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ABSTRACT: The endohedral fullerene once erroneously identified as
Sc;@Cyg, was recently shown to be Sc;C,@I,-Cg, the first example of an
open-shell cluster metallofullerene. We herein report that benzyl bromide
(1) reacts with Sc;C,@ I;-Cg via a regioselective radical addition that
affords only one isomer of the adduct Sc;C,@I;-Cgo(CH,C(Hs) (2) in
high yield. An X-ray crystallographic study of 2 demonstrated that the
benzyl moiety is singly bonded to the fullerene cage, which eliminates the
paramagnetism of the endohedral in agreement with the ESR results.
Interestingly, X-ray results further reveal that the 3-fold disordered Sc;C, ESR active molecule
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cluster adopts two different configurations inside the cage. These

configurations represent the so-called “planar” form and the computationally predicted, but not crystallographically characterized,
“trifoliate” form. It is noteworthy that this is the first crystallographic observation of the “trifoliate” form for the Sc;C, cluster. In
contrast, crystallographic investigation of a S¢;C,@I;-Cgo/Ni(OEP) cocrystal, in which the endohedral persists in an open-shell
structure with paramagnetism, indicates that only the former form occurs in pristine Sc;C,@ I;-Cgo. These results demonstrate
that the cluster configuration in EMFs is highly sensitive to the electronic structure, which is tunable by exohedral modification.
In addition, the electrochemical behavior of Sc;C,@I,-Cg, has been markedly changed by the radical addition, but the absorption
spectra of the pristine and the derivative are both featureless. These results suggest that the unpaired electron of S¢;C,@I;,-Cyg is
buried in the Sc;C, cluster and does not affect the electronic configuration of the cage.

B INTRODUCTION

The rich electronic properties and the spherical shape of
fullerenes engender them ideal platforms for further derivatiza-
tion.""® Whereas exohedral attachment of different functional
groups onto fullerene surfaces has generated numerous organic
materials with applications in such fields as biology and
photovoltaics, endohedral metal doping of fullerenes represents
another novel strategy that produces a new class of hybrid
molecules: endohedral metallofullerenes (EMFs).”~’ During
the last two decades, many EMFs containing a variety of
metallic species have been synthesized and characterized.

The chemistry of EMFs has recently become a main concern
of researchers because chemical modification is an effective way
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to create applicable materials.*” The results of several studies
have shown that the chemical properties of cage carbons are
highly susceptible to the location, motion, and electronic
configuration of the encapsulated metallic species.® On the
other hand, it is also believed that exohedral modification is a
practical tool to control the location and configuration of the
internal metallic clusters.'®

Among the chemical transformations that have been applied
to functionalize EMFs, radical addition produces stable

derivatives that normally bear different properties from the
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original EMFs because of the single bond formation.'!

However, an obvious disadvantage of radical addition is the
undesired formation of multiple adducts because of the high
reactivity of radicals. For instance, both photochemical
perfluoroalkylation of La@Cg,-B'* and thermal trifluoromethy-
lation of Y@Cy,'® afforded mixtures of multi-adducts,
respectively. The latter method was also applied to function-
alize Sc;N@Cy, and an even number of addends, from 2 to 16,
were present in the derivatives.'* Recently, a highly
regioselective radical addition to Sc;N@Cg, exclusively afforded
a bisadduct with a 1,4-addition pattern.">

In contrast, radical additions to some paramagnetic mono-
EMFs, either readily soluble or completely insoluble in
common organic solvents, gave rise to corresponding
derivatives with a singly bonded substituent, such as La@
C,,(C4H,CL) (2n = 72, 74, 80, 82)."672! These results indicate
that the chemical properties of EMFs strongly depend on the
electronic structures of the internal metallic species. Never-
theless, it is still unclear whether the electronic and geometric
configurations of the endohedral metallic cluster are tunable
through exohedral modification on the cage surface.

Sce;C,@1,-Cqy is a unique cluster EMF that had been
erroneously assigned as Sc;@Cgr. > Sc;C,@1,-Cgo has an
open-shell electronic configuration that differs from other
cluster EMFs, which are closed-shell molecules. Computational
results proposed that an unpaired electron is trapped inside the
cluster rather than delocalized on the cage, 2 situation which is
consistent with its EPR-active property.”**® Theoretically, an
early study indicated that the Sc;C, cluster can adopt either a
trifoliate (idealized Ds;) structure or a planar (idealized C,,)
structure and that these are mutually isoenergetic.”>** A second
computational report™> emphasized the dynamical nature of the
cluster and the existence of multiple minimum energy
structures where the C, unit undergoes a flipping motion. A
recent crystallographic study indicated that the planar structure
is present in the open-cage adamantylidene derivative of
SC3C2@I;1 Cygo which retains the paramagnetism of the parent
EMF,> but the situation in unfunctionalized Sc;C,@I,-Cgo
remains unknown. Furthermore, it is also of special interest to
know the Sc;C, cluster configuration in a closed-shell derivative
of S¢;C,@I;-Cg, that can be obtained by radical addition onto
the cage surface.

Herein, we report that benzyl bromide (1) reacts with
Sc;C,@1,-Cy via a regioselective radical addition that affords
only one isomer of the adduct Sc;C,@I,-Cgo(CH,C¢Hs) (2) in
high yield. Single crystal X-ray crystallographic results for the
benzyl derivative Sc;C,@1I,-Cgo(CH,C¢Hs), 2, clearly demon-
strate that the Sc;C, cluster adopts two different configurations:
one that resembles the theoretically predicted trifoliate
structure and one that places the C, unit angled above the
triangle of scandium ions, termed a bat ray structure. In
contrast, X-ray crystallographic results from a Sc;C,@I;-Cgy/
Ni(OEP) cocrystal indicate that the cluster configuration in
pristine Sc;C,@I;,-Cg, exists in a single, bat ray form, the one
with the C, unit angled above the triangle of scandium ions.
These results suggest that exohedral modification is an effective
way to alter the internal cluster structures in EMFs.

B EXPERIMENTAL SECTION

High-performance liquid chromatography (HPLC) was conducted on
an LC-908 instrument (Japan Analytical Industry Co., Ltd.) using
toluene as the mobile phase. Matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectra were measured

on a BIFLEX III spectrometer (Bruker, Germany) using 1,1,4,4-
tetraphenyl-1,3-butadiene as matrix. Vis-NIR spectra were measured
on a LAMBDA 750 UV/vis/NIR spectrophotometer (PerkinElmer,
US) in CS,. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were measured in 1,2-dichlorobenzene with 0.1
M (n-Bu),NPF; at a Pt working electrode on a CHI610E workstation.
The scan rate was 20 mV s™' and the pulse amplitude of DPV was 50
mV.

Black single crystals of Sc;C,@I;,-Cgo( CH,C4H;) 2 were obtained
by layering hexane over a CS, solution of 2 at 273 K for 2 weeks.
Sc;Co@I;-Cgo/Ni(OEP) cocrystals were similarly grown from CS,/
benzene. X-ray data were collected at 90 K with a Bruker Apex II
diffractometer. The multiscan method was used for absorption
corrections. The structures were solved with the use of direct methods
and were refined using SHELXL-2014.2672%

Geometry optimization calculations of Sc;C,@I;-Cgo/NiOEP were
achieved with hybrid density functional theory at the M06-2X/3-21G
level for Sc and for C atoms.** ™' Calculations were carried out using
the GAUSSIAN 09.%

Sc;C,@I3,-Cgy was synthesized with a modified arc discharge
method and was isolated with multistage HPLC. In a typical reaction,
a flask containing 40 mL of a toluene solution of 5§ mg Sc;C,@ I;-Cqg
and an excess amount (ca. 50-fold) of benzyl bromide (1) was
degassed with argon for 10 min. Then the mixture was photoirradiated
with a mercury-arc lamp (cutoff <350 nm) at room temperature

(Figure la).
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Figure 1. (a) Schematic illustration of the photochemical reaction
between Sc;C,@Cgy and 1. (b) HPLC tracing of the reaction on a
PYE column. Conditions: 20 uL injection volume; 1.0 mL/min
toluene flow; 330 nm detection wavelength; 298 K. The asterisk
denotes an unidentified product.

B RESULTS AND DISCUSSION

The reaction progress was monitored with HPLC (Figure 1b).
Before irradiation, the two starting materials presented strong
peaks at 3.3 min for 1 and 21.6 min for Sc;C,@I;-Cyg,
respectively. After the solution was irradiated for 10 min, a new
peak ascribed to monoadduct 2 appeared at 11.4 min. The
content of 2 continued to increase, while the concentration of
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Figure 2. (a) MALDI-TOF spectrum of 2 under a negative linear condition and (b) vis-NIR spectra of Sc;C,@Cg, and 2.

Sc;C,@Cyqy decreased simultaneously upon irradiation. The
reaction was terminated when a small amount of bis-adducts
was formed. Finally, the product 2 was isolated in a yield higher
than 95% based on consumed Sc;C,@Cg, (Figure SI,
Supporting Information).

A MALDI-TOF mass spectrometric study firmly confirms
the attachment of the benzyl moiety onto the fullerene cage
(Figure 2a). The molecular ion peak of Sc;C,@ Cg(C;H;) (2)
is clearly observed at m/z 1210. Observation of a more
pronounced peak of bare Sc;C,@Cg, at m/z 1119 implies the
single bond character between the benzyl moiety and the
fullerene cage. This is consistent with the ESR-silent property
of 2 (Figure S2, Supporting Information). Detachment of the
substituents from the fullerene cages by laser irradiation has
been frequently observed in previous mass spectroscopic
studies of EMF-derivatives, especially of those singly bonded
adducts.”

The electronic structure of 2 resembles that of Sc;C,@I;,-Cg.
Both compounds show essentially identical absorption spectra,
largely featureless curves in the wavelength range between 400
and 1600 nm (Figure 2b). These spectra are similar to the
absorption spectra of other MsN@I,-Cg, species and indicate
that the unpaired electron is buried inside the cluster in Sc;C,@
I,-Cgo and the cage has an electronic configuration of [Cg,]*™*
Even though the radical addition has eliminated the unpaired
electron, the cage-based electronic structure of Sc;C,@Cg, is
not changed much, suggesting that both the pristine EMF and
the adduct have the [Cg]®™ electronic structure.

To accurately determine the addition pattern and the cluster
configurations in 2, a single crystal X-ray diffraction study was
performed.”” The asymmetric unit contains an entire molecule
of 2 with 1.5 CS, solvent molecules, one disordered at a center
of symmetry and the other featuring three disordered positions.
The cage shows no disorder, but the Sc;C, cluster is disordered
inside the cage. In the C, unit, one carbon atom (C1C) is fully
ordered and appears in each of the three cluster orientations,
whereas three others have occupancies with ratios of
0.63:0.20:0.17 for C2C, C3C, and C4C, respectively. The C—
C distances are 1.116(8) A for C1C—C2C, 1.051(15) A for
C1C—C3C, and 1.044(15) A for C1IC—C4C. These values are
indicative of C=C triple bond character but are shorter than
the values calculated for Sc,C,@Cg (1.27—1.35 A)>**°
possibly as an artifact of the C, motion and reduced occupancy.
As to the three Sc** ions, the two close to the site of addition
are completely occupied, but the one distant from the addend
possesses two disordered sites with a ratio of 0.83:0.17.

10536

Figure 3 shows the X-ray structure of 2 with the major metal
sites paired with the major C,-unit orientation. The benzyl

Figure 3. A view of Sc;C,@I,(7)-Cgo(CH,C¢Hs), 2, showing the
major orientation (63% for C2C and 83% for Sc3) of the cluster.
Thermal ellipsoids are drawn at the 25% probability level. The key
distances from Sc to cage carbons are indicated on the drawing. These
are Sc1—Cl11, 2.171(4) A; Sc1-C29, 2.165(4) A; Sc2—C7, 2.191(3)
A; Sc2—C23, 2.172(4) A; Sc3—CS6, 2.192(4) A; Sc3—CS7, 2.270(4)
A; and Sc3—C73, 2.236(4) A. The C—C distance from the cage to the
addend, C1—-C81, is 1.558(5) A.

group is singly bonded to a carbon atom at a [S5,6,6]-juncture of
the I;-Cg, cage. This site is typically more reactive than a cage
carbon at a [6,6,6]-junction as shown in previous reports on
Sc;N@Cy, derivatives.'>'* The length of the C—C bond
formed between the benzyl moiety and the cage is 1.558(5) A,
which is consistent with single C—C bond character. The two
metal atoms Scl and Sc2, which are close to the site of addition,
approach the nearby [5,6]-bond junctions with Sc—C distances
ranging from 2.165(4) to 2.191(3) A. In contrast, the
remaining scandium atom Sc3, which is far from the addend
and is a bit disordered, is situated over a [6,6]-junction with
longer Sc—C distances from 2.192(4) to 2.236(4) A. The
pyramidalization of the C1 carbon is large, in keeping with its
sp® character. Also, the cage carbons nearest to the Sc’s have
pyramidalization angles of ca. 14° compared to ca. 10° for
carbons not impacted by close contact to Sc (Figure S4,
Supporting Information).

The cluster configurations in 2 were analyzed in further
detail, which provides some surprising results. As shown in
Figure 4, three forms are present. In each, the Sc;C, unit
deviates significantly from the planarity. The major and one of
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Sc2 \v

the minor forms we have termed as bat ray structures. In the
top drawing of the major bat ray form, the line C2C—C1C—Scl
defines the direction of the tail of the bat ray, while the triangles
C2C—C1C—Sc2 and C2C—C1C—Sc3 define its wings. Some
dimensions of the clusters are provided in the figure. In the
major bat ray structure, the C1C/C2C line subtends an angle of
10.4° to the Sc; plane, while in the minor bat ray form, the
corresponding angle is 16.4°. In the bottom view, the trifoliate-
like orientation is created by the 81.9° tipping of the C1C—
C3C line from the Sc; plane. However, the C, unit is
asymmetrically positioned with regard to the Sc; plane. Thus,
CI1C is 0.764 A above the plane, while C3C is only —0.277 A
below the plane. This is the first crystallographic observation of
the trifoliate form.

The cluster configuration in 2 may differ from the situation
in pristine Sc;C,@I},-Cg, because the electronic configuration
and the cage structure have been altered by the benzyl radical
addition. To examine this issue, we prepared cocrystals of
Sc;C,@I;,-Cgo with Ni(OEP) (OEP is the dianion of
octaethylporphyrin) in which the EMF is not covalently
functionalized, and accordingly the situation more resembles
that of pristine Sc;C,@I,-Cgp. A high-%uality crystal was
characterized with X-ray crystallography.”® The crystal falls
into the monoclinic C2/m space group, in which two halves of

the cage and a Ni(OEP) molecule reside on a crystallographic
mirror plane.

Figure 5 shows the X-ray structure of Sc;C,@I,-Cgy/
Ni(OEP) with the major components encapsulated inside a

Figure 5. A view of Sc;C,@1I,,(7)-Cgy'Ni(OEP) showing the major
(82%) cluster orientation. Thermal ellipsoids are drawn at the 25%
probability level. The key distances from Sc to cage carbon atoms are
indicated on the drawing. These distances are Sc1—C6, 2.253(17) A;
Sc1—C7, 2.129(12) A; Sc1—C8, 2.163(18) A; Sc2—CS9, 2.150(14) A;
Sc2—C60, 2.10(4) A; Sc3—C50, 2.188(9) A; and Sc3—C69, 2.095(15)
A.

cage orientation. The nearest cage—Ni distance is 2.707(7) A,
which is consistent with a 7—z interaction. Each of the three
scandium atoms approaches an adjacent [S,6]-bond junction,
and the Sc—C(cage) distances are comparable to these found in
the derivative 2. Pyramidalization angles are again greater for
those carbons closest to encaged Sc atoms (see Figure S4,
Supporting Information). The C, unit is displaced to one side
of the plane of the three scandium ions. The C—C distance is
1.286(14)A, in agreement with computations. One of the three
Sc atoms shows two disordered positions (Scl:Sc4 =
0.82:0.18), whereas the other two Sc atoms, Sc2 and Sc3, are
fully occupied, enabling accurate determination of the cluster
configurations.

Inside the cage, the five-atom cluster adopts a configuration
with the C,-line deviating from the Sc; plane by 7.2° for the
major bat ray form, as shown in Figure 6. For the minor site of
the disordered Sc atom (18% occupancy), the angle between
the C, moiety axis and the Sc; plane is a bit larger, 9.1°. Again,
the two carbon atoms apart from the Sc; plane by 0.417 and 0.
629 A, respectively. These configurations are not coplanar
structures but bat ray structures, which are consistent with
theoretical results (vide infra).

Parts A and B of Figure 7 shows the structures of the Sc;C,
cluster obtained in the computational study of Taubert et al.>®
As the drawings show, the geometries of the two forms of the
cluster differ from the idealized planar (pseudo-C,,) and
trifoliate (pseudo-Dj;,) structures, but they do resemble the
structures obtained from the crystallographic study. Part C of
Figure 7 shows the Sc;C, cluster that results from the
computations reported here. Note the similarity of this drawing
to the bat ray forms in Figures 4 and 6. Usually, the more
common M,C, fragments in endohedral fullerenes adopt a
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butterfly arrangement with a variable dihedral angle between
the two MC, planes (the butterfly wings). In this context, the
cluster shapes seen in Parts A and B of Figure 4 and in part A of
Figure 7 adopt a bat ray configuration. In Part A of Figure 4, the
arrangement of bat ray wings involves Scl, Sc2, C1C, and C2C,
and the line from CIC to Sc3 forms the tail. In this
arrangement, Scl and Sc2 can interact with the two z-bonds
of the acetylide, while Sc3 interacts with C1C in a o-bond
fashion to form the tail.

Considering that the trifoliate configuration becomes
possible in the singly bonded derivative 2, it is concluded
that exohedral functionalization of EMFs can effectively change
the cluster configurations. Previous computational works have
demonstrated that the spin-unpaired electron in Sc;C,@I},-Cq
is localized on the internal cluster rather than on the cage.25
Since the benzyl radical addition eliminates the spin on the
cluster, as demonstrated by ESR analysis (Figure S2,
Supporting Information), it subsequently affects the cluster
configuration as well. It is now reasonable to conclude that the
cluster configuration of Sc;C, is strongly dependent on the
electronic structure of the endohedral.

From the X-ray results of Sc;C,@I;,-Cg,/NiOEP and 2, we
found that the fullerene cage has not been markedly distorted
upon radical addition. Except for the carbon at the site of
addition, which has been pulled out to retain its sp>-character,
and carbons the nearest to the Sc ions, which bear larger POAV
values, the other carbon atoms have similar POAV values to
one another (Figure S4, Supporting Information).

The cyclic voltammogram of 2 exhibits two reversible
reduction steps and a less reversible oxidation process (Figure
8), while the previous studies showed pristine Sc;C,@Cg,
displays three reduction processes and one oxidation process.”®
The first reduction potential of 2 is cathodically shifted by 0.22
V, as compared to that of Sc;C,@Cy, although their oxidation
potentials are nearly identical. As a result, the singly bonded
derivative 2 has a larger electrochemical bandgap (0.68 V) than
pristine Sc;C,@Cg, (0.47 V), suggesting an enhanced stability
of the derivative, which should attribute to its closed-shell
electronic configuration. Relevant electrochemical results are
summarized in Table 1.

H CONCLUSION

Regioselective addition of benzyl radicals, generated in situ by
photoirradiation of benzyl bromide (1), to a paramagnetic
trimetallic carbide metallofullerene, Sc;C,@I,-Cg, afforded a
sole derivative (2) with the benzyl moiety singly bonded to a
[5,6,6]-juncture cage carbon. X-ray crystallographic results of 2
reveal that the Sc;C, cluster adopts both bat wing and trifoliate
structures. This is the first time crystallographic evidence of the
trifoliate structure has been found. In contrast, X-ray data of
Sc;C,@1;,-Cyo/Ni(OEP) cocrystals demonstrate that only the
bat wing structure is more favorable in pristine Sc;C,@I;-Cgy,
confirming a substantial influence of the exohedral modification
on the electronic and geometric configurations of the internal
cluster. Our work has not only presented a useful method for
the synthesis of stable EMF-derivatives but has also shed new

dx.doi.org/10.1021/ja505858y | J. Am. Chem. Soc. 2014, 136, 10534—10540
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light on the cluster configurations inside the confined
nanospaces of fullerene cages.

Table 1. Redox Potentials® (V vs Fc/Fc*) of Sc;C,@Cg, and
2

compound “E, “E, redp, redp, AE°
Sc;C,@Cygo” - —0.03 —0.50 —1.64 0.47
2 +0.32 —0.04 -0.72 132 0.68

“DPV values on a Pt-workjn% electrode in 1,2-dichlorobenzene
containing 0.1 M (n-Bu),NPE,. "Ref 23. “AE = “E, — ..

B ASSOCIATED CONTENT

© Supporting Information

Chromatographic and ESR spectroscopic results of 2, X-ray
data of Sc;C,@I;-Cgo/Ni(OEP) and 2 in CIF format, the
optimized structure of Sc;C,@I,-Cgo/Ni(OEP), and results of
the POAV (pyramidalization) analysis of 2 and Sc;C,@I;-Cgo/
Ni(OEP). This material is available free of charge via the
Internet at http://pubs.acs.org.
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