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ABSTRACT: An extensive series of soluble dilanthanum
endohedral fullerenes that extends from La,Cgyg to La,Cy35
has been discovered. The most abundant of these, the
nanotubular La,@D5(450)-C ¢, has been isolated in pure
form and characterized by single-crystal X-ray diffraction.

he formation and characterization of fullerenes and endohe-

dral fullerenes with large numbers of carbon atoms in the
cage represent a seemingly endless frontier. However, as the
carbon cage size expands, so does the number of possible isomers
for a particular cage size." Hence, identification of the structures
of large fullerene cages can be challenging. For empty cages, the
isolated pentagon rule (IPR), which is based on avoiding direct
pentagon—pentagon contact, provides a guide for limiting the
structural possibilities." Empty-cage fullerenes as large as C,so
have been extracted from arc-generated carbon soot and identi-
fied by mass spectrometry.” Reactive extraction of similar soot
with an o-quinidimethane precursor yielded addition products of
fullerenes with even larger sizes that ranged from Cg to Cyis”>
The largest empty-cage fullerenes that have been obtained in
pure form and crystallographically characterized are three iso-
mers of Co: the unsymmetrical isomers C;(30)-Copand C,(32)-
Coo* and nanotubular Dsj,(1)-Cgo.”

Many large carbon cages are found with endohedral fullerenes.
For example, La@Cg, and La,@Cg are among the most
extensively studied endohedral fullerenes.® In addition to soluble
La@Cg, and La,@Cgy, Whetten and co-workers found mass
spectroscopic evidence for the presence of insoluble dilantha-
num endohedrals with compositions ranging from La,C,4 to
La,C,oo and a second series of insoluble trilanthanum endohe-
drals with compositions La;Cyg, to La;Cias.” Additionally, there
is a brief mention of a soluble species, LaC 6.} Yang and Dunsch
prepared and isolated pure samples of two isomers of Dy,Co, as
well as Dy,Cgg and DyZCloo.g An extensive series of endohedral
fullerenes containing two gadolinium atoms with apparent cage
sizes running from Cgyg to C,4 have been observed.'® Currently,
the largest fullerene cage that has been crystallographically
identified is Sm,@D34(822)-C;94, which has a nanotubular
shape.!' Endohedral fullerenes containing the M;N unit, such
as ScsN@I;,-Cgo, can be obtained in unusually high yields for
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molecules of this class,'> and one might expect large cages to be
encountered in this class of molecules. The largest of the
endohedrals of this type are La3N@Cgg, LasN@Co,, LasN@Cog,
and LasN@C o4, of which all but the last have been isolated and
characterized by UV—vis spectroscopy and cyclic voltammetry. '

Probably because of the iconic nature of a cage of 100 carbon
atoms, there have been several predictions of the preferred cage
isomers for M,Cq. After isolating Dy,Co0, Yang and Dunsch
suggested that the effect of charge transfer between the encapsu-
lated metal atoms and the fullerene cage could be ignored and that
the most stable empty-cage isomers of C;oo, namely, D,(449)-
Cro0 C(10)-C0, C1(140)-C10, C1(425)-Cio0, C1(426)-Ciop,
and C,(442)-C o, were the most likely hosts.” In contrast,
Valencia, Rodriguez-Fortea, and Poblet emphasized the role of
electron transfer between the metal atoms and the cages and
found that the D5(450)-C;go cage was an unusually promising
candidate for encapsulating a unit such as SczN or La, that could
transfer six electrons to the cage.14 Finally, Yang, Zhao, and
Nagase considered the possibility that Dy,Cqo might involve a
non-IPR cage and performed computations on 24 755 possible
isomers of the Cq cage.15 They concluded that the IPR-obeying
D5(450)-C oo cage would be the most likely host. However, there
is an alternative possibility for the structure of M,C;qo that
involves the presence of a carbide unit within the cage. Several
such metal carbides have been identified. For example, Gd,Co,
has been shown to be Gd,(1>-C,) @D5(85)-Cs,’, and Sc,Cg, has
been identified as SCZ(ﬂz-Cz)@CZV(S)'Cgo.Is Here we report the
detection of a series of soluble endohedral fullerenes from La,Cog
to La,Cy35 and the isolation and crystallographic characterization
of La,@D5(450)-C 0.

To obtain La,@Ds(450)-Cip0, a graphite rod filled with
La,0; and graphite powder was vaporized in an electric arc by
the classic Kratschmer—Hoffmann method of fullerene forma-
tion. The soluble material obtained by extraction of the soot with
chlorobenzene contained a variety of dilanthanum endohedrals from
La,Cg) to La,Cy3y, as the data in Figure 1 show. Extensive chromato-
graphic separations (as documented in the Supporting Information)
led to the isolation of La,@Ds(450)-C oo Figure 2 shows the
chromatograms and laser-desorption ionization time-of-flight (LDI-
TOF) mass spectra of the purified sample of La,@Ds(450)-Co0-
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Figure 1. (A) Chromatogram from the initial HPLC of the extract
on a Buckyprep-M column (mobile phase, chlorobenzene; flow rate,
4.0 mL/min; detection wavelength, 450 nm). (B) LDI-TOF mass spectrum
obtained from fraction F1. (C) LDI-TOF mass spectrum obtained from
fraction F2.
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Figure 2. HPLC chromatogram of purified La,@D5(450)-Cq0 on a
Buckyprep-M column with toluene as the eluent (HPLC conditions:
flow rate, 4.5 mL/min; detection wavelength, 450 nm). The inset shows
the LDI-TOF mass spectrum and expansions of the observed and
calculated isotope distributions for La,@Cj .
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Figure 3. UV—vis—NIR absorption spectrum of purified La,@Ds-

(450)-C o dissolved in carbon disulfide. The inset shows a picture of
a vial containing a CS, solution of La,@D5(450)-C .

Figure 4. Drawing showing how the La,@Ds(450)-C;q molecule is
suspended between two molecules of Ni"'(OEP) in La,@Ds(450)-
C100* 2Ni"(OEP) - 2(toluene). This view shows only one orientation of
the C,go cage and only the major La site [0.6891(13) site occupancy]
along with the symmetry-generated LalA site. Solvate molecules have
been omitted for clarity.

The UV—vis—NIR spectrum of this compound is shown in Figure 3.
The spectrum differs from that reported earlier for Dy,Cigo,
which has a low-energy absorption at ~1060 nm.” Consequently,
these two compounds may involve different cages, or the presence of
the paramagnetic dysprosium may influence the electronic spectrum.

Black crystals of La,@Ds(450)-C1go° 2Ni" (OEP) - 2(toluene)
(OEP = 2,3,7,8,12,13,17,18-octaethylporphin dianion) suitable
for X-ray diffraction were obtained by slow diftusion of a toluene
solution of La,@Ds(450)-C o0 into a toluene solution of Ni'-
(OEP). The structure of La,@Ds(450)-C 00 and the two Ni(OEP)
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Figure 5. Drawing of the La,@D5(450)-C, o molecule with the fivefold
axis perpendicular to the picture plane.

molecules that surround it are shown in Figure 4. Figure S shows
a view of the La,@Ds(450)-C oo molecule looking down the
fivefold axis.

The structure does suffer from disorder. The fullerene cage is
chiral but occupies a centrosymmetric site in the crystal. There
are four equally populated sites for the fullerene cage, two for
each enantiomer. There are four sites occupied by the lanthanum
ion with fractional occupancies of 0.6891(13), 0.1242(16),
0.1072(10), and 0.0794(14).

Several features of the structure are noteworthy. The endohe-
dral fullerene is clearly a conventional dimetallofullerene and not
a carbide. The carbon cage has a nanotubular shape similar to
those of the large carbon cages in Sm,@D54(822)-C 104" and
Ds,(1)-Cop.> The centroid-to-centroid distance between penta-
gons on the major axis is 10.083 A. There are five perpendicular
twofold axes, all of which bisect 6:6 ring junctions, and their average
centroid-to-centroid distance is 8.024 A. The cage structure is
consistent with theoretical predictions indicating that the D5(450)-
Cioo cage is best suited for encapsulating an (M>"), unit."* This
cage also provides maximal separation between the pentagons,
which are the sites of negative charge localization in the fullerene
anions."® Notably, the lanthanum ions are found in the curved poles
of the cage where the pentagons are located. Additionally, the
D;(450)-C 9 cage occupies a unique place as the final entry in the
listing of fullerenes given by Fowler and Manolopoulous.

Within the cage, the lanthanum ions are displaced slightly from
the fivefold axis of the fullerene cage. They are widely separated
because of the repulsion of the two cations, as seen in other
lanthanum-containing endohedrals."” The distance between Lal
and LalA is 5.7441(4) A. For comparison, the theoretical
Dy---Dy separation computed for Dy,@Ds(450)-C g0 is 5.624 A.°

In the crystal, each molecule of La,@Ds(450)-C o is sur-
rounded by two molecules of Ni(OEP), as shown in Figure 4.
Surprisingly, the La,@Ds(450)-C 0o molecule is suspended with
its long axis perpendicular to the planes of the two porphyrins.
This orientation places the most curved portion of the fullerene
cage adjacent to the planar Ni(OEP) molecules. This arrangement

differs from the situations in crystals of Sm,@D3,(822)-C o4 - 2Ni-
(OEP) - C4HsCl and Dsj,(1)-Cgo+ Ni (OEP), where these nano-
tubular fullerenes are oriented to place the two neighboring
Ni(OEP) molecules near the less-curved interior portions of the
carbon cage. In La,@Ds(450)-C;go* 2Ni" (OEP) - 2(toluene), the
Nil---NilA separation across the fullerene cage is 15.8785(6) A,
while in centrosymmetric Sm,@D3,4(822)-C;o4°2Ni(OEP)-
CsH;Cl, the corresponding Ni---Ni separation [14.3850(13) A]
is smaller, despite the fact that the fullerene cage is a bit larger.

In summary, a series of large and soluble endohedral fullerenes
that extends from La,Cgy to La,C, 35 has been detected. The
most abundant of these, La,@D5(450)-Cq, has been isolated
and characterized by single-crystal X-ray diffraction.
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