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Endohedral metallofullerenes have attracted special atten-
tion as new spherical molecules with unique properties that
are unexpected for empty fullerenes.!' Much work has been
carried out on metallofullerenes with Sc, Y, and La atoms
encapsulated inside Cg, and Cgy cages. Among these, scan-
dium carbide endohedral metallofullerenes, such as Sc,C,@
Cy* and Sc;C,@Cy,[*" are the most interesting because of
the encapsulation of the C, unit together with several metal
atoms, which is very important to the chemistry of scandium
carbide endohedral metallofullerenes. For the Sc,Cg, metal-
lofullerene, three isomers (I, II, and III) have been iso-
lated.®*] The most abundant isomer, Sc,Cg,(I1I), was charac-
terized and discussed in terms of its X-ray photoelectron,”
BCNMR,”! #Sc NMR,™ IR, and Raman™ spectroscopic
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measurements, powder X-ray analysis* and theoretical
calculations!™ on the premise that two Scatoms were
encapsulated inside the D,;isomer of Cg. However, we
have very recently observed an improved C NMR spectrum
of Sc,Cg,(IIT) that shows a total of 17 lines (11 full-intensity
signals, five half-intensity signals, and one 1/6-intensity
signal),l! unlike the previous *C NMR study.”’ The newly
observed *C NMR pattern is not explained by placing two
Sc atoms inside any of the isomers of Cg, that satisfy the
isolated-pentagon rule. We have suggested that the *C NMR
pattern is explained by the fact that two C atoms as well as
two Sc atoms are encapsulated inside the C;, isomer of Cs,.
Very recently, it has been found that the Sc,C,@C;, structure
is correct by MEM (maximum-entropy method)/Rietveld
analysis of synchrotron X-ray powder diffraction data, though
the Sc,@Cg, structure was once determined by MEM/Rietveld
analysis.!"”!

To verify that Sc,Cg(IIT) is a scandium carbide metal-
lofullerene (Sc,C,@Cy,(111)), X-ray single-crystal analysis and
density functional calculations were carried out. The structure
of Sc,C,@Cy,(I1T), optimized by density functional calcula-
tions, is shown in Figure 1.1 The electronic structure is
described as (Sc,C,)*"Cg,* "~ as a result of four-electron transfer
from Sc,C, to Cg,. The structure is most stable when the
encapsulated Sc,C, moiety has a bent structure and two
Sc atoms are not equivalent. This result seems contradictory
to the "CNMR spectrum (16 signals), which shows that
Sc,C,@Cg,(111) has Cs, symmetry, and the “Sc NMR spectrum
(only one signal), which shows that the two Sc atoms are
equivalent. This situation is explained by the fact that the
Scand Catoms in Sc,C, are allowed to rotate and move
rapidly on the NMR time scale. The redox potentials of
Sc,C,@Cy,(IIT), measured by cyclic voltammetry (CV) and

Figure 1. The optimized structure of Sc,C,@Cq,(111); a) front view,
b) side view.
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differential pulse voltammetry (DPV),!! are given in Table 1
together with the calculated HOMO and LUMO levels. The
reduction and oxidation potentials correlate well with the

Table 1: The redox potentials® and HOMO-LUMO levels of Sc,C,@
Cg,(I11) and related endohedral fullerenes.

Compound E, (ox) [V] E (red) [V] HOMO [eV] LUMO [eV]
Sc,C,@Cs,(I11) +0.47 —0.94" —5.30 —3.29
Sc,C,@Cq, (1IN +0.53 —0.978

Sc;N@Cgo? +0.62 -1.22 —5.48 —3.14
La,@Cgo™® +0.56 —0.31 —5.40 —4.21

[a] Half-cell potentials unless otherwise stated; values are relative to the
ferrocene/ferrocenium couple. [b] Irreversible; values were obtained by
differential pulse voltammetry.

LUMO and HOMO levels, respectively. The redox potentials
and HOMO-LUMO levels resemble those of diamagnetic
metallofullerenes such as Sc;N@Cy, and La,@Cgy”” The
relatively large HOMO-LUMO gap of Sc,C,@Cg,(I11) is
reflected in the low reactivity toward disilirane.!'”)

To restrain the disorder of Sc,C,@Cg,(III) in the crystal
lattice, chemical functionalization was performed by the
irradiation of a o-dichlorobenzene/toluene solution of Sc,C,@
Cg,(IIT) and an excess molar amount of 2-adamantane-2,3-
[3H]-diazirine in a degassed sealed tube at room temperature
using a high-pressure mercury-arc lamp (cutoff < 350 nm).
The resultant cycloadduct of Sc,C,@Cg,(IIT) and adamanty-
lidene carbene (Ad), Sc,C,@Cg,(Ad), was purified by prep-
arative HPLC. MALDI-TOF mass analysis of the purified
sample exhibited a single molecular ion peak.

The structure of Sc,C,@Cg,(Ad), determined by X-ray
single-crystal analysis, is shown in Figure 2. The adduct results
from the 5,6-addition of Ad and has an opened structure.
Obviously, the carbon cage originates from the C;, isomer of
Cg, (not Cg,). The crystal structure of Sc,C,@Cg(Ad) has
C, symmetry. At 90 K, three Sc, pairs were observed to be
disordered over several positions with occupation percen-

Figure 2. ORTEP drawing of Sc,C,@Cs,(Ad) with thermal ellipsoids
shown at the 50% probability level; a) front view, b) side view.
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tages such as 51, 40, and 9%, indicating rotation of the
Sc atoms inside the Cg, cage (see the Supporting Informa-
tion). Reflecting this rotation, the >*C NMR spectrum shows
that Sc,C,@Cg,(Ad) has C,symmetry (Figure 3) and the
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Figure 3. *C NMR spectrum of Sc,C,@Cs,(Ad). The signals for carbon
atoms encapsulated in Cg, were not observed; @: full intensity on Cy,
cage, O: half intensity on Cg, cage, x: impurity.

“Sc NMR spectrum shows only one signal (see the Support-
ing Information). Only the Sc, pair with the highest occupa-
tion percentage is shown for clarity in Figure 2. Notably, the
most stable structure calculated for Sc,C,@Cy, (Figure 1) is
found in the crystal structure of Sc,C,@Cg,(Ad) (Figure 2).

X-ray crystal analysis and density functional calculations
reveal that the Sc,Cg, metallofullerene has the form of Sc,C,@
Cy, (and not Sc,@Cg,),?" as suggested by our recent *C NMR
study, and reveal how the scandium carbide is encapsulated
inside the Cg, fullerene.

Experimental Section

The soot containing scandium metallofullerenes was prepared
according to a reported procedure.®! Sc/C composite rods (4.7 x 10 x
150 mm’®, 2.0 atom %) were arc-vaporized at 150 A and 40 V under
helium at 50 torr. The soot was collected and extracted with 1,2.4-
trichlorobenzene (TCB) for 15 h. Sc,C,@Cy,(I1I) was isolated from
various empty fullerenes and other scandium metallofullerenes by a
multistage HPLC method. A solution of Sc,C,@Cq,(III) (2.0 mg,
0.0018 mmol) and  2-adamantane-2,3-[3H]-diazirine (15 mg,
0.091 mmol) in toluene/o-dichlorobenzene (9:1, 20 mL) was placed
in a pyrex reactor, degassed by freeze—pump-thaw cycles under
reduced pressure, then irradiated with a high-pressure mercury-arc
lamp (cutoff <350 nm) for 35s. The reaction mixture was injected
into a Buckyprep column, and the adduct Sc,C,@Cg(Ad) (1) was
isolated. Black crystals of 1 were obtained by layering a CS,/
o-dichlorobenzene (1:1) solution of 1 onto dichloromethane. The
BCand “Sc NMR spectra were measured on AVANCE-500 and
AVANCE-600 spectrometers. Cyclic voltammograms (CV) and
differential pulse voltammograms (DPV) were recorded on a
BAS CV50W electrochemical analyzer. A platinum disk and a
platinum wire were used as the working electrode and the counter-
electrode, respectively. The reference electrode was a saturated
calomel electrode (SCE) filled with 0.1m nBu,NPF, in o-dichloro-
benzene. All potentials are referenced to the ferrocene/ferrocenium
couple (Fc/Fc*) as the standard. CV: scan rate 20 mVs~'. DPV: pulse
amplitude 50 mV; pulse width 50 ms; pulse period 200 ms; scan rate
20mVs™.

Spectral data of Sc,C,@Cg(Ad): MALDI-TOF MS (matrix:
1,1,4,4-tetrapenyl-1,3-butadiene) m/z: 1232 [M']; CNMR
(125 MHz, CS,, 293K): 6=153.8 (2C), 147.8 (2C), 147.7 (20C),
147.6 (2C), 147.6 (2C), 147.2 (2C), 146.7 (1C), 146.3 (2C), 146.2
(1C), 146.1 (1C), 146.6 (2C), 145.6 (1C). 1443 (2C), 143.6 (2C),
143.4 (2C), 1432 (2C), 1432 (2C), 1429 (2C), 142.8 (2C), 1423

www.angewandte.de

Chemie

5659


http://www.angewandte.de

Zuschriften

5660

(2C), 141.7 (2C), 141.7 (2C), 1414 (2C), 141.4 (2C), 140.7 (2C),
140.5 (2C), 1404 (2C), 1404 (2C), 140.0 (2C), 139.7 (2C), 139.0
(2C), 138.6 (2C), 137.2 (2C), 1359 (2C), 135.7 (2C), 135.6 (2C),
135.5 (2C), 1355 (2C), 134.5 (2C), 1344 (2C), 134.3 (2C), 1329
(1C), 1324 (1C), 1322 (2C), 373 (1C), 35.6(2C), 35.4 (1C), 34.3
(2C), 332 (1C), 281 (2C). The signals for the carbon atoms
encapsulated in Cy, and quaternary carbon atoms on the adamantyl
moiety were not observed. A capillary containing [Dg]acetone was
used as an internal lock. “Sc NMR (145.8 MHz, CS,/[D,]o-dichloro-
benzene, 293 K): 6 =220 ppm; the chemical shift scale was calibrated
using Sc,0; in HCI/D,O as an external reference (0 ppm).
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Crystal data for 1-0.5CS,-o-dichlorobenzene: C,,sH;3CL,SSc,,

M,=1418.03, black block, 0.55x0.24 x0.15 mm®, monoclinic,

space group P2,/n (no. 14), a=11.1598(8), b =21.9731(15), c =

20.9609(15) A, A =103.8910(10)°, V=>5072.4(6) A}, Z=4;

Pearca = 1.857 gem™;  (Mog,) =0.487 mm™'; 6 =1.35-27.90°;

T=90K; R,=0.0673, wR,=0.1579 for all data; R,=0.0576

for 10023 reflections (/>2.00(I)) and 985 parameters; Max-

imum residual electron density 1.292 e A,

e
V)
(=]

[

[21

[ha—

www.angewandte.de

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2007, 119, 5658 5660


http://www.angewandte.de

