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Abstract: The photochemical reaction of Mo@Cg (M = La and Ce) with 2-adamantane-2,3'-[3H]-diazirine
(1) affords the corresponding adducts by carbene addition. The adducts were characterized by spectroscopic
and single-crystal X-ray structure analyses. Crystallographic data for the adduct La,@Cgo(Ad) (2, Ad =
adamantylidene) reveal that the two La atoms are collinear with the spiro carbon of the 6,6-open adduct.
It is noteworthy that the La—La distance is highly elongated by the addition of carbene. Paramagnetic *C
NMR spectral analysis of the adduct Ce,@Cso(Ad) (3) indicates that the two Ce atoms are also collinear
with the spiro carbon at room temperature in solution. The unique metal positions were confirmed by density
functional calculations.

Introduction (La®t),Cg®~.324 The positively charged La atoms should be

highly stabilized at the minimum of electrostatic potentials inside
Endohedral metallofullerenes present unique structures andC 6~ However, the electrostatic potential map shows almost

properties because the encapsulated metal atom(s) can donat@oncentrlc circles around the center gf(ecause of the round
electrons to the fullerene cageRecent progress on the |solat|on In cage. For this reasdnthe L&* ion is not highly stabilized
quantities have made it possible to investigate their interesting with the 1, Cgo cage, MN@GCso (M = Sc and Y), have also
electronic properties and reactivitiés\mong many kinds of  peen investigatetlControl of such motion of atoms within a
endohedral metallofullerenes, 4@GCgo has attracted special  cage is expected to be very valuable in designing functional
attention because of the three-dimensional random motion of molecular devices with new electronic or magnetic propefties.
two La atoms inside the dgcage? It is instructive to note that In 2005, we reported the synthesis and characterization of
the small rotational barrier in L@ Ceo originates from the round 4 exohedrally silylated derivative, €@ Cao(Mes:Si),CH, (Mes

In Cgo cage and the electronic structure formally described as = mesityl)7 as an analogue of L@Cso. Two encapsulated Ce
atoms are localized inside the silylategy€age, according to

lggli(vifseitgk%f T,Slbkl!ba- " X-ray crystallographic and3C NMR spectroscopic analyses.

5 Brul¥er AXS ?f_'K_mverS' Y. X-ray crystallographic analysis of the silylated &&Cg clearly

U Rikkyo University. showed that the two Ce atoms are localized at two positions
¢ University of Prince Edward Island. directing the hexagonal ring at the equator. In addition, very

# Institute for Molecular Science. . L
(1) Endofullerenes: A New Family of Carbon Clusteféasaka, T., Nagase, recently we have also reported the synthesis and characterization

S., Eds.; Kluwer: Dordrecht, The Netherlands, 2002. of the exohedrally silylated derivative of @ Cgo, Lao@ Cao(Ar2-
(2) (a) Tsuchiya, T.; Wakahara, T.; Shirakura, S.; Maeda, Y.; Akasaka, T.; . _ .
Kobayashi, K.; Nagase, S.; Kato, T.; Kadish, K. Rhem. Mater2004 Si),CH, (Ar = Mes and Dep, Dep= 2,6-diethylphenyl), and

16, 4343-4346. (b) Tsuchiya, T.; Wakahara, T.; Lian, Y.; Maeda, Y.; reveal hat the two L ms h wo-dimensionally alon
Akasaka, T.; Kato, T.; Mizorogi, N.; Nagase, &.Phys. Chem. R00§ evealed that the two La atoms op two-dimensiona y along

110, 22157-22520. the equator of the g cage® These results indicate that exohedral
(3) (a) Kobayashi, K.; Nagase, S.; Akasaka,Cliem. Phys. Lettl996 261, i H i i

502-506. (b) Akisaka. T: Nagase. S Kobayashi K.. Waslchli, M.: chemlca_ll functionalization of the fullerene surface c_an regulate

Yamamoto, K.; Funasaka, H.; Kako, M.; Hoshino, T.; ErataAfigew. the motion of the encapsulated metal atoms drastically.

Chem., Int. Ed. Engll997 36, 1643-1645. (c) Nishibori, E.; Takata, M.;
Sakata, M.; Taninaka, A.; Shinohara, Ahgew. Chem., Int. EQ001, 40,
2998-2999. (d) Shimotani, H.; Ito, T.; lwasa, Y.; Taninaka, A.; Shinohara, (4) (a) Kobayashi, K.; Nagase, S.; AkasakaChem. Phys. Lettl995 245
H.; Nishibori, E.; Takata, M.; Sakata. M. Am. Chem. So2004 126, 230-236. (b) Kobayashi, K.; Nagase, Shem. Phys. Letl.996 262, 227—
364—369. 232.
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It is very interesting to know what dominates the dynamic M@ Cgo to afford the formation of M@GCgo(Ad) (2: M = La,
behavior of the encapsulated metal atoms. In 2006, we reported3: M = Ce, Ad= adamantylidene) by opening the 6,6-junction.
the synthesis and characterization of two regioisomers of Furthermore, the unique structure2nd3 are also discussed.
endohedral pyrrolidinodimetallofullerene, 1@ Cgo( CH,)oNTrt
(Trt = triphenylmethyl)? X-ray crystallographic analysis of the
6,6-adduct of La@ Cgo(CH,)NTrt, named 6,6- La@ Cgo(CHy) - General. Toluene was distilled over benzophenone sodium ketyl
NTrt, shows that the two La atoms are localized at the slanted under an argon atmosphere prior to use for the reactions. 1,2-
position. The electrostatic potential map calculated inside [6,6- Dichlorobenzene (ODCB) was distilled oves@3 under vacuum prior
Cso(CHo),NH]®~ shows a minimum at the slanted position on o use. Cgwas distilled over FOs under an argon atmosphere prior to
the mirror plane inside the cage. The minimum position is in use. HPLC isolation was performed on an LF:-908 (Japan Analytical
good agreement with the metal position observed in the X-ray Industry Co., Ltd.) monitored by UV absorption at 330 nm. Toluene
crystallographic data. Therefore it is suggested that the metalwas used as the eluent. Mass spectroscopy was performed on a Bruker

R . : BIFLEX Il with 1,1,4,4-tetraphenyl-1,3-butadiene as matrix. The-vis
position inside the functionalized fullerene cage corresponds ... |r absorption spectra were measured in @8ution by using a

to the energy minimum on the electrostatic potentials. For the gyvaDzU UV-3150 spectrophotometer. Cyclic voltammograms
5,6-adduct, the electrostatic potentials inside the cage are flat(cvs) and differential pulse voltammograms (DPVs) were recorded
and suggest that two La atoms can rotate rather freely. Theseon a BAS CV50W electrochemical analyzer. Platinum wires were used
results indicate that the motion of metal atoms is controllable as the working electrode and the counter electrode, respectively. The
by the addition positions of the addends. From the viewpoint reference electrode was a saturated calomel reference electrode (SCE)
of designing functional molecular devices, it is important to filled with 0.1 M (n-Bu).NPF; in ODCB. All potentials are referenced
regulate the metal position to the desirable one inside the cage !0 the ferrocene/ferrocenium couple (Fc/fas the standard. CV: scan

In this article we report that the selective addition of the gttli ’ezp%rrir(')\é/ SZ'O%P%/&'T E‘I:J:ner;gpggu?ne\l//goNr&\g S:éi?r:'\'sg:é i?)t:Tir?é q
adamantylidene cza_rb(e_qe generated by photoirrgdiat_ion to 2-adaw ith a Brukér AV ANéE-SOO with a CryoF;robe system,
mantane-2,3[3H]-diazirine (1) occurs at the 6,6-junction of the

Experimental Section

(5) (a) Stevenson, S.; Rice, G.; Glass, T.; Harich, K.; Cromer, F.; Jordan, M.

R.; Craft, J.; Hadju, E.; Bible, R.; Olmstead, M. M.; Maltra, K.; Fisher, A.
J.; Balch, A. L.; Dorn, H. CNature 1999 401, 55-57. (b) Lezzi, E. B.;
Duchamp, J. C.; Harich, K.; Glass, T. E.; Lee, H. M.; Olmstead, M. M.;
Balch, A. L.; Dorn, H. CJ. Am. Chem. So@002 124, 524-525. (c) Lee,

H. M.; Olmstead, M. M.; Lezzi, E.; Duchamp, J. C.; Dorn, H. C.; Balch,
A. L. J. Am. Chem. So@002 124, 3494-3495. (d) Stevenson, S.; Lee,
H. M.; Olmstead, M. M.; Kozikowski, C.; Stevenson, P.; Balch, A. L.;
Chem—Eur. J.2002 8, 4528-4535. (e) Stevenson, S.; Phillips, J. P.; Reid,
J. E.; Olmstead, M. M.; Rath, S. P.; Balch, A. Chem. Commur004
2814-2815. (f) Cardona, C. M.; Kitaygorodskiy, A.; Ortiz, A.; Herranz,
M. A.; Echegoyen, LJ. Org. Chem2005 11, 3375-3388. (g) Cardona,
C. M.; Kitaygorodskiy, A.; Echegoyen, L1. Am. Chem. So2005 127,
10448-10453. (h) Elliot, B.; Yu, L.; Echegoyen, L1. Am. Chem. Soc.
2005 127, 10885-10888. (i) Cai, T.; Ge, Z.; Lezzi, E. B.; Glass, T. E.;
Harich, K.; Gibson, H. W.; Dorn, H. CChem. Commur2005 3594—
3596. (j) Krause, M.; Liu, X.; Wong, J.; Picher, T.; Knupfer, M.; Dunsch,
L. J. Phys. Chem. R005 109 7088-7093. (k) Cardona, C. M.; Elliott,
B.; Echegoyen, LJ. Am. Chem. So@006 128 6480-6485. (I) Cai, T.;
Slebodnick, C.; Xu, L.; Harich, K.; Glass, T. E.; Chancellor, C.; Fettinger,
J. C.; Olmstead, M. M.; Balch, A. L.; Gibson, H. W.; Dorn, H. £.Am.
Chem. Soc2006 128 6486-6492. (m) Cai, T.; Xu, L.; Anderson, M. R,;
Ge, Z.; Zuo, T.; Wang, X.; Olmstead, M. M.; Balch, A. L.; Gison, H. W.;
Dorn, H. C.J. Am. Chem. So2006 128 8581-8589. (n) Wang, X.; Zuo,
T.; Olmstead, M. M.; Duchamp, J. C.; Glass, T. E.; Cromer, F.; Balch, A.
L.; Dorn, H. C.J. Am. Chem. So@006 128 8884-8889. (0) Wakahara,
T.; liduka, Y.; Ikenaga, O.; Nakahodo, T.; Sakuraba, A.; Tsuchiya, T.;
Maeda, Y.; Kako, M.; Akasaka, T.; Yoza, K.; Horn, E.; Mizorogi, N.;
Nagase, SJ. Am. Chem. So2006 128 9919-9925. (p) Yang, S.;
Troyanov, S. I.; Popov, A. A.; Krause, M.; Dunsch,XL.Am. Chem. Soc.
2006 128 16733-16739. (q) Echegoyen, L.; Chancellor, C. J.; Cardona,
C. M.; Elliott, B.; Rivera, J.; Olmstead, M. M.; Balch, A. LChem.
Commun.2006 2653-2655. (r) Martin, N.; Altable, M.; Filippone, S.;
Martin-Domenech, A.; Echegoyen, L.; Cardona, C.Ahgew. Chem., Int.
Ed.2006 45, 110-114. (s) Lukoyanova, O.; Cardona, C. M.; Altable, M.;
Filippone, S.; Domenech, A. M.; Martin, N.; EchegoyenAingew. Chem.,
Int. Ed. 2006 45, 7430-7433. (t) Rodriguez-Fortea, A.; Campanera, J.
M.; Cardona, C. M.; Echegoyen, L.; Poblet, J. Ahgew. Chem., Int. Ed.
2006 45, 8176-8180. (u) Yang, S.; Dunsch, IChem—Eur. J.2006 12,
413-419. (v) Stevenson, S.; Mackey, M. A.; Coumbe, C. E.; Phillips, J.
P.; Elliot, B.; Echegoyen, LJ. Am. Chem. So®007, 129, 6072-6073.
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Chem. Res200], 34, 409-522.

(7) Yamada, M.; Nakahodo, T.; Wakahara, T.; Tsuchiya, T.; Maeda, Y.;
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Nagase, SJ. Am. Chem. So005 127, 14570-14571.
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Preparation and Purification of M ,@Cgo (M = La and Ce). The
soot containing lanthanide metallofullerenes were prepared according
to the reported procedure using a composite anode which contains
graphite and the metal oxide with the atomic ratio of M/C equal to
2.0%%° The composite rod was subjected to an arc discharge as an
anode under a 150 Torr He pressure. The raw soot containing lanthanide
metallofullerenes was collected and extracted with 1,2,4-trichloroben-
zene (TCB) solvent for 15 h. The soluble fraction was injected into
the HPLC; a 5PYE column (20 mm 250 mm i.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 M@ Cgo.

Preparation and Purification of *3C-Enriched Cex@Cso. The soot
containing'3C-enriched cerium metallofullerenes was prepared by the
DC arc discharge method under a 300 Torr He pressure. Mixtures of
CeNp, powder and3C-graphite powder were pressed into the hole (4.5
mm x 120 mm i.d.) of?C-graphite rod (6.3 mnx 130 mm i.d.) in a
molecular CeN#/*3C ratio of 1:10 as an anode. The raw soot containing
13C-enriched cerium metallofullerenes was collected and extracted with
TCB solvent for 15 h. The soluble fraction was injected into the HPLC,;
a 5PYE column was used in the first step and a Buckyprep column in
the second step to give 14%C-enriched Cgd®Cso.

Photochemical Reaction of La@Csgo with 1. A 19 mL aliquot of
a toluene solution of La@Cgo (1.0 mg, 8.1x 10" mol) and1 (26 mg,

1.6 x 10 mol) was placed in a Pyrex tube, degassed by freeze
pump-thaw cycles under reduced pressures and then irradiated with a
high-pressure mercury-arc lamp (cutef890 nm) for 9 min. The adduct

2 was easily isolated from the unreactednd La@ GCso by preparative
HPLC using a Buckyprep column.

Photochemical Reaction of Cg@Cgo with 1. A 19 mL aliquot of
a toluene solution of G&GCgo (1.0 mg, 8.1x 1077 mol) and1 (26
mg, 1.6x 10~4 mol) was placed in a Pyrex tube, degassed by freeze
pump-thaw cycles under reduced pressures, and then irradiated with
a high-pressure mercury-arc lamp (cutsf890 nm) for 9 min. The
adduct3 was easily isolated from the unreactécand Ce@ Gso by
preparative HPLC using a Buckyprep column.

La,@Cso(Ad) (2): tH NMR (500 MHz, GD,Cl/CS;, 303 K) 6 2.34
(brd, 2H), 2.45 (brs, 1H), 2.47 (brd,= 15 Hz, 2H), 2.55 (brd) = 11
Hz, 2H), 2.66 (brs, 1H), 2.88 (brd,= 12 Hz, 2H), 3.49 (brd) = 15

(10) Yamamoto, K.; Funasaka, T.; Takahashi, T.; Akasaka, T.; Suzuki, T.;
Maruyama, Y.J. Phys. Chem1994 98, 12831-12833.



Metal Collinear with Spiro Carbon of 6,6-Open Adducts

Scheme 1
hv (> 390 nm)
(1) + \ JF 22 e
N
M =Laand Ce 1 2:M=La
3:M=Ce

Hz, 2H), 3.59 (brs, 2H)}*C NMR (125 MHz, GD.ClJ/CS;, 303 K) &
153.5 (2C), 151.1 (2C), 150.7 (2C), 150.3 (2C), 150.1 (2C), 149.9 (1C),
149.6 (2C), 149.1 (2C), 147.8, (2C), 147.1 (2C), 146.1 (2C), 144.9
(4C), 144.0 (2C), 143.8 (2C), 143.7 (1C), 143.3 (2C), 142.8 (2C), 141.3
(1C), 141.1 (2C), 141.0 (1C), 139.9 (2C), 137.4 (2C), 137.3 (2C), 137.2
(2C), 137.1(2C), 137.0 (2C), 137.0 (2C), 136.8 (2C), 135.2 (2C), 134.8
(1C), 134.5 (4C), 134.3.(2C), 134.0 (2C), 133.9 (2C), 132.7 (1C), 131.8
(2C), 131.4 (2C), 130.6 (2C), 125.8 (2C), 123.8 (2C), 119.9 (1C), 97.7
(1C), 46.2 (s, 1C), 37.3 (t, 1C), 35.9 (d, 2C), 34.4 (t, 2C), 34.9 (t, 2C),
27.9 (d, 1C), 27.0 (d, 1C); MALDI-TOF M®vz 1372 [M].

Black crystals of-1(ODCB)were obtained by slow evaporation of
a solution of2 in ODCB and hexane. Single-crystal X-ray diffraction
data were collected on a Rigaku R-AXIS RAPID equipped with an
imaging plate area detector using MaKadiation in the scan range
3.09 < 6 < 27.42. Crystal data oR2:1(ODCB): GgH1sCloLaz, Mw
= 1519.82, orthorhombic, space groBpca a = 21.958(3) A,b =
22.035(2) A,c = 20.4625(17) Ao = 8 = y = 90.00, V = 9900.8-
(17) A3, Z = 8, Dcac = 2.039 Mg/nf, 1 = 1.880 mm?, T = 133 K,
crystal size 0.36< 0.42 x 0.18 mn¥; 89 327 reflections, 11 244 unique
reflections; 9220 with > 20(1); Ry = 0.0590 [ > 20(1)], wR. = 0.1680
(all data), GOF (orr?) = 1.232. The maximum residual electron density
is equal to 3.918 e

Ce@Cgo(Ad) (3): 13C NMR (125 MHz, GD.Cl/CS, = 1/3, 303
K) 6 194.2 (2C), 191.7 (2C), 186.2 (2C), 184.8 (1C), 183.9 (1C), 180.8
(2C), 172.3(2C), 171.4 (2C), 170.3 (4C), 167.6 (2C), 167.5 (2C), 162.7
(2C), 160.0 (2C), 159.4 (4C), 158.5 (2C), 157.1 (2C), 156.1 (2C), 155.4
(2C), 153.7 (2C), 149.2 (2C), 149.1 (2C), 148.2 (2C), 146.2 (1C), 145.8
(2C), 145.3 (2C), 143.9 (2C), 142.6 (2C), 137.4 (2C), 136.8 (2C), 135.5

ARTICLES
6,6-closed 6,6-open 5,6-closed 5,6-open
Figure 1. Four addition patterns.
Table 1. Four NMR Patterns of Cgo(Ad) Isomers
13C NMR pattern
of Cgo Cage
BCNMR  HNMR
pattern pattern
addition of Ad of Ad
form symmetry sp? sp? group group
6,6-closed Cs 1Cx6,2Cx 36 1Cx2 7lines 8lines
6,6-open Cs 1Cx8,2Cx 36 O 7 lines 8 lines
5,6-closed Cs 1Cx8,2Cx35 2Cx1 7lines 9lines
5,6-open Cs 1Cx8,2Cx36 O 7 lines 9 lines

measurements. Mass spectrometr? @ind3 displays a parent
peak atm/z 1372 (GoHidLa) and 1374 (GoH14Ce), respec-
tively.

The Iy, structure of the @ fullerene has two kinds of

nonequivalent carbon atoms. Therefore, there are two possible
reaction sites for the addition of the Ad carbene on thgc@age.
In addition, there are two possibilities of whether the bond on
the addition site is cleaved or not. Therefore, four addition
patterns are possible for the addition of the carbene to the C
cage, as shown in Figure 1.

Four NMR patterns o are listed in Table 1. Th&C NMR
spectrum of2 shows 44 signals for theggcage, of which 8
peaks are at half intensity and 36 peaks are at full intensity. On

(1C), 133.3 (2C), 128.4 (2C), 125.1 (2C), 118.8 (2C), 104.3 (2C), 95.9 the other hand, no carbon signal assignable to the cyclopropane
(2C), 85.4 (3C), 84.9 (3C), 41.1 (1C), 24.0 (1C or 2C), 23.0 (1C or fiNgon the cage was observed.. These results sugges$X it
2C), 19.3, 18.3, 17.2 (1C), 14.8 (1C or 2C), 13.8 (1C or 2C), 4.8 (1C). @ 6,6-open structur®:*® In addition, the HMQC NMR of2

MALDI-TOF MS m/z 1374 [M"].

Theoretical Calculations. Geometries were optimized with hybrid
density functional theory at the B3LY¥Plevel using the Gaussian 03
program®? The effective core potential and the corresponding basis

shows 8 kinds of correlation between the proton and the carbon
signals on the Ad skeleton. This supports the 6,6-open structure
of 2.

In the case 08, its low solubility and the paramagnetic effects

set were used for La, and electrons in the outermost core orbitals wereqerived from the 4f electron spin remaining on Ce atoms prohibit

explicitly treated as valence electrotisThe contraction schemes
employed for the basis set was (5s5p3d)/[4s4p3d] for La in standard
notation. The split-valence d-polarized 6-3EGbasis set was used
for C and H.

Results and Discussion

Synthesis and Characterization of 2 and 3lrradiation of
a toluene solution of M@GCgp and an excess molar amount of

1in a degassed sealed tube at room temperature using a high

pressure mercury-arc lamp (cutoff390 nm) resulted in the
formation of the corresponding adduct,@GCgo(Ad) (22 M =

La, 3: M = Ce, Ad= adamantylidene), in 80% yield, which
was purified by preparative HPLC, respectively (Scheme 1).
The formation o2 and3 was confirmed by mass spectroscopic

(11) (a) Becke, A. DPhys. Re. A 1988 38, 3098-3100. (b) Becke, A. DJ.
Chem. Phys1993 98, 5648-5652. (c) Lee, C.; Yang, W.; Parr, R. G.
Phys. Re. B 1988 37, 785-789.

(12) Frisch, M. J. et al.GAUSSIAN 03 revision C. 01; Gaussian Inc.:
Wallingford, CT, 2004.

(13) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(14) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56, 2257
2261.

us from assigning thé3C signals. In order to solve these
problems2C-enriched Cg@Cgo was used for the reaction. The
13C NMR spectrum of8 having a*C-enriched @ cage shows
44 signals assignable to thgdZage. Therefore, this confirms
that3 has a 6,6-open structure, as d@es

The vis—near-IR absorption spectra dfand3 are similar to
those of the pristine L& Cgo and Ce@ Cgo, respectively (Figure
2). These indicate that the-electronic state of the g cage is
littte changed by the Ad addition. This is because thé sp
character of the carbon atoms at the addition site is retained.
For comparison, the spectrum of a 6,6-closed isomer of
Lap@ Ceo(CHy) NTrt%is also shownin Figure 2. The ;@ Ceo(CHy) -
NTrt isomer displays absorption maxima at 660 and 700 nm,
unlike the featureless spectra of the carbene adducts.

(15) Maeda, Y. et alJ. Am. Chem. So@004 126, 6858-6859.

(16) liduka, Y.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T.; Sakuraba, A.; Maeda,
Y.; Akasaka, T.; Yoza, K.; Horn, E.; Kato, T.; Liu, M. T. H.; Mizorogi,
N.; Kobayashi, K.; Nagase, 3. Am. Chem. So2005 127, 12500-12501.

(17) Suzuki, T.; Maruyama, Y.; Kato, T.; Kikuchi, K.; Nakao, Y.; Achiba, Y.;
Kobayashi, K.; Nagase, &ngew. Chem., Int. Ed. Endl995 34, 1094
1096.
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3

Ce,@Cg

2

Absorbance [arb. units]

6,6-La,@Cgy(CH,)NTT
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Figure 2. Vis—near-IR absorption spectra of @ Cgo, 6,6-La@ Ceo(CHy)2-
NTrt, 2, Ce@Cgo, and3 in CS; solution.

Table 2. Redox Potentials2 of 2, 3, and Mo@Cgo (M = La and Ce)

Compd anz o)(E1 redE1 redEz redE3
2 +0.88 +0.49 —0.36 —1.78 2.33
Lax@ g +0.95 +0.56 —0.31 —-1.71 —-2.13
3 -0.89 +0.47 —0.43
Ce@GCs® +0.95 +0.57 —0.39 —-1.71

a Half-cell potentials unless otherwise stated. Values are in volts relative
to ferrocene/ferrocenium coupR/alues are obtained by DP¥rreversible.
dReference 17¢Reference 7.

C73 C74

; : idatinn Figure 3. ORTEP drawing of2 showing thermal ellipsoids at the 50%
and DPV measurements. As shown !n Table ?’ the first oxidation probability level at 133 K. The ODCB molecule is omitted for clarity. Only
potentials of2 and 3 were cathodically shifted to 70 and e 5 site with the highest occupancy (0.99) is shown.

The redox potentials o2 and 3 were investigated by CV

100 mV, and the first reduction potentials were cathodically

shifted to 50 and 40 mV as compared to the pristing@&so Table 3. La—La Distances (in A) of La,@Cgo and Its Derivatives

and Ce@Gso, respectively. These cathodic shifts indicate that La-la

the introduction of an Ad group results in decreasing the compound distance Al _method

electron-accepting propertiésThe small shifts of oxidation é 6L @G CHILNTHS g-ggé 2:23:2%?2\: ;:g

and reduction potentials reflect the fact that the HOM@MO L2,@ Coo(DEPSINCH 3.792 single-crystal X-ray

gaps of2 and 3 resemble those of the pristine @GCgo and Lao@Cac® 3.87-3.90 XAFS

Ce@GCso, respectively. This suggests that the conjugated —L2@C 3.84 (F,)v?é’,\‘/’l‘féé&"g "

character of the fullerene cage is only slightly changed despite  La,@Gs (Da)e 3.655 HF calculation

the C-C bond cleavage due to the carbene addition. La;@GCgo (Dan)° 3.735 (gg[ \fg}g%altgg
X-ray Crystallographic Analysis of 2. The detailed structure Lax@Cao (Do) 3.731 DFT calculation

of 2 was revealed by single-crystal X-ray structure analysis. (B3LYP/DZP)

The crystal structure shown in Figure 3 confirms the 6,6-open ~ -3@Ceo (D0 3.828 ggg%g;"at'o”

structure of2. The opened €C separation is 2.166 A, whereas

the 6,6-bond length on the addition site of 6,6,@5C s(CHy)2- aReference 9°Reference 8°Reference 18%Reference 3céReference

NTris 1.635 A. The 6,6-bond cleavage results in the protrusion 42 'Reference 3d?Reference 19.

of the carbon atoms on the cage and the expansion of the innetthe La—La distance in La@Cgo has not been determined by
space of the cage. Very recently, Echegoyen and co-workerssingle-crystal X-ray structure analysis. In 1995, we carried out
have also reported a similar 6,6-open structure fogN@ Cgo theoretical calculations for L@ Cgo and predicted that the most
adductw stable structure had,, symmetry?2 The La—La distance was

It is interesting that the two La atoms #nare collinear with calculated to be 3.655 (Hf%and 3.735 (B3LYP) A8 the latter
the spiro carbon of the 6,6-open adduct. The metal positions value being closer to those of 3:83.90 A determined by the
are quite different from those in 6,6-b@ Cgo(CHy)oNTrt,° La K-edge XAFS methoéf Recently, Shimotani and co-workers
Ce@Cgo(MesSi),CH,,” and La@ Cgo(Ar,Si),CH; (Ar = Mes have claimed that thBsq4 structure is slightly more stable than
and Dep) As Figure 3 shows, the Lal atom far from the Ad theD.y, structure and the L-aLa distance is 3.731 Ad However,
group is located with LatC65= 2.587 A, Lat-C73= 2.430 Hao and co-workers have very recently confirmed with ZORA
A, Lal-C74=2.424 A and LatC80= 2.648 A. The La2  (zero-order regular approximation) methods thatBhagstruc-
atom near Ad is located with LaZC1 = 2.630 A, La2-C13 ture is the most stable for k& Cgo, as predicted by us in 1995,
= 2577 A, La2-C3 = 2.618 A, and La2C2 = 2.594 A, and calculated that the kd.a distance is 3.828 A2 As
Furthermore, it is noteworthy that the £aa distance is highly
elongated to 4.031 A. For comparison, the-lla distance in (18) Kubozono, Y.; Takabayashi, Y.; Kashino, S.; Kondo, M.; Wakahara, T.;

. o " . Akasaka, T.; Kobayashi, K.; Nagase, S.; Emura, S.; YamamotGh€m.
La,@GCgp and its derivatives are listed in Table 3. Unfortunately, Phys. Lett2001, 335 163-169.
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Table 4. Anisotropic Temperature Factors of Lanthanum and
Carbon Atoms at 103, 133, 188, and 273 K of 2

Lal La2 C (cage)?
103 K 0.012 0.027 0.021
133 K 0.014 0.032 0.024
188 K 0.016 0.041 0.028
273 K 0.021 0.058 0.044

a Average value for the carbon atoms of the fullerene cage.

summarized in Table 3, the single-crystal X-ray structure
analyses of 6,6-L# Cao(CH,)2NTrt and La@ Cgo(Dep:Si),CH,
show that the LaLa distances are similar to those ofJ@GCso.

In contrast, it is notable that the Eda distance in2 is ca.
0.2—0.3 A longer than that in L& Ggo. It is suggested that the
remarkable LaLa elongation in2 is due to the expansion of

the inner space of the cage caused by the bond cleavage, whicl

reduces the electrostatic repulsion between the positively
charged La atoms.

To clarify the motion of the La atoms in crystal, single-crystal
X-ray structure analyses were carried out by varying temper-

293 K

288 K

283 K

atures. Table 4 shows the anisotropic temperature factors of La

and carbon atoms at 103, 133, 188, and 273 K. The linear
increase with increasing temperature was observed for Lal, La2

and carbon atoms. The anisotropic temperature factors of the

La atoms are similar to those of the cage carbon atoms,
indicating that the La atoms rather stand still in the crystal
structure. In addition, the anisotropic temperature factors of La2

| —— T T

200

T T T T T T T T T I

|
100 50 0

Chemical Shift [ppm]
Figure 4. 3C NMR spectra of3 at 283-303 K. The signals marked by
blue, red, orange, and green solid circles are due to theapon atoms

on the cage, gpcarbon atoms on the addition position of the cage, spiro
carbon on the Ad group, and the other carbon atoms on the Ad group,

T
150

are almost twice as large as those of Lal, suggesting that Lalrespectively.

is more static than La2.

In an attempt to characterize the Ce position8 by single-
crystal X-ray structure analysis, crystallization was not suc-
cessful. However, it is expected that the metal position8 in
resemble those i@ because of the similarity in metal positions
between La@ CGgo(Dep:Si),CH,® and Ce@ Cgo(Mes:Si),CH,’
found by the single-crystal X-ray structure analyses.

Paramagnetic 13C NMR Spectral Analysis of 3. The
dynamic behavior of the Ce atoms $was investigated by
means of paramagnetiéC NMR spectral analysis. Th&C
NMR chemical shifts §) of 3 exhibit temperature-dependent
shifts that originate from the buried f-electron spin remaining
on the Cé" (4f15d°6°) atoms (Figure 4).

The chemical shifts of paramagnetic molecules in solutions

S10. These suggest thaj. makes a much larger contribution
than ot for the chemical shifts o8, as is apparent from the
fact that there is no significant connection between the Ce atoms
and cage carborf8.”21The carbon signals due to the?sm@arbon
atoms on the addition position of the cage and the spiro carbon
on the Ad group were assigned based on the agreement between
the extrapolated values &t? = 0 by the line-fitting plot with

T-2 and the chemical shifts & The oy of 3 is briefly written

in the following equation (eq 2)

_ C(3cog 0 —1)
r3-|-2

@

pc

are generally expressed as a sum of three contributions fromwherer is the distance between Ce and cage carbéiis the

diamagnetic §qia), Fermi contactdsc), and pseudocontaai ()
shifts where the paramagnet and o, are proportional to
T-1andT~2 (T = absolute temperature), respectively (ed®l).
0= 6dia+ 6fc + 6pc (1)
The dq4ia Values correspond to tHEC chemical shifts of the
diamagneti@. 13C enrichment of the fullerene cage enabled us
to observe thé3C NMR shifts of3, despite the low solubility.
As clearly shown in Figure S9, the values &t! = 0
extrapolated by the line-fitting plot withi—1, which correspond
to thedgia values of3, deviate significantly from the observed
13C chemical shifts o2. On the other hand, the valuesTat?
= 0 on the line-fitting plot withT~2 are in good agreement
with the observed3C chemical shifts o2, as shown in Figure

(19) Zhang, J.; Hao, C.; Li, S.; Mi, W.; Jin, B. Phys. Chem. @007, 111,
7862-7867.
(20) Bleaney, BJ. Magn. Reson1972 8, 91—100.

angle between the vector and the vertical axis on which the
two Ce atoms locate, an@ is a common constant with a
negative value for all cage carbons. Figure 5 shows the
temperature dependence fbr?, i.e., C(3 cog 6 — L)ir3, for
each carbon signal @&.

The sp carbon signals on theggcage of3 are highly shifted
compared to those of the pristine £&Cso’ upon decreasing
the temperature from 303 to 283 K. This can be explained by
the fact that the motion of two Ce atoms3iis fixed at specific
positions, just like the case of @@Cg(MesSi),CHy.” In
addition, the sp carbon signals on the addition position and
the spiro carbon on the Ad group show particularly highly
negative values. This indicates that the positions of two Ce atoms

(21) (a) Wakahara, T.; Kobayashi, J.; Yamada, M.; Maeda, Y.; Tsuchiya, T.;
Okamura, M.; Akasaka, T.; Waelchli, M.; Kobayashi, K.; Nagase, S.; Kato,
T.; Kako, M.; Yamamoto, K.; Kadish, K. MJ. Am. Chem. SoQ004
126, 4883-4887. (b) Yamada, M.; Wakahara, T.; Lian, Y.; Tsuchiya, T.;
Akasaka, T.; Waelchli, M.; Mizorogi, N.; Nagase, S.; Kadish, K. M.
Am. Chem. SoQ006 128 1400-1401.
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8 . Table 5. Relative Energies for the Optimized Structures of 2
= sp’-carbon on the cag?_ . La-La relative energy
& 1 - spf—carbon on the addition position sturcture symmetry distance [A] [keal/mol]
h' spiro carbon on the Ad group
% 4 4 m non-spiro carbon on the Ad group g & gggé 222
‘:T ] ””ll I " Ce:@Cx c Ce 3.739 312
=
E 0 e 'I'I'I' 'I'I'I"' et 'I"""'I'I"' T |||" M T Supporting Information). As a result, the two metal atoms are
%, ” located, as shown in Figure 3. This was also confirmed by
3 4 optimizing the structure o2 using density functional calcula-
% ] tions (Figure 6a). Figure 6 also shows the structures optimized
1 by changing the positions of the La atoms. The relative energies
84 and La-La distances are listed in Table 5.
Carbon signal It is apparent from Table 5 that structuaés the most stable

Figure 5. Temperature dependence for? of 3. Carbon signal lines in
order of chemical shifts at 303 K.

and agrees with the X-ray crystal structure in Figure 3. On the
other hand, structurds andc are 22.2 and 31.2 kcal/mol less
stable than structura respectively, confirming that the circular

o /q\ e rotation of two La atoms is considerably hindered. It is also to
i U be noted that the longest tda distance is achieved & which
4 \5/ > contributes to the stabilization afbecause of the decrease in
VAN the electrostatic repulsion between the two La atoms.
P )\ The HOMO and LUMO levels of2 (structurea) were

7 A \ ¥
"'I/ \Q' \\.
I e , \ 7"

calculated to be-5.23 eV and—3.88 eV, respectively. On the
other hand, the HOMO and LUMO levels of 4@GCgo are—5.40
eV and—4.21 eV, respectivel§?2 The HOMO-LUMO gap of

i( ).: ’l‘ ,I 2 (1.35 eV) is slightly larger than that of k@&@GCgo (1.19 eV).
Vo v This agrees well with the CV and DPV results.
- Conclusions
a(Cy The selective addition of the adamantylidene carbene occurs
at the 6,6-junction of the M@ GCgo with the bond cleavage to
: ? afford the formation of the 6,6-open adduct,@Cgo(Ad). The
AN NSNS structures of adduct2 (M = La) and3 (M = Ce) were
9 T characterized by means of NMR spectroscopy and X-ray
' \a/ e - \5’ e crystallographic analysis. Crystallographic dataXoeveals that
/\ /N the two La atoms are collinear with the spiro carbon of the
o ;\ g - S A\ adduct with a long LaLa distance, unlike the three-dimensional
y Sl WA s 4 N random motion in Le@Cg. The unique La positions are
PN — WV ,'I’ Yol \\ll confirmed by density functional calculations. Paramagrié@ic
1 7\ ! ‘; | !q )’f"l NMR spectral analysis a3 indicates that the positions of the
X i S A 5 X -1 I ’ Ce atoms are also regulated at room temperature in solution, in
M={ 377 wd P the same way found fa2.
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Figure 6. Structures o2 optimized by changing the positions of the La
atoms.
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Theoretical Calculations. As already mentioned, the posi-
tively charged metal atoms are highly stabilized at the minimum

of electrostatic potentials inside the fullerene cage. The elec-

tronic structure of M@Gso(Ad) is formally described as
[M]®+[Cgo(Ad)]®~. The electrostatic potentials insidegi{A\d)]~
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were calculated. The electrostatic potential map shows a
minimum near the bottom of the cage (i.e, near the Lal atom JA073924W
in Figure 3). Two metal atoms should be most highly stabilized
when one metal atom is located near the minimum and the other
metal atom is far away to minimize the electrostatic repulsion
between the positively charged metal atoms (see Figure S11 in

(22) (a) Suzuki, T.; Maruyama, Y.; Kato, T.; Kikuchi, K.; Nakao, Y.; Achiba,
Y.; Kobayashi, K.; Nagase, S. Am. Chem. Sod.995 34, 1094-1096.
(b) liduka, Y.; Ikenaga, O.; Sakuraba, A.; Wakahara, A.; Tsuchiya, T.;
Maeda, Y.; Nakahodo, T.; Akasaka, T.; Kato, M.; Mizorogi, N.; Nagase,
S.J. Am. Chem. So®005 127, 9956-9957.
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