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[60]Fullerene is a molecule bearing multiple electrophilic sites,
which often generates serious problems of consecutive multiple
reactions. This unique property may be exploited, however, as
an asset to the rapid construction of large nanoscale structures, if
the selectivity of the multiple reaction can be controlled. To this
end, we previously developed a synthetic strategy to construct a
concave crown-like structure on the fullerene molecule (A, the
crown here representing five aryl groups) through 5-fold addition
of an aryl Grignard reagent to the [5]radialene moiety of [60]-
fullerene (Scheme 1a).1 Execution of such a strategy twice with
a bifunctional tethering reagent (represented as a tube in Scheme
1b) would rapidly create a cage structureB bearing two fullerene
end caps. We report the application of such a strategy to the
coupling of four molecules of a 1,3-diaminopropane1 with two
[60]fullerene molecules (Scheme 2). The cage compound2 thus
produced has a longitudinal size as large as 2.1 nm. Although
the far-separated fullerene ends have no ground-state electronic
interaction with each other, strong hypochromic effect as the result
of dipole interaction of parallel transition moments (Scheme 1c)
has been observed in the UV/vis spectrum.

We have developed a simple experimental procedure for the
synthesis of the cage compound2 through reexamination of
Hirsch’s procedure reported for a monomeric congener (9).2 Thus,
a mixture of [60]fullerene (100 mg, 0.139 mmol) and 16 equiv
of N,N′-dimethyl-1,3-diaminopropane1 (266µL, 2.22 mmol) in
air-saturated3 chlorobenzene (25 mL) was stirred at 21°C under
visible light irradiation for 5 h (Scheme 2).4 The reaction mixture
was poured onto a silica gel column and eluted with toluene/
ethyl acetate (9:1) to obtain only three compounds, the cage2
(12% isolated yield), the 1,4-diaminoadduct3 (19%), and
recovered [60]fullerene (20%). Notably, in the crude product
mixture, we found no other isolable products (<1%) which would
have been detected with the analytical conditions employed in
the present studies.5 For instance, we could not detect any of the
possible intermediates and isomers such as 1,2-diaminoadduct46

that was previously claimed to form in a similar reaction,7

monoadduct5, bisadduct6, nor-epoxide fulvene7 and monomeric
analogue8.

Only partial structural assignment of2 was possible by spectral
analyses. The1H NMR spectrum showed two methyl singlets (δ
2.84 and 2.93 ppm) indicating two nonequivalentN-methyl
groups,8 and the IR absorption at 860 cm-1 suggested the presence
of epoxide functionality. The largest positive mass signal detected
by the atmospheric pressure chemical ionization (APCI) mass
spectroscopy (2-propanol/toluene) 3:7, Figure 1) showed the
m/zvalue of 921 (vide infra), which corresponds to C60[NMe(CH2)3-
NMe]2‚H+ (6-H). The spectral data suggested the product to be
either the monomer8 or the dimer2 (or its structural isomer).

The single-crystal X-ray analysis of orange crystals (recrystal-
lized from CHCl3) unequivocally established the dimeric structure
2 (Figure 2)9,10 which has a nearC2ν symmetric structure. The
ORTEP diagram shows that two fullerene moieties are connected
by four diamine tethers, which are not fully aligned to achieve
perfect C2ν symmetry due to steric reasons.11 The solvent
accessible surface of2 (Figure 3 inset) indicates that the cage

(1) Sawamura, M.; Iikura, H.; Nakamura, E.J. Am. Chem. Soc.1996, 118,
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yield.
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has an opening on the side of the epoxide and a cavity large
enough to hold a small molecule.12

The present reaction must involve a series of complicated
reversible and irreversible steps involving light, oxygen, amine,
and fullerene. The notable feature of the present reaction is the
formation of only two products,2 and3, without giving traces
of any isomers or intermediates (cf. Scheme 2). Molecular
mechanics analysis of the strain energy13 of the tether of
intramolecular diamination products3 and 4 indicated that3
suffers more from ring strain than4, suggesting, in turn, that the

formation of the 1,4-diaminoadducts (3) is a kinetically favored
process. The strain associated with the formation of3 also gives
a reasonable rationale for the competitive formation of the
intermolecular aminations leading to an intermediate6. The facile
formation of C60[NMe(CH2)3NMe]2‚H+ (6-H) in an APCI mass
spectrometer (Figure 1) provides reasonable evidence that the
monomer6 serves as a key precursor to the fulvene dimer7,
which will be finally oxidized to the epoxide2.14 The formation
of 3 could be eliminated by lowering the reaction temperature
(i.e., smaller-T∆S term for an intermolecular reaction). Thus,
when the reaction was carried out at 0°C, 2 was isolated in 13%
yield as the sole isolable product. We did not detect6 in the
reaction mixture, which suggested that either dimerization of6
or further addition of1 to 6 is fast.

The new cage compound2 exhibits unusual electronic proper-
ties, owing to its highly symmetrical and rigid molecular structure
as revealed through comparison of the UV-visible spectrum of
2 with that of the monomer915 (Figure 3). The two spectra were
virtually identical, indicating two facts. First, there is no ground-
state interaction between the end cap fullerenes connected through
σ-bonded tethers. Second, the molar absorptivity of2 is not twice
that of the monomer9, but almost the same (i.e., 96%).16 To our
knowledge, such a large magnitude of hypochromicity17 has
seldom been described in the literature. Theory tells us that
hypochromism will be observed for a rigid molecule with two
isolated chromophores, whose transition moments due to the
chromophores are parallel to each other. The degree of the
hypochoromism depends on the oscillator strengths (i.e., total
molar absorptivity) of each chromophore, the degree of parallelism
of the transition moments, and the distance between the transition
moments.18 The large hypochromicity for2 is due to the inflexible
symmetric structure19 and to the very large molar absorptivity of
the fullerene moiety.

In summary, a new cage structure composed of an aliphatic
side wall and two fullerene end caps has been synthesized through
creation of twelve newσ bonds in a single step. Strong
hypochromic effect in the UV/vis spectrum indicated that there
is a high degree of parallelism of the transition moments in the
molecule. The size and the electronic properties of the cage may
be modified further, since the organic tether is amenable to
modification as to size, constitution, and stereochemistry.
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(19) Stochastic dynamics analysis (300.0 K, 10 ps, 1.5 fs time step; MM2*,
MacroModel v6.0) of the cage2 (Figure 2) showed only(1% displacement
of the C(119)-C(120) atom distance and(12° change of the dihedral angle
O(1)-C(1)-C(2)-O(2).

Figure 1. APCI mass spectra of2, showing a predominant signal
corresponding to (6-H)+.

Figure 2. Crystal structure of2 (ORTEP diagram). Thermal ellipsoids
are drawn at the 50% level. Sovent molecules in the unit cell are omitted
for clarity. Nitrogen atoms and oxygen atoms are colored in blue and
red, respectively. Selected atom distances (Å) and dihedral angle: O(1)-
O(2) 4.47(3); C(1)-C(2) 5.82(3); C(119)-C(120) 19.27(3): O(1)-C(1)-
C(2)-O(2) ) -0.9°.

Figure 3. UV-visible spectra of dimeric compound2 and monomeric
9 in cyclohexane (c ) 9.98( 0.02 and 9.97( 0.04µM, respectively).
Two spectra (including molar absorptivity) are almost identical throughout
the measured range (200-800 nm).2: εmax (λmax) 1.1 × 105 (210 nm),
7.2 × 104 (255 nm) M-1‚cm-1, 9: εmax (λmax) 1.0 × 105 (210 nm), 6.7
× 104 (255 nm) M-1‚cm-1. Inset: Crystal structure of2 presented with
solvent accessible surface showing a small opening of the cavity.
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