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Synthesis and Structure of LaSc,N@C|(hept)-Cs, with One Heptagon

and Thirteen Pentagons**

Yang Zhang, Kamran B. Ghiassi, Qingming Deng, Nataliya A. Samoylova,
Marilyn M. Olmstead,* Alan L. Balch,* and Alexey A. Popov*

Abstract: The synthesis and single-crystal X-ray structural
characterization of the first endohedral metallofullerene to
contain a heptagon in the carbon cage are reported. The carbon
framework  surrounding the planar LaSc,N unit in
LaSc,N@C (hept)-Cyg, consists of one heptagon, 13 pentagons,
and 28 hexagons. This cage is related to the most abundant I,-
Cgy isomer by one Stone—Wales-like, heptagon/pentagon to
hexagon/hexagon realignment. DFT computations predict that
LaSc,N@C,(hept)-Cg, is more stable than LaSc,N@Dy,-Cy,
and suggests that the low yield of the heptagon-containing
endohedral fullerene may be caused by kinetic factors.

According to the IUPAC definition, fullerenes are “Com-
pounds composed solely of an even number of carbon atoms,
which form a cage-like fused-ring polycyclic system with
twelve five-membered rings and the rest six-membered
rings”, although the broadened definition also includes any
closed cage structures consisting of three-coordinate carbon
atoms.['! The number of pentagons in this definition follows
from Euler’s theorem as applied to a polyhedron comprising
only pentagons and hexagons. Furthermore, it was found that
adjacent pentagons are strongly destabilizing, and hence the
isolated pentagon rule (IPR) was formulated.” The IPR
requires that each pentagon be surrounded by five hexagons
and is rooted in the anti-aromaticity of the pentalene
fragment and its high curvature, thus leading to the significant
strain in an sp>-based carbon system.

Fullerenes with polygons other than hexagons and
pentagons have been studied theoretically.”! The structural
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consequences from Euler’s theorem applied to fullerenes with
pentagons, hexagons, and heptagons are discussed in detail by
Fowler et al.’ For such a polyhedron, the difference between
the number of pentagonal and heptagonal faces is twelve.
Therefore, addition of a heptagon increases the number of
pentagons by one, while decreasing the number of hexagons
by two. Fowler et al. also showed that, in contrast to strongly
destabilizing pentagon/pentagon edges, the pentagon/hepta-
gon edges are energetically favorable and their number
should be maximized.’! As a result, the most stable isomers
of heptagon-containing fullerenes usually involve a heptagon
fused to an adjacent pentagon pair.

The heptagon-containing fullerenes are usually less stable
than IPR cages, and their formation in a standard arc-
discharge synthesis has never been observed. However, if the
fullerene 7 system is modified and some cage atoms are sp°
hybridized, the stability factors such as the IPR are no longer
applicable. Exohedral derivatization can stabilize the
“defects” (e.g., pentagon adjacencies),*! which makes hepta-
gon-containing fullerenes possible. Among the seven
reported fullerene structures with heptagonal faces, six were
obtained by “etching” the fullerene surface with fluorine or
chlorine under relatively harsh reaction conditions,” and one
was synthesized by introduction of CCl, to the carbon arc./® In
all of these structures except for one (which has no adjacent
pentagons), the pentagon adjacencies accompanying the
heptagon ring are stabilized by exohedral addition of halogen
atoms, thus consequently transforming the halogenated
carbon atoms from sp® to sp’. Metal ions encapsulated
inside the fullerene cage can also stabilize pentagon adjacen-
cies.*" In fact, the number of structurally characterized non-
IPR endohedral metallofullerenes (EMFs) is comparable to
that of ones obeying the IPR. Thus, the IPR is only
a suggestion, not a rule, for endohedral fullerenes.”%¢!

Herein we demonstrate that endohedral metallofullerenes
with heptagonal rings can be obtained in the arc-discharge
synthesis and characterize the first EMF with a heptagon,
LaSc,N@C,(hept)-Cy, by single-crystal X-ray diffraction.
Second, our computational study reveals that an EMF with
heptagonal rings can be as stable as conventional EMFs, and
the fact that they have not been discovered before is due to
their low yields, and not to their thermodynamic stability.

Three isomers of LaSc,N@Cg, LaSc,N@[,-C,,
LaSc,N@Dys,-Cy,, and the heptagon-containing Ci-symmetric
LaSc,N@C,(hept)-Cy,, were synthesized along with the other
mixed-metal La-Sc nitride clusterfullerenes in the arc-dis-
charge synthesis and isolated from the fullerene mixture using
high-pressure liquid chromatography (see the Supporting
Information for further details). Figure 1 shows the molecular
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Figure 1. Two views of the structure of LaSc,N@C;(hept)-Cq, as
determined by a single-crystal X-ray diffraction study of the cocrystal,
LaSc;N@C,(hept)-Cgy-2 Ni(OEP)-2toluene, drawn with 30% thermal
contours. The position of the heptagon and the two adjacent pentalene
units is highlighted in red in the structure pictured on the left, while
only the heptagon, which is nonplanar, is colored red in the structure
pictured on the right. The dashed lines show the contacts between the
metal ion and the nearest cage carbon atoms. The second orientation
of the cage, the toluene molecules, and the hydrogen atoms were
omitted for clarity.

structure of LaSc,N@C,(hept)-Cg, from a cocrystal grown
with Ni(OEP) (OEP =octaethylporphyrin). In agreement
with Euler’s theorem, Cg, with one heptagonal face has 13
pentagons and 28 hexagons. The heptagon and the two
flanking pentalene units are highlighted in red. As usually
observed, metal ions, in this case the Sc ions, are located near
the pentalene units. The LaSc,N unit inside the cage is flat,
but the heptagon is not. As seen at the bottom of the figure,
the heptagon is folded along the line between C5A and C2A.
The dihedral angle between the relatively planar C5A, C6A,
C7A, C1A, and C2A portion and the planar C5A, C4A, C3A,
and C2A portion is 158.05(7)°. In contrast, hexagons and
pentagons in fullerenes are usually planar as they are here in
LaSc,N@C,(hept)-Cq. In other aspects, the structure of
LaSc,N@C,(hept)-Cyy, resembles that of its isomer,
LaSc,N@I,-Cg,, which was described earlier.® There is
disorder in the crystal structure of LaSc,N@C (hept)-Cg, as
described in the Supporting Information.

To reveal the influence of the heptagonal face and non-
uniform distribution of pentagons in LaSc,N@C(hept)-Cg, on
its stability, we have performed a series of DFT computations.
The synthesis of nitride clusterfullerenes usually yields two
isomers with the Cg, cage and is dominant in the M;N@C,,
fullerene mixture.”’) The most abundant isomer has I,-cage
symmetry, whereas the second most abundant structure is the
isomer with the Dy, cage. Both isomers have enhanced
stability because of the uniform distribution of pentagons
minimizing the on-site Coulomb repulsion of six electrons
transferred to the fullerene from the endohedral cluster.”
Table 1 lists relative energies of Cy°~ and nitride clusterful-
lerenes with different clusters encapsulated within the three
isomers of Cg,. For all studied compounds, the isomers with
the I, Gy, cage have the lowest energies, and are therefore
used as a reference. In the empty, hexaanionic state, Cy(hept)-
Cyo is 171 kJmol ™! less stable than the I, isomer. The Ds,
isomer is the second most stable with the relative energy of
88 kJmol™'. Note that with such a high relative energy,
C,(hept)-Cg, is still the third most stable isomer of Cg,°~ (see
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Table 1: Relative energies (k) mol™') of three Cg°~ and M;N@Cy, cage
isomers.F!

Iy Dy, C,(hept)
Cao®™ 0 88 171
LaSc,N@Cso 0 61 27
Y;N@Cy 0 70 31
Sc;N@Cgo 0 67 92

[a] DFT calculations are performed at the PBE/TZ2P level with SBK-type
effective core potential basis set for Sc, Y, and La atoms as implemented
in Priroda package.""

Ref. [10a] and Table S2 in the Supporting Information for
relative energies of other isomers). Encapsulation of nitride
clusters only slightly affects the relative stability of the Dy,
isomers (it varies in the 60-70 kJmol™' range depending on
the cluster), but stability of the C,(hept)-Cq, isomer is
dramatically enhanced. LaSc,N@C(hept)-Cy, is only
27 kJmol™! less stable than the I, isomer and is therefore
substantially more stable than the Dy, isomer (note that the
configuration of the LaSc,N cluster with an La atom
coordinating one of the pentalene unit is 49 kJmol™' less
stable than the experimentally observed structure). A sim-
ilarly high stability is predicted for the Y;N@C,(hept)-Cy,
(31 kJmol™"). Only for the smaller Sc;N cluster is the relative
energy of Sc;N@C(hept)-Cqy higher than that of the
Sc;N@Dy,-Cg, isomer. To ensure that these values are not
the result of an artifact of a given density functional and basis
set (PBE/TZ2P), we performed a series of calculations using
different functionals and found similar results (see the
Supporting Information).

Thus, the DFT study revealed an unexpectedly high
stability for the M;N@C(hept)-Cqy, isomer. For nitride
clusters with large metals (Y and presumably lanthanides,
which have similar ionic radii) the heptagon-containing
isomer is considerably more stable than the Ds, cage. If the
isomeric distribution would be governed by the thermody-
namic stability, a much higher yield of the heptagon-contain-
ing isomer might be expected (at least, exceeding that of the
Dy, isomer). However, all experimental studies in the last
decade contradict this expectation. Before this work, there
was only one report on the presence of the third isomer in the
M;N@C,, mixture. In 2006, Yang and Dunsch reported the
isolation of the third isomer of Dy;N@Cy, but its structural
characterization was not possible at that time."” The relative
yield of Dy;N@Cg, (IIT) was very low, similar to the low yield
of the LaSc,N@C(hept)-Cy, in this work (about five times
lower than that of the Dy, isomer).

The reason for the low yield of the C,(hept)-Cg, structures
might be in the kinetic factors, that is, the ease of the
structural rearrangement to other EMFs. Molecular dynamics
simulations of the fullerene formation show that heptagonal
rings are not uncommon for the intermediate structures, and
are then annealed into the more stable fullerenes.*! Compar-
ison of the C(hept)-Cyg and I,-Cy, isomers reveals their close
similarity. These two structures are related by a Stone—Wales-
like, heptagon/pentagon to hexagon/hexagon (7/5-6/6)
realignment of the C, fragment (light green segment in
Figure 2a,b). Our computations showed that the barrier to

Angew. Chem. 2015, 127, 505-509


http://www.angewandte.de

Figure 2. Molecular structures of LaSc,N@Cg, isomers and related
structures: a) LaSc,N@C,(hept)-Cg. b) LaSc,N@/,-Cgo. The cage frag-
ment near the heptagon is highlighted in red, and the C—C bond which
is “rotated” in the 7/5-6/6 realignment is highlighted in light green.

c) LaSc;N@C;3 with the C,(22010) cage which can be obtained from
the LaSc,N@C,(hept)-Cq by removal of one C, fragment. Position of
the removed fragment is shown as “ghost” atoms and the second
pentagon pair in C,(22010)-C;; formed after removal of the C, frag-
ment is highlighted in black. d) LaSc,N@G;, (8)-Cg,. Removal of the C,
fragment, highlighted in yellow, from this structure and formation of
missing C—C bonds (thin yellow lines) yields the LaSc,N@C;(hept)-Cg.
Sc magenta, La orange, and N blue.

the concerted 7/5-6/6 realignment for Cg°" is 680 kJmol ™
(7.05 eV; the barrier energy is defined as the energy of the
transition state. See the Supporting Information). Encapsu-
lation of the LaSc,N cluster reduces the barrier to
634 kJmol™' (6.57 eV). We have also tried to find if coordi-
nation of metal atoms can catalyze the 7/5-6/6 realignment. If
the LaSc,N cluster is rotated so that the Sc atom is directed
towards the rearranging fragment, the barrier remains
virtually the same (630 kJmol™'), whereas coordination of
the La ion increases the barrier to 655 kJmol™' (6.79 eV).
These values are comparable to the Stone—Wales barrier of
about 7eV as predicted at the DFT level for empty
fullerenes."¥ Encapsulation of metal atoms was also predicted
to reduce the barrier. For instance, in La@Cg, the barrier is
reduced to 6.26 eV (versus 7.16 in Cg,).1*"]

Another mechanism possibly leading to LaSc,N@C,-
(hept)-Cg, and responsible for its consumption is addition/
removal of a C, fragment."” This mechanism is responsible
for the formation of heptagonal rings in halogenated full-
erenes.’* ¥ Removal of the C, fragment from the pentagon/
pentagon edge in LaSc,N@C,(hept)-Cg, leads to LaSc,N@C
with the non-IPR C,(22010) cage isomer (Figure 2c¢). This
M;N@C, isomer is usually formed in the synthesis of nitride
clusterfullerenes with a large cluster size,'® including the
LaSc,N@GC,, system studied in this work. In contrast, if a C,
unit is added to the heptagonal ring of LaSc,N@C(hept)-Cy,,
the isomer of LaSc,N@Cg, with the C;,(8) cage symmetry can
be formed (Figure 2d). However, the C;,(8) cage isomer is
usually the most abundant for clusterfullerenes with the
formal fourfold electron transfer (e.g. carbides!”! or sul-
fides),[lg] but is not common for nitride clusterfullerenes. Thus,
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the formation of the LaSc,N@C,(hept)-Cg, cage might be
a result of a top-down mechanism with the transient, unstable
LaSc,N@C,,(8)Cs, as the cage precursor.['”)

The close similarity of the Cy(hept)-Cq, and I,-Cy, cages
raises the question how the presence of the heptagonal ring
affects the electronic structure of LaSc,N@Cyg,. Figure 3a,b

(a) (b)
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Evs[Fe(Cp),1"I V
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Figure 3. a) UV/Vis/NIR absorption spectra of LaSc,N@C,(hept)-Cqg,
and LaSc,;N@1,-Cg in toluene. b) Cyclic voltammograms of
LaSc,N@C;(hept)-Cgy and LaSc,;N@1,-Cqy in o-dichlorobenzene with
(nBu),N (PF) as a supporting electrolyte; scan rate 100 mVs™'. To
guide the eye, vertical dashed bars denote reduction and oxidation
potentials of the LaSc,N@ C;(hept)-Cg,. c) Isosurfaces of the HOMO
and LUMO of LaSc,N@C,(hept)-Cg, (isovalue 0.035 a.u.) computed at
the PBE/TZVP level and visualized using VMD code.”l

compares the UV/Vis/NIR absorption spectra and cyclic
voltammograms of the two isomers. Whereas the LaSc,N@],-
Cy absorbs light only in the visible range (the lowest energy
peak is at =728 nm, the onset is at about 1=800nm),
absorption of the heptagon-containing isomer is extended to
the NIR range (the lowest energy peak is at 4 =1000 nm, the
onset is at about A=1120 nm). Thus, the optical gap in the
C,(hept)-Cy, isomer is 0.45 eV smaller and it may find use in
electronic devices. Further insight into the frontier orbital
energies is provided by cyclic voltammetry. Nitride cluster-
fullerenes usually exhibit electrochemically irreversible but
chemically reversible reductions and one reversible oxidation
step. LaSc,N@/,-Cg, is a typical example of such redox
behavior (Figure 3b). In contrast, LaSc,N@C,(hept)-Cg,
exhibits two reversible reductions, but an irreversible oxida-
tion step. The oxidation potentials of the two isomers are very
similar (Table 2), near +0.6 V versus the [Fe(Cp),]™ redox
couple. However, the reduction potential of the LaSc,N@C,-
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Table 2: Redox potentials (V) of LaSc,N@C;(hept)-Cg, and LaSc,N@ /-
CSO'[a]

LaSc,N@Cyy gapee Ox-Il Oxl Red-I Red-II Red-I11
C,(hept)-C, 1.69 1.04° 061" 108 147  —2.34"
1,-Cao 1.98 1128 062 —1.360  —1.8881 2170

[a] All potentials are determined by cyclic voltammetry and are referred
versus [Fe(Cp),]™/° redox couple. [b] Peak potentials are given for
electrochemically irreversible processes

(hept)-Cg, (—1.08 V) is substantially more positive than that
in the icosahedral isomer (—1.36). Thus, the 7/5-6/6 realign-
ment of the C, fragment does not affect the HOMO energy
but noticeably stabilizes the LUMO.

The spatial distribution of the HOMO and LUMO in
LaSc,N@C,(hept)-Cy, is visualized in the Figure 3c. Both
MOs are delocalized over the carbon cage, have noticeable
but not prevailing contributions from the heptagonal ring and
adjacent pentalene fragments, and have negligible contribu-
tions from the metal atoms. The LUMO has also enhanced
contributions from the carbon atoms at the hexagon/heptagon
edge which are highlighted in green in Figure 2 and Figure 3.
Note that this bond is the shortest C—C bond in the molecule
(DFT bond length 1.403 A, the next shortest value is 1.411 A).
The crystallographic values for this C—C bond length are
1.374(15) A and 1.362(18) A for the two different cage
orientations.

More than 25 years of the fullerene research resulted in
formulation of the number of rules which govern the fullerene
stability and molecular structures. One of the first rules to be
established for empty cage fullerenes was the IPR, which
stated that adjacent pentagons are destabilizing and should be
avoided.”! The avoidance of the rings other than pentagons
and hexagons is another such rule which even found its way
into the commonly accepted definition of fullerenes. While
the IPR is a useful guide to predicting cage structures for
endohedral fullerenes it was not designed for that purpose.
The discovery of Sc;N@Cg!™ and Sc,@Cq™! in 2000
demonstrated that non-IPR cages could be stabilized when
there were metals inside the cage. In this work, we showed
that avoidance of heptagonal rings is also not necessary to
obtain stable fullerene structures without externally attached
groups. We have isolated and characterized the first endohe-
dral metallofullerene with one heptagonal ring and proposed
that its low yield may be ascribed to the kinetic factors rather
than to thermodynamic stability. Hence, EMF synthesis may
not be always operating under thermodynamic control.
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