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ABSTRACT

R = CH,SiMegO'Pr, CH;SiMe;CgHy3

140 °C

R'= H, CO,Et
Ar = 4-MeOCgH,, Ph

Heating of a singly bonded fullerene dimer in the presence of an alkyne forms a cyclobutene structure on only one of the two fullerene moieties,
through a stereo- and regioselective [2 + 2] cycloaddition. Experimental and theoretical data suggest that the reaction is triggered by cleavage of
the interfullerene C—C bond and formation of a monomeric fullerene radical.

Fullerenes continue to serve as a rich source of inspira-
tion for our laboratory' and others,? because of the intrin-
sic reactivity these compounds and their applicability to
solar cells.’ In this Letter, we report an intriguing thermal
reaction of a fullerene dimer ([Cgo(CH,SiMe,OPr)], (1)
and [Cgo(CH,SiMe,CgH3)]5 (2) used as a diastereomeric
mixture), in which a cyclobutene is formed on only one of
the two fullerene moieties in a stereo- and regioselective
manner (Figure 1). On the basis of the known thermal
lability of the interfullerene C—C bond and mechanistic
analysis, we posit that thermolysis of the dimer first
generates a monomeric fullerene radical. This radical
undergoes a [2 + 2] cycloaddition with an acetylene, ex-
clusively at the C24—C25 bond (numbering in Figure 2)
to give regioselectively a [2 + 2] cyclobutene product,
which then recombine with the remaining radical partner
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to regenerate a dimeric structure as a diastereomeric
mixture.

The chemistry of singly bonded fullerene dimers started
with Morton’s discovery in 1992 that an equilibrium exists
between fullerene dimer [CgoR], and monomer radical
RCgoe.* Several reports followed™® and established the
dimeric structure by single-crystal X-ray analysis.” The
two expected isomers, namely, the meso and racemic
diastereomers, were separated and found to exist in ther-
mal equilibrium with each other.® Other types of singly
bonded dimers, such as (Cgy )> and (Cy¢ )», are known to
form as crystalline ionic complexes. Dimers with multiple
addends, such as (CgoCls), and [Cgo(biPh)s],, have also
been reported.’
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Figure 1. [2 + 2] Cycloaddition of fullerene dimer and alkyne
triggered by C—C bond cleavage.

The fullerene dimers [Ceo(CH,SiMe,OPr)], (1) and
[Ceo(CH,SiMe>CgH3)]> (2) were synthesized through a
deprotonation—oxidation process that we reported pre-
viously.'® Thus deprotonation of monoadducts Ce,RH
(R = CHzSiMGzO[Pr, CstiM62C6H13) with IBUOK fol-
lowed by addition of a single-electron oxidant (I,) afforded
dimers 1 and 2 with a meso/racemic ratio of 2.2:1 (for both
1and 2) in 89% and 86% yield, respectively. The meso and
racemic isomers easily interconvert with each other upon
heating or light irradiation.®

Heating dimer 1 (80 mg) with 4-ethynylanisole (10 equiv.)
in o-dicholorobenzene (ODCB, 8 mL) at 140 °C for 2.5 h
gave a 1:1 diastereomeric mixture of the [2 + 2] products
3a and 3b in yields of 23% (15 mg) and 22% (14 mg),
respectively, after separation on silica gel. Similarly, heat-
ing dimer 2 and the internal alkyne ethyl 3-phenylpropio-
late (10 equiv) in ODCB at 140 °C for 8 h afforded two
inseparable diastercomers, 4a and 4b, in 31% combined
yield (Figure 1). Products 3 and 4 were the only products
detected by HPLC, and the remainder was the starting
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dimer. We cannot yet assign the diastercomeric structure
of the a and b series, since so far we know the crystal struc-
ture of only 4 for an approximately 1:1 mixture of the two
diastereomers (see below).

The isomerically pure forms of 3a and 3b allowed us to
thoroughly characterize them by NMR. Taking 3a for
example, the "H NMR spectrum shows a singlet signal at
7.26 ppm, which is due to the proton on the newly formed
cyclobutene ring. The protons with the chemical shifts at
6.81, 7.71, and 3.11 ppm are due to the anisole group.
Signals at 2.39, 2.21, 2.10, and 1.80 ppm can be assigned
to the two sets of methylene protons, while the signals at
0.25,0.22,0.17, and 0.15 ppm can be assigned to the four
characteristic silyl methyl protons. The anisole protons
and the silyl methyl protons have the same intensity
indicating that only one alkyne molecule reacted with the
dimer. The '"H NMR spectrum indicates that 3a has C;
symmetry.

The '*C NMR spectrum of 3a contains 103 peaks be-
tween 170 and 110 ppm corresponding to 122 sp® carbons,
including 8 sp” carbons of the cyclobutene moiety.'' The
six sp’ carbons due to fullerene appear at 75.22, 66.89,
65.88,63.59, 57.68, and 55.96 ppm. With the aid of HMBC
spectra, we assigned these sp° signals to the characteristic
carbons. The 75.22 and 66.89 ppm peaks are due to the two
fullerene carbons in the cyclobutene ring; they correlate
with the cyclobutene proton at 7.26 ppm. The 57.68 and
55.96 ppm peaks are due to the two fullerene carbons
connected to the two silyl methyl groups; they correlate
with the methylene protons at 2.39, 2.21, 2.10, and
1.80 ppm. The 65.88 and 63.59 ppm peaks are due to the
two pivot carbons, which correlate with no protons (see
Supporting Information).

The above spectral data on 3a offer a wealth of structure
information, but do not tell us exactly which double bond
of the fullerene reacted with the alkyne. This information
was obtained from the single-crystal structure of a 1:1
mixture of diastereomers 4a and 4b. Single crystals were
obtained by slow diffusion of EtOH into their CS, solu-
tion. The crystal structure was solved by assuming equal
occupancy of 4a and 4b. Only one diastereomer is shown in
Figure 2 for clarity. We thus ascertained that the reaction
took place exclusively at the C24—C25 double bond of the
dimer, with exclusive bond formation between C24 and
the acetylenic carbon next to the ester group. The length of
the cyclobutene double bond is 1.330 A.The length for the
interfullerene C—C bond is 1.599 A, which is similar to that
of other reported dimers.>®

A “cleavage—recombination” mechanistic rationale is
proposed for this highly regioselective [2 + 2] cycloaddi-
tion reaction (Figure 1). As demonstrated by literature, the
pivot C—C bond of the fullerene dimer can be easily
cleaved by heat at elevated temperatures. The resulting
S9m-electron fullerene radical A undergoes a 1,4-radical
addition to the triple bond of alkyne to form a vinyl radical
intermediate B. Due to the stabilization effect of the vici-
nal Ar group for the vinyl radical, this radical addition
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Figure 2. (a) X-ray crystal structure of one of the diastereomers,
4a or 4b. (b) Numbering for fullerene carbons according to
TUPAC nomenclature.'?

selectively took place at the sp carbon next to the car-
boxylic ester group of the alkyne. Intermediate B further
undergoes an intramolecular radical cyclization to afford a
S7m-electron fullerene radical C. Finally, the recombina-
tion of 5957 and 577 radicals gives two diastereomers of the
product. We consider that the coupling of two 57 radicals
is unfavorable because of their steric bulkiness.

With only the relevant carbon atoms focused upon, this
seemingly complex reaction can be simplified into the
reaction shown in Figure 3a: a new type of cycloaddition
triggered by thermal cleavage of a C—C bond. Here, the
C—C bond next to a 1,3-diene system is thermally cleaved,
and the resulting pentadienyl radical A reacts at its term-
inal position with the acetylene. The apparently unstable
vinyl radical B immediately and irreversibly forms cyclo-
butene C, accompanied by formation of the C—C bond.
The regioselective C—C bond formation at the terminal
carbon of the pentadienyl radical is unusual, and this
puzzle was resolved by turning to theory.

Figure 3b shows the spin density of the 59s-electron
fullerene radical generated by cleaving the pivotal C—C
bond. The largest value of spin density of 0.52 is expected
at C2, and a smaller value of 0.26, at C4 (UB3LYP/6-31G
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level). We here note that the C2 position is next to the
silylmethyl group and hence much more sterically hindered
than the C4 position. This provides a rationale that the
acetylene reacts with A first at C4 followed by intramo-
lecular C—C bond formation at C3. Similarly, in Figure 3c,
we note that [2 4+ 2] cycloadduct C has the highest spin
density (0.62) at a greatly hindered carbon. Therefore, a
dimeric structure is regenerated at the carbon atom that
has a spin density of 0.40.
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Figure 3. [2 + 2] Cycloaddition triggered by thermal C—C bond
cleavage. (a) Simplified path. (b) Spin density after C—C
cleavage (UB3LYP/6-31G level). The sp> carbon atom con-
nected to the silylmethyl group is C1; the next carbon atom is C2.
(c) Spin density after [2 + 2] cycloaddition.

In summary, we found a new type of [2 + 2] cycloaddi-
tion of a singly bonded fullerene dimer with an alkyne. We
have so far been able to study in depth only two examples,
owing to the insolubility of fullerene dimers, the difficulty
of purifying products for characterization, and a seeming
lack of reactivity with other dienophiles. However, the
experimental and theoretical data indicate that the reac-
tion occurs with high stereo- and regioselectivity that can
be satisfactorily explained by electronic and steric effects.
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