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Endohedral metallofullerenes1 have attracted much attention
during the past decade not only for their structural/electronic novelty
but for promising biomedical applications such as MRI contrast
agents.2-4 Recently, it has been demonstrated that otherwise
unstable species such as metal clusters,5 carbides,6 and nitrides7

can safely be entrapped in several fullerene cages. This shows that
the endohedral hollow space of fullerenes can provide a unique
nanometer-scale field for stabilizing unstable species. Furthermore,
even fullerene cages which do not obey the isolated-pentagon rule
(IPR)8 having “fused-pentagon” can well be stabilized by encap-
sulation of metal atoms, that is, Sc2@C66

9 and Sc3N@C68.10

In contrast, C72 and C74 fullerenes (the so-called “missing
fullerenes”11), which have never been isolated due to their structural
instability even though they haveD6d and D3h IPR structures,
respectively, are much stabilized and even isolated only when they
form metallofullerenes such as Mn@C72 (n ) 0,12 n ) 1 for M )
Ca,11 n ) 2 for M ) Sc,13 La,14 and Ce15) and Mn@C74 (n ) 0,16

n ) 1 for Ca,11,17Sm,18 and Eu,17,19n ) 2 for Sc20). However, the
structures of Mn@C72 and Mn@C74 fullerenes have not been
elucidated yet. Here, we present the first structural analysis of the
C72 fullerene encapsulating two La atoms, that is, La2@C72, by high-
resolution13C NMR.

Details of the synthesis and isolation of metallofullerenes were
described elsewhere.1 Briefly, soot containing La2@C72 and other
La-fullerenes were produced by DC arc discharge (500 A, 20 V)
of La/graphite composite rods (15× 15 × 300 mm, 1.6 at. % of
La, Toyo Tanso Co.) under He flow (15 L/min) conditions. The
isolation of La2@C72 was achieved by the two-stage HPLC
method.1,14 The purity of La2@C72 was>99%, as was revealed by
both laser-desorption TOF mass spectrometry and HPLC analyses.
La2@C72 is fairly stable under ambient conditions. This suggests
that the HOMO-LUMO gap of La2@C72 is large, which is
consistent with the onset of UV-vis-NIR absorption spectra15

previously reported.
The 13C NMR spectrum of La2@C72 in CS2 solution presents

18 lines in a diamagnetic chemical shift range from 130 to 160
ppm (cf., Figure 1). The intensities of line numbers 10 (146.0 ppm),
15 (148.7 ppm), 16 (150.0 ppm), 17 (150.3 ppm), and 18 (158.1
ppm) are smaller than those of other lines. The line widths of these
lines are, however, larger than the others (cf., Figure 1, insert),
indicating the presence of 18 lines of equal intensity. Transverse
relaxation times (T2) of these lines could be faster than those of
the other lines presumably because of somewhat localized electron
transfers from La atoms to the C72 cage and/or of additional
interactions other than the charge transfer.9

A 139La NMR spectrum of a mixture of La2@C72 and La2@C80

(Ih) (at 333.6 K and calibrated from1H NMR spectra of ethylene

glycol21) is shown in Figure 2. The line position of139La NMR
was calibrated with respect to that of La2@C80 at -402.6 ppm.22

A single broad signal of La2@C72 was observed at-575.6 ppm,
indicating that the two La atoms are geometrically equivalent inside
the C72 cage. The broader139La NMR line width of La2@C72 than
that of La@C82 may indicate that La2@C72 has lower symmetry
and that transverse relaxation times (T2) of the 139La nuclear spin
of La2@C72 are faster than those of La2@C80 (Ih).

The observed13C NMR spectrum pattern of La2@C72 does not
correspond to that of the only IPR structure of C72 with D6d

symmetry. The cage structure of La2@C72 does not satisfy IPR.
Although there are a number of ways to violate IPR, the most

straightforward way to do this is to generate the so-called “fused-
pentagon”9 where pentagons are adjacent with each other. The (very
low field) NMR peak at 158.1 ppm suggests the presence of fused-
pentagons.9,10,20 For 72-atom carbon cages with hexagonal and
pentagonal faces, there are in total 11 189 possible (non-IPR)
structural isomers.23 Considering the observed 18-lines, 24 structural
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Figure 1. 13C NMR spectrum of La2@C72 in CS2 (2.0 mg of Cr(acac)3 as
relaxant, CDCl3 lock) with 58 550 scans at room temperature using a JEOL
Alpha spectrometer at 150 MHz. The13C NMR spectroscopic line position
was referenced with respect to that of CS2 at 192.3 ppm.

Figure 2. 139La NMR spectrum of a mixture of La2@C72 and La2@C80

(Ih) in o-dichlorobenzene-d4 with 200 704 scans at 333.6 K using a JEOL
Alpha spectrometer at 84.65 MHz.
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isomers of C72 with D2 symmetry can satisfy the observed13C NMR
pattern. Furthermore, when only the least number of fused-
pentagons (i.e., two two-fused pentagons) is employed for C72 as
in the case of Sc2@C66,9 only two such non-IPR structures are
possible, that is, #10611 and #10958 (see Figure 3).

As was experimentally shown in the Sc2@C66
9 case, in La2@C72

we think also that each of the two two-fused pentagons can be
stabilized by electron transfers from encaged La atoms and other
interactions which are adjacent to these fused-pentagons. The rest
of the 22 non-IPR structures for C72 possess much strained structures
such as four two-fused pentagons, six two-fused pentagons, two
six-fused pentagons, and so on, which obviously have substantially
lower stability than the two two-fused pentagons case.

In general, HOMO-LUMO gaps of fullerenes are consistent with
the onset of UV-vis-NIR absorption spectra of the fullerenes.
The HOMO-LUMO gaps of the two C72 structural candidates,
structures #10611 and #10958, were estimated as C72

6- (where 6
electrons are transferred from La atoms to the C72 cage14) at RHF/
3-21G with use of the Gaussian 98 program basis set for carbon
atoms. The calculated HOMO-LUMO gap of C72 (#10611) is
0.2001 hartree, which is much larger than that (0.1666 hartree) of
C72 (#10958). Also, the stability of C72 (#10611) is much larger
than that of C72 (#10985). We, therefore, suggest that La2@C72

has the non-IPRD2-C72 (#10611) cage structure in which each La
atom is situated close to one of the two-fused pentagons. Because
this D2-C72 (#10611) structure has chiral isomers, further HPLC
separation by using the chiral stationary phase24 and asymmetric
osmylation25 may lead to isolation of enantiomers of La2@C72.
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Figure 3. Structures of proposed #10611 and #10958 for La2@C72, showing
top views (left, a and c) and side views (right, b and d).
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