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Abstract: Thermal carbosilylation of endohedral dimetallofullerene La,@]I,-Cgo with silirane (silacyclopro-
pane) is reported herein for the first time. Two diastereomers of the carbosilylated La,@I-Cgo have been
isolated and characterized. The fascinating molecular structure of one diastereomer of the carbosilylated
derivatives has been determined unambiguously using X-ray crystallographic analysis. Detailed charac-
teristics of the molecular structures including their metal atom movements have also been revealed using
NMR spectroscopic studies and computational calculations. Results revealed that two La atoms move
dynamically inside the carbon sphere. Furthermore, electrochemical study has demonstrated that
carbosilylation is effective to fine-tune the La,@I,-Cgo electronic properties.

Introduction

Over the past two decades, fullerene chemistry has been
explored widely because of their fascinating structures and
properties. The most pronounced feature of fullerenes is their
high electron affinity, which is applicable to artificial photo-
synthesis® and organic electronics such as photovoltaics.® In
view of raising the efficiency of organic devices of such kinds,
exploration of functionalization methods of fullerenesisin great
demand for achieving the desired electronic properties and
functionalities. It is noteworthy that [6,6]-phenyl-Cg;-butyric acid
methyl ester ([60]PCBM)* is the most widely used fullerene
derivative in the field of materials science; it has been used as
an electron-accepting component in bulk-heterojunction (BHJ)
solar cells. In that application, chemical functionalization of Cgo
is adopted to improve its solubility and miscibility.
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Recently, encapsulation of metal atoms inside fullerene cages
has been found to alter electronic properties of fullerenes greatly
because electron transfer takes place from encaged metal atoms
to carbon cages to stabilize them energetically.® Therefore, the
encaged metal atoms are cationic, whereas the fullerene itself
is anionic. Results show that the chemical reactivity of endohe-
dral metallofullerenes also differs greatly from that of hollow
fullerenes because of their unique electronic structures and
enhanced electron affinity.® In fact, representative endohedral
metallofullerenes, M@C,,-Cs, (M = La,” Ce® Pr,° Gd,*° and
Y™) and M,@!,-Cg (M = La't and Ce'?), undergo both
photochemical and thermal reactions with disiliranes (disilacy-
clopropanes) to form bis-silylated adducts, whereas bis-silylation
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of Cg proceeds only under photochemical conditions.® The
high thermal reactivity of endohedral metallofullerenes with
disilirane can be rationalized on the basis of their stronger
electron acceptor property relative to Cgo because the reactivity
is strikingly distinctive of their first reduction potentials. It is
also noteworthy that electronic properties of endohedral met-
allofullerenes can be tuned to a great degree by bis-silylation,
which makes them much more electron-negative.” In addition,
results show that the three-dimensional movement of metal
atoms in M,@I-Cgy can be converted to two-dimensional
movement by bis-silylation onto the outer surface of M,@I-
Cgo because the dynamic behavior of the cationic metal atoms
is subject to the electrostatic potentials inside the cage.*>*>*
In this context, controlling the movement and orientation of
encaged species is expected to be valuable for the design of
functional devices for molecular electronics on a nanoscale.*®
Therefore, introduction of silyl groups to endohedral metallof-
ullerenes is an intriguing issue in terms not only of tuning the
electronic properties of the molecules but also of controlling
the metal atom movements. To date, various silylation using
silicon compounds such as disiliranes,***¢ disilanes'” si-
lylenes,*® and silyl anions®™® has been conducted to introduce
silyl substituents into hollow fullerenes. Recent semiempirical
calculations show that monosilylation of Cgy is expected to
increase the open circuit voltage up to 1V in BHJ solar cells.®
However, silylation of endohedral metallofullerenes has been
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limited to bis-silylation to date because of their distinct chemical
reactivity from that of hollow fullerenes, "&-1221

Among various silylations, carbosilylation isa useful synthetic
strategy for introduction of silicon functionalities into carbon—
carbon unsaturated bonds of organic molecules involving
carbon—carbon bond formation.?? Nevertheless, carbosilylation
of akenes has not been attained to date. Exploitation of
carbosilylation of endohedral metallofullerenes is expected to
provide not only fundamental aspects of chemical reactivity of
anionic carbon spheres but aso covalent derivatives bearing
finely tuned electronic properties as candidates for future
applications to organic molecular devices. Herein, we describe
thermal carbosilylation of an endohedral dimetallofullerene,
La@I-Cgo, With silirane (silacyclopropane), for which no
organometallic catalyst is required.

Experimental Section

General. All chemicals and solvents were purchased as reagent
grade from Aldrich Chemical Co. Inc. and Wako Pure Chemical
Industries Ltd. They were used as received. Toluene was freshly
distilled over benzophenone sodium ketyl, CS, over P,Os under
dry N,. 1,2-Dichlorobenzene (ODCB) was freshly distilled over
P,Os under vacuum. All reactions were performed in an inert
atmosphere by application of a positive pressure of N,. Preparative
high-performance column chromatography (HPL C) was performed
using chromatographs (LC-918 and LC-908; Japan Analytical
Industry Co. Ltd.) that were monitored using UV absorption at 330
nm. The 'H, 3C, and *La NMR measurements were conducted
on spectrometers (AVANCE 600, and 500; Bruker Analytik GmbH)
with a CryoProbe system (Bruker Biospin K.K.). Mass spectrometry
was performed (Bruker BIFLEX I11; Bruker Daltonics Inc.) with
1,1,4,4-tetraphenyl-1,3-butadiene as the matrix. Vis—near-IR ab-
sorption spectra were measured using a spectrophotometer (UV-
3150; Shimadzu Corp.). Cyclic voltammograms (CVs) and differ-
ential pulse voltammograms (DPVs) were recorded on an
electrochemical analyzer (BAS CV50W; BAS Inc.). Platinum wires
were used as the working and counter electrodes. The reference
electrode was a saturated calomel reference electrode (SCE) filled
with 0.1 M (n-Bu),NPFs (TBAPF;) in ODCB. All potentials are
referenced to the ferrocene/ferrocenium couple (Fc/Fct) as the
standard. The CV's were recorded using a scan rate of 20 mv s
The DPV's were obtained using a pulse amplitude of 50 mV, pulse
width of 50 ms, a pulse period of 200 ms, and a scan rate of 20
mvV st

Preparation and Purification of La,@I,-Cgy. S00t containing
lanthanum metallof ullerenes was prepared according to the reported
procedure using a composite anode, which contains graphite and
the lanthanum oxide with the atomic ratio of La/C equal to 2.0%.%3
The composite rod was subjected to an arc discharge as an anode
under a 150 Torr He pressure. Raw soot containing lanthanum
metallofullerenes was collected and extracted with 1,2,4-trichlo-
robenzene (TCB) solvent for 15 h. The soluble fraction was injected
into the HPLC; a 5PY E column (20 mm x 250 mmi.d.; Cosmosil,
Nacalai Tesque Inc.) was used in the first step and a Buckyprep
column (20 mm x 250 mm i.d.; Cosmosil, Nacalai Tesque Inc.) in
the second step to give pure La@I,-Cgp.
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Endohedral Dimetallofullerene La,@I-Cgo

Synthesis. 1,1-Bis(4-tert-butyl-2,6-dimethyl phenyl)silirane (1a),
(£)-2-(4-tert-butyl phenyl)-1,1-bis(2,6-diethyl phenyl)silirane ((+)-
1b), and 1,1-(4-tert-butyl-2,6-dimethyl phenyl)-2,2-diphenylsilirane
(1c) were synthesized according to the literature.*

Carbosilylation of La,@l-Cgo with Silirane ()-1b. A 30 mL
aliquot of a toluene solution of Lax@I-Cgo (1.0 mg, 8.1 x 107
mmol) and (£)-1b (2.7 mg, 5.9 x 10~ mmol) was placed in a
pyrex tube, degassed using freeze—pump—thaw cycles under
reduced pressures, and then heated at 80 °C under the protection
of Ar for 12 h. The solvent was removed using arotary evaporator.
The residue was dissolved in toluene and injected into an HPLC
for analysis. Monoadduct mixture ((£)-2-A and (+)-2-B) and
unreacted La,@I,-Cgy Were separated using HPLC with a Buck-
yprep-M (20 mm x 250 mm i.d.; Cosmosil; Nacalai Tesque Inc.)
column with toluene at 9.9 mL min~1. Monoadducts (£)-2-A and
(2)-2-B wereisolated by recycling HPLC procedure using a 5PY E
column with toluene/n-hexane (1:1) at 9.9 mL min~L. Yields: 46%
((£)-2-A) and 27% ((+)-2-B) (determined using HPLC).

Data for (&)-2-A. Dark brown solid. *H NMR (500 MHz, CS,/
CD,Cl, (1:1), 293 K): 6 0.35 (t, 3J = 7.2 Hz, 3H), 0.64 (t, 3] = 7.4
Hz, 3H), 1.39 (t, 30 = 7.4 Hz, 3H), 1.44 (s, 9H), 1.53 (t,3J = 7.5
Hz, 3H), 1.82 (dd, 2J = 13.2 Hz, 3J = 2.7 Hz, 1H), 2.72—2.86 (m,
4H), 3.04 (dd, 3J = 14.1 Hz, 2J = 13.2 Hz, 1H), 3.17-3.54 (m,
4H), 3.90 (dd, 3J = 2.7 Hz, 3] = 14.1 Hz, 1H), 6.91-7.65 (m,
10H). ¥*C NMR (125 MHz, CS,/CD,Cl; (1:1), 293 K): 6 15.14 (i),
15.39 (i), 15.43 (i), 15.65 (i), 21.71 (h), 30.16 (j), 30.64 (j), 31.86
(8), 34.57 (j), 34.98 (b), 35.05 (j), 63.18 (g), 63.84 (0 or p), 64.48
(o orp), 125.46 (m x 2), 125.85 (e x 2), 125.95 (d x 2), 126.39
(1C), 127.39 (m), 127.62 (m), 128.34 (1C), 129.50 (2C), 129.93
(2C), 130.24 (f), 131.03 (4C), 132.26 (1C), 132.61 (1C), 134.05
(1C), 134.49 (2C), 134.75 (k), 135.14 (1C), 135.17 (1C), 135.19
(1C), 135.23 (1C), 135.55 (1C), 136.34 (2C), 136.40 (1C), 136.56
(1C), 136.72 (1C), 136.97 (2C), 137.31 (1C), 137.40 (1C), 137.47
(1C), 137.50 (1C), 137.61 (1C), 137.76 (1C), 137.76 (1C), 137.80
(1C), 137.85 (1C), 138.71 (1C), 138.60 (1C), 138.75 (1C), 138.85
(1C), 138.97 (1C), 139.43 (1C), 139.62 (1C), 139.72 (1C), 139.98
(1C), 140.26 (1C), 140.51 (1C), 140.69 (1C), 140.75 (1C), 141.00
(1C), 141.18 (1C), 141.28 (1C), 141.87 (1C), 142.77 (1C), 142.96
(2C), 143.44 (1C), 144.75 (3C), 145.07 (2C), 145.83 (1C), 145.88
(1C), 145.96 (1C), 146.10 (1C), 146.46 (1), 147.52 (1C), 147.94
(1), 148.17 (k), 148.82 (1C), 148.96 (1C), 149.37 (1C), 149.46 (1C),
150.73 (1C), 150.79 (1C), 150.90 (1C), 153.81 (1C), 154.27 (1C).
139 a NMR (84.8 MHz, CS,/CD,Cl, (1:1) 278 K): ¢ 397.78 ppm.
MALDI-TOF mass. m/z 1692 ([M]7), 1238 ([M — CgH4Si]7).
Vis—near-IR (CS,) Amax 675 nm.

Crystal Data for (£)-2-A. CyigHseSiLag, M, = 1779.54, crystal
size: 0.07 x 0.05 x 0.04 mm, monoclinic, P2,/n, a = 14.097(6)
A b =14762(7) A, c = 34.122(14) A, B = 90.415(7)°, V =
7100(5) A3, Z = 4, Dey. = 1.665 Mg/m?®, u = 1.268 mm™, T =
90(2) K, 56 924 reflections, 9775 unique reflections; 3318 with | >
20(l); Ry = 0.1214 [I > 20(1)], wR, = 0.3680 (all data), GOF (on
F?) = 0.978. The maximum residual €lectron density is equal to
1.517 e A=3, All measurements were performed at beamline BL-
8B of the Photon Factory, KEK, Japan. The data are obtainable
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif; CCDC 791725 ((£)-2-
A) contains the supplementary crystallographic data used for this
Article.

Data for (&)-2-B. Dark brown solid. *H NMR (500 MHz, CS,/
CD.Cl; (1:1), 293 K): 6 0.35 (t, 3J = 7.2 Hz, 3H), 0.58 (1, 3 = 7.2
Hz, 3H), 1.36 (t, 3J = 7.3 Hz, 3H), 1.37 (s, 9H), 1.72 (1,3 =75
Hz, 3H), 1.87 (dd, 2J = 12 Hz, 3J = 1.8 Hz, 1H), 2.72—2.86 (m,
2H), 3.09 (dd, 2J = 12 Hz, 3] = 15 Hz, 1H), 2.96—3.27 (m, 4H),
3.46—3.62 (m, 2H), 3.86 (dd, 3J = 1.8 Hz, 3] = 15 Hz, 1H),
6.86—7.60 (m, 10H). 3C NMR (125 MHz, CS,/CD,Cl; (1:1), 293
K): 6 14.70 (i), 15.74 (i), 15.85 (i), 16.65 (i), 26.34 (h), 30.39 (j x

(24) Nagatsuka, J.; Sugitani, S.; Kako, M.; Nakahodo, T.; Mizorogi, N.;
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Nagase, S. J. Am. Chem. Soc. 2010, 132, 12106-12120.
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Figure 1. Structures of siliranes la—c.

2), 30.73 (b), 31.96 (a), 34.87 (j), 35.53 (j), 62.99 (o or p), 63.64
(9), 66.14 (0 or p), 125.52 (1C), 125.56 (m x 2), 125.93 (1C),
126.38 (m), 127.31 (m), 128.06 (n), 128.89 (1C), 129.56 (2C),
130.09 (e x 2), 130.12 (1C), 130.65 (2C), 130.77 (d x 2), 134.94
(2C), 135.71 (2C), 136.12 (1C), 136.26 (1C), 136.34 (3C), 136.41
(1C), 136.50 (2C), 136.53 (1C), 136.61 (k), 136.71 (1C), 137.08
(1C), 137.18 (k), 137.21 (1C), 137.48 (1C), 137.59 (2C), 138.04
(1C), 138.12 (2C), 138.30 (2C), 138.33 (1C), 138.75 (1C), 138.98
(2C), 139.14 (1C), 139.21 (1C), 139.59 (1C), 139.74 (1C), 139.88
(1C), 140.36 (f), 141.10 (1C), 141.24 (1C), 141.33 (1C), 142.19
(2C), 142.21 (1C), 142.43 (1C), 142.99 (1C), 143.30 (1C), 143.98
(2C), 144.28 (1C), 144.31 (1C), 144.68 (1C), 144.86 (1C), 145.85
(1C), 145.94 (1C), 146.03 (1C), 146.66 (1C), 147.35 (1C), 147.38
(1C), 147.88 (1C), 148.24 (1), 149.35 (2C), 149.71 (1), 149.78 (1C),
149.90 (1C), 150.02 (1C), 150.27 (1C), 150.99 (1C). ***La NMR
(84.8 MHz, CS,/CD.Cl, (1:1) 278 K): 6 —392.48 ppm. MALDI-
TOF mass: m/z 1692 ([M]7), 1238 ([M — CgH4,Si] 7). Vis—near-
IR (CS2) Amax 675 Nm.

Theoretical Calculations. Geometries were optimized according
to hybrid density functional theory (DFT) at the B3LYP® level
using the Gaussian 03 program.® The effective core potential and
the dz basis set®” were used for La, only electronsin the outermost
core orbitals were explicitly treated together with the valence
electrons.?” The contraction scheme used for the La basis set was
(5s5p3d)/[44p3d] in standard notation. The split-valence d-
polarized 6-31G*“® basis set was used for H, C, and Si (the overall
computational level is denoted as B3LY P/6-31G* ~dz).

Results and Discussion

Reactivity of La,@I-Cgo With Silirane. Siliranes are known
to possess high reactivity toward nucleophilic reagents because
of the strained and polar C—Si bonds in the silirane rings. To
evaluate the reactivity of La,@In-Cg toward siliranes, thermal
and photochemical reactions were examined as an initial study.
Siliranes of three kinds (1a—c) were subjected as the carbosi-
lylation reagents, which possess variant substituents, as shown
in Figure 1. Silirane 1a has two 4-tert-butyl-2,6-dimethyl phenyl
(Dmt) substituents on the silicon atom, (£)-1b have two 2,6-
diethylphenyl (Dep) substituents on the silicon atom and a 4-tert-
butylphenyl (tBp) substituent on the vicinal carbon atom, and
1c hastwo Dmt substituents on the silicon atom and two phenyl
(Ph) substituents on the vicina carbon atom. Because of their
different substituents, 1a—c exhibit distinct oxidation potentials.
The first oxidation potentials of 1a, (+)-1b, and 1c are 1.17,
0.47, and 0.22 V, respectively, based on ferrocene/ferrocenium
couple®® A toluene solution of Lax@I,-Cg and an excess

(25) (a) Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100. (b) Becke, A. D.
J. Chem. Phys. 1993, 98, 5648-5652. (c) Lee, C.; Yang, W.; Parr,
R. G. Phys. Rev. B 1988, 37, 785-789.

(26) Frisch, M. J;; et a. Gaussian 03, revision C.01; Gaussian, Inc.:
Wallingford, CT, 2004.

(27) Hay, P. J; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.

(28) Hehre, W. J; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56,
2257-2261.
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Scheme 1

tBp

Lag@Cqgg ——————= x

amount of silirane was photoirradiated with a halogen lamp (cut
off <400 nm) for 1 h. After irradiation, the mixture was analyzed
using analyticall HPLC and matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry.
Regarding thermal reaction, a toluene solution of La@I,-Cgo
and an excess amount of silirane was heated at 80 °C for 1 h;
the mixture was analyzed as well. A new peak was observed in
the HPLC profile of the thermal reaction mixture of La,@I-
Cgo with (£)-1b; however, the other HPLC profiles were
unchanged. The MALDI-TOF mass spectrum of the thermal
reaction mixture of La@Il,-Cgy with (%)-1b confirmed the
formation of the 1:1 adduct, La@I,-Cgo[ SiDep,(CH,)CHtBp].
Results clearly demonstrate that (£)-1b reacts smoothly with
La@Il-Cgo thermally to form the corresponding monoadduct,
although 1a and 1c do not. Recently, we found that reaction of
Ceo With (+)-1b proceeds only under photochemical conditions
in which the reaction involves electron-transfer process from
silirane to 3Cg*.2* The high thermal reactivity of La@!-Cgo
toward (£)-1b can be rationalized on the basis of its stronger
electron-accepting property relative to Cg. Therefore, it is
reasonable to consider that the thermal reaction of La,@In-Cg
with (£)-1b proceeds via electron-transfer as well. In fact,
silirane 1a, having the highest oxidation potential, does not react
with La,@In-Cgp under either thermal or photochemical condi-
tions. However, the inert reactivity of 1c is possibly caused by
steric hindrance around the C—Si bond.

Synthesis and Characterization of Carbosilylated La,@I,-Cg.
To characterize the reaction products, a substantial amount of
the carbosilylated La,@I,-Cgy Was synthesized by the thermal
reaction of La@I-Cgo With (£)-1b, as shown in Scheme 1.
An HPLC analysis showed that the reaction mixture contains
two diastereomers of the monoadducts. Preparative HPLC
techniques, involving recycling procedure using a 5PY E column,
afforded isolation of the two diastereomers, (+)-2-A and (+)-
2-B, in aratio of 2:1. The MALDI-TOF mass spectra of (+)-
2-A and (£)-2-B (CioHaoL&Si) under negative ionization
conditions both show strong M~ peaks at m/z 1692 and fragment
peaks of the parent cage La@Ip-Cgo at m/z 1238.

Figure 2 depicts the vis—near-IR absorption spectra of (+)-
2-A,B, in which those of La@I-Cg, (+)-1,4-Lac@I-
Cao(DepzSi)2CHz ((£)-3), [5,6]-L a@I1-Cao( CH) N Trt (Trt =
trityl) (4),** and [6,6]-La@I-Cgo(CH2):NTrt (5)**€ are also
given. In bis-silylated La,@In-Cgo derivative (+)-3, the two
silicon atoms are bonded to carbon atoms at 1,4-position on
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Figure 2. Vis—near-IR absorption spectra of (+)-2-A and (+)-2-B, in
which those of La,@I1-Cgo, (££)-3, 4, and 5 are also given. Theinset shows
partial structures of (+)-3, 4, and 5.
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Figure 3. 500 MHz H NMR spectra of (a) (£)-2-A and (b) (+)-2-B
recorded at 293 K in CS,/CD,Cl; (1:1).

the 1-Cgo cage (see Figure 2). In the case of 1,3-dipolar
cycloaddition, two different C—C bonds are available for
reaction with azomethine ylide. One is the C—C bond between
pentagonal and hexagonal rings ([5,6]-junction); the other is
between two hexagona rings ([6,6]-junction). That absorption
spectra are useful to characterize the electronic structure of
endohedral metallofullerenes is well-known; they are mainly
attributable to 7—sr* transitions, which are characteristic of the
cage symmetry. Both the absorption features of (+)-2-A and
(+£)-2-B resemble those of 4. Accordingly, (+)-2-A and (+)-
2-B are assigned as [5,6]-monoadducts, which are C; symmetric.

Subsequent NMR spectral examination confirmed the forma-
tion of silacyclopentane rings on the fullerene surfaces in (+)-
2-A and (&)-2-B. Figure 3 shows *H NMR spectra of (£)-2-A
and (+)-2-B. Numbering of the proton and carbon atoms is
depicted in Figure 4. Four methyl proton signals corresponding
to Hs were observed at 0.35, 0.64, 1.39, and 1.53 ppm for (+)-
2-A and 0.52, 0.58, 1.36, and 1.72 ppm for (£)-2-B astriplets.
The difference in the chemical shifts of the methyl protons
suggests that the conformational orientation of the Dep groups
in (+)-2-A differs from that of (+)-2-B. It is particularly
interesting that the two methylene proton signal's corresponding
to Hy and Hy, which are in the silacyclopentane rings, were
observed at 1.82 and 3.04 ppm for (£)-2-A and 1.87 and 3.09
ppm for (+)-2-B as double doublets. This finding indicates that
the silacyclopentane rings in (+)-2-A and (£)-2-B have an
envel ope-type conformation, which implies that one methylene
proton is close to the fullerene surface, although the other is
distant. A ring current of the fullerene cage isinferred to affect
the former protons. Methane protons corresponding to Hs were
observed at 3.90 ppm for (+)-2-A and 3.86 ppm for (£)-2-B.
The other proton signals were also assigned, supporting the fact
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Figure 4. Numbering of protons (H;—Hg) and carbon atoms (C,—C,) of
(£)-2.

that (£)-2-A and (+)-2-B are the carbosilylated adducts. The
13C NMR spectra of (£)-2-A shows 80 signals for the 1,-Cg
cage, of which 78 signals are at the sp? carbon region of
120—160 ppm, and the other two signals at 63.84 and 64.48
ppm. Apparently, the latter are assignable to the sp® carbon
atoms on the I;-Cgo cage. Similarly, the 3C NMR spectra of
(£)-2-B show that 71 out of 80 signals are at the sp? carbon
region of 120—160 ppm. The other two signals are at 62.99
and 66.14 ppm. Accordingly, (+)-2-A and (+)-2-B are C;
Ssymmetric.

The detailed structure of (+)-2-A was revealed by single-
crystal X-ray structure analysis. The crystal structure shown in
Figure 5 confirms that the addition took place at the [5,6]-bond.
The yielding silacyclopentane ring is in an envelope conforma-
tion, which shows good agreement with the NMR data. The
Si—C bond between the addend and the fullerene cage was
found to be 1.982 A, which is around 0.13 A longer than regular
single bonds between sp? hybridized carbon atoms and tetra-
coordinated silicon.?® This elongation is inferred as caused not
only by the steric repulsion but also by the electron-donating
character from the Si—C single bond orbital to s-orbitals of

(a)

Table 1. La—La Atom Distances (in A) and Site Occupancy
Factors (SOFs) Determined Using Single-Crystal X-ray
Crystallographic Analysis

compd La site La—La distance [A] SOF
(£)-2-A Lal, La2 3.796 0.639
La3, Lad 3.795 0.151
La5, Lab 3.806 0.113
La7, La8 3.833 0.097
(£)-32 3.792
5P 3.823

a Data from ref 11.  Data from ref 14c.

the vicinal carbon atoms of the cage. Similar elongation of Si—C
bonds is aso found in bis-silylated derivative (4)-3. The
donating character of the silicon substituent is also confirmed
using electrochemical measurements, as described later.

Disorder involving the La atom locations is apparent in the
cage interior. As presented in Table 1, there are eight La atom
sites composed of four La pairs with site occupation factors
(SOFs) ranging from 0.097 to 0.639 at 90 K. The La—La
distances, ranging from 3.795—3.833 A, resemble those of (+)-3
and 5. This finding confirms that four La pairs exist inside the
X-ray structure cage. The presence of eight La sites shows small
energy differences between various orientations of the Laatoms,
which alow the La atoms to move around inside the cage.
Additionally, it is of interest that all the La sites are positioned
along a band of 10 contiguous hexagons inside the cage.
Therefore, it is speculated that the circuit along the band of 10
contiguous hexagons is the predominant trgjectory of the
movement of La atoms, as found in the case of Ce atoms in
Ce@Dsy-Cgo.*°

Variable-temperature (VT) ¥La NMR spectra provide in-
formation related to the dynamic behavior of the La atoms in
the carbosilylated cage. For the pristine La,@I-Cgo, the encaged
La atoms exhibit three-dimensional random movement in the
icosahedral carbon sphere. The circuit of two Lat cations
produces a magnetic field at the La positions. This is expected
to be reflected in the nuclear magnetic relaxation rate and

Figure 5. (&) Front and (b) left-side views of the ORTEP plot of (+)-2-A with thermal ellipsoids at 90 K shown at the 30% probability level. Solvate

molecules are omitted for clarity.
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Figure 6. *¥LaNMR spectraof (a) (£)-2-A and (b) (+)-2-B at 263—298
K, and (c) line widths of the ***Lasignals of (£)-2-A (O) and (&)-2-B (O)
as a function of temperature.

therefore the line width. Normally, the interaction between
nuclear spins and the induced magnetic field (a spin-rotation
relaxation) does not contribute greatly to the relaxation time in
solution because neighbors dominantly quench the molecular
rotation. However, the rotation of the La atoms can be preserved
because of unique cage protection, so that the spin-rotation
interaction has a drastic effect on the relaxation process, leading
to increased line width with increasing temperature. In fact, a
large broadening of the **La NMR line width with increasing
temperature was observed for La,@I,-Cgo.>* Results of our
recent study showed that the La atoms exhibit a two-dimensional
hopping motion in (4)-3; however, the metal atoms’ movement
isrestricted more tightly in the pyrrolidino derivatives 4 and 5,
and an adamantylidene carbene adduct, [6,6]-La@!In-Cgo(Ad)
(6), in which broadening of the line width was not observed. In
contrast, certain broadening phenomena were observed clearly
in (£)-2-A and (+)-2-B at temperatures higher than 280 K, as
shown in Figure 6. Additionally, it is noteworthy that two La
atoms are equivaent at the NMR time scale. Those results
demonstrate that the encaged La atoms in the carbosilylated
Cgo are not till, asin the case of 4, 5, and 6. Instead, dynamic
movement is apparent in (£)-2-A and (£)-2-B, asfound in the
X-ray structure of (£)-2-A. Therefore, it is concluded that the
La atoms exhibit dynamic movement in the carbosilylated
La@I-Cgo, not only in a crystalline state but also in solution.

Theoretical Calculations. To gain deeper insight into the
molecular configurations and conformations, density functional
theory (DFT) calculations were conducted. Optimized structures
of (+)-2-A and (+)-2-B are shown, respectively, in Figures 7
and 8. The relative energies are presented in Table 2. Because
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of the existence of three bulky groups that can undergo a
hindered rotation, the silacyclopropane ring can form envelope-
type conformation of two kinds. One conformation has a
methylene moiety above the pentagon ring of the carbon cage;
the other has the methylene moiety above the hexagon ring.
The X-ray structure of (£)-2-A correspondsto A-l. Apparently,
A-l isthe most stable structure, in which location of the metal
atoms closely resembles the La sites with the highest SOFs (i.e.,
Lal and La?2) in the X-ray structure. Structure A-I1, in which
the La atom below the silicon atom is near, is 5.89 kcal mol*
higher in energy than A-1. Flipping of the envelope-conforma-
tion of the silacyclopentane ring in A-l gives structure A-111,
which is 9.68 kcal mol™* higher in energy than that of A-l.
Moving the Laatomsin A-111 alows structures A-1V and A-V,
which are, respectively, 4.13 and 4.48 kcal mol~! higher in
energy than A-111. Therefore, changing the metal atom positions
in the fullerene cage alows a smaller difference in energy than
flipping the silacyclopentane ring. These results show good
agreement with observation of the multiple La sitesin the X-ray
structure. As for (+)-2-B, the most stable structure is B-1V, in
which the methylene moiety in the silacyclopentane ring is
above the hexagon ring of the carbon cage. Changing the La
sites gives structures B-111 and B-V, which have, respectively,
3.34 and 0.96 kcal mol~* higher energy than B-1V. However,
flipping the silacyclopentane ring in B-1V gives B-1, which is
7.58 kcal mol~* higher in energy than B-1V. Changing the La
sitesin B-I gives B-11, which is 0.85 kcal mol~* higher in energy
than B-1. The small differencein relative energies of the possible
structures underscores that the encaged La atoms in (4)-2-A
and (%)-2-B have dynamic movement inside the carbosilylated
fullerene cages. It is also noteworthy that the La—La distance
does not vary with the structure, which suggests that the
fullerene cage was distorted only slightly by carbosilylation.
Electronic Properties. The redox potentials of (+)-2-A and
(£)-2-B wereinvestigated using cyclic (CV) and differential
pulse voltammetry (DPV) measurements. The carbosilylated
derivatives (£)-2-A and (+)-2-B exhibited one reversible
reduction and one irreversible oxidation processes (see Figure
S5 in the Supporting Information). The first oxidation of the
carbosilylated derivatives led to removal of the substituents
from the carbon cage. Meanwhile, (£)-2-A and (+)-2-B are
stable at the first reduction potentials. Table 3 shows that
the first oxidation and reduction potentials of (4)-2-A were
shifted cathodically to 450 and 210 mV. Similarly, those of
(£)-2-B were shifted cathodically to 430 and 180 mV.
Apparently, the difference in the configuration of the tBp
group does not markedly affect the electronic properties. The
redox data show that the carbosilylated fullerene cage is more
electron-negative than pristine La,@I-Cgo, indicating that the
carbosilyl addend has good electron-donating character. It
is noteworthy that the cathodic shifts of the reduction
potentials for (£)-2-A and (£)-2-B are approximately one-
half of that for (£)-3. In this context, carbosilylation is able
to tune the electronic properties of endohedral metallof-
ullerenes “mildly” as compared to bis-silylation. In addition,
the oxidation potentials of (4+)-2-A and (+)-2-B are in the

(29) Kaftory, M.; Kapon, M.; Botoshansky, M. In The Chemistry of Organic
Slicon Compounds; Rappoport, Z., Apeloig, Y., Eds.; Wiley: New
York, 1998; Vol. 2, Chapter 5.

(30) Yamada, M.; Mizorogi, N.; Tsuchiya, T.; Akasaka, T.; Nagase, S.
Chem.-Eur. J. 2009, 15, 9486-9493.

(31) Akasaka, T.; Nagase, S.; Kobayashi, K.; Weaelchli, M.; Yamamoto,
K.; Funasaka, H.; Kako, M.; Hoshino, T.; Erata, T. Angew. Chem.,,
Int. Ed. Engl. 1997, 36, 1643-1645.
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Figure 7. Optimized structures of (£)-2-A at the B3LYP/6-31G*~dz level.

Table 2. Ground-State Relative Energies Computed at the
B3LYP/6-31G*~dz Level for the Optimized Structures of 2-A and
2-B

compd structure La—La distance [A] relative energy [kcal/mol]

(£)-2-A A-l 3711 0.0
A-ll 3.690 5.89
A-l11 3.710 9.68
A-1V 3.717 13.81
A-V 3.717 14.16

(+)-2-B B-I 3.711 8.25
B-I1 3.709 9.10
B-I11 3.717 4.01
B-1V 3711 0.67
B-V 3.710 1.63

range of the oxidation potential of La,@In-Cgo and that of
()-3. Therefore, it is concluded that the electronic properties

Side view

Top view

of endohedral metallofullerenes can be modulated step-by-
step by the number of silicon atoms introduced on the cage.

Conclusions

We have described thermal carbosilylation of endohedral
dimetallofullerene La,@I-Cgo With proper silirane for the first
time. Two diastereomers of the carbosilylated adducts were
isolated and characterized using NMR spectroscopy and X-ray
crystallographic analysis. In particular, crystallographic analysis
of (£)-2-A revedled that addition of silirane took place at the
[5,6]-bond, yielding formation of silacyclopentane rings on the
Cg cage. Single-crystal X-ray crystallographic and ***LaNMR
spectral analyses revealed that the encaged La atoms in the

(32) Suzuki, T.; Maruyama, Y .; Kato, T.; Kikuchi, K.; Nakao, Y .; Achiba,
Y.; Kobayashi, K.; Nagase, S. Angew. Chem., Int. Ed. Engl. 1995,
34, 1094-1096.
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Figure 8. Optimized structures of (+)-2-B at the B3LY P/6-31G*~dz level.
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Table 3. Redox Potentials® of (£)-2-A, (£)-2-B, (£)-3, and
La,@l1y-Cgo

compd Ex Ereg
(£)-2-A +0.11° —0.50
(£)-2-B +0.13° —0.53
(£)-3° —0.04° —-0.70
La@!-Cgo® +0.56 -0.31

2Values are given in volts and are relative to ferrocene/ferrocenium
couple and were obtained by DPV. °Irreversible. ¢ Data from ref 11.
d Data from ref 32.
carbosilylated derivatives show dynamic motion, which is
supported by DFT calculations. Electrochemical measurements
disclosed that introduction of silicon atoms onto the fullerene
surface mildly changes the electronic properties of endohedral
metallofullerenes. Results of this study underscore that the
number of silyl groups placed onto the fullerene surfaces plays
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an important role in alternation of electronic properties and metal
atoms’ movement. These results open up a new avenue of
silicon—carbon—metal hybrids.
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