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One of the main challenges in fullerene chemistry is the
preparation of endohedral metal-C60 complexes in isolable and
stable form, which would provide answers to a number of
questions regarding their potential as novel superconductors,
ferromagnets, or other interesting materials.1 While lanthanide
endohedral complexes of higher fullerenes (e.g. La@C82) have
been available for some time, analogous lanthanide-C60

complexes do not seem to be stable or readily isolable.2,3 Thus,
the graphite evaporation method4 is limited in the choice of
metal or fullerene size, and new approaches to endohedral
fullerene complexes have become necessary. Apart from total
synthetic approaches,5 the alternative method consisting of
opening a temporary hole within a fullerene framework has
already shown its wonders in the preparation of noble-gas-
labeled fullerenes under high temperature and pressure (e.g.
3He@C60).6 Recent work has shown that permanent openings
consisting of 11- and 14-membered rings can be created on
C60,7,8 but the hole is too small or hindered to allow the
introduction of an atom into the fullerene framework. In this
context, we are reporting the unprecedented formation of the
cobalt(III) complex1 resulting from a sequential triple scission
of a six-membered ring on C60 affording a 15-membered ring.
This type of complex could be one of the most promising
candidates for the introduction of a metal into the C60

framework.
This work originated from the discovery that diene29

undergoes a very facile photochemically promoted rearrange-
ment to the stable bridged bis-fulleroid3. This process occurs
Via the initial [4 + 4] photoadduct3a (not observed), which
undergoes a thermally allowed [2+ 2 + 2] cycloreversion to
afford a bis-methano[12]annulene structure (3). The [4+ 4]
photocyclization reaction has precedent in the classic work of
Masamune and Ginsburg on derivatives of 9,10-dihydronaph-

thalene, but these photoadducts are unstable.10 Calculations at
the AM1 and PM3 levels show that the [4+ 4] photocyclization
reaction of2 to 3a goes uphill by∼27 kcal/mol, and the [2+
2 + 2] ring opening to3 provides an overall 14-24 kcal/mol
energy gain (Table 1).

To obtain significant amounts of compound3, we developed
a straightforward synthesis bypassing the need to isolate the
oxygen-sensitive diene2.9 Addition of a 2-fold excess of
1-((trimethylsilyl)oxy)-1,3-butadiene to C60 (PhCH3, reflux)
afforded the silyl ether4, which was usually not isolated. Acidic
aqueous workup furnished the allylic alcohol5 in up to gram
quantities, which was simply purified by filtration through a
pad of silica gel with toluene. Photolysis (sunlamp) under reflux
and acidic conditions (TsOH) afforded good yields of the bis-
fulleroid 3.

Bis-fulleroid3 is purple in solution like all known fulleroids.
The structure of3 was deduced from the high symmetry
displayed by the1H and13C NMR spectra and the characteristic
UV-vis spectrum (supporting information). A gated decoupled
13C NMR spectrum (CDCl3/CS2, 1:1) further confirmed the
presence of a fulleroid bridgehead C-H resonance at 43.3 ppm
(dt) with 1JCH ) 140.4 and2(3)JCH ) 7.1 Hz (a cyclopropane
C-H should have1JCH ≈ 160-175 Hz).12 The olefinic C-H
at 127.9 ppm is a ddd with1JCH ) 167.8,2JCH ) 7.0, and3JCH
) 5.0 Hz. In addition, five C60 carbons at 126.4 (d), 138.7
(m), 139.9 (d), 140.6 (d), and 149.9 ppm (d) also show long-
range couplings (two two-bond and three three-bondJCH).
However, these data did not allow us to dispel another, but much
less likely, positional isomer of3 having the sameCs-symmetry
(bridgeheads at the 1,2,3,4-positions),13 and we set out to obtain
an X-ray structure of this interesting compound.
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After several unsuccessful attempts on3 and some alkyl
derivatives,14 we decided that a metal derivative would be the
most likely candidate for X-ray diffraction. An attractive idea
was that the eight-membered ring formed by the ethylene bridge,
the two methano bridgeheads, and the 1,2,3,4-diene moiety on
3 strongly resembles the COD ligand (COD) 1,5-cycloocta-
diene) in its geometry. Thus, we made the choice of using
cyclopentadienylcobalt(I) as the metal fragment, and reaction
of 3 with CpCo(CO)2 successfully afforded a new stable
complex (1). Slow evaporation of complex1 from CS2/toluene
afforded small prisms suitable for X-ray structural determination.
The crystal structure of complex1 shows that the ethylene

bridge has indeed acted as an effectiveη2-handle to the metal
(Figure 1).15 To our surprise and delight, the C1-C59 bond
within the five-membered ring adjacent to the bis-methano[12]-
annulene ring of3 has been broken by oxidative insertion of
the cobalt. The distance between the C1 and C59 carbons is
2.41(1) Å, and the C1-Co and C59-Co bond lengths are 1.923-
(8) and 1.902(8) Å, respectively, within known single C(sp2)-
Co bond lengths,16 while the C1-Co-C59 angle is 78.1(3)°.

The facility by which the C1-C59 bond in3 is broken is
analogous to that seen in the reaction of CpCo(CO)2 with
cyclobutenediones.17

The bond lengths between the ethylene bridge carbons C4
and C5 and the cobalt are 2.119(9) and 2.112(10) Å, respec-
tively, which are somewhat longer than those observed in CpCo-
(COD).18 The alkene bridge C4-C5 bond length, at 1.329(14)
Å, is barely different from that calculated for3 (1.336 Å by
AM1).11 As shown by the shaded carbon atoms C1, C2, C8,
C7, C58, and C59, the six-membered ring originally flanking
the cyclohexadiene moiety in2 has effectively been cleaved
into three alkene moieties resembling compound6b through a
formal [π2s + π2s + π2s] cycloreversion of acis-tris-
homobenzene (6a).19 The distances in1between the sp2 carbons
C2-C8 and C7-C58 holding the methano bridges are 2.32(1)
and 2.34(1) Å, respectively. The “trimethano[15]annulene”
opening within the C60 framework is the largest annulene ring
created thus far on a fullerene. Molecular dynamics calculations
performed on the hypothetical C1-C59-bonded thioether to
simulate the behavior of1 show that vibrational modes favor
the expansion of the cavity to a point that would allow a C1-
C59-attached metal to slip inside the fullerene under proper
thermal activation. We are currently pursuing this goal.
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Table 1. Calculated Heats of Formation and Relative Energies
(kcal/mol) for Compounds2, 3a, 3, and C6011

compd
AM1

(rel energy)
PM3

(rel energy) compd
AM1

(rel energy)
PM3

(rel energy)

2 979.95 819.48 3 955.86 806.01
(24.09) (13.47) (0) (0)

3a 1007.48 846.48 C60 973.34 811.75
(51.62) (40.47) (17.48) (5.74)

Figure 1. X-ray structure of cobalt complex1.
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