
Synthesis, reactivity and 
applications of fullerenes



Carbon	atoms	are	essen,al	for	life	on	our	
planet.	 They	 are	 the	 fundamental	
cons,tuents	 of	 proteins,	 carbohydrates,	
fa9y	acids,	nucleic	acids	(DNA	e	RNA)
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Allotropic	forms	of	carbon	
(different	cristalline	structure)	

Before	1985	
In	 the	 solid	 state	 only	 two	 fundamental	
structures	 were	 known:	 graphite	 and	
diamond



Graphite	 is	 a	 good	 electrical	 conductor,	 is	
greasy	and	finds	wide	use	as	lubricant;	it	is	soI	
and	black,	with	a	weak	metallic	brightness



Tridimensional	structure	of	diamond



many	molecoles	observed	in	the	space	
are	based	on	carbon
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During experiments aimed at understanding the mechanisms by 
which long-chain carbon molecules are formed in interstellar space 
and circumstellar shells1

, graphite has been vaporized by laser 
irradiation, producing a remarkably stable cluster consisting of 
60 carbon atoms. Concerning the question of what kind of 60-
carbon atom structure might give rise to a superstable species, we 
suggest a truncated icosahedron, a polygon with 60 vertices and 
32 faces, 12 of which are pentagonal and 20 hexagonal. This object 
is commonly encountered as the football shown in Fig. 1. The C60 

molecule which results when a carbon atom is placed at each vertex 
of this structure has all valences satisfied by two single bonds and 
one double bond, has many resonance structures, and appears to 
be aromatic. 

The technique used to produce and detect this unusual 
molecule involves the vaporization of carbon species from the 
surface of a solid disk of graphite into a high-density helium 
flow, using a focused pulsed laser. The vaporization laser was 
the second harmonic of Q-switched Nd: Y AG producing pulse 
energies of - 30 mJ. The resulting carbon clusters were expanded 
in a supersonic molecular beam, photoionized using an excimer 
laser, and detected by time-of-flight mass spectrometry. The 
vaporization chamber is shown in Fig. 2. In the experiment the 
pulsed valve was opened first and then the vaporization laser 
was fired after a precisely controlled delay. Carbon species were 
vaporized into the helium stream, cooled and partially equili-
brated in the expansion, and travelled in the resulting molecular 
beam to the ionization region. The clusters were ionized by 
direct one-photon excitation with a carefully synchronized 
excimer laser pulse. The apparatus has been fully described 
previously2- 5• 

The vaporization of Carbon has been studied previously in a 
very similar apparatus6

• In that work clusters ofup to 190 carbon 
atoms were observed and it was noted that for clusters of more 
than 40 atoms, only those containing an even number of atoms 
were observed. In the mass spectra displayed in ref. 6, the C60 
peak is the largest for cluster sizes of >40 atoms, but it is not 
completely dominant. We have recently re-examined this system 
and found that under certain clustering conditions the C60 peak 
can be made about 40 times larger than neighbouring clusters. 

Figure 3 shows a series of cluster distributions resulting from 
variations in the vaporization conditions evolving from a cluster 
distribution similar to that observed in ref. 3, to one in which 
C60 is totally dominant. In Fig. 3c, where the firing of the vaporiz-
ation laser was delayed until most of the He pulse had passed, 
a roughly gaussian distribution oflarge, even-numbered clusters 
with 38-120 atoms resulted. The C60 peak was largest but not 
dominant. In Fig. 3b, the vaporization laser was fired at the time 
of maximum helium density; the C60 peak grew into a feature 
perhaps five times stronger than its neighbours, with the excep-
tion of C70• In Fig. 3a, the conditions were similar to those in 
Fig. 3b but in addition the integrating cup depicted in Fig. 2 
was added to increase the time between vaporization and 
expansion. The resulting cluster distribution is completely domi-
nated by C60, in fact more than 50% of the total large cluster 
abundance is accounted for by C60; the C70 peak has diminished 
in relative intensity compared with C60, but remains rather 
prominent, accounting for -5% of the large cluster population. 

Our rationalization of these results is that in the laser vaporiz-
ation, fragments are tom from the surface as pieces of the planar 

• Permanent address: School of Chemistry and Molecular Sciences. University of Sussex, 
Brighton BNI 9QJ. UK. 

Fig. 1 A football (in the 
United States, a soccerball) 
on Texas grass. The C60 
molecule featured in this 
letter is suggested to have 
the truncated icosahedral 
structure formed by 
replacing each vertex on the 
seams of such a ball by a 

carbon atom. 

graphite fused six-membered ring structure. We believe that the 
distribution in Fig. 3c is fairly representative of the nascent 
distribution oflarger ring fragments. When these hot ring clusters 
are left in contact with high-density helium, the clusters equili-
brate by two- and three-body collisions towards the most stable 
species, which appears to be a unique cluster containing 60 
atoms. 

When one thinks in terms of the many fused-ring isomers 
with unsatisfied valences at the edges that would naturally arise 
from a graphite fragmentation, this result seems impossible: 
there is not much to choose between such isomers in terms of 
stability. If one tries to shift to a tetrahedral diamond structure, 
the entire surface of the cluster will be covered with unsatisfied 
valences. Thus a search was made for some other plausible 
structure which would satisfy all sp2 valences. Only a spheroidal 
structure appears likely to satisfy this criterion, and thus Buck-
minster Fuller's studies were consulted (see, for example, ref. 
7). An unusually beautiful (and probably unique) choice is the 
truncated icosahedron depicted in Fig. 1. As mentioned above, 
all valences are satisfied with this structure, and the molecule 
appears to be aromatic. The structure has the symmetry of the 
icosahedral group. The inner and outer surfaces are covered 
with a sea of rr electrons. The diameter of this C60 molecule is 
-7 A, providing an inner cavity which appears to be capable 
of holding a variety of atoms8

• 

Assuming that our somewhat speculative structure is correct, 
there are a number of important ramifications arising from the 
existence of such a species. Because of its stability when formed 
under the most violent conditions, it may be widely distributed 
in the Universe. For example, it may be a major constituent of 
circumstellar shells with high carbon content. It is a feasible 
constituent of interstellar dust and a possible major site for 

Vaporization laser 

10 atm ~rm J '11"1"11Rl!J!lll!jllllllllllllll!lllll&!lllll:-""'11 

/ 
/ / 

/ 
/ / 

/~ --

Fig. 2 Schematic diagram of the pulsed supersonic nozzle used 
to generate carbon cluster beams. The integrating cup can be 
removed at the indicated line. The vaporization laser beam (30-
40 ml at 532 nm in a 5-ns pulse) is focused through the nozzle, 
striking a graphite disk which is rotated slowly to produce a smooth 
vaporization surface. The pulsed nozzle passes high-density helium 
over this vaporization zone. This helium carrier gas provides the 
thermalizing collisions necessary to cool, react and cluster the 
species in the vaporized graphite plasma, and the wind necessary 
to carry the cluster products through the remainder of the nozzle. 
Free expansion of this cluster-laden gas at the end of the nozzle 
forms a supersonic beam which is probed 1.3 m downstream with 

a time-of-flight mass spectrometer. 
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Expo '67 American Pavilion (now the Biosphère), by R. Buckminster Fuller, on Île Sainte-Hélène, Montreal
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A new form of pure, solid carbon has been syn-
thesized consisting of a somewhat disordered 
hexagonal close packing of soccer -ball-shaped C60 
molecules. Infrared spectra and X-ray diffraction 
studies of the molecular packing confirm that the 
molecules have the anticipated 'fullerene' struc-
ture. Mass spectroscopy shows that the C70 
molecule is present at levels of a few per cent. 
The solid-state and molecular properties of C60 
and its possible role in interstellar space can now 
be studied in detail. 

FOLLOWING the observation that even-numbered clusters of 
carbon atoms in the range C30-C100 are present in carbon 
vapour1, conditions were found2- 4 for which the C60 molecule 
could be made dominant in the large-mass fraction ofvapourized 
graphite. To explain the stability of the molecule, a model was 
proposed of an elegant structure in which the carbon atoms are 
arranged at the 60 vertices of a truncated icosahedron, typified 
by a soccer ball. The structure, dubbed buckminsterfullerene2 

because of its geodesic nature, has been the subject of several 
theoretical stability tests5•

6 and has been discussed widely in the 
literature. Calculations of many physical properties have been 
made, including electron energies7- 9 , the optical spectrum9 , 

vibrational modes 10
-

15
, and the electric and magnetic 

properties 16
•
17

. There has been speculation on the possible 
chemical and industrial uses ofC60 (ref. 2), and on its importance 
in astrophysical environments 18- 20

• Until now, it has not been 
possible to produce sufficient quantities of the material to permit 
measurement of the physical properties, to test the theoretical 
calculations, or to evaluate the possible applications. 

Some of us have recently reported evidence21 •22 for the pres-
ence of the C60 molecule in soot condensed from evaporated 
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graphite. The identification was based primarily on the observed 
isotope shifts of the infrared absorptions when 12C was replaced 
by 13C, and on comparison of the observed features with theoreti-
cal predictions. The measured infrared and ultraviolet absorp-
tion bands were superimposed on a rather large continuum 
background absorption from the graphitic carbon which com-
prised of the sample. Here we report how to extract the 
carrier of the features from the soot, how to purify it, and 
evidence that the material obtained is in fact primarily C60 . 

Method of production 
The starting material for our process is pure graphitic carbon 
soot (referred to below as simply soot) with a few per cent by 
weight ofC60 molecules, as described in refs 21, 22. It is produced 
by evaporating graphite electrodes in an atmosphere of 
-100 torr of helium. The resulting black soot is gently scraped 
from the collecting surfaces inside the evaporation chamber and 
dispersed in benzene. The material giving rise to the spectral 
features attributed to c60 dissolves to produce a wine-red to 
brown liquid, depending on the concentration. The liquid is 
then separated from the soot and dried using gentle heat, leaving 
a residue of dark brown to black crystalline material. Other 
non-polar solvents, such as carbon disulphide and carbon tetra-
chloride, can also dissolve the material. An alternative con-
centration procedure is to heat the soot to 400 oc in a vacuum 
or in an inert atmosphere, thus subliming the C60 out of the 
soot (W. Schmidt, personal communication). The sublimed coat-
ings are brown to grey, depending on the thickness. The refrac-
tive index in the near-infrared and visible is about two. To purify 
the material, we recommend removing the ubiquitous hydrocar-
bons before the concentration procedure is applied (for example, 
by washing the initial soot with ether). Thin films and powder 
samples of the new material can be handled without special 
precautions and seem to be stable in air for at least several 
weeks, although there does seem to be some deterioration with 
time for reasons that are as yet unclear. The material can be 
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FIG. 1 Transmission micrograph of typical crystals of the C60 showing thin 
platelets. rods and stars of hexagonal symmetry. 

sublimed repeatedly without decomposition. Using the 
apparatus described, one person can produce of the order of 
100 mg of the purified material in a day. 

Studies by optical microscopy of the material left after 
evaporating the benzene show a variety of what appear to be 
crystals-mainly rods, platelets and star-like flakes. Figure 1 
shows a micrograph of such an assemblage. All crystals tend to 
exhibit six-fold symmetry. In transmitted light they appear red 
to brown in colour; in reflected light the larger crystals have a 
metallic appearance whereas the platelets show interference 
colours. The platelets can be rather thin and are thus ideally 
suited for electron-diffraction studies in an electron microscope 
(see the inset in Fig. 3). 

Mass spectroscopy 
The material has been analysed by mass spectrometry at several 
facilities. All mass spectra have a strong peak at mass 720 a.m.u., 
the mass of C60 • Significant differences in the spectra occur only 
at masses lower than 300 a.m.u. Most of these differences seem 
to originate from the different ionization techniques and in the 
different methods of desorbing molecules from the sample. Mass 
spectra recorded at low and high resolution are shown in Fig. 
2. The spectra were obtained using a time-of-flight secondary-ion 
mass spectrometer23 and a C60-coated stainless-steel plate. In 

FIG. 2 Low-resolution (top) and high-resolution time-of -flight 
mass spectra of positive ions obtained from coatings of solid 
C60. A 5-keV Ar+ ion beam was used to sputter and ionize 
the sample. The isotope pattern (bottom) is approximately 
that expected for C60 molecules composed of 12C and 13C 
isotopes of natural abundance. 
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the mass range above 300 a.m.u., the spectrum is dominated by 
c60 ions and its fragments (even-numbered clusters of atomic 
carbon), and C70 ions. In this sample, the ratio of C70 to C60 is 

The high-resolution mass spectrum shows approximately 
the expected isotope pattern for C60 • The increasing background 
in the low-resolution mass spectrum is not produced by the 
sample-such backgrounds also occur in blank measurements 
on uncoated stainless-steel substrates. 

So far, the cleanest mass spectra have been obtained when 
the material was evaporated and ionized in the vapour phase 
by electrons. In such spectra the low-mass background is sub-
stantially reduced and the entire mass spectrum is dominated 
by C60 ions and its fragments. The ratio of C70 to C60 in these 
mass spectra is and seems to be smaller than that shown 
in Fig. 2. Both ratios are of the order of those reported from 
laser-evaporation experiments2.3. We assume, as previously sug-
gested24, that the C70 molecule also has a closed-cage structure, 
either elongated24 or nearly spherical25

. Further details of the 
mass spectroscopy of the new material will be published else-
where. 

Structure 
To determine if the C60 molecules form a regular lattice, we 
performed electron and X-ray diffraction studies on the 
individual crystals and on the powder. A typical X-ray diffrac-
tion pattern of the C60 powder is shown in Fig. 3. To aid in 
comparing the electron diffraction results with the X-ray results 
we have inset the electron diffraction pattern in Fig. 3. From 
the hexagonal array of diffraction spots indexed as shown in 
the figure, a d spacing of 8.7 A was deduced corresponding to 
the (100) reciprocal lattice vector of a hexagonal lattice. The 
most obvious correspondence between the two types of diffrac-
tion is between the peak at 5.01 A of the X-ray pattern and the 
(110) spot of the electron diffraction pattern, which gives a 
spacing of A. Assuming that the C60 molecules are behav-
ing approximately as spheres stacked in a hexagonal close-
packed lattice with a c/ a ratio of 1.633, d spacings can be 
calculated. The results are shown in Table 1. The values derived 
from this interpretation are a= 10.02 A and c = 16.36 A. The 
nearest-neighbour distance is thus 10.02 A. For such a crystal 
structure the density is calculated to be 1.678 gem - 3

, which is 
consistent with the value of 1.65 ± 0.05 gem - 3 determined by 
suspending crystal samples in aqueous GaCI3 solutions of 
known densities. Although the agreement shown in Table 1 is 
good, the absence of the characteristically strong ( 101) diffrac-
tion of the hexagonal close-packed structure, and the broad 
continuum in certain regions suggest that the order is less than 
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Fullerene	Ameline	

1970	
E.	Osawa	suggested	the	existence	of	a	stable	spherical	molecule	composed	of	60	
carbon	atoms	
(Kagaku	25,	854)	

1985	
H.	Kroto,	R.	Smalley,	R.	Curl	(and	the	students	J.	Heath	e	S.	O’Brien)	discovered	C60	
fullerene	
(Nature	318,	162)	

1990	
W.	 Krätschmer,	 L.	 Lamb,	 K.	 Fos,ropoulos,	 D.	 Huffman	 produce	 macroscopic	
quan,,es	of	C60	e	C70	using	vaporiza,on	of	graphite	

(Nature	347,	354)	

1996	
The	Nobel	Prize	for	Chemistry	is	assigned	to	H.	Kroto,	R.	Smalley	e	R.	Curl



Buckminsterfullerene - C60
The 1996 Nobel Prize for Chemistry

a 7Å soccer ball

R. Smalley

R. Curl

H. Kroto







J. Org. Chem. 1992, 57, 11, 3254-3256
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Figure 1. Plot of the pseudo-first-order rate constant against [C]0 for

deacylation of 2 (a = 1000) by CD-PEI (a) or PEI (b) and of 3 (a =

100) by CD-PEI (c) or PEI (d). Different a values were used for 2 and

3 in order to put their kinetic data on the same graphical scale. [C]0

represents the total concentration of CD moiety of CD-PEI or CD. [C]„
for PEI is taken as 1.4% of the residue molar concentration of PEI, so

that it corresponds to the concentration of PEI moiety of CD-PEI. For

b and d, k0 is proportional to [C]0. When [C]0 = 0.3 mM, deacylation
of 2 by CD-PEI was 30 or 600 times faster than that by PEI or CD,

respectively. When [C]0 = 0.6 mM, deacylation of 3 by CD-PEI was

160 or 900 times faster than that by PEI or CD, respectively.

atoms of PEI. Although several PEI derivatives manifest catalytic

activity in various organic reactions, creation of specific binding
sites on PEI is needed in order to mimic enzymes better. Many
derivatives of CD have been prepared as enzyme mimics. Since

CD is much smaller than enzymes, introduction of several catalytic

groups on CD in positions suitable for high catalytic efficiency
is not easy. Combination of PEI with CD may lead to a cavi-

ty-containing molecular skeleton suitable for incorporation of

multiple catalytic elements. This is schematically illustrated in

1 where filled circles indicate possible catalytic functional groups.

In the present study, ß-CD was covalently linked to PEI by the

reaction of PEI (0.55 monomeric residue mol) with mono-6-(p-
tolylsulfonyl)-/3-CD (7.7 mmol) in 200 mL of DMSO at 60 °C
for 6 h followed by purification through dialysis, leading to a

/3-CD-containing PEI (CD-PEI). The content of CD in CD-PEI
was estimated as 1.3% of the monomeric residues of PEI on the

basis of initial burst kinetic studies (see below) and as 1.6% on

the basis of elemental analysis. On the average, a PEI (MW
60000) molecule contains 1400 monomeric residues, and therefore,
CD-PEI contains 18-22 CDs.

Kinetics of the deacylation of esters 2 and 3 was studied in the

presence of CD, PEI, or CD-PEI with [C]0 > [S]0 ([C]0 is the

initially added concentration of hosts and [S]0 that of 2 or 3; [S]0
was ca. 5 X 10'*

***5

*M). Rate measurements were performed at pH
7.65 (0.5 M NaCl and 0.02 M phosphate buffer) and 25 °C in

the presence of 1% (v/v) acetonitrile (used as the solvent for the
stock solutions of 2 and 3). Kinetic data are illustrated in Figure
1. Analysis of the saturation kinetic data of CD-PEI led to kax
= (3.53 ± 0.08) X 10"3 s'1 and Km

= (6.00 ± 0.88) X 10~5 M
for 2 and kax

= (6.81 ± 0.58) X 10"2 s"1 and Km
= (6.52 ± 1.24)

X 10"4 M for 3. It appears that 2 is bound by CD-PEI more

strongly than 3 and the carboxylate of 2 provides an extra binding
interaction with the ammonium ion of CD-PEI.

The kinetics of deacylation of 2 or 3 was also examined in the

presence of CD-PEI with [C]0 < [S]0. Biphasic kinetics was

observed, and the amount of the phenol released during the initial
burst stage corresponded to the amount of CD, indicating that

0002-7863/92/1514-7917S03.00/0

acylation of the nucleophilic amine by the substrate inactivates
CD-PEI. It is possible that the ieri-butylbenzoyl group of the

acylated polymer occupies the CD cavity.7
The efficient binding of 2 and 3 by CD-PEI, in contrast to the

weak binding by PEI as reflected by the linear rate data of Figure
1, is achieved by the interaction of the tert-butylphenyl ring of
the substrate with the CD ring. The greater reactivity of CD-PEI

compared with PEI is due to efficient complexation of the esters

by CD-PEI and effective nucleophilic attack within the complexes.
The much faster rate of CD-PEI compared with CD indicates
that the amino groups present on the PEI portion, instead of the

hydroxyl group on the CD rim, act as the nucleophile (4). The
amino groups on the PEI backbone may have better access to the

ester linkage of the bound substrate.8,9

CD-PEI may be regarded as either a derivative of CD with
a convergent nucleophile located above the CD cavity or a PEI
derivative containing specific binding sites. The next step toward

obtaining better artificial enzymes containing both PEI and CD
is to introduce a second catalytic functional group in a planned

position near the CD cavity.

Acknowledgment. This work was supported by the Organic
Chemistry Research Center and the SNU Daewoo Research Fund.

Registry No. Mono-6-(p-tolylsulfonyl)-/3-CD, 67217-55-4.

(7) HPLC analysis of reaction products indicated that only 1 equiv of

4-carboxy-2-nitrophenol and no tert-butylbenzoate is released after deacylation
of both 2 and 3 by CD-PEI.

(8) The kax value for CD-PEI-promoted deacylation of 3 is 19 times

greater than that of 2, whereas 3 is more reactive toward PEI than is 2 by
only 40%. It is not clear which of the two ester groups of 3 is initially attacked

by the amine of CD-PEI, although the greater kM for 3 compared with 2

indicates more effective attack at 3.

(9) The average pKa of the primary amine of PEI was reported to be 9.5,
which is considerably smaller than that (10.6) of methylamine.10 This may
be attributed to the unfavorable electrostatic interactions among ammonium
cations of the polymer, resulting in suppression of additional protonation. The
electrostatic effect becomes more significant as more amines of PEI are

protona ted at lower pHs. For example, the amount of unprotonated amine
was reduced by only 2 times when the pH was lowered from 8.5 to 7.5 in the
case of PEI derivatives containing macrocyclic metal centers.2 The fraction
of the neutral amine at the pH (7.65) of the kinetic measurements, therefore,
would be considerably greater than 1.4%, which is the value expected for a

simple amine with the same pKa value.

(10) Johnson, R.; Klotz, I. M. Biopolymers 1979, 18, 313.

Purification of Gram Quantities of C^. A New

Inexpensive and Facile Method

Walter A. Scrivens, Peter V. Bedworth, and James M. Tour*

Department of Chemistry and Biochemistry
University of South Carolina

Columbia, South Carolina 29208

Received June 17, 1992

Buckminsterfullerene (C60), the newly discovered spherical
allotrope of carbon, has precipitated a flurry of recent research

endeavors.1 A severe limitation to this research is the difficulty
in producing gram quantities of Cm free of the higher molecular

(1) (a) Kroto, H. W.; Heath, J. R.; O’Brien, S. C.; Curl, R. F.; Smalley,
R. E. Nature 1985, 318, 162. (b) Krátschmer, W.; Lamb, L. D.; Fostiro-

poulos, K.; Huffman, D. R. Nature 1990, 347, 354. (c) Taylor, R.; Hare, J.

P.; Abdul-Sada, A. K.; Kroto, H. W. J. Chem. Soc., Chem. Commun. 1990,

20, 1423. (d) Ajie, H.; Alvarez,  . M.; Anz, S. J.; Beck, R. D.; Diederich,
F.; Fostiropoulos, K.; Huffman, D. R.; Krátschmer, W.; Rubin, Y.; Schriver,
K. E.; Sensharma, D.; Whetten, R. L. J. Phys. Chem. 1990, 94, 8630. (e)
Diederich, F.; Whetten, R. L.; Thilgen, C.; Ettl, R.; Chao, I.; Alvarez,  . M.
Science 1991, 254, 1768. (f) Whetten, R. L.; Alvarez,  . M.; Ans, S. J.;

Schriver, K. E.; Beck, R. D.; Diederich, F. N.; Rubin, Y.; Ettl, R.; Foote, C.
S. ; Darmanyan, A. P.; Arbogast, J. W. Mater. Res. Soc. Symp. Proc. 1991,
206, 639. (g) For a recent review on fullerenes, see: McLafferty, F. W., Ed.
Acc. Chem. Res. 1992, 25, 97.

&copy; 1992 American Chemical Society
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Synthesis of the C60 precursor 2 (C60H27Cl3). Step a: Treatment with Mg in ether, then acetaldehyde. b: 
Bromination with PBr3 in benzene. c: Treatment with P(C6H5)3 in toluene. d: Treatment with LiOCH2CH3 and 2-
naphthaldehyde in ethanol/dichloromethane. e: Irradiation with UV light (254 nm) in cyclohexane containing 
iodine and propylene oxide. f: Bromination with N-bromosuccinimide and dibenzoylperoxide in carbon 
tetrachloride. g: Displacement with KCN and tetrabutylammonium hydrogensulfate in water/dichloromethane. 
h: Hydrolysis with KOH in ethylene glycol. i: Chlorination with SOCl2. j: Cyclization with AlCl3 in 
dichloromethane. k: Trimerization with TiCl4 in ortho-dichlorobenzene.

Total Synthesis of C60

L. T. Scott et al. Science, Vol. 295, Issue 5559, pp. 1500-1503

2



L. T. Scott et al. Science, Vol. 295, Issue 5559, pp. 1500-1503 
Angew. Chem. Int. Ed. 2004, 43, Issue 38, pp. 4994-5007
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C60 encapsulation M@C60

ring opening 

reactions
orifice closing 

reactions

M

for a review, see: J. Mater. Chem., 2011, 21, 1305–1318
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1H NMR (300 MHz, ODCB-d4) spectra of H2@4, H2@5, H2@6, and H2@7 
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Figure S5 1H NMR (300 MHz, o-dichlorobenzene-d4) spectrum of H2@C60.
* Impurities of the solvent.
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Figure S6 13C NMR (75 MHz, o-dichlorobenzene-d4) spectrum of H2@C60.

5.98	ppm	upfield-shiIed	rela,ve	to	the	signal	
of	dissolved	free	hydrogen
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catalyst 
lubricant 
superconductor 
organic magnet 
production of:    - batteries 
                          - diamond 
                          - nanotubes 
                          - electro- and photoluminescent materials      
                          - electronic and optical devices 
                          - toner for fotocopier 
                          - photochromic glasses 
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Potential Applications of Fullerenes





[60]Fullerene is soluble curved graphite

Strain Energy = ca 8 Kcal/mol 
per C atom (ca 80% Hf)

60 atoms of C 
20 hexagons 
12 pentagons

! (101.6˚)
(R. C. Haddon)

!



12,500 possible resonance structures 
no delocalization         only 1 polyenic structure

5,6

6,6 1.38 Å

1.45 Å

90 C-C bonds 
30 “conjugated” double bonds



different geometrical shapes can 
be built on the fullerene surface

nucleophiles 
(Grignard, lithium)

carbenoids 
1 + 2

[2 + 2] [3 + 2] [4 + 2]

X Y
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CYCLOPROPANATION

J. Mater. Chem., 2011, 21, 1305–1318



 Cycloaddition reaction between diazo compounds and C60 

Wudl, F., et al, Science, 1991

or Δ

pyrazoline methanofullerene fulleroid

methanofullerene



Chemistry of Annulenes

Vogel, Emanuel; Klug, W.; Breuer, A. "1,6-Methano[10]annulene". Organic Syntheses. 54, 11

Theoretical calculations estimate the resonance energy of 1 as 50-90% that of benzene,  

17.2 kcal/mol has been calculated on the basis of heats of hydrogenation. 

1
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Energetic Preference in 5,6 and 6,6 Ring Junction
Adducts of Cío: Fulleroids and Methanofullerenes

Maurizio Prato*
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Piazzale Europa 1, 34127 Trieste, Italy

Vittorio Lucchini
Figure 1, The four possible isomers from single addition of a diazomethane
to Ceo·
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The reaction of organic diazo compounds with C6o is a versatile
approach to fullerene functionalization.2-4 In the early publi-
cations, it was suggested that all diazomethane addition products
had structure 3 (Figure 1). In this publication, employing a

combination of spectroscopic techniques and MNDO calculations,
we show (1) that the initial product of addition is a mixture of
methanofullerene5 (1) and methanoannulene6 7(fulleroid)5 (4)
isomers7-14 and (2) that the lowest energy isomer of substituted

(1) ERASMUS Visting Student from the University of Innsbruck, Austria.
(2) Suzuki, T.; Li, Q.; Khemani, K. C.; Wudl, F.; Almarsson, O. Science

1991, 254, 1186.
(3) (a) Wudl, F. Acc. Chem. Res. 1992, 25, 157. (b) Suzuki, T.; Li, Q.;

Khemani, K. C.; Wudl, F. J. Am. Chem. Soc. 1992,114, 7300. (c) Suzuki,
T.; Li, Q.; Khemani, K. C; Wudl, F. J. Am. Chem. Soc. 1992,114, 7301. (d)
Shi, S.;Li, Q.; Khemani, K. C.; Wudl, F. J. Am. Chem. Soc. 1992,114,10656.

(4) For other examples of stable single organic Cm derivatives, see: (a)
Fagan, P. J.; Krusic, P. J.; Evans, D. H.; Lerke, S.; Johnston, E. J. Am. Chem.
Soc. 1992,114,9697. (b) Hoke, S.  ., II; Molstad, J.; Dilettato, D.; Jay, M.
J.; Carlson, D.; Kahr, B.; Cooks, R. G. J. Org. Chem. 1992, 57, 5069. (c)
Vasella, A.; Uhlmann, P.; Waldraff, C. A. A.; Diederich, F.; Thilgen, C.
Angew. Chem., Int. Ed. Engl. 1992, 31, 1388. (d) Hirsch, A.; Soi, A.;
Karfunkel, H. R. Angew. Chem., Int. Ed. Engl. 1992, 31, 766. (e) Morton,
J. R.; Preston, K. F.; Krusic, P. J.; Hill, S. A.; Wasserman, E. J. Am. Chem.
Soc. 1992, 114, 5454. (0 Birkett, P. R.; Hitchcock, P. B.; Kroto, H. W.;
Taylor, R.; Walton, D. R. M. Nature 1992, 357, 479. (g) Creegan, K. M.;
Robbins, J. L.; Robbins, W. K.; Millar, J. M.; Sherwood, R. D.; Tindall, P.
J.; Cox, D. M.; Smith, A. B., Ill; McCauley, J.P., Jr.; Jones, D. R.; Gallagher,
R. T. J. Am. Chem. Soc. 1992,114, 1103. (h) Elemes, Y.; Silverman, S. K.;
Sheu, C.; Kao, M.; Foote, C. S.; Alvarez,  . M.; Whetten, R. R. Angew.
Chem., Int. Ed. Engl. 1992, 31, 351. (i) Rubin, Y.; Khan, S.; Freedberg, D.
I.; Yeretzian, C. J. Am. Chem. Soc. 1993,115, 344. (j) Belik, P.; Gügel, A.;
Spickermann, J.; Müllen, K. Angew. Chem., Int. Ed. Engl. 1993, 32, 78. (k)
Prato, M.; Li, Q.; Wudl, F.; Lucchini, V. J. Am. Chem. Soc. 1993, 115,
1148-1150. (1) Prato, M.; Suzuki, T.; Foroudian, H.; Li, Q.; Khemani, K.
C.; Wudl, F.; Leonetti, J.; Little, R. D.; White, T.; Rickborn, B.; Yamago,
S. ; Nakamura, E. J. Am. Chem. Soc. 1993, 115, 1594-1595.

(5) In conformity with recent IUPAC rules, the terms methanofullerene
and fulleroid are used to indicate the ring-closed (cyclopropane) and ring-
open (methanoannulene) structures, respectively, of Cm derivatives.

(6) Vogel, E. Pure Appl. Chem. 1982, 54, 1015.
(7) In the case of unsubstituted diphenyldiazomethane or phenyldiaz-

omethane addition, three isomers are observed in the isolated product of
monoaddition (see below and refs 2 and 3a, above). The third isomer is a very
minor one which, so far, has eluded isolation and characterization.

(8) Otting, G.; Wütherich, J. J. Magn. Reson. 1988, 76, 569.
(9) Please refer to supplementary material.
(10) Spartan 2.1 program running on an IBM RS/6000 workstation.

phenyldiazomethane and substituted diphenyldiazomethane ad-
dition has the structure 1.

The new structural assignments are based on the following:
(a) the total number of  and 13C resonances (for R = R') to
distinguish between 5,6 (2,4) and 6,6 (1,3) junctions (5,6 junction
= Cs and 6,6 junction = symmetry, respectively), (b) the
assumption that chemical shifts of the bridgehead carbons for
methanofullerenes (1 and 2) and fulleroids (3 and 4) appear in
the  70-90 and 110-160 regions, respectively, and (c) the use
of diagnostic 2D proton-detected *H-13C HETCOR spectros-
copy.8

The R = R' (Figure 1) case was investigated with the adduct
5. Three different paradisubstituted benzene rings (in 2:2:1 ratio)
are observed in the  NMR spectrum of chromatographically
pure 5.9 Based on the detection of NOE interactions between the
respective ortho protons, two patterns (in fixed 1:1 ratio) are part
of the same molecule. For this isomer, a number of 13C low-field
resonances of the product mixture (32 from the fullerene sphere
and 8 from the benzene rings) support the fulleroid structure
with a 5,6 junction (5a, bridge carbon at  64.02). Heating the

mixture converted it quantitatively to the other, already present,
isomer. The latter showed only one para-disubstituted benzene
system and one 2-propoxy moiety in its  NMR spectrum. The
13C NMR spectrum exhibited 16 fullerene sphere and 4 benzene
ring resonances, one resonance at  79.58 (bridgehead), and 3

aliphatic resonances (bridge carbon at  57.35). This pattern is

unambiguously diagnostic for a symmetric structure with a 6,6
junction (5b, above).

Next, we investigated the R jA R' case (Figure 1) with two
unsymmetrical diazomethane adducts. Assuming (on the basis
of MNDO level10 calculations) an energetic preference for isomers
1 and 4, at most three products can be anticipated. Indeed, the
 NMR spectrum of the chromatographically pure (p-meth-
oxyphenyl)diazoethane addition product revealed three distinct
isomers (in 4:2:1 ratio).

(11) The pulse sequence was “tuned” for a coupling constant /ch = 5 Hz
so that almost all correlations between protons and carbons 1, 2, or 3 bonds
away could be identified.

(12) While the possibility of a methanofullerene-fulleroid equilibrium
cannot be ruled out a priori, it was not observed for CsiH: (Smith, A. B., Ill;
Strongin, R. M.; Brard, L.; Furst, G. T.; Romanow, W. J.; Owens, K. G.;
King, R. C. J. Am. Chem. Soc. 1993,115, 5829). No significant change was
observed in the 13C spectra of our compounds in the -60/+20 temperature
interval. Cf.: Günther, H.; Schmickler, H.; Bremser, W.; Straube, F. A.;
Vogel, E. Angew. Chem., Int. Ed. Engl. 1973, 12, 570.

(13) Pasquarello, A.; Schluter, M.; Haddon, R. C. Science 1992,257,1660.
(14) A third species, detected in a very small amount, could not be

characterized.
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lb 4b

Figure 2. Chemical shifts of addition products of (p-methoxyphenyl)diazoethane (la, 4a, and 4a') and (p-methoxyphenyl)diazomethane (lb, 4b) to
Ceo· The  NMR shifts are in parentheses.

The inseparable mixture was subjected to HETCOR analysis.11
Inspection of the connection nets allowed the  (in parentheses)
and 13C assignments reported in Figure 2 (partial structures la,
4a, 4a', only the relevant moiety of the C6i molecule is drawn).
In one isomer the methyl proton resonance at  2.52 correlates
with the fullerene carbon resonance at  80.98, providing
corroborating evidence for a methanofullerene structure for this
compound. In the other two isomers, the bridgehead carbons
resonate in the low-field region, supporting fulleroid structures.12
Theoretically, strong paramagnetic currents flow within the
5-membered rings in buckminsterfullerene, while weaker dia-
magnetic currents are associated with 6-membered rings.13 These
currents, albeit reduced, may be operative within the homorings
of the structures 4a and 4a' and offer a rationale for the observed
chemical shifts and the proposed stereochemistry. Upon refluxing
overnight in toluene, the mixture converged cleanly to the
methanofullerene la.

Two major isomers (in 1:1 ratio) were found in the NMR
spectrum of the (p-methoxyphenyl)diazomethane adduct.14 The
HETCOR analysis (Figure 2, structures lb and 4b) shows a
correlation between the methine  resonance at  5.33 and the
13C resonance at  7 5.61. The assignment of the methanofullerene
structure lb to this compound is strengthened by the observed
methine VCh = 163.7 Hz, typical of cyclopropane rings.15 For
the other isomer, the methine  resonance at  4.03 (Vch =

142.0 Hz, characteristic of open 1,6-methano[ 10]annulenes15)

(15) Arnz, R.; Carneiro, J. W. M.; Klug, W.; Schmickler, H.; Vogel, E.;
Breuckmann, R.; Klárner, F.-G. Angew. Chem., Int. Ed. Engl. 1991,30,683.

couples only with four 13C low-field resonances (one of them
correlates also with phenyl protons). This result, combined with
UV-vis spectroscopy (identical to Ceo) and spectroscopic simi-
larities with the homolog 4a point to the fulleroid 4b structure
for this isomer. Heating the mixture produced lb quantitatively.

The energetic preference observed in 5,6 and 6,6 adducts
appears to be governed by the general propensity of buckmin-
sterfullerene and fullerene derivatives for structures with the
greatest number of doubly bonded 6,6 junctions (as in 1 and 4),
which also implies the greatest number of 5-radialene rings.16
We are actively pursuing the addition reaction mechanism and
rearrangements as well as computations.
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(16) (a) Kroto, H. W. Nature 1987,329,529. (b) Taylor, R. Tetrahedron
Lett. 1991,32,3731. (c) Matsuzawa, N.; Dixon, D. A.; Fukunaga, T. J. Phys.
Chem. 1992, 96, 7594.
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The spherical all-carbon molecule Cm exhibits a spherical
“workspace” with 30 reactive 6-6 double bonds. Since these
double bonds are accessible to a variety of different addition
reactions,1 the polyfunctionality of C6o implies an enormous
multitude of possible regioisomeric fullerene adducts. Oligoad-
ducts of Cm, with a defined three-dimensional structure, have a
potential for applications, like molecular recognition, especially
since it has been shown recently that a water soluble monoadduct
of Cm inhibits the HIV enzymes protease and reverse tran-
scriptase.2 Tailor-made oligoadducts of C6o with a defined three-
dimensional structure could dramatically increase the binding
capability to a given enzyme. So far, the synthesis of isomerically
pure oligoadducts of Cm has been reported only for a few cases.3
For example, it has been shown by Fagan et al. that allowing an
excess of the metal reagent Pt(PEt2)4 to react with C60 leads
exclusively, in a thermodynamically controlled reaction, to the
formation of [(Et3P)2Pt]6CM as the 7>symmetric regioisomer.3”
This very pronounced regioselectivity is possible because the metal
complexations are reversible. However, in order to synthesize
stable and stereochemically defined adducts with a variable degree
of addition which are useful for further applications, irreversible
reactions, like cycloadditions, have to be employed. We have
shown recently3*1 that in nucleophilic cyclopropanations of CM an
attack into specific positions (Figure 1), namely, e and trans-3,
relative to addents already bound to the fullerene core, are
significantly preferred. In this work we report for the first time
a systematic and stepwise synthesis of a 7Vsymmetric hexak-
isadduct 6 of Cm with an increasing regioselectivity. Furthermore,
we present a theoretical explanation for the regioselectivity of
nucleophilic additions on the basis of the calculated coefficients
of low-lying unoccupied orbitals (LUMO, LUMO+1, LUMO+2)
as well as the thermodynamic stability of the adducts.
As model reaction we chose the cyclopropanation of Cm with

diethyl bromomalonate in the presence of sodium hydride at room
temperature.3*1’4 The starting compound is the chiral C3-
symmetric trisadduct 3 (e,e,e isomer), which we synthesized
previously.M The synthesis of 6 has been carried out by successive
e additions via the C,-symmetric tetrakisadduct 4 and the C^-
symmetric pentakisadduct 5 (Scheme 1). Both 4 and 5 have
been isolated by preparative HPLC on an aminopropyl phase
(1) For recent reviews, see: (a) Taylor, R.; Walton, D. R. M. Nature 1993,

363,685. (b) Hirsch, A. Angew. Chem. 1993,105,1189; Angew. Chem., Int.
Ed. Engl. 1993, 32, 1138.
(2) (a) Friedman, S. M.; DeCamp, D. L.; Sijbesma, R. P.; Srdanov, G.;

Wudl, F.; Kenyon, G. L. J. Am. Chem. Soc. 1993,115, 6506. (b) Sijbesma,
R.; Srdanov, G.; Wudl, F.; Castoro, J. A.; Wilkins, C.; Friedman, S. H.;
DeCamp, D. L.; Kenyon, G. L. J. Am. Chem. Soc. 1993, 115, 6510.
(3) (a) Fagan, P. J.; Calabrese, J. C.; Malone B. J. Am. Chem. Soc. 1991,

113, 9408. (b) Hawkins, J. M.; Meyer, A.; Lewis, T. A.; Bunz, U.; Nunlist,
R.; Ball, G. E.; Ebbesen, T. W.; Tanigaki, K. J. Am. Chem. Soc. 1992,114,
7954. (c) Hawkins, J. M.; Meyer, A.; Nambu, M. J. Am. Chem. Soc. 1993,
115, 9844. (d) Hirsch, A.; Lamparth, I.; Karfunkel, H. R. Angew. Chem.
1994,106,453; Angew. Chem., Int. Ed. Engl. 1994, 33, 437. (e) Henderson,
C. C.; Assink, R. A.; Cahill, P. A. Angew. Chem. 1994, 106, 803; Angew.
Chem., Int. Ed. Engl. 1994, 33, 786.
(4) Bingel, C. Chem. Ber. 1993, 126, 1957.

Figure 1. Positional relationships of the eight different double bonds in
a C«o monoadduct relative to the 6-6 bond carrying the first addent R2
(R2 = e.g., methylene).

Wavelength (nm)

Figure 2. Electronic absorption spectra of 6 (2.0 X 10"5 mol L_1), 3, 4,
and 5 (each 1.5 X 10-5 mol L_l) in acetonitrile, T = 25 °C.

Scheme 1. Synthesis of the Hexakisadduct 6 by Successive e
Additions0

0 R = COOEt.

with toluene as eluent and characterized (see supplementary
material) prior to the next addition step. Significantly, next to
4 only one other tetrakisadduct with Ci-symmetry has been
formed. On the basis of consumed 3 the yield (HPLC, gravimetry)
of 4 is 64%. The cyclopropanation of 4 and 5 is even more
regioselective. The regioisomers 5 and 6 are the only pentakis-
and hexakisadducts formed. The more addents bound in e

positions to a certain double bond, the more favorable is an attack
of this bond. The required reaction times increase with an

increasing degree of addition. Even when a large excess of diethyl
bromomalonate has been used, the formation of a heptakisadduct
has not been observed since only benzoid rings are left in 6. In
addition, very unfavorable cis-1 positions would be present in
this heptakisadduct. The increasing rupture of the conjugated
fullerene ir-electron system leads to a lightening of the color
(Figure 2). While the trisadduct 3 is orange-red, 4 exhibits an
orange, 5 a light-orange and the hexakisadduct 6 a yellow color.
The structure of the corresponding adducts can be deduced from
their 13C NMR spectra on the basis of symmetry considerations.
For example, in the 13C NMR spectrum of 6 due to the 7*-
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The spherical all-carbon molecule Cm exhibits a spherical
“workspace” with 30 reactive 6-6 double bonds. Since these
double bonds are accessible to a variety of different addition
reactions,1 the polyfunctionality of C6o implies an enormous
multitude of possible regioisomeric fullerene adducts. Oligoad-
ducts of Cm, with a defined three-dimensional structure, have a
potential for applications, like molecular recognition, especially
since it has been shown recently that a water soluble monoadduct
of Cm inhibits the HIV enzymes protease and reverse tran-
scriptase.2 Tailor-made oligoadducts of C6o with a defined three-
dimensional structure could dramatically increase the binding
capability to a given enzyme. So far, the synthesis of isomerically
pure oligoadducts of Cm has been reported only for a few cases.3
For example, it has been shown by Fagan et al. that allowing an
excess of the metal reagent Pt(PEt2)4 to react with C60 leads
exclusively, in a thermodynamically controlled reaction, to the
formation of [(Et3P)2Pt]6CM as the 7>symmetric regioisomer.3”
This very pronounced regioselectivity is possible because the metal
complexations are reversible. However, in order to synthesize
stable and stereochemically defined adducts with a variable degree
of addition which are useful for further applications, irreversible
reactions, like cycloadditions, have to be employed. We have
shown recently3*1 that in nucleophilic cyclopropanations of CM an
attack into specific positions (Figure 1), namely, e and trans-3,
relative to addents already bound to the fullerene core, are
significantly preferred. In this work we report for the first time
a systematic and stepwise synthesis of a 7Vsymmetric hexak-
isadduct 6 of Cm with an increasing regioselectivity. Furthermore,
we present a theoretical explanation for the regioselectivity of
nucleophilic additions on the basis of the calculated coefficients
of low-lying unoccupied orbitals (LUMO, LUMO+1, LUMO+2)
as well as the thermodynamic stability of the adducts.
As model reaction we chose the cyclopropanation of Cm with

diethyl bromomalonate in the presence of sodium hydride at room
temperature.3*1’4 The starting compound is the chiral C3-
symmetric trisadduct 3 (e,e,e isomer), which we synthesized
previously.M The synthesis of 6 has been carried out by successive
e additions via the C,-symmetric tetrakisadduct 4 and the C^-
symmetric pentakisadduct 5 (Scheme 1). Both 4 and 5 have
been isolated by preparative HPLC on an aminopropyl phase
(1) For recent reviews, see: (a) Taylor, R.; Walton, D. R. M. Nature 1993,

363,685. (b) Hirsch, A. Angew. Chem. 1993,105,1189; Angew. Chem., Int.
Ed. Engl. 1993, 32, 1138.
(2) (a) Friedman, S. M.; DeCamp, D. L.; Sijbesma, R. P.; Srdanov, G.;

Wudl, F.; Kenyon, G. L. J. Am. Chem. Soc. 1993,115, 6506. (b) Sijbesma,
R.; Srdanov, G.; Wudl, F.; Castoro, J. A.; Wilkins, C.; Friedman, S. H.;
DeCamp, D. L.; Kenyon, G. L. J. Am. Chem. Soc. 1993, 115, 6510.
(3) (a) Fagan, P. J.; Calabrese, J. C.; Malone B. J. Am. Chem. Soc. 1991,

113, 9408. (b) Hawkins, J. M.; Meyer, A.; Lewis, T. A.; Bunz, U.; Nunlist,
R.; Ball, G. E.; Ebbesen, T. W.; Tanigaki, K. J. Am. Chem. Soc. 1992,114,
7954. (c) Hawkins, J. M.; Meyer, A.; Nambu, M. J. Am. Chem. Soc. 1993,
115, 9844. (d) Hirsch, A.; Lamparth, I.; Karfunkel, H. R. Angew. Chem.
1994,106,453; Angew. Chem., Int. Ed. Engl. 1994, 33, 437. (e) Henderson,
C. C.; Assink, R. A.; Cahill, P. A. Angew. Chem. 1994, 106, 803; Angew.
Chem., Int. Ed. Engl. 1994, 33, 786.
(4) Bingel, C. Chem. Ber. 1993, 126, 1957.

Figure 1. Positional relationships of the eight different double bonds in
a C«o monoadduct relative to the 6-6 bond carrying the first addent R2
(R2 = e.g., methylene).

Wavelength (nm)

Figure 2. Electronic absorption spectra of 6 (2.0 X 10"5 mol L_1), 3, 4,
and 5 (each 1.5 X 10-5 mol L_l) in acetonitrile, T = 25 °C.

Scheme 1. Synthesis of the Hexakisadduct 6 by Successive e
Additions0

0 R = COOEt.

with toluene as eluent and characterized (see supplementary
material) prior to the next addition step. Significantly, next to
4 only one other tetrakisadduct with Ci-symmetry has been
formed. On the basis of consumed 3 the yield (HPLC, gravimetry)
of 4 is 64%. The cyclopropanation of 4 and 5 is even more
regioselective. The regioisomers 5 and 6 are the only pentakis-
and hexakisadducts formed. The more addents bound in e

positions to a certain double bond, the more favorable is an attack
of this bond. The required reaction times increase with an

increasing degree of addition. Even when a large excess of diethyl
bromomalonate has been used, the formation of a heptakisadduct
has not been observed since only benzoid rings are left in 6. In
addition, very unfavorable cis-1 positions would be present in
this heptakisadduct. The increasing rupture of the conjugated
fullerene ir-electron system leads to a lightening of the color
(Figure 2). While the trisadduct 3 is orange-red, 4 exhibits an
orange, 5 a light-orange and the hexakisadduct 6 a yellow color.
The structure of the corresponding adducts can be deduced from
their 13C NMR spectra on the basis of symmetry considerations.
For example, in the 13C NMR spectrum of 6 due to the 7*-
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Figure 3. (a, top) LUMO of C6i (COOEt)2 (1) and (b, bottom) projection
of the LUMO onto the electron density surface (SPARTAN 3.0). The
density of the surface is0.002 elect ron/au3. The highest orbital coefficients
are located in the blue areas and the lowest in the red areas.

symmetry only two lines for the fullerene C atoms appear in the
sp2 region at 5 = 145 and 141 and one line in the sp3 region at
5 = 69 (see supplementary material).

The calculation of the AMI heats of formation of the eight
possible bisadducts of C62(COOEt)4 2 demonstrates that ther-
modynamic reasons are not significant to explain the preferred
e and trans-3 additions,3"1 Due to the steric repulsion of the ester
groups the cis-1 adduct is considerably destabilized, while the
cis-3 and cis-2 adducts are only slightly unfavored. To
demonstrate experimentally that the e and trans-3 isomers do
not have an extra thermodynamic stability, we treated trans-
2-C62(COOEt)4 for several days at 180 °C in refluxing dichlo-
robenzene. Only at this elevated temperature does a slow
Isomerization to the trans-1, trans-3, trans-4, and e isomers
take place. A preferred isomerization to the e or trans-3 isomers,
however, has not been observed. There are, however, kinetic
reasons that govern the regiochemistry at room temperature. This
is supported by MO calculations (AMI). The preferred sites for
nucleophilic attack exhibit enhanced orbital coefficients of low-
lying unoccupied MOs. In the LUMO of C6i(COOEt)2 (1) the
highest orbital coefficients (±0.22) are located at two equatorial
double bonds (e positions) on the mirror plane perpendicular to
the cyclopropanated bond (Figure 3). The other two equatorial
double bonds have the highest coefficients (±0.22) in the LUMO
+ 1. The next higher LUMO coefficients (±0.10-0.16) are
located at the trans-3 and cis-2 double bonds. The observed
preference of trans-3 over cis-2 additions can be explained by
the higher thermodynamic stability of the trans-3 adduct (lower
steric repulsion). Enhanced orbital coefficients at other positions
are observed only in the LUMO+1 and LUMO+2, for example
at the trans-1 position in the LUMO+2. The energy difference
between LUMO/LUMO+1 and LUMO+1 /LUMO+2 is 0.08
and 0.12 eV, respectively.
A completely analogous picture results for the MOs of e-C62-

(COOEt)4,3,4, and 5. In each case the LUMO and LUMO+1
coefficients are significantly highest at e positions (then trans-3
if available). This trend even increases with an increasing degree
of addition. Upon the exclusive formation of 6 from 5, additional
thermodynamic arguments are of importance. The regioisomer
6 is stabilized by at least 5 kcal/mol (AM 1) compared to all the
other 43 hexakisadducts, which in principle can be formed from
3 without introducing energetically very unfavorable cis-1
positions.5
Interestingly, the HOMO of 1 has the highest coefficients at

the cis-1 and e positions. An electrophilic attack of sterically
nondemanding addents should therefore preferably take place at
these positions, which corroborates the findings of Cahill3' where
the cis-1 isomer of C6nH4 is the major product obtained by
hydroboration/protonation.
In conclusion, we have shown that a systematic investigation

of multiple additions to Cso with chromatographic, spectroscopic,
and theoretical methods deeply increases the knowledge of
fullerene chemistry and provides access to a variety of stable
fullerene derivatives with a defined three-dimensional structure.
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Supplementary Material Available: Experimental details for
the syntheses of 4-6,15C NMR and IR data and spectra for 4-6,
and 'H NMR spectrum for 6 (9 pages). This material iscontained
in many libraries on microfiche, immediately follows this article
in the microfilm version of the journal, and can be ordered from
the ACS; see any current masthead page for ordering infor-
mation.

(5) The different possible regioisomers formed by additions to 6-6 double
bonds have been generated systematically and are represented by interatomic
square distances tfy. Many of the regiosiomers generated in this way are
identical for symmetry reasons. The eigenvalues ofthe squared distance matrices
are independent of the atomic numbering. Regioisomers having squared
distance matrices with the same eigenvalues have been considered identical.
With this simple numerical method, for example, 314 different hexakisadducts
without cis-1 positions can be determined. Starting from the trisadduct 3,
however, only 43 different regioisomers are found.
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corresponding conversion with diethyl bromomalonate gives
45% of 1. Also the direct synthesis of  hexaadducts like 5 4a and
6† with an octahedral addition pattern is successful with this
modified cyclopropanation reaction when combined with our
template activation method (Scheme 2).4 In these cases 100 mg
(0.139 mmol) of C60 and 0.286 g (1.39 mmol) of DMA were
stirred at room temperature in 60 ml of toluene for 2 h. Then,
0.460 g (1.39 mmol) of CBr4 and 10 equiv. of  malonate were
added and 0.414 ml (2.78 mmol) of DBU were added dropwise.
After 12 h the crude mixture was purified by flash chromato-
graphy. The yields of the hexaadducts 5 and 6 were 48 and 40%,
respectively, which is as high as those obtained with the original
procedure using e.g. diethyl bromomalonate.4

Since no adducts derived from the attachment of dibromo-
carbene to C60 are detected and since the reaction gives good
yields of monoadducts when only 1.1 mol of DBU per mol of
malonate are used, we assume that the mechanism of the reac-
tion involves the formation of the corresponding bromo-
malonate and subsequent cyclopropanation via DBU catalysis.

Scheme 2 Reagents and conditions: i, DMA 10 equiv.; ii, CH 2(CO2R)2
10 equiv., CBr4 10 equiv., DBU 20 equiv., toluene, room temp., 12 h

In conclusion, we have shown that nucleophilic cyclopro-
panation of C60 in high yields is possible starting directly from
malonates. This is a significant improvement of the original
procedure, since problems associated with the use of bromo-
malonates are avoided.
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geometry of the functional groups and an easy and versatile
chemical functionalization.

Recently, we reported the syntheses of [60]fullerene hexakis
adducts endowed with different carbohydrate units in the periphery.
Depending on the starting sugar derivatives employed (monomer,
dimer or trimer) 12, 24 and up to 36 monosaccharides were intro-
duced on the periphery of the fullerene central core in a straightfor-
ward manner14–17.

Some of the aforementioned glycofullerenes showed interesting
biomedical applications18. A significant multivalent effect towards
various glycosidases was observed in the inhibition profile of a
[60]fullerene hexakis adduct endowed with 12 iminosugar units16.
However, fullerene hexakis adducts that bear 12 mannoses on the
periphery behave as inhibitors of FimH, a bacterial adhesin19.
Furthermore, studies carried out on hexakis adducts of [60]fullerene
endowed with 12, 24 and 36 mannoses have shown a multivalent
effect in the interaction with concanavalin A15, and act as efficient
inhibitors of cell infection by Ebola-pseudotyped viral particles20.
These preliminary studies reveal that fullerenes are adequate plat-
forms for the multivalent presentation of carbohydrates, and thus
pave the way to the covalent linkage of a wide variety of different
bioactive molecules in a multivalent manner and to a singular and
less-explored globular topology.

In this work, we synthesized molecules with a globular topology
formed by making hexakis adducts of [60]fullerene (with the fastest

dendrimeric growth reported up to now) through the introduction
of 120 sugar units in one synthetic step by using the highly efficient
CuAAC click-chemistry methodology. The synthesis of hexakis
adducts of [60]fullerene with an octahedral addition pattern has
been reported previously. This previous example used macrocyclic
bismalonates and enabled the synthesis of heptafullerenes with
tunable properties21–23. In contrast, our click-chemistry approach
yields tridecafullerenes in which the central [60]fullerene is cova-
lently connected to 12 [60]fullerenes, each endowed, in turn, with
ten monosaccharides. To confirm the proposed structures, we
carried out a thorough structural study that involved a variety of
techniques (infrared, 1H NMR and 13C NMR spectroscopy,
dynamic light scattering (DLS), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS)). Biological
studies revealed that the new giant glycofullerenes exhibit a very
strong inhibition of cell infection by Ebola-pseudotyped viral par-
ticles with half-maximum inhibitory concentration (IC50) values
in the subnanomolar range.

Results and discussion
Synthesis. The synthesis of the glycofullerene superballs was carried
out as depicted in Figs 1–3. Although, at first glance, the molecules
17a–17c may appear difficult to obtain, mainly because of their
size and molecular complexity, their synthesis is straightforward
and, most importantly, easily reproducible, and it affords the final
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Figure 1 | Synthesis of azide-substituted glycofullerene 9 appended with a long linker and mannose as the carbohydrate unit. Five linear steps are required
to prepare compound 9 in a 26% overall yield. Reagents and conditions: (i) ethylmalonyl chloride, pyridine, CH2Cl2, 0 to 25 °C, one hour (99%); (ii) C60, I2,
DBU, 25 °C, PhMe, 16 hours (49%); (iii) CBr4, DBU, 25 °C, ODCB, 72 hours (67%); (iv) CuSO4·5H2O, sodium ascorbate, THF/H2O, 100 °C (MW),
two hours (91%); (v) 8 (19 equiv.), CuSO4·5H2O, sodium ascorbate, TBAF, THF/H2O, 80 °C (MW), 1.5 hours (87%).
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phase during matrix-assisted laser desorption/ionization–time-of-
flight mass spectroscopy analysis is very difficult. Moreover,
both the sugars and the fullerene hexa-adduct moieties give rise
to a high level of fragmentation25. The unambiguous structural
characterization of 17a–17c was, however, greatly facilitated by their
high symmetry. Indeed, 13C NMR spectroscopy was particularly
helpful for the characterization of hexakis adducts of [60]fullerene,
as only two signals are usually observed for the sp2 carbons of C60,
which provides evidence for the octahedral symmetry of the fullerene
core. As a typical example, the 13C NMR spectrum of compound 17a
is depicted in Fig. 4. In this case, only two sp2 carbons are observed
in the spectra (δ≈ 145.4 and 141.6 ppm), in which we can also
distinguish the two different kinds of triazole rings present in the
compound (at δ ≈ 146.9 and 123.3 ppm for the carbons of the
outer triazole rings and at δ ≈ 146.4 and 122.9 ppm for the carbons
of the inner triazole rings). In addition, only one signal is detected for
all the carbonyl groups (δ≈ 163.8 ppm) and the sp3 carbons of the
C60 (δ≈ 69.3 ppm), whereas the malonate bridgehead carbons
present in the structure are observed at δ ≈ 45.2 ppm.

Additional characterization was achieved by DLS analysis (H2O,
0.01 mg ml–1 and 0.1 mg ml–1), in which, regardless of the

concentration used, we found two or three main size distributions
for 17a–17c (Supplementary Fig. 1). This is compatible with a
weak aggregation of 17a–17c in water. The first, at around 5–6 nm,
must correspond to only one molecule, whereas the second, at
∼120–150 nm, and the third, at ≥200 nm, show the aggregation of
several molecules. In dimethylsulfoxide (DMSO) (0.1 mg ml–1)
(Supplementary Fig. 2), although most of the molecules show no
aggregation, the presence of aggregates of different sizes and,
especially, of very large aggregates is also detected. The tendency to
form aggregates was also confirmed by the broadening of the 13C
NMR spectrum recorded in D2O when compared with that recorded
in DMSO-d6 (see the Supplementary Information).

The TEM images of freshly prepared samples reveal the presence
of small spherical particles, which correspond to a few or even just
one molecule (∼4 nm), independently of whether the concentration
is 0.01 mg ml–1 or 0.1 mg ml–1, in good agreement with the exper-
imental findings in DLS analyses (Fig. 5 and Supplementary Fig. 3).

XPS was additionally used to confirm the composition of the
sugar balls. This surface technique enables the identification of
the atoms present on the molecule together with their chemical
state and their relative abundance. The survey spectra of superball
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r-1--T-------1-----T-----1---1--r-
US US 1U U2 UO US 136 13*

PPM

Figure 1. Fulleroid (“aromatic”) region of the l3C NMR spectrum of 2a (bottom). The expanded section (136.4-138.6 ppm) is a comparison of the
50% l5N-labeled sample (top) with the unlabeled sample. Note the “triplet” at 137.06 ppm in the labeled section.

minutes in the solid state at 180 °C.
Although the same reactivity with formation of two products

could be observed with the substituted benzyl azides lb-d, in this
communication we emphasize the SEM azide reaction. The stable
product was assigned the azafulleroid structure 2a on the basis
of a combination of l3C and l5N NMR spectroscopy (see below).

Cm
RCHjNj -

1

a, R = OO^CHjSiMej

b, R = CeHs

c, R = 4-CsHrOMe

d, R = 4-CsHrBr

The azafulleroids (2a-d) exhibit the typical electrochemical
properties and electronic spectroscopy of fulleroids. Compounds
2 show four reversible reduction waves in their cyclic voltam-
mograms (2a: El, -275; E2, -854; E3, -1404; E4, -1898 mV.
Qc,: El, -238; E2, -838; E3, -1418; E4, -1921 mV vs Ag/AgCl/3
M NaCl. Pt working and counter electrodes; see supplementary
material for 2b-d), and their UV-vis spectra are very similar to
that of Coo- The FAB-MS of compounds 2 show the typical M+
cluster with loss of the alkyl or benzyl moiety to give [C60N]+
and C6o+- The 'H NMR spectrum of the alkyl substituent is very
similar to that of the starting azides with a small downfield shift

due to the influence of the carbon sphere.6 The 13C NMR
(CDC13, TMS) of 2a exhibits four aliphatic carbons at 83.25,
66.84, 18.17, and -1.19 ppm as well as 32 peaks in the aromatic
region between 148 and 133 ppm (Figure 1). Of the 32,28 signals
have a relative intensity of 2, and 4 signals have a relative intensity
of 1. The total integrated area for the aromatic region sums up
to 60 carbons. Because all of the fullerene carbons are in the sp1

2

region of the spectrum, compounds 2 must possess the open
annulene structure, rather than the aziridine structure. Symmetry
arguments support the following possibilities: (i) a 6,5 junction
on the fullerene with free pyramidal inversion at nitrogen; (ii) a
6,5 junction on the fullerene with a “frozen”, single N-invertomer;
and (iii) a 6,6 junction on the fullerene with a “frozen” N-in-
vertomer.
In the case of l,6-methylimino[ 10]annulene,7 the methyl group

freely inverts down to -80 °C. Also, the 'H spectrum of compound
2a does not show, down to -65 °C, any hint of “freezing”. Hence,
the observed fast inversion at N at ambient temperature supports
hypothesis i.
In order to obtain further information on the structure of

azafulleroids, l5N-labeled SEMN3 was prepared from SEMC1
and a Na15NN2. Because the labeling on the azide is 50% at N-l
and 50% at N-3, addition to fullerene and loss of nitrogen yield
50% labeling at the azafulleroid nitrogen. 15N NMR spectroscopy
gave one peak at 73.92 ppm (referenced to external liquid am-
monia). The aromatic l3C resonance at 137.06 ppm (relative
intensity of 2) is split by 15N-13C coupling with J = 5.0 Hz (Figure
1). The methylene resonance at 83.25 ppm is similarly split (J
= 7.6 Hz) and also subject to a slight isotope shift (5 83.23). These

(6) C60 acts as a “shift reagent” on any substituent covalently attached to
it: Prato, M.; Wudl, F. Submitted for publication.
(7) Guenther, H.; Hinrichs, H.-H. Tetrahedron 1978, 24, 7033.

N
N N

CH2R
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Although the same reactivity with formation of two products

could be observed with the substituted benzyl azides lb-d, in this
communication we emphasize the SEM azide reaction. The stable
product was assigned the azafulleroid structure 2a on the basis
of a combination of l3C and l5N NMR spectroscopy (see below).
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mograms (2a: El, -275; E2, -854; E3, -1404; E4, -1898 mV.
Qc,: El, -238; E2, -838; E3, -1418; E4, -1921 mV vs Ag/AgCl/3
M NaCl. Pt working and counter electrodes; see supplementary
material for 2b-d), and their UV-vis spectra are very similar to
that of Coo- The FAB-MS of compounds 2 show the typical M+
cluster with loss of the alkyl or benzyl moiety to give [C60N]+
and C6o+- The 'H NMR spectrum of the alkyl substituent is very
similar to that of the starting azides with a small downfield shift

due to the influence of the carbon sphere.6 The 13C NMR
(CDC13, TMS) of 2a exhibits four aliphatic carbons at 83.25,
66.84, 18.17, and -1.19 ppm as well as 32 peaks in the aromatic
region between 148 and 133 ppm (Figure 1). Of the 32,28 signals
have a relative intensity of 2, and 4 signals have a relative intensity
of 1. The total integrated area for the aromatic region sums up
to 60 carbons. Because all of the fullerene carbons are in the sp1

2

region of the spectrum, compounds 2 must possess the open
annulene structure, rather than the aziridine structure. Symmetry
arguments support the following possibilities: (i) a 6,5 junction
on the fullerene with free pyramidal inversion at nitrogen; (ii) a
6,5 junction on the fullerene with a “frozen”, single N-invertomer;
and (iii) a 6,6 junction on the fullerene with a “frozen” N-in-
vertomer.
In the case of l,6-methylimino[ 10]annulene,7 the methyl group

freely inverts down to -80 °C. Also, the 'H spectrum of compound
2a does not show, down to -65 °C, any hint of “freezing”. Hence,
the observed fast inversion at N at ambient temperature supports
hypothesis i.
In order to obtain further information on the structure of

azafulleroids, l5N-labeled SEMN3 was prepared from SEMC1
and a Na15NN2. Because the labeling on the azide is 50% at N-l
and 50% at N-3, addition to fullerene and loss of nitrogen yield
50% labeling at the azafulleroid nitrogen. 15N NMR spectroscopy
gave one peak at 73.92 ppm (referenced to external liquid am-
monia). The aromatic l3C resonance at 137.06 ppm (relative
intensity of 2) is split by 15N-13C coupling with J = 5.0 Hz (Figure
1). The methylene resonance at 83.25 ppm is similarly split (J
= 7.6 Hz) and also subject to a slight isotope shift (5 83.23). These

(6) C60 acts as a “shift reagent” on any substituent covalently attached to
it: Prato, M.; Wudl, F. Submitted for publication.
(7) Guenther, H.; Hinrichs, H.-H. Tetrahedron 1978, 24, 7033.
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Cm
RCHjNj -

1

a, R = OO^CHjSiMej

b, R = CeHs

c, R = 4-CsHrOMe

d, R = 4-CsHrBr

The azafulleroids (2a-d) exhibit the typical electrochemical
properties and electronic spectroscopy of fulleroids. Compounds
2 show four reversible reduction waves in their cyclic voltam-
mograms (2a: El, -275; E2, -854; E3, -1404; E4, -1898 mV.
Qc,: El, -238; E2, -838; E3, -1418; E4, -1921 mV vs Ag/AgCl/3
M NaCl. Pt working and counter electrodes; see supplementary
material for 2b-d), and their UV-vis spectra are very similar to
that of Coo- The FAB-MS of compounds 2 show the typical M+
cluster with loss of the alkyl or benzyl moiety to give [C60N]+
and C6o+- The 'H NMR spectrum of the alkyl substituent is very
similar to that of the starting azides with a small downfield shift

due to the influence of the carbon sphere.6 The 13C NMR
(CDC13, TMS) of 2a exhibits four aliphatic carbons at 83.25,
66.84, 18.17, and -1.19 ppm as well as 32 peaks in the aromatic
region between 148 and 133 ppm (Figure 1). Of the 32,28 signals
have a relative intensity of 2, and 4 signals have a relative intensity
of 1. The total integrated area for the aromatic region sums up
to 60 carbons. Because all of the fullerene carbons are in the sp1

2

region of the spectrum, compounds 2 must possess the open
annulene structure, rather than the aziridine structure. Symmetry
arguments support the following possibilities: (i) a 6,5 junction
on the fullerene with free pyramidal inversion at nitrogen; (ii) a
6,5 junction on the fullerene with a “frozen”, single N-invertomer;
and (iii) a 6,6 junction on the fullerene with a “frozen” N-in-
vertomer.
In the case of l,6-methylimino[ 10]annulene,7 the methyl group

freely inverts down to -80 °C. Also, the 'H spectrum of compound
2a does not show, down to -65 °C, any hint of “freezing”. Hence,
the observed fast inversion at N at ambient temperature supports
hypothesis i.
In order to obtain further information on the structure of

azafulleroids, l5N-labeled SEMN3 was prepared from SEMC1
and a Na15NN2. Because the labeling on the azide is 50% at N-l
and 50% at N-3, addition to fullerene and loss of nitrogen yield
50% labeling at the azafulleroid nitrogen. 15N NMR spectroscopy
gave one peak at 73.92 ppm (referenced to external liquid am-
monia). The aromatic l3C resonance at 137.06 ppm (relative
intensity of 2) is split by 15N-13C coupling with J = 5.0 Hz (Figure
1). The methylene resonance at 83.25 ppm is similarly split (J
= 7.6 Hz) and also subject to a slight isotope shift (5 83.23). These

(6) C60 acts as a “shift reagent” on any substituent covalently attached to
it: Prato, M.; Wudl, F. Submitted for publication.
(7) Guenther, H.; Hinrichs, H.-H. Tetrahedron 1978, 24, 7033.

total of 32 
signals, of which 
28 have a 
relative intensity 
of 2 and 4 of 1



COMMUNICATIONS 
P?,,II. 2 = 4 .  r i=1712.0(3) .  h=1520.2(3). c=1776.3(4)pm. /1=115.22(3)'. 
1 = 4182 x lo- '"  m', = 0.992 gem-'; in the range to 211 = 1 1 0  5463 
rellections have been measured by OJ scans; 5244 of the 5251 independent 
reflection.; &ere used after LP corrections: no absorption correction 
( / I  = 9 2 cni ~ I ) .  The structure %as solved by using direct methods and refined 
against the F f  data using the full matrix. Some H atoms could he localized by 
difference Fourier synthesis. the others were calculated; they were included 
riding on their bond partners with groupwise commonly refined temperature 
factors. I- or all other atoms anisotropic temperature factors were used. This 
gave w R ,  = 0 160. corresponding to R = 0.058 for 4679 reflections with 
1 > 2c( / ) ;  the residualelectrondensity wasmax. 0.32 e k '  5b: C,,H,,B,Si,, 
cryital diineniions 0.5 x 0.5 x 0.3 mm'. triclinic, space group P i .  Z = 2 .  
li = 931 1 0 ) .  h = 1285.5(3). c = 1636.4(3) pm, 2 =70.37(3), /{ = 89.26(3). 
7 =71.71(3).  ~'=1742.2x1O"'m3. prrlcl l  =l.O3Ogcm-'; in the range to 
20 = 149 7454 reflections have been measured by w:?U scans: 71 12 of the 7123 
independent reflections were used after LP corrections; no absorption correc- 
tion ( p  = 10.4 cm- I ) .  Treatment analogous to 3c gave wR, = 0.2375. corre- 
sponding to R = 0.071 for 5686 reflections with I > 2o(I);  the residual electron 
den5ity was miix 0.58 e k ' .  Further details ofthe crystal structure investiga- 
tions c m  he obtained from the Fachinformationszentrum Karlsruhe. D-76344 
~gfenstein-LeopoldFhafen (Germany). on quoting the depository number 
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Ring Expansion of the Fullerene Core 
by Highly Regioselective Formation 
of Diazafulleroids** 
Thomas Grosser, Maurizio Prato," Vittorio Lucchini,* 
Andreas Hirsch,* and Fred Wudl* 

Investigations on the regioselectivity of multiple additions to 
C,, are currcntly a t  the forefront of organic fullerene chem- 
istry."] The first step in cycloadditions is always the attack of a 
double bond common to two six-membered rings (6-6 bonds) of 
the fullerene framework.'*] Multiple additions to 6-6 bonds 
show some degree of regioselectivity.r'l Subsequent additions to  
r-positions (octahedral sites), for example, allow the synthesis 
of highly symmetric hexaadducts.[Id - f l  Addition of diazo com- 
pounds or azidesr41 to  C,, followed by extrusion of N, of the 
initially formed 6-6-bridged pyrazolines or triazolines leads also 
to ring-opened 5-6 adducts (fulleroids). In fulleroids C,,R, and 
C,,NR the n-electron system of C,, remains intact and the 
fullerene core contains a bridged nine-membered ring.[3. 41 The 
expansion or opening of a ring in the C,, framework could be 
a key step for the systematic synthesis of endohedral C,, com- 
pounds. In this paper we report for the first time on the regio- 
chemistry of additions to  fulleroids. We show that diaza- 
fulleroids with a further ring expansion (three seven-membered 
and one eleven-membered ring in the fullerene core) are formed 

in an extraordinary regioselective pathway. In addition, inter- 
mediate triazoline adducts leading to azafulleroids have been 
isolated . 

We had first synthesized azafulleroids by allowing C,, to 
react with an equimolar amount of azide in chlorobenzene at  
r e f l ~ x . [ ~ ]  As major products we obtained the azafulleroids 1 
together with more polar compounds, which were not further 
characterized. The intermediate triazolines 2 cannot be obtained 
by this procedure since they readily lose N, at elevated temper- 
atures. We have now found that treatment of a concentrated 
solution of C,, in I-chloronaphthalene with an equimolar 
amount of methyl azidoacetate at 60 'C yields triazoline 2 a  in 
62 % yield (Table 1). When 2 a is heated in o-dichlorobenzene at 
100 "C. 1 a is obtained as the major product (24%) together with 
C,, (22%), compound 3 a  with an intact 6-6 bond (4%), and 
bisadduct 4 a  (1 3 YO).  In 4 a  two neighboring, open 5-6 bonds are 
imino bridged. Besides 4 a  we obtained only a small amount of 
another bisadduct Sa, whose exact structure is not yet known. 
Bisadducts 4 and S are also accessible by the direct synthesis of 
azafulleroids from C,,; these compounds are the more polar 
side products, which we mentioned earlier.14' The black micro- 
crystalline compounds 1-4 were isolated by flash chromatogra- 
phy. Both 4 a  and Sa are stable in n-dichlorobenzene at 100 "C. 

1 equiv. N3R 
1 -chloronaphthalene 

60°C 
%O 

62% 

2 a-e 

R ~ CHzCOOMe 

R - CH,0CHzCH,SiMe3 

R = benzyl 

R = 4-rnethoxybenzyl 

R = 4-brornobenzyl 

1 equiv. N,R . -  

chlorobenzene 
reflux 

- N2 

1 a-e 3a-e @j R 

\ / '  . /  
4a-e 

5a.c-e 
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The addition of azide to C6, seems to be general, as analogous 
compounds were formed when other azides, for instance substi- 
tuted benzyl azides RN, (R = benzyl, 4-methoxybenzyl, 4-bro- 
mobenzyl) , were used. The addition of trimethylsilylethoxy 
methyl azide (SEMN,) to C,, is a special case: 4 b  is the exclu- 
sive bisaddition product. When a dilute solution of C,, and 
excess SEMN, in chlorobenzene was heated to reflux for ap- 
proximately 12 h, 4 b  formed as the main product (60% based 
on  reacted C6,) along with 2 b (30 %) and 3 b (10 O h ) .  The pres- 
ence of exclusively these three compounds was proved by the 
' H N M R  spectrum of the crude mixture and by chromato- 
graphic separation of the three adducts in the same ratios. 
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The addition of azide to C6, seems to be general, as analogous 
compounds were formed when other azides, for instance substi- 
tuted benzyl azides RN, (R = benzyl, 4-methoxybenzyl, 4-bro- 
mobenzyl) , were used. The addition of trimethylsilylethoxy 
methyl azide (SEMN,) to C,, is a special case: 4 b  is the exclu- 
sive bisaddition product. When a dilute solution of C,, and 
excess SEMN, in chlorobenzene was heated to reflux for ap- 
proximately 12 h, 4 b  formed as the main product (60% based 
on  reacted C6,) along with 2 b (30 %) and 3 b (10 O h ) .  The pres- 
ence of exclusively these three compounds was proved by the 
' H N M R  spectrum of the crude mixture and by chromato- 
graphic separation of the three adducts in the same ratios. 
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COMMUNICATIONS 
Table 1 .  Selected spectroscopic data of the new compounds l a ,  2a, 3 %  4a,b, 
and 6a. 

l a :  1HNMR(CSZ~C6Dh411,250MHz) :6  =4 .43(~ .2H) ,3 .72(s .3H) :  13CNMR 
(CS,/C,D, 411, 62.9 MHz): d =167.89, 147.96, 145.47, 145.33. 144.99, 144.94, 
144.78, 144.60, 144.46. 144.35, 144.18, 143.90. 143.72, 143.51. 143.41, 143.35, 
143.20, 143.12, 142.89, 141.63. 141.10, 340.81. 139.60, 138.83, 138.49, 138.13, 
137.30, 137.14, 136.45, 135.57. 133.98, 52.73 (CH,), 52.04 (CH,); UV,'Vis (Et,O): 
A,,, [nm] = 532 (hr). 432 (sh), 332, 260, 218; FD-MS: m;:: 807 ( M i ) .  
2a: 'HNMR(CS,IC,D,4!1,250MHz):6 = 4.99(s,2H),3 62(s,3H); I3CNMR 
(CS,,'C,D, 411. 62.9 MHz): 6 =168.23. 147.79. 147.59. 146.43. 146.40. 146.25. 
146.21, 146.09, 145.96, 145.63, 145.34, 144.82. 144.64, 144.52, 144.11. 143.32, 
143.19, 143.05, 142.88. 142.80, 142.73, 142.37, 342.28, 142.26. 142.10, 140.98. 
140.90. 140.34, 137 03. 136.45, 80.67. 52.30 (CH2),  48.55 (CH,): UV!Vis (cyclohex- 
ane): ;.,,, [nm] = 687. 677,461,425, 315, 255, 21 I :  FAB-MS (3-nitrohenzyl alcohol 
(NBA)): mi?: 836 ( M i  + H). 
3a: 'HNMR(CS2C,D,4!1.250MHz):6 = 4.31 ( ~ . 2 H ) , 3 . 7 8 ( ~ . 3 H ) ;  "CNMR 
(CS,;C,D, 4/1, 100.6 MHz): d = 167.85. 145.44, 145.38, 145.00, 144.84, 144.78, 
144.04, 143.43, 143.32, 143.07, 142.50, 142.37. 141.11, 83.94, 52.12 (CH,), 51.22 
(CH,); UVNis (Et,O): [nm] = 483. 422, 410, 323. 256: FD-MS: n71:: 807 

4a: ' H N M R  (CS,:C,D, 4:1, 250MHz): 6 = 5.20 (AB-q, J = I 7  Hr. 1 H),  4.32 
(AB-q, J = 1 7  Hz, I H ) .  3.69 (s. 3H): "C NMR (CS,iC,D, 4:l. 62.9 MHz): 
6 =169.81. 161.00, 147.83. 147.20, 145.82, 145.59, 145.29, 145.25. 144.95, 144.92. 
144.58. 144.51, 144.39, 144.30. 144.11. 143.85, 143.70. 142.85, 142.60, 142.02, 
141.89, 140.04, 139.93, 139.33, 137.60, 135.61. 134.93, 132.71. 132.53, 131.35, 52.30 
(CH,), 51.83 (CH,); UV/Vis (cyclohexane): E.,,, [nm] =702 (hr), 538 (br). 456 (sh). 
435 (sh), 327, 259, 212: FD-MS: m,:: 894 ( M ' ) .  
4b: ' H N M R  (CDCI,, 600 MHz): 6 = 5.56 (AB-q, 1 H, J = 9.4 Hz). 5.41 (AB-q, 
lH,J=9.4Hz),4.14(td,1H.J=9.5.7.1).3.98(td,lH.J=9.5,7.1),1.67(m, 
ZH). 0.15 (s, 9H): I3C NMR (125 MHz, CDCI,): 6 =160.19 (1 C), 147.45 (2C),  
147.09 (ZC), 145.54 ( I  C),  145 36 (2C), 144.96 ( 2 C ) .  144.86 ( 2 C ) .  144.62 ( 2 C ) .  
144.59 ( 2 C ) ,  144.21 (6C), 144.10 (1 C). 144.00 (2C), 143.77 ( 2 C ) ,  143.59 (ZC). 
143.45 (2C). 142.83 (2C). 142.33 (2C). 141.81 (2'2). 141.74 ( 2 C ) .  140.28 (2C). 
139.59 (2C),  139.42 (2C), 139.15 (2C).  338.71 ( 2 C ) ,  136.74 (2C). 135.36 (2C).  
134.66 (2C) ,  132.12 ( 2 C ) ,  132.93 ( I C ) .  130.54 (ZC), 82.89 (NCH,O), 66.56 
(OCH,), 18.21 (CH,Si). - 1.24 (Si(CH3)3); U V V i s  (CH,CI,): i.,,,, [nm] = 545. 
430, 331, 261; FAB-MS: m : ~ :  1011 ( M + ) .  
6a:  ' H N M R  (CS,,'C,D, 4/1, 250 MHz): S = 5.19 (AB-q, J = I 7  Hz. 1 H), 5.08 

1 H), 3.77 (s. 3H). 3.71 (s, 3H): UVIVis (cyclohexane): in,,, [nm] = 694. 558 (sh). 

( M + ) .  

(AB-q, J = 1 7 . 4 H z 3  IH). 4.88 (AB-q, J=17.4Hz,  l H ) , 4 . 5 3  (AB-q, J = 1 7 H z ,  

497 (Sh). 320. 253, 214: FAB-MS (NBA):  n~,':: 924 (Mt + 2H) .  

Bisadduct 4b is not stable in refluxing chlorobenzene. Heating 
4b for about 12 h resulted in quantitative conversion to  a 7 : l  
mixture of 1 b and 3b. 

The unique structure of 4 was established by means of 'H,  
t3C,  "N, and HMQC NMR techniques (Fig. 1, Table 1). The 
'H and I3C spectra of bisadducts 4 exhibit some striking fea- 
tures: 1) The signal pattern is highly symmetrical; the two R 
groups are magnetically equivalent and the methylene hydro- 
gens a to  nitrogen are diasterotopic and give rise to well-resolved 

-6 
Flg 1 I3C NMR spectra (125 MHz, CDCI,) of [I5N]4b (top) and 4 b  (bottom). 

AB quartets. 2) In the I3C spectra only 32 signals are observed 
for the fullerene core; the integrations of 28 signals (2C each) 
are twice that of the other four (1 C each). This suggests C, 
symmetry for compounds 4, with the mirror plane crossing the 
four carbon atoms of two 6-6 junctions. 3) The presence of a 
I3C signal a t  6 = 160 (1 C) is common to all compounds 4. The 
correct assignment of this peak and the definitive structural 
determination is based on the analysis of the multiplets at 
about 6 =160 in ["N]4b, which was obtained from SEMN, 
labeled with "N (50%) at  each terminal nitrogen atom; three 
isotopomers resulted with no. one, and two "N atoms. Three 
signals can be detected for these compounds: a singlet a t  
6 = 160.19, a doublet at 6 = 160.37 (JCN = 6.9 Hz). and a triplet 
at 6 = 160.14 (JC. = 6.9 Hz) in an approximate 1 : 2:  1 ratio. The 
signals can be assigned readily to the carbon atom bonded di- 
rectly to  both nitrogen atoms in [I5N]4b, which is labeled with 
none, one, amd two "N atoms, respectively, in statistical isoto- 
ponieric ratios. This assignment, which also explains the strong 
downfield shift of these peaks, is further substantiated by the 
coupling of this C atom with the a-methylene protons over three 
bonds (by multiple HMQC spectroscopy). In ["N]4b the signal 
at 6 =138.71 (2C) is split into a singlet a t  6 =138.71 and a 
doublet at 6 = 138.69 (JcN = 7.3 Hz) in a 1 : 1 ratio; these signals 
are assigned to the equivalent C,, carbon atoms bound to a 
single nitrogen atom. In compounds 4 the R groups are equiva- 
lent, but the a-methylene protons are diastereotopic. The two 
imino bridges are on adjacent 5-6 junctions and the nitrogen 
atoms would remain chiral, even if rapid pyramidal inversion 
would take place. 

The 'H NMR spectrum of 5 shows one quartet for the dia- 
stereotopic a-methylene protons, which indicates C, symmetry. 
A possible structure could be the isomer in which two opened 
5-6 bonds within the same six-membered are bridged by the 
imino groups. This is supported by the shift of the center of 
gravity of the methylene proton resonances by 0.7 ppm to lower 
field. In this structure, due to hindered inversion, the most fa- 
vorable location of the R groups is above the five-membered 
rings, which leads to  de~hie1ding.L~~. 

To obtain further information on the very regioselective for- 
mation of these bisadducts starting from 1, we treated a concen- 
trated solution of 1 a with methyl azidoacetate at room temper- 
ature. Under these conditions, in addition to  a small amount of 
4a and 5a, only one mixed triazoline/azafulleroid isomer 6 was 

R 

N N-N 
R, 1 

1 equiv. N,R 

chloronaphthalene 
room temperature 

la  
(R = CH,COOMe) 

I 

6 

toluene 

reflux 
______* 

- N2 

4a 

4 5a 
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( / I  = 9 2 cni ~ I ) .  The structure %as solved by using direct methods and refined 
against the F f  data using the full matrix. Some H atoms could he localized by 
difference Fourier synthesis. the others were calculated; they were included 
riding on their bond partners with groupwise commonly refined temperature 
factors. I- or all other atoms anisotropic temperature factors were used. This 
gave w R ,  = 0 160. corresponding to R = 0.058 for 4679 reflections with 
1 > 2c( / ) ;  the residualelectrondensity wasmax. 0.32 e k '  5b: C,,H,,B,Si,, 
cryital diineniions 0.5 x 0.5 x 0.3 mm'. triclinic, space group P i .  Z = 2 .  
li = 931 1 0 ) .  h = 1285.5(3). c = 1636.4(3) pm, 2 =70.37(3), /{ = 89.26(3). 
7 =71.71(3).  ~'=1742.2x1O"'m3. prrlcl l  =l.O3Ogcm-'; in the range to 
20 = 149 7454 reflections have been measured by w:?U scans: 71 12 of the 7123 
independent reflections were used after LP corrections; no absorption correc- 
tion ( p  = 10.4 cm- I ) .  Treatment analogous to 3c gave wR, = 0.2375. corre- 
sponding to R = 0.071 for 5686 reflections with I > 2o(I);  the residual electron 
den5ity was miix 0.58 e k ' .  Further details ofthe crystal structure investiga- 
tions c m  he obtained from the Fachinformationszentrum Karlsruhe. D-76344 
~gfenstein-LeopoldFhafen (Germany). on quoting the depository number 

[I61 M .  Pilz. J. Allwohn. W. Massa, A. Berndt. An,yriv. Ch~m. 1990 102. 436-438. 
CSD-58927 

Aiigeii C'/IC,PJI Inr. Ed. €Ti,$ 1990, ZY, 399 -401. 

Ring Expansion of the Fullerene Core 
by Highly Regioselective Formation 
of Diazafulleroids** 
Thomas Grosser, Maurizio Prato," Vittorio Lucchini,* 
Andreas Hirsch,* and Fred Wudl* 

Investigations on the regioselectivity of multiple additions to 
C,, are currcntly a t  the forefront of organic fullerene chem- 
istry."] The first step in cycloadditions is always the attack of a 
double bond common to two six-membered rings (6-6 bonds) of 
the fullerene framework.'*] Multiple additions to 6-6 bonds 
show some degree of regioselectivity.r'l Subsequent additions to  
r-positions (octahedral sites), for example, allow the synthesis 
of highly symmetric hexaadducts.[Id - f l  Addition of diazo com- 
pounds or azidesr41 to  C,, followed by extrusion of N, of the 
initially formed 6-6-bridged pyrazolines or triazolines leads also 
to ring-opened 5-6 adducts (fulleroids). In fulleroids C,,R, and 
C,,NR the n-electron system of C,, remains intact and the 
fullerene core contains a bridged nine-membered ring.[3. 41 The 
expansion or opening of a ring in the C,, framework could be 
a key step for the systematic synthesis of endohedral C,, com- 
pounds. In this paper we report for the first time on the regio- 
chemistry of additions to  fulleroids. We show that diaza- 
fulleroids with a further ring expansion (three seven-membered 
and one eleven-membered ring in the fullerene core) are formed 

in an extraordinary regioselective pathway. In addition, inter- 
mediate triazoline adducts leading to azafulleroids have been 
isolated . 

We had first synthesized azafulleroids by allowing C,, to 
react with an equimolar amount of azide in chlorobenzene at  
r e f l ~ x . [ ~ ]  As major products we obtained the azafulleroids 1 
together with more polar compounds, which were not further 
characterized. The intermediate triazolines 2 cannot be obtained 
by this procedure since they readily lose N, at elevated temper- 
atures. We have now found that treatment of a concentrated 
solution of C,, in I-chloronaphthalene with an equimolar 
amount of methyl azidoacetate at 60 'C yields triazoline 2 a  in 
62 % yield (Table 1). When 2 a is heated in o-dichlorobenzene at 
100 "C. 1 a is obtained as the major product (24%) together with 
C,, (22%), compound 3 a  with an intact 6-6 bond (4%), and 
bisadduct 4 a  (1 3 YO).  In 4 a  two neighboring, open 5-6 bonds are 
imino bridged. Besides 4 a  we obtained only a small amount of 
another bisadduct Sa, whose exact structure is not yet known. 
Bisadducts 4 and S are also accessible by the direct synthesis of 
azafulleroids from C,,; these compounds are the more polar 
side products, which we mentioned earlier.14' The black micro- 
crystalline compounds 1-4 were isolated by flash chromatogra- 
phy. Both 4 a  and Sa are stable in n-dichlorobenzene at 100 "C. 

1 equiv. N3R 
1 -chloronaphthalene 

60°C 
%O 

62% 

2 a-e 

R ~ CHzCOOMe 

R - CH,0CHzCH,SiMe3 

R = benzyl 

R = 4-rnethoxybenzyl 

R = 4-brornobenzyl 

1 equiv. N,R . -  

chlorobenzene 
reflux 

- N2 

1 a-e 3a-e @j R 

\ / '  . /  
4a-e 

5a.c-e 

[*] Prof: Dr A. Hirsch. 'r. Griisser 
Institiit fur Organische Chemie 
Rich;ird-Willst~itter-Allee 2. D-76131 Karlsruhe (Germany) 
Telefax: Int. code + (721)698-305 
Prof. Dr M Pi-ato 
Dipartimento di Scienze Farmaceutiche. Trieste (Italy) 
Prof. Dr V. Lucchini 
Dipartimento di Scienie Amhientali. Venezia (Italy) 
Prof. Dr F. Wudl 
Institute for Polymers and Organic Solids. Santa Barbara (USA) 

[**I Thii uork was supported by the Deutsche Forschungsgemeinschaft (DFG). 
the Bundesministerinm fur Forschung und Technologie (BMFT), and Hoechst 
AG. M. P. thanks the Consiglio Nazionale delle Richerche for a travel grant. 
E W. wishes to thank National Science Foundation for support (grant 
DM R91-22536). 

The addition of azide to C6, seems to be general, as analogous 
compounds were formed when other azides, for instance substi- 
tuted benzyl azides RN, (R = benzyl, 4-methoxybenzyl, 4-bro- 
mobenzyl) , were used. The addition of trimethylsilylethoxy 
methyl azide (SEMN,) to C,, is a special case: 4 b  is the exclu- 
sive bisaddition product. When a dilute solution of C,, and 
excess SEMN, in chlorobenzene was heated to reflux for ap- 
proximately 12 h, 4 b  formed as the main product (60% based 
on  reacted C6,) along with 2 b (30 %) and 3 b (10 O h ) .  The pres- 
ence of exclusively these three compounds was proved by the 
' H N M R  spectrum of the crude mixture and by chromato- 
graphic separation of the three adducts in the same ratios. 
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Scheme 1

3

the light source, is virtually complete within 3 h at 25—30 °C.
The Kapton filter is a convenient alternative for the commonly
used aqueous dichromate solution filter.10 The reaction is highly
regioselective, most likely because the anti-Bredt carbon—carbon
double bonds in 1 are more strained. We assume the product
was formed through the 1,2-dioxetane intermediate 2. Keto-
lactam 3 was separated from traces of starting material and
obtained in pure form (~70% yield) by column chromatography
(silica gel/ toluene-EtOAc 9:1). Compound 3 shows two
carbonyl absorptions in the FT-IR, one at 1727 (ketone) and
the other at 1693 (lactam) cm-1. These values deviate slightly
from the corresponding ones for fluorenone (1714 cm-1) and
5-methyl-5//-phenanthridin-6-one (1645 cm-1),* 11 respectively,
reflecting some extra strain and/or less aromaticity in 3

compared to the model compounds. The UV—vis spectrum of
3 in chloroform is distinctly different from those of the well-
described [5.6]- and [6.6]-, 1,2-adducts of C«), showing absorp-
tion maxima at 260, 328,428 (sh), 466 (sh), 616 (sh), and 688
nm. The 500 MHz 'H NMR spectrum of 3 in CS/TMS reveals
that the MEM group is unaffected by the photooxygenation
reaction. The two diastereotopic //-methylene protons of the
asymmetric compound give rise to an AB system (7ab = 10.5
Hz; 3 = 6.19 and 5.83 ppm), the ethoxy methylenes appear as
multiplets at 3.89 and 3.48 ppm, and the terminal methoxy group
shows a singlet at 3.23 ppm. The asymmetry of 3 is most clearly
revealed in its 500 MHz 13C NMR spectrum in CDCI3: 51 sp2
carbon resonances appear at 128.0-150.1 ppm. The ketone
and lactam carbon atoms appear at 198.5 and 163.6 ppm,
respectively. The four carbon atoms of the MEM group show
resonances at 59.1 (OCH3), 70.0, 71.6 (ethylene), and 80.6 (N-
methylene) ppm. FAB-MS showed a strong (M + H)+ peak
at mJz 856. Hence, both 13C NMR and FAB-MS rule out the
possibility that the product would actually be the result of a
double photooxygenation reaction, i.e., diketoimide 4.12

Compound 3 is stable under the reaction conditions; no new

products were detected after 4 h of photooxygenation in ODCB
at 25-30 °C. Thereafter, methylene blue was added as a

sensitizer, and the photooxygenation was resumed; no further
reaction occurred within 5 h.

4 5

Recently, we reported the efficient (oxygen-suppressed)
photochemical rearrangement of a fulleroid to the corresponding
methanofullerene isomer.13 In our laboratory, this photochemi-
cal rearrangement is an effective and convenient method for
the preparation of a number of methanofullerenes. When
azafulleroid 1 was irradiated under the same anaerobic condi-
tions (Kapton 500HN-filtered light), no isomerization occurred
(a fundamental difference in reactivity between azafulleroids
and fulleroids),13 but a very slow conversion to 3 took place,
indicating the very high efficiency of traces of O2 sensitization
by 1.
When solutions of [6.6]-/V-MEM-fulleroaziridine 5 in ODCB

were irradiated, no reaction took place with O2, neither in the
presence nor in the absence of methylene blue, and no

photochemical isomerization under anaerobic conditions could
be detected; this indicates a fundamental equivalence in reactiv-
ity between fulleroaziridines (e.g., 5) and methanofullerenes.
A ball and stick molecular model generated with Insight

(Insight II Molecular Modeling v. 2.3.5, Biosym Technologies,
1994) on a Silicon Graphics Iris workstation shows the relatively
large size of the hole (Figure 1A); however, a CPK model
(Figure IB) clearly indicates that compound 3, at its minimum
energy conformation, does not have an opening large enough
to allow any guest molecule to enter the cage. Some flexibility
in the keto and lactam moieties at elevated temperatures is
expected and should increase the size of the opening;14 also,
removal of the MEM protecting group should further increase
access to the cavity.
The work presented here can be considered a first step toward

the controlled opening of the fullerene cage. Further elaboration
of ketolactam 3 in this direction is currently under active
investigation.
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Supporting Information Available: Experimental details for the
preparation, purification, and characterization of 3 (8 pages). This
material is contained in many libraries on microfiche, immediately
follows this article in the microfilm version of the journal, can be
ordered from the ACS, and can be downloaded from the Internet; see
any current masthead page for ordering information and Internet access
instructions.
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From the beginning, the discovery of Cso and the other
fullerenes has ignited the imagination of many scientists, in
particular those working in supramolecular chemistry. These
carbon cages are the simplest hollow structures which might
give rise to interesting host—guest complexes with potential
applications that would include complexation, catalysis, con-
strictive binding, and protection of unstable species.1
The First examples of endohedral metallofullerenes were

prepared in 1991 with a high-temperature laser vaporization
method.2 The preferred way to prepare endohedral complexes
has been the carbon arc burning method using mixtures of
graphite and the guest-to-be materials in composite rods.2 Noble
gases can also be forced into the cages by high-temperature—
high-pressure conditions.3 The yields of endohedral complexes
in these reactions are very low, and separation from the hollow
fullerenes for purification of the desired products has been a

major problem. The above-mentioned methods are not likely
to be suitable for the encapsulation of small molecules as well
as molecular and atomic ions.
Another approach to endohedral complexes would comprise

controlled opening of the fullerene, encapsulation of the guest
material, and restoration of the original fullerene structure, a
strategy that Hawkins very likely considered in his pioneering
work on osmylaiion of Cgo and C7o4'5 Hydrolysis of the osmate
esters apparently did not afford the diol, and this approach failed.
Here we report the first regioselective and efficient synthetic

method for severing two adjacent bonds in C6q.6
Reaction of Cso with azides yields l5.6]azafulIeroids in good

yields.7 In the azafulleroid, one C—C bond is cleaved (see 1),
and the C=C bonds adjacent to the nitrogen atom are susceptible
to regiospecific formation of bisazafulleroids.8
The previously reported elegant work on the self-sensitized

photooxygenation of certain Cso adducts4 was applied to

(V-methoxyethoxymethyl (MEM)-substituted [5.6]azafulleroid l1

f
University of California, Santa Barbara.

* Dipartimento di Scienze Farmaceutiche.
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Figure 1. (A) Ball and stick molecular model of 3 (top). The dark
sphere on the near bottom center is the keto oxygen, and the dark sphere
on the center right is the lactam carbonyl oxygen. (B) CPK molecular
model of 3 (middle) in exactly the same position as in (A). The hole
described in note 14 is just to the right of the lactam carbonyl and is

clearly visible in (C). The group of atoms wrapping around the upper
left is the lowest energy conformer of the MEM group. (C) Same as

(B), except the ball was rotated and the MEM group replaced by a

hydrogen atom to better reveal the orifice, which is part of a longer
slit (bottom).

to afford the ring-opened /V-MEM-ketolaciam 3 in high yield
(Scheme 1 and Figure 1).
The reaction, using 1,2-dichlorobenzene (ODCB) as the

solvent and a Kapton 500HN (DuPont) filtered flood lamp as

&copy; 1995 American Chemical Society
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A l t h o u ~ h  the  f ~ ~ r m a t ~ o n  of a 1.3-osaze- Isolation of the Heterof ullerene C,,N 
as Its Dimer (C,,N), 

Jan C. Hummelen," Brian Knight, James Pavlovich, 
Rosario Gonzalez, Fred Wudl* 

The heterofullerene ion C,,Nf is formed efficiently in the gas phase during fast atom 
bombardment mass spectroscopy of a cluster-opened N-MEM (N-methoxyethoxy meth- 
yl) ketolactam. This transformation is shown to occur also in solution in the presence of 
strong acid, affording biazafullerenyl (C,,N), in good yield. It is proposed that the aza- 
fullerene dimer is formed upon in situ reduction of the highly reactive azafulleronium ion. 
The isolation and characterization of biazafullerenyl opens a viable route for the prepa- 
ration of other heterofullerenes in solution. 

T h e  introduct~on of heteroatoms into the 
fullerene cage leads to significant perturlia- 
tlons o n  the electronic and geolnetrlc char- 
acter of the fullerene cluster ( 1 ) ;  srlch heter- 
of~~llerenes are expected to have appl~cations 
111 s u ~ e r c o n d u c t ~ r ~ ~ t ~  ~ h o t o ~ ~ l d ~ ~ c e d  electron , L 

transfer (photoelectric dev~ces),  and organic 
ferromagnet~sm. Hoaever,  to date ~t has 
oroved d~fficult to nreoare and  sola ate heter- 

L L 

ofullerenes anti thus to gain a more detailed 
understand~ng of their properties. In  1991, 
Smalley's group reported the gas-phase prep- 
aration of "dopy lialls," molecular clusters 
consisting of C,,+,,B,, (2 ) .  T h e  preparation 
follo\%red the usual procedure of laser abla t~on 
of a graphite-heteroatom composite rod. Lat- 

u L 

er in the same year, Rao reported the prep- 
aration of a numller of C,,N,,, fullerenes (3) 
on the hasis of mass soectroscooic ohserva- 
tion of peaks 111 the rallge In/? (mass/charge) 
= 722 to 728 of toluene extracts of eraoh~te  - L 

arc soot, generateti 111 the presence of nitro- 
gen or ammon~a.  More recently, in attempts 
to prepare nanotul~es in a nitrogen atmo- 
sphere, Zheng et  al. (4) reported the prepa- 
ration of C,,N. Neither of these groups re- 
ported exact Inass measurements, nor Jld 
they comlnent on the possible fragmentation 
pattern. More recently, verificat~on of the 
existence of C,,N and C,,N 111 the gas phase 
Lvas reported by Mattay et  nl. (5) and by 
Lamparth et  nl. (5).  

Now \hre report that an  efficient gas-phase 
preparation of azaf~~l leron~um Cj ,N+,  unre- 
lated to that reported by LMattay et  al. (5 )  and 
Lamparth et  nl. 151, can he m~nlicked In 
condensed phase hy organlc synthesis, res~llt- 
ing in the isolation and character~zation of a 
d ~ ~ n e r  of the azaf~~llerenyl radical, hiaza- 
fi~llerenyl (C,,N)?. Recently, we described 
openillg a hole 111 the C6, cage structure (6). 
FAB mass spectroscopy (FABMS) of the 
open cluster 1 revealed a hase peak at m/r = 

nst~tute for Polymers and Organic Sol~ds, Departments 
of Chem~stly and Materials, Un~versity of Calforna, Santa 
Barbara CA 931 06, USA 
'TO whom correspondence should be addressed 

722; a high-resolut~on measurement shoa.eil 
an  exact Inass of 721.9991 atonllc Inass units 
(amu), 111 good agreement \%'it11 the theoret- 
ical value of 722.003074 for C j ,Nf .  Further 
conf~rmation a.as found 111 the "shr~nk-~vrap" 
fragmentation pattern of efficient loss of 26- 
amu (loss of C N ,  m/? = 696) and successi~~e 
24-amu (loss of C,, m / ~  = 672, 648) frag- 
ments. A pattern of successive losses of C-. 
fragments Lvas reporteii for C,,  (7). There is, 
however, a nlarked d~fference hetween the 
shr~nk-\%.rap pattern of gas phase-prepared 
borafullerenes (for example, C,,B), reported 
by Smalley et  it1 (7), and the shr~nk-\\,rap 
pattern of the azaf~~l leron~um ion. Whereas 
the horafi~llerenes exclusively lose C, frag- 
ments (down to C3 ,B) ,  the azaf~~l leron~um 
Ion f~ r s t  loses a C N  fragment and then C, 
fragments. T h e  different l ~ e h a v ~ o r  is 11kely 
due to the cIecreas111g relative s t a h ~ l ~ t y  of the 
(neutral) C N ,  C,, and C B  fragments; the last 
IS a carhene radical and IS expected to he 
unstable. A relat~rrely mtense peak at ~ n / z  = 
780 (9596) is due to loss of 2-methoxyetha- 
1101 to yield the hr-methyl carbon~um ion 2 
from 1 (Scherne 1).  

Scheme 1. Proposed mechanism for the gas- 
phase formaton of azafuleron~um C,, N -  (4) from 
N-MEM ketolactam I In FABMS. 

t i d ~ n i ~ ~ n l  intermeciiate 3 (Scheme 1)  may 
seen1 counterintuitive at first s ~ g h t ,  it IS 
plaus~lile liecause the cyclopentanone car- 
llonyl group and the  N-methyl carllon~um 
ion are narallel and huttressed agamst each 
other hy the cage net\vork. Support for t h ~ s  
mechanism Lvas obtained from the F.AB 
Inass spectrulll of c o n l p o ~ ~ ~ l d  5 ,  a more c o n -  
ples N-h'lEh'l ketolactam Jer~vat ive  of C,,, 
synthes~ied recently (8). 

The FAB 11x1s~ spectrum with an  o-dichlo- 
rohenzene/p-nitrohe11zy1 alcohol (ODCBI 
NBA) matrix of 5 sho~ved a s ~ l ~ a l l  Mf peak at 
mlr = 958 (49(~),  a peak at ,n/r = 883 (17%), 
corresponcimg to the loss of 2-methoxyetha- 
1101, a peak at nl/? = 853 (35%), correspond- 
~ n g  to the subsequent loss of formaldehyde, 
and the hase peak at m/? = 722. The  shrink- 
wrap fragmentation pattern of the azafullero- 
I ~ ~ U I I ~  ion \\,as again ohserveci. 

In a search for a synthetic organic method 
to o h t a ~ n  macroscopic quantit~es of 4 (or a 
cler~vative) that \\-auld mi~nic  the events 011- 
served In FABMS anii in the process of at- 
tempting to remove the \\-hole h'lEh'l group 
w ~ t h  a concom~tant imPro\~ed access to the 
or~fice in this molecule, a.e ol~served that 
reaction of 1 a.ith excess TiCl+ in ODCB at 
room temperature yields the K-chloromethyl 
ketolactam 6 in 47% y~eld, ~nsteaii of the 
expected fully deprotected lactam (9) .  Com- 
po~lnd 6 a.as an t~c~pa ted  to he a good precur- 
sor for the correspond~ng K-methyl carhon- 
iunl Ion. Its FAB Inass spectrum (toluene/ 
NBA) contained a hase peak at m/r = 722, 
accompan~eii by shrink-\\-rap peaks at m/? = 
696, 672, 648, and 624. However, the only 
signif~cant peak het~veen the (M + H ) +  peak 
at mi,- = 816 and 722 was at ~n /z  = 768, 
corresponding to the proto~~ated,  Lieprotected 
ketolactam. This result ind~cates that in the 
case of 6, a different pathway to the aiaful- 
leronium lo11 IS followed t11,ln 111 the cases 
of 1 anci 5. Compound 6, the  third analog 
in our serles of C6, derivatives a.ith an  
opening in the cage structure, \%,as fully 
character~zed by proton nuclear magnetic 
resonance ( 'H-NMR) ,  "C-Nh'lR, ultrav~o- 
let-vis~ble ~~ec t ropho to rne t ry  (LV-\ ' is) ,  
and Fourier-transforlnn infrared (FT-IR) 
spectropl~otometr\.. 

In a second attenlpt at deprotecticx~, a fast 
anci remarkable reaction was observed when 
N-MEM ketolacta~n 1 was treated with a large 
excess (15 to 20 equ~valents) of 11-toluenesul- 
ionic aciJ mc~nohydrate 111 ODCB at reflux 
temperature under nitrogen. The  h r m a t ~ o n  of 
;I very apolar major product, account~ng for 85 
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to 95% of starting material, \\.,IS obtained by 
co1~11nn chr i~n~a t~graphy  (sil~ca gel/toluene) 
of the crude reactlon mlxture (19). 

T h e  absence of an  electron spin reso- 
nance (ESR) signal excludeii the p o s s ~ b ~ l ~ t y  
that the above product ~vas a stable free 
radical. T h e  compounci alsc showeil no  s ~ g -  
nals In IH-NMR (hot11 in CS; anti in 
ODCB-c14). The  elenlental analysis (C, 
95.03; H ,  <0.5; N ,  1.99) was considered 
consistent with a formula of C,,N or 
(C,,N)? [calculateci for (C,,N):: C, 98.06; 
N ,  1.941. Although the value for carhon 1s 
low (by -390), it is not LI I ILI~LI ; I~  for fullerene 
iier~vat~ves;   no st f~lllere~les cia not hurl1 
properly and cons~stently give results that are 
1 to 4% helo\%, the calc~llateii values. Our 
confidence rests ~v i th  the llltrogen anti hy- 
drogen analytical res~~l ts .  

Electrospray MS (+ )  (pos~t ive  Inass 
spectroscopy) of a 0.02 to 0.05 mbl  solution 
In toluene shoa.eil, bes~des a strong peak a t  
~n lz  = 722 (1 I ) ,  a weak ion cluster a t  m/? = 
1445 (Fig. l ) ,  corresponding to free raciical 
cation M(.) + of C, ,,N,, presumal~ly formeil 
hy electrochemical oxidation of the neutral 
species III the stainless steel electrospray 
capillary (12) .  Because neutral C,,N can 
only exist as a radical (1 ) (anc-i therefore hy 
itself cannot he our product) and because 
molecular clusters, ohser\,ed in h'lS, are al- 
~vays a result of cation clustering with neu- 
trals, it is unl~kely that tlhe m / ~  = 1445 peak 
was the result of ~nolecular cluster~ng. 

A strong argulllent for existence of the  
i l i~ner  n7as ohtaineci from its cyclic voltam- 
nlogranl ( C V )  ( 1  mh/l solution in  ODCB/ 
0.1 k l  Bu,NBF,; ferrocene-ferrocenium 
couple, internal standard),  a h i c h  sho~veii 
three overlapping pairs of reversible one- 
electron reductions a.ithin the solvent a.in- 
d o a  ( E l  = 9 9 7  mV, El = -1071 m\', E3  
= -1424 mV, E4 = -1485 m\', E j  = 
- 1979 m\', and E6 = -2089 mV).  A corn- 
h ina t~on  of linear sweep voltam~netry and 
cl~ronoamperometr\. (1 3) estahlished that 
all overlapp~ng waves are twc)-electron re- 
ductions. There 1s also an  irreversible two- 
electron oxidation ~v i th  a peak potential at 
+886 mV, that is, 0.2 \I Inore negative 
(eas~er  to o x ~ J ~ z e )  than C,, (14).  T h e  ap- 
pearance of closely spaced pairs ot waves 111 

the C V  suggests that our systenl consists of 
two (~iientical) ~veakly interact~ng electro- 
phores, s~milar to the J~anthrylalkanes (15) .  

In the "C-NMR apectrum of (C,,N),, 30 
lines were observed in the region between 157 
and 124 parts per v nil lion (pp111) (1 6) .  Nc) 
other resonances (that IS, for expected sp3- 
hybridized carl:on atc~ms) were ol-rser~.ed. 
ODCR was the only solvent 111 ~v111ch a rea- 
sonably 111gli concentratii~n of (C5,N)? could 
ile obralneil. .Although the resollances t;)r 
ODCB-d4 are usuallv jilsr outside the region of 
C,, cier~\.atives, the possil~~lity that a fen s~g-  
nals were lost i~nder the solvent peaks existed. 

A seconci "C-Nh'lR spectrum (8 clays of ac- 
qu~sition) in CS: (ahout 1.5 ~ng/ml, that is, 1 
p M )  consisteii of a sim~lar pattern of 28 l~nes  
and, \\-ithm the exper~nlental constraints of 
tlhe spectrum no~se,  there were no  resonances 
111 the ODCB-d4 region. From the observat~on 
of only 30 lines for (C59N)L, we concluiie that 
the molecule 1s h~ghly synlmetrlc and has two 
planes of symmetry (or one invers~on center 
and one plane of symmetry), one hetrveen the 
two halls and one through the length of the 
c-iimer. O n  the bas~s of t h ~ s  symmetry argu- 
ment, the two l~alls can onli, he connected 
through carbon atoms CI (adjacent to tlhe N 
atom in a "6.6" fash~on. where the C,-N 
bond is l~et\\.een two six-memhereci rngs  of 
the azafullerene, as in 7a, in agreement ~5-1th 
calculated relat~ve electron ciensit~es (1).  

For the depicted dimes 721, the  maximum 

6,6 Closed-6,6 closed 

6,6 Open-6,6 open 

number of carbon atom resonances \voulil be 
3 1, 30 sj) ' ,  and I sj)' W e  have seen only 
signals in the 157 to 124 ppnl reg~on; it is 
possilile that the s~gnal due to the quaternary 
sp' carhon atoms (expected c h e ~ n ~ c a l  shift of 
50 to 110 ppm) IS too weak to lie detected 

under the Fourier transform Nh4R (FT-Nh'lR) 
conJ~ t io~ l s  required to record the re~naining 
signals. Because the s~gnals 111 the 157- to 
124-ppm region corresponii to 11 8 carlion 
atoms 130 signals, of \\.h~ch 1 Integrates to 8 C, 
26 to 4 C (104 carbons), and 3 to 2 C (6 
carbons)], an alternative structure (7b),  in 
\ \ h ~ c h  all carhons are sb2-l~vhrid~zed, could lie 

L ,  

cons~JereJ.  This rather unusual structure was 
mit~ally not expected to he fiavoreil liecause 
( I )  it requires a "6,6 open" arrangement (with 
concomitant ~ntra-annular pentagon doulile 
lionding) and ( ~ i )  ~t was t h o ~ ~ g h t  to require an 
unusual hond angle at the ~nterball bonding 
atoms. Howe~rer, a comhinat~on of the alwve 
Nh'lR results and Fl- IR anc-i U\'-v~s results 
(see below) strongly suggest that 7b  he given 
serlous cons~deration. In addition, construc- 
t ~ o n  of a three-dimensio~lal mociel, as \%,ell as 
computer ~nocieli~lg (17),  sho~v that the spL- 
hybridized carbons that are ~nvolved in the 
interball bonding are less str,~ined m 7b than 
in ChO, hecause they are coplanar a i t h  the 
cage carbon  toms to ~vhich they are l~onded, 
as sho\vn schemat~cally by "liold" ho~lds in 7c. 

T h e  FT-IR (transm~ttance; KBr pellet) 
and neat po~viier DRIFT (diffuse reflectance 
infrared technique) spectra of l~iaiaf~1lleren.).1 
are ~rirtually ic-ientical anii shoa., hesides mul- 
tiple absorptions in the f o ~ ~ r  areas ~vhere  C6, 
s h o \ ~ s  single peaks (that is, at 1428, 1182, 
576, and 527 c m p ' ) ,  a strong peak at 845 
cmp '  and medium stroqg peaks at 837 and 
82 1 cmp ' . Furthermore, there are three 
weaker absorptions at 1584, 1565, anti 1551 
cmp' .  T h e  latter absorptions could be as- 
signed to C=N or C=C or both (from 
C=C€=N) stretching in the his 6,6 open 
structure 7b. 

Besides the stronger ahsorpt~on at 328 
11111 in its LT\'-vis spectrum, the molecule 
features weak ahsorpt~ons a ~ t h  nlaxi~na a t  
442, 596, 720, and 800 11111 and no  Inore 
absorptions in tlhe near-IR region (up to 
2000 nm) .  T h e  broad, rounded hand a t  442 

1445 Fig. 1. Electrospray MS 
I b (-1 spectrum of a 0 02 to 

~1 0 05 mM solut~on of 
(C,,N), 11 toluene The In 
sets are expansions 
around the 722 and 1445 
m/z peaks The expand 
ed patterns g~ve an ex- 

1445 cellent f~t to the calculat- 
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nin is typical of fullerenes with a double- 
bond endocyclic to a pentagon (18) ,  in 
agreement with structure 7b. 

W e  propose (see below) that the azaful- 
leronium ion is formed first in a manner that 
mimics the gas-phase formation of azaful- 
leronium as shown in  Scheme 1: T h e  acid 
protonates the IMEIM moiety, inducing the 
loss of 2-methoxyethanol; the N-methyl car- 
bonium ion thus formed rearranees to the - 
four-membered l,3-oxazetidinium ring com- 
pound, which in turn loses formaldehyde and 
carbon monoxide to vield the azafulleroniurn 
ion. T h e  azafulleronikn ion, expected to be 
a very strong oxidant, can apparently be 
reduced ([Red] in  Scherne 2, by either 2-me- 
thoxyethanol or water) to the azaf~~llerenyl 
radical, which dinlerizes to yield biazafullere- 
nyl. Preliminary results indicate that the title 
dilner readily dissociates to the monomer, 

CH20CH2CH20CH, 

(as in Scheme 1) 1 [Redl 

(C,,N)2 - @ 
Scheme 2. Proposed cascade of events in the 
pTsOH.H,O-nitiated formation of (C,,N), from N -  
MEM ketoactam 1 in refuxng ODCB. 

which can be trapped to produce organic 
derivatives of C,,N (19).  W e  are currently 
investigating the chemical reactivity, physi- 
cal properties, and possible applications of 
this intriguing first member of the class of 
heterof~~llerenes. 
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A Stable High-Index 
Surface of Silicon: Si(5 5 12) 

A. A. Baski, S. C. Erwin, L. J. Whitman* 
A stable high-index surface of silicon, Si(5 5 12), is described. This surface forms a 2 x 1 
reconstruction with one of the largest unit cells ever observed, 7.7 angstroms by 53.5 
angstroms. Scanning tunneling microscopy (STM) reveals that the 68 surface atoms per 
2 X 1 unit cell are reconstructed only on a local scale. A complete structural model for 
the surface is proposed, incorporating a variety of features known to exist on other 
stable silicon surfaces. Simulated STM images based on this model have been com- 
puted by first-principles electronic-structure methods and show excellent agreement 
with experiment. 

A s  the  basis for a multibillion-dollar indus- 
try, the  surfaces of silicon are the most 
widely studied of all semiconductors. De- 
spite such scrutiny, only three stable surfac- 
es of clean silicon have generally accepted 
structural models: the  well-known lo&,- 
Miller index (001) and ( 1  11) planes and 
the high-index (113) plane (1-3). As is 
common for co\ralently bonded materials, 
all of these clean surfaces reconstruct in 
order to reduce the  energy associated with 
their surface dangling bonds. O n  Si(001),  
the  surface atoms pair up as dimers to form 
a 2 X 1 reconstruction. O n  Si(1  1 1 ) ,  a num- 
ber of different reconstructions are ob- 
served, including the  metastable 2 x 1 
structure with the  top two surface layers 
rearranged into 7-bonded chains (observed 
o n  a cleaved surface), and the  equilibrium 
7 X 7 structure with a Inore coinplicated 
dimer-adatom-stacking fault IDAS) struc- 
ture (observed after c;oling froin high tem- 
peratures). High-index Si(113),  a surface 
consisting of alternating rows of atoms with 
(001) and (1 11) orientation, is stabilized by 
a 3 x 2 reconstruction co~nvosed of re- 
bonded and dimerlike step edge atoms. Sub- 
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strates oriented to (1  l o ) ,  (331),  and (015) 
also appear to have stable surfaces, but their 
structures have not been well established 
(4-7). 

Although Si(001) is the dominant sub- 
strate for electronic device fabrication, high- 
index surfaces are being investigated as pos- 
sible substrates for specialized applications 
(8-10). A n  ideally structured high-index 
surface (that is, bulk-terminated) would con- 
sist of a periodic array of low-index terraces 
separated by steps of monatomic height. 
Such a surface would nrovide a natural tem- 
plate for the growth of one-dimensional 
structures (8) and high-quality heteroepi- 
taxial films (9 ,  10).  However, the actual 
surface lnorphologies o n  high-index surfaces 
are usuallv not ideal, because of the influ- 
ence of surface reconstructions, step and 
kink energies, and step-step interactions. In  
~enera l .  these surfaces inav consist of a dis- 
tribution of low-index terraces separated by 
variable-height steps or step bunches, or in 
the extreme case, inay break up (facet) into 
planes of different orientations (1 1) .  

Whereas Si  surfaces tilted only a few 
degrees away froin (001) and ( 1  11) have 
been well characterized, less is known about 
high-index surfaces tilted farther away from 
these planes. Given the  established stability 
of Si(113),  which is oriented nearly midway 
between (001) and ( I l l ) ,  high-index sur- 
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