
MOLECULAR PHARMACOLOGY, 28:62-71

All rights of reproduction in any form reserved. 62

Stereoselective Metabolism of 7-Chlorobenz(a)anthracene by Rat Liver

Microsomes

Absolute Configurations and Optical Purities of trans-Dihydrodiol Metabolites

PETER P. FU, LINDA S. VON TUNGELN, AND MING W. CHOU

National Center for Toxicological Research, Jefferson, Arkansas 72079

Received January 14, 1985; Accepted April 16, 1985

SUMMARY

Metabolism of 7-chlorobenz(a)anthracene (7-Cl-BA) by liver microsomes from untreated
rats, and from rats pretreated with either 3-methylcholanthrene or phenobarbital was

studied. The metabolites were isolated by HPLC and characterized by UV-visible, mass,
and proton NMR spectral analyses and identified as 7-Cl-BA trans-3,4-, 5,6-, and 8,9-

dihydrodiols, 3-hydroxy-7-Cl-BA, and 4-hydroxy-7-Cl-BA. Proton NMR spectral analysis
indicated that 7-Cl-BA trans-3,4-dihydrodiol preferentially adopted a quasidiequatorial

conformation while trans-5,6- and 8,9-dihydrodiols preferentially adopted a quasidiaxial
conformation. Comparison of circular dichroism spectra with those of 7-bromo-
benz(a)anthracene trans-dihydrodiol metabolites of known absolute stereochemistry

indicated that the major enantiomeric 7-Cl-BA trans-3,4-, 5,6-, and 8,9-dihydrodiols had
R,R absolute configuration. Application of chiral stationary phase HPLC for direct
resolution of the trans-dihydrodiols and their hydrogenated and dechlorinated derivatives

enabled determination of the optical purity of each dihydrodiol metabolite obtained from
the three microsomal systems. In vitro incubation of 7-Cl-BA under molecular oxygen-
18 produced 7-Cl-BA trans-3,4-, 5,6-, and 8,9-dihydrodiols, each containing one oxygen-

18 atom. Mass spectral analysis of the dehydration products of the oxygen-18-containing
trans-dihydrodiol metabolites indicated that 7-Cl-BA 3S,4R-epoxide and 7-Cl-BA 8R,9S-

epoxide were the predominant enantiomeric intermediates.

INTRODUCTION

Polycyclic aromatic hydrocarbons require metabolic
activation to exert their biological activities, including
mutagenicity and carcinogenicity. This metabolism oc-
curs in a highly stereoselective manner (1-8), and it is
known that structural features of the PAH substrates
can affect both the regio- and stereoselectivity of this
process (1-8). In vitro hepatic microsomal metabolism of

PAHs’ in general produces trans-dihydrodiols as major
metabolites, and the trans-dihydrodiol enantiomers have

been found to exhibit markedly different biological activ-
ities (1). Both methyl and fluoro substituents have long
been employed to study the structure-activity relation-

Part of this work was presented at the annual meeting of the

American Association for Cancer Research, Toronto, Canada, May 22-

25, 1984.

I The abbreviations used are: PAH, poiycyclic aromatic hydrocarbon;

7-F-BA, 7-chlorobenz(a)anthracene (other halogenated benz(a)an-

thracenes are similarly designated); 7-Cl-BA trans-3,4-dihydrodiol,

trans-3,4-dihydroxy-3,4-dihydro-7-Cl-BA (other dihydrodiols are sim-

ilarly designated); BA, benz(a)anthracene; 3-MC, 3-methylchoian-

threne; THF, tetrahydrofuran; HPLC, high performance liquid chro-

matography; psig, pound/sq. inch.
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ships of PAHs. Recent metabolic studies using rat liver

microsomes have shown that both methyl and fluoro
substituents may alter the stereoselective preference of
the metabolizing enzymes in the formation of the enan-
tiomeric trans-dihydrodiols (2-10). The stereoselective
metabolism of 7-F-BA (9) and 7-Br-BA (11) was found

to produce predominantly the R,R enantiomer of the
trans-dihydrodiols. Although the metabolism of chlori-

nated biphenyls has been reported (12), to our knowledge
there are no reports on the stereoselective metabolism of
a chlorinated PAH. Therefore, we were interested in

studying the stereoselective metabolism of benz(a)an-
thracene with a chlorine substituent at the C-7 position.
We report here stereoselective metabolism of 7-Cl-BA
by rat liver microsomes. The results indicate that the
three trans-dihydrodiol metabolites are formed in very

high optical purities predominantly as the R,R enantio-

mers. Since a dihydrodiol metabolite is formed through
two enzymatic steps, epoxidation of the substrate fol-

lowed by hydration of the epoxide, mechanistic studies

employing oxygen-18 were also conducted. The results
indicate that both enzymatic reactions were highly ster-

eoselective and that, due to steric and electronic effects
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of the halogen substituent, both the peritrans-5,6- and

8,9-dihydrodiols were forced to adopt quasidiaxial con-
formations.

MATERIALS AND METHODS

Materials. 7-Cl-BA was synthesized by chlorination of BA with

anhydrous cupric chloride in carbon tetrachioride by a modification of

the procedure for the synthesis of 9-chloroanthracene (13). This com-

pound was purified by column chromatography over Florisil eluted with

10% benzene in hexane followed by recrystallization from benzene-

hexane as yellowish needles; mass spectrum (70 eV), M� m/z 262;

proton NMR (500 MHz), 7.72 (m, 2, H-3, H-b), 7.78 (m, 2, H-2, H-9),

7.93 (d, 1, H-5), 8.01 (d, 1, H-4), 8.32 (d, 1, H-il), 8.36 (d, 1, H-fl), 8.52

(d, 1, H-8), 9.02 (d, 1, H-i), and 9.50 ppm (s, 1, H-12); Ji.2 = 8.2, J56=

9.4, and Jio11 - 8.6 Hz. The trans-3,4-, 5,6-, and 8,9-dihydrodiols of 7-

Br-BA, which were predominantly in the R,R absolute configuration

(ii), were prepared by incubation of 7-Br-BA with liver microsomes of

rats pretreated with 3-MC as previously described (ii). Racemic BA

8,9,10,1 1-tetrahydro-trans-8,9-diol was prepared by catalytic hydrogen-

ation of BA trans-8,9-dihydrodiol (11). Adam’s catalyst (PtO,) was

purchased from Ventron Chemical Co., and all solvents used were

HPLC grade.

Metabolism studies and HPLC analysis of 7-Cl-BA metabolites. Liver

microsomes from untreated immature male Sprague-Dawley rats (80-

100-g body weight; control microsomes) and rats pretreated with 3-MC

(MC-microsomes) and with phenobarbital (PB-microsomes) were pre-

pared as previously described (14). Incubation mixtures contained 25

mmol of Tris-HC1, pH 7.5; 1.5 mmol of magnesium chloride; 0.5 mmol

of NADP (Sigma, sodium salt); 1 mmol of glucose 6-phosphate (Sigma,

monosodium salt); 50 units of glucose 6-phosphate dehydrogenase

(Sigma, type II); 500 mg of microsomal protein, and 40 �mol of 7-Cl-

BA (dissolved in 20 ml of acetone) in a total incubation volume of 500

ml. Incubations using either the control, MC-, or PB-microsomes were

conducted with shaking for 60 mm at 37’ and the reaction was quenched

by addition of 500 ml of acetone. The metabolites and residual substrate

were extracted with ethyl acetate (1 liter). The organic solvent was

evaporated under reduced pressure. The residue was suspended in

acetone (2 x 10 ml) and the insoluble materials were removed by

centrifugation. The acetone was evaporated and the residue was redis-

solved in THF/methanol (1:1, v/v) for reversed phase HPLC separation

of the ,metaboiites. Multiple incubations were conducted in order to

isolate a sufficient amount of the dihydrodiols for structural identifi-

cation and determination of the optical purity.

Reversed phase HPLC was performed with a Beckman system

consisting of two model 100A pumps, a model 210 injector, a model 420

solvent programmer, and a Waters Associates (Milford, MA) model

440 absorbance (254 nm) detector. Metabolites were separated using a

20-mm linear gradient of 50-100% methanol in water at a flow rate of

2 mi/mm on a DuPont Zorbax ODS column (6.2 x 250 mm).

Catalytic hydrogenation and dechlorination of 7-Cl-BA traas-3,4- and

8,9-dihydrodiols. The 7-Cl-BA trans-3,4-dihydrodiol metabolite (0.7

mg) was dissolved in 1 ml of THF and then hydrogenated (15 psig)

over Adam’s catalyst (5 mg) in a Parr apparatus at ambient temperature

for 2 hr. Acetone (2 ml) was then added and the mixture was vortexed.

The insoluble catalyst was removed by centrifugation. The catalyst was

washed with acetone (2 X 2 ml) and the combined acetone washes were

evaporated under reduced pressure. The product was purified on a

DuPont Zorbax SIL column (4.6 X 250 mm) eluted isocratically with

30% THF in hexane at 2 mi/mm (retention time, 14 mm). The product

had a UV-visible spectrum similar to that of anthracene, a mass

spectrum with a molecular ion at m/z 298, and therefore was identified

as 7-Cl-BA i,2,3,4-tetrahydro-trans-3,4-diol.

7-Cl-BA 1,2,3,4-tetrahydro-trans-3,4-diol was dissolved in 1 ml of

THF and 0.1 ml of triethylamine and then catalytically dechlorinated

by hydrogenation (20 psig) over Adam’s catalyst (10 mg) in a Parr

apparatus at ambient temperature for 30 hr. After workup, the product

was purified by injection onto a DuPont SIL column (4.6 X 250 mm)

and eluted isocratically with 30% THF/hexane (retention time, 13

mm). The product was identified as BA-1,2,3,4-tetrahydro-trans-3,4-

diol based on comparison of its UV-visible and mass spectra with those

of a synthetically prepared standard (15).

The 7-Cl-BA trans-8,9-dihydrodiol metabolite was catalytically hy-

drogenated to 7-Cl-BA 8,9,10,1 1-tetrahydro-trans-8,9-diol and then

dechlorinated to BA 8,9,10,1 1-tetrahydro-trans-8,9-diol. 7-Cl-BA

8,9,10,11-tetrahydro-trans-8,9-diol was purified by injection onto a

DuPont Zorbax SIL column (6.2 x 250 mm) and by eluting isocratically

with 30% THF in hexane (retention time, 8 mm). Its UV-visible

spectrum was similar to that of phenanthrene and its mass spectrum

exhibited a molecular ion at m/z 298. BA 8,9,10,11-tetrahydro-trans-

8,9-diol was purified and identified as previously described (11).

Chiral HPLC direct resolution of 7-Cl-BA trans-dihydrodiol metabo-

lites and their hydrogenated derivatives. Direct resolution of the enan-

tiomers of the 7-Cl-BA trans-5,6-dihydrodiol metabolites and the par-

tially hydrogenated derivatives was performed with a Pirkle I-A HPLC

column (4.6 x 250 mm) (Regis Chemical Co., Morton Grove, IL) packed

with (R)-N-(3,5-dinitrobenzoyi)phenylgiycine ionicaily bonded to

spherical particles (S-Mm diameter) of -y-aminopropylsilanized silica.

HPLC was performed using a Waters Associates liquid chromatograph

consisting of a model G000A solvent delivery system and a model 440

absorbance detector (254 nm). Samples were eluted with a mixture of

ethanol, acetonitrile, and hexane in various ratios at a flow rate of 2

ml/min. Each sample was initially purified by either reversed phase or

normal phase HPLC before injection onto the Pirkle chiral stationary

phase HPLC column. In each case, when direct resolution was achieved,

the resolved R,R and S,S enantiomers were characterized by their UV-

visible and mass spectra and/or by comparison oftheir HPLC retention

times on the Pirkle column with those of the synthetically prepared

standards. The percentage of the R,R and S,S enantiomers was deter-

mined by a Hewlett-Packard 3390A integrator.

Incubation of 7-Cl-BA under an oxygen- 18 atmosphere. Incubation

of 7-Cl-BA with MC-microsomes and cofactors was performed as

described above except a closed system was used. The incubation

mixture (250 ml) in a 1-liter round bottom flask was degassed with a

water aspirator followed by flushing with argon. After repeating this

procedure three times, oxygen-18 (99.8 atom %, Mound Facility, Mon-

santo Corp., Miamisburg, OH) was introduced into the flask with a

syringe. The isotopic composition of the atmosphere was monitored

and the oxygen-18/oxygen-16 ratio was determined during the course

of the experiment with a Varian MAT-CH-5-DF mass spectrometer.

The 7-Cl-BA trans-dihydrodiol metabolites were isolated by HPLC

with the conditions described above. Using data obtained on a Finnigan

model 4023 mass spectrometer, the isotopic abundance was calculated

from the relative intensities of the molecular ions of the 7-Cl-BA

metaboiites containing oxygen-18 and oxygen-HI.

Acid-catalyzed dehydration to phenols of oxygen-18-containing 7-Cl-

BA trans-dihydrodiol metabolites. The oxygen-18-containing 7-Cl-BA

trans-3,4-dihydrodiol (-50 Mg) was dehydrated by stirring in a solution

of 1 ml of 0.5 N HCI in water/THF (2:1, v/v) at 60’ for 20 mm. The

resulting phenolic products were extracted with ethyl acetate and the

solvent was removed under reduced pressure. The phenols were dis-

solved in methanol and purified on a DuPont Zorbax ODS HPLC

column (6.2 x 250 mm) eluted isocratically with 77.5% methanol in

water. The phenols of the oxygen-18-containing 7-Cl-BA trans-S ,6-

and 8,9-dihydrodiol metabolites were obtained in a similar manner.

Physicochemicalproperties of metabolites. Ultraviolet-visible absorp-

tion spectra of the metabolites in methanol were measured on a

Beckman model 25 spectrophotometer. Mass spectra were recorded

with a Finnigan model 4023 system. Proton NMR spectra were ob-

tamed with a Bruker WM 500 spectrometer. The dihydrodiols were

dissolved in acetone-ti6 with a trace of D2O for NMR spectral measure-

ments. Chemical shifts are in parts per million relative to tetramethyl-

silane. CD spectra of dihydrodiols were determined with a quartz cell

of 1-cm path length on a Jasco 500A spectropolarimeter. CD spectra

are expressed as ellipticity for methanol solutions that read 1.0 A unit

in a UV-visible spectrophotometer at the wavelength of maximum

absorption in a quartz cell of 1-cm path length.

RESULTS

HPLC separation and spectral characterization of the
7-Cl-BA metabolites. The ethyl acetate-extractable me-

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


E
C

a)
c%J

a
a)
0
C
a

.0
0
a

.0

>‘

C
a,
C

a)
>

a,

20 30
Retention Time, mm

260 280
M/Z

f�]
HO��

OH CI

Ib�
1�r9-Jc):OH-

CI oH

: � OH

�

a)
0
C
(a

.0

0
(I)

.0

200 250 300 350 400 450

Wavelength, nm

64 FU ET AL.

FIG. 1. Reversed phase HPLC profile of the organic ethyl acetate-

extractable metabolites obtained from incubation of 7-Cl-BA with liver

microsomes of Sprague-Dawley rats pretreated with 3-methykholan-

threne

For experimental conditions, see Materials and Methods.

FIG. 2. UV-visible spectra of metabolites identified as 7-Cl-BA trans-

3,4-dihydrodiol ( ), 7-Cl-BA trans-5,6-dihydrodiol (-. - -), and 7-Cl-

BA trans-8,9-dihydrodiol (-)

tabolites formed by incubation of 7-Cl-BA with MC-

microsomes were separated by reversed phase HPLC
(Fig. 1). Metabolites isolated from the chromatographic

peaks 1-3 at 11.5, 13.5, and 21.5 mm were identified as
7-Cl-BA trans-5,6-, 8,9-, and 3,4-dihydrodiols based on
analysis of their UV-visible, mass, and NMR spectra.

FIG. 3. Mass spectra of metabolites identified as 7-Cl-BA trans-3,4-,

5,6-, and 8,9-dihydrodiols.

The UV-visible absorption spectra of these dihydrodiols

(Fig. 2) are similar to those of the respective BA trans-
dihydrodiols. Mass spectral analysis (Fig. 3) indicated

molecular ions at m/z 296 with characteristic fragment
ions for dehydration at m/z 278 and the subsquent loss
of CO (at m/z 250) and the chloro substituent (at m/z

215).
The structures of the trans-dihydrodiol metabolites

were further confirmed by analysis of their high resolu-

tion proton NMR (500 MHz) spectral data. NMR spectra
are shown in Fig. 4 and the assigned chemical shifts and
coupling constants are given as follows.

7-Cl-BA trans-3,4-dihydrodiol. 4.58 (d, 1, H-3), 4.97 (d,
1, H-4), 6.34 (d, 1, H-2), 7.48 (d, 1, H-i), 7.60 (t, 1, H-9),
7.70 (t, 1, H-b), 8.05 (d, 1, H-5), 8.29 (d, 1, H-il), 8.46

(t, 2, H-6, H-8), and 8.96 ppm (d, 1, H-12); J1,2 = 10.2,
J3,4 = 11.2, J5,6 = 9.0, and J10,11 = 7.7 Hz.

7-Cl-BA trans-5,6-dihydrodiol. 4.91 (d, 1, H-5), 5.60 (d,

1, H-6), 7.37 (t, 1H), 7.47 (m, 1H), 7.64 (m, 2H), 8.07 (d,
iH), 8.30 (d, 1, H-i), and 8.46 ppm (s, 1, H-12); J1,2 =

8.3 and J5,6 = 3.0 Hz.
7-Cl-BA trans-8,9-dihydrodiol. 4.42 (dd, 1, H-9), 5.37

(d, 1, H-8), 6.32 (dd, 1, H-b), 6.95 (d, 1, H-il), 7.72 (m,

2, H-2, H-3), 7.97 (d, 1, H-5), 8.03 (d, 1, H-4), 8.28 (d, 1,

H-6), 8.65 (s, 1, H-12), and 8.86 ppm (d, 1, H-i); J1,2 =

8.3, J3,4 = 7.9, J5,6 = 9.2, J8,9 = 2.0, J9,10 = 5.6, and J10,11 =

9.5 Hz.
All NMR spectral patterns are consistent with the

structural assignments. The NMR spectral patterns of
the 7-Cl-BA trans-dihydrodiols are similar to those of
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FIG. 4. Proton NMR (500 MHz) spectra of metabolites identified as 7-Cl-BA trans-3,4-, 5,6-, and 8,9-dihydrodiols measured in acetone-d6 with

a trace of deuterated water

Chemical shifts are in parts per million relative to tetramethylsilane. The chemical shifts and coupling constants of each compound are given

in Results.
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I�J

‘1’1�OH H5
CIOH

the analogous 7-F-BA trans-dihydrodiols and 7-Br-BA
trans-dihydrodiols (11). The configuration and the con-

formation of a dihydrodiol may be determined from the
NMR coupling constants between the carbinol protons
and between the allylic carbinol and nonbenzylic olefinic

protons (16). For 7-Cl-BA trans-3,4-dihydrodiol, the cou-
pling constant between the carbinol protons is 11.2 Hz

(J3,4) and the coupling constant between the allylic and
nonbenzylic olefinic protons is 2.3 Hz (J2,3). These re-

sults indicate that 7-Cl-BA trans-3,4-dihydrodiol is in
the trans configuration and preferentially adopts a

quasidiequatorial conformation (16). In contrast, the

coupling constants between the carbinol protons of 7-Cl-

BA trans-5,6- and 8,9-dihydrodiols are small, at 3.0 (J5,6)
and 2.0 (J8,9), respectively. These data indicate that both

dihydrodiols are trans and that they preferentially adopt

the quasidiaxial conformations (16).
The metabolites contained in the chromatographic

peaks 4 and 5 eluting at 26 and 27 mm were identified

as 3- and 4-hydroxy-7-Cl-BA, respectively. The identifi-

cation was based upon comparison of their UV-visible
and mass spectra and HPLC retention times with those

of the standards obtained by acid-catalyzed dehydration
of 7-Cl-BA trans-3,4-dihydrodiol.

Absolute configurations of the 7-Cl-BA trans-dihydro-

diol metabolites. Each of the major enantiomers of the 7-
Br-BA trans-3,4-, 5,6-, and 8,9-dihydrodiol metabolites,
obtained from incubation of 7-Br-BA with MC-micro-
somes, has been previously determined to possess an R,

R absolute configuration (ii). These dihydrodiols also

have similar conformations as the 7-Cl-BA trans-3,4-,

5,6-, and 8,9-dihydrodiols. Therefore, comparison of the

CD spectra of the 7-Cl-BA trans-dihydrodiols with those
of the 7-Br-BA trans-dihydrodiols could be used to de-

termine the absolute configurations of the former. The

CD spectra of 7-Br-BA 3R,4R-dihydrodiol and 7-Cl-BA
trans-3,4-dihydrodiol, obtained from incubation of 7-Cl-

BA with MC-microsomes, are shown in Fig. 5. Because

these two CD spectra have similar Cotton effects, the
major enantiomer of the 7-Cl-BA trans-3,4-dihydrodiol

metabolite has an R,R absolute configuration. The CD

spectra of 7-Br-BA 5R,6R-dihydrodiol and 7-Cl-BA

trans-5,6-dihydrodiol, obtained from incubation of 7-Cl-

BA with MC-microsomes, are shown in Fig. 6 and those

of 7-Br-BA 8R,9R-dihydrodiol and 7-Cl-BA trans-8,9-

dihydrodiol from MC-microsomes are shown in Fig. 7.

Because of the similarity of the CD Cotton effects be-

tween the analogous dihydrodiols, the major enantiomers
ofthe 7-Cl-BA trans-5,6- and 8,9-dihydrodiol metabolites
also have R,R absolute configurations. The assignments
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FIG. 5. CD spectra of (A) 7-Br-BA 3R,4R-dihydrodiol and (B) 7-Cl-BA trans-3,4-dihydrodiol metabolite measured in methanol

See Materials and Methods for experimental details.
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FIG. 6. CD spectra of 7-Cl-BA trans-5,6-dihydrodiol (-) and 7-

Br-BA 5R,6R-dihydrodiol ( ) measured in methanol.

of the absolute configurations can be further confirmed
by analysis of the optical (enantiomeric) purities of the
7-Cl-BA trans-dihydrodiol metabolites which are pre-

sented below.

E
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FIG. 7. CD spectra of 7-Cl-BA trans-8,9-dihydrodiol (-i and 7-

Br-BA 8R,9R-dihydrodiol ( ) measured in methanol.

Opticalpurity of the 7-Cl-BA trans-3,4-dihydrodiol me-
tabolite. Attempts to resolve the enantiomers of the 7-
Cl-BA trans-3,4-dihydrodiol, formed from incubation of
7-Cl-BA with MC-microsomes on a Pirkle chiral station-
ary phase HPLC column (17), were not successful.
Therefore, 7-Cl-BA trans-3,4-dihydrodiol was catalyti-
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FIG. 8. Chiral stationary phase HPLC direct resolution

A, 7-Cl-BA 1,2,3,4-tetrahydro-trans-3,4-diol obtained from catalytic

hydrogenation of the 7-Cl-BA trans-3,4-dihydrodiol metabolite formed

from metabolism of 7-Cl-BA by liver microsomes of rats pretreated

with 3-methylcholanthrene. B, synthetically prepared racemic BA

1,2,3,4-tetrahydro-trans-3,4-diol (-) and BA 1,2,3,4-tetrahydro-

trans-3,4-diol (- - -) formed from further catalytic dechlorination of

the 7-Cl-BA 1,2,3,4-tetrahydro-trans-3,4-diol described in A.

cally hydrogenated to give 7-Cl-BA 1,2,3,4-tetrahydro-

trans-3,4-diol. Resolution was then achieved on the Pir-

kle column using a mixture of ethanol, acetonitrile, and

hexane (2:1:40) at a flow rate of 2 ml/min (Fig. 8A).

Analysis of the results indicated that it contained 94%

3R,4R enantiomer and 6% 3S,4S enantiomer. Thus, we

concluded that the 7-Cl-BA trans-3,4-dihydrodiol metab-

olite from MC-microsomes also contained 94% 3R,4R

enantiomer and 6% 3S,4S enantiomer. Therefore, the

optical purity, which is the difference between the two

enantiomers, of 7-Cl-BA trans-3,4-dihydrodiol from MC-

microsomes, was found to be 88%.

In order to ensure that the results of absolute config-

uration and optical purity were reliable, the 7-Cl-BA
1,2,3,4-tetrahydro-trans-3,4-diol was catalytically de-

chlorinated to the corresponding BA 1,2,3,4-tetrahydro-

trans-3,4-diol which was injected onto the Pirkie column.

The synthetically prepared BA 1,2,3,4-tetrahydro-trans-

3,4-diol was previously reported to be resolved by the

Pirkle column with the 3S,4S enantiomer eluting prior

to the 3R,4R enantiomer (17). The HPLC profiles of the

BA 1,2,3,4-tetrahydro-trans-3,4-diols obtained from syn-

thesis and from metabolism are shown in Fig. 8B. These

results clearly confirmed that the major enantiomer of

the 7-Cl-BA trans-3,4-dihydrodiol metabolite from MC-

microsomes has a 3R,4R absolute configuration and that

the optical purity of this dihydrodiol metabolite is 88%.

The optical purities of the 7-Cl-BA trans-3,4-dihydro-

diols obtained from both control microsomes and from
PB-microsomes were similarly determined and found to
be 20% (Table 1).

Opticalpurity of the 7-Cl-BA trans-5,6-dihydrodiol me-
tabolite. Direct resolution of this dihydrodiol was
achieved with the Pirkle chiral stationary phase HPLC

column (Fig. 9) by eluting with a mixture of ethanol,
acetonitrile, and hexane (2:1:40) at 2 ml/min. The 7-Cl-

BA trans-5,6-dihydrodiol metabolite from MC-micro-
somes was found to contain 94% 5R,6R enantiomer

(retention time, 56 mm) and 6% 5S,6S enantiomer (re-

tention time, 63 mm). Thus, the optical purity of 7-Cl-
BA trans-5,6-dihydrodiol from MC-microsomes was 88%
(Table 1). The optical purities of 7-Cl-BA trans-5,6-

dihydrodiols from control microsomes and from PB-
microsomes were similarly determined and were found
to be 78 and 84%, respectively.

Opticalpurity of the 7-Cl-BA trans-8,9-dihydrodiol me-
tabolite. 7-Cl-BA trans-8,9-dihydrodiol could not be di-
rectly resolved on the Pirkle column, and therefore it
was catalytically hydrogenated to give the tetrahydro

derivative, 7-Cl-BA 8,9,10,1 i-tetrahydro-trans-8,9-diol.

TABLE 1

Optical purity of 7-chlorobenz(a)anthracene trans-dihydrodiol

metabolites obtained from metabolism of 7-chlorobenz(a)anthracene

with rat liver microsomes

Dihydrodiol Microsomes Enantio

R,R

mer

S,S

Optical purity

(%) (%)
MC 94 6 88

3,4-Dihydrodiol PB

Control

MC

60

60

94

40

40

6

20

20

88

5,6-Dihydrodiol PB

Control

MC

89

92

99

11

8

1

78

84

98

8,9-Dihydrodiol PB

Control

95

94

5

6

90

88

E
C

‘0�
it)
c%J

CO

a)
C)
C
CO

.0

0
0)

.0

0 5 10 � 45 50 55 60 65 70

Time, mm.

FIG. 9. Chiral stationary phase HPLC direct resolution of the 7-Cl-

BA trans-5,6-dihydrodiol metabolite obtained from incubation of 7-Cl-

BA with liver microsomes of rats pretreated with 3-rnethykhokznthrene.
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FIG. 10. Chiral stationary phase HPLC direct resolution of the BA

8,9, JO, 1 l-tetrahydro-trans-8,9-diolformedfrom both catalytic hydrogen-

ation of a synthetically prepared racemic BA trans-8,9-dihydrodiol

(-) and from catalytic hydrogenation and dechlorination of the

7-Cl-BA trans-8,9-dihydrodiol metabolite obtained from incubation of

7-Cl-BA with liver microsomes of rats pretreated with 3-met hykholan-

threne (- - -)

The chromatogram of 7-Cl-BA 8,9,10,11-tetrahydro-trans-8,9-dihy-

drodiol (- -) is included for comparison.

Unfortunately, this derivative was also not resolved (Fig.
10). Therefore, it was catalytically dechlorinated to BA
8,9,10,1 1 -tetrahydro-trans-8,9-diol which was resolved

using a mixture of ethanol, acetonitrile, and hexane
(2:1:12, Fig. 10). Since synthetically prepared BA
8,9,10,1 1 -tetrahydro-trans-8,9-diol had been previously
resolved on the Pirkle column (Fig. 10) (ii), comparison
of the HPLC profiles of the synthetic preparation with
that from metabolism by MC-microsomes indicated that

the enzymatically formed 7-Cl-BA trans-8,9-dihydrodiol
contained 99% 8R,9R enantiomer and 1% 8S,9S enan-

tiomer. Therefore, the optical purity of the dihydrodiol
from MC-microsomes was 98% (Table 1). The 7-Cl-BA
trans-8,9-dihydrodiols from control microsomes and

from PB-microsomes were similarly determined to be 88
and 90%, respectively (Table i).

Incubation of 7-Cl-BA under an oxygen-18 atmosphere

and dehydration of the resulting oxygen-18-containing

trans-dihydrodiol metabolites. 7-Cl-BA was incubated
with MC-microsomes under molecular oxygen-i8 for 1

hr. The resulting trans-dihydrodiol metabolites were iso-
lated by reversed phase HPLC and then analyzed for
oxygen-18 incorporation by mass spectral analysis. Each

of the 7-Cl-BA trans-3,4-, 5,6-, and 8,9-dihydrodiol me-
tabolites was found to contain one atom of oxygen-18
with a molecular ion at m/z 298 (Figs. 11-13).

In order to determine which hydroxyl group in each of
the trans-dihydrodiol metabolites was derived from mo-
lecular oxygen, the three dihydrodiol metabolites were
converted to phenolic products by acid-catalyzed dehy-
dration, and the phenols were separated by HPLC. 3-
Hydroxy- and 4-hydroxy-7-Cl-BA, obtained from acid-
catalyzed dehydration of 7-Cl-BA trans-3,4-dihydrodiol,

FIG . 1 1 . Mass spectra

A, the oxygen-18-containing 7-Cl-BA trans-3,4-dihydrodiol metab-

olites obtained from incubation of 7-Cl-BA under an oxygen-18 atmos-

phere with liver microsomes of rats pretreated with 3-methylcholan-

threne. B, the 3-hydroxy-7-Cl-BA. C, the 4-hydroxy-7-Cl-BA trans-3,4-

dihydrodiol metabolite described in (A). See Materials and Methods

for experimental details.

was isolated by reversed phase HPLC employing a

DuPont Zorbax ODS column (6.2 x 250 mm) eluted
isocratically with 77.5% methanol in water at a flow rate
of 2 ml/min. The retention times for 3-hydroxy-7-Cl-BA
and 4-hydroxy-7-Cl-BA were 37 and 42.5 mm, respec-
tively, and their UV-visible spectra were similar to those
of 3- and 4-hydroxy-BA, respectively. Mass spectral anal-

ysis revealed that 3-hydroxy-7-Cl-BA did not contain
oxygen-i8 (molecular ion at m/z 278), while 4-hydroxy-
7-Cl-BA contained one atom of oxygen-18 (molecular ion

at m/z 280 (Fig. ii). These results indicate that the
oxygen atom of the hydroxyl group attached at C-4 of

the 7-Cl-BA trans-3,4-dihydrodiol metabolite was de-
rived from molecular oxygen (Fig. i4A).

Similarly, 8- and 9-hydroxy-7-Cl-BA were obtained
from acid-catalyzed dehydration of the oxygen-i8-con-
taming 7-Cl-BA trans-8,9-dihydrodiol. These phenolic
compounds were first separated on a reversed phase
Zorbax ODS column (9.4 x 250 mm) eluted with a 30-
mm linear gradient of 50-100% methanol in water at a
flow rate of 2.8 ml/min (8- and 9-hydroxy-7-Cl-BA had
retention times of 34.3 and 35.i mm, respectively). They
were further purified by normal phase HPLC employing
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FIG. 12. Mass spectra

A, the oxygen-18-containing 7-Cl-BA trans-S,6-dihydrodiol metab-

olite obtained from incubation of 7-Cl-BA under an oxygen-18 atmos-

phere with liver microsomes of rats pretreated with 3-methylcholan-

threne. B, the 5-hydroxy-7-Cl-BA. C, the 6-hydroxy-7-Cl-BA products

obtained from acid-catalyzed dehydration of the oxygen-18-containing

7-Cl-BA trans-S,6-dihydrodiol metabolite described in A.

a Zorbax Sil column (6.2 x 250 mm) eluted isocratically
with THF/hexane (1:1, v/v) and had retention times of
10.8 and 7.8 mm, respectively. They exhibited UV-visible
spectra similar to the analogous hydroxy-BAs. Mass
spectral analysis of these phenolic products indicated
that, while 9-hydroxy-7-Cl-BA did not contain oxygen-

18 (molecular ion at m/z 278), 8-hydroxy-7-Cl-BA con-

FIG. 13. Mass spectra

A, the oxygen-18-containing 7-Cl-BA trans-8,9-dihydrodiol metab-

olite obtained from incubation of 7-Cl-BA under an oxygen-18 atmos-

phere with liver microsomes of rats pretreated with 3-methylcholan-

threne. B, the 8-hydroxy-7-Cl-BA. C, the 9-hydroxy-7-Cl-BA products

obtained from acid-catalyzed dehydration of the oxygen-18-containing

7-Cl-BA trans-8,9-dihydrodiol metabolite described in A.

tamed one atom of oxygen-18 (molecular ion at m/z 280)
(Fig. 13). These results indicate that the oxygen atom of
the hydroxyl group attached at C-8 of the 7-Cl-BA trans-
8,9-dihydrodiol metabolite was derived from molecular

oxygen (Fig. 14B).
Similarly, 5- and 6-hydroxy-7-Cl-BA were obtained

from acid-catalyzed dehydration of the oxygen-i8-con-
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FIG. 14. Stereoselective pathways of metabolism of 7-Cl-BA with liver microsomes of rats pretreated with 3-met hylcholant hrene

Formation of (A) 7-Cl-BA trans-3,4-dihydrodiol, (B) 7-Cl-BA trans-8,9-dihydrodiol, and (C) 7-Cl-BA trans-5,6-dihydrodiol studied by

incubation under an oxygen-18 atmosphere, followed by acid-catalyzed dehydration of the resulting oxygen-18-containing trans-dihydrodiol

metabolites. See Materials and Methods for experimental details. MFO and EH indicate steps catalyzed by the mixed function oxidases contained

in the cytochrome P-450 enzyme systems and epoxide hydrolase, respectively.

taming 7-Cl-BA trans-5,6-dihydrodiol metabolite. They
were separated by HPLC with conditions similar to those
for separation of 3- and 4-hydroxy-7-Cl-BA. 5-Hydroxy-
7-Cl-BA and 6-hydroxy-7-Cl-BA were eluted at 34.6 and
27.3 mm, respectively. Mass spectral analysis of these
phenols indicated that oxygen-18 was partially incorpo-
rated into both compounds, giving molecular ions at both
m/z 278 and 280 (Fig. i2). Therefore, it cannot be
concluded from which of the two hydroxyl groups that
molecular oxygen was derived (Fig. 14C).

DISCUSSION

We have shown that rat liver microsomes metabolize
7-Cl-BA to trans-dihydrodiols in a highly stereoselective

manner. Each of the 7-Cl-BA trans-3,4-, 5,6-, and 8,9-
dihydrodiol metabolites formed from the three different
microsomal preparations possessed predominantly R,R
absolute stereochemistry. MC-microsomes exhibited
highest stereoselectivity in the formation of the 7-Cl-BA
trans-3,4- and 5,6-dihydrodiol (Table 1). For 7-Cl-BA
trans-8,9-dihydrodiol formation, all three of the micro-
somal systems showed a very high stereoselectivity, with
optical purities of 88-98%. Formation of a trans-dihy-
drodiol is through two enzymatic steps: first, epoxidation
of the substrate which is catalyzed by cytochrome P-450,
and second, hydrolysis of the epoxide to a trans-dihydro-
diol which is catalyzed by epoxide hydrolase. The oxygen-
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18 incorporation and acid-catalyzed dehydration experi-

ments indicate that both cytochrome P-450 and epoxide

hydrolase catalyze the transformations in a highly ster-
eoselective manner for the formation of 7-Cl-BA trans-

3,4- and 8,9-dihydrodiol metabolites (Fig. 14). Further-

more, these results indicate that 7-Cl-BA 3S,4R-epoxide

and 7-Cl-BA 8R,9S-epoxide were the predominant en-
antiomeric intermediates. On the other hand, due to the

incorporation of oxygen-18 into both the 5- and the 6-
phenol, the exact stereoselectivity of both cytochrome P-

450 and epoxide hydrolase toward the 7-Cl-BA trans-5,6-

dihydrodiol formation remains unknown. However, the

overall stereoselectivity of these two enzymatic steps for

the 7-Cl-BA trans-5,6-dihydrodiol is very high, in the

range of 78 to 88%, depending upon the enzyme sources

(Table 1). The oxygen-18 incorporation and acid-cata-

lyzed dehydration experiments also showed that epoxide

hydrolase catalyzes the enzymatic hydration of the 7-Cl-

BA 3,4- and 8,9-epoxide metabolites (Fig. 14) through a

trans addition of a water molecule from the less hindered

side of the chlorinated PAH epoxides. These results are

consistent with the previous report that epoxide hydro-

lase catalyzes hydration by attacking at the least

hindered epoxide carbon atom (18, 19). Thus, our results

illustrate that the enzymatic systems which stereoselec-

tively metabolize PAHs and their derivatives similarly

metabolize 7-Cl-BA in a highly stereoselective manner.

Since chlorinated pesticides and chlorinated drugs are

commonly used, the results of our study suggest that

metabolism of these compounds would also occur in a

highly stereoselective manner.

CPK space-filling models suggest that a chloro sub-

stituent can exert a steric effect on a peri-hydroxyl group.

Additionally, since a chloro atom has a high electroneg-

ativity, it can also exert an electronic effect on the pen-

hydroxyl group. Therefore, as with a fluoro or a bnomo

substituent, the chlono substituent forces the 7-Cl-BA

trans-5,6- and 8,9-dihydrodiols to adopt quasidiaxial con-

formations. Confonmational analysis of a series of sub-

stituted trans-dihydrodiols indicates that all the substit-

uents, methyl (7, 20), hydroxymethyl (20), fluono (9, 10),
chloro (results reported in this paper), and bromo (11,

21), can force the peri-trans-dihydrodiols to adopt the

diaxial conformations. The exception is the nitno sub-

stituent of 7-nitrobenz(a)anthracene (22), which cause

the peri-trans-dihydrodiols to adopt a mixture of quasi-

diequatorial and diaxial conformations. Confonmational
analysis of substituted trans-dihydrodiols is an impor-

tant aspect in the study of the structure-activity rela-
tionships of PAHs, since the mutagenic/carcinogenic

activity of some PAH trans-dihydrodiol metabolites is

affected by their conformation (1).
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