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Heterofullerenes are formed by replacing fullerene cage carbons
with other noncarbon atoms. The chemistry of heterofullerenes is
still a very young discipline within synthetic organic chemistry.1

So far, it is still restricted to azafullerene. In 1992, a number of
CnNm clusters were reported by contact-arc vaporization in a partial
N2 or NH3 atmosphere and by reactive collision scattering of N+

with C60.2 However, none of these species have been isolated or
structurally characterized. In 1995 Mattay3 and Hirsch4 discovered
independently that certain nitrogen containing fullerene derivatives
generate azafullerenium such as C59N+ and C69N+ in the gas phase.
In the same year, Wudl5 accomplished the first synthesis of
azafullerene RC59N and the dimer (C59N)2 in bulk quantities using
a ketolactam fullerene derivative. Shortly afterward, Hirsch6 also
succeeded in the bulk preparation of RC59N and (C59N)2 using a
bisazafulleroid precursor. The methods have been used widely to
prepare azafullerene derivatives for various purposes.7

We have reported the synthesis of a number of fullerene mixed
peroxides8 through the addition of tert-butylperoxo radicals to C60.
Recently several oxahomofullerenes and cage-opened oxafulleroids9

such as 1 were prepared starting from these fullerene-mixed
peroxides. Here we report the preparation of azafullerene derivatives.

Compound 1 was prepared from C60 in three steps as previously
reported.9b Treatment of 1 with aqueous NH2OH solution resulted
in coupling of the carbonyl groups and formation of compound 2
with a hemiacetal moiety (Scheme 1). The hydroxylamino adduct
2 reacted with commercial PCl5 to give azafulleroid 3 under
anhydrous conditions. The purity of PCl5 greatly effects the yield
of compound 3. Freshly sublimed PCl5 was too reactive and resulted
in other byproduct. In an effort to grow crystals of 3, the added
alcohol replaced the chlorine atom efficiently to form the analogous
compounds 4.

Compound 3 is an excellent precursor for the preparation of
azafullerenes. Silica gel purification could partially convert 3 into
the azafullerene 5. Later we found that basic alumina gave complete
conversion. Treating 5 with Br2 led to the bromo analogue 6. The
bromo adduct 6 could be changed to the hydroxyl adduct 7 by silver
perchlorate. Amines such as benzyl amine and n-butyl amine
converted 3 directly to the hydroxyl azafullerene 7.

Spectroscopic data are in agreement with the structures depicted
in Schemes 1 and 2. The 1H NMR spectrum of 5 showed a singlet
signal corresponding to the fullerenyl hydrogen at 6.59 ppm. There
are 28 peaks for the sp2 fullerene skeleton carbons ranging from
129.22 to 150.64 ppm in the 13C NMR spectrum, which is consistent
with the Cs symmetry. The DEPT spectrum confirmed that the peak

at 60.33 ppm corresponds to the sp3 carbon atom connected to the
hydrogen. In the 13C NMR of the C1 symmetric 3, there are 55
peaks for the sp2 carbons ranging from 110.52 to 168.45 ppm and
five sp3 peaks ranging from 79.30 to 94.21 ppm. The FTIR spectrum
of 3 shows a strong peak at 1773 cm-1 due to the lactam carbonyl
group. This is much bigger than the CdO stretching band (1727
cm-1) for the first cage-opened keto-lactam fullerene derivative
reported by Wudl et al.10 ESI-MS of the new compounds showed
expected molecular signals.

Single crystals were obtained for both 4b and 6 by slow
evaporation of a CS2/ethanol solution at 5 °C. The X-ray structures
at 200 K are in agreement with the NMR derived assignments
(Figure 1). The carbonyl group in 4b is located above the cage
surface and tilted toward the seven-membered ring. The local
structure of the carbonyl group is reminiscent of the ring-opened
5,6-methano-bridged fullerene derivatives (homofullerenes). The
seven-membered ring shows a great amount of strain as indicated
by its relatively long bond distances.

Similar to the solution phase structure, a mirror plane is present
bisecting the molecule in the X-ray structure of 6. The tert-
butylperoxo groups were frozen at their most favored configuration.
The pyrrole moiety is not completely planar. The dihedral angle
of the pyrrole plane (N-C-C-C) is 0.8°, and the bonding distances
range from 1.363 to 1.424 Å within the pyrrole ring. The shortest
double bonds (1.350 Å) are those located on the outer perimeter of
the azacorannulene subunit. The structure of 6 is analogous to the
azafullerene derivative Cl4ArC59N reported by Hirsch et al.7 An
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Scheme 1. Formation of Azafulleroids
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AM1 calculation on the tetrachlorinated azafullerene7a revealed
bonding distances similar to those of 6. To our knowledge, the
structure of 6 appears to be the first well-resolved single crystal
structure of azafullerene.11

Mechanisms for the formation of azafulleroid 3 and azafullerenes
are not clear at present. In the reaction of 2 with PCl5, a nitronium
ion is probably formed from heterolysis of the hydroxylamino
N-OH bond, which initiates the rearrangement leading to the
lactam moiety of 3. The main driving force for the loss of lactam

CO from 3 should be steric strain, as indicated by the above X-ray
structure of the analogue 4b. The process is reminiscent of the
mechanism proposed by Wudl et al. for their azafullerene formation
reaction.5 In the Wudl mechanism, a fullerene ketolactam precursor
is converted to an azafulleronim ion C59N+ by loss of the lactam
CO group.

In summary, azafullerene was prepared by addition of hydroxyl
amine to cage-opened fullerene derivatives and subsequent PCl5

induced rearrangement. The new method reported here produces
azafullerene derivatives with peroxide addends, which may be used
for further skeleton modification. Work is in progress to study
mechanisms of the reactions and to prepare other heterofullerenes
such as diazafullerenes.
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Figure 1. Single crystal structures of 4b (above) and 6 (below). Ellipsoids
were drawn at 50% level. For clarity hydrogen atoms were omitted. Color
scheme: gray ) C; red ) O; blue ) N; magenta ) Br.

Scheme 2. Formation of Azafullerenes
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