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La,@C72 and Se@Cr72: Computational Characterizations
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The La@GC;,; and Se@C;, metallofullerenes have been characterized by systematic density functional
computations. On the basis of the most stable geometry of;38&Xaanions and the computed energies of
the best endofullerene candidates, the experimentally isolatg@ Ca species was assigned the structure
coded #10611. The good agreement between the computed and the experid@ictaemical shifts for
La,@GC; further supports the literature assignment (Kato, H.; Taninaka, A.; Sugai, T.; ShinoharaAi.
Chem. Soc2003 125, 7782). The geometry, IR vibrational frequencies, &l@lchemical shifts of S@C;,

were predicted to assist its future experimental characterization.

1. Introduction Nevertheless, a non-IP&, species with a pentageipentagon
fusiorP?17 is predicted to be more stable than the IPR form;

Although the endohedral metallofullerene J@Cr was  thjs is supported indirectly by the correlation between the

prepared and isolated in 199&s structure was first proposed  computed and measured electron affinity and ionization energy

five years later by Kato et &l.on the basis of the observed of C;,.18 Pristine G, still has not been isolatedperhaps due

18-line**C NMR spectrum. Taking line broadening into account, to its insolubility in fullerene HPLC solvents. However,

all the lines had equal intensity. This pointedDg symmetry, endohedral complexes are known; two non-IPR cages could be

thus reducing the 11 189 possible.@Cage isomers to 24. Of  present in comparable amounts in Ca@%®1°

these, two non-IP®; C7, cages (coded #10611 and #10958),  We now report further computations at higher levels gp C

which satisfy the observedC NMR pattern and have the least isomers, their hexaanions, and.l@C;, isomers. The results

number of fused pentagons, were considered by Kato%asl.  support Kato et al.’s assignmehioreover, we also character-

the best candidates to encapsulate the two La atoms. Both thesé&ze Se@GC;, computationally; its isolation was reported in

isomers have two pentagepentagon junctions, violating both 199920 put its structure has not been established.

the well-known isolated pentagon rule (IPRnd the pentagon

adjacency penalty rule (PAPRBince the energy of hexaanion 2. Computational Methods

#10611 was lower than that of #10958 (computed at RHF/3-

21G) and the HOMGLUMO gap of the #10611 hexaanion

was greater, the latter (#10611) was chosen for the observe

La,@Cr, species. If confirmed, this structure would add another

member to the family of metallofullerenes with non-IPR cages with the effective core potential (ECP) for Eadenoted here
such as Ca@%°° Se@Css" and SeN@Ges” o by 3-21G~dz). The geor%etries W(ere th)en opﬁ(mized at a higher
The empty G, and G4 cages were once called “missing |evel using the standard 6-31G* basis set for C and Sc, i.e., at
fullerenes™ With a rather small energy gap between the highest the B3LYP/6-31G*dz level. The Gaussian 03 prograwas
occupied and lowest unoccupied molecular orbitalke only employed.
available IPR isomer of & (with Ds, symmetry¥° has an open- NMR spectra were computed using the gauge-independent
shell electronic structuré.However, the € (Dsn) cage canbe  atomic orbital (GIAO) method In addition to the 6-31G+dz
stabilized by direct reduction to the diani®# by endohedral basis set, the CEP-4G, CEP-31G, and CEP-121G méfmide
complexation (as in Ca@%&'® Ba@Ga,'* and La@Ga),'® or were employed for L&®C;,. Perdew and Wang?é exchange
by formation of exohedral adducts such asfgs.'® On the other  and correlation functionals (PW91) were also employed to probe
hand, the only IPR isomer (witBDeg symmetry) of G, has a the effect of a different density functional. The limitations of
HOMO—-LUMO gap comparable to those ofgCand Go. the above ECP approaches were removed by employing the
universal UGBS and UGBS1P Gaussian basis sets féf La
* Corresponding authors. E-mail: zdenek@ims.ac.jp (2.S.); chen@ With Douglas, Kroll, and Hess (DKHj relativistic correction

The initial full geometry optimizations followed by harmonic
dvibrational computations of L&GC;, and Se@Cr, in D,
symmetry employed the B3LYP density functiofiawith the
3-21G basis set for C and Sc and a doubleasis set (Lanl2DZ)

chem.uga.edu (Z.C.). ‘ as an option. The computédC chemical shifts of Ls@Cr,
. {Trfit:}:rtgit‘;/ogf""glee(;‘slg Science. and Se@GCy», relative to those of €, were converted to the
s Charles University. TMS scale based on the experimentah €alue ¢ = 143.15
D Xiamen University. ppm)2° Note that the flexible character of the encapsulated
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#10611 #10598 ) #1?5?3 )
Figure 1. Isomers of G, The pentagompentagon fusions are Figure 2. B3LYP/6-_31_G*vdz-opt|m|zed structures of L@&Cr, isomer.
highlighted in blue. The Se@GC;; has similar structures.
TABLE 1: Number of Pentagon—Pentagon Fusions lpp), Consider the neutral order firs€,, C72 with one pentagon
the B3LYP/6-31G* Relative Energies Ere, kcal/mol), and pentagon fusion has the lowest energy, followed byDkelPR
HOMO —LUMO Gap Energies (Gap, eV) of G, and C;5~ isomer (11.5 kcal/mol higher in energy) and the #10958 and
Crn Cit #10611 isomers with two pentagepentagon fusions (34.7 and
isomers Nep Ero Gap = Gap 43.7. kcal/mol, respectively, higher in energy) (Tablle 1). The
Dy o 115 250 734 103 stability of the more nearly spherlcal_ne_utral non-IBB isomer
Cay 1 0.0 1.47 22.4 1.40 may be explained by the large deviation of the ellipsoidal C
#10611 2 43.7 1.09 0.0 1.97 (Deg) geometry from a spherical shape. Using &s an example,
#10958 2 34.7 1.53 58.0 1.30 Diaz-Tendero et a! pointed out that sphericity influences the

relative stability of fullerene isomers along with the IPR and
atoms inside the fullerene cage might influence the calculated PAPR rules, since nearly spherical shapes can be adopted even

properties, in particular the vibrational and NMR speéfriayt when they have a greater number of adjacent pentagons.
these effects have been neglected. This stability order of the & hexaanions changes dramati-

cally: the most stable isomer is the non-IPR isomer #10611,
3. Results and Discussion followed by theC,,, the #10958, and thBsq isomers (relative

. . : . energies 22.4, 58.0, and 73.4 kcal/mol, respectively). Note that
Rel | f H .Th f S :
elative Stability of C7, Hexaanions. The screening of a the IPR rule is violated by the/Zhexaanions to an even larger

metallofullerene structure usually bedit®by considering the . . i . .
. ; ; - extent: isomer #10611 with two adjacent pentagon pairs wins
charged empty cages; the magnitude of the negative charge is ut thermodynamically. Why? The net charges are mainly

based on the expected electron donation from the encapsulate . )

metal(s). Since the electronic structure of@=C;, and Se@ Cr» OC‘?“ed n the polar region and fqrmally conve'rt Fhﬁ 8

can be described as @),Cr5~ (M = La, Sc)!a the G~ antiaromatic pentalenes into@romatic pentalene dianiof.

hexaanions were computed first. ”
Topologically, 24 G, cages haveD, symmetry2P |n +2e \

addition, the higher symmetry of 15 additionak,Ccages CO CO

(namely, fiveDoyq, five Doy, threeDs, oneDg, and oneDgg) might 87 antiaromatic 107 aromatic

be reduced tdD, symmetry under experimental conditions.

Hence, we computed all 39 of these cage hexaanions at the HF/ Relative Stability of La,@C7, and Se@Cr, Isomers. We

3-21G//IPM3 level; the #10611 isomer has, by far, the lowest find that Kato et al.’s most likely La#Cr, #10611 structure

energy, the next-best isomer, #10958, is 81.2 kcal/mol less does indeed have the most stablg®C outer fullerene cagé.

stable. The energy separation between these two hexaanion®irect computational comparisons of the #10611 and # 10958

changes to 58.0 kcal/mol at the B3LYP/6-31G* DFT level. Note La,@GC;, isomers (Figure 2) confirm their assignment.

that both the #10611 and #10958 isomers have the smallest Both the #10611 and # 10958 isomers of@IC;2 (D, M =

number of pentagonpentagon fusions among tbe C7, cages La, Sc) are local minima at B3LYP/3-21¢lz. At all our levels

considered. of theory, the endohedral #10611 isomer is more than 50 kcal/
Although G, has one IPR isomer, namely, wibsg sym- mol lower in energy than its #10958 alternative (Table 2). This

metry, its non-IPRC,, isomer with one pentagefpentagon parallels the energy difference between the corresponding bare

fusion is the most stable neutrayage® This Cy, structure Cr2 hexaanions. This large energy advantage is decisive; it

violates both the IPRand PAPR rule4.Our computed data  cannot be overcome by possible entropy differences even at

for both the neutral and hexaaniorilzy and Cy, isomers of very high temperaturesb:17219For example, in the case of

Cr2 along with #10611 and #10958 are compared in Figure 1 Sc@GCr,, one has to increase the temperature to 3100 K in order

and Table 1. The hexaanion and neutral isomer stability ordersto cross just the 0.1% population threshold for the minor species.

are quite different. The six vibrational frequencies related to the metal atom motions



La,@C;, and Se@GCr,

TABLE 2: Relative Energies (AE,, kcal/mol) of M,@Cr,
(M = La, Sc) Isomers Computed with the B3LYP
Functional
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TABLE 3: La ,@Cgo — La,@Cy, 13%.a Chemical Shift
Difference for #10611 and #10958 at Various Theoretical
Levels Compared with Experiment

AE¢ (kcal/mol)

AS La,@Cgo — Lax@GCr2 (ppm)

species M-C (A)2 3-21G~dz 6-31G*dz approach #10611 #10958
La,@Cr2 (#10958) 2.59 54.5 58.2 B3LYP/3-21G~dz 13 —-32
La,@Cr, (#10611) 2.55 0.0 0.0 B3LYP/6-31G*dz 14 —31
SG@Cr, (#10958) 2.18 52.8 54.1 B3LYP/CEP-4G 12 —34
Se@GC» (#10611) 217 0.0 0.0 B3LYP/CEP-31G 15 —41

) ’ ) ' B3LYP/CEP-121G 17 —37
aThe shortest M-C distance at the B3LYP/6-31G*dz level. PW91/CEP-31G 16 —-31
in the #10611 isomer are very low (22, 75, 95, 112, 207, and B3LYP/6-31G*-UGBS 360
1 B3LYP/6-31G*UGBS & DKH 280
214 cml for Laz@C72, as well as 54, 98, 149, 163, 227, and B3LYP/6-31G*~UGBS1P & DKH 93
293 cn! for So@GCry), indicating that the metal atom motions  observed 173

have relatively large amplitudes over the rather flat potential
energy surfaces. The computed—+@ distances (ca. 2.6 A)
(Table 2) are close to those in the previously computed La-
encapsulated fulleren&&while the Sc atoms are closer to the

TABLE 4: Computed IR-Active Vibrational Wavenumbers
(v, cm™1, Unscaled) and the Relative Intensitiesl{ for the
#10611 La@Cy, Isomer at the B3LYP/3-21G~dz Level of
Theory?

cage (ca. 2.2 A).

13C and 13%La Chemical Shifts of La,@C7» and Se@ Cra. symmetry v ! symmetry v !
La,@Cr2. The 18 quartets of symmetry-equivalent atoms of the B1 1047 0.21 B3 1360  0.49
B1 1285 0.63 B3 1368 0.36
D, #10611 La@G; structure correspond to the 18 NMR B1 1298 0.93 Bl 1376 1.00
lines of equal intensity deduced experiment&llyhe observed B3 1301 0.37 B3 1387  0.70
18-line 613C NMR spectrum ranges from 136 to 158.1 ppm. B2 1327 0.39 B1 1441 0.32
The 1813C NMR chemical shifts of the #10611 isomer are B1 1350 0.35 B1 1498 0.23
B1 1355 0.24

computed from 135.2 to 154.8 ppm at B3LYP/6-31&fz and
from 137.0 to 162.7 ppm at B3LYP/6-31GtUGBS1P & DKH

(for the detailed3C NMR data see the Supporting Information).
Both these computed®C NMR intervals agree with the
observed data quite wélllt is encouraging that thé3C'’s
computed with the ECP basis set for La atoms also agrees with
the experimentalfC NMR dat& although neither averaging over

aOnly those with relative IR intensities larger than 0.2 are presented.

TABLE 5: Computed IR-Active Vibrational Frequencies (v,
cm™1, Unscaled) and Relative Intensities of the #10611
Se@Cy, Isomer at B3LYP/3-21G2

large-amplitude motions nor corrections for solvent effects are _SYMMetry v ! symmetry v !

included. The somewhat larger compufé€ NMR range of Bl 913 0.21 Bl 1359 0.44
the #10958 isomer (129-6158.8 ppm) is less satisfactory but g; i%gé 8-2(2) g% iggg é-gg

does not in itself rule out this possibility. ) )
- 1 . B1 1320 0.55 B1 1386 0.27
Similarly, 18_ 3C NMR signals are exp_ected for the most B3 1324 0.46 B3 1397 0.50
stable Se@C,isomer (#10611). Computations show that these B2 1341 0.33 B3 1435 0.32
18 signals range from 135.0 to 155.5 ppm, very close to the B3 1341 0.33 Bl 1479 0.22
Bl 1345 0.34 B2 1516 0.24

La,@Cr, range. The metal atom influence is minor.

The experimental NMR of a mixtutefound that'3%La in
La,@Cr, is 173 ppm more shielded than that in@GCso.
Hence, we computed L@ Cgp at the same levels as 1@ Cra.
Owing to a fast motion of the encapsulated La atoms inlhe
Cgo cage, the La@GCgo system exhibits effective icosahedral
symmetry in NMR determinations; its static symmetry in
computations is method-dependé&ht3 At B3LYP/3-21G~dz, IR active. Thus, ideally M@Cr, should have up to 161
the energy minimum has nearlysy symmetry. This geometry  measurable IR frequencies, but the intensities of some of these
was employed for the chemical shift computations summarized will be weak. Tables 4 and 5 present the computed frequencies
in Table 3. of the most stable isomers of @Gy, and Se@Cr», respec-

The computed'*La chemical shift difference between tively (only the vibrational modes that have IR intensities larger
La,@Cr2 and La@GCgo is underestimated considerably relative  than one-fifth of the strongest computed line are given). Due
to the experimental value with all the La ECP basis sets. The to the D, symmetry, the vibrational spectrum of @Gy, is
0L a difference of the #10958 isomer always has the wrong relatively simple with only a few intense signals, ranging
sign. Although performing satisfactorily fdfC (see above),  between 1300 and 1500 cfa This vibrational region also is
ECP basis sets are too “truncated” to be suitable for computing important in the computed IR spectrum of J@Cgo.3?
heavy atom chemical shifts. The UGBS-comput&ta chemi-
cal shift differences for the #10611 isomer are much larger, but 4. Conclusions
the variations are considerable. A firm choice between #10611
and #10958 cannot be made on the basis of the data in Table 3. Our systematic investigation helps characterize th&@d @,
Computations at more sophisticated theoretical levels are neededand Se@C;, metallofullerenes. The “well-established” IPR and
Improved models would consider not only a single static PAPR rules do not hold for the&hexaanions. Although having
arrangement but also the motions of the encapsulated atom(s)two pentagor-pentagon fusions, the #1061%£ isomer has
The sampling might involve NMR calculations on various the lowest energy among the 39, (iexaanions studied. This
configurations that are accessible to the encapsulated atoms. result corresponds with the high stability of the,@C;, and

a0Only those with relative IR intensities larger than 0.2 are given.

Vibrational Frequencies. The infrared spectra of L&C»
and Se@GC;, have not been reported. While there are 216 total
vibrational modes ob, M,@C;, (M = La, Sc), 55A+ 53 B,

+ 54B, + 54 Bg, only the B, B,, and B symmetry modes are
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So@GC;; metallofullerenes having the same outer cage. The _ (12) Moribe, H.; Inoue, T.; Kato, H.; Taninaka, A.; Ito, Y.; Okazaki,

@Cyyi T.; Sugai, T.; Bolskar, R.; Alford, J. M.; Shinohara, H. Presented at the
computed lower energy of the #10611,@C;, isomer supports . 25th Fullerene-Nanotubes Symposium, Awaji, Japan, 2003; Paper 1P-1.

its assignmentas the isolated endohedral species. The experi- (13) (a) Kodama, T.; Fujii, R.; Miyake, Y.; Suzuki, S.; Nishikawa, H.;
mentally uncharacterized 8@C;, also is predicted to be the lkemoto, I.; Kikuchi, K.; Achiba, Y.Chem. Phys. Let2004 399 94. (b)
#10611 isomer; the computé#C NMR and IR spectra can be  Slanina, Z.; Kobayashi, K.; Nagase, Ghem. Phys2004 301, 153.

used to assist the future experimental characterization (14) Reich, A.; Panthoefer, M.; Modrow, H.; Wedig, U.; Jansen,JM.
Am. Chem. SoQ2004 126, 14428.
. (15) Nikawa, H.; Kikuchi, T.; Wakahara, T.; Nakahodo, T.; Tsuchiya,
~ Acknowledgment. This research was supported by a Grant- 1 ."rapman, G. M. A.; Akasaka, T.; Maeda, Y. Yoza, K.. Horn, E..
in-aid for the NAREGI Nanoscience Project and for Scientific Yamamoto, K.; Mizorogi, N.; Nagase, S. Am. Chem. SoQ005 127,
Research on Priority Area (A) from the Ministry of Education, 9684.

i (16) Goryunkov, A. A.; Markov, V. Y.; loffe, I. N.; Bolskar, R. D.;
Cu'Fure’ Sports, Science and“TeChnOI.Ogy of J_apén, by the Czecnjiener, M. D.; Kuvychko, I. V.; Strauss, S. H.; Boltalina, O. Xngew.
National Research Program “Information Society” (Czech Acad. cpem. int. Ed2004 43, 997.

Sci. 1ET401110505), by a U.S. National Science Foundation (17 (a) Slanina, Z.; Ishimura, K.; Kobayashi, K.; Nagase C&em.
Grant (CHE 0209857), and by the NSF of China (Grant Nos. Phys. Lett2004 384, 114. (b) Chen, Z.; Cioslowski, J.; Rao, N.; Moncrieff,

20021002, 20203013, 20425312, and 20423002). We thank Dr.D- Bthl, ﬁ HiTSChi Al_-; Thiel, W-Theoli- Chem. ’_*3‘2001 1%6 364.
Michael Bthl for reading this manuscript critically. Spglcﬁzo:ﬁngi”lgo;g;ha’ O Goryunkav, A.; Sidorav, LAdv. Mass
. . . . . . (19) Slanina, Z.; Kobayashi, K.; Nagase, Ghem. Phys. Lett2003
Supporting Information Available: Gaussian archive files 372 s10.

of the B3LYP/6-31G* dz-optimized structures and the detailed (20) Wang, C. R.; Dennis, T. J. S.; Itho, T.; Ogawa, T.; Shinohara, H.

13C chemical shifts. This material is available free of charge P”zg-l)E'FC)tg’Chkem-ASg‘Jlggﬁ 99—;& ;%%3 66, 5645, (b) Lee, C.: Y.
: . a) becke, A. . em. Y. 3 . ee, C.; Yang,
via the Internet at http://pubs.acs.org. W.:'Parr. R. GPhys. Re. B 1988 37, 785,
(22) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.
References and Notes (23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
(1) (a) Stevenson, S.: Burbank, P.; Harich, K.; Sun, Z.; Dom, H. C.; M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

van Loosdrecht, P. H. M.; de Vries, M. S.; Salem, J. R.; Kiang, C.-H.; |\N/| Burant, é];CC M”'Iarl\TJI"J'SM'i Iyer]gag,.sl.qs.; T?\lmals;i, tJ Barong, \,/A
Johnson, R. D.; Bethune, D. S. Phys. Chem. A998 102, 2833. (b) NeE”t“C?'vH o 335;\;' Ve Ca,\’}l‘?r}" o Ke_ggvk i SFSSO”' 5
Dunsch, L.; Bartl, A.; Georgi, P.; Kuran, Bynth. Met2001, 121, 1113. axatsuji, ., mada, V., Ehara, M., Toyota, it.; Fukuda, R., nasegawa, J.;

. - . LT Ghi Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
200%2)12261?7'527 Taninaka, A.; Sugal, T.; Shinohara, HAm. Chem. Soc. X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C,;
(3) (a) Kroto, H. W.Nature1987, 329, 529. (b) Schmalz, T. G.; Seitz, Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J;

! ; S Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
W. A,; Klein, D. J.; Hite, G. EJ. Am. Chem. S0d988 110, 1113. (c) N P ' ' ' . ) Y
Fowler, P. W.; Manolopoulos, D. EAn Atlas of FullerenesClarendon Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
Press: Oxford, 1995, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

. M . D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
Phyg)Lgt?.Tgpgbglgs% 543 Fowler, P. W.; Mitchell, D.; Zerbetto Ghem. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
(5) (a) Kobayashi, K.; Nagase, S. Endofullerenes-A New Family |\P/I|skAo.rz|5 P. Kgm$r9r’1|1|, 1 MI?IEtm’ RA Lcioﬁ D. Jb Ke'\';h,'g:l;l A;Lﬁﬂhavn\?',
of Carbon ClustersAkasaka, T., Nagase, S., Eds.; Kluwer Academic 1o ™ erég_, ch .,We}r:/?/ya ?\;laW:’G a "’}CO”‘C‘?'P § 113'@“' A. WV
Publishers: Dordrecht, The Netherlands, 2002; p 99. (b) Kobayashi, K.; =9"nson, 5., Lhen, W.; Wvong, M. W., bonzalez, ¢.; Fople, ssian
Nagase, S.; Yoshida, M. Osawa, E.Am. Chem. Sod.997, 119, 12693. 03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(c) Nagase, S.; Kobayashi, K.; Akasaka,JT Mol. Struct. (THEOCHEM) (24) (a) Ditchfield, R.Mol. Phys.1974 27, 789. (b) Dodds, J. L.;

1999 461/462 97. M_cWeeny, R.; Sadlej, A. Mol. Phys.198Q 41, 1419. (c) Wolinski, K.;
(6) (a) Wan, T. S. M.; Zhang, H. W.; Nakane, T.; Xu, Z. D.; Inakuma,  Hilton, J. F.; Pulay, PJ. Am. Chem. S0d.99q 112, 8251.

M.; Shinohara, H.; Kobayashi, K.; Nagase, B.Am. Chem. Sod 998 (25) (a) Stevens, W.; Basch, H.; KraussJJChem. Phys1984 81,

120, 6806. (b) Ichikawa, T.; Kodama, T.; Suzuki, S.; Fujii, R.; Nishikawa, 6026. (b) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, Ba@. J. Chem.

H.; Ikemoto, I.; Kikuchi, K.; Achiba, Y.Chem. Lett2004 33, 1008. 1992 70, 612. (c) Cundari, T. R.; Stevens, W.1J.Chem. Phys1993 98,
(7) (a) Wang, C. R.; Kai, T.; Tomiyama, T.; Yoshida, T.; Kobayashi, 5555.

Y.; Nishibori, E.; Takata, M.; Sakata, M.; Shinohara,Ntature200Q 408 (26) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.

426. (b) Kobayashi, K.; Nagase, Shem. Phys. LetR002 362, 373. (c) (27) de Castro, E. V. R.; Jorge, F. E.Chem. Phys1998 108 5225.

Takata, M.; Nishibori, EChem. Phys. Let2003 372 512. , (28) (a) Douglas, M.; Kroll, N. MAnn. Phys. (N. Y.)974 82, 89. (b)

. 8) (@ St.even_son, S..; Fowler, P W.; Helqe, T.; Duchamp, J. C.; Rice, Hess, B. A.Phys. Re. A 1986 33, 3742.
G.; Glass, T.; Harich, K.; Hajdu, E.; Bible, R.; Dorn, H. Rature 200Q (29) Avent, A. G.; Dubois, D.; Récaud, A.; Taylor, RJ. Chem. Soc.,

408 427. (b) Olmstead, M. M.; Lee, H. M.; Duchamp, J. C.; Stevenson, Perkin Trans. 21997 1907.

S.; Marciu, D.; Dorn, H. C.; Balch, A. LAngew. Chem., Int. E@003 42, ) o o
900. (c) Reveles, J. U.; Heine, T . Kr, A. M.J. Phys. Chem. 2005 19é30) Heine, T.; Vietze, K.; Seifert, GVlagn. Reson. Chen2004 42,

109, 7068.
g(9) Diener, M. D.; Alford, J. M.Nature 1998 393, 668. (31) Diaz-Tendero, S.; Alcami, M.; Martin, Ehem. Phys. Let2005
(10) (a) Zhang, B.; Wang, C.; Ho, K.; Xu, C.; Chan,Z Chem. Phys, 407 153. ‘ )
1993 98, 3095. (b) Boltalina, O. V.; loffe, I. N.; Sidorov, L. N.; Seifert, (32) Zywietz, T. K.; Jiao, H.; Schleyer, P. v. R.; de Meijere, JAOrg.
G.; Vietze, K.J. Am. Chem. So@00Q 122, 9745. Chem.1998 63, 3417.
(11) Kovalenko, V. I.; Khamatgalimov, A. RChem. Phys. Let2003 (33) Shimotani, H.; lto, T.; lwasa, Y.; Taninaka, A.; Shinohara, H.;

377, 263. Nishibori, E.; Takata, M.; Sakata, M. Am. Chem. So2004 126, 364.



