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ABSTRACT

Removal of one carbon atom from the C 60 cage is achieved under mild conditions. The process involves the formation of fullerene-mixed
peroxide, subsequent Lewis acid induced cleavage of O −O and C−O bonds, and thermolysis at 75 °C. In the proposed mechanism, the carbon
atom is deleted as CO and an oxygen atom occupies the vacancy to form a furan ring. Single-crystal X-ray analysis confirmed the results.

Cluster modification of fullerenes could generate many
fulleroids with either open- or close-cage structures. Exciting
chemical and physical properties can be expected for such
compounds. This area has proven to be a challenging
problem in fullerene chemistry. Nevertheless, remarkable
progress has been made. Rubin et al. discovered the
photochemical [4+4] intramolecular cycloaddition and retro
[2+2+2] reaction.1 The strategy has been successfully
employed to make a number of bisfulleroids.2 Komatsu et

al. reported a landmark endohedral fullerene H2@C60 through
a molecular surgery pathway.3 The largest orifice among
cage-opened fulleroids was reported by Iwamatsu et al.,
through which water and carbon monoxide can be inserted.4

Replacement of fullerene cage carbons with other non-
carbon atoms forms heterofullerenes. Preparative hetero-
fullerene chemistry is so far still restricted to azafullerenes.
In 1995, Mattay5 and Hirsch,6 respectively, discovered that
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certain nitrogen-containing fullerene derivatives generate
azafullerenium such as C59N+ and C69N+ in the gas phase.
In the same year, Wudl accomplished the first synthesis of
azafullerene C59NR in bulk quantities.7 Shortly after, Hirsch
also reported its synthesis using a different method.8 Rich
exohedral chemistry of the azafullerene has been developed
over the past 10 years. Several other heterofullerenes were
observed in gas-phase experiments.9

We have reported the synthesis of a number of fullerene-
mixed peroxides such as1 through the addition oft-
butylperoxo radicals to C60.10 Recently, several oxahomo-
fullerenes were prepared starting from these fullerene-mixed
peroxides.11 Further investigation revealed that the fullerene-
mixed peroxides can also serve as precursors for the
controlled replacement of cage carbons to form fulleroids.
Here, we report the synthesis of the title oxafulleroid with
one carbon atom deleted from the C60 cage.

Compound2 was isolated from the reaction of1 with
boron trifluoride. Heating2 for 8 h at 75 °C led to the
oxafulleroid3 (Scheme 1). One of the two hydroxyl groups

in 3 could be converted to an alkoxyl group catalyzed by
hydrogen chloride. The compounds are stable under atmo-
spheric conditions for weeks without noticeable decomposi-
tion. Slow evaporation of4a in CS2/EtOH gave suitable
crystals.

The crystal structure of4a (Figure 1) showed clearly the
presence of the furan moiety, which is isolated from other

double bonds by the twot-butylperoxo, hydroxyl, and
methoxyl addends.12 The space-filling model indicates that
the furan oxygen is in close contact with the lactone moiety
in the 11-membered opening. As a result, the lactone is
pushed outward (dihedral angle C39-C54, C41-C55B is
141°) and the furan oxygen is also slightly above the furan
plane (dihedral angle C58-C59, C56-O1 is 6.3°).

The presence oft-butylperoxo groups in these compounds
improves their solubility and facilitates spectroscopic data
measurements. The data clearly reveal the formula and
functional groups present in the compounds. In light of the
X-ray analysis data, structures of other compounds were
deduced. Compound3 is the precursor of4. It should have
the same cage skeleton as4 because they exhibit the same
13C NMR pattern. The characteristic CdO stretching band
of the lactone moiety is also very similar at 1775, 1772, and
1770 cm-1 for 3, 4a, and4b, respectively. Their UV-vis
spectra are almost identical. There is no sharp peak in the
region 300-800 nm.

The 13C NMR of compound2 showed two characteristic
signals at 189.5 and 159.1 ppm indicating the presence of
ketone and lactone moieties. This is further supported by its
IR spectrum which showed two bands at 1798 and 1743
cm-1. Because compound2 is the precursor of3, it is
reasonable to position the lactone moiety of2 in the same
way as that in3. Locations of the epoxy andt-butylperoxo
groups in2 are assigned according to its precursor compound
1 which was established previously on the basis of closely
related single-crystal X-ray analysis.10 The remaining ketone
moiety can only be on the central pentagon as drawn in
Scheme 1. Switching the lactone moiety by 180°would give
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Scheme 1. Preparation of Compounds2-4

Figure 1. Single-crystal X-ray structure of4a (one enantiomer is
shown, and for clarity, some atoms of the cage were omitted).12
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an alternative structure for2 which can also satisfy all the
spectroscopic data. It is not possible to distinguish between
the two at present.

Scheme 2 shows a possible pathway for the present
reactions. Lewis acid induces the heterolysis of the O-O
bond on the relatively crowdedt-butylperoxo group to form
the oxonium intermediateA, which rearranges to the carbon-
centered cationB through the cleavage of a 5,6-junction.
The dioxetane moiety in the neutral intermediateC was then
formed through heterolysis of thetBu-O bond on the
adjacentt-butylperoxo group. Ring-opening rearrangement
of the dioxetane gave compound2. Competing pathways are
possible for steps i and ii. For example, O-O bond
heterolysis of thet-butylperoxo group on the central pentagon
should be possible. The other 5,6-junction could also be
cleaved in the rearrangement process of oxonium intermedi-
ateA. Uncharacterized products isolated from the reaction
may be formed through these competing pathways.

The above pathway is a combination of similar steps in
the literature.7,11 We have reported conversions of the
t-butylperoxo group in fullerene-mixed peroxides into the
hydroxyl group and hemiketal and dioxetane moieties by
various Lewis acids, which also involve heterolysis of the
O-O bond as the key step.11 The last step of the above
mechanism and formation of oxafulleroid3 from 2 are
reminiscent of the formation of the first azafullerene deriva-
tive reported by Wudl et al., where the dioxetane intermediate
was formed through singlet oxygen addition to the aza-
fulleroid.7 The ketolactone opening in2 is essentially the
same as the 11-membered ketolactam opening in Wudl’s
compound (Figure 2).

Formation of oxafulleroid3 from ketolactone2 results
from the loss of CO and conversion of twotBuOO groups

into two OH groups. It is not quite clear which occurred
first. Release of steric strain and furan aromatization may
be the driving force for elimination of the carbonyl group
from the central pentagon. Loss of CO is also suggested in
the ketolactam (Figure 2) to azafullerene (C59N)2 transforma-
tion.7

Selective monoalkoxylation of3 should involve a cation
intermediate formed by the HCl-catalyzed cleavage of the
OH group. The extra stabilization effect of the lactone
oxygen on the cation intermediate explains the regioselective
formation of4. Komatsu et al. have reported stable fullerene
cations.13

The present work demonstrates that cleavage of C-C,
C-O, and O-O bonds in fullerene-mixed peroxides can be
achieved under mild conditions. Fullerene-mixed peroxides
have much potential for the preparation of cluster-modified
fullerenes such as homo-, seco-, nor-, and heterofullerenes.
To facilitate future multistep synthesis, selectivity of the
reactions remains to be improved even though separation of
the present products could be achieved by column chroma-
tography. Work is in progress to investigate the chemical
reactivity of fullerene-mixed peroxides in detail and to
prepare new cage-modified fullerene derivatives.14
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Scheme 2. Proposed Pathway

Figure 2. Structure of the first cage-opened fullerene.7
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