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Photochemical reactions of LusN@ /,-Cg, with disiliranes 1 and 2 produce several isomeric adducts. Spectroscopic analyses characterize the most
stable isomers as 1,4(AA) adducts, which consist of paired twist conformers at rt. The electrochemical and theoretical studies reveal that the
HOMO—LUMO energy gaps of the 1,4(AA) adducts are smaller than that of Lu;N@/,-Cg because the electron-donating groups effectively raise the

HOMO levels.

Endohedral metallofullerenes (EMFs) are of great inter-
est because of their unique electronic structures, in which
the encaged species and the carbon cages are regarded as
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having cationic and anionic characters, respectively. To
date, exohedral chemical functionalization of EMFs and
hollow fullerenes have been developed as powerful tools to
modify the physical and chemical properties of EMFs' for
various applications such as molecular electronics, nano-
materials sciences,” and biomedicine.? In this context, in-
troduction of heteroatoms such as electropositive silicon
onto fullerene surfaces has been recognized to affect the
electronic characteristics of fullerenes.* Functionaization
of EMFs and hollow fullerenes with disiliranes,’ siliranes,®
and silylenes’ affords the corresponding silylated deriva-
tives, which are proven to have negatively charged cage
characters by electrochemical analyses and theoretical cal-
culations. It is notable that the dynamic behavior of the
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encapsulated metal atoms in the EMF cages can be re-
gulated by exohedral functionalization. In fact, the motion
of La atoms inside the bis-silylated La,@1,-Cgo is re-
stricted to two dimensions because of perturbation of the
electrostatic potentials inside the cage caused by the elec-
tropositive silyl groups.>

Recently, LusN@1;,-Cgg has been reported to react with
thermally generated bis(2,6-dicthylphenyl)silylene, a di-
valent silicon species, to afford a [6,6]-silacyclopropane
adduct, which isomerizes subsequently into a [5,6]-silaful-
leroid derivative.” The electrochemistry of silylene deriva-
tives shows the weak effects of monosilylation on the redox
potentials, compared to the case of bis-silylated Sc;N@ 1~
Cso.>® However, the reaction of silylene with ScsN@ 1,,-Cgg
did not proceed efficiently to afford the corresponding
adducts in quite low yields. Consequently, it is important
to investigate the effects of the various silyl groups onto
LusN@1;,-Cgq cages. This report demonstrates the reac-
tions of LusN@1,-Cgo with disiliranes 1 and 2, which
produce several LusN@1,-Cgo(R,Si1),CH, regioisomers
(Scheme 1). The electrochemical study and theoretical
calculation were also conducted to reveal the electronic
properties of the silylated EMFs. Additionally, we describe
the novel isomerization of the disilirane adducts observed
in this study.

Scheme 1. Synthesis of LusN@ /,-Cgo(R,S1),CH, Derivatives
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Photoreaction of LusN@7;,-Cg and 1 was carried out in
amixed solvent of 1,2-dichlorobenzene/toluene using a 500
W halogen lamp. Subsequent preparative HPLC separa-
tion afforded products 3 and 4 in 59% and 21% yields,
respectively (Figures S1 and S2 in the Supporting In-
formation). MALDI-TOF mass spectrometry (Figure
S6) of 3 and 4 displays molecular ion peaks at m/z 2045
(M), as expected for 1:1 adducts of LusN@1;,-Cgy and 1.
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A base peak at m/z 1499 is also observed as the fragment
ion LusN@17,-Cgo . In a similar procedure, photoreaction
of LusN@1;,-Cgo and 2 gave two products 5 and 6 in 49%
and 12% yields, respectively (Figures S3 and S4). In addi-
tion, 4 and 6 were photolabile to isomerize into 3 and 5,
respectively, under ambient light (Figures S7 and S8).
Furthermore, an intermediate 7 was observed in the trans-
formation of 6 to 5 in the dark, even at 25 °C (Figure S9).
The MALDI-TOF mass measurement of 5—7 also verified
the formation of 1:1 adducts derived from 2. NMR
analyses of 3, 5, and 7 were conducted as follows whereas
those of 4 and 6 were difficult because of the instability.
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Figure 1. Addition patterns. (a) Four possible addition sites for
1,2-addition and 1,4-addition. (b) Three conformations of dis-
ilirane moiety.

Because two kinds of nonequivalent carbon atoms exist
on the 7,-Cgq cage, the possible addition sites for 1,2- and
1,4-addition are as follows: 1,2(AA), 1,2(AB), 1,4(AA),
1,4(BB) (Figure 1a). The (Mes»Si),CH, addend in 3 can
adopt three conformations, as depicted in Figure 1b.
The possible isomers and symmetries expected for /-
Cgo(Mes,Si),CH, are presented in Table S1 in the Sup-
porting Information. The 'H, '*C, and 2D NMR spectra
of 3 indicate that 3 involves two conformers (3-I and 3-II)
in the ratio 5:2 (Figures S10 and S11). Each conformer
shows four aryl proton signals, six methyl signals, and one
methylene signal. In addition, two sets of 39 sp” carbon
signals and 1 sp? carbon signal of the 7,-Cg, cage are ob-
served for each of the conformers as shown in the '*C
NMR. Four tertiary and eight quarternary mesityl ring
carbon signals, one methylene carbon signal, and six methyl
carbon signals are also found for each of the conformers.
For further structural determination of 3, VT-'H NMR ana-
lyses were performed between 243 and 343 K (Figure S12).
As expected, the signals of the two conformers coalesced to
afford a simple spectrum at 343 K. Subsequently, when the
NMR sample was cooled to 243 K, the spectrum before
heating was observed again. The NMR spectra of 3 includ-
ing the VT experiments suggest that the symmetry of 3 is C5
at 343 K. These spectral properties closely resemble those of
[1 ,4]-SC3N@]h-Cgo(MCSQSi)QCHz.Sb Therefore, 3 seems to be
the 1,4(AA) adduct, which has two twist conformers. The
coalescence of NMR signals at 343 K is rationalized by the
rapid interconversion between the conformers. 2D EXSY
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Figure 2. Vis—NIR absorption spectra of LusN@7,-Cgo, disilir-
ane, and silylene derivatives.

NMR measurement was performed using the phase sensitive
NOESY pulse sequence to confirm the interrelation be-
tween these conformers (Figure S13). The spectrum showed
several cross-peaks corresponding to the conformers indi-
cating the chemical exchange between the conformers.

The '>)C NMR spectra of 5 show two sets of 39 sp”
carbon signals and 1 sp? carbon signal of the 7,-Cgo cage in
the ratio 1:1, which closely resemble those of 3 (Figure
S14). In addition, the HMBC spectrum shows that two
singlet proton signals, assignable to Si—CH,—Si at 2.09
and 2.29 ppm, correlate with two sp* cage carbons at 59.36
and 58.88 ppm. Moreover, HSQC measurement shows
that these two singlet proton signals have two cross-peaks
at 13.54 and 15.90 ppm (Figure S15). These observations
indicate that 5 has C, symmetry with two conformers, 5-1
and 5-II as in the case of 3. Unfortunately, the coalescence
of signals of 5 in the VT-'H NMR was not observed up to
353 K, probably because of steric restrictions caused by the
bulky Dep groups (Figure S16). Based on symmetry con-
siderations, the structure of 5 was determined as a 1,4(AA)
adduct, coupled together with the vis—NIR spectral ob-
servation as described below.

The '*C NMR spectrum of 7 shows four quartet signals
for CH; and four triplet signals for CH, of ethyl groups,
and one triplet for the Si—CH,—Si moiety, as well as 51 sp*
carbons. A singlet signal for the sp® carbon of the I,-Cgo
cage was also observed at 49.24 ppm (Figure S17). These
spectral data suggest that 7 is a 1,4-adduct with C, sym-
metry, butitis not clear whether 7isa 1,4(AA) ora 1,4(BB)
adduct. A singlet signal for the sp’ carbon of the I,-Cs,
cage was observed at 49.24 ppm, with a chemical shift of
~10 ppm upfield compared to those of 5. This observation

Table 1. Redox Potentials (V)* and HOMO/LUMO Levels
(eV)" of 3, 5, and Related 7,-Cgy EMFs

compd E*, E™, g™, E™,; HOMO LUMO
LusN@I,-Cgo +0.61 —1.39° —1.83° —2.16° —-6.49 —2.38
3 +0.06° —1.55° —2.01°
31 -5.65 —2.10
3-I1 —5.68 —2.05
5 +0.08° —1.61° —2.15° —2.58°
5-1 -570 -2.14
5-I1 -571 -2.10
ge +0.27° —1.43° —1.72° —1.94°
9¢f +0.43° —1.52° —1.73° —1.99°
ScsN@I5,-Cgof +0.62 —1.22 —6.47 —2.58
105" +0.08° —1.45

“Values obtained by DPV are in volts relative to the ferrocene/
ferrocenium couple. ? See ref 11. “ Trreversible. “Data from ref 7. “8 =
[5,6]-LU3N(@[/I-Cgo(Depzsi). f9 = [6,6]-LU3N@I/,-Cgo(Depzsi). ¢ Data
from ref 5b. "10 = [1,4]-ScsN@1;,-Cgo(Mes,Si),CHo.

suggests that the addition site of 7 is 1,4(BB) with C,
symmetry.

The vis—NIR spectroscopy offers valuable information
about structures of exohedrally functionalized EMFs.®
The spectra of 3 and 5 show distinctive absorption maxima
at 807 and 810 nm (Figure 2), respectively, which closely re-
semble that of the reported [1,4]-LusN@ 7,-Cgo( CH,CHs),.”
It is noteworthy that the spectra of 3 and 5 differ much
from those of LusN@7,-Cgo(Dep,Si), which have been
determined to be 1,2-adducts at the [6,6]- and [5,6]-ring
junctions, respectively.” Consequently, these spectroscopic
data, including *C NMR and vis—NIR, support the struc-
tures of 3 and 5 as a 1,4(AA) twist adduct. However, the
spectrum of 7 differs somewhat from those of 3 and 5,
showing absorption maxima at 666 and 840 nm. Therefore,
we tentatively assigned a 1,4(BB) twist structure to 7 based
on the NMR and vis—NIR spectra.

The electrochemical behaviors of 3 and 5 were studied
using cyclic voltammetry (CV) and differential pulse volta-
mmetry (DPV). The voltammograms of 3 and 5 show
that both the oxidation and reduction process are irrever-
sible (Figure S18).'” As shown in Table 1, the first oxida-
tion (E°%,) and the first reduction (E™,) potentials of 3
are shifted cathodically by 550 and 160 mV, respectively,
compared with those of LusN@1,-Cgq. For adduct 5§, the
cathodic shifts of E° and E™Y, are, respectively, 530 and
220 mV. These cathodic shifts of the redox potentials are
quite similar to those observed for the cases of [1,4]-
ScsN@1,-Cgo(Mes,Si),CH,.> ® Therefore, the [1,4]-bis-
silylated structures of 3 and 5 are also supported by the
electrochemical properties. However, the redox potentials
of [6,6]- and [5,6]-LusN@1,-Cso(Dep-Si)’ show less catho-
dic shifts compared to those of 3 and 5, as expected from

(8) Exohedrally functionalized EMFs and hollow fullerenes show the
corresponding characteristic vis—NIR spectra, which are specific to the
regiochemistry of functionalization, and irrespective of the type of
functional groups. For example, 9[1,4]-Sc3N@1,7-C8()(MeSZSi)2CH25b
and [1,4]-ScsN@1;,-Cgo(CH,C4Hs),™ afford very similar spectra with
absorption maxima around 900 nm.
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Figure 3. Optimized structures of LuzN@/7,-Cg, disilirane
derivatives.

the numbers of silicon atoms introduced onto the surface
of the I;-Cg cage.

To obtain more insight into the structures of 3, 5 and 7,
the optimized structures of 3-I, II and 5-1, II are calculated
based on those of [1 ,4]'SC3N@Ih'Cg()(Mesti)chzsb as
shown in Figure 3."" Paired twist conformers are found to
be almost isoenergetic: 3-1is 1.1 kcal/mol less stable than 3-
II; in addition, 5-1 is 0.8 kcal/mol more stable than 5-I1. In
contrast, the optimized structure of 7 was calculated as
10.4 kcal/mol less stable than 5-I in agreement with the
experimentally obtained result that 7 isomerizes readily to 5.
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at the M06-2X level'? using the Gaussian09'? program. SDD basis set'
with the effective core potential was used for Lu, LanL2DZ basis set'”
for Sc, and 6-31G(d) basis set'® for C, H, N, and Si.
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Wallingford, CT, 2010.
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Therefore, the structure of 7 is most likely to be a 1,4(BB)
adduct, which was hitherto unknown for 7,-Cg, based
EMF derivatives. It is worthwhile to note that the opti-
mized structures of 3 and 5, by changing the orientation of
the Lu;N cluster, were less stable by 15—27 kcal/mol than
either 3-I, I or 5-1, IT (Figure S19). These results predict
that free rotation of the LusN cluster is restricted inside
the cages.

The HOMO—-LUMO energy levels of the calculated
compounds also correlate well with the experimental
cathodic shifts of the redox potentials (Table 1). Conse-
quently, the calculation confirmed the remarkable differ-
ence in the electronic property between monosilylated and
bis-silylated LusN@1,-Cgq derivatives.

In conclusion, we report for the first time that several
bis-silylated LusN@1,-Cg, derivatives have been synthe-
sized using photochemical additions of disiliranes. Inter-
estingly, a facile transformation took place between the
bis-silylated LusN@1,-Cg, in which the 1,4(AA) adducts
are the most stable product. Electrochemical and theore-
tical studies of the 1,4(AA) adducts demonstrate that bis-
silylation is more effective and versatile for tuning the 7
electronic characters of various EMFs than monosilyla-
tion using silylenes.
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