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ABSTRACT: Single crystal X-ray diffraction studies of
Yb@C,,(3)-Cgo-Ni"'(OEP) - CS,-1.5C¢Hs (OEP = octa-
ethylporphinate) reveal that a relatively flat region of the
fullerene interacts with the Ni'' (OEP) molecule, featuring
shape-matching interactions. Surprisingly, it is found that
the internal metal is located under a hexagonal carbon ring
apart from the 2-fold axis of the C,,(3)-Cg cage, presenting
the first example of metallofullerenes with an asymmetrically
positioned metal. Such an anomalous location of Yb** is
associated with its strong ability to pursue a large coordina-
tion number and the lack of hexagon along the C, axis of
C,,(3)-Cgo. It is accordingly assumed that a suitable cage
hexagon is most likely to be preferred by the single rare earth
metal to stay behind inside a medium-sized fullerene, such
as Cgp and Cg,.

ndohedral metallofullerenes (EMFs) are hybrid molecules

with metal atoms or metallic clusters encapsulated inside the
interior of fullerenes. Intramolecular charge transfer from metal
to cage takes place, which is regarded as the main origin of the
fascinating properties of EMFs."

Structural determinations of EMFs have played a central role in
understanding the metal—cage interactions and their intrinsic
properties. The endohedral nature of EMFs was first determined
for Y@Cs, using the synchrotron radiation powder X-ray diffraction
coupled with Rietveld treatment and maximum entropy analysis.”
However, the reliability of this method is rather poor: structures of
several EMFs have been wrongly assigned.” During recent years,
NMR spectrometry, normally with the assistance of theoretical
calculations, has shown great success in determining the cage
structures of fullerenes and EMFs, even of some paramagnetic
species.” However, this method could not provide adequate in-
formation about the location of the internal metallic species.

Undoubtedly, single crystal X-ray diffraction (XRD) is the
most reliable solution for EMF structures, especially in view of
the position and motion of the endohedral metals. However, the
spherical molecules rotate rapidly within the crystal lattice even
though good crystals are obtained, thus, impeding explicit
structural determination. To solve this problem, two strategies,
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exohedral modification® and cocrystallization with metal por-
phyrins,® have been developed, and many successful results
have been published recently. It is worth noting that exohedral
modification inevitably distorts the fullerene cage and thus
possibly alters the metal position inside; therefore, the X-ray
structures of EMF-derivatives are always different from the true
situation of pristine EMFs, though in some cases the difference is
very small.® Cocrystals of EMFs with metal porphyrins, however,
are better suited to illustrate the pristine environment with
respect to both cage structures and metal positions if a good
single crystal and appropriate crystallographic parameters can be
obtained.

Since the first report of the single crystallographic X-ray
structure of ScsN@Csgo,” many EMFs cocrystallized with metal
porphyrins have been structurally determined.*® A detailed
examination of published results reveals that most of these
studies have focused on cluster EMFs and di-EMFs,®® but little
is known about the structures of mono-EMFs which actually are
the simplest prototypes and ideal candidates for elucidating
metal—cage interactions. Ba@Cy, is the first example of mono-
EMFs whose structure has been elucidated using XRD.” Because
severe disorder exists, theoretical calculations were conducted to
help with the assignment of the metal position. The final results
showed that the metal is situated at one pole of the molecule
along one of the three C; axes. Recently, the molecular structures
of M@C3,(134)-Cos (M = Ca or Tm) were also reported. It is
interestin% to find that Ca®" is located closely to a [6,6]-junction,
while Tm*" prefers to sit under a hexagonal ring, both of which
are near the C;-axis, showing that rare earth metals and alkaline-
earth metals prefer different positions inside a same fullerene
cage.'® In addition, the X-ray crystallographic results of the four
isomers of Sm@Coy indicated that the Sm>" moves rapidly alon%
a cage belt comprised of continuous hexagonal carbon rings."
Accordingly, it seems that the dynamic motion of the internal
metal is not associated with the cage size but is more likely to be
dependent on the metal and the cage structures. Moreover,
because the above investigations have focused on either a small
cage (C,,) or relatively large cages (Coy or Coy), it is very
necessary to investigate the molecular structures with different
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Figure 1. Ortep drawing of Yb@C,,(3)-Cgo-Ni(OEP) showing ellip-
soids at the 50% probability level. Only the major orientation is shown
and solvent molecules are omitted for clarity.

metal contents and other cage sizes comparable to these of
abundantly produced MzN@Cg, and M@Cy,.

Herein, we report unambiguous X-ray results of Yb@C,,(3)-
Cgo, @ medium-sized EMF with a divalent rare earth metal. Yb-
EMFs have the lowest production yield and are the last isolated
species among all mono-EMFs."” Single crystals of Yb@C,,(3)-
Cgo*Ni"'(OEP) - CS,+ 1.5C¢H, were prepared using an interfa-
cial diffusion method in a glass tube (¢7mm). After 10 days, black
crystalline rods appeared at the bottom of the tube (Figure S1).
A piece of crystal cut from one of these rods was found suitable
for XRD determination and provides the structural information
of the molecules.

Figure 1 depicts the structure of the endohedral molecule and
its relationship to the nickel porphyrin determined at 90(2) K. It is
unambiguous that Yb@Cg, takes the C,,(3)-Cgo cage which
corroborates our previous NMR results.* However, it should be
pointed out that this cage is only found for mono-EMFs, such as
Yb@Cgy and La@Cgo. The latter is not soluble in common
solvents and was obtained as its dichlorophenyl derivatives."?
Other metallic clusters would template different Cg( cages because
of the different number of transferred electrons. For example, the
ScsN (or La,) and Sc,C, clusters prefer I,,(7)-Cgo and Cy,(5)-Cs,
respectively.'*

It is evident from the crystallographic data that the fullerene
and Ni"'(OEP) form a 1:1 complex; the vacancy of the crystal cell
is occupied by one CS, and 1.5 benzene. Although there is
disorder of the fullerene structure, the major orientation is
particularly well determined. Two orientations of the cage with
respective occupancies of 0.634(8) and 0.366(8) are identified,
as well as two Yb positions having the same ratio. Accordingly, it
is likely that each Yb** position corresponds to one cage
orientation. For clarity, only the major pair is shown in Figure 1.
It is worth noting that no structural restraints are applied to the
major orientation during the refinement process. Thus, cage
structure and metal position are well-defined. A relatively flat
region of the C,,(3)-Cgo cage, where no gentagon is involved,
approaches closely to the NiN, plane of Ni" (OEP). The shortest
nickel—cage carbon distance (Nil—C28) is 2.818(5) A, which is
similar to the corresponding values reported before, indicating
noncovalent interactions between them.®

We calculated the electrostatic potentials of Yb@Cg, based on
the X-ray result to further understand the origin of the interactions
between the endohedral and Ni"(OEP). Because of the two-
electron transfer from Yb to the cage, the surface of Ceo” ™ is
mostly covered by negative charges. Detailed analysis reveals that
C28, as well as its neighboring atoms, is slightly negatively charged

Figure 2. Electrostatic potential mapping on the isosurface of Yb@C,,-
(3)-Cgo as viewed from two orthogonal directions.

Figure 3. Perspective views of Yb@C,,(3)-Cgo showing the location of
Yb. (Left panel) side view; (right panel) front view. The bonds between
Yb and the adjacent hexagonal ring are shown; C28 which is nearest to
the pairing Ni''(OEP) is marked to enhance comprehension. The C, axis
is indicated with a dotted line.

(Figure 2), which is contrary to the previous reports concluding
that Ni"(OEP) tends to interact with a positively charged cage
carbon of Dgj,(1)-Coo and Sm@Cs isomers.'""> Normally, two
factors are responsible for the interactions between fullerenes and
Ni"(OEP): shape matching and electrostatic attraction. Since the
all-cis conformation of the eight ethyl groups in Ni(OEP) results in
a highly flat plane consisting of Ni, four N atoms, and the adjacent
carbon atoms, it always demands a flat region of the fullerene to
approach it. Actually, in the cases of Cyy and other EMFs, the
interaction sites are generally the flattest parts of the cages (no
pentagon). Thus, it is inferred that both shape matching and
electrostatic interaction are effective factors in dictating the inter-
actions between fullerenes/EMFs and metal porphyrins.

A surprising and unprecedented finding is the anomalous
location of the Yb*" cation inside the C,,(3)-Cgo cage. As clearly
shown in Figure 3, the Yb** is not situated along the 2-fold axis but
it asymmetrically coordinates with a hexagonal ring apart from the
symmetric axis. The nearest Yb—C distances vary in a narrow
range from 2.476(14) to 2.644(12) A, which are slightly shorter
than the normal coordination bond lengths in “77-bonded” com-
plexes of Yb.'® Short metal —cage distances have been frequently
found for MsN@C,,, (M = Sc, Y, Tb, etc.; 2n = 68, 78, 80, etc.)
where the relatively crowded M;N should be responsible for such
strong metal—cage interactions.” However, since only one metal
is encapsulated in Yb@Csg, the short Yb—cage distances may
originate from the strong ability of Yb*" to coordinate with the
cage carbons so as to satisfy its valent orbital as much as possible.

The unusual location of Yb>" is obviously different from
the metal positions in mono-EMFs found previously using single
crystal X-ray crystallography. As mentioned above, the single
metal always tends to reside along the symmetric axis either in
Ba@C-4 or in M@Cyy (M = Ca, Tm). Moreover, though no
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Figure 4. Theoretical considerations of metal position in Yb@C,,(3)-Cgo.
Positions A and B are normal on-axis conformations frequently ob-
served in mono-EMFs, such as M@C,,(9)-Cs,, while position C is the
off-axis conformation corresponding to the current XRD study.

crystallographic results of pristine M@C,,(9)-Cs, (M =Sc, Y, La,
Ce, Gd, etc.) have been reported, X-ray data of their derivatives
and other experimental/theoretical results show that the single
metal always tends to stay under a hexagonal ring along the C,
axis.”'” The situation that the single metal tends to stay along
one of the symmetric axes is probably because such areas are
generally more curved than other parts of the fullerene cage, and
accordingly are more suitable for accommodating the metal
atom. Moreover, it is well-known that rare earth metals tend to
pursue a high coordination number ranging from 6 to even 14.
These can be used to explain the fact that the metal in M@C,,-
(9)-Csy (M =S¢, Y, La, Ce, Gd, etc.) always coordinates with a
hexagonal ring, instead of the opposite [6,6]-bond.*®

However, the C,,(3)-Cgy cage contains no hexagonal ring
along the C, axis, but only two [6,6]-bonds (cf. Figure 3). Thus, if
the Yb** prefers to stay along the axis, two off-center positions are
most probable: A and B (Figure 4). In either case, the Yb** has to
sit on a [6,6]-bond. Position C is the true place of Yb>* found by
XRD. We performed theoretical calculations to further under-
stand the abnormal metal position. All calculations were carried
out using the Gaussian 03 program package.'® The molecular
structures were first optimized at the B3LYP/3-21G~CEP level
(3-21G basis set' for C atoms and CEP-4G basis* with the CEP
effective core potential (ECP) for Yb) and then reoptimized with
the B3LYP/6-31G*~SDD approach (6-31G* basis*' for C and
SDD basis** with the SDD ECP for Yb) both with the B3LYP
density functional.”® Our results reveal that no energy minimum
could be found for position A, while even though the Yb** can
stay at position B, this conformation is 6.19 kcal/mol higher in
energy than the one with Yb** located at position C. As a result, it
can be concluded that the anomalous endohedral structure of
Yb@Cgo could be a dual effect of both cage geometry and the
metal coordination ability. This is an evident example showing
that the ability of rare earth metals to pursue a high coordination
number may dominate the metal position inside a fullerene cage.
It should also be noted that our previous crystallographic work of
La@Cgo(CsH;Cl,) shows that the La position is nearly identical
to that of Yb found in this work, although the ca%e is somewhat
distorted by the covalent linkage of the addend.™ All the above
results lead to the conclusion that a rare earth metal prefers to
locate under a suitable hexagonal ring inside a medium-sized
fullerene cage, like Cg and Cg,.

The preferred location of the single metal under a hexagonal
ring in both M@C,,(3)-Cgo (M = La, Yb) and M@C,,(9)-Cs,
(M =S, Y, La, Ce, Gd, etc.) stimulates us to investigate the metal
environments in both cases. Figure 5 shows the optimized
structures of Yb@C,,(3)-Cgo and Y@C,,(9)-Cg,. It is clear that,

Figure 5. Comparison of the metal environments in Yb@C,,(3)-Cso
(left) and Y@C,,(9)-Cq, (right). Both are theoretically optimized

structures derived from XRD results.

although the shape of the two cages differs significantly, the
arrangement of the parts closest to the internal metal is mutually
similar, both consisting of a central hexagon and adjacent frame-
works, as emphasized with black sticks. Thus, it is inferred that
such a structure is suitable for accommodation of the single rare
earth metal.

Since Yb*" is positioned away from the C, axis of C,,(3)-Csg,
the molecular symmetry is thus reduced from C,, to C,. Recently,
we observed that the internal Sc,C, cluster in Sc,C,@C,,(5)-Cso
has an obvious influence on the molecular symmetry: the strong
metal—cage interaction reduces the overall symmetry of the
molecule from C,, to C; at a temperature lower than 353 KM If
the metal—cage interaction in Yb@C,, (3)-Cgy is still so strong at
ambient conditions, the molecule should show C; symmetry,
instead of C,,. However, the "*C NMR spectrum obtained at
room temperature displays a [17 X 4C, 6 x 2C] pattern, which
unambiguously corresponds to C,, symmetry, not C, (Figure S2).*
Thus, it infers that the Yb—cage bonding is loosened at higher
temperatures. To confirm this, we performed the XRD measure-
ments at different temperatures. The results show that the metal
position is nearly unchanged below 173 K. However, when the
temperature is increased to 223 K, one additional metal position
is distinguished at an opposite side of the cage, indicating a
jumping metal within the cage (Supporting CIF files and Tables
S1—S4). Unfortunately, the crystal was decomposed during our
room-temperature XRD measurement. Nevertheless, it is still
conclusive from the NMR result that the internal metal has no
obvious influence on the molecular symmetry: it may be rotating
or jumping at room temperature.

In conclusion, we have successfully obtained cocrystals of
Yb@C,,(3)-Cso and Ni"'(OEP) in which both parts are highly
ordered, thus, enabling precise structural determination of
both the molecular structure of and the metal position in this
endohedral. A relatively flat surface of the fullerene cage
approaches the plane of the metal porphyrin, featuring shape-
matching interactions. More interestingly, the results show that
the Yb>" is not situated along the 2-fold axis which ends with two
[6,6]-bonds, but it is asymmetrically positioned under a hexago-
nal ring apart from the axis. In combination with calculations,
we attribute such an unusual location of Yb** to its ability of
pursuing a maximum coordinating environment and the lack of
hexagon along the C, axis of the C,,(3)-Cgo cage. Thus, it seems
that there exists a possible rule that the rare earth metal inside a
medium-sized fullerene cage (e.g, Cgo and Cg,) prefers to
reside under a hexagonal ring, instead of sitting above a C—C
bond. Our results have provided fundamentally new insights
into the structure of pristine EMFs and metal—cage interac-
tions, which will be useful to predict the metal positions in
mono-EMFs in future works. It is also expected that such an
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anomalous metal position will have a strong influence on the
chemical behaviors of cage carbons.

B ASSOCIATED CONTENT

© Supporting Information. Complete refs 3b, 4b, 5b, and
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