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ABSTRACT: The isolation and structural characterization of three new monometallic
uranium metallofullerenes, U@D,(21)-Cgy, U@C,(15)-Cgs, and U@C;(11)-Cgg, allowed
us to complete an interconversion map for all the characterized uranium mono-
metallofullerenes. The topological analysis reveals that asymmetric fullerene cages, which
may be formed by roll and wrap processes directly from graphene, are the starting points
for a series of highly symmetric fullerene structures via top-down and bottom-up growth
mechanisms. Moreover, some asymmetric intermediates, such as C;(28324)-Cg, can serve
as precursors to form either larger cages in consecutive growing processes or smaller cages
during cascade shrinking processes. This work provides evidence for both top-down and
bottom-up processes happening simultaneously during the arcing processes. This study
also sheds light on the prediction of possible cage structures for minor products produced

in low yields in the soot.

1. INTRODUCTION

Fullerene cages, which are unstable in their empty form, can be
stabilized by encapsulation of metal atoms and clusters."” To
date, many fullerenes with variable isomeric cage structures
and different sizes, which are not available in their pristine
empty form, have been isolated and structurally characterized
only as metallofullerenes.'~* The intercage transformations
between these isolated endohedral metallofullerene (EMF)
isomers, some of which are considered to play a key role in the
growth path of fullerenes, are of special interest to understand
the formation and growth mechanisms of fullerenes.

In contrast to some complicated routes, two facile processes,
namely, Stone—Wales transformation (SWT)> and C,-
insertion or extrusion, are supposed to be the more favored
transformation pathways of fullerenes based on their relatively
low energy barriers.®” Multiple transformation pathways, based
on these two processes, are established to connect fullerene
cages, as shown in Figure 1. For example, some heptagon/
pentalene-containing fullerene intermediates have been
structurally characterized, such as Sc,C,@C,(hept)-Cgs,*
LaSc,N@C,(hept)-Cg,” and Sc,S@C,(10528)-C,."° Follow-
ing relatively simple pathways, two mechanisms, i.e., the top-
down and bottom-up mechanisms, have been proposed for
fullerene formation.

In recent years, experimental support for the top-down
mechanism has been reported. These reports proposed that
smaller fullerenes can be formed via loss of carbon atoms from
larger fullerene cages or even from graphene at high
temperatures in an argon stream.”'' The structural identi-
fication of Eu@C,(27)-Cgs, M,C,@C,(51383)-Cq, (M = Gd
and Y), and La,C,@C,(816)-C,, provided evidence for the
top-down formation mechanism at the molecular level."”~"*
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Figure 1. Multiple transformation pathways that interconvert
fullerene cages. (a) Generalized SWT. (b) Formation of a heptagon
through one SWT. (c) Formation of a pentalene or heptagon via C,
elimination/addition. C, insertions are highlighted in blue, and C,
extrusions are highlighted in orange.

These cages are proposed to be intermediates for many
existing, highly symmetric fullerenes with either IPR (isolated
pentagon rule) or non-IPR structures. However, it is important
to mention that C, extrusion from an already closed fullerene
requires more energy than C, insertion under a rich carbon
vapor atmosphere, whereby the formation of fullerenes might
prefer to follow a bottom-up growth mechanism.%'>'
Consistently, the laser synthesis process of the U@C,, and
Ti@C,, families demonstrate that the smallest stable fullerenes
may act as precursors for the growth of fullerene cages.”'”
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Another strong supporting argument for the bottom-up growth
mechanism is the isolation and structural characterizations of
two pairs of EMFs that can be related via a direct C, insertion,
that is, Sc,S@C,(7892)-C,0/Sc,S@C,(10528)-C,, and
SCZCZ@CM@)-C86/Sc2C2@Cs(hept)—CSS.S’lo’ls’w

Nevertheless, due to the lack of in-situ experimental
evidence, the formation and growth mechanisms of fullerenes
are still open questions. Therefore, the carbon cage diversity of
newly isolated EMFs will likely be helpful to establish more
comprehensive mechanistic pathways for fullerene formation.
Remarkably, our recent success in the isolation and character-
izations of the non-IPR actinide EMFs demonstrated that
“missing” fullerene cages could be stabilized in the form of
actinide EMFs with a relative high product yield.*® Further
topological studies show that the two non-IPR chiral cages,
C,(17418)-C5s and C,(28324)-Cg, are enantiomerically
connected by only two C, insertions.”’ We hypothesize and
anticipate that some previously undiscovered fullerene cage
structures could be stabilized by encapsulating actinide metals,
which could provide new evidence to elucidate the formation
and growth mechanisms of fullerenes.

Herein, the isolation and characterization of three novel
uranium-containing metallofullerenes, namely, U@D,(21)-Cag,,
U@C,(15)-Cgq, and U@C;(11)-Cgg, enabled us to assemble an
interconverting chart including all of the characterized
monometallic uranium EMFs. None of these three cages has
been reported previously for lanthanide mono-EMFs. More
importantly, the resulting interconverting chart suggests that
the starting point in the rearrangement process via either top-
down or bottom-up mechanistic steps seems to be the same
asymmetric cage intermediate.

2. RESULTS AND DISCUSSION

2.1. Preparation, Purification, and Spectroscopic
Characterizations of U@C,, (2n = 84, 86). Soot containing
U@C,, (2n = 84, 86) was synthesized by a modified direct-
current arc-discharge method.”> Graphite rods packed with
U,Og/graphite powder (molar ratio of M/C = 1:24) were
annealed and then vaporized in the arcing chamber under a
200 Torr helium atmosphere. The collected raw soot was then
extracted using refluxing CS, for 12 h. Multi-stage HPLC
separation procedures were employed to isolate and purify U@
Csy and U@Cg (I, II) (see Figures S1—S3, Supporting
Information). The purity of the isolated U@Cg and U@Cg
(I, ) was confirmed by both HPLC and by MALDI-TOF
mass spectroscopic analyses (Figure 2). The Vis-NIR
absorption spectra of the three compounds are shown in
Figure 3. All of them show obvious absorptions in the range
from 400 to 1600 nm with very large optical bandgaps,
reflecting relatively high thermodynamic stability. U@Cg,
exhibits distinct absorptions at 807, 614, and 541 nm, while
U@Cg4(1) exhibits two absorptions at 869 and 649 nm. These
absorption features are somewhat different from those of
previously reported compounds containing Cg, and Cgg cages,
which may indicate the presence of totally new Cg,/Cys cage
structures. The Vis-NIR absorption spectrum of U@Cgs(11)
displays two absorptions at 618 and 466 nm, which resemble
those reported for Th@C,(11)-Cgs.>’

2.2. Crystallographic Identifications of U@D,(21)-Cg,,
U@C,(15)-Cgs, and U@C;(11)-Cg4. The molecular structures
of U@Cyg, and U@Cg (I, II) were determined using single-
crystal X-ray diffraction (XRD). Co-crystals for the three
compounds were obtained by layering a chloroform solution of
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Figure 2. HPLC chromatograms of purified U@Cg, and U@Cgs (I,
II) on a SPBB column with toluene as the eluent at a flow rate of 1.5
mL-min~". Insets show the positive mode MALDI-TOF mass spectra
and expansions of the experimental and theoretical isotopic
distributions of U@Cg4 and U@Cgy (I, II).
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Figure 3. Vis-NIR absorption spectra of pure U@Cg, and U@Cg (I,
II) in CS,.

Ni"(OEP) (OEP = 2,3,7,8,12,13,17,18-octaethylporphyrin
dianion) over a nearly saturated CS, solution of the purified
endohedral metallofullerene. The crystal systems of all three
compounds fall into the monoclinic space group C,/m, where
the asymmetric unit contains two halves of the carbon cage.
Accordingly, the intact fullerene cage is generated by
combining one half of the cage with the mirror image of the
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other, both having an occupancy value of 0.50. Figure 4 shows
the structures of the metallofullerenes and their relative
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Figure 4. ORTEP drawings showing the relative orientations of the
uranium endohedrals and the porphyrin ring for (a) U@D,(21)-Cg,-
Ni''(OEP), (b) U@C,(15)-CgsNi"(OEP), and (¢) U@C,(11)-Cgs
Ni"(OEP). Thermal ellipsoids are shown at the 10% probability level,
and the band of contiguous hexagons in D,(21)-Cg, is highlighted in
orange. Only the major fullerene cage and the major uranium site are
shown. Minor sites and solvent molecules are omitted for clarity.

orientations with respect to the co-crystallized Ni"(OEP)
molecules. The porphyrin ring faces a relatively flat region of
each fullerene cage, with the shortest cage—Ni"(OEP) contacts
ranging from 2.886 to 2.963 A, due to n—r stacking
interactions between each EMF molecule and the porphyrin
ring.

Notably, the fullerene cages for U@Cg, and U@Cgy (1) are
not the same IPR isomers found for the previously reported
Sm@D3d(19)‘C84:24 Sm@C2(13)—C84,24 EU@D3d(19)‘C84;25
EU@C2(13)‘C84;14 Eu@Cz(ll)-C84,l4 Yb@C2(13)-C84,26
LuZ@CZv(7)'C84727 Luz@Dzd(23)'C84;28 S¢,C,@D,4(23)-
Cs4;29 Eu@C1(7)-C86,14 Luz@cs(s)'C86;27 Luz@czv(9)'css;28
LuZCZ@C2v(9)'C86)27 Sczcz@czv@)'cswlg Gd3N@D3(19)'
Cee" TbsN@D;(19)-Cgg,®' and LusN@D;(19)-Cg* Anal-
ysis of cage connectivity identified U@Cgy as U@D,(21)-Cg,
and U@Cgs (1) as U@C,(15)-Cg, the same C,(15)-Cgg was
only reported for Lu,@C,(15)-Cgg previously.”” It is important
to note that D,(21)-Cg, is a totally new chiral cage, for which
we observe the two enantiomers (cage 1 and cage 1A), see
Figure S4. The crystallographic data indicate that U@Cgq (II)
utilizes the C,(11)-Cg cage, which is the same cage isomer
found for Th@C,(11)-Cg.” It is interesting to note that larger
fullerene cages, which are stabilized as actinide EMFs, can be
very different from those of lanthanide EMFs due to the
existence of many IPR cage isomers. No significant differences
are observed for smaller cages, which exhibit fewer IPR
isomers.

The U ions in all three compounds exhibit some disorder, as
shown in Figure S. For U@D,(21)-Cg,, seven U ion positions
are observed, with fractional occupancies ranging from 0.3 to
0.01. Figure Sa shows all the identified metal sites within cage
1. Five of them are duplicated by the crystallographic mirror
plane because they are not located at the symmetry plane.
Interestingly, the arrangement of uranium atom sites in
D,(21)-Cg, is not distributed along the band of contiguous

Figure 5. Perspective drawings showing the disordered uranium sites
and the interaction of the major U site with the closest cage portion in
(3, d) U@D,(21)-Cyy, (b, &) U@C(15)-Cy, and (¢, f) U@C,(11)-
Cge- The U atom labeled with “A” is generated by the crystallographic
operation. The fractional occupancies for the major U sites
(highlighted in red) in U@D,(21)-Cg, U@C,(15)-Cg, and U@
C,(11)-Cg4 are 0.30, 0.11, and 0.28, respectively. The U sites with
relatively high occupancies (>0.10) are shown in orange, while the U
sites with low occupancies (0.01—0.08) are shown in blue.

hexagons, which is different from what was reported previously
for U@Czu(9)'csz;33 Sm@C2(4O)-C90,34 Sm@C2(42)-C90,34
Sm@C,,(46)-Cyo,”* and Sm@C,(45)-Coo.”* The major metal
site UL (0.3 occupancy) is residing on the crystallographic
mirror plane. A closer look reveals that Ul is situated under
the center of a hexagon with the closest U—cage contacts in
the range of 2.202 (14)—2.36 (3) A (as shown in Figure Sd
and Figure S5).

Similarly, there are nine U ion positions with fractional
occupancies ranging from 0.11 to 0.03 for U@C,(15)-Cge.
Only U7 (0.03 occupancy) resides at the symmetry plane;
eight additional metal sites are generated via the crystallo-
graphic mirror plane (as shown in Figure Sb). The primary U
atom Ul (0.11 occupancy) is situated over a [6,6]-bond
junction with very short U—cage distances of 1.87 (4) and 2.02
(3) A, whereas UlA (the mirror-related site of Ul) is located
over the center of a hexagon with an average closest U—cage
contact of 2.206 (6) A (Figure Se and Figure S6). Even though
both locations are identically occupied from the crystallo-
graphic perspective, the UlA—cage distances are similar to the
typical U—cage contacts reported in our previous crystallo-
graphic results, whereas the Ul—cage distances are too short to
correspond to real U—cage distances. Accordingly, the UIA
occupancy is assigned as the most stable structure for the cage
orientation shown in Figure Se.

For U@C;(11)-Cg, only four U ijon positions were
observed, with fractional occupancies of 0.28, 0.17, 0.03, and
0.02. Another four positions, namely, UlA, U2A, U3A, and
U4A, were generated via the crystallographic operation (as
shown in Figure Sc). As compared to the multiple positions for
U in the C,(15)-Cgq cage, the movement of the U atom in the
C,(11)-Cgs cage is relatively hindered. Similar positional
distributions have also been reported previously for the
crystallographic structures of U@C,(28324)-Cg,”' Th@
C,(28324)-Cgp,”" and Th@C,(11)-Cygy,** thus indicating that
the cage symmetry may play an important role on the
movement of the metal atom inside the fullerene cage. Note
that the C;(11)-Cgq cage is chiral, so the two cage orientations
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(cage 1 and cage 1A) are actually enantiomeric species (as
shown in Figure S7). Figure Sf and Figure S8 show the major
site of the U atom in cage 1. The primary U atom Ul (0.28
occupancy) is situated over the center of a hexagon with the
closest U—cage contacts in the range of 2.31 (2)—2.399 (2) A,
very similar to the major Th site in Th@C,(11)-Cgs.>?

2.3. Electrochemical Properties for U@D,(21)-Cg,, U@
C,(15)-Cg6, and U@C;(11)-Cgg. The electrochemical proper-
ties of U@D,(21)-Cqy, U@C,(15)-Cge, and U@C,(11)-Cqg
were investigated by means of cyclic voltammetry (CV) using a
glassy carbon working electrode in ortho-dichlorobenzene (o-
DCB) containing tetra(n-butyl)ammonium hexafluoro-
phosphate (TBAPF() as supporting electrolyte (see Figure
6). All of the redox processes of U@D,(21)-Cg,, U@C,(15)-

a) b)

U@C,(15)-Cgs U@C;(11)-Cgs

Current
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Figure 6. Cyclic voltammograms of (a) U@C,(15)-Cg, (b) U@
C1(11)-Cgq, and (c) U@D,(21)-Cgy in o-dichlorobenzene (0.05 M
(n-Bu),NPFg; scan rate 100 mV/s for CV).

Cgg and U@C,(11)-Cyg are electrochemically reversible. Both
U@D,(21)-Cg, and U@C,(11)-Cgs display four reductive
steps and one oxidative step, whereas four reductive steps and
two oxidative steps were observed for U@C,(15)-Cgs. The
observed redox potentials of these three compounds are
summarized in Table 1. As expected, the influence of the cage
structures on the electrochemical potentials is obvious. The
first reduction potentials for U@D,(21)-Cgy, U@C,(15)-Cgs,
and U@C,(11)-Cg are almost identical, indicating that the
lowest unoccupied molecular orbital (LUMO) is unaffected by
the cage symmetry. However, their first oxidation potentials
are very different. The first oxidation potential for U@C,(11)-
Cg (0.18 V) is 60 mV lower than that for U@C,(15)-Cgs (0.24
V). The first oxidation potential for U@D,(21)-Cg, is even

more cathodically shifted to 0.07 V, giving rise to a relatively
smaller electrochemical gap of 0.75 V. This result also
correlates well with the optical band gap calculated from the
UV-Vis-NIR absorption. It is worth noting that the first
reduction potential of U@C,(11)-Cgg is at —0.69 V, which is
far more positive than that for Th@C,(11)-Cg (—1.17 V),*
resulting in a relatively smaller electrochemical gap of 0.87 V,
compared to 1.38 V for Th@C,(11)-Cg. A similar
phenomenon was observed for U@C,(28324)-Cgy and Th@
C1(28324)-Cg,.>" Our previous frontier molecular orbital
analyses showed that the energies of the Th empty orbitals
are higher than those of the cage orbitals, whereas the U Sf
orbitals are quite low in energy. As a result, the LUMO is
localized on the carbon cage for Th@C,(28324)-Cg, but on
the metal for U@C,(28324)-Cg,. The completely different
location of the LUMOs for Th mono-EMFs and U mono-
EMFs significantly affects where their reduction processes take
place and eventually generates a large difference in their
electrochemical gaps.

2.4. Interconversion Diagram for Uranium Mono-
metallofullerenes. We recently reported that a series of
monometallic uranium EMFs with cages ranging from C,, to
C,o4 were obtained by arcing graphite rods filled with uranium
oxide and graphite powder by a modified direct-current arc-
discharge method. In this family, the molecular structures of
the most abundant species, that is, U@D;,(1)-C,,,>> U@
C,(17418)-Cy,”' U@C,(28324)-Cy,”' U@Cy(5)-Cyp,™* U@
C,,(9)-Cgp,>* U@D,(21)-Cy,(this study), U@C,(11)-Cg (this
study), and U@C,(15)-Cg (this study), have been charac-
terized by single-crystal XRD. It is worth noting that three of
them possess C;-symmetric fullerene cages: C;(17418)-C,
C,(28324)-Cg, and C;(11)-Cg. Interestingly, our topological
analysis reveals that C,(11)-Cgs and C,(17418)-C,4 are
obtainable via spontaneous rolling and wrapping directly
from flat graphene sheets (Figure 7). Likewise, another low-
symmetry fullerene cage, C,(27)-Cgg, was also supposed to be
obtained by the rolling and wrapping of a graphene fragment.'*
Although the specific transformation routes are still not fully
understood, previous transmission electron microscopy studies
provided direct evidence for fullerene formation directly from
graphene sheets.'' Besides, the C;(28324)-Cg, cage is
enantiomerically correlated to the C;(17418)-C,¢ cage.
Enantiomer el (e2) of C,(17418)-C.4 and enantiomer e2
(el) of C,(28324)-Cg, are topologically connected by only
two C, insertions with no rearrangements needed. Unexpect-
edly, based on the cage structures of U@C,(17418)-Co,, U@
C;(28324)-Cqy, and U@C,(11)-Cgs, we are now able to
complete an interconversion map for all of characterized
monometallic uranium EMFs. More importantly, some new
cages are also involved in these processes according to the
topological correlation. We propose that the presence of these
cages may play an important role in predicting the possible
cage structures for minor products with low yield.

Table 1. Redox Potentials (V vs Fc/Fc*)” and Electrochemical Bandgaps of U@D,(21)-Cg,, U@C,(15)-Cgq, and U@C,(11)-

Css
species *E, *E, redp 1
U@D,(21)-Cg, - 0.07 —0.68
U@C,(15)-Cg 0.82 0.24 —0.60
U@C,(11)-Cg - 0.18 —0.69

“Half-cell potentials (reversible redox process).

redp redp, redp, AE,,
-1.22 —1.55 —2.12 0.75
—1.28 -1.57 —2.19 0.84
—1.54 —~1.86 —226 0.87
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Rolland Wrap
—
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C4(17418)-Cyg

Figure 7. Hypothesized formation of (a) C,(11)-Cgs and (b)
C,(17418)-C,4 through spontaneous self-assembly of flat graphene
sheets.

Figure 8 depicts the interconversion map, and the detailed
pathways are illustrated in the Supporting Information
(Figures S9—S17). On the one hand, three [S,5]-C, extrusions
with a subsequent SWT on C;(28324)-Cg, produce Dy;(1)-
C,, directly. On the other hand, the transformation from
C(11)-Cgq to C,(15)-Cgq is straightforward via a single SWT.
Afterward, elimination of a C, unit from a pentalene unit
generated by one SWT on C,(15)-Cg affords C,(10)-Cgy. In
further steps, D,(21)-Cg4 can be obtained via one SWT from
C,(10)-Cq4, while C,,(9)-Cg, is formed from C,(10)-Cg,
through a SWT and a subsequent [5,5]-C, extrusion. The
isomerizations between three Cg, cages, namely, C,,(9)-Cg,,
C,(6)-Cgy, and C,(5)-Cs,, are related by a single SWT each.

In addition to the top-down process, we noticed that
C,(28324)-Cg, can also be a potential precursor for C,,(9)-
Cg, Cy(6)-Cgy, and C,(5)-Cg, via a bottom-up mechanism.
First, C;(28324)-Cg, undergoes a SWT to form C(hept)-Cqy.
Interestingly, a simple C, insertion at the heptagon results in
the generation of C,(6)-Cg,. Subsequently, C,,(9)-Cg, and
C,(5)-Cs, are obtainable from C,(6)-Cg, via a single SWT
each.

Clearly, our topological analysis reveals that fullerene cages
with low symmetry, which may be formed directly from
graphene, play important roles as starting points for metallo-
fullerene transformations via top-down and bottom-up
processes. This observation is also corroborated by previous
studies of C,(816)-C,y, (obtained in the form of La,C,@
C,(816)-Cys), C5(27)-Cgg (obtained in the form of Eu@
C,(27)-Cygg), and C,(51383)-C,, (obtained in the form of
Gd,C,@C,(51383)-Cg,). These compounds are considered to
be the key structures in the transformation map for most of the
characterized metallofullerenes."”™'* Likewise, Sc,S@
C,(7892)-C,, was found to be the potential precursor of
Sc,S@C,(10528)-C,, via a bottom-up growth.'”'® More
interestingly, in contrast to the above-mentioned low-
symmetry cages, C;(28324)-Cg, can evolve into either smaller
highly symmetric cages via cascade shrinking processes or
larger highly symmetric cages via consecutive growing
processes. To the best of our knowledge, this analysis

represents the first example that shows that the starting
point for a top-down or bottom-up mechanistic transformation
can arise from the same asymmetric intermediates. Based on
these observations, we anticipate that the C,(11)-Cg4 cage may
serve as a key link for the formation of some larger cages (such
as Cgy isomers) via the insertion of C, units in a bottom-up
process.

It should also be noticed that all of the compounds included
in this transformation matrix belong to the family of U@C,,
(2n = 74—104), which were produced under the same arcing
conditions. Therefore, all the transformation routes (C,
insertion and C, extrusion) mentioned in Figure 8 likely
occur simultaneously. Kroto and colleagues proposed that the
insertion of C, units to small carbon nanoclusters and fullerene
cages is less energetically demanding than the extrusion of
them when there is enough carbon vapor concentration in the
surrounding atmosphere.”">'® In addition, it has also been
found that smaller fullerene cages can be formed via C,
extrusions from larger fullerene cages or even from graphene
under a low carbon vapor atmosphere.'”** In this regard, we
conclude that the top-down and bottom-up processes may
happen simultaneously in the arcing process.

It is worth mentioning that a series of minor isomers of U@
C,, were detected along with the major products. The cage
structures of these minor isomers have not been characterized
so far due to the extremely low yields. In this regard, we
speculate that C,(hept)-Cgy, C,(6)-Cg,, and C,(10)-Cg, are
most likely candidates based on their topological correlations
with the other existing cage isomers shown in Figure 8. We
acknowledge that our proposed scheme is not the only possible
transformation matrix for monometallic uranium EMFs. The
minor products might follow other transformation routes as
well. New asymmetric cages are likely to be found as starting
points for different transformation matrices in the future.

3. CONCLUSIONS

In summary, three new monometallic uranium metallo-
fullerenes, U@D,(21)-Cqy, U@C,(15)-Cg, and U@C,(11)-
Cgs, have been successfully synthesized and fully characterized
by mass spectrometry, single-crystal X-ray diffractometry, UV-
vis-NIR, and cyclic voltammetry. Along with the character-
ization of these fullerene cages, an interconversion map
including all of the characterized uranium mono-metallo-
fullerenes is presented. The topological analysis reveals that the
same asymmetric fullerene cages can lead to the formation of
many highly symmetric fullerene structures via either top-down
or bottom-up processes. This work provides evidence to
demonstrate that both top-down and bottom-up processes may
happen simultaneously during the arcing process. The
topological interconversion diagram provides the basis for
future in-depth theoretical calculations of the possible
intermediates and energy barriers.

4. EXPERIMENTAL SECTION

4.1. Synthesis and Isolation of U@C,, (2n = 84, 86). The
carbon soots containing U@C,, (2n = 84, 86) were synthesized by
the direct-current arc-discharge method. The graphite rods, packed
with U;Og/graphite powder in a molar ratio of 1:24, were vaporized
in the arcing chamber under 200 Torr He. The resulting soot was
extracted using refluxing CS, under an argon atmosphere for 12 h.
The separation and purification of U@C,, (2n = 84, 86) were
achieved by multi-stage high-performance liquid chromatography
(HPLC) procedures. Multiple HPLC columns, including a Bucky-
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Figure 8. Fullerene structural interconversion map with the asymmetric cages as starting points via both top-down and bottom-up processes. All the
presently characterized uranium mono-metallofullerenes are included in this diagram, while potential minor products are highlighted in purple. The
top-down processes are indicated by orange arrows, while the bottom-up processes are indicated by blue arrows. The fused pentagons in the cage
framework are highlighted in yellow. The atoms in orange, blue, and green indicate the starting points in the top-down process, the bottom-up
process, and the SWT interconversion, respectively. The detailed pathways are illustrated in the Supporting Information (Figures S8—S16).

prep-M column (10 X 250 mm), a Buckyprep-D column (10 X 250
mm), and a Buckyprep column (10 X 250 mm) (all Cosmosil, Nacalai
Tesque, Kyoto, Japan), were utilized in this procedure. Further details
are described in the Supporting Information.

4.2. Spectroscopic Studies. Laser desorption/ionization time-of-
flight (LDI-TOF) mass spectrometry was measured on a Bruker LRF
MALDI spectrometer. Ultraviolet—visible—near-infrared (UV-Vis-
NIR) spectra of the purified U@C,, (2n = 84, 86) in CS, solution
were measured with a Cary 5000 UV-Vis-NIR spectrophotometer.

4.3. Electrochemical Studies. Cyclic voltammetry (CV) results
were measured in o-dichlorobenzene with 0.05 M (n-Bu),NPF; as the
supporting electrolyte using a CH Instruments potentiostat. A
conventional three-electrode cell consisting of a platinum counter-
electrode, a glassy carbon working electrode, and a silver reference
electrode was used for all measurements. All potentials were reported
relative to the Fc/Fc* couple.

4.4. Single-Crystal X-ray Diffraction. Crystalline blocks of U@
C,, (2n = 84, 86) were obtained by layering a chloroform solution of
Ni"(OEP) over a nearly saturated solution of the respective
endohedral in CS, in a glass tube. Over a 20-day period, the two
solutions diffused into each other, and black crystals formed. XRD
measurements were performed at 150 K on a Bruker APEX-II CCD
diffractometer. The multi-scan method was used for absorption
corrections. The structures were solved by a direct method and

refined with SHELXL-2018.°° Hydrogen atoms were inserted at
calculated positions and constrained with isotropic thermal
parameters.

Crystal data for U@D,(21)-Cg,-Ni"(OEP)-CHCl;-2CS,:
C23H,sCLN,NiS, U, M,, = 2109.94, monoclinic, space group C,/m,
a = 253499(10) A, b = 15.6119(6) A, ¢ = 19.4382(8) A, B =
93.644(1)°, V.= 7677.3(5) A}, Z=4, T = 150 K, p.yq = 1.826 Mg
m~3, u(MoKa) = 2.634 mm™', 46 113 reflections measured, 9928
unique (R;,, = 0.0556 used in all calculations). The final wR, was
0.3224 (all data) and R, (6030 with I > 26(I)) was 0.0983. CCDC
1835948 contains the crystallographic data; CIF files are available as
Supporting Information.

Crystal data for U@C,(15)-Cg¢-Ni"'(OEP)-CHCI;-2CS,:
C,sH,sCLN,NiS, U, M,, = 2133.96, monoclinic, space group C,/m,
a=25327(4) A, b=15319(3) A, c = 19.913(3) A, ff = 93.943(3)°, V
=7708(2) A>, Z =4, T =150 K, peyeq = 1.839 Mg m™>, u(MoKa) =
2.625 mm™, 43 798 reflections measured, 9959 unique (R;, = 0.1003
used in all calculations). The final wR, was 0.3380 (all data) and R,
(3499 with I > 20(I)) was 0.1380. CCDC 1996261 contains the
crystallographic data; CIF files are available as Supporting
Information.

Crystal data for U@C,(11)-Cgs-Ni''(OEP)-2CS,:
C124HyNyNiS, U, M,, = 2014.59, monoclinic, space group C,/m, a
=25.446(9) A, b =15236(5) A, c=19.948(7) A, f=94.021(4)°, V=

https://dx.doi.org/10.1021/jacs.0c04888
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04888/suppl_file/ja0c04888_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04888/suppl_file/ja0c04888_si_004.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04888/suppl_file/ja0c04888_si_003.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04888/suppl_file/ja0c04888_si_003.cif
https://pubs.acs.org/doi/10.1021/jacs.0c04888?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c04888?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c04888?fig=fig8&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c04888/suppl_file/ja0c04888_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c04888?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c04888?ref=pdf

Journal of the American Chemical Society

pubs.acs.org/JACS

7715(5) A%, Z = 4, T = 150 K, peyeq = 1.735 Mg m™>, u(MoKa) =
2.516 mm™", 20 240 reflections measured, 9414 unique (R;, = 0.0690
used in all calculations). The final wR, was 0.3372 (all data) and R,
(4753 with T > 26(I)) was 0.1039. CCDC 1996257 contains the
crystallographic data; CIF files are available as Supporting
Information.
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