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Fulvene (1) is a polarized cross-conjugatedπ-system, which
reacts with nucleophiles selectively at the exocyclic sp2 carbon
to generate a cyclopentadienide ion.1 Intermediate formation
of the fulvene structure on the surface of fullerene C60 has been
postulated in the recently reported reactions which produce C60

derivatives having multiple organic addends with a remarkably
high positional selectivity.2-4 However, there has been no report

of the direct observation or isolation of the C60 derivative with
a fulvene structure on its spherical surface. Here, we report
the synthesis, X-ray structure, and properties of the first such
example, i.e., the tetrakis(9-fluorenyl) derivative2.
The reaction of C60 with an excess amount of potassium

fluorenide (3 equiv) in the presence of neutral fluorene (2 equiv)
in THF for 72 h under argon (but without rigorous exclusion of
air) afforded a black suspension, from which tetrakis(9-
fluorenyl)adduct2was isolated as a black powder in 40% yield
by preparative HPLC. All of the C60 starting material was
consumed, and the rest of the product was a mixture of insoluble
materials, presumably the dimeric derivatives,5 and several
inseparable C60 derivatives having more than five fluorenyl
groups, as indicated by MS spectroscopy.
Black single crystals of2‚(toluene)3 were obtained by the

slow diffusion of toluene into a benzene solution of2. An X-ray
structural analysis was conducted to give the results shown in
Figure 1.6 As is clearly seen, the four sp2 carbons (C-1-4)7 of
the fulvene structure are isolated from the outer-rimπ-conju-
gated system by four sp3 carbons each bearing a fluorenyl group.
The lengths of the 6-6 and 5-6 bonds between the sp2 carbons
on the C60 cage, except for the fulvenyl carbons, are 1.39(

0.02 and 1.44( 0.02 Å, respectively, both of which are
commonly observed values for derivatives of dihydro[60]-
fullerenes.8 In contrast, a larger bond alternation is observed
for the bonds within the fulvene framework. The average bond
length for C1-C2 and C3-C4 is 1.375 Å while that of C1-
C5 and C4-C5 is 1.461 Å. Particularly noteworthy is the bond
length of the C5-C6 bond (1.350(8) Å), which is the shortest
among the formal double bonds so far reported for C60

derivatives.9 In contrast, the C2-C3 bond (1.488(8) Å) exhibits
prominent elongation. This tendency for the bonds to alternate
in length is quite similar to or slightly more pronounced than
that observed in fulvene derivatives.10

Compound2 possesses the typical reactivity of a fulvene
π-system toward nucleophiles.1 As shown in Scheme 1,2
reacted with 1-octynyllithium11 in THF and with sodium
cyanide8e in DMF/1,2-dichlorobenzene (ODCB) within 20 min
to give pentakisadducts3a12 and3b12 in 63 and 68% isolated
yields as single products after the reaction was quenched with
CF3CO2H.
The multiaddition of potassium fluorenide to C60 did not

proceed at all under high vacuum (<10-4 Torr). This reaction
presumably involves a nucleophilic addition, a one-electron
oxidation of the first-formed anion by a trace amount of air,
and then a second nucleophilic addition, as has previously been
proposed for the reaction with lithium fluorenide to give a bis-
(9-fluorenyl) derivative.5 In the present study employing
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Figure 1. Molecular structure of2 determined by X-ray crystal-
lography. Toluene molecules and hydrogen atoms are omitted for clarity.
The fulvenyl carbons and sp3 carbons on the C60 cage are darkened for
comprehensibility. Selected bond lengths (Å): C1-C2, 1.376(7); C2-
C3, 1.488(8); C3-C4, 1.373(7); C4-C5, 1.464(8); C1-C5, 1.457(8);
C5-C6, 1.350(8); C1-C7, 1.513(8); C2-C8, 1.494(8); C3-C9, 1.502-
(7), C4-C10, 1.512(7).
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potassium fluorenide, the reaction should proceed further owing
to the increased nucleophilicity of the carbanion. Actually, after
a reaction time of 24 h, the pentakisadduct4- had already been
produced as the major product, as shown by the isolation of
cyclopentadiene5 in 49% yield after protonation. We presume
that2 is formed irreversibly from4- during the following 48 h
as shown in Scheme 2b; that is, the slow oxidation of4- by a
trace amount of air proceeds to give the radical4•, and the
detachment of a fluorenyl group slowly occurs to give tetra-
kisadduct2 as a major product with a total reaction time of 72
h. The possibility that the fluorenide ion is detached from anion
4- is ruled out because this anion was shown to be stable for at
least 3 weeks under high vacuum. In support of the pathway
proposed above, the oxidation of the reaction mixture with a
reaction time of 24 h using iodine (1 equiv to the fluorenide
ion) also gave tetrakisadduct2 as a single isolable product.
Compared with the recently reported C60 derivative which

has five phenyl groups at the sp3 carbons around the central
cyclopentadienyl ring,2,13 pentakisadduct5 is much more
congested due to the bulky fluorenyl groups. As demonstrated
by the MM2-optimized structure shown in Figure 2, the five
fluorenyl groups are arrayed in a propeller-like arrangement in
order to minimize the steric repulsion. The rotation of the
fluorenyl group is sterically inhibited, as shown by the non-
equivalence of all of the fluorenyl carbons. TheC1 symmetry
in this molecule is also illustrated by the appearance of sets of
five NMR signals (CDCl3) for each of the fluorenyl’s methine
protons (δ1H 3.17, 3.06, 2.90, 2.79, 2.73) and tertiary carbons
(δ13C 55.39, 54.80, 54.36, 53.50, 53.24), as well as of the
quaternary carbons of the C60moiety (δ13C 60.88, 60.75, 59.39,
58.89, 58.23).
Pentakisadduct5was readily converted into a dark red-brown

solution of cyclopentadienide ion4- upon treatment with 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) in DMSO-d6 or with
t-BuOK in THF-d8. The C5 symmetric structure of4- is
demonstrated in the reduction in13C NMR signals (DBU/
DMSO-d6) to one-fifth of those in5: the three groups of signals
in 5mentioned above converged into three signals atδ1H 3.16,

δ13C 55.86, andδ13C 60.39, respectively. The propeller-like
molecular structure is retained, as indicated by the appearance
of eight signals for the CH carbons on the fluorenyl groups.14

The singlet atδ 128.06 in the off-resonance spectrum is assigned
to the cyclopentadienide ring carbon.

Upon cyclic voltammetry of the potassium salt of anion4-

in benzonitrile, a reversible oxidation wave was observed at
E1/2 -0.54 V vs the ferrocene/ferrocenium (Fc/Fc+) couple,15

indicating the formation of a stable cyclopentadienyl radical.
This redox potential is less negative than that observed for the
pentaphenylcyclopentadienide ion (6-, E1/2 -0.63 V vs Fc/Fc+

in acetonitrile),16 implying that anion4- is more stable and more
resistant to oxidation than6-. This stability of anion4- can
be ascribed to the electron-deficient character of the C60 cage,
as has been indicated by the strong acidity of a proton directly
attached to C60.17 Such stability appears to cancel out the
unfavorableπ-conjugation caused by the outward-tilted geom-
etry of the 2p orbitals on the cyclopentadienide ring of4-.

In summary, we have demonstrated that a spaciousπ-con-
jugated carbanion such as the fluorenyl anion can add to C60

with a high level of positional selectivity when the reaction is
carried out in the presence of a trace amount of oxygen, to afford
novel C60 derivative2 having a fulveneπ-electronic system.
Adduct2was found to be formed by detachment of a fluorenyl
group from the anion of pentakisadduct4- upon very slow
oxidation. Pentakisadduct5 as well as4- appears to have five
fluorenyl groups arranged in a chiral propeller-like array, and
the optical resolution of5 is now under investigation.
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Scheme 1

Scheme 2
Figure 2. Space-filling representation of the MM2-optimized structure
of 5.
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