Carbide Fullerenes

Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201201325

The Long-Believed Sc,@C),,(17)-Cyg, is Actually Sc,C,@C,,(9)-Cy,:
Unambiguous Structure Assignment and Chemical Functionalization**

Xing Lu, Koji Nakajima, Yuko liduka, Hidefumi Nikawa, Takahiro Tsuchiya, Naomi Mizorogi,
Zdenek Slanina, Shigeru Nagase,* and Takeshi Akasaka*

Endohedral metallofullerenes (EMFs), that is, fullerenes with
metal atoms inside the cage cavities, have attracted great
attention because of their fascinating properties and broad
applications in materials science, photovoltaics, electronics,
and biomedicine.!'! Great success has been achieved recently
in preparing EMFs, and the types of encapsulated metal
species are rather diverse.l'! In addition to such conventional
EMFs containing one or two metal atoms,”) novel EMFs
incorporating a variety of metal compounds, including metal
carbide (M,Cy/M;Cy/M,C,),”) metal nitride (M;N),*) metal
oxide (M,0O/M,0,/M,0,),"! metal sulfide (M,S),” and metal
cyanide (Sc;CN) clusters,”! have been obtained and structur-
ally characterized by single-crystal XRD.

Among these species, carbide cluster metallofullerenes
(CCMFs) are unique because encapsulation of two carbon
atoms inside the cage instead of incorporation in the cage
framework makes structural identification of CCMFs fairly
difficult.’! Therefore, several CCMFs were assigned incor-
rectly as conventional EMFs in previous reports. For example,
Sc;@C;,(7)-Ce,® which had been regarded as the sole
example of trimetallic EMFs for many years, was revealed
to be Sc;C,@I,(7)-Cy.! Moreover, the previously proposed
Sc,@C,(10)-Cy, and Sc,@D,;(23)-Cy,”! were both identified as
carbide  species, namely, Sc,C,@C,(6)-Cs,l®!  and
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Sc,C,@C5,(8)-Cyy P respectively. Of the two isolated Sc,Cy,
isomers,'”! one was identified as Sc,C,@C,,(5)-Cy,,*" whereas
the other was proved to be a conventional species, namely,
Sc,@C;,(8)-Cy,.®™ Thus, the situation with Sc EMFs is
complicated and their structural identification is quite intract-
able.

Herein we present unambiguous experimental results
showing that the long-believed Sc,@C,,(17)-Cg” is also
a CCMF species, that is, Sc,C,@C,,(9)-Cg,. Moreover, its
chemical properties were investigated for the first time by
performing a 1,3-dipolar reaction.

The molecular structure of Sc,C,@C,,(9)-Cg, was firmly
established by performing NMR spectroscopy on 15% “C-
enriched samples, which ensures the detection of every
possible signal, especially that from the internal carbide
cluster.’! Figure 1 shows the two-dimensional INADE-
QUATE NMR spectrum of the endohedral fullerene. It
consists of 24 signals in the aromatic region, among which 17
have full intensity and 7 half-intensity. This [17 x4 C, 7x2C]
pattern points to the C,,(9)-Cq, cage, instead of any of the 24
Cy, isomers obeying the isolated-pentagon rule.'!! Further-
more, the signal of the internal Sc,C, cluster is readily
observed at 242.7 ppm (Supporting Information), and unam-
biguously confirms the assignment of the Cy, cage. This value
is similar to those observed in Sc,C,@GC,,(5)-Cg
(231.5 ppm),F*" Sc,C,@C;,(8)-Cy, (253.2 ppm),F!
Sc,C,@C(6)-Cy,  (244.4 ppm),Pgl  and  Sc,C,@D,,(23)-Cy,
(249.2 ppm),P! which all have the same Sc,C, cluster. How-
ever, all of the above values are markedly different from that
of the [Sc;C,@I,,(7)-Cq]~ anion (328.3 ppm),F! which encap-
sulates an Sc;C, cluster. Certainly such a difference is caused
by the different compositions of the internal cluster (Sc,C, vs.
Sc;C,).

To gain information about the chemical properties of the
newly assigned Sc,C,@C,,(9)-Cy,, a 1,3-dipolar reaction with
3-triphenylmethyl-5-oxazolidinone (1) was performed. Under
refluxing conditions, decarboxylation of 1 gave rise to the
corresponding 1,3-dipolar reagent, ylide (CH,),NCPh;, which
reacted in situ with the endofullerene to form pyrrolidino
derivatives.

The corresponding HPLC profiles probed at different
reaction times are shown in Figure 2. In addition to the peak
of starting Sc,C,@C,,(9)-Cs, at 35.9 min, new peaks appeared
at 15-20 min after refluxing for 1 h, which all correspond to
mono-adduct isomers 2 according to MALDI-TOF mass-
spectrometric data. The reaction was terminated after 6 h
when a small amount of multiple adducts emerged. Finally,
three monoadduct isomers, 2a, 2b, and 2¢, were isolated in
a relative ratio of 2:1.5:1.
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Figure 1. 2D INADEQUATE NMR spectrum of 15% "C-enriched Sc,C,@C,,(9)-Cs,. The inset illustrates
the C,,(9)-Cq, cage with all 24 nonequivalent cage carbon atoms labeled in accordance with the NMR

spectrum. Bond connections are summarized on the right.
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Figure 2. HPLC profile of the reaction mixture of Sc,C,@C,,(9)-C, and
1.

High-quality single crystals of 2a were obtained and its
molecular structure containing an Sc,C, cluster was firmly
established by X-ray crystallography.'? Figure 3 shows the X-
ray structure of the major enantiomer of 2a. Plots of other
enantiomers are portrayed in the Supporting Information.
The fullerene adopts the C,,(9)-Cs, cage and encapsulates an
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the bent structure.

The addition pattern in 2a is
readily explainable by frontier
molecular orbital theory,
because 1,3-dipolar cycloaddi-
tion of azomethine ylides to
alkenes obeys Woodward-Hoffmann rules. Our calculations
reveal that the LUMO of the (CH,),NCPh; ylide lies at
—3.89 eV, which perfectly matches the HOMO level of
Sc,C,@C,,(9)-Cq, (—3.63 €V). Thus, the ylide tends to selec-
tively attack the regions on the cage where the LUMO is
mainly localized. Indeed, as Figure 4 clearly shows, the
addition positions in 2a have the largest orbital coefficients
of the LUMO and accordingly are most reactive toward 1.
Hence, the addition sites in 2b and 2 ¢ are also predictable by
considering large orbital coefficients of adjacent cage carbon
atoms. As shown in Figure S12 (Supporting Information), the

Figure 3. ORTEP of the major enantiomer of 2a with 50% thermal
contours. Solvent molecules are omitted for clarity.
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Figure 4. Perspective views of the LUMO distribution and correspond-
ing schematic structures of Sc,C,@C,,(9)-Cq,. Arrows indicate the
addition site in 2a.

addition sites in 2b and 2¢ most probably involve two
different [6,6]-bond junctions on the cage.

Chemical modification of Sc,C,@C,,(9)-C;, significantly
altered its electrochemical properties. Table 1 lists the redox
potentials of Sc,C,@C,,(9)-Cs, and 2a-2¢. Although the
corresponding redox potentials of 2a-2¢ are not uniform,
their electrochemical bandgaps (1.40 V for 2a, 1.23 V for 2b,
and 1.19V for 2¢) are all larger than that of pristine
Sc,C,@C,,(9)-Cq, (0.99 V), that is, the derivatives are more
stable. This is particularly important because most perspec-
tive applications of EMFs require high stability of the
materials.

Table 1: Redox potentials? [V] of Sc,C,@C,,(9)-Cg, and 2a-2c.

Compound *E, *E, el redf,
S6,C,@C,,(9)-Cay 0.67 0.25 —0.74 —0.96
2a 0.70" 0.27 —1.130 —1.56"
2b 0.730! 0.39 —0.84 -1.19
2c 0.51" 0.12 —1.07" —1.62"

[a] Half-wave potentials versus Fc/Fc* on a Pt working electrode in 1,2-
dichlorobenzene unless otherwise noted. [b] Irreversible; values from
differential pulse voltammetry.

In summary, the erroneously assigned Sc,@C,,(17)-Cs, is
identified as new carbide cluster metallofullerene
Sc,C,@C,,(9)-Cg,.  Moreover, this newly  assigned
Sc,C,@C,,(9)-C, was allowed to undergo a 1,3-dipolar
reaction, affording three monoadduct isomers. X-ray data of
the most abundant adduct 2a confirm a [5,6]-closed structure,
while the two minor adducts (2b and 2¢) are seemingly [6,6]
isomers. Theoretical considerations reveal that the addition is
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driven by HOMO/LUMO matching between the endohedral
fullerene and the ylide. The adducts are more stable than the
pristine EMFs and potentially more useful in future applica-
tions. Our results have clarified the uncertain structure of the
long-believed Sc,@C,,(17)-Cy, and provided information
about the chemical properties of these less explored
CCMFs, which will certainly stimulate more interest in the
nature and intrinsic properties of EMFs. Finally, because all
isolated Sc,Cy, isomers have now been identified as CCMF
species, earlier results relating to “Sc,@Cg,” should be
reconsidered.!'¥

Experimental Section
Experimental details are presented in the Supporting Information.

Black crystals of 2a were obtained by layering hexane over
a nearly saturated toluene solution at 253 K. X-ray data were
collected at 100 K with an AXS SMART APEX II machine (Bruker
Analytik, Germany) equipped with a CCD camera. The structure was
solved by a direct method and refined by using SHELX-97.1%l
CCDC 865917 (2a) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

Calculations were conducted with the Gaussian03 program
package.'” Geometries were optimized at the B3LYP level'® with
the effective core potential (ECP) and (5s5p5d)/[4s4p3d] basis set for
Scl'l and the split-valence d-polarized 6-31G(d) basis set for C.[¥l
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