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Abstract-Carbon monoxide is a minor product formed during the cytochrome P-450-catalyzed oxidation 
of 1.3-benzodioxoles. Studies with [2-‘3C]mqthylene 1,3-benzodioxoles established that the methylenic 
carbon of the 1,3-benzodioxole ring is the source of the carbon atom in the carbon monoxide, and an 
isotope effect of 1.7 to 2.0 was observed with [2-*Hz]methylene derivatives. Incubations conducted in 
the presence of [“Oldioxygen and [180]water showed that the oxygen atom in carbon monoxide arises 
from both oxygen and water. A mechanism consistent with these data has been proposed for carbon 
monoxide formation. It involves initial monooxygenation of the 1,3-benzodioxole to a 2-hydroxy 
derivative that subsequently forms a 2-hydroxyphenyl formate intermediate, which yields either carbon 
monoxide or formate. The proposed mechanism is discussed in terms of its possible relationship to the 
inhibitory activity of 1,3-benzodioxoles toward microsomal oxidation. 

Numerous studies have established the metabolism 
of a variety of 1,3-benzodioxoles (methylenedioxy- 
phenyl compounds) both in viuo and in vitro [l-3]. 
Although many of the metabolic pathways involve 
the action of microsomal mixed function oxidases or 
conjugating enzymes, or both, on specific functional 
groups or substituents in the aromatic ring, the major 
pathway common to all 1,3-benzodioxoles results 
from oxidative demethylenation of the methylene- 
dioxy ring to yield the corresponding catechol[4-6]. 
Early metabolic studies with [2-14C-methylene]l,3- 
benzodioxole established that the methylenic carbon 
atom was liberated as formate in in vitro incubations 
with NADPH-fortified microsomal fractions from 
mammalian liver and insect tissues and as carbon 
dioxide in uiuo in the same species [5-81. It was 
suggested that the reaction proceeded through a 2- 
hydroxy-1,3-benzodioxole intermediate resulting 
from a cytochrome P-450-catalyzed oxidation [7]. 

More recently it has been established that a variety 
of substituted 1,3-benzodioxoles are metabolized to 
carbon monoxide during incubation with NADPH- 
fortified microsomal fractions from rat liver [9] and 
armyworm midguts [lo]. The rate of carbon mon- 
oxide production was well correlated with the Ham- 
mett sigma constants of the aromatic substituents in 
the 5 or 6 positions of the ring [9] and was greatest 
in compounds containing electron-withdrawing 
substituents. 

There is currently a great deal of interest in the 
mechanism through which 1,3-benzodioxoles exert 
their inhibitory effects on microsomal drug oxida- 
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tion, and this inhibition is generally thought to 
involve oxidative metabolism to an active species 
[ll], possibly a carbene [ 121, that forms an inhibitory 
complex with cytochrome P-450. It was, therefore, 
of interest to investigate further the enzymatic reac- 
tion mechanism through which carbon monoxide is 
formed. 

MATERIALS AND METHODS 

Chemicals. 5,6-Dichloro-1,3-benzodioxole was 
prepared as described previously by the chlorination 
of piperonylic acid [13, 141. [2-13C]4,5-Dichloro- 
1,3-benzodioxole (m.p. 75-76”, 87.8 atom% 13C 
as measured by gas chromatography/mass spec- 
trometry) was synthesized in 70% yield by methyl- 
ation of 4,5-dichlorocatechol with [‘?Z]dichloro- 
methane (90 atom% 13C; Merck Sharp & Dohme, 
Montreal, Canada) [15]; the 4,5-dichlorocatechol 
(m.p. 110-112”) was prepared by demethylena- 
tion of 5,6-dichloro-1,3-benzodioxole with anhy- 
drous aluminum chloride in dry chlorobenzene [16, 
171. 5-Nitro-!,3-benzodioxole was prepared as 
described previously [13], and 4-nitrocatechol was 
purchased from the bigma Chemical Co., St. Louis, 
MO. [2-‘H2]5-Nitro-1,3-benzodioxole and [2- 
*H2]5,6-dichloro-1,3-benzodioxole were prepared by 
methylenation of the corresponding catechols with 
[*Hz] dichloromethane (99+% atom% ‘H) pur- 
chased from the Aldrich Chemical Co. [15]. The 
[2-2H2]5-nitro- and [2-2H2]5,6-dichloro-l,3-benzo- 
dioxoles were 80 and 95% enriched in deuterium, 
respectively, as measured by FT ‘H-NMR analysis 
with a Bruker 270mHz spectrometer; structural 
assignments were verified by homonuclear decou- 
pling. [“O]Dioxygen and [‘*O]water were purchased 
from the Monsanto Research Corp., Miamisburg, 
OH, and Bio-Rad Laboratories, Richmond, CA, 
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respectively, and all other chemicals were of ana- 
lytical or reagent grade. 

Animals. Male Sprague-Dawley rats (250-300 g) 
were used. Hepatic microsomal fractions were iso- 
lated as described previously [18], and protein con- 
centrations were measured by the method of Lowry 
et al. [19]. 

Metabolism studies. Incubation mixtures con- 
tained, unless otherwise stated, Tris-EDTA buffer 
(150 pmoles Tris and 0.6 pmole EDTA, pH7.4), 
1.5 @moles magnesium chloride, 10 ymo!es DL-iSOCk 

tric acid, 1 pmole NADP’, 1 unit pig heart isocitric 
acid dehydrogenase (Sigma), various amounts of 
substrate, and 3.0mg of microsomal protein in a 
final volume of 3.0 ml. The incubation mixtures were 
contained in lo-ml Erlenmeyer flasks closed with 
sleeve-type serum stoppers. The reactions were 
started by the addition of enzyme, and the reaction 
mixtures were incubated for 15 min at 37”. The 
reactions were stopped by placing the flasks in an 
ice bath, when carbon monoxide was the product 
that was quantified, or by the addition of 0.1 ml of 
70% perchloric acid, when 4-nitrocatechol was the 
product that was quantified. 

Carbon monoxide concentrations were measured 
by gas chromatography [20], and [‘3C]carbon 
monoxide enrichments were measured by 
gas chromatography/mass spectrometry [21]; 
[“Olcarbon monoxide formation was determined by 
gas chromatography/mass spectrometry [22]. 4- 
Nitrocatechol concentrations were measured in 
supernatant fractions obtained by centrifuging the 
incubation mixtures after the addition of perchloric 
acid. Two milliliters of the supernatant fraction was 
mixed with 0.3 ml of 5 N potassium hydroxide sol- 
ution, and the samples were centrifuged to remove 
the potassium perchlorate. The absorbance of the 
clear supernatant fraction was measured at 512 nm. 
A standard curve was prepared by measuring the 
absorbances of reaction mixtures containing various 
concentrations of 4-nitrocatechol. 

RESULTS 

Initial studies were directed toward establishing 
the relative amounts of catechol and carbon mon- 
oxide formed during the metabolism of 5-nitro-1,3- 
benzodioxole. When 0.2 mM 5-nitro-1,3-benzodiox- 
ole was incubated with hepatic microsomal fractions, 
the ratio of 4-nitrocatechol to carbon monoxide was 
14.6 + 2.2 (mean ? S.D., N = 8). Thus, carbon 
monoxide is a relatively minor metabolite of 1,3- 
benzodioxoles. 

The effect of deuterium substitution in the meth- 
ylene position of the 1,3-benzodioxole ring was also 
investigated in relation to carbon monoxide pro- 
duction. Carbon monoxide generation was decreased 
in compounds containing deuterium; isotope effects 
of2.03?0.01(mean?S.D.,N=3)and1.79?0.27 
(mean * S.D., N = 3), respectively, were observed 
when [2-‘H2]5-nitro-1,3-benzodioxole (0.2 mM) and 
I~~Isl$,t~$e;hloro-l,3-benzodioxole (0.2 mM) were 

Attempts to establish the source of both the carbon 
and the oxygen atoms in the carbon monoxide 
formed during the metabolism of 1,3-benzodioxoles 

by hepatic microsomal fractions were conducted 
with [2-i3C]1,3-benzodioxoles as well as with 
[‘sO]dioxygen and [‘*O]water. Incubation of [2- 
13C]5,6-dichloro-1,3-benzodioxole (87.8 atom% 13C) 
with NADPH-fortified microsomal fractions yielded 
[i3C]carbon monoxide containing the same enrich- 
ment of 13C (86.5 atom%) as the substrate. When 
hepatic microsomal fractions from phenobarbital- 
treated rats were incubated with 5-cyano-1,3-ben- 
zodioxole in the presence of [‘*O]dioxygen (92-95 
atom% ‘*O), [‘*O]carbon monoxide containing only 
5-12 atom% ‘*O was formed. A similar experiment 
conducted in the absence of [‘80]dioxygen and in 
the presence of [‘80]water (11.8 atom% “0) yielded 
[‘*O]carbon monoxide containing about 12 atom% 
180. 

DISCUSSION 

The results obtained in the present study confirm 
the earlier observations that 1,3-benzodioxoles are 
metabolized to carbon monoxide by hepatic cyto- 
chrome P-450-dependent monooxygenases [9]. 

The finding that [2-“C]1,3-benzodioxoles are 
metabolized to [i3C]carbon monoxide with the same 
degree of enrichment as the substrate shows clearly 
that the carbon monoxide is derived from the 1,3- 
benzodioxole and does not arise from heme break- 
down or lipid peroxidation. 

The observation of a primary deuterium isotope 
effect in the formation of carbon monoxide from 
1,3-benzodioxoles indicates that C-H bond cleav- 
age is, at least, partially rate limiting. Similar deu- 
terium isotope effects have been found in, for exam- 
ple, the cytochrome P-450-dependent metabolism of 
dihalomethanes to carbon monoxide [22] and in the 
benzylic hydroxylation of [ 1 ,l-‘Hz]l.3-diphenylpro- 
pane [23]. 

Oxygen atoms from both [‘“Oldioxygen and 
[“O]water were incorporated into the carbon mon- 
oxide formed as a metabolite of the 1,3-benzo- 
dioxoles. The incorporation of oxygen from 
[‘80]dioxygen is consistent with the involvement 
of cytochrome P-450-dependent monooxygenase 
activity, although the enrichment observed in incu- 
bations conducted in the presence of [“Oldioxygen 
was low. This observation, combined with the incor- 
poration of l*O from [‘80]water, suggests the for- 
mation of an intermediate that exchanges with the 
medium; the incorporation of [180]oxygen from 
water approximated the enrichment of the water. 

A possible reaction mechanism incorporating such 
an intermediate is shown in Fig. 1. According to 
this mechanism. initial monooxygenase-catalyzed 
hydroxylation of the 1.3-benzodioxole would yield 
an intermediate is shown in Fig. 1. According to 
this mechanism, initial monooxygenase-catalyzed 
2-hydroxyphenyl formate (II, Fig. 1). Decarbony- 
lation of the 2-hydroxyphenyl formate would yield 
carbon monoxide and catechol, and hvdrolysis of II 
would yield formic acid and catchol. This mechanism 
is consistent with the observation of a deuterium 
isotope effect and with the finding that [2-‘3C]1.3- 
benzodioxoles give rise to [‘“Clcarbon monoxide. 
It is also consistent with earlier observations [5-81 
that the methylenic carbon atom is metabolized to 



1,3-Benzodioxole metabolism 519 

+ 

HCOOH 

Fig. 1. Proposed reaction mechanism for the metabolism of 1,3-benzodioxoles. Postulated intermediates 
are shown in brackets. Cyto P-450 = cytochrome P-450; CO = carbon monoxide. 

formate in vitro in NADPH-fortified microsomal 
fractions from mammalian liver and insect tissues. 
Indeed, in view of the 15 : 1 product ratio of catechol 
to carbon monoxide observed during the metabolism 
of 4-nitro-1,3-benzodioxole, it is probable that the 
pathway leading to formate and catechol is quanti- 
tatively more important than that leading to carbon 
monoxide and catechol. 

The 2-hydroxy-1,3-benzodioxole intermediate (I, 
Fig. 1) is analogous to an or&-ester (ROjCH); such 
compounds readily lose alcohol, or water in the case 
of I, to form an oxonium ion (III, Fig. l), and this 
reaction is readily reversible [24]. This would explain 
the formation of [‘*O]carbon monoxide when the 
reaction was carried out in the presence of either 
[i80]dioxygen or [“Olwater. 

A carbene (IV, Fig. 1) has been suggested as an 
intermediate in the metabolism of 1,3-benzodioxoles 
[12,25]. The carbene (IV, Fig. 1) may arise from 
2-hydroxy-1,3-benzodioxole (I, Fig. 1). Base-cata- 
lyzed proton abstraction would yield a carbanion 
that could undergo an cY-elimination reaction to form 
the carbene. The conversion of 2-hydroxy-1,3-ben- 
zodioxole to the carbene may also be subject to 
bifunctional catalysis, as has been proposed for the 
conversion of 4-hydroxycyclophosphamide to aldo- 
phosphamide [26]. This would involve the concerted 
proton abstraction from the methylene carbon atom 
and the protonation of the methylene hydroxyl of 
2-hydroxy-1,3-benzodioxole. Alternatively, it has 
been proposed that the carbene may arise from an 
oxygenated cytochrome P-450-substrate complex 
rather than by a-elimination of water from I [12]. 
The present data do not allow these possibilities to 
be distinguished. Finally, the carbene may undergo 
hydrolysis to yield carbon monoxide and catechol 
(VI, Fig. 1). 

The possible relationship of the metabolic reac- 

* E. Hodgson, personal communication. 
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tions shown in Fig. 1 to the well-established ability 
of 1,3-benzodioxoles to inhibit cytochrome P-450- 
catalyzed monooxygenase activity is of considerable 
interest. Metabolism is required for inhibition 
[3,11,27], and it is generally accepted that this 
involves the formation of an active metabolite, pos- 
sibly a carbene [12], that forms a stable complex 
with ferrocytochrome P-450 through the sixth axial 
ligand (V, Fig. 1). The complex can be observed as 
the so-called type III optical difference spectrum 
with dual Soret region peaks at 455 and 427 nm 
[3,27]. Several interesting observations have been 
made that suggest a close relationship between the 
formation of the 1,3-benzodioxole metabolite-cyto- 
chrome P-450 complex and the generation of carbon 
monoxide. 

The ability of 1,3-benzodioxoles to form type III 
spectral complexes with cytochrome P-450 and, as 
a result, to inhibit monooxygenase activity both in 
vitro and in vivo [l] is decreased on substitution of 
the methylenic carbon atoms with deuterium and is 
almost absent in 2-methyl and 2,2-dimethyl-substi- 
tuted derivatives [3,28, *]. On the other hand, 2- 
ethoxy-1,3-benzodioxole, which presumably can 
undergo hydrolysis to the 2-hydroxy-intermediate, 
forms a spectral complex with cytochrome P-450 
[29], thus supporting the view that the 2-hydroxy 
derivative might be a common intermediate in the 
metabolic pathway leading to both inhibitory com- 
plex formation and carbon monoxide production. 

This suggestion is further supported by the finding 
that there appears to be an inverse relationship 
between formation of the type III complex and pro- 
duction of carbon monoxide [9]; 1,3-benzodioxoles 
with electron-donating substituents in the aromatic 
ring lead mainly to complex formation and generate 
little carbon monoxide, and those with electron with- 
drawing substituents produce mainly carbon mon- 
oxide and show little complex formation. This sug- 
gests that electron donating substituents favor 
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complex formation with cytochrome P-450, either 
through formation of a carbene intermediate from 
the 2-hydroxy-1,3-benzodioxole, or directly through 
a concerted reaction mechanism occurring at the 
active center of the cytochrome. A recent report 
indicates that the isosafrole metabolite-ferro- 
cytochrome P-450~~~ complex decomposes spontan- 
eously to carbon monoxide 1301, although it is not 
known whether this occurs through hydrolysis to the 
Lhydroxy intermediate, as suggested in Fig. 1, or 
by another mechanism. 
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