
Novel Methodology for the Preparation
of Five-, Seven-, and Nine-Membered
Fused Rings on C 60

Maria Hatzimarinaki and Michael Orfanopoulos*

Department of Chemistry, UniVersity of Crete, Iraklion, Voutes 71003, Crete, Greece

Orfanop@chemistry.uoc.gr

Received January 12, 2006

ABSTRACT

The photocycloaddition of dienyl cyclopropanes to C 60 gives a new synthetic approach to yield stereospecifically five-, seven-, and nine-
membered [60]fullerene adducts. Our results suggest the formation of a biradical intermediate between the dienyl substrate and C 60. An
electron transfer between the triplet excited state of C 60 and the dienyl substrate precedes the formation of the intermediate.

Many reactions for the functionalization of [60]fullerene have
been developed on the basis of its electron-deficient behav-
ior.1 Photoinduced functionalization of [60]fullerene has
attracted considerable interest because photoexcited C60

exhibits more electrophilicity than the ground state of C60.2

[60]Fullerene can easily be excited into its triplet state,3C60,
in quantum yield near unity, elevating the reduction potential

from -0.42 V vs SCE of the ground state to close to 1.14 V
vs SCE of the triplet state.3 Previously, we reported the [2
+ 2] functionalization of C60 with moderately electron-rich
p-methoxyarylalkenes4 as well as with the less-electron-rich
alkyl-substituted 1,3-butadienes.4 Stereochemical and sec-
ondary kinetic isotope effects studies showed that the first
(rate-determining) step of the reaction involves the formation
of an open intermediate (dipolar or biradical) between the
3C60 and the unsaturated substrate. Moreover, in the case of
2,4-hexadienes, it is noteworthy that the stereochemical
studies favor the involvement of a biradical rather than a
dipolar intermediate.

During the course of our studies on the mechanism of
photocycloadditions of dienes and alkenes to C60, we have
developed a new synthetic approach to prepare functionalized
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[60]fullerenes with various fused rings. To our knowledge,
there is no other available method.

Herein, we present a new methodology for the preparation
of five-, seven-, and nine-membered fused rings by the
photochemical addition of 2-(trans-2’-phenylcyclopropyl)-
5-methyl-2,4-hexadiene (1)5 to C60. Vinylcyclopropane de-
rivatives are effectively used as mechanistic probes in the
investigation of radical6 or dipolar7 cycloadditions to a
carbon-carbon double bond. Apart from the synthetic ability,
the formation of ring-opened, rearranged products can
provide useful information on the intermediate or on the
radical cation if an electron-transfer process8 is the case.

A solution of C60 and a 30-fold excess of1 as an 80:20
E/Z mixture in deoxygenated toluene, in the absence of light,
did not react after 24 h at solvent reflux. However, upon
irradiation with a xenon lamp (Variac Eimac Cermax 300
W), a rapid reaction was detected by HPLC on a Cosmosil
5C18-MS reverse-phase column. Two major peaks appeared
in the HPLC chromatogram in a 60:40 ratio, within just a
few minutes of irradiation, indicating the formation of a
mixture of C60 cycloadducts. The mixture of products was
formed in 60% yield, based on the recovered C60. Purification
through flash column chromatography (SiO2, hexane/
CH2Cl2 ) 4:1) led to the isolation of the fullerene products
(Scheme 1) in two fractions, the first one containing the

seven- and nine-membered cycloproducts (the less polar
compounds) and the second one containing the major
cycloproduct with a five-membered ring (the more polar

compound). The1H NMR spectrum (Figure 1) of the major
cycloproduct displays four multiplet signals which cor-
respond to the cyclopentane ring protons of the rearranged
derivativeE-syn-2. 1H homonuclear decoupling experiments
reveal the following coupling pattern for the protons on the
cyclopentane ring:-CH-CH2-CH- (Table 1). The two

methine protons resonate at lower fields as a doublet of a
doublet each, and the diastereotopic methylene protons
resonate at higher fields as multiplets. Consequently, a
regiospecific cleavage of the more substituted cyclopropane
bond occurs.

The configurational assignment of the protons on the
cyclopentane ring was determined by difference nuclear
Overhauser effect (DNOE) experiments. The methine signal
at 5.05 ppm (H1) was identified as benzylic on the basis of
the positive enhancement between H1 ando-phenyl protons.
The methine signal at 4.70 ppm (H4) was identified as allylic
on the basis of the positive enhancement between H4 and
vinylic protons at 6.65 ppm. Substantial positive enhance-
ment was displayed between the methylene proton which
resonates at 2.94 ppm (H2) and the methine protons, H1 and
H4, revealing their syn configuration as well as the axial-
like positions of the methine protons on the cyclopentane
ring. Consequently, the thermodynamically more stable five-
membered ring was formed where the 1,3-substituents,
phenyl and dienyl groups, possess the equatorial-like posi-
tions on the ring. Moreover, the values of anti and syn
coupling constants (Janti ) 13.0 Hz andJsyn ) 4.38 Hz) are
consistent with dihedral angles close to 180° for the anti
hydrogens and 47°for the syn hydrogens.9

The resolved13C NMR spectrum displays for the fullerene
skeleton two signals at 75.7 and 76.0 ppm due to the two
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Figure 1. Stereochemistry and1H NMR of E-syn-2.

Table 1. Some Spectroscopic Data ofE-syn-2

CH1 CH2 CH3 CH4 CH5 CH6 Me1

1H 5.05 2.94 3.83 4.70 6.65 6.15 2.25
13C 59.9 34.6 34.6 64.0 127.5 127.1 16.8

Scheme 1. Photochemical Ring-Opening Cycloaddition of a
Mixture of E-, Z-1 to C60
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sp3-hybridized junction carbons, and the rest of the sp2-
hybridized signals are in the spectral range between 125 and
160 ppm. The protonated carbons were assigned using DEPT
and H-C correlation experiments. Analysis of the H-C
coupling in the gHMQC NMR spectrum confirms the
proposed structure. Both methylene protons H2 and H3 exhibit
a cross-peak with the methylene carbon of the cyclopentane
ring at 34.6 ppm. The benzylic and allylic methine carbon
signals of the cyclopentane ring resonate at 59.9 and 64.0
ppm, respectively. The olefinic carbon signals of the dienyl
group resonate at 121.1 and 127.5 ppm, whereas the methyl
carbons resonate at 16.8, 18.3, and 26.4 ppm.

Analysis of the H-C three-bond coupling in the gHMBC
NMR spectrum combined with DNOE experiments on the
allylic methine hydrogen H4 revealed the stereochemistry of
the dienyl group. Specifically, in the gHMBC NMR spec-
trum, the olefinic hydrogen which resonates at 6.15 ppm (H6)
couples with the two methyl carbons at 18.3 (Me2) and 26.4
ppm (Me3), and the other olefinic hydrogen at 6.65 ppm (H5)
couples with the methyl carbon at 16.8 ppm (Me1) and the
allylic cyclopentane carbon at 64.0 ppm (C-H4). Moreover,
spacial proximity of olefinic hydrogen which resonates at
6.65 ppm (H5) with H4 and methyl hydrogens at 18.3 ppm
(Me2) was determined. The above spectroscopic data reveal
E-stereochemistry on the dienyl group (Figure 1).

The1H NMR spectrum of the less polar fraction displays
the presence of three opened-ring cycloproducts3, E-4, and
Z-4 (Scheme 1), the first one bearing a seven-membered ring
and the other two bearing a nine-membered ring withE-
and Z-stereochemistry on the trisubstituted double bond.
These products could not be separated by flash column
chromatography. The proposed structures and their stereo-
chemistries were determined by a combination of 1D and
2D NMR experiments. The hybridization of the proto-
nated carbons as well as the assignment of the diastereo-
topic methylene hydrogens of these cycloadducts were con-
firmed by gHMQC NMR experiments. The coupling pattern
-CH-CH2-CH- was deduced by1H homonuclear decou-
pling experiments. DNOE experiments revealed all spacial
approximations, confirming the formation of these cyclic
adducts and determining the trans stereochemistry of the 1,5-
substituents, phenyl and alkenyl groups, of the product3.

Consumption of1 was dramatically suppressed by addition
of 10 equiv of rubrene, a well-known triplet quencher.3b

Moreover, neither irradiation nor heating led to cyclorever-
sion or decomposition of these cycloadducts. These results
suggest the nonreversible formation of the adducts through
the triplet excited state of C60. The proposed mechanism that
could account for the formation of the ring-fused C60

derivatives can be best rationalized via the geminate radical
ion pair produced by the photoinduced electron transfer from
the dienyl group of1 to 3C60 shown in Scheme 2. The
incipient radical cation RC1a undergoes ring opening to RC1b

before combining with its geminal radical anion of3C60.

Coupling of the rearranged radical ion pair forms the
biradical intermediateI1, where the allylic radical delocalizes
in the dienyl group and ultimately cyclizes to the three
isolated cycloadducts. In Scheme 2, ring opening of RC1a is

shown to be attributed to cyclopropylcarbinyl cation rear-
rangement according to a previous report.10

The possibility that the disubstituted bond of cyclopropane
of 1 acts as an electron donor to the3C60, in a [2σ + 2π]
photocycloaddition, was also examined. For this purpose,
the chemical reactivities of 1,2-diphenylcyclopropane11 5 and
1-methyl-2-phenylcyclopropane11 6 were examined with C60,
under photochemical conditions identical to those described
previously (Figure 2). No cycloaddition took place after

prolonged irradiation in toluene solution. This is in agreement
with the proposed electron-transfer mechanism outlined in
Scheme 2, excluding the possibility of a [2σ + 2π]
cycloaddition.

To obtain further information on the stereochemistry of
the photocycloaddition reaction of dienyl cyclopropanes to
C60, 2-(trans-2’-phenylcyclopropyl)-2,4-hexadiene (7)5 was
prepared as a mixture ofE-cis-7, Z-cis-7, E-trans-7, and
Z-trans-7. The ratio of trans/cis was measured by1H NMR
to be 78:22. The stereochemistry of the terminal disubstituted

(10) Hatzimarinaki, M.; Roubelakis, M. M.; Orfanopoulos, M.J. Am.
Chem. Soc.2005,127, 14183.

(11) Cyclopropanes5 and6 were prepared according to the literature:
Petersen, R. J.; Skell, P. S.Org. Synth. Coll.1973,5, 929.

Scheme 2. Proposed Mechanism in the Cycloadditon Reaction
of 1 to C60

Figure 2. Substrates utilized to examine their chemical reactivity
with C60 under photochemical conditions.
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double bond was determined by a1H homonuclear decou-
pling experiment. Cycloaddition of the isomeric mixture of
7 to C60 under photochemical conditions identical to those
described previously produced two cycloproducts, cyclo-
pentaneE-syn-8 and a mixture of cyclononanesZ-, E-9
(Scheme 3).

The most important finding is the stereochemistry of the
terminal double bond in the cyclopentaneE-syn-8cycload-
duct, determined by a1H homonuclear decoupling experi-
ment (Figure 3). Upon irradiation of the terminal vinylic
methyl groups, Me2 and Me2′ at 1.81 and 1.79 ppm, the

multiplets of H7 and H7′ at 5.80 and 5.61 ppm collapsed to
doublets with coupling constantsJ ) 13.9 and 10.7 Hz,
respectively. These values are typical fortrans- andcis-alkyl-
substituted double bonds.12 The ratio of trans/cis ofE-syn-8
was measured by1H NMR to be 78:22. Consequently, the
stereochemistry of the disubstituted double bond remained
intact in the cyclopentane adduct. This finding is in agree-
ment with the known propensity of allylic radicals to resist
rotation around the partial double bonds.13 In other words,
this result supports the formation of biradical intermediate
I7, which permits rotation around the C3-C4 bond but resists
rotation around the C5-C6 and C7-C8 partial double bonds
(Figure 4).

In conclusion, a novel photochemical functionalization of
[60]fullerene with cyclopropyl-dienes is reported. Ring-
opening products are smoothly formed bearing five-, seven-,
and nine-membered rings. All findings support the formation
of a biradical intermediate which is preceded by an electron-
transfer step between the diene and3C60.
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Scheme 3. Photochemical Ring-Opening Cycloaddition of a
Mixture of 7 to C60

Figure 3. Stereochemistry and1H NMR of E-syn-8.

Figure 4. Biradical intermediateI7.
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