
Photochemical reaction of open-cage fullerene 1 with sin-
glet oxygen gave oxidation product 3, which was shown to have
an enol and a carbonyl groups on the 12-membered-ring orifice
on the fullerene cage by spectroscopic method and density
functional calculations.  

Transformations of the fullerene cage are of great interest
from the viewpoint of the chemical synthesis of endohedral met-
allofullerenes or heterofullerenes.1 The reaction of fullerene
derivatives with singlet oxygen is one of the most promising
method for such purpose, although C60 itself simply affords
epoxide, C60O,2 upon such oxidation.  For example, Wudl and
co-workers reported the reaction of azafulleroid with oxygen to
give a ketolactam derivative3 which is the precursor of the aza-
fullerene dimer, (C59N)2.

4 Rubin and co-workers reported the
reaction of bisazafulleroid with oxygen to yield a bisamide deriv-
ative of C60,

5 in which molecular hydrogen or helium atom can
be incorporated.6 In these reactions singlet oxygen generated by
excited state of C60 is reported to play an important role and one
of the double bond on the C60 cage is oxidatively cleaved.  On
the other hand, we recently reported the synthesis of an open-
cage fullerene derivative having an eight-membered-ring orifice
1 by a thermal reaction of C60 with phthalazine in 1-chloronaph-
thalene.7,8 In the present paper we report the structure and prop-
erties of the oxidation product obtained by the photochemical
reaction of 1 with oxygen.  A recent report by Murata and co-
workers9 prompted us to publish our own findings on the oxida-
tion of an open-cage fullerene derivative.  

The reaction of open-cage fullerene derivative 17 with oxy-
gen was conducted in a solution of air-saturated benzene under
irradiation of room light at room temperature for 3 days (Scheme
1).  The product, which was more polar than the starting material,
was isolated in 32% yield as a brown powder10 by column chro-
matography over silica gel.  The molecular formula of this prod-
uct was determined as C68H6O2 by high-resolution mass spec-
troscopy, indicating that the product was formed by addition of
O2 to 1.  The structure of this product was shown to be not keto-
form 2 but enol-form 3 as described below.  The 1H NMR exhib-
ited four multiplets at δ 8.01, 7.94, 7.86, and 7.74 and two sin-
glets at δ 6.98 and 6.79.  The singlet at δ 6.98 disappeared upon
addition of D2O demonstrating that 3 has an acidic proton.  The
13C NMR spectrum displayed one signal corresponding to a car-
bonyl carbon at δ 193.67, one signal corresponding to an sp3 car-
bon at 47.82 and 66 signals corresponding to sp2 carbons at δ
148.67–120.20, indicating that 3 has the C1 symmetry.  The IR
spectrum showed a strong band at 1706 cm–1 corresponding to a
carbonyl group and a weak band at 3379 cm–1 corresponding to a
hydroxy group.  These spectra are in good agreement with the
structure of 3.  

In order to determine the reaction site of the starting mate-
rial 1, the frontier orbitals of 1 calculated at B3LYP/6-31G(d)

level11 were studied.  The HOMO is localized at the two double
bonds of the eight-membered ring as shown in Figure 1(a)
whereas the LUMO is delocalized over the C60 cage.  Thus the
oxidative cleavage is considered to take place on one of these
bonds to afford, via a dioxetane intermediate, keto-form 2,
which would isomerize to enol-form 3 (Scheme 1).  

Theoretical calculations11 also support the enolization to
structure 3.  The relative energy of enol 3 was calculated to be
lower than that of ketone 2 by 3.12 kcal mol–1 at the B3LYP/6-
31G(d) level, although by calculations at AM1, PM3, and
HF/6-31G(d) levels the energy of 2 was found to be lower than
that of 3 by 1.44, 4.13, and 4.22 kcal mol–1, respectively.  Since
in such a system the electron correlation plays a critical role,
the results of DFT calculations are more reliable.12 The opti-
mized structure of 3 at the B3LYP/6-31G(d) level is shown in
Figure 1(b).  The enol group is supposed to be stabilized by
intramolecular hydrogen bonding with the carbonyl group in
close proximity.  In order to further confirm the structure, the
GIAO(SCF/6-31G(d)//B3LYP/6-31G(d)) calculations were
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conducted for both 2 and 3.13 The calculated chemical shifts of
3, particularly those of a hydroxy proton at δ 7.04, a methine
proton at δ 6.48, a carbonyl carbon at δ 198.26, enol carbons at
δ 148.56 and 119.76, and an sp3 carbon at δ 41.76, are in fairly
good agreement with the experimental values while the calcu-
lated values for 2 are not.  

Whereas the starting compound 1 is purple in CHCl3 solu-
tion,7 the color of the dilute solution of 3 in CHCl3 is yellow
and the UV–vis spectrum showed maximum absorptions at 257,
329, 453, 675, and 751 nm (Figure 2).  This must be due to the
perturbation of the π-conjugated system of the C60 part by
cleavage of one double bond and replacement by a carbonyl
and enol groups newly formed.  

The electrochemical behavior of 3 was investigated by
cyclic voltammetry (CV).14 Quasi-reversible five reduction
waves were recorded at –1.07, –1.30, –1.41, –1.67, and –1.99 V
vs ferrocene/ferrocenium couple upon CV of 3 whereas 1
showed only three reversible reduction waves at –1.29, –1.72,
–2.20 V.  C60 displayed three reversible reduction waves at
–1.11, –1.51, and –1.97 V under the same conditions.15 The
multistep reduction of 3 is supposed to involve the reduction of
enol and carbonyl groups along with reduction of the fullerene
cage.  Unfortunately the assignment of each of the reduction
waves is not successful at the moment.
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