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Oxidation of [60]Fullerene by Cytochrome P450 Chemical Models
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Reaction of [60]fullerene in cytochrome P450 (P450) chemical model systems gives several oxidation products;
sequential epoxidation occurs, and the second and third oxygen atoms are each introduced at a double bond

adjacent to an existing epoxide.

Since the discovery of a large-scale production method of
fullerene-containing soot in 1990,! these intriguing molecules,
particularly [60]fullerene, have attracted much attention. How-
ever, little is known about their biological properties.2 As many
researchers are handling these molecules, the biological action
of fullerenes must be of interest. Since [60]fullerene has many
condensed six- and five-membered rings in its structure, it can
be regarded as a derivative of polycyclic aromatic hydrocarbons
(PAHs). Many PAHs, especially benzo[a]pyrene, have been
reported to have potential carcinogenic activity,? and they are
converted to their ultimate form, diol epoxides, by P450 and
epoxide hydrolase.4

In studies of drug metabolism, chemical model systems have
many advantages, such as the large-scale and single-step
synthesis of unstable, minor or unexpected metabolites, and
detection of compounds that would not be observed in ex vivo
experiments because of binding to biological polymers. We3
and other groups® have applied P450 chemical models to studies
on drug metabolism and have so far found several novel
putative metabolic pathways. Here, as a first step in the analysis
of the metabolic transformations of [60]fullerene, we report the
characterization of the oxidation products of [60]fullerene by
several P450 chemical model systems.

In the tetraphenylporphinatoiron(iir) chloride [Fe™'TPPCl]-
iodosylbenzene system, a typical P450 chemical model,
[60]fullerene was mixed with 1 equiv. of oxidant and 0.01
equiv. of catalyst in benzene at room temp. The reaction was
completed within 60 min, and the reaction product was purified
by preparative HPLC [octadecylsilica (ODS) column; toluene-
methanol, 55:45]. The 13C NMR and IR spectra of this product
were identical with those of 1,2-epoxy[60]fullerene.”-8+ Quanti-
tative analysis of the production of 1,2-epoxy[60]fullerene was
carried out in various P450 chemical model systems by HPLC.
Table 1 shows that most systems gave 1,2-epoxy[60]fullerene
as a product in moderate yield. Slight 1,2-epoxy[60]fullerene
formation was observed in the systems without catalysts, but the
reaction was greatly accelerated in the presence of a catalyst.

The tetraphenylporphinatoruthenium(ir) carbonyl [RuTPP-
(CO)]-2,6-dichloropyridine-N-oxide-HBr system® is recog-
nized as one of the most efficient P450 model systems

Table 1 C4,O formation by various cytochrome P450 chemical models#

Oxidant?
Catalyst PhIO No oxidant
FeTPPCl 22.01 0.35
FeTDFPPCI1 21.31 0.32
MnTPPCI 20.62 0.38
MnTDFPPCI 9.44 0.22
None 0.68 —

a Conditions: [Cep] = 1 mmol dm—3, [catalyst] = 10 umol dm—3 [oxidant]
= 1 mmol dm—3, total volume 1.0 ml. These reactions were carried out in
benzene at room temp. for 45 min. FeTPPCI = tetraphenylporphinato-
iron(1r) chloride; FeTDFPPCl = tetrakis(2,6-difluorophenyl)porphinato-

iron(n) chloride; MnTPPCl = tetraphenylporphinatomanganese(i)
chloride; MnTDFPPCl = tetrakis(2,6-difluorophenyl)porphinato-
manganese(1l) chloride; PhIO = iodosylbenzene. ®* % Based on sub-
strate.

developed so far. [60]Fullerene was mixed with 3 equiv. of
oxidant and 0.01 equiv. of catalyst in benzene, and then
molecular sieve 4A (MS4A) and a few drops of 47% HBr
aqueous solution were added to the mixture. The reaction was
carried out at room temperature. In this system, in addition to
1,2-epoxy[60]fullerene, many other oxidation products were
observed on the HPLC chromatogram. The analysis of reaction
progress with time showed that the yield of each product
reached a maximum, and then decreased owing to conversion to
amore oxidized form. The reaction mixture at 4 h was separated
and 1,2-epoxy[60]fullerene, product 2 and product 3 were
isolated by silica gel column chromatography (eluent CS,).
Product 2 gave a signal at m/z 753 for the [M + H]* ion with
a strong fragment peak at m/z 721, corresponding to [Cgo + H]*,
in the FAB mass spectrum using m-nitrobenzyl alcohol as a
matrix. The 13C NMR spectrum showed 30 signals (4 signals
integrate as one carbon atom each, and 26 signals as two carbon
atoms each) between 8 140 and 150, as well as 2 signals (each
two carbon atoms) at & 82.40 and 78.46. This suggests that this
compound is a diepoxy[60]fullerene with a C; symmetrical
structure. There are three possible structures that would satisfy
the spectroscopic data (Fig. 1). In the 3C NMR spectrum,
product 2 showed its sp? carbon signals at higher field (6 82.40
and 78.46) than those of the 1,2-epoxy[60]fullerene (& 90.02).
This high-field shift may be caused by the addition of an
epoxide functional group for an alkenic group at the -position
of an sp? carbon (one connected directly with oxygen) in
1,2-epoxy[60]fullerene. While both types of sp3 carbons of 1a

Fig. 2 Proposed structures of triepoxy[60]fullerene
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in Fig. 1 have an epoxide carbon at the (3-position, 1b in Fig. 1
has only one type, and 1c in Fig. 1 has none. This suggested that
product 2 was the 1,2;3.4-diepoxy[60]fullerene (la).: In
support of this conclusion, Hirsch et al. showed experimentally,
in the reaction of ferr-butyllithium and [60]fullerene followed
by hydrolysis, that the «-position of the carbon connected
directly to the ferz-butyl addend has increased reactivity.l0
Moreover, they confirmed the result by AMI1 calculations.
Ishida e al. reported that a second addend was introduced at a
double bond adjacent to an existing addend, when the steric
hindrance by the existing addend was relatively weak (epoxide
or adduct of dichlorocarbene).!! Avent er al. reported that
1,2,3 4-tetrahydro[60]fullerene was the main product from
reduction of [60]fullerene with diimide from the detailed
analyses by 'H and !3C NMR spectroscopy.1? These findings
also favour the 1a type structure for product 2.

Product 3 showed a signal at m/z 769 for the [M + H]J* ion in
the FAB MS. Its 13C NMR spectrum was more complicated
than that of product 2 (1,2;3,4-diepoxy[60]fullerene). We
measured the 13C NMR spectrum of product 3 which was
synthesized from 13C-enriched [60]fullerene (8% enrichment).
Carbons in the sp2 region showed a very complicated spectrum,
but the sp? carbons gave seven characteristic peaks. These seven
peaks could be classified into two groups. One group consisted
of 8 82.40, 75.04, and 68.94 (peak height ratio, 1:1:1), and the
other, 8 80.05, 76.70, 72.98 and 65.75 (peak height ratio,
2:2:1:1). These results suggested a C, symmetrical structure
for the former component and a C; symmetrical structure for the
latter. Since product 3 was formed even when product 2 was
employed as a substrate, it was concluded that the two
components are 1,2;3.4;9,10-triepoxy[60]fullerene 2a and
1,2;3,4;11,12-triepoxy[60]fullerene 2b (Fig. 2). This conclu-
sion is consistent with the fact that a double bond adjacent to an
existing epoxide is more reactive than the others. The
production ratio of 2a:2b was about 3:2 as judged from their
peak heights.

There have been several reports on oxidation products of
[60]fullerene, where the structures have been determined by
spectroscopic methods. For example, CsoO was produced by
UV irradiation in the presence of benzil as a photosensitizer in
benzene solution,” or by reaction of [60]fullerene with di-
methyldioxirane.8 Ishida er al. have reported the di-
epoxy[60]fullerene,!! which was produced by reaction with m-
chloroperbenzoic acid for 2 d, and they proposed the structure
1a (1,2;3,4-diepoxy[60]fullerene) in Fig. 1 for the product. But
no example has been reported of triepoxy[60]fullerene or higher
oxidation forms of [60]fullerene. The UV-VIS spectra suggest
that these oxidation products of [60]fullerene retain the essential
electronic character of their parent compound, [60]fullerene.
Although there are several small peaks beside the main peaks in
the HPLC chromatogram, they have not yet been isolated and
identified. They may be regioisomers of the identified products.
It is noteworthy that these oxidation products gradually
decomposed at room temperature when left in air, probably by
autoxidation. These findings indicate that the oxidation prod-
ucts are more unstable to molecular oxygen than [60]full-
erene.

In conclusion, we have identified the structures of CgoO,
Cg007 and CgoO3 formed in P450 chemical model systems. It is
strongly suggested that the oxygen atom transferred from the
active species was introduced at a double bond adjacent to an
existing epoxide. We are currently examining whether this
oxidation is catalysed by liver microsomes in vitro or by P450
in vivo. We are also investigating singlet oxygen production,
which has already been reported in the case of [60]fullerene
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itself,!13.14 upon visible light irradiation of these epoxides in the
presence of O,.
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Footnotes

t Selected data for CgpO: 13C NMR (100 MHz, o-dichlorobenzene—Cg¢Dg
2:1): 0 145.33(4), 145.29(4), 145.21(4), 145.08(2), 144.39(4), 144.35(4),
144.01(4), 143.95(4), 143.60(2), 143.12(8), 142.59(2), 142.41(4),
142.24(4), 142.01(4), 140.89(4), 90.02(2); FAB-MS: m/z 737 [M + H]+, 721
M+H- O]

I Selected data for 1a: 13C NMR (100 MHz, o-dichlorobenzene—C¢Dsg
2:1): 8 149.57(2), 147.75(1), 147.11(2), 146.67(2), 146.15(2), 146.09(2),

145.96(2), 145.87(2), 145.50(2), 145.08(2), 144.85(4), 144.29(4),
144.00(2), 143.48(2), 143.32(1), 143.18(2), 142.07(2), 142.56(2),
142.48(4), 142.42(4), 141.80(2), 141.53(2), 141.39(1), 140.77(2),

140.08(2), 139.19(2), 82.40(2), 78.46(2); FAB-MS: m/z 753 (M + H]*, 737
[M+H — O]+, 721 M+ H — O,]*
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