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1. INTRODUCTION

The mechanism of hydroxylation of both ali-
phatic and aromatic molecules by cytochromes P-
450 and related chemical model systems has been
studied in depth recently [1] and a wide range of
approaches has been used. For example, Groves
[2] has demonstrated the radical character of some
model hydroxylating systems based upon tetra-
phenyl porphyrin by observing the ring opening of
the cyclopropane ring in bicyclo(4,2,0)heptane and
we have used a related approach to investigate the
possibility of radical intermediates in hydrogen
transfer reactions mediated by nicotinamide-de-
pendent enzymes [3]. It was therefore of interest to
attempt to extend the applicability of the cyclopro-
pyl group as a probe for radical intermediates in
aromatic substitution by examining the hydroxyla-
tion of cyclopropylbenzene by a cytochrome P-450
and related chemical systems. In this paper, we de-
scribe the reactions of cyclopropylbenzene with rat
liver microsomal cytochrome P-450: related chem-
ical reactions are discussed elsewhere [4].

2. MATERIALS AND METHODS

Cyclopropylbenzene was obtained from Aldrich
Chemicals, Gillingham, Dorset, UK., and was re-
distilled before use. Products of microsomal hy-
droxylation were assayed by HPLC on Partisil
ODS (25 cm) eluting with 70% methanol:30%
water in the reverse phase mode. Product peaks
were characterised by comparison with synthetic
reference compounds [4]. Quantitative results were
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obtained using 3-t-butylphenol as internal stan-
dard. Retention volumes (ml) at ambient tempera-
ture and a flow rate of between 0.6 and 0.7 ml .
min—! for significant compounds were as follows:
NADP 1.7, benzoic acid 1.9, phenol 3.8, 2-cyclo-
propylphenol 5.1, 3-t-butylphenol 9.5, 4-cyclopro-
pylphenol 10.4. It was essential to run reference
samples prior to every analysis because some vari-
ation in retention volume was found with changing
ambient temperature but more significantly be-
tween nominally identical columns. GLC analysis
of the methyl esters of the products was carried out
on 5% FFAP on Chromosorb G (2 m) at 170°C;
methyl benzoate had a retention time of 3.4 min at
a flow rate of 25 ml . min—!. The microsomal prep-
aration was obtained from the livers of rats treated
with phenobarbitone (0.1% w/v in the drinking
water [5]) and contained approximately 1 = 0.4
nmol cytochrome P-450 per mg protein. Oxidation
reactions were carried out in shaken tubes at 37°C
and contained the following components for a
20 ml incubation in 0.1 M potassium phosphate
buffer (pH 7.1): glucose 6-phosphate (30 mg),
NADP (9 mg), microsomal protein (20 mg) and
glucose 6-phosphate dehydrogenase (2.8 IU added
last). These reagents were supplied by Boehringer.
Cyclopropylbenzene (100 pl) was added in solution
in acetone (10 pl) and was rapidly taken up by the
microsomal suspension on shaking. After the ap-
propriate time, a sample (4 ml) was removed and
was quenched by the addition of methanol (8 ml)
and the standard 3-#butylphenol (0.15 mg) added.
The protein was allowed to precipitate and was
centrifuged off. Assays (HPLC) were carried out
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on the supernatant methanolic solution. Control
experiments were also carried out in the absence of
the glucose 6-phosphate-NADP-glucose 6-phos-
phate reducing system.

3. RESULTS AND DISCUSSION

The initial impetus to the investigation of the
hydroxylation of cyclopropylbenzene by cyto-
chrome P-450 was that addition of a radical oxi-
dant to the aromatic ring might generate a radical
with sufficient spin density at the carbon atom a-
to the cyclopropane ring for the latter to open.
Cyclopropylbenzene was found to bind to the
microsomal cytochrome P-450 giving a type 1
binding spectrum (Kgiss = 2.3 £ 0.5 (SE n = 3)
mM). However analysis of the acidic products ob-
tained showed that the only phenolic product was
2-cyclopropylphenol as detected by HPLC and
high resolution mass spectrometry (CoH;gO re-
quires m/e 134.0732 found 134.0711; M-1 CoHyO
requires 133.0653 found 133.0638). The lack of
ring opening of the cyclopropane by no means ar-
gues against radical intermediates in the microso-
mal hydroxylation because 2-substitution with an
intact small ring was also observed using iron(II)/
oxygen hydroxylating systems that have typical
radical properties [4]: indeed 2-hydroxylation ap-
pears to be normal for this substrate. 2-Cyclopro-
pylphenol was produced by the complete microso-
mal oxidation system in a time dependent manner
(fig.1) and was absent in the control experiment
lacking the NADPH generator. The absence of 4-
hydroxylation was also observed in the chemical
systems.
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2-Cyclopropylphenol, however, accounted for
only 5—10% of the microsomal hydroxylation
products. The major product, surprisingly, was
benzoic acid, detected by HPLC and GLC on the
methyl esters, which was also produced in a time
dependent manner (fig.1) and was absent in the
control experiment. Benzoic acid was also ob-
tained in the chemical model systems [4]. Although
cyclopropylbenzene failed to be hydroxylated by
the microsomal preparation along the expected
pathway, the formation of benzoic acid is informa-
tive with regard to the mechanism of action of the
enzyme. Evidence is accumulating that the activa-
tion of oxygen by cytochrome P-450 occurs by a
homolytic process [1,6] and in particular, the role
of an acyl peroxide or its equivalent has been em-
phasised [7].

The production of benzoic acid requires three
oxidations to take place on the same substrate mol-
ecule. Although this is unusual in the hydroxyla-

_tion of aromatic compounds by microsomal cyto-

chromes P-450, it seems likely that a related en-
zyme is responsible for the removal of C-19 of the
steroid skeleton during the biosynthesis of
oestrones [8] and a triple oxidation also takes place
during the side chain cleavage of cholesterol cata-
lysed by mitochondrial cytochrome P-450 of
steroid producing tissue. With these precedents in
mind, it is attractive to rationalise the formation of
benzoic acid as illustrated in fig.2. If the postulated
acylperoxide intermediate (1) homolyses, addition
of the resulting carboxy radical or its equivalent
(2) to the cyclopropane ring instead of the usual
hydrogen abstraction would lead to an intermedi-
ate (3) which can be readily hydroxylated to yield
(4). Radical addition to the cyclopropane ring was
observed in the model reactions and has been de-
scribed for other radical reactions [9,10]. It is there-
fore reasonable that addition to the small ring
should compete with attack on the benzene nu-
cleus. Electrophilic acetylation and bromination,
on the other hand, usually give rise to aromatic
substitution [11]. The hydroxylation product at
stage (4) would usually dissociate from the en-
zyme, but, because of the addition reaction (2)—
(3), the substrate remains covalently bound. With
a substrate molecule held at the active site, the en-
zyme can activate a second molecule of oxygen
and catalyse benzylic hydroxylation which would
be expected to lead to the ketone (6) possibly via
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the hydrate (5). Once again, the enzyme could then
react with a third molecule of oxygen to give the
hydroperoxide (7). It is well established that
hydroperoxides add readily to aralkyl ketones to
form hemiacetal derivatives (8) without catalysis
[12] and radical decomposition of such intermedi-
ates to give esters has precedent [13]. The forma-
tion of benzoic acid (9) could take place by an
analogous process. Alternatively, the intermediate
(8) could fragment in a manner similar to that pro-
posed by Akhtar [14] to account for the fate of iso-
topically labelled oxygen in the biosynthesis of
oestrone.

Thus the unexpected oxidation of cyclopropyl-
benzene to benzoic acid can be seen to be consis-
tent with both chemical precedent and with the
current mechanistic understanding of cytochrome
P-450. The mechanistic hypotheses outlined above
pose a number of interesting questions one of
which is whether the possible alkylation of cyto-
chrome P-450 by cyclopropylbenzene causes par-
tial inhibition of the enzyme as has been observed
for cyclopropylamine derivatives (15,16]. We in-

tion using purified enzyme preparations.
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