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Abstract—Inorganic base, Na2CO3, was utilized to replace organic base, DBU, in the Bingel reaction employing diethyl
bromomalonate under the mechanochemical ‘high-speed vibration milling’ conditions to give the cyclopropanated C60 1 in high
yield. In contrast, reactions of C60 with diethyl malonate and ethyl acetoacetate in the presence of Na2CO3 under HSVM
conditions afforded 1,4-bisadduct 2 and dihydrofuran-fused C60 derivative 3, respectively. © 2003 Elsevier Science Ltd. All rights
reserved.

Solvent-free organic reactions have drawn great inter-
est, particularly from the viewpoint of green chemistry,
because harmful organic solvents are not involved in
the production process.1 Moreover, some novel prod-
ucts can be obtained only from solvent-free reactions
rather than from the liquid-phase reactions, especially
in the field of fullerene chemistry. A mechanochemical
technique called high-speed vibration milling (HSVM)
was first applied to the solvent-free Reformatsky-type
reaction of C60 in 1996.2 Since then this HSVM tech-
nique has been successfully utilized in the first synthesis
of fullerene dimer C120,3a,b cross-dimer C130,3c and
trimer C180,3d,e [4+2] reaction of C60 with condensed
aromatics,4 with phthalazine5 and with di(2-pyridyl)-
1,2,4,5-tetrazine,6 reaction of C60 with dichloro-
diphenylsilane and lithium,7 and reaction of C60 with
organic bromides and alkali metals.8 In this paper, we
report the novel solvent-free reactions of C60 with
active methylene compounds in the presence of Na2CO3

under HSVM conditions.

The reaction of C60 with halogenated active methylene
compounds such as �-halo esters or �-halo ketones in
the presence of 1,8-diazabicyclo[5,4,0]undec-7-ene

(DBU) (the Bingel reaction) is one of the most widely
applied reactions in fullerene chemistry to give various
cyclopropanated derivatives of fullerenes.9 When we
tried to extend the HSVM technique to the solvent-free
reaction of C60 with diethyl bromomalonate and DBU,
no desired product was formed. However, the expected
product was obtained when the organic base (DBU)
was replaced by inorganic base (Na2CO3). When a
mixture of C60 (28.8 mg), ethyl bromomalonate and
Na2CO3 in 1:1:1 molar ratio was vigorously milled for
30 min, monoadduct 1 was obtained in 51% (86% based
on consumed C60) yield along with 7% (12% based on
consumed C60) of bisaducts (Scheme 1).

NaHCO3 can also be used as the base, but the yield was
slightly lower. This is the first example of the use of
inorganic weak base in the Bingel reaction, which was
conducted under the solvent-free conditions. The reac-
tion is considered to follow the well-established mecha-
nism of the Bingel reaction involving the first

Scheme 1.
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Scheme 2. Scheme 3.

nucleophilic attack of the carbanion. The advantage of
this solid-state reaction lies in the feasibility of conduct-
ing the reaction in a much larger scale. Actually we
have conducted this solid-state Bingel reaction under
the HSVM conditions using 0.5 g of C60 and obtained
the monoadduct 1 in 40–50% and bisadduct in 15–20%
with C60 recovered in about 20%.

In order to see what would happen if the leaving group
such as the bromo group is absent, diethyl bromo-
malonate was replaced by diethyl malonate in the
above reaction under HSVM conditions. To our sur-
prise, a totally different product was obtained. Thus,
the reaction of C60 (43.2 mg10), diethyl malonate and
Na2CO3 in 1:1:1 molar ratio afforded the novel 1,4-
bisadduct 2 in 18% (82% based on consumed C60) after
a 1 h treatment under the HSVM conditions (Scheme
2). Previously a reaction of lithium fluorenide with C60

in THF was shown to give the 1,4-bisadduct when
oxygen was introduced to cause one-electron oxidation
of the initially formed functionalized C60 anion to its
radical.11 The present result is considered to involve the
radical addition pathway in a similar manner.12

The structure of adduct 2 was identified by its MS, 1H,
13C NMR, FT-IR, and UV–vis spectra.13 The atmo-
spheric pressure chemical ionization (APCI) mass spec-
troscopy operated in negative-ion mode exhibited the
molecular ion peak at m/z 1038. Reflecting that the two
CH(CO2Et)2 groups are attached to the chiral carbon,
both the 1H and 13C NMR spectrum of 2 displayed two
sets of signals for the CO2CH2CH3 group. In addition
to these signals, the 13C NMR showed 30 signals
including two overlapping ones for the C60 skeleton,
consistent with the Cs symmetry of the 1,4-adduct
structure. The UV–vis spectrum exhibited a broad
absorption at 446 nm, which is diagnostic for a 1,4-
adduct.11

The 1,4-bisadduct 2 was regioselectively formed proba-
bly because the bulky CH(CO2Et)2 group prohibited
the formation of 1,2-bisadduct. Theoretical calculations
by B3LYP/6-31G/HF/3-21G revealed that 1,4-bis-
adduct 2 is the most stable one among the four isomers
of 1,2-, 1,4-, 1,6-, and 1,16-bisaddition patterns: the
1,4-bisadduct is more stable than the 1,2-, 1,16-, and
1,6-bisadducts by 3.3, 11.2, 22.3 kcal mol−1, respec-
tively.

In contrast, the reaction of C60 (43.2 mg10) with ethyl
acetoacetate and Na2CO3 in 1:1.5:1.5 molar ratio for 30
min under HSVM conditions was found to give the
dihydrofuran-fused C60 derivative 3 in 22% (49% based
on converted C60) (Scheme 3). No trace of the cyclo-
propanated derivative or 1,4-adduct was obtained.14

Figure 1. Structure of radical 4 showing the followed
intramolecular cyclization process.

Compound 3 was fully characterized by MS, 1H, 13C
NMR, FT-IR, and UV–vis spectra.15 The 13C NMR
and FT-IR of compound 3 match nicely with those of
the dihydrofuran-fused C60 derivative obtained from
the liquid-phase reaction of C60 with tert-butyl aceto-
acetate and piperidine in chlorobenzene,16 supporting
the assigned structure of 3.

Again, it is supposed that the anion first formed is
oxidized by oxygen14,17 to the corresponding radical 4
(Fig. 1), which undergoes intramolecular cyclization
and release of a hydrogen radical to give the dihydro-
furan derivative 3.

In conclusion, inorganic weak base, Na2CO3, was used
to replace organic base, DBU, in the solvent-free Bingel
reaction for the first time. Reaction of C60 with active
methylene compounds having no halogen atom in the
presence of Na2CO3 under HSVM conditions afforded
products, which are totally different from the normal
Bingel adduct, i.e. 1,4-bisadduct and dihydrofuran-
fused C60 derivative, possibly through an one-electron
transfer pathway.
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