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Endohedral metallofullerenes have attracted special interest
as promising spherical molecules for material and catalytic
applications, because of their unique properties that are not
expected from empty fullerenes.[1–3] The successful isolation
and purification of endohedral metallofullerenes in macro-
scopic quantities have made it possible to investigate the
structures as well as the electronic properties and reactivities
through a close interplay between theory and experiment.
Since the first isolation and characterization of a metal
carbide encapsulated metallofullerene (Sc2C2@C84) by MEM
(maximum entropy method)/Rietveld analysis of synchrotron
powder diffraction data,[4] much attention has been paid to
encapsulation of metal carbides. Recently, we found by
13C NMR spectroscopy and X-ray single-crystal structure
analyses that Sc3C82 and Sc2C84 have the structures Sc3C2@
C80(Ih)

[5] and Sc2C2@C82(C3v),
[6,7] encapsulating metal carbides,

although it had long been believed from the MEM/Rietveld
analyses that they have the conventional structures Sc3@C82

[8]

and Sc2@C84
[9] , respectively. The encapsulation of metal

carbides has been confirmed by the recent improved MEM/
Rietveld analyses of Y2C2@C82(C3v)

[10] as well as Sc2C2@
C82(C3v)

[11] and Sc3C2@C80(Ih).
[12] However, attempts to detect

the 13C NMR chemical shifts of the C2 units of metal carbides
encapsulated in the fullerenes have not been yet success-

ful.[13,14] This unsuccessful detection has been explained in
term of the spin-rotation interaction, because the C2 unit may
rotate rapidly inside carbon cages. It is an important task to
observe the 13C NMR chemical shift of the C2 unit in an
attempt to provide insight into its electronic and magnetic
properties.

We present herein the first detection of the 13C NMR
chemical shifts of the C2 unit in Sc2C2@C82(C3v), Sc2C2@
C84(D2d), and [Sc3C2@C80(Ih)]

� by using 13C-enriched samples.
We also successfully assigned all 13C NMR chemical shifts of
the cage carbon atoms for the three compounds by 2D
INADEQUATE (incredible natural abundance double quan-
tum transfer experiment) NMR measurements.

The 13C NMR spectrum of Sc2C2@C82(C3v) (Figure 1a)
shows 17 chemical shifts of the C82 cage at d = 134.6–
151.9 ppm, as reported previously.[6] To map the bond
connectivity in the carbon cage and assign the 13C NMR

chemical shifts, a 2D INADEQUATE NMR measurement[15]

of 13C-enriched Sc2C2@C82(C3v) was performed (Figure 2).
Bonded carbon atoms share a double quantum frequency in
the vertical dimension, and each peak appears at the
respective chemical shifts in the horizontal dimension. For
the C82(C3v) cage, a total of 19 cross-peaks should be observed.
As shown in Figure 2b, all the cross-peaks were observed and

Figure 1. 13C NMR (125 MHz) spectra of a) Sc2C2@C82(C3v) in proton-
decoupled mode (CS2, 298 K) and 13C-enriched Sc2C2@C82(C3v) in
b) proton-decoupled (CS2, 298 K) and c) proton-coupled modes. A
capillary tube containing [D6]acetone was used as an internal lock.
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the 13C NMR chemical shifts of the C82 cage were completely
assigned, as recently done for [La@C82]

�[16] and [Ce@C82]
� .[17]

We now focus on the chemical shift at d = 253.2 ppm
observed for the 13C-enriched sample of Sc2C2@C82(C3v). As
Figure 1b,c shows, the peak was observed in both proton-
decoupled and proton-coupled modes, which indicates that it
originates from a quaternary carbon atom. An INVGATE
(inverse-gated decoupling) sequence was used for quantita-
tive 13C NMR spectral analysis. As is apparent from Table 1,
the chemical shift at d = 253.2 ppm originates from two
carbon atoms. No cross-peak was observed for the chemical
shift at d = 253.2 ppm (Figure 2a), but cross-peaks were
observed for those of the C82 cage carbon atoms. This result
indicates that the two carbon atoms responsible for the
chemical shifts at d = 253.2 ppm have no bonding with cage
carbons. The 13C NMR chemical shifts of Sc2C2@C82(C3v) were
calculated at the B3LYP-GIAO level.[18] For the most stable

optimized structure, two slightly different chemical shifts
were calculated for the C2 unit, because the optimized
structure has C1 symmetry (Figure 3a). The calculated
chemical shifts at d = 276.3 (Ca) and 277.2 ppm (Cb) (Fig-
ure 3b) agree reasonably well with the experimental value at

d = 253.2 ppm. These results show that the chemical shift at
d = 253.2 ppm is due to the C2 unit in Sc2C2@C82(C3v). It
should be emphasized that 13C NMR measurement of Sc2C2@
C82(C3v) performed without 13C-enrichment does not show a
clear chemical shift for the C2 unit because of the low signal-
to-noise ratio (see Figure 1a).

The carbon–carbon bond lengths of the C2 unit in Sc2C2@
C82(C3v) and its adamantylidene adduct are 1.273 E and
1.107(6) E, respectively, corresponding to a triple bond
distance, as shown by theoretical calculations[7] and X-ray
single-crystal structure analysis.[7] Theoretical studies reveal
that the electronic structure of Sc2C2@C82(C3v) is formally
described as Sc2

6+C2
2�C82

4�.[7]

The chemical shift of the C2 unit in Sc2C2@C82(C3v) (d =

253.2 ppm) is observed at a much lower field than that of
acetylene (d = 71.6 ppm).[19] The scandium acetylide com-
pound Cp*2 ScC�CScCp*2 (Cp* = pentamethylcyclopenta-
dienyl) shows a 13C NMR chemical shift for the acetylenic
carbon atom at a relatively low field (d = 179.4 ppm).[20] The
positive charge of the Sc atom may be the reason for these
observed downfield chemical shifts. The solid-state 13C NMR
measurement of lithium acetylide (Li2C2) also gives a low
field chemical shift at d = 195� 10 ppm.[21] The geometry of
the metal cation relative to the acetylide dianion may
influence the chemical shift. As supported by these data, it
is not surprising that the chemical shift of the C2 unit in

Table 1: 13C NMR signals for Sc2C2@C82(C3v) and their integration.

Signal Integral Signal Integral Signal Integral

C2 2.04 (2C) 5, 6 9.04 (9C) 14 1.17 (1C)
1 3.00 (3C) 7 3.29 (3C) 15 6.53 (6C)
2 6.32 (6C) 8–10 18.37 (18C) 16 6.02 (6C)
3 6.36 (6C) 11 6.26 (6C) 17 6.40 (6C)
4 3.34 (3C) 12, 13 9.42 (9C)

Figure 3. a) Optimized structure of Sc2C2@C82(C3v) and b) its calcu-
lated chemical shifts.

Figure 2. a) INADEQUATE NMR (125 MHz) spectrum of 13C-enriched
Sc2C2@C82(C3v) in CS2 at 298 K and b) the expanded spectrum between
d =134 and 154 ppm. A capillary tube containing [D6]acetone was
used as an internal lock. [Cr(acac)3] was used as a relaxation reagent.
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Sc2C2@C82(C3v) appears at a low field because of the dianion
character of the C2 unit.

The dynamic behavior of the C2 unit should be reflected in
the 13C NMR line width. The line width for the C2 unit (30 Hz)
is five times broader than those for cage carbon atoms (e.g.,
C1: 6.2 Hz) at 298 K. We carried out the variable-temperature
13C NMR measurements of Sc2C2@C82(C3v). Interestingly,
broadening of the 13C NMR line width for the C2 unit was
observed with increasing temperature from 253 to 303 K
owing to spin-rotation relaxation, as found for the 139La NMR
spectra of La2@C80,

[22] suggesting that the C2 unit rotates
inside the C82 cage (Figure 4). In contrast, such line-width
broadening was not observed for the C82 cage carbon atoms
with increasing temperature.

13C NMR spectra of 13C-enriched Sc2C2@C84(D2d) were
measured over a considerably wide range. The chemical shift
of the C2 unit was observed at d = 249.2 ppm in both proton-
decoupled and proton-coupled modes (see Figure S1 in the
Supporting Information). The chemical shift at d = 249.2 ppm
is not clearly observed without 13C-enrichment (Figure S1).
The value of d = 249.2 ppm is close to that of d = 253.2 ppm
for Sc2C2@C82(C3v), which suggests that the magnetic environ-
ment around the Sc2C2 unit of Sc2C2@C84(D2d) is similar to
that of Sc2C2@C82(C3v). It has been reported that the 13C NMR
chemical shift of the C2 unit for Sc2C2@C84(D2d) is d =

91.99 ppm.[4b] However, the reported signal at d = 91.99 ppm
is ascribed to an impurity, as no important chemical shift is
observed in that region by the present 13C-enriched NMR
study.

We also mapped the bond connectivity in the carbon cage
of Sc2C2@C84(D2d) and assigned the 13C NMR chemical shifts
by 2D INADEQUATE NMR measurement (Figure S2 in the
Supporting Information).[23] For C84(D2d), a total of 13 cross-
peaks should be observed. Eleven cross-peaks were observed,
and 13C NMR chemical shifts of the C84 cage were assigned
fully (Figure S2). The cross-peak between C1 and C2 was not
observed, because C1 and C2 show almost identical 13C NMR
chemical shifts. For the same reason, the cross-peak between
C3 and C4 was also not observed.

Since Sc3C2@C80(Ih) is paramagnetic, 13C NMR spectra of
the [Sc3C2@C80(Ih)]

� anion were measured with the 13C-
enriched sample. The 13C-enriched anion was prepared
chemically with pyridine, as described previously.[5] The
chemical shift of the C2 unit was observed at d = 328.3 ppm
in both proton-decoupled and proton-coupled modes (Fig-
ure S3 in the Supporting Information). The line width for the
C2 unit (108 Hz) is three or more times broader than that of
Sc2C2@C82(C3v) (30 Hz) at 298 K. As in the cases of Sc2C2@
C82(C3v) and Sc2C2@C84(D2d), the 13C NMR spectrum of
[Sc3C2@C80(Ih)]

� measured without 13C-enrichment (Fig-
ure S3) shows no clear chemical shift for the C2 unit because
of the low signal-to-noise ratio.

The 2D INADEQUATE spectrum of the 13C-enriched
[Sc3C2@C80(Ih)]

� sample shows a cross-peak between the two
chemical shifts of the C80(Ih) cage (Figure S4 in the Support-
ing Information). Moreover, the chemical shift of the C2 unit
has no cross-peak with the two chemical shifts of the C80(Ih)
cage, as in the case of Sc2C2@C82(C3v) (Figure S4). This result
confirms that the C2 unit is also separated from the fullerene
cage.

Two chemical shifts at d = 267.0 (Ca) and 365.7 ppm (Cb)
were calculated at the B3LYP-GIAO level[18] for the C2 unit of
[Sc3C2@C80(Ih)]

� by using the most stable optimized structure
(Cs symmetry) (Figure S5 in the Supporting Information).[5]

The observed chemical shift of the C2 unit at d = 328.3 ppm
shows the average of the two calculated values because of the
rotation of the C2 unit within the C80 cage.

We have recently synthesized the adamantylidene deriv-
ative Sc3C2@C80(Ih)(Ad) and determined its structure by X-
ray single-crystal analysis.[5] 13C NMR spectra of [Sc3C2@
C80(Ad)]� were measured using the 13C-enriched sample. Two
chemical shifts are observed at d = 257.2 and 384.4 ppm for
the C2 unit in both proton-decoupled and proton-coupled
modes, because the two carbon atoms are not equivalent, as
shown by the X-ray crystal structures (Figure S6 in the
Supporting Information). The two observed chemical shifts
agree well with the calculated values of d = 275.4 (Ca) and
380.9 ppm (Cb) (for the Ca and Cb atoms, see Figure S7).

Experimental Section
15% 13C-enriched samples of Sc2C2@C82(C3v), Sc2C2@C84(D2d), and
Sc3C2@C80(Ih) were prepared by the reported method.[24] [Sc3C2@
C80(Ih)]

� was prepared chemically, as described before.[5] [Cr(acac)3]
(acac = acetylacetonate) was used as a relaxation reagent for the 2D
INADEQUATE and INVGATE NMR measurements of Sc2C2@
C82(C3v) and Sc2C2@C84(D2d). The 13C NMR spectra were measured at
125 and 150 MHz on a Bruker AVANCE-500 (with a CryoProbe
system) and AVANCE-600 spectrometers. All calculations were
performed with the Gaussian 03 program.[18] Geometries were
optimized with the hybrid density functional theory at the
B3LYP[25–27] level with the effective core potential[28] and the
(5s5p5d)/[4s4p3d] basis set for Sc, and the 6-31G(d) basis set[29] for
C and H. The 13C NMR chemical shifts were calculated by the
B3LYP-GIAO[30] method.
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Figure 4. Line widths of the 13C NMR chemical shifts of a) the C2 unit
and b) the C1 carbon in the C82 cage for 13C-enriched Sc2C2@C82(C3v)
as a function of temperature. Dark gray (150 MHz in [D4]-o-dichlor-
obenzene), black (125 MHz in CS2), and light gray (150 MHz in CS2).
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