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ABSTRACT

Norfullerenes are fullerene-like compounds (fulleroids) resulting from partial deletion of fullerene skeleton carbons. The one carbon less
norfullerene C59(O)3 derivatives having three carbonyl groups on the rim of the orifice are prepared through peroxide-mediated reactions. A
key step involves a novel PCl5 initiated rearrangement of a hydroxyl amine adduct. Decarboxylation serves as the carbon removal step.

Modification of the fullerene skeleton has attracted much
attention. Various fullerene-like compounds (fulleroids) have
been studied both theoretically and experimentally.1 There
are four major types of fulleroids: heterofullerene, seco-

fullerene, homofullerene, and norfullerene (Scheme 1).2 The
azafullerenes C59N(R) and C69N(R) remain the only hetero-
fullerenes available in synthetic scale.1c,e,3 Well-established
examples have been reported for homofullerene,1,4 azaho-
mofullerene,5 oxahomofullerene,6 and cobaltahomofullerene.7
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Remarkable progress has been made in secofullerene (cage-
opened fullerene).1b,f A number of compounds have been
reported with different orifice sizes.8

Norfullerene results from partial deletion of fullerene
carbon atoms. Bonds attached to the atom removed are not
reconnected according to the IUPAC definition of nor-
fullerene.2 Thus, norfullerenes are cage-opened compounds
different from those cage-closed nonclassical fullerenes
(called smaller fullerenes) such as C20H10,9 C36Hx,10 C50Cl10,11

and C58F18.12 Various fullerene fragments resulting from
skeleton carbon atom deletion have been observed via the
mass spectra.13–18 Electron-impact dissociation/ionization of
C60 generated various Cn

+ (n ) 50, 52, 54, 56, and 58).13

Signals corresponding to odd-numbered fullerene fragments
Cn

- (n ) 53, 55, 57, 59) were observed in the mass spectrum
of C60(O).14 Fragmented fullerenes C54-59Hx have been
observed on the mass spectra of hydrogenated fullerene
derivatives.15 Electrochemical reduction of C60 led to disrup-
tion of the cage and formation of C50H10O, as detected by

mass spectra.16 MALDI-TOF spectra of fullerene-mixed
peroxides C60(O)(OOtBu)4 showed signals due to C58(O)1-3

and C59(O)2-4.17 But little is known about the structural
information of these novel compounds. Theoretical calcula-
tions have been carried out for some norfullerenes.1e,18

We have prepared a number of fullerene-mixed
peroxides.6c,8h,17,19 In an effort to make skeleton-modified
fullerene derivatives, we explored the chemistry of compound
1 as part of our continuous work on fullerene peroxide
chemistry. Due to the unique spherical structure of fullerenes,
fullerene peroxides exhibit different reaction patterns from
those of classical organic peroxides. We have recently
reported several open-cage C59 derivatives,8h which may be
classified as seco-norfullerenes. Here we report the removal
of one carbon atom from C60 through peroxide-mediated
stepwise reactions.

The cage-opened fullerene derivative 1 was prepared in
14% yield from C60, as previously reported.8h To test the
reactivity of the fullerene carbonyl groups, we treated
compound 1 with hydroxylamine (Scheme 2). Instead of the

expected oxime derivative, the oxahomofullerene derivative
2 with a hydroxylaminoketal moiety was obtained. The
addition pattern is analogous to the reaction between aromatic
amines and fullerene peroxides similar to 1.8h Inspired by
the PCl5 promoted rearrangement of hydroxylamine deriva-
tives (Stieglitz rearrangement),20 we then treated 2 with PCl5
and obtained compound 3. The structure of 3 has one
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Scheme 1. Structures of Representative Fulleroids

Scheme 2. Reactions of Fullerenones
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fullerene carbon moved out of the cage skeleton and a
t-butoxyl group migrated onto the nitrogen. To assign the
structure of 3, various methods were tested to grow suitable
crystals for X-ray diffraction analysis, but all failed. After
the chlorine atom on the oxygen-bound carbon was converted
to the hydroxyl group in compound 4, a single crystal was
obtained from the slow evaporation of compound 4 in a
mixture of CS2/EtOH. The mild Lewis acid SnCl2 gave the
best yield for the conversion of 3 to 4. Other acids, such as
FeCl3, FeBr3, CF3COOH, and H2SO4, could also induce the
hydroxylation, but with lower yields. Treatment of 4 with
PCl5 gave back the dichloroderivative 3 in good yield (85%).
Reduction of 3 with PPh3 led to the replacement of one Cl
into H and the formation of product 5. The major product
was compound 6, with one OOtBu group and one Cl atom
removed, both of which are on the same hexagon. Compound
5 could be converted to 6 by a base such as N,N-
dimethylaminopyridine (DMAP).

To remove the amide group from the cage and make a
norfullerene, we then tried a sequential hydrolysis and
decarboxylation process (Scheme 3). Mineral acids gave a

complex mixture of products. Aluminum chloride removed
the t-butyl group selectively to form the hydroxylamine
amide 7. Similar to compound 3, the chlorine atom on the
oxygen-bound carbon of 7 could be converted into the
hydroxyl analog 8. Oxidation of 8 with nitrous acid removed
the amide group successfully to give the norfullerene
derivative 9. Reduction of 9 with triphenylphosphine elimi-

nated the chlorine atom and one OOtBu group to form the
Cs symmetric compound 10. Both ICl and Br2 add readily
to the newly formed benzene ring in compound 10 to form
11a and 11b, respectively.

Unambiguous structure assignment of 4 by spectroscopic data
and single crystal X-ray diffraction analysis played a key role
for the structure elucidation of compounds 3, 5, 6, and 7. The
spectroscopic data of 4 revealed all the functional groups present
in the molecule. The crystal structure confirmed the presence
of these groups and most importantly showed their relative
locations on the cage. Compounds 4, 5, and 7 were all derived
from 3. Their NMR spectra in particular the 13C NMR spectra
showed the same pattern, indicating analogous structures for
these four compounds. The conversion of 4 back to 3 (Scheme
2) further confirmed the structure assignment for 3. Single
crystal structures of 11a and 11b also provided convincing
evidence for the structure assignments of their precursors 9 and
10. NMR spectra confirmed the Cs symmetry of compounds
10 and 11.

X-ray structures of compounds 4, 11a, and 11b are shown
in Figure 1. The N-butoxyl amide is clearly shown in the
structure of compound 4. The amino hydrogen atom forms
hydrogen bond with one of the adjacent peroxo oxygen
atoms. The pyran ring is almost planar, but the six-membered
ring containing the carbonyl group takes a twisted chair
conformation with the carbonyl group pointing out of the
cage surface.

Scheme 3. Formation of Norfullerenes

Figure 1. X-ray structure of 4 (top), 11a (middle), and 11b
(bottom). For clarity, hydrogen atoms were not drawn. Ellipsoids
were at 50%. Color scheme: grey ) C, blue ) N, red ) O, green
) Cl, wine-red ) Br.
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The conversion of 2 to 3, promoted by PCl5, is unprec-
edented. A possible pathway is proposed in Scheme 4. The

first step is the interaction of PCl5 with the hydroxyl group
of the hydroxyamino carbonyl moiety to form intermediate
A. Cleavage of the N-O bond in A initiates a multi bond
cleavage process leading to intermediate B. A concerted
process is drawn in Scheme 4 for this step, but the present
data cannot rule out a stepwise process involving nitrogen,

oxygen, and carbon cations. A five-membered ring transition
state probably facilitates the rearrangement of the t-butoxyl
group onto the nitrogen atom. Addition of chloride to
intermediate B in the third step is analogous to a SN2′′
process. Unlike the classical 1,4-addition of unsaturated
ketone compounds, steric strain results in the carbonyl
oxygen attacking the R-position of the unsaturated amide
moiety. Conjugation between the amide and the double bond
in the center is limited due to severe steric hindrance.
Replacement of the hydroxyl group by chlorine in the final
step should follow a SN1 mechanism. The carbocation formed
in this step may be stabilized by double bonds around it.

In summary, the first C59 norfullerene derivative is
prepared through deletion of one carbon atom from the C60

cage. Stability of the norfullerene derivatives prepared here
are comparable with those fullerene adducts with an intact
cage. Work is in progress to prepare other norfullerenes.
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Scheme 4. Possible Mechanism for the Reaction of 2 with PCl5
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