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Abstract: The photochemical reaction of ScsN@Cso with 1,1,2,2-tetramesityl-1,2-disilirane affords the adduct
as a bis-silylated product. The adduct was characterized by NMR spectroscopy and single-crystal X-ray
structure analysis. The dynamic behavior of the disilirane moiety and the encapsulated ScsN cluster were
also investigated. The unique redox property of the adduct is reported by means of CV and DPV.
Experimental results were confirmed by density functional calculations.

Introduction reported the NMR spectral and X-ray crystal data of a Diels

Alder monoadduct of SB@ Ggo, Which is the only completely

Endohedral r_netallofullerene; have attl_racted S|gn|f|r_:ant mtgr- characterized derivative of this endohedral metallofulleréne.
est due to their novel properties resulting from their special

molecular structures: To date many endohedral fullerenes Exohedrally derivatized endohedral metallofullerenes are very
have been prepared and isolated. Dorn et al. have developed &teresting for their potential usefulness as novel materials. The
new synthetic method to afford a novel endohedral metallof- study of derivatization of metallofullerenes is almost completely
ullerene, namely SB@Cs.* Splendidly, the quantity of based on the introduction of a carbon grdupleanwhile,
SaN@Cy obtained exceeds that of the abundant empgy C  organosilicon compounds represent a unique feature of materi-
which is the third most abundant fullerene, next tg &d Go, als8In a series of our studies of the chemical functionalization
under normal conditions. Density functional calculations  of fullerenes with organosilicon compountisie have reported
confirm the stability of SEN@Cgo.6 Since SeN@Cgo can be the bis-silylation of metallofullerenes with 1,1,2,2-tetramesityl-
isolated in a remarkably high yield, the design o&S$@ Cso 1,2-disilirane (hereafter abbreviated as disilirdhas well as
derivatives has a considerable potential for their applications Cgo and higher fullereneX. Addition of disilirane can tune the

in material science and biochemistry. Dorn and co-workers electronic properties of metallofullerenes; the cages of silylated
metallofullerenes become electron-rich as a result of the electron
donation from the disilirane moiety. Very recently, we revealed
the chemical reactivity of SBl@Cgp with disilirane from the
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viewpoint of redox potentials and HOMO/LUMO levéiThe 112.9(1), 107.9(1), 50.6(2), 30.5(2), 26.6(2), 26.1(2), 23.4(2), 20.9(2),

photochemical reaction of 4@ Cgo with disilirane affords the ~ 20.4(2), 3.2(2).

adduct as a bis-silylated product. SGN@Cgo(Mes;Si,CH-B (1B): vis—near-IR (CY) Amax 900 nm;
We now report the full characterization of the bis-silylated MALDI-TOF MS m/z 1655 (M), 11091(Nr — [(Mes;Si).CHy)).

SGN@Geo by means of NMR, visnear-IR absorption and CV. Sfcf‘z'\;é@%%MG‘e;’Z;"();C;':")B; (%B(';): 2I:|) N6M6% izogmHé’G%EzsCHZH)

spectroscopy, and single-crystal X-ray structure analysis. In J7° A : e ’ o ' e ' ’

X . ; ; I 3.24 (s, 6H), 2.44 (s, 6H), 2.29 (s, 6H), 2.26 (s, 6H), 2.10 (s, 6H), 2.00
particular, we describe the dynamic behaviors of the disilirane (s, 2H), 1.87 (s, 6HJC NMR (75 MHz, CDCLICS,, 233 K) 0 176.4-

moiety and the encapsulatedsSccluster. Density functional (2), 165.6(2), 152.7(2), 152.3(2), 152.2(2), 150.7(2), 149.5(2), 147.2-
calculations were also carried out for thelS@ Cgo derivatives. (2), 146.7(2), 146.7(2), 146.5(2), 145.7(2), 145.7(2), 145.1(2), 144.7(2),

_ ) 144.5(2), 143.1(2), 142.4(2), 142.3(2), 141.4(2), 140.7(2), 140.7(2),
Experimental Section 140.5(2), 140.0(2), 139.8(2), 139.7(2), 139.1(2), 138.4(2), 138.4(2),
138.2(2), 137.6(2), 135.4(2), 135.2(2), 134.9(2), 134.7(2), 134.2(2),

Preparation and Purification of Sc;N@Cso. The soot containi
reparation and purification of ScN@Co. The soot containing 155203 133" 5" 133 52) 132.8(2). 132.5(2). 132.2(2). 131.1(2),

scandium metallofullerenes was prepared according to the reported
procedure using a composite anode which contained graphite andlso'l(z)' 130.0(2), 129.9(2), 128.7(2), 128.4(2), 128.3(2), 128.2(2),

scandium oxide with the atomic ratio of Sc/C equal to 0:8%he 114.8(2), 56.8(2), 30.6(2), 29.1(2), 28.6(2), 25.9(2), 25.5(2), 21.4(2),

composite rod was subjected to an arc discharge as an anode under &1'3(2)' )
helium atmosphere that contained a small amount of&$. The raw SeN@Cso(MesSi),CH2-B-II (1B-11): *H NMR (300 MHz, CDCY
soot containing scandium metallofullerenes was collected and extractedC 233 K) 0 6.83 (s, 2H), 6.81 (s, 2H), 6.66 (s, 2H), 6.60 (s, 2H),
with 1,2,4-trichlorobenzene (TCB) solvent for 15 h.sS@Cs was 3.10 (s, 6H), 2.55 (s, 6H), 2.37 (s, 6H), 2.29 (s, 6H), 2.21 (s, 6H), 2.17
isolated from various empty fullerenes and other scandium metaliof- (S 2H), 1.92 (s, 6HJ;SC NMR (125 MHz, CRCL/CS;, 233 K)4 179.9-
ullerenes by a multistage high-performance liquid chromatography (2): 152.4(2), 151.7(2), 151.2(2), 150.9(2), 149.4(2), 146.9(2), 146.7-
(HPLC) method. In the first stage, a 5PBB column (20 mn250 (2), 146.6(2), 146.2(2), 145.4(2), 145.3(2), 144.9(2), 144.9(2), 144.0(2),
mm i.d.; Cosmosil, Nacalai Tesque, Inc.) was used with TCB as eluent. 142-9(2), 142.9(2), 142.8(2), 141.9(2), 141.2(2), 140.8(2), 140.6(2),
In the second stage, a Buckyprep column (20 mn250 mm i.d.; 140.4(2), 140.3(2), 140.1(2), 139.9(2), 139.9(2), 138.8(2), 138.2(2),
Cosmosil, Nacalai Tesque, Inc.) was used with toluene as eluent. 138-2(2), 138.1(2), 138.0(2), 138.0(2), 135.5(2), 135.4(2), 134.8(2),
Finally, in the third stage, a Buckyclutcher column (21 nmxm500 134.5(2), 134.5(2), 134.0(2), 134.0(2), 133.8(2), 133.2(2), 132.5(2),
mm i.d.; Regis Chemical) was used with toluene as eluent. 132.1(2), 131.6(2), 130.5(2), 130.5(2), 129.0(2), 128.4(2), 128.0(2),
Bis-Silylation of SGN@Cso. A 23 mL solution of SeN@GCg (4.6 116.9(2), 57.3(2), 28.2(2), 25.8(2), 25.2(2), 23.8(2), 23.7(2), 21.1(2),

mg, 4.1x 107 mol) and disilirane (113 mg, 2.4¢ 10~* mol) in toluene/ 11.5(2). ) ) ) )

TCB (3/1) was placed in a Pyrex tube (20 mm i.d.), degassed by freeze Black crystals ofLlB were obtained by layering a solution B in
pump—thaw cycles under reduced pressures, and then irradiated with 3.0 mL of CS on the bottom of 9.0 mL of hexane, in églass tube (7.0
a Halogen lamp (cutofi 400 nm) for 5 h. The adductdA,B) were mm "(_1'_) at 373 K. Th'e crystal dat.a are as follows: mfCuHae
easily isolated from the unreacted disilirane ancsN&@Cso by NSGSiy; fw = 1656.61; black plate; tetragonal, space groéip(No.
preparative HPLC using a Buckyprep column. 80);a= 20.4678(14)b = 20.4678(14)¢c = 15.804(2) A}V = 6620.8-

37=24 = 3. = 1Lg=
SEN@Ca(Mes;SiKCH:-A (1A): IH NMR (300 MHz, CDCL/CS,, (12) A% Z = 4; Deac = 1.662 g oM, u(Mo Ka) = 0.656 mnr; 6

210700 055 4 630000 A5 . 2, 22,27 LT SOCR 0150w 0t r b €
6H), 2.91 (d,J = 13 Hz, 1H), 2.48 (s, 6H), 2.31 (s, 6H), 2.17 (s, 6H), ' ' :

1.99 (s, 6H), 1.99 (s, 6H). 1.86 (d,= 13 Hz, 1H): °C NMR (75 maximum residua! glectron density is equal to O.QZl‘é.A
MHz, CD,CLICS,, 233 K) & 157.8(2), 155.7(1), 155.4(1), 154.6(2), Toluene was dlstll_led over benzophenone sodium kety_l gnder an
150.9(2), 149.6(2), 149.2(2), 148.9(2), 147.3(2), 146.7(2), 144.7(2), argon atmosphere prior to use. 1,2-D|ch_lorob§nzene was distilled over
144.2(2), 144.1(2), 144.0(2), 144.0(2), 143.6(2), 142.7(2), 142.7(2), P,Os under vacuum prior to use. HPLC isolation was performed on a
142.0(2), 141.3(2), 141.2(2), 140.7(2), 140.4(2), 139.8(1), 139.2(1), LC-908 (Japan Analytical Industry Co_., Ltd.). Toluene was use_d as
139.1(2), 138.9(2), 138.8(2), 138.0(2), 137.8(2), 137.8(2), 137.6(2), the eluent, and the eluants were monitored by the UV absorption at
137.4(2). 137.309), 137.02), 137.001). 135.9(2) 135,19, 134802), Lo €T 2o RO ARt S B S easured
134.2(2), 132.8(2), 132.8(2), 132.3(2), 132.1(1), 131.8(2), 131.5(2), by Using a Shimadzu UV-3150. 'I.'HH, 15C, 1H—1H4 COSY, HMQC,
130.2(2), 130.1(2), 130.0(2), 129.4(2), 128.6(2), 127.7(2), 127.5(2), H}II\/IBC,gand 2D EXCY NMR spectra were measured on a Bruker
(11) Akasaka, T.; Kato, T.; Kobayashi, K.; Nagase, S.; Yamamoto, K.; Funasaka, Avance-300, Avance-500, gnd A\(ance-600 spectrometers. Cyclic
H.; Takahashi, T.Nature 1995 374 600-601. (b) Wakahara, T.. voltammograms (CV) and differential pulse voltammograms (DPV)
Kobayashi, J.; Yamada, M.; Maeda, Y.; Tsuchiya, T.; Okamura, M.; were recorded on a BAS CV50W electrochemical analyzer. A platinum

Akasaka, T.; Waelchli, M.; Kobayashi, K.; Nagase, S.; Kato, T.; Kako, ; ; ; :

M. Yamamoto, K.: Kadish, K. MJ. Am. Chem. So®004 126, 4883 disk and a platinum wire \{vere used as the working electrode and the
4887. (c) Akasaka, T.; Okubo, S.; Kondo, M.; Maeda, Y.; Wakahara, T.; counter electrode, respectively. The reference electrode was a saturated
Kato, T.; Suzuki, T.; Yamamoto, K.; Kobayashi, K.; Nagase Cem. calomel reference electrode (SCE) filled with 0.InNBusNPFs in 1,2-

Phys. Lett200Q 319 153-156. (d) Akasaka, T.; Nagase, S.; Kobayashi, dichl b Al ial f d he f /
K. Suzuki, T.: Kato, T.; Yamamoto, K.: Funasaka, H.; Takahashi).T. ichlorobenzene. potentials are referenced to the ferrocene
ghem. bSoc., ﬁhem. CSomnf(mgs 1343-1344. ('?() Arlg.asaka, Th [\éagase, ferrocenium couple (Fc/Fg as the standard. CV: scan rate, 20 mV/s.

.; Kobayashi, K.; Suzuki, T.; Kato, T.; Kikuchi, K.; Achiba, Y.; . H . ; . :
Yamamoto, K.; Funasaka, H.; TakahashiAhgew. Chem., Int. Ed. Engl DPV: pUIse amp“tUde’ 50 mv; pUIse width, 50 ms; pUIse pe”Od’ 200
1995 34, 2139-2141. (f) Wakahara, T.; Sakuraba, A ; liduka, Y.; Okamura, MS; scan rate, 20 mV/s.

M.; Tsuchiya, T.; Maeda, Y.; Ishizuka, M. O.; Akasaka, T.; Okubo, S.; ; ; i i ; ;
Kato, T.. Kobayashi, K.: Nagase, S.: Kadish, K. @hem. Phys. Let2004 Th_eoretlcgl Calculatlons.Geometrlesl\évere opU_rmzed with hyt_)rld
398 553-555. (g) Yamada, M.: Feng, L.; Wakahara, T.; Tsuchiya, T.; density functional theory at the B3LYP5 level using the Gaussian
Maeda, Y.; Lian, Y.; Kako, M.; Akasaka, T.; Kato, T.; Kobayashi, K.; 03 program'® The effective core potential and the corresponding basis
Nagase, SJ. Phys. Chem. BR005 109, 6049-6051. (h) Yamada, M;
Nakahodo, T.; Wakahara, T.; Tsuchiya, T.; Maeda, Y.; Akasaka, T.; Kako,
M.; Yoza, K.; Horn, E.; Mizorogi, N.; Kobayashi, K.; Nagase, 5.Am. (23)
Chem. Soc2005 127, 14570-14571. (14)

(12) liduka, Y.; Ikenaga, O.; Sakuraba, A.; Wakahara, T.; Tsuchiya, T.; Maeda, (15) Lee, C.; Yang, W.; Parr, R. ®hys Rev. B 1988 37, 785-789.
Y.; Nakahodo, T.; Akasaka, T.; Kako, M.; Mizorogi, N.; Nagase,JS. (16) Frisch, M. J.; et al.GAUSSIAN 03 revision C. 01; Gaussian Inc.:
Am. Chem. So@005 127, 9956-9957. Wallingford, CT, 2004.

Becke, A. D.Phys Rev. A 1988 38, 3098-3100.
Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
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Table 1. 1somers and Their Symmetries of Cgo(Mes;Si),CH>

‘ , . equivalency of 3C NMR pattern of Cg, cage
isomer site form conformation . Me 80
symmetry CH, Si C(Q) sp? sp®
planar Cs O x X 6HX6 20X36, ICX8 —
open bept G X X X 3HX 12 1CX 80 -
twist G X X X 3HX 12 1C X80 -
1'2(ab) @
planar Cs O x x 6HX6 2CX36, ICX6 1CX2
closed bept (o) X X X 3HX 12 1CX78 1CX2
twist C X X X 3HX 12 1CX 78 1CX2
planar Cs x O O 6HX6 2CX36, ICX8 -
open bent Cs x O O 6HX6 20X36, ICX8 -
twist G X X X 3HX 12 1C X80 -
1,2(aa)
planar Cs x O O 6HX 6 20X35, 1ICX8 20X 1
closed bept Cs x O O 6HX6 2C X35, ICX8 20X 1
twist G X X X 3HX 12 1CX78 1CX2
planar Csy O O O 12HX3 4CX16, 2CX7 2CX1
1,4(bb) bept Cs x O O 6HX6 2CX36, 1CX6 20X1
twist C, O 0O 0O 6HX 6 20X 39 20X 1
planar G O O O 6HX6 2CX39 20X 1
1,4(aa) bept C X X X 3HX 12 1CX78 1Cx2
twist C, O O O 6H X6 20X39 20X 1
Scheme 1 (a) 1 1 * impurity
et T - ‘:.:_ “'\I\'
Y leN OUINN [ J
W~ x[ 2l hv W~ t[ 5~ | o
FEE] T+ MesSi —SiMes, ——» @7 <] '1 > I - i I
SJYerS gY@l a0 e MNe W L i
A LA e
ScyN@Cgy disilirane ScyN@ Cg{ Mes,Si),CH, J ).
1
_ .M-I?L.JJ 1 . IJJ:L _I"" FANLY ,l||

9 & 7 [ 5 4 3 2 1 0 -1
chemical shift / ppm

set” were used for Sc, and electrons in the outermost core orbitals
were explicitly treated as valence electrons. The contraction scheme
employed for the basis set was (5s5p5d)/[4s4p3d] for Sc in the standard
notation. The split-valence d-polarized 6-31G{d)asis set was used

for Si, C, N, and H.

Results and Discussion

Structural Determination of ScsN@ Cgo(Mes,Si),CH2-A
(1A). As Scheme 1 shows, photolysis of a toluene/TCB (3/1)
solution of disilirane and SBI@ Cg led to the ready formation s o p :
of the 1:1 adduct X). The separation of the adduct was chemical shift/ ppm
subsequently achieved using a HPLC on a Buckyprep column gigyre 1. (a)H (at 298, 233 K) and (b)°C (at 233 K) NMR spectra of
with toluene used as the eluent. The MALDI-TOF mass 1in CD.Cl, (right red,1A; green,1B).
spectrum of the isolated verified the formation of the 1:1
adduct. because of their identical retention times. Six methyl signals

The |, structure of the @ fullerene has two kinds of and four metaproton signals from the mesityl groups are
nonequivalent carbon atoms. Therefore, there are two additionassigned tdA. The'H—H COSY NMR spectrum of shows
sites for each of the 1,2- and 1,4-cycloadditions: 1,2(aa), 1,2- four cross-peaks between two doubled signalslaf These
(ab); 1,4(aa) and 1,4(bb). The possible isomers and symmetriessignals are assigned to the two methylene protonslAf
of Cgo(MegSi),CH, are shown in Table 1. The molecular therefore, which are in nonequivalent environments. Accord-
symmetry of1 was determined by means of NMR spectral ingly, itis found thatLA hasCs symmetry and the mirror plane
analyses. ThéH NMR spectrum ofl indicates the presence of ~ passes through the twosparbon atoms bonded to the disilirane
two isomers,1A,B (Figure 1la). From the peak areas it was moiety. The other signals are assignedl& However, it is
estimated that the ratio dfA to 1B is 3:2. These isomers could  not possible to assign completely the signald Bfbecause of
not be resolved by the HPLC method using a Buckyprep column the overlap with signals ofA. The 13C NMR spectrum ofl

shows 43 (35< 2; 8 x 1) signals due to $carbon atoms and
88 A J‘f‘;’%dittég’xélﬁ?-g‘gg’pf;%? 3?2?198%,32%% %9-2 56, 2257 one signal due to the &earbon atom for the & skeleton of
2261. 1A (Figure 1b). Twelve signals for four tertiary and eight

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9921
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(a)

CDCly T
. * impurity
of |
« a4t
1 |
| ol . |
E ﬁi‘ 0
L W 1L D N T
0w s 8 7 6 5 4 3 2z 1 0 A

chemical shift / ppm

65 34 a0
chamical shift ! ppm

Figure 3. VT-'H NMR spectra oflB in 1,1,2,2-tetrachloroetnare-

twist-| twist-ll

chemical shift / ppm

Figure 2. (a)H (in CS/CDCls) and (b)*3C (in CS/CD,Clz) NMR spectra
of 1B at 233 K (red,1B-I; blue, 1B-II).

quaternary aromatic carbon atoms and one signal for the
methylene carbon atom of the disilirane moietyléfwere also
observed. The signals 4B were not observed because of the
relatively low intensity. The HMBC NMR spectrum gave crucial  Figure 4. Two twist modes on conformations of the silyl group.
evidence for the identification of the 1,3-disilolane structure in
1A, i.e., a cross-peak corresponding to one proton of methylene 383 K at intervals of 10 K (Figure 3). The signals were sharp
group at 1.86 ppm and two %$parbon atoms of thegg skeleton at 243 K and broad around 293 K, and above this temperature
at 50.6 ppm was observed. These spectral data revealAhat the line widths narrowed. Surprisingly, at 383 K the signals for
results from the addition of disilirane on the bond junction 1B-l and1B-II became equivalent with an intermediate chemi-
between 5- and 6-membered rings resulting in the formation of cal shift comparable to those faB-1 and1B-Il at 243 K. After
a closed structure (1,2(aa)-closed). Interestingly, no cross-peakrecooling of thelH NMR sample to 243 K, the spectrum before
corresponding to another methylene proton at 2.91 ppm andheating was observed. This indicates that there is a chemical
the s carbon atoms was observed. This implied thathas a exchange betweebB-l and1B-Il. Two nonequivalent signals
frozen (no ring inversion) conformer in the bent conformation for ortho-methyl protons about one mesityl group became
on the NMR time scale. Although, two kinds of bent diaster- equivalent at 383 K, because the mesityl groups could rotate
eomeric conformers are possible, the conformation cannot bearound their Si-C single covalent bond. The spectrum at 383
deduced by NMR spectroscopy. We are currently trying to K indicates that1B has C, symmetry. Therefore, it was
obtain single crystals suitable for X-ray structural analysis to concluded that botiB-l1 and 1B-Il are 1,4(aa)-adducts. The
verify the molecular structure. 1,4(aa)-adduct has two twist conformers of the disilirane moiety,
Structural Determination of ScsN@ Cgo(Mes,Si),CH,-B namely twist-l and twist-1l, as shown in Figure 4. Hence, the
(1B). A most interesting finding is thatA isomerizes thermally ~ observed chemical exchange betwddl and 1B-Il can be
to 1B. This means that the 1,2(aa)-adduct is thermodynamically attributable to the transformation from one twist conformer to
less stable than the 1,4(aa)-adduct but is more favorableanother.
kinetically, as mentioned below. A mixture dA,B was heated 2D EXSY NMR measurement was acquired using the phase-
in 1,2-dichlorobenzene at 353 K for 80 min. After heating, the sensitive NOESY pulse sequence to investigate the interrelation
'H NMR spectrum shows two sets of 11 signals which can be between1B-I and1B-1I. The spectrum showed several cross-
assigned td.B, with a complete disappearance of signals due peaks corresponding ttB-I and1B-II, indicating a chemical
to 1A (Figure 2a).1B is composed of two conformerd §-I exchange betweehB-1 and1B-Il (Figure 5). To calculate the
and1B-Il), and thelB-1/1B-II ratio is 5/3. Six methyl signals,  magnetization exchange ratksof the exchange equilibrium
four metaproton signals, and one methylene signal from the (k' = ¢ (mol/L)-k), we carried out a quantitative analysis of the
disilirane moiety were observed for each 18- and 1B-Il. experimental intensities of the NMR peaks obtained in the 2D
The**C NMR spectrum ofLB shows two sets of 39 signals of EXSY NMR experiments. In particularly, 2D EXSY NMR
the Ggo skeleton (Figure 2b). Twelve signals for four tertiary spectra were measured at 223, 233, and 243 K and at a mutually
and eight quaternary aromatic carbon atoms and one signal forequal concentratiorc). Thek's calculated at 223, 233, and 243
the methylene carbon atom of the disilirane moiety for each of K are 1.11, 3.91, and 13.63, respectively. The activation energy
1B-I and1B-Il were also observed. The HMQC NMR spectrum  AG* for the transformation frordB-I to 1B-Il was estimated
shows one cross-peak corresponding to the methylene protonsas 13.5 kcal/mol from an Arrhenius plot. The energy difference,
and the sp carbon atoms for each dfB-1 and1B-Il. These = AG, betweenlB-I and1B-Il was estimated to be 0.2 kcal/mol
spectral data suggest thaB-l1 and 1B-1l are due to the 1,4-  according to the Boltzmann distribution. FogDepGe)CH,
(aa)- or 1,4(bb)-adduct having the 1,3-disilepine structure with (1,4-adduct, Dep= 2.6-diethylphenyl), the corresponding
C, symmetry. activation energy is 17.8 kcal/m8i.
To determine the addition site @B, VT-'H NMR measure-
ments were carried out by varying temperatures from 243 to (19) Akasaka, T.; et alOrg. Lett 200Q 2, 2671-2674.
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Figure 5. 2D EXSY NMR spectrum oflB in CS/CDCl; at 233 K (red,
1B-I; blue, 1B-I1).

The structure ofLB was confirmed by single-crystal X-ray
structure analysis. At 90 K the two conformet®-1 and 1B-

at 233 K. Certainly,1B-I and 1B-Il correspond to twist-l and
twist-1l structures, respectively. The encapsulategNSduster

in both 1B-1 and 1B-II is located at a single site and at the
same mutual position. This suggests that the free circular motion
of the SgN cluster in pristine SIN@GCgo is restricted in the
silylated adduct.

The details of the molecular structuresid-l and1B-II are
as follows. The S+C bond (Si(1)-C(1) = 2.003 A) between
the disilirane moiety and theggcage is elongated compared
with the distances usually found in alkylsilane compounds. This
elongation may be due to the steric repulsion between the bulky
mesityl groups and theggcage and the silicof-effect byo—n
conjugation between the-orbital of Si—C bonds and the
sr-orbital of the Go cage. In bothlB-1 and 1B-IlI, Sc(1) is
located near the hexagon on the bottom with Se@(2) =
2.379 A, Sc(1)-C(3) = 2.394 A, and Sc(BHC(4) = 2.408 A.
In 1B-I, Sc(2) is located over a5 bond with the Sc(2)C(5)
= 2.190 A and Sc(2)C(6) = 2.273 A. In1B-II, Sc(3) is also
located over a 56 bond with the Sc(3}C(9) = 2.133 A and
Sc(3)-C(10) = 2.304 A. The SeN cluster is planar with the
sum of N—=Sc bond angles of 360.0 and 360fbr 1B-1 and
1B-Il, respectively. The NSc distances (N(1)Sc(1)= 1.989
A, N(1)—Sc(2)= 2.022 A, and N(1)Sc(3) = 2.007 A) are
almost the same as those in §8@& Cgg)-Co'(OEP)}1.5CHC}:
0.5GHs (1.966-2.011 Af and SeN@ Ggo—CroH1202 (2.020-

Il, are disordered on a common site with occupancies equal t02.032 A)72 The C(7)-C(8) bond length (1.339 A) of the
0.70 and 0.30, respectively (Figure 6). The occupancy ratio is hexagonal ring, which connects with the disilirane moiety, is

consistent with that determined from tH¢ NMR measurement

side view

top view

shorter than other €C bond lengths of the & cage. This

Figure 6. ORTEP drawings of (a]lB, (b) 1B-I, and (c)1B-Il showing thermal ellipsoid at the 50% probability level.
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Figure 7. Optimized structures of (&)B-1 and (b)1B-II.
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Figure 8. Optimized structure of SBl@ Cgo(MesSi),CHs.

indicates that the double bond character of the €(8) bond
is enhanced by addition of the disilirane moiety.

Theoretical Calculations. Full geometry optimization was
carried out forlB. Figure 7 shows the optimized structures of
1B-I and1B-1l with C; symmetry.1B-lI and1B-Il are almost
isoenergetic1B-l being only 0.6 kcal/mol less stable th&aB-

Il. Figure 8 shows the structures of ;8@ CGso(Mes:Si),CH,
optimized by changing the positions of thesSccluster. For
three twist-1 structureda—c, the positions of the Sc atoms are
different.la (1B-l) is 5.6 and 13.8 kcal/mol more stable than
Ib andlc, respectively. For two twist-1l structureBa (1B-I1)

is 17.8 kcal/mol more stable thdli . This result suggests that
the SgN cluster in the bis-silylated SN@GCso cannot rotate
freely. In contrast, the Shl cluster in the pristine SBI@ Cgo

f

-0.5 -1.0 -1.5 -2.0

potential / V vs. Fe/Fet
Figure 9. (a) CV, (b) DPV, and (c) multiscan CV spectral® (red circle

and arrow). Peaks assigned to;lS@Cgo are indicated by the blue circle
and arrow.

Table 2. Redox Potentials? (V) and HOMO/LUMO Levels (eV) of
1B and ScsN@Cgo

compd *Ey *Ey HOMO LUMO
1B

1B-I —4.79 —2.81

1B-1I +0.08 —1.45 —4.81 —2.78
SeN@Cgc® +0.62 —1.22 —5.48 —3.14

a Half-cell potentials unless otherwise stated. Values are relative to the
ferrocene/ferrocenium couplelrreversible. Values were obtained by DPV.
Conditions: working electrode and counter electrode, Pt wire; reference
electrode, SCE; supporting electrolyte, 0.1 iVBusNPFs in 1,2-dichlo-
robenzene. CV: scan rate, 20 mV/s. DPV: pulse amplitude, 50 mV; pulse
width, 50 ms; pulse period, 200 ms; scan rate, 20 m¥VReference 11.

nature of disilirane. The redox potentialsi# were measured

by CV and DPV (Figure 9). Interestingly, the desilylation
process took place during the measurement. The multiscan CV
spectrum shows that the reduction wave corresponding to the
parent SeN@ Cgp becomes more intensive, while the reduction
wave corresponding tbB becomes much weaker, as shown in
Figure 9c. After the CV measurement, the HPLC profile shows
a peak due to the parentsB@Cso as well aslB. This indicates

rotates rather freely, because the electrostatic potential mapthat the disilirane moiety is eliminated under CV and DPV

calculated inside thi, cage of Go°~ shows almost concentric

conditions, so we can control its addition and elimination. Since

circles along the cage with no clear minima, reflecting its round the fullerene cages of silylated metallofullerenes are electron

cage structuré.However, the electrostatic potential maps for
1B-I and 1B-Il are modified by the silyl addition. Recently,
we have found that two Ce atoms in £&Cso(MesSi),CH>

rich as a result of the electron donation from the disilirane
moiety, the first reduction potential dfB was cathodically
shifted to 230 mV, and the first oxidation potential was also

(1,4(aa)-adduct) were positioned on the equator plane with cathodically shifted to 540 mV, as in the case of M@@®/1 =

respect to the disilirane moiety Interestingly, the theoretical
calculation reveals that the free random motion of theNSc
cluster in SeN@Cyp is fixed in the perpendicular plane to the
equator by attaching disilirane.

Electronic Property of 1B. The change of the electrostatic
potential map inside thedgcage is due to the electron-donating

9924 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006

Y and La)!9 Furthermore, the first and second reduction
potentials correlate well with the LUMO energy levels, and the
oxidation potentials also correlate with the HOMO levels. As
shown in Table 2, the HOMO/LUMO levels dfB-I, 1B-II,
and SeN@GCgp are —4.79+-2.81,—4.81/-2.78, and—5.48
3.14 eV, respectively. In this context, it is worthy to note that
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The vis—near-IR absorption spectrum @B in CS; shows
an absorption maximum at 900 nm (Figure 10). The difference
in the absorption spectrum betweergl$@ Cgp and 1B dem-
onstrates that the electronic state of the g cage is changed
by the silylation. These results reveal that silylation is effective
for tuning the electronic character of B@Cso, as well as the
empty fullerenes and M@fg119

Conclusions

Both 1,2- and 1,4-cycloadducts were successfully isolated and
completely characterized by NMR measurement and single-
crystal X-ray structure analysis. Experimental results and
theoretical calculations reveal that the circular motion af\NSc
cluster in SeN@GCyo is restricted by exohedral addition.

absorbance [arb. units]
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the silylated SgN@ Cgo have the smaller HOMOLUMO gap

than the pristine S&@GCso. The increase of the HOMO levels

is caused by the electron-donating group. It was calculated that
a considerable charge transfer takes place from the disilirane
moiety to SeN@GCgo, giving an electronic structure described
as (SeN@ Cgp)1? ((MesSi),CHy) 12", JA062233H
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