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Abstract: Endohedral metallofullerenes (EMFs) have novel
structures and properties that are closely associated with the
internal metallic species. Benzyl radical additions have been
previously shown to form closed-shell adducts by attaching an
odd number of addends to open-shell EMFs (such as
Sc;C,@1,-Cy,y) whereas an even number of groups are added
to closed-shell EMFs (for example Sc;N@I,-Cy). Herein we
report that benzyl radical addition to the closed-shell La,@I,-
Cyy forms a stable, open-shell monoadduct instead of the
anticipated closed-shell bisadduct. Single-crystal X-ray dif-
fraction results show the formation of a stable radical species.
In this species, the La—La distance is comparable to the
theoretical value of a La—La covalent bond and is shorter than
reported values for other La,@I,-Cg, derivatives, providing
unambiguous evidence for the formation of direct La—La
bond.

Encapsulation of metal atoms or metal clusters inside
fullerene cages affords a collection of novel molecules,
which are called endohedral metallofullerenes (EMFs).['™
The charge transfer from the internal unit to the fullerene
cage gives rise to the important properties of EMFs. Based on
the charge localized on the fullerene cage, two types of EMFs
could be identified: open-shell EMFs with an unpaired
electron residing on the cage or closed-shell EMFs containing
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only paired electrons. Significantly, open-shell EMFs have
a high reactivity toward radical reactions because of their own
radical character. For instance, several insoluble mono-EMFs
such as La@C,, (2n=72, 74, 80, 82)*) were solubilized
during a 1,2,4-trichlorobenzene extraction process. The dis-
covery of these insoluble EMFs was achieved because these
highly reactive, open-shell EMFs can be transformed into
stable, closed-shell derivatives through radical coupling
reactions with dichlorophenyl radicals. Additionally, the
reaction between La@Cy, and toluene!'” also revealed that
the open-shell La@Cg, is able to convert into a closed-shell
derivative. Similarly, an unexpected NO, radical addition
occurred when anthranilic acid and isoamyl nitrite reacted
with La@Cg, "l The CF; radical generated by thermolysis of
CF;I or Ag(CF;CO,) can be readily attached to EMFs.
Trifluoromethylation of EMFs was firstly carried out on the
open-shell Y@Cyg, to afford a series of closed-shell adducts
Y@Cy,(CF;), (n=1, 3, 5)" with an odd number of addends.
Further examples include a collection of Sc;N@Cg)(CFs),,
molecules!™* % and trifluoromethylated derivatives of empty
fullerenes such as Cy, Cyy, and Cg,.'>'"2% In these adducts an
even number of CF; radicals was always attached to these
fullerenes to maintain their closed-shell configurations. How-
ever, CF; addition normally provides mixtures with multiple
CF; groups added to the carbon cage. Thus, polyaddition
limits the applications of this reaction and new radical
reactions with high selectivity are desirable.

Recently, the benzyl radical, generated from benzyl
bromide (1) under photoirradiation, has attracted increasing
attention owing to its high regioselectivity when reacting with
fullerenes. For instance, only one monoadduct is formed upon
reacting the benzyl radical with the open-shell Sc;C,@I,-
Cy,.”"! Benzylation of closed-shell Cy, formed either a bisad-
duct® or monoadduct that underwent a dimerization to
stabilize the unpaired electron through C—C bond forma-
tion.”! Likewise, attachment of benzyl radicals to the closed-
shell Sc;N@I,-Cy, yielded exclusively a bisadduct.*” With this
information in hand, it can be concluded that an odd number
of benzyl radicals will be added to open-shell EMFs whereas
an even number of radicals will be added to closed-shell
EMFs to obtain adducts with closed-shell configurations.
However, this dogma is broken here in the reaction of the
benzyl radical with the closed-shell La,@1,-Cy,, which affords
an open-shell, monoadduct La,@I,-Cg,(C;H;) (2) regioselec-
tively. Crystallographic, EPR spectroscopic, and theoretical
results reveal that the La, cluster inside the cage accepts an
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unpaired electron by forming a metal-metal bond and
stabilizing the fullerene radical species.

Typically, a toluene solution of La,@/,-Cy, and benzyl
bromide (1) was irradiated with light of wavelength 4>
350 nm under argon. The reaction process was monitored by
HPLC (Figure 1). Before irradiation, peaks for 1 and La,@],-
Cy, were detected at 3.4 min and 25.0 min, respectively. After
irradiation for 1 h, a new peak appeared at 11.9 min, which
was assigned as the monoadduct 2 (see below). HPLC
separation gave pure product 2 in a high yield (circa 90%)
based on consumed La,@/,-Cy,.
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Figure 1. a) The reaction between La,@/,-Cqy and benzyl bromide (1).
b) HPLC profiles of the reaction mixture probed at different times.
HPLC conditions: 5PYE column (4.6 mmx250 mm), 20 pL injection
volume, 1.0 mLmin~" toluene flow, RT, A=330 nm UV detector.

The matrix-assisted laser desorption/ionization time-of-
flight mass spectrum (MALDI-TOF MS) of 2 shows a strong
signal at m/z 1329 (Figure 2), which corresponds to a 1:1
adduct. The observed isotopic distribution of 2 agrees well
with the calculated result. The peak at m/z 1238, ascribed to
La,@/,-Cg),, was generated by detachment of the benzyl
moiety from 2 under laser irradiation.
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Figure 2. MALDI-TOF mass spectrum of 2 recorded under a negative
linear mode.
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The electronic configuration of 2 was investigated by
visible/NIR absorption spectroscopy. The relatively feature-
less spectrum of pristine La,@[,-Cq), shown in Figure 3,
changes considerably upon attachment of the benzyl moiety,
with the spectrum of compound 2 having new absorption
bands at A =677 nm and 850 nm. This change in the absorp-
tion spectra can probably be attributed to the effect of the
unpaired electron in this fullerene radical. Undoubtedly, the
electronic structure of La,@I,-Cyg, has been altered markedly
by the benzylation reaction.
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Figure 3. Vis/NIR absorption spectra of La,@/,-Cgo and La,@1,,-Cgo-
(C;H;) (2) in toluene. The two curves are vertically shifted for ease of
comparison.

The electrochemical properties of 2 were investigated by
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) measurements. Compound 2 exhibits one oxidation
process and five reduction steps (see Figure S1 in the
Supporting Information). Table 1 lists the electrochemical

Table 1: Redox potentials (V versus Fc/Fc') of 2 and La,@/,-Cg.!
Com pou nd 0><E1 red E-‘ red EZ red E3 red E4 red E5

—0.82 —1.64 -190 —2.28
—0.31 213 - -

—1.34
-1.71

2 0.15
La,@/,-Cs,”  0.56

[a] Determined by differential pulse voltammetry in 1,2-dichlorobenzene
with 0.1 m (n-Bu),NPF4 at a Pt working electrode. [b] Data from Ref. [31].

potentials of 2 and La,@I,-Cg.* Compared with the
corresponding values of pristine La,@1,-Cy,, the first oxida-
tion potential of 2 is negatively shifted by 410 mV, but the first
reduction potential is negatively shifted by 510 mV. Accord-
ingly, the electrochemical gap of 2 (0.97 V) is slightly larger
than that of pristine La,@I,-Cg, (0.87 V).

The molecular structure of 2 was determined by single-
crystal X-ray diffraction.*! The asymmetric unit contains an
entire molecule of 2 and two disordered CS, molecules. Both
the fullerene cage and the benzyl unit show three orientations
with respective occupancy values of 0.41, 0.36, and 0.23.
Figure 4 shows the major components of 2. The benzyl
addition occurs at one of the [5,6,6]-junction carbon atoms of
I,-Cg, which are more pyramidalized than the [6,6,6]-junction
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Figure 4. ORTEP drawing of La,@1,-Cgo(C;H;) (2) with thermal ellip-
soids set at 30% probability. Only the major cage orientation (0.41
occupancy) and the metal sites, Lal and La2 (shown in green), are
shown. Solvent molecules were omitted for clarity.

carbon atoms.”! Surprisingly, only one benzyl moiety is
attached to the cage, in sharp contrast to the addition of
two benzyl radicals to Sc;N@I,-Cq,.*") Moreover, no dimeri-
zation occurs in the crystalline state. In contrast, the mono-
adduct formed by benzylation of Cy, is a dimer in its crystal
form.?

Inside the cage, the two Laatoms can move freely,
resulting in up to 17 disordered sites with occupancies varying
from 0.02 to 0.22, whereas the distances between the two
La atoms range from 3.779 A to 3.676 A. Notably, the mean
La—La distance (3.71 A; with an average deviation from the
mean of 0.04 A) is comparable to the calculated La—La
covalent bond length (3.723 A) in the La,@I,-Cg,~ anion,*”
thus presenting clear experimental evidence of direct metal—
metal bonding inside 2. In addition, this La—La distance is
much shorter (by 0.04-0.449 A) than the values in pristine
La,@I,-Cy, and any other La,@[,-Cg, derivatives® !
(Table 2), which further confirms the formation of the
metal-metal bond.

The paramagnetic nature and the occurrence of metal-
metal bonding in 2 were further verified by EPR spectrosco-
py. The X-band EPR signal of 2 (Figure 5) resembles that of
the La,@I,-Cy, anion radical.*!! In this context, the unpaired
electron is not distributed on the carbon cage but is mainly
confined to the internal La—La o-bonding orbital. A similar
situation occurs in the case of the Sc;N@Cy, radical anion in
which the spin is also transferred from the cage to the internal

Table 2: Average La—La distances [A] of La,@/,-Cy and its derivatives
from X-ray crystallographic data.?

Compound La—La distance [A] Reference
2 3.7 This work
La,@!,-Cao(C;N5Phy) 3.750 [41]
La,@,-Cgo(Dep,Si),CH, 3.793 36]
La,@!,-Cgo[SiDep, (CH,) CHtBp] 3.808 38]
La,@!,-Cgo(TCNEO) 3.814 [40]
La,@,-Co(CH,)NTH 3.823 34,35]
La,®/,-Cao 3.840 33]
La,@!,-Cso(CPhCI) 4,013 39]
La,@!,-Cgo(Ad) 4.031 137]
La,@!,-Cso(CPhCI) (Ad) 4159 39]

[a] Dep =2,6-diethylphenyl; tBp = 4-tert-butylphenyl; TCNEO =tetra-
cyanoethylene oxide; Trt=triphenylmethyl; Ad =adamantylidene.

www.angewandte.org

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

200 K
Observed

120 K

Simulated

T T T
0 200 400 600 800
Magnetic Field / mT

Figure 5. Simulated and observed EPR spectra of La,@1,-Cg,(C;H;) (2).
The observed spectra (upper three) were recorded at 120 K, 130 K, and
200 K, respectively. The simulated spectrum (bottom) was recorded
using the parameters: g tensor (1.840, 1.840, 1.980), **La HFI tensor
(31.7,31.7, 43.1) mT, and linewidth AH,,;=2.5 mT.

cluster.””’ The simulation by the large *"La hyperfine
interaction (HFI) with the doublet electron spin (S=1/2)
reproduces well the spectra recorded at 120 K, 130 K, and
200 K. The spectra were reproduced by using the tetragonal
(axially symmetric) g tensor ((g, =g, g.) = (1.840, 1.980)) and
La HFI tensor ((A,=A, A,)=(31.7, 43.1) mT) parame-
ters. After the frozen solution was melted at 200 K, the
magnetic-field-dependent linewidth of the spectrum broad-
ened the lines of some transitions beyond detectability. The
simulation parameters reveal two important pieces of infor-
mation: first, the two La ions are identical in terms of ESR
parameters; and second, the tensors are tetragonal (axially
symmetric). The latter observation is confirmed by the result
that no split x and y anisotropic component is seen in the
magnetic field from 200 to 400 mT. Estimating from the
linewidth, the anisotropic x and y components would be
averaged by the rotation with the correlation time of circa
0.01 ps. The fact that the La ions are identical in terms of ESR
parameters was reflected by the alternation of two La ions
within the cage, which readily makes the spin density on two
La ions equal.

Theoretical studies of the spin-density distribution of 2
were conducted to explain the spin states of 2. Previous results
have revealed that the lowest unoccupied molecular orbital
(LUMO) of La,@I,-Cy, is localized on the La—La o-bonding
orbital and as a consequence, an unpaired electron could be
confined to the La, cluster rather than on the fullerene
cage. P44 Ag depicted in Figure 6, density functional
theory (DFT) calculations reveal that the singly occupied
molecule orbital (SOMO) of 2 is predominately localized on
the La, pair, a situation that is consistent with a previous
report about the La,@I,-Cy, anion,*? and confirms the metal-
metal bonding between the two La ions. In agreement with
the EPR data, the spin densities of the two La ions were
calculated to be 0.460 and 0.467, suggesting that the unpaired
electron was localized on the La, cluster rather than on the
fullerene cage, a factor that is responsible for the high stability
of the fullerene radical 2. These results have not only clarified
the chemical stability of 2 but have also explained the
formation of only the monoadduct in the reaction between
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Figure 6. SOMO isoelectronic plot of 2 calculated at the B3LYP/6-
31G(d) ~sdd level.

benzyl radical and La,@I,-Cy. Additionally, the energy
diagram of 2 (Figure S2) demonstrates that the SOMO of 2
(—4.83 eV) lies in between the highest occupied molecular
orbital (HOMO; —5.70 eV) and the LUMO (—4.55¢V) of
pristine La,@I,-Cg,,[* suggesting its high stability.

In summary, a stable fullerene radical La,@[,-Cg,(C,H;)
(2) was synthesized by the regioselective reaction of benzyl
bromide (1) with La,@I,-Cg, and was fully characterized by
a collection of experimental and theoretical methods.
Although the same [,-Cg, cage is present in Sc;N@/,-Cy,
Sc;C,@1,,-Cg,, and La,@1,-Cy, closed-shell benzylation deriv-
atives were obtained for Sc;N@[,-Cgy, and Sc;C,@1,-Cy,
whereas an open-shell monoadduct was formed for La,@],-
Cygo. EPR studies and DFT calculations reveal that the La,
cluster can accept the unpaired electron into their o-bonding
orbital to stabilize the open-shell fullerene radical 2. The
short La—La distance, which is comparable to the theoretical
value for a La—La single bond, is indicative of metal-metal
bonding. Furthermore, electrochemical measurements dem-
onstrate a larger electrochemical gap for 2 than pristine
La,@[,-Cg,. Our results reveal that the unpaired electron from
the exohedral unit can be transferred to the internal metallic
cluster through the strong metal-cage interactions, a feature
that may provide valuable clues to the design and creation of
single-molecule magnets.
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