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The photochemical reaction of La@4C,) with 2-adamantane-2,3-[3H]-diaziring)(affords the adduc2 of

La@Gs(Cs) with adamantylidene (Ad:) in a high selectivity. The two isomers of La@®)(Ad), 2a and
2b, are isolated by HPLC and characterized by electron spin resonance, mass, awigstwear-infrared
spectroscopies. The electronic propertieafand 2b are very similar to that of the pristine La@4Cs),

suggesting thaRa and 2b retain the essential electronic and structural character of La(@d4

1. Introduction SCHEME 1

Endohedral metallofullerenes have attracted special attention NoL

. . . . . hv(>350 nm)

as new spherical molecules with unique electronic properties + J@ . °><@
and structures that are unexpected for empty fulleréfdhe

recent successful isolation and purification of endohedral

metallofullerenes have encouraged the investigation of their ) 1 2aand2b
physical and chemical propertiét is of considerable interest  its reactions may produce a larger number of regioisomers than
how the chemical reactivity and selectivity of empty fullerenes those of La@@x(Cz,). Tagmatarchis et al. reported that the
change upon endohedral metal doptigOur earlier report ~ perfluoroalkylation of La@gx(Cs) gave seven isomers of the
indicated that the high reactivity of endohedral metallofullerenes monoadducts in a nonselective weyHerein, we report for the
is ascribed to their electronic propertfes.It has been known  first time a regioselective reaction of La@4C).

that M@G, (M = La, Y, Ce, Pr, etc.) is one of the most _ )

abundantly produced endohedral metallofullerenes. Among 2- Experimental Section

these, La@gz has been recognized as a prototype of endohedral  5oot containing endohedral metallofullerenes was produced
metallofullerenes since its first extraction in 1991 by Smalley py the arc vaporization method using a composite anode rod
and co-workers. Recently, we have verified that the major containing graphite and a metal oxiHeThe composite rod was
(La@GszA)® and minor (La@G@zB)*?isomers of La@€:have  supjected to an arc discharge as the anode in a helium
Cz, and C4(c) symmetry, these being hereafter abbreviated as atmosphere at 50 Torr. The soot was collected and suspended
La@Gs(C2,) and La@GACy), respectively. The addition reac-  jn 1,2 4-trichlorobenzene (TCB). After refluxing for 16 h, the
tions of La@G: can yield many regioisomers. Actually, the  TCB solution was filtered and then subjected to HPLC in order
reactions of La@gxCz,), which has 24 nonequivalent carbon g separate La@§(Cs); a PBB column $20 mm x 250 mm;
atoms, with disiliranéand diphenyldiazomethaheafforded a  Nacalai Tesque, Inc.) and chlorobenzene as the mobile phase
mixture of several isomers of the monoadducts. Meanwhile, we \yere used in the first step, and a Buckyprep colug20(mm

have recently reported the first example of the regioselective x 250 mm; Nacalai Tesque, Inc.) and toluene were used in the
reaction of La@@x(Cy,) with 2-adamantane-2,3-[3H]-diazirine  second step.

(1, AdNg), in which an electrophilic adamantylidene (Ad:) Diazirine (1) was prepared according to a literature metkod.
attacks selectively the nucleophilic site on thg3C(C,,) cage Electrochemical-grade tetrabutylammonium hexafluorophos-
to afford two isomers of the monoadduct as a major compo- phate (BUNPF;) purchased from Wako was recrystallized from
nent'? Since La@@x(Cy) has 44 nonequivalent carbon atoms, ethanol and dried in a vacuum at 313 K prior to use.
o-Dichlorobenzene (ODCB) was distilled over,@® under

* Authors to whom correspondence should be addressed. E-mail: yvacuum prior to use. The mass spectroscopic measurements were
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(T.A.); +81-564 53-4660 (S.N.). IR absorption spectra were measured on a Shimadzu UV-3150
T University of Tsukuba. spectrometer in ODCB. The EPR spectra were recorded on
zTokyo Gakugei University. Bruker EMX-T

Josai University. L : .
o lj)rf}s:arsﬂ')\,/%rfs%nce Edward Island. Irradiation of a TCB/toluene solution of La@ﬂics) (2 mg,
£ Institute for Molecular Science. 8.9 x 107°M) and an excess amount of Adill) in a degassed
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Figure 1. EPR spectra of (a) the reaction mixture, ga) (c) 2b, and (d) La@@x(Cs) in toluene and the simulated EPR spectra of (e) the reaction
mixture, (f) 2a, (g) 2b, and (h) La@&x(Cy).

——  La@Cyy(Cy) TABLE 2: Selected Charge Densities and POAV Values of
. ! La@Cgy(Cs) Calculated at the B3LYP/3-21G+la Level
g C Charge density POAV
g
= 6 0.165 12.01
2
3 5 -0.155 11.89
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2 56 -0.145 9.98
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Figure 2. UV—vis—NIR spectra of La@&(Cs), 2a, and2b. o 0082 1010
76 -0.068 9.11
TABLE 1: Redox Potentials (V) of La@Csx(Cs), 2a, and 213 60 -0.048 10.16
compd OXE; redE; redE, *
La@Gsx(Cy) -0.07 —0.54 —1.47
2a -0.12 -0.57 -1.48 .
2b —0.20 —0.60 —1.49 - 'y 8 p ST
an 1,2-dichlorobenzene with 0.1 M{Bu)sNPFs at a Pt working ) 7 A | 2 e 2
electrode. Values were obtained by DPV: pulse amplitude, 50 mv. /[ = %Qf =k N VAl 7 Ay
bIrreversible. i / I ’ 2 =%
") V4 SO ] o 2/ 6 5/ I
sealed tube at room temperature using a high-pressure mercury { -\ J . [ N (8 72
arc lamp (cutoff<350 nm) resulted in the formation of the 4 A - | J €0 5P=55 . Wz
adducts La@gx(Cs)(Ad) (2aand2b) (Scheme 1). On the basis § s L 2y 4052, 30—68 2/
of the HPLC profile, 70% of La@&(Cs was consumed. A N 4 Y 160 7
reaction mixture was subjected to HPLC to isolate the two = Yo—q¢’
isomers Ra and 2b); a Buckyprep columng20 mm x 250
mm; Nacalai Tesque, Inc.) was used. energy calculations either the B3LYP/6-31G4 treatment was

Theoretical calculations were performed using the Gaussian gpplied or its modification with the SDD basis ¥&ton La

03 programt® Geometries were optimized with hybrid density (B3LYP/6-31G* sdd), both in the B3LYP/3-21€la optimized
functional theory at the B3LYP 19 level. The relativistic geometries.

effective core potential and the corresponding bas® setre

useql for La, and electrons in the outermost core orbitals Were 3 Results and Discussion

explicitly treated as valence electrons. For C and H, the split-

valence 3-21G basis $twas used for geometry optimization A TCB/toluene solution of La@§(Cs) (1 mg, 8.9x 10°°

and the larger 6-31G* basis $8tfor energy calculations. For M) and an excess molar amount of Aglfd) was photoirradiated

La, the (5s5p3d)/[4s4p3d] contraction schéffwas employed at room temperature with a high-pressure mercury-arc lamp
in the geometry optimizations (B3LYP/3-212@&), whereas for (cutoff <350 nm) in a degassed sealed tube. The reaction was
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A [2.9 (2.9) kcal/mol] B [0] C [9.0 (9.1) keal/mol]

Figure 3. Optimized structures for the monoadducts of LagCy)(Ad), A, B, andC, and their relative energies calculated at the B3LYP/6-
31G*~la//B3LYP/3-21G~la (B3LYP/6-31G*-sdd//B3LYP/3-21G-la) level.

followed by the EPR measurement of the reaction mixture at respectively. From these results, it may be reasonable to assume
different times, in which the disappearance of the octet lines that the major and minor produ@aand?2b, correspond to the

for La@Gsx(Cs) and the appearance of new two sets of octet most stabld3 and second most stabfestructures, respectively.
lines were observed. Simulation of the EPR spectrum of the The structural confirmation dfaand2b by single-crystal X-ray
reaction mixture indicated the formation of two sets of octet crystallographic analysis is in progress. Meanwhile, Nishibori
lines in the ratio of 2 to 1 (Figure 1). The MALDI-TOF (matrix- et al. performed the maximum entropy method/Rietveld analysis
assisted laser desorption ionization time-of-flight) mass spectrumof La@ G»(Cy,) using synchrotron powder diffraction déta.

of the reaction mixture exhibits a molecular ion peak of the Their results suggest that the La cation shows temperature-
monoadduct, La@§3(Cs)(Ad), atm/z 1257 and a peak at/z dependent giant motions inside the;€age, which will affect
1123 for La@G,. The observed isotopic distribution is con- the charge distribution of La@gC,,).2* Very recently, Jin et
sistent with the calculated one, supporting the formation of the al., however, have reported the much smaller motion of the La
monoadduct. These results indicate that there are two isomerscation in La@Gx(Cz,).2°> Moreover, theoretical calculations
(2a and 2b) for La@Gs(Cs)(Ad). 2a and 2b (the ratio is 4:1) suggest that the motions are restricted by exohedral function-
were obtained in 30% yield based on the 70% consumed alization26

La@Gsx(Cs), as monitored by HPLC, which were isolated and

purified by preparative HPLC. Figure 1 shows the EPR data of 4. Conclusion

2a and2b. _ The derivatives of La@§3(Cy), 2aand2b, were successfully
Reffn”yj we reported the adamantylidene adducts of La@C  gynihesized and characterized by the absorption and EPR

(Cz,).% In view of the electron donor and acceptor character of ghactroscopic analyses. Their electronic properties were also

La@Gs,(Cy),** there is considerable interest in the electronic \erifieq, Theoretical calculation confirms that two electron-rich

property behavior of the La@@Cs) derivative bearing an  ,nqg react with adamantylidene to aff@a and 2b, leading
organic addend. The UMvis—near-infrared absorption spectra to the regioselective addition reaction of La@C).

of 2a and 2b are similar to that of the pristine La@#£Cs)

(Figure 2). Table 1 summarizes the redox potentials of Lg&C Acknowledgment. Y.M. expresses thanks for the JSPS
(Cs), 2a, and 2b, which were obtained by differential pulse  Fellowship for Young Scientists. This work was supported in
voltammetry (DPV) at room temperature. The redox potentials part by a Grant-in-Aid, the 21st Century COE Program,
of 2aand2b are also very similar to those of La@4Cy). These Nanotechnology Support Project, and Scientific Research on
results suggest thaa and2b retain the essential electronic and Priority Area from the Ministry of Education, Culture, Sports,

structural character of La@gCs), as in the case of La@g Science, and Technology of Japan.
(C2)(Ad).*2

Table 2 shows the Mulliken charge densities and the p-orbital  Supporting Information Available: HPLC profile, LD-TOF
axis vector analysis (POAY) values calculated for La@g mass and DPV a2aand2b, charge densities and POAV values

(C9). As indicated by POAV values, carbons C5 and C6 are of La@G(Cs), the complete lists of authors for refs 6, 12a,
most highly strained. Negative charges are localized on carbonsand 16. This material is available free of charge via the Internet
C5, C6, C56, and C78 that are close to the La atom. Theseat http://pubs.acs.org.

suggest that it is the most favorable for the electrophilic

adamantyliden@ to react with the electron-rich G5C6, C6- References and Notes

C56, and C5-C78 bonds including the locally Stra”,wd C5 and (1) Endofullerenes: A New Family of Carbon Clustef&kasaka, T.,

C6 atoms and afford the monoaddudis B, andC (Figure 3), Nagase, S., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
respectively, as found for the reaction of La@@QC,,) with 2002.

.12 i i i ; (2) Wilson, S.; Schuster, D.; Nuber, B.; Meier, M. S.; Maggini, M;
Ad:.*?2 In order to obtain more information about the formation Prato, M.: Tayior, R, IrFullerenes: Chemistry, Physics, and Technology

of A, B, andC, we calculated their relative energies, as shown gagish, K. M., Ruoff, R. S., Eds.: Wiley: New York, 2000: Chapter 3.3,
in Figure 3.A andB are 6 and 9 kcal/mol more stable th@n pp 91-176.



Carbene Derivatives of La@&Cs)

(3) Tsuchiya, T.; Wakahara, T.; Shirakura, S.; Maeda, Y.; Akasaka,
T.; Kobayashi, K.; Nagase, S.; Kato, T.; Kadish, K. ®hem. Mater2004
16, 4343.

(4) Akasaka, T.; Kato, T.; Kobayashi, K.; Nagase, S.; Yamamoto, K;
Funasaka, H.; Takahashi, Wature 1995 374, 600.

(5) Akasaka, T.; Okubo, S.; Kondo, M.; Maeda, Y.; Wakahara, T.;
Kato, T.; Suzuki, T.; Yamamoto, K.; Kobayashi, K.; NagaseCBem. Phys.
Lett. 200Q 319, 153 and references therein.

(6) Akasaka, T.; et aldJ. Am. Chem. So200Q 122 9316.

(7) Akasaka, T.; Ando, W.; Kobayashi, K.; Nagase JSAm. Chem.
Soc.1993 115 10336.

(8) Suzuki, T.; Kikuchi, K.; Oguri, F.; Nakao, Y.; Suzuki, S.; Achiba,
Y.; Yamamoto, K.; Funasaka, H.; TakahashiT€trahedronl996 52, 4973.

(9) Yamada, M.; Feng, L.; Wakahara, T.; Tsuchiya, T.; Maeda, Y.;
Lian, Y.; Kako, M.; Akasaka, T.; Kato, T.; Kobayashi, K.; NagaseJS.
Phys. Chem. B005 109, 6049.

(10) Akasaka, T.; Wakahara, T.; Nagase, S.; Kobayashi, K.; Waelchli,
M.; Yamamoto, K.; Kondo, M.; Shirakura, S.; Maeda, Y.; Kato, T.; Kako,
M.; Nakadaira, Y.; Gao, X.; Van Caemelbecke, E.; Kadish, KJVPhys.
Chem. B2001, 105 2971.

(11) Suzuki, T.; Maruyama, Y.; Kato, T.; Akasaka, T.; Kobayashi, K.;
Nagase, S.; Yamamoto, K.; Funasaka, H.; Takahaskii, Am. Chem. Soc.
1995 117, 9606.

(12) (a) Maeda, Y.; et alJ. Am. Chem. So2004 126 6858. (b)
Matsunaga, Y.; Maeda, Y.; Wakahara, T.; Tsuchiya, T.; Ishitsuka, M. O.;
Akasaka, T.; Mizorogi, N.; Kobayashi, K.; Nagase, S.; Kadish, KIME
Lett. 2006 7, C1.

J. Phys. Chem. A, Vol. 112, No. 6, 2008297

(13) Tagmatarchis, N.; Taninaka, A.; Shinohara,Gthem. Phys. Lett.
2002 355, 226.

(14) (a) Yamamoto, K.; Funasaka, H.; Takahashi, T.; Akasaka, T.;
Suzuki, T.; Maruyama, YJ. Phys. Chenil994 98, 2008. (b) Yamamoto,
K.; Funasaka, H.; Takahashi, T.; Akasaka,JT.Phys. Chem1994 98,
12831.

(15) Isaev, S. D.; Yurchenko, A. G.; Stepanov, F. N.; Kolyada, G. G;
Novikov, S. S.; Karpenko, N. RZh. Org. Khim.1973 9, 724.

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

(17) Becke, A. D.Phys. Re. A 1988 38, 3098.

(18) Becke, A. D.J. Chem. Phys1993 98, 5648.

(19) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(20) (a) Hay, P. J.; Wadt, W. R. Chem. Physl985 82, 299. (b) Cao,

X. Y.; Dolg, M. J. Mol. Struct.(THEOCHEM) 2002 581, 139.

(21) (a) Binkley, J. S.; Pople, J. A.; Hehre, W.JJ.Am. Chem. Soc
198Q 102 939. (b) Hariharan, P. C.; Pople, J. Bhem. Phys. Lettl972
66, 217.

(22) Suzuki, T.; Maruyama, Y.; Kato, T.; Kikuchi, K.; Achiba, .
Am. Chem. Socdl993 115, 11006.

(23) Haddon, R. CSciencel993 261, 1545.

(24) Nishibori, E.; Takata, M.; Sakata, M.; Tanaka, H.; Hasegawa, M.;
Shinohara, HChem. Phys. Let200Q 330, 497.

(25) Jin, P.; Hao, C.; Li, S.; Mi, W.; Sun, Z.; Zhang, J.; Hou, .
Phys. Chem. 2007, 111, 167.

(26) Kobayashi, K.; Nagase, S.; Maeda, Y.; Wakahara, T.; Akasaka, T.
Chem. Phys. Let2003 374 562.



