spec-
tra of the products and the peak area of GLC on
CP cyclodextrin 8 236M-19 column (Chro-
mpack). Diastereomeric excesses of 21-31 were
a so determined from the peak area of the corre-
sponding diastereomers by GLC analyses on CP
cyclodextrin B8 236M-19 column.

The CD data of the ketones, 14—20, were as
follows. 14: [0],5 + 946 (c 0.10, MeOH) {lit.
[20]: [6],55 —987 for R enantiomer}; 15: [0 ],g5
+ 307 (c 0.04, MeOH) {lit. [21]: [ 6 ] g5 + 2200};
16: [0 1,5 +549 (c 0.4, MeOH) {lit. [22]: [6],gg
+2126}; 17: [0],54 +152 (c 0.03, MeOH) {lit.
[23]: [6],gg + 1690};18: [6],54 — 775 (c 0.15,
MeOH) {lit. [20]: [0],g3 +2480 for S enan-
tiomer}; 19: [6],g — 1942 (c 0.24, MeOH); 20:
[0],6s —920 (c 0.04, MeOH).

Retention time for the ketones in the GLC
was the following: (S)- and (R)-14, 11.8 and
12.8 min; (S)- and (R)-15, 12.7 and 12.9 min;
(R)- and (S)-16, 23.8 and 24.0 min; (R)- and
(9-17, 18.1 and 18.4 min; (S)- and (R)-18,
27.7 and 27.9 min; (9)- and (R)-19, 59.8 and
60.2 min; (S)- and (R)-20, 72.1 and 72.8 min.
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3. Results and discussion

Cyclohexanone enol acetates with various
substituents at the «-position to the acetoxyl
group were subjected to the hydrolysis by a
suspension culture of M. polymorpha. When
1-acetoxy-2-methylcyclohexene (1) was used as
substrate, hydrolysis effectively occurred to give
(S)-2-methylcyclohexanone (14) in over 99%
yield with high enantioselectivity (> 99% e.e.),
as shown in Table 1. On the other hand, with
the enol acetate (2) having ethyl group at the
a-position to the acetoxyl group, the enan-
tiomeric purity of resulting ketone was drasti-
cally reduced (25% e.e.). Similarly, the hydroly-
sis of 1-acetoxy-2-isopropylcyclohexene (3) re-
sulted in low enantioselectivity (26% e.e.). The
substrate (4) with t-butyl group as the a-sub-
stituent was hydrolyzed in 25% yield, and the
protonation a «-position showed only poor
enantioselectivity (9% e.e.). These results indi-
cate that bulkiness of the akyl group at the
a-position to the acetoxyl group of the sub-
strates lowers the optical yield of the resulting
ketones, though the protonation of the enol in-
termediates from these substrates occurred pref-
erentialy from the same enantiotopic face of the
C=C bond.

Table 1
Hydrolyses of enol acetates by the cultured cells of M. polymor-
pha

Substrates  Products Conv. (%) ee. (%) Configuration?

1 14 > 99 >9 S
2 15 > 99 25 S
3 16 >99 26 R
4 17 25 9 R
5 18 >99 30 R
6 19 87 38 R
7 20 73 43 R
8 21 99 a® R
9 23 97 63° R
10 25 97 72° s
11 27 >99 3 s
12 29 > 99 >0 S
13 30 > 99 55° R

®Preferred configuration at the a-position to the carbonyl group of
the products.
® Diastereomeric excess.

Effect of the chain length of a normal alkyl
substituent at the «a-position to the acetoxyl
group on the enantioselectivity of the protona
tion was investigated. In the case of the sub-
strate (5) having propyl group as the a-sub-
stituent, the hydrolysis effectively proceeded in
99% vyield, and interestingly, the preferred con-
figuration of the resulting ketone was R (30%
e.e.). In the hydrolysis of the enol acetates (6
and 7) having butyl and pentyl groups, the
configurations of the resulting ketones were R.
These results demonstrate that the stereoselec-
tivity of the protonation of these enol intermedi-
ates is reversed by the chain elongation (C > 3)
of n-akyl group at the a-position to the ace-
toxyl group.

To clarify the effect of the akyl substituents
at other positions on the stereoselectivity, hy-
drolysis of monoterpene ketone enol acetates,
8-13, were examined. The preferred configura
tion at the a-position to the carbonyl group in
the pair of diastereomers obtained in the hydrol-
yses of 8 and 9 was R, as shown in Table 1;
stereosel ectivities of the protonation of the cor-
responding enol intermediate were identical to
the case of the hydrolysis of 1. In the hydroly-
ses of 10-12, the preferred configuration at the
a-position to the carbonyl group in the corre-
sponding diastereomeric pairs obtained was S
These results also show that the proton attack of
the enol intermediates occurs stereoselectively
at the same enantiotopic face as in the hydroly-
sis of 1. On the other hand, 13 was hydrolyzed
to (1R, 2R, 59)-2,6,6-trimethylbicyclo[3.1.1]-
heptan-3-one (30) and (1R, 2S 5S)-2,6,6-tri-
methylbicyclo[3.1.1]heptan-3-one (31) (77: 22);
in this case the preferred configuration at the
a-position to the carbonyl group was R. This
result indicates that the protonation of the enol
intermediate occurred preferentially from the
reverse side of the C=C bond, compared with
the case of hydrolysis of 1.

Thus, asymmetric hydrolysis of enol esters
has been realized with discrimination of the
enantiotopic faces of C—C double bond of the
enol intermediate by incubation with M. poly-
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morpha, and optically active a-substituted ke-
tones were prepared. It can be seen that in the
hydrolysis of substrates with long side chain
(C > 3) a a-position of the acetoxyl group, and
in the case of 13 with bulky gem-dimethyl
bridge at «-side of the enantioface, the protona-
tion occurred from the other side of the C-C
double bond, compared with the substrates hav-
ing short side chain.

It has been reported that the stereoselectivity
in the hydrolyses of «-substituted cyclohex-
anone enol acetates by yeast was not modified
by chain elongation of the akyl group a «-
position to the acetoxyl group [7]. Therefore, the
results obtained here apparently indicate that the
esterase in the M. polymorpha cell cultures
differs from that of yeast. Two explanations for
the inversion of enantioselectivity due to chain
elongation of a-substituent may be postulated:
two different enzymes with opposite stereose-
lectivities may exist in the cultured cells of M.
polymorpha, or the turn over of the substrate in
the active site of the enzyme occurs due to
steric hindrance by the substituent. Further in-
vestigations using the enzyme preparation from
the cultured cells of M. polymorpha are in
progress.
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