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Electronic effects of para-substitution on acetophenones
in the reaction of rat liver 3a-hydroxysteroid dehydrogenase
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Abstract—Stereoselective reductive metabolism of various p-substituted acetophenone derivatives was studied using isolated rat
liver 3a-hydroxysteroid dehydrogenase (3a-HSD). Kinetic experiments were performed and analyzed by measuring the products
by HPLC using a chiral column. The results demonstrated that the presence of an electron-withdrawing substituent on the benzene
ring plays an important role in determining the reduction rate in the syntheses of various (S)-alcohols from their corresponding car-
bonyl compounds. A plot of log {(Vmax/Km)X/(Vmax/Km)H} versus the substituent parameter (p, rpara, Es) shows an increasing rate
mainly for electron-withdrawing substituents, with a correlation coefficient (r2) of 0.97 which was obtained for triplicate data that
were significant at the p < 0.0001 level. With this in mind, new drugs can be designed that exploit this reduction pathway by intro-
ducing an electron-withdrawing group adjacent to the reduction site when a reduction reaction is desired, or by adding an electron-
donating group when minimization of the reduction pathway is desired.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Enzymatic asymmetric reduction with an in situ
NADPH-cofactor regeneration system using a 3a-hydroxyster-
oid dehydrogenase (3a-HSD) from rat liver (Rattus
norvegicus) is very important for producing optically ac-
tive alcohols and understanding the physiological phe-
nomena of the dehydrogenase.

Rat liver 3a-HSD is involved in steroid hormone metab-
olism,1 biosynthesis of bile acids,2 detoxification of car-
cinogenic polycyclic aromatic hydrocarbons,3 regulation
of inflammatory prostaglandin levels,4 detoxification of
xenobiotic carbonyl compounds1,5 and the metabolism
of narcotic drugs as a drug-metabolizing enzyme.6 This
enzyme also plays an important role in the intracellular
transport of bile acids from the sinusoidal to the canalic-
ular pole of hepatocytes as a bile acid binder.7 Despite
its broad substrate specificity for carbonyl compounds,
ketone-containing drugs such as daunorubicin, keta-
mine, warfarin and metyrapone were not reduced by
the present enzyme. Thus, systematic studies of the rela-
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tionships between structure and reducibility need to be
performed.

In the course of our studies, we found that 2-, 3- and 4-
acetyl pyridine derivatives were reduced by rat liver 3a-
HSD at various rates.8 Therefore, we assumed that the
reduction rate was affected by the electron density of
the carbonyl group. Thus, in this study, we report the
substituent effects on the mechanism of reduction of
acetophenone derivatives that were contained in the
number of the structure of the drug, using rat liver
3a-HSD (Scheme 1).
2. Results and discussion

We employed nitro, cyano, bromo, methyl, methoxyl
and dimethylamino groups as substituents at the para-
Scheme 1. Reduction of acetophenone derivatives by rat liver

3a-HSD. X = H (a); NO2 (b); CN (c); Br (d); Me (e); OMe (f); NMe2 (g).
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position of acetophenone. All of the acetophenone
derivatives were reduced enantioselectively by rat liver
3a-HSD to give (S)-alcohols. The stereochemistry of
the formed alcohol was determined by comparison of
the HPLC retention time of the product with synthe-
sized authentic samples. The reaction rates were fol-
lowed by Michaelis–Menten plots (Fig. 1), and the
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Figure 1. Michaelis–Menten plots and Hanes–Woolf plots of the reduction of

CN (c); Br (d); Me (e); OMe (f); NMe2 (g). Values are presented as means ±
steady-state kinetic parameters of reduction of aceto-
phenone derivatives 1a–g were measured and are sum-
marized in Table 1.

The kinetic parameters depend on the type of the
substituent. The data show that the introduction of
an electron-withdrawing group such as a nitro (1b),
0 10 20 30 40 50 60 70 80 90 100 110
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

[S] (μM)
v 

(μ
m

ol
/m

g
pr

ot
ei

n/
m

in
)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5
0.00

0.05

0.10

0.15

0.20

0.25

0.30

[S] (mM)

v
(μ

m
ol

/m
g

pr
ot

ei
n/

m
in

)

0 5 10 15 20 25 30 35 40 45
0.000

0.001

0.002

0.003

0.004

0.005

0.006

[S] (mM)

v
(μ

m
ol

/m
g

pr
ot

ei
n/

m
in

)

5 6 7 8 9 10 11

R-form
S-form

[S] (mM)

p-substituted acetophenones by rat liver 3a-HSD. X = H (a); NO2 (b);

SEM of triplicate assays.



Table 1. Variation in the kinetic parameters in the reduction of p-substituted acetophenone derivatives by rat liver 3a-HSD

Substrate Product Kinetic parameters Physical parameters

Km
a Vmax

b Vmax/Km
c Ratiod rpara p Es

NO2 (1b) 2b (S) 0.02 1.132 61689.37 N.Dr.f 0.78 �0.28 �2.52

2b (R) N.Dc.e N.Dc.e N.Dr.f

CN (1c) 2c (S) 0.11 1.084 9442.51 N.Dr.f 0.66 �0.57 �0.51

2c (R) N.Dc.e N.Dc.e N.Dr.f

Br (1d) 2d (S) 10.35 0.315 30.56 N.Dr.f 0.23 0.86 �1.16

2d (R) N.Dc.e N.Dc.e N.Dr.f

H (1a) 2a (S) 10.40 0.510 49.00 N.Dr.f 0 0 0

2a (R) N.Dc.e N.Dc.e N.Dr.f

Me (1e) 2e (S) 27.71 0.200 7.21 7.13 �0.17 0.56 �1.24

2e (R) 13.20 0.013 1.01

OMe (1f) 2f (S) 5.59 0.005 0.97 N.Dr.f �0.27 �0.02 �0.55

2f (R) N.Dc.e N.Dc.e N.Dr.f

NMe2 (1g) 2g (S) 21.85 0.009 0.41 4.56 �0.83 0.18 �999

2g (R) 19.22 0.002 0.09

a mM.
b lmol (mg protein)�1 min�1.
c lL (mg protein)�1 min�1.
d (Vmax/Km)S/(Vmax/Km)R.
e N.Dc: Not detected.
f N.Dr.: Not determined.
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cyano (1c) or bromo (1d) substituent to the benzene
ring enhanced the reduction rate, whereas introduction
of an electron-releasing group such as an N,N-dimeth-
ylamino (1g), methoxyl (1f) or methyl (1e) substituent
to the benzene ring lowered the rate. These results
indicate that the reaction rate depends on the electron
density of the carbonyl carbon of the acetophenone.
Figure 2a shows the Hammett plots for the reduction
of substituted acetophenones using rat 3a-HSD, con-
sisting of plots of log{(Vmax/Km)X/(Vmax/Km)H} versus
values (�0.52p + 3.83rpara � 0.001Es � 0.30) that were
calculated by the least-square method. The plots af-
ford a straight line with a slope of q = +1.00 (correla-
tion coefficient (r2) = 0.97). These plots showed that
the reduction of para-substituted acetophenones by
Figure 2. (a) Correlation between log{(Vmax/Km)X/(Vmax/Km)H} values and c

of p-substituted acetophenone derivatives by rat liver 3a-HSD. (b) Correl

reduction of para-substituted acetophenone derivatives by rat liver 3a-HSD.
rat liver 3a-HSD is strongly influenced by the electron
density of the carbonyl carbon of the acetophenone
but not by the hydrophilicity or size of the
substituent.

These data provide some insight into the reaction mech-
anism for hydride transfer during the enzymatic reac-
tion. The plots of log{(Vmax/Km)X(Vmax/Km)H} versus
rpara also show linear correlations (Fig. 2b). The posi-
tive q (+3.3) value indicates that a d� charge was gener-
ated at the phenyl carbon adjacent to the carbonyl
group generating in the transitional state (compared to
the initial state). Mechanistic studies using Hammett
plots of the hydride transfer reactions in chemical9–14

and enzymatic15 systems have been reported. Relatively
alculated values (�0.52p + 3.83rpara � 0.001Es � 0.30) in the reduction

ation between log{(Vmax/Km)X/(Vmax/Km)H} values and rpara in the
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low q values (0.7–1.2) were observed in the reduction of
aryl ketones by crude carbonyl reductases of the human
liver.15 In the chemical reaction systems, low q values
were reported for the Meerwein–Ponndorf–Verly
(MPV) reaction by supercritical 2-propanol9 (q + 0.33)
and moderate q values were seen in the MPV reaction
by metal alkoxide (q + 1.3–1.7)10–12 and in the metal hy-
dride reaction13,14 (q + 1.9–3.1). Our present results
indicate that enzymatic reduction shows q values that
are similar to those with the MPV reaction by supercrit-
ical 2-propanol. In the present reaction, the enzyme dis-
plays an ordered bi–bi kinetic mechanism in which
binding of the nicotineamide cofactor is an obligatory
requirement before substrate can bind, and direct hy-
dride transfer occurs from the C4 position of the nicoti-
neamide ring to the acceptor carbonyl of the substrate
which is protonated by Y55 that acts as a general acid,
and this chemical event would be the rate limiting step.16

Thus, the strength of the acidity of the Y55 may also
contribute to determination of the rate of the carbonyl
reduction.

In any case, our findings show that acetophenone deriv-
atives containing an electron-withdrawing group at the
para position were reduced faster than those with an
electron-donating group. This indicates that the reduc-
tive metabolism of drugs having aromatic ketones, such
as haloperidol, depends on the substituent at the para
position of the aromatic ring, and an electron-withdraw-
ing group promotes the metabolism.

The abnormally large Vmax/Km values of the nitro and
cyano derivatives (1b and 1c) can be explained by the
relatively small Km value of the substrate. The Km value
increased according to the increase in the electron-
donating property of the substituent, except for the case
of the methoxy group. This suggests that the enzyme has
an amino acid residue(s) that can interact with the oxy-
gen moiety at the para position of the substrate. In that
case, nitro (1b) and methoxy substrates (1f) will show
smaller Km values compared to the other substrates.

The influence of the electronic effects on the enantiose-
lectivity can be surmised by comparison of the Vmax/
Km value of the S-enantiomer with that of R. The
enantioselectivity of the reduction is subject to a remote
electronic effect on the substrate ketones. As seen in the
‘ratios’ presented in Table 1, R-enantiomers were not
recognized at all on HPLC in the reduction of elec-
tron-withdrawing moiety substituted acetophenones.
However, reduction of electron-donating methyl-(1e)
and N,N-dimethyl-(1g) substituted acetophenones gave
(R)-enantiomers at a relatively higher ‘ratio’. Thus, ke-
tones with an electron-withdrawing group in the
para-position of the aromatic ring might better afford
enantioselectively reduced alcohols compared to elec-
tron-donating groups.
3. Conclusions

This study demonstrated an electron-withdrawing effect
on the reduction rate in enzymatic conversion of car-
bonyl compounds to the corresponding alcohols. With
this in mind, new drugs can be designed that exploit this
reduction pathway by introducing an electron-with-
drawing group adjacent to the reduction site when a
reduction reaction is desired or by adding an electron-
donating group when minimization of the reduction
pathway is desired.
4. Materials and methods

4.1. Chemicals

Para-nitro- and methoxy-acetophenones and acetophe-
none were purchased from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). Para-cyano- and N,N-
dimethylacetophenones were purchased from Tokyo
Kasei Kogyo Co., Ltd. (Tokyo, Japan). Para-bromo-
and methyl- acetophenones were purchased from Naka-
rai Tesque, Inc. (Kyoto, Japan). NADP+ and glucose
6-phosphate (G-6-P) were procured from Nacalai Tes-
que, Inc. Glucose-6-phosphate dehydrogenase (G-6-P-
D) was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). All other chemicals and solvents were of the
highest commercially available grade.
4.2. Instruments

All chemical reactions were conducted in oven-dried
glassware. Silica gel 60 (70–230 mesh, ASTM, Merck)
was used for column chromatography. Precoated Kie-
selgel 60F-254 plates (0.25 mm, Merck) were used for
TLC analysis, and the spots were detected by the
absorption of UV light at 254 nm by spraying anisalde-
hyde–sulfuric acid reagent followed by heat treatment.
Optical rotations were measured on JASCO DIP-360
polarimeters. 1H- and 13C-NMR spectra were recorded
on JEOL JNM EX270 (270 MHz), JEOL JNM 400
(400 MHz) and JEOL JNM 600 (600 MHz) spectrome-
ters. Mass spectra were recorded on JEOL JMS DX-
303/JMA-DA 5000 spectrometers. The quantitative
analyses, enantiomeric excess (ee) and absolute configu-
rations of the alcohols were determined by HPLC using
a Waters 510 HPLC Pump (Waters, Milford, MA,
USA) that was equipped with a chiral column. The elu-
ate was monitored at 254 nm using a Waters 486 Tun-
able Absorbance Detector (Waters, Milford, MA,
USA). Chromatographs were recorded using a Chro-
matocorder 21 (S.I.C., Tokyo, Japan).
4.3. Synthesis of authentic samples of reduced aryl
ketones

Alcohols were synthesized by reducing the aryl ketones
with NaBH4 (0.25 mol equivalent) followed by purifica-
tion by silica gel column chromatography. The pro-
duced alcohols were subjected to lipase catalyzed
transesterification to afford chiral alcohols, and their
optical rotatory powers were referenced to the reported
data.
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4.4. Enzyme purification

Rat liver 3a-HSD was isolated, and the reductase activ-
ity was assayed according to our previously reported
method.8

4.5. Protein quantification

The protein concentration was determined by the meth-
od of Bradford et al.17 with bovine serum albumin as the
standard.

4.6. Reduction of aryl ketones by rat liver 3a-HSD
(general procedure)

A typical incubation mixture consisted of 10 mM so-
dium potassium phosphate buffer (PBS, pH 7.4), an
NADPH-generating system (1.3 mM NADP, 10 mM
G-6-P, 0.04 U/mL of G-6-P-D and 5 mM MgCl2) and
rat liver 3a-HSD in a total volume of 400 lL. The pro-
tein content and reaction time were predetermined based
on linearity between the rat liver 3a-HSD concentration
and the reaction time, and the metabolite-formation rate
(Table 2). Each experiment was performed in triplicate.
The mixture was preincubated for 3 min at 37 �C in air.
The reaction was initiated by addition of 100 lL of a
solution of the substrate in PBS. After incubation at
37 �C for the indicated time (Table 2), 500 lL of a solu-
tion of the internal standard (Table 2) in AcOEt was
added to stop the reaction. The mixture was extracted
with AcOEt and centrifuged at 6750g for 5 min. The
organic layer was transferred to another tube and con-
centrated in vacuo. The residue was dissolved in 50 lL
of the solvent used as the mobile phase in the HPLC
analyses, and 10 lL of the solution was subjected to
HPLC analysis. The metabolite was quantified by com-
paring the HPLC peak area that was monitored at
254 nm to that of the internal standard.

4.7. HPLC conditions

4.7.1. 1-Phenylethanol (2a). A Chiralcel OD-H column
(4.6 · 250 mm, 5 lm; Daicel Chemical Industries, Ltd.)
was used and eluted with n-hexane-2-propanol (49:1 v/
v) at 1.0 mL/min. tR = 16.9 min for (R)-1-phenylethanol,
and tR = 21.1 min for (S)-1-phenylethanol.

4.7.2. a-Methyl-p-nitrobenzyl alcohol (2b). A Chiralpak
AD-H column (4.6 · 250 mm, 5 lm; Daicel Chemical
Industries, Ltd.) was used and eluted with n-hexane-2-
Table 2. The reaction conditions for substrates (–NO2, –CN, –Br, –H,

–Me, –OMe, –NMe2)

Time

(min)

Protein

(lg protein/mL)

Internal standard

–NO2 5 12 3-Acetylpyrrole

–CN 10 7.5 2,6-Diacetylpyridine

–Br 12 20 2,6-Diacetylpyridine

–H 30 50 2,6-Diacetylpyridine

–Me 30 30 2,6-Diacetylpyridine

–OMe 60 75 2-Acetylpyrrole

–NMe2 40 50 3-Acetylpyrrole
propanol (97:3 v/v) at 0.5 mL/min. tR = 35.0 min for
(R)-a-methyl-p-nitrobenzyl alcohol, and tR = 36.2 min
for (S)-a-methyl-p-nitrobenzyl alcohol.

4.7.3. a-Methyl-p-nitrilebenzyl alcohol (2c). A Chiralcel
OJ-H column (4.6 · 250 mm, 5 lm; Daicel Chemical
Industries, Ltd.) was used and eluted with n-hexane-2-
propanol (9:1 v/v) at 1.0 mL/min. tR = 16.92 min for
(R)-a-methyl-p-nitrilebenzyl alcohol, and tR = 14.33 min
for (S)-a-methyl-p-nitrilebenzyl alcohol.

4.7.4. a-Methyl-p-bromobenzyl alcohol (2d). A Chiralcel
OJ-H column (4.6 · 250 mm, 5 lm; Daicel Chemical
Industries, Ltd.) was used and eluted with n-hexane-2-
propanol (95:5 v/v) at 0.5 mL/min. tR = 15.85 min for
(R)-a-methyl-p-bromobenzyl alcohol, and tR = 14.76
min for (S)-a-methyl-p-bromobenzyl alcohol.

4.7.5. a-Methyl-p-methylbenzyl alcohol (2e). A Chiralcel
OJ-H column (4.6 · 250 mm, 5 lm; Daicel Chemical
Industries, Ltd.) was used and eluted with n-hexane-2-
propanol (95:5 v/v) at 0.5 mL/min. tR = 16.11 min for
(R)-a-methyl-p-methylbenzyl alcohol, and tR = 14.23
min for (S)-a-methyl-p-methylbenzyl alcohol.

4.7.6. p-Methoxy-a-methylbenzyl alcohol (2f). A Chiral-
cel OD-H column (4.6 · 250 mm, 5 lm; Daicel Chemical
Industries, Ltd.) was used and eluted with n-hexane-2-
propanol (98:2 v/v) at 1.0 mL/min. tR = 28.28 min for
(R)-p-methoxy-a-methylbenzyl alcohol, and tR = 22.46
min for (S)-p-methoxy-a-methylbenzyl alcohol.

4.7.7. p-Methoxy-a-methylbenzyl alcohol (2g). A Chir-
alpak AS-H column (4.6 · 250 mm, 5 lm; Daicel
Chemical Industries, Ltd.) was used and eluted with n-
hexane-2-propanol (9:1 v/v) at 1.0 mL/min. tR =
9.29 min for (R)-p-methoxy-a-methylbenzyl alcohol,
and tR = 13.78 min for (S)-p-methoxy-a-methylbenzyl
alcohol.
4.8. Analysis of kinetic data

The maximum velocity (Vmax) and Michaelis–Menten
constant (Km) were calculated from Hanes–Woolf plots
using the untransformed kinetic data and a personal
computer.
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