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Abstract: Two-electron reduction of penta(organo)[60]fullerenes CgArsH (Ar = Ph and biphenyl) by
potassium/mercury amalgam afforded potassium complexes of the corresponding open-shell radical dianions
[K*(thf)]2[CeoArs>~]. These compounds were characterized by UV—visible-near-IR and electron spin
resonance spectroscopy in solution. Anaerobic crystallization of [K*(thf)]o[Cso(biphenyl)s?—] that exists largely
as a monomer in solution gave black crystals of its dimer [K*(thf)s]s[(biphenyl)sCeo—Cso(biphenyl)s*],
in which the two fullerene units are connected by a C—C single bond [1.577(11) A] as determined by X-
ray diffraction. Three-electron reduction of CsoArsH with metallic potassium gave a black—green tri-
anion [K*(thf),]s[CeoArs®~]. The reaction of the trianion with an alkyl halide RBr (R = PhCH, and
Ph,CH) regioselectively afforded a hepta-organofullerene CgArsRzH, from which a potassium complex
[K*(thf)][Ceo(biphenyl)s(CH,Ph),~] and a palladium complex Pd[Ceo(biphenyl)s(CH2Ph),](;z-methallyl) as well
as octa-organofullerene compounds Cgo(biphenyl)s(CH2Ph)sH, and Ru[Cso(biphenyl)s(CH2Ph)sH]Cp were
synthesized. These compounds possess a dibenzo-fused corannulene s-electron conjugated system and
are luminescent.

Introduction structurally more complex, functional fullerene compounds,
regio- and chemoselective derivatization of the fullerene core
of the organofullerene compounds becomes necessary (cf.
second-stage functionalization such as the one shown in Scheme
1): This poses synthetic problems even more challenging than
those already imposed on the initial organo-derivatization of
the parent fulleren&Organic derivatization of organofullerene

t Nakamura Functional Carbon Cluster Project, ERATO. has been_ largely achieved in two ways: first, by addition of a
#The University of Tokyo. nucleophile to neutral fullerene cdrand, second, by electro-

(1) (a) Sawamura, M.; Nagahama, N.; Toganoh, M.; Hackler, U. E.; Isobe, philic reaction of anionic fullerene core generated by deproto-
H.; Nakamura, E.; Zhou, S.-Q.; Chu, Bhem. Lett200Q 1098-1099. p . . 9 Y P
(b) Zhou, S.; Burger, C.: Chu, B.; Sawamura, M.; Nagahama, N.; Toganoh, Nation of hydrofullerene or by reduction of fullerene. Among

M.; Hackler, U. E.; Isobe, H.; Nakamura, Bcience200], 291, 1944~
1947, (¢) Nakamura. E.- Isobe, o, Chem. Re2003 36, 807-815. the latter method, the hydrofulle_rene_rou_te has alr_eady proven
(d) Burger, C.; Hao, J.; Ying, Q.; Isobe, H.; Sawamura, M.: Nakamura, E.; useful for the two-stage functionalization. For instance, a

@ %USaE\;N;m%?goﬂITl?&frgc%Sﬁiﬁiﬁwﬁ?ﬁéiﬁ%ﬁem S0d996 118 cyclopentadienide aniohand a bucky ferrocene anidhhave
12850-12851. (b) likura, H.; Mori, S.; Sawamura, M.; Nakamura,JE. been alkylated in high yield to give a variety of functionalized
gﬂ%inggﬁr\%.l;gggtc?zsZgr\}i;r?wh?é,(gz):h?eiwwagltjtgbol\g';27T89§$f.h(d')vl'; fullerene derivatives and metal complexé$ (Scheme 1).
Sawamura, M.; likura, H.; Ohama, T.; Hackler, U. E.; Nakamura,).E. However, anion and polyanions of organofullerenes are less
8&?:%;%?&:%2%%%3072?%5%2—3%% (€) Nakamura, E.; Sawamura, M. gynthetically useful, in contrast to the case known for the parent

(3) (a) Sawamura, M.; Kuninobu Y.; Nakamura E.Am. Chem. So000  fullerene-dianion G~ that reacts with an alkyl halide giving
Vst ¥ Yamarasos N Nakarare, A chem. Sosobs 23, ' Ceoalkyl)2512 The organofullerene-polyanions have been
9354-9355. (c) Nakamura, ERure Appl. Chem2003 75, 427—-434. (d)

Organic functionalization of [60]fullerene has created a
number of organic derivatives, and has significantly expanded
the scope of the science of carbon clusters. Water-soluble
derivative$ and organometallic complexesare representative
of such organofullerene compounds. For the synthesis of

Matsuo, Y.; Nakamura, EOrganometallics2003 22, 2554-2563. (e) (4) (a) Nakamura, E.; Tahara, K.; Matsuo, Y.; SawamuraJMAm. Chem.
Toganoh, M.; Matsuo, Y.; Nakamura, Engew. Chem., Int. EQ003 42, So0c.2003 125 2834-2835. (b) Matsuo, Y.; Tahara, K.; Sawamura, M.;
3530-3532. (f) Toganoh, M.; Matsuo, Y.; Nakamura, E.Organomet. Nakamura, EJ. Am. Chem. So004 126, 8725-8734.

Chem.2003 683 295-300. (g) Toganoh, M.; Matsuo, Y.; Nakamura, E. (5) Hamasaki, R.; Matsuo, Y.; Nakamura,E&hem. Lett2004 33, 328-329.

J. Am. Chem. So003 125 13974-13975. (h) Matsuo, Y.; Kuninobu, (6) Caron, C.; Subramanian, R.; D’Souza, F.; Kim, J.; Kutner, W.; Jones, M.
Y.; Ito, S.; Nakamura, EChem. Lett2004 33, 68—69. (i) Kuninobu, Y.; T.; Kadish, K. M.J. Am. Chem. S0d 993 115, 8505-8506.

Matsuo, Y.; Toganoh, M.; Sawamura, M.; NakamuraCEganometallics (7) Subramanian, R.; Kadish, M. K.; Vijayashree, N. M.; Gao, X.; Jones, T.
2004 23, 3259-3266. (j) Matsuo, Y.; lwashita, A.; Nakamura, E. M.; Miller, D. M.; Krause, K. L.; Suenobu, T.; Fukuzumi, $.Phys. Chem.
Organometallics2005 24, 89—95. 1996 100, 1632716335.

10.1021/ja050318x CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 8457—8466 m 8457
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Scheme 1 Scheme 2

[K*(thf)n]

1
monoanion

[K*(thf)nl

neutral radical dianion
generated and studied by cyclic voltammetry but seldom g{ﬁffggﬂrph"* .
isolated314 structurally characterized, or examined for their Ar= (K™ (thf)nls
synthetic utility. The reduction potentials required to reduce

the functionalized fullerenes that are generally higher than those K (metalf‘r ‘ alkylation
of the parent fulleren& the symmetry of the function- “ThE — polylorgano
alized fullerenes, inherently lower in level than that of [60]- ;’f;"éat"’es

fullerene, and the instability of reduced species sometimes
observe#-1”make the studies on the structures and reactivities tr,-a?,,-on
rather difficult.

The anion1? (Scheme 1) is an electronically interesting Results and Discussion
compound as it contains a cyclopentadienide moiety homo-
conjugated with the bottom aBelectron syster®® We consid-
ered that this structural feature may favorably affect the
reduction chemistry so that the resulting polyanion can be used
for further chemical functionalization. Described in this article
are the results of controlled reduction of the penta(aryl)[60]- referred to the generation of the monoaniogCs~ (1) yet

— hi 18 i
fuIIereng GoArsH (Ar = b|p hgnyl and Ph3), W,h'Ch led to without any structural data. Treatment afp@rsH (3) with K/Hg
generation and characterization of the potassium salts of thefirst reduces the bottom 5@part, which is followed by loss of
CeoAArs mono-, d- _a”‘?‘ trianions (Scheme 2) as well as their hydrogen from the top cyclopentadiene moiety to genetdfe
regioselective plerlvatlzatlon |r_1to new a type of fullerene Alternatively, deprotonation & with KH also generate$. Such
molecules bearing seven and eight organic grodps.§). The operations generates§A\rsK, which may be either a true anion

dianion was found to give upon crystallization a tetraanionic CooArs havi + _
. . g - 5~ having a solvent separated K.e., [K*(thf)][CecArs]),
dimer [K (thf)s]4[(biphenyl}Ceo—Ceolbiphenyl}* ] (5a), where or a complex having direct €K contact. To pr(;be this issue

th(; tvx:jo fullerene radical dianions are connected by-aCC we have chosen pentakis(biphenyl)[60]fullereng(@phenylyH1
o-bond. (3a; pentakis(biphenyl) derivatives are denoted a¥) ‘and
penta(phenyl)[60]fullerene ggPhsH (3b; penta(phenyl) deriva-

Structure and Electrochemical Property of Pentakis-
(biphenyl)[60]fullerene Monoanion 1.To start the studies on
the polyanions of penta(organo)[60]fullerene, we first examined
the properties of the monoanidnwhich will be further reduced
to the di- and trianions. In our previous report8,we often

(8) Fukuzumi, S.; Suenobu, T.; Hirasaka, T.; Arakawa, R.; Kadish, KIM.

© érr? CheFm. 50(1993\(122 922(}9267. Lett. 2002 4. 25412544 tives are denoted asb®).? The biphenyl compound was
eng, F.; Murata, Y.; Komatsu, rg. Lett. y — . H H H H H HR H H
(10) Miki, g Kitao, M.; Fukunishi, K.Tetrahgedron Lett1996 37, 2049-2052. pamCUIarly mmgu'ng for its ab'“ty to form a one-dimensional

(11) %at)t /ﬂlegd, E.;mlgggzb 5523?_97'352&{5) /Jx'ﬁ I?juléoisD. ID.; C03ssgﬁu, J.  stacked array through inclusion of another molecule into the
etranedron Le ) . ard, £.; belaunay, J.; eng, - . .
F.. Cousseau, J.; Orda, J.; Gan, J.0rg. Lett. 2001, 3, 3503-3506. (c) cavity created by the wall of the five biphenyl groufg?2*

(12) Taglor, RLociira Nojes on Putorane Chematry A Hanabook for ahemists L (tl[Coo(biphenyly~] (18) was prepared by deproto-
Imgeri’al College Press: London, UK, 1999. v nation of Go(biphenylsH with KH in THF (Scheme 2), and

(13) Konarev, D. V.; Khasanoy, S. S.; Otsuka, A.; Yoshida, Y.; SaitoJG.  single crystals were obtained by slow diffusion of hexane into
Am. Chem. SoQ002 124, 7648-7649. .
(14) (a) Tanaka, T.; Kitagawa, T.. Komatsu, K.; Takeuchi,JK Am. Chem. a THF solution ofLtaunder Ar atmosphere. The crystal structure

Soc.1997 119 9313-9314. (b) Kitagawa, T.; Tanaka, T.; Takata, Y.; i indi i i
Takouchi. K. Komatst, KTetrahedioni0a7 53 9066 ga7e. of la (Figures 1 and 2) indicates that the potassium atom is

(15) Fullerene derivatives bearing strong electron-withdrawing groups show trapped inside the biphenyl cavity, and hence, there is no one-
lower reduction potential. Cf. Keshavarz-K, M.; Knight, B.; Srdanov, G.; ; i i i
wudl, o3 Am. Ghem. Sod995 117 1137411372, Q|mgn5|ongl stacking of the fu!lerene molecuigEhe pota§S|um

(16) (a) Yanilkin, V. V.: Nastapova, N. V.; Gubskaya, V. P.: Morozov, V. I.; ion in la is solvated by six THF molecules leaving the
Berezhnaya, L. Sh.; Nuretdinov, |. Rus. Chem. Bull2002 51, 72—77. o ; i
(b) Nuretdinov, I. A.; Morozov, V. I.; Gubskaya, V. P.; Yanilkin, V. V.; fuIIerene—cyclopentadlenlde as a free anion. The posmvely
Berezhnaya, L. Sh.; I'yasov, A. \Russ. Chem. BulR002 51, 813-816.

(17) Keshavarz-K, M.; Knight, B.; Haddon, C.; Wudl, Fetrahedron1996 (19) Sawamura, M.; Kawai, K.; Matsuo, Y.; Kanie, K.; Kato, T.; Nakamura, E.
52, 5149-5159. Nature 2002 419, 702-705.

(18) Though the chemistry of compounds with the Ar groups other than phenyl (20) Matsuo, Y.; Muramatsu, A.; Hamasaki, R.; Mizoshita, N.; Kato T.;
and biphenyl as well as¢gMes is expected to be very similar to that of NakamuraE. J. Am. Chem. So@Q004 126, 432—433.
3a,b, these latter compounds gave much better defined products as described21) Okada, S.; Arita, R.; Matsuo, Y.; Nakamura, E.; Oshiyama, A.; Aoki, H.
in the text. Chem. Phys. LetR004 399 157-161.

8458 J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005
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Figure 3. Cyclic voltammogram oflaat 25°C in a 1.0 mM THF solution
containing 100 mM"BusN][CIO4] as a supporting electrolyte. The red area
indicates roughly where anionic charge may reside.

Scheme 3

[K*(thf)e]

Figure 1. ORTEP drawing ofla-(THF);. THF molecules in the crystal
packing are omitted for clarity. Thermal ellipsoids are drawn in 30%
probability level. Bond lengths (A): KO1 = 2.674(4), k-O2 = 2.723-
(5), K-03 = 2.759(6), k-O4 = 2.616(5), k-O5 = 2.707(6), K-O6 =
2.819(6).

PhCH,Br

1a «——

+
PhCH,CHoPh

Figure 2. CPK model ofla Six THF molecules coordinating to the
potassium ion are drawn in stick representation. (a) Top view. (b) Side poundib is reduced aEI/Zredl =—-1.84 andEllzredZ =252

view. V (vs Fc/F¢) at —78 °C in THF under cyclic voltammetric

charged K(thf)s is obviously a better guest to the cavity than condition, and the single-crystal-grade samplelafshowed
the negatively chargede@Ars~. To create a one-dimensional ~"€Versible two-electron reduction &g/ = —1.69 andey;**
stack of GoArs~ as in the case of gArsH, we need to consider = —2.26 V (vs Fc/Ft) at 25°C in THF without decomposition

further engineering. The bond lengths (Table S1 in Supporting (Figure 3)2° We ascribe the difference betwega and 1b to
Information) follow the conventional single/double bond nota-  the effect of the electron-withdrawingpheny! groups. On the

tion shown for the structur& in Scheme 1. Thus, the average basis of the data, we decided to use potassium/mercury amalgam
bond length (1.41 A) in the cyclopentadienide [C(ER(Cp)]] (reduction potentla_d= ca. 2.0 V¥4 to reduce the monoanions
is between the €C bond (1.43-5 A) and C=C bond (1.38-9 la a_md 1b selectively into the penta(orga_no)[GO]fuII_erene
A) found in 1, and much shorter than the bond length on the dianions and to use potassium metal (reduction potentica.
(5,6) ring junction found in [60]fullerene (1.47 &$.The bottom  2-7 V) to synthesize the trianions. . .
507-electron system ofla shows a smaller degree of bond Synthesis, Structure, and Spectral Properties of Pentakis-
alternation than that in [60]fullerene. (biphenyl)[60]fullerene Radical Dianion 4a. One-electron
Next we examined reduction potential bfo choose proper ~ feduction ofla by 1 wt % K/Hg amalgam in THF at 25C
reducing reagents to obtain di- and trianion. The cyclic 9ave the pentakis(biphenyl)[60]fullerene radical dianion,
voltammogram of penta(phenyl)[60]fullerene anidh,(CsoPhs ™) [K*(thf)] z[Cso(blphenyI);Z*'] (48) (Scheme 3). The color of thg
was previously reportédl and is compared here with that of THF solution changed gradually from dark red to black during

the penta(biphenyl)[60]fullerene anidke. The phenyl com-

(23) Fullerene is reduced &% = —0.86 V andE;;,*®2 = —1.44 V (Fc/
Fc') in THF. Cf. Lerke, S. A.; Parkinson, B. A.; Evans, D. H.; Fagan, P.
(22) Liu, S.; Lu, Y.-J.; Kappes, M. M.; Ibers, J. Aciencel99], 254 408— J.J. Am. Chem. S0d.992 114, 7807-7813.
410. (24) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877-910.

J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005 8459



ARTICLES

Matsuo and Nakamura

the reaction for 12 h. After removal of excess K/Hg amalgam,

solvent was removed under reduced pressure to obtain air- anc

moisture-sensitive black crystals in quantitative yield. The
reduction of Gy(biphenyl}H (3a) was performed under the same
conditions. A THFdg solution of4a exhibited no'H and13C
NMR signals, and a THF solution dfa was ESR active (vide
infra). On the basis of a series of analyses discussed bémw,
in solution exists predominantly as an open-shell radical dianion

that can be formulated to have a negative charge on the

cyclopentadienide and a radial anion on the botto®lectron
system (Scheme 3).

In contrast to the high nucleophilic reactivity of the trianion
discussed later, the radial dianida,b acts only as a reducing
agent, reacting with benzyl bromide at 26 to give bibenzyl
and the starting materi@@a,b (after treatment with aqueous
HCI). Apparently, a single-electron transfer fratab to benzyl
bromide took place to generate benzyl radical, which then
dimerized to give bibenzyl. The observed chemical behavior is
typical of a monomeric radical dianiata,b rather than a dimer
[KT(thf)3] 4[ArsCeo—CgoArs*~] (5a,b)—an issue that surfaced in
the experimental finding described in the next paragraph.

Attempted isolation of this radical dianion by recrystallization
(slow diffusion of hexane into a THF solution) unexpectedly
gave a black-colored air-sensitive dimest (Scheme 3). The
isolation of the dimer is a good indication of the radical dianionic
nature of4a, in the light of the behavior of a radical aniopC

that exists predominantly as a monomer in solution at room _

temperature but in equilibrium with its dimer ¢&-Cgo)?~.2526
Similarly, the K/Hg reduction of [K(thf),][CsoPhs] (or Cso-
Phs) afforded black crystals of [K(thf),]2[CsoPhs? ] (4b),
which are also ESR active and air-sensitive.

As found by X-ray crystallographic analysis at 153 K (Figure
4), the dimer exists in aranti conformation (i.e., for the
interfullerene bond) as predicted by theory fogd€Cg0)2~.2728

Figure 4. Crystal structure oba:(THF)s-(hexane). ORTEP drawing with
20% probability level ellipsoid. Solvent molecules in the crystal packing
are omitted for clarity.

This provides the second example of a single-crystal structure an 53-fashion both to the cyclopentadienide and to the phenyl

of a dimer of [60]fullerene radical anicli,and the third of a
fullerene dimer connected by a singidbond? The bond length
of the bridging intercage €C bond of5a (1.577(11) A) is
halfway between those of the typical CspC(sp?) bond (1.54
A) and the fullerene interfullerene-6C bond in anionic dimer
[(Ceo—Cs0)?; 1.597(7) A]2%2and comparable to the intercage
bond length in neutral dimer [RG-CsoR; 1.576(6) AJ° It is
known that the interfullerene single bond in the negatively
charged dimer (6—Cs0)? starts to break at 26220 K in
crystals?®@ The single bond irba is thermally stable in the
crystalline state as investigated by an X-ray analysis at 300 K.
The organometallic features of the potassio digeis next
discussed in some detail (Figure 5), as the crystal struGare
provides relevant information on the structure of organopotas-
sium complexes that have not been studied very dften.

group, forming a bent sandwich structure. In Figure 5b, we see
that potassium ion K2 is attached in a% andx®-fashion to a
C48*—C49* bond and a C44C45-C53-C58-C57—C52
hexagon of two fullerene bottoms. Contact distances between
K2 and each carbon atoms are 3.204(6) and 3.233(5) A-(K2
C49* and K2-C48*, respectively) for they2-coordination and
3.259(6%-3.663(7) A for thesn®-coordination, the values of
which are comparable to the typical distance found in the alkali
metal cation- interactions’1-32Such coordination implies that
the negative charge in the bottamelectron system is located
around the C48* and C49* carbon atoms, and most likely at
C49* 33 Further discussion on the carbon skeleton is provided
in Supporting Information (Table S2).

The single crystals dfaare ESR silent? On the other hand,
a black THF solution prepared by dissolving crystals of the

Figure 5a, we see that the potassium atom K1 is coordinated indimer5ais ESR active at room temperature and showstho

(25) Rapta, P.; Dunsch, lJ. Electroanal. Chem2001, 507, 287—292.

(26) Reed, C. A,; Bolskar, R. DChem. Re. 200Q 100, 1075-1120.

(27) Lee, K. H.; Park, S. S.; Suh, Y.; Yamabe, T.; Osawa, Ethi.\H. P;
Gutta, P.; Lee, CJ. Am. Chem. So200], 123 11085-11086.

(28) Segura, J. L.; Martin, NChem. Soc. Re 200Q 29, 13—25.

(29) (a) Konarev, D. V.; Khasanov, S. S.; Otsuka, A.; SaitoJGAm. Chem.
Soc. 2002 124, 8520-8521. (b) Konarev, D. V.; Khasanov, S. S,;
Vorontsov, I. I.; Saito, G.; Antipin, M. Y.; Otsuka, A.; Lynbovskaya, R.
N. Chem. CommurR002 2548-2549. (c) Konarev, D. V.; Khasanov, S.
S.; Saito, G.; Otsuka, A.; Yoshida, Y.; Lynbovskaya, RJNAm. Chem.
Soc.2003 125 10074-10083.

(30) Jutzi, P.; Burford, NChem. Re. 1999 99, 969-990.

8460 J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005

and 13C NMR signals. These observations indicate tBat
dissociates into a monomeric open-shell radical diaran
(Scheme 3). The similar-€C bond dissociation in solution is

(31) Gokel, G. W.; Wall, S. L.; Meadows, E. Bur. J. Org. Chem200Q 2967
2978

(32) Ma, J. C.; Dougherty, D. AChem. Re. 1997, 97, 1303-1324.

(33) Location of a positive charge affects localization of a negative charge. Cf.
Hoffman, D.; Bauer, W.; Hampel, F.; Hommes, N. J. R. v. E.; Schleyer, P.
v. R.,; Otto, P.; Pieper, U.; Stalke, D.; Wright, D. S.; Snaith, JRAmM.
Chem. Soc1994 116, 528-536.

(34) Single-bonded dimer ¢g-Cgg)?~ is known to be diamagnetic. Cf. ref 26.
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— monoanion, 1a
8 — radical dianion, 4a
2= 71 — trianion, 6a
>
86 6
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g = 3
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400 600 800 1000 1200
wave length (nm)
Figure 6. Absorption spectra of penta(biphenyl)[60]fullerene-polyanions.
05 Orange line: neutral compoundgdbiphenyl}H. Dark-red line: monoan-
04 * ion, 1a. Black line: radical dianion,4a. Green line: trianion,6a
T Conditions: THF solution (0.45 mM) under argon.
e Scheme 4
06

Figure 5. Schematic drawings of the structure % around potassium
ions. Atoms denoted by asterisks represent crystallographically equivalent
atoms as to the inversion center residing at the middle point between C59
and C59*. (a) A top part. (b) A bottom part. Solid double linel.40 A <
solid-dashed line< 1.43 A < solid single line. Dashed lines represent
coordination of the potassium ions. Bond lengths (A): 4Q1 = 2.642-

(9), K1-02 = 2.790(11), K+03 = 2.716(8), K:-C1 = 3.082(6), K1~

C2 = 3.266(6), KE-C5 = 3.619(7), KI-C61 = 3.260(6), K}-C62 =
3.357(7), KE-C66 = 3.560(7), K2-04 = 2.641(5), K2-05 = 2.647(4),
K2—06= 2.766(6), K2-C44= 3.500(6), K2-C45= 3.663(7), K2-C52

= 3.285(6), K2-C53= 3.607 (7), K2-C57= 3.259(6), K2-C58= 3.392-

(6), K2—C48* = 3.233(5), K2-C49* = 3.204(6), C54 C59= C54*-C59*

= 1.534(7), C58-C59 = 1.527(8), C59-C60 = 1.534(8), C59-C59* =
1.577(11), C48%C49* = 1.420(8), C48%C54* = 1.402(8). Bond angles
(deg): C58-C59-C60 = 100.3(4), C58 C59-C54 = 109.7(5), C66-
C59-C54 = 108.9(5), C58-C59-C59* = 111.2(6), C66-C59—C59* = 6ain THF at 25°C. Among these four, onlga exhibits near-
112.6(6), C54-C59-C59* = 113.4(5). Sum of three angles around C59 |R phands atlmax = 771 nm ¢ = 1.09 x 103), 996 nm ¢ =

(intracage)= 318.9. 1.08 x 10°), and 1125 nmd = 1.65 x 10%), characteristic of
known for the dimer of neutral radical species gQR = an open-shell species with a small band ¢faphe other two
various alkyl groupsy:28:3536The ESR spectrum ofain THF are closed-shell species with a large HOMOJMO gap. The
at 290 K exhibited a broad signal that hag malue of 2.003,  wavelength fmax= 1125 nm) is ca. 50 nm lower energy-shifted
which is comparable to the value observed for most organic than that of Go* (Amax = 1075-1080 nm)3° This difference

trianion

radicals and for a free electrog & 2.0023), with a peak-to- IS in accord with the intrinsically lower degree of symmetry of
peak line width AH,,) of 1.68 mT (Figure S1). Thgvalueis  4a(i.e., less orbital degeneracy) thageC.

much larger than the one observed fafpC (g = 1.9991)3 Synthesis and Properties of Pentakis(biphenyl)[60]fullerene
and close to the one observed fog€ (g = 2.0025)2538 Trianion 6. Treatment of the monoaniaka with 2.5 equiv of

suggesting that the behavior of the radical diardaris closer potassium metal in THF at 25C for 18 h afforded a dark-
to the fullerene trianion rather than to the fullerene radical anion green solution of the pentakis(biphenyl)[60]fullerene-trianion
because of the interaction between the top cyclopentadienyl [K*(thf)nls[Ceo(biphenyl}®~] (68) (Scheme 4). After removal
anion and the bottom S0electron systerd? of THF, an air- and moisture-sensitive blaeireen powder of
The near-IR absorption is diagnostic of the charge state of 6a was obtained. Similarly, &PhH gave the corresponding
the [60]fullerene anior® and, in conjunction with the above trianion [K*(thf)n]s[CeoPh®~] (6b). Reduction of GoArsH (Ar
data, indicates thata exists largely as a monomer in solution. = biphenyl and Ph) by excess potassium metal in THF also
Figure 6 shows the U¥vis—NIR absorption spectra of neutral ~gave6a and6b. Effort to obtain single crystals dfa and6b
Cso(biphenylH, monoanioriLa, radical dianiorda, and trianion suitable for X-ray diffraction analysis has so far been unsuc-
cessful because of extreme air sensitivity.

(35) Morton, J. R.; Preston, K. F. P.; Krusic, J.; Hill, S. A.; Wassermanr, E. i i iani —
A Chem. Sod002 114 54545455, As shown in Figure 6, the trianio®a absorbs atmax 545

(36) Bond dissociation temperature depends on the size of the R group. nm (€ = 5.17 x 10°) and 692 nm { = 5.03 x 1. This

(37) Eaton, S. S.; Eaton, G. Rppl. Magn. Resorl996 11, 155-170. i i

(38) Boyd, P. D. W.; Bhyrappa, P.; Paul, P.; Stinchcombe, J.; Bolskar, R. D.; Spezdgl;m I,S very different from Fhe spectrum obsgrved Tor
Sun, VY.; Reed, C. AJ. Am. Chem. Sod.995 117, 2907-2914. Ceso® .3 which shows characteristic near-IR absorptions with

(39) (a) Lawson, D. R.; Feldheim, D. L.; Foss, C. A.; Dorhout, P. K.; Elliott, B —
C. M.; Martin, C. R.; Parkinson, Bl. Electrochem. Sod.992 139, L68— maximum peaks atmax = ca. 830 and ca. 952 nm. The reason

L71. (b) Khaled, M. M.; Carlin, R. T.; Trulove, P. C.; Eaton, C. R.; Eaton,
S. S.J. Am. Chem. S0d.994 116, 3465-3465. (40) Gso * exhibiting vibronic absorption at near-IR region. Cf. ref 39.
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Scheme 5
12
1) PhCHoBr
cC>>rHB
Ph r
o 1) Ph/gr):'%MgCI KH
6ab > e [KH(thf)al
2) HCl(aq.) 2) HCI(aq.) THF
7a: Ar = biphenyl, R = CH,Ph
7b: Ar = Ph, R = CH,Ph
8a: Ar = biphenyl, R = CHPh, 11 13

8b: Ar = Ph, R = CHPh,

1) KO'BU/THF
2) [Pd(w-allyl)Cl]p

1) PhCHoMgCITHF
2) [RuCp(MeCN)3][PFe]

for this difference can be ascribed to the contribution of the being rate limiting for G¢?,*® we ascribe this efficiency to
top cyclopentadienyl anion. We could not find any NMR signals greater electron-transfer ability dda,b (and likely greater

of 6a and observed a single broad ESR signal6af at a

temperature range from 290 to 4.4 K. A small amount of residual

radical dianiordaas minor component iia appears to hamper

nucleophilicity of GoArsR2™).
The structure determination @f,b and8a,b was not at all
an easy issue because of numerous possibilities as to the position

the NMR measurement. Interpretation of the NMR and ESR of the cyclopentadienyl proton and the two R groups. The first

spectra oféa remains inconclusive.

The trianionssa and6b are useful nucleophiles (Scheme 5).
Treatment of the blackgreen THF solution o6a,b with 3.5-
equiv of a benzylic halidé (RX; R = CH,Ph and CHP}) at

piece of information on symmetry was obtained by derivatization
of 7ainto potassium and palladium complexes. Deprotonation
of 7awith 1.2 equiv of KH in THF afforded a single regioisomer
[K*(thf)n][Cso(biphenyl(CH2PhY ] (9) (Scheme 5), which is

25°C caused an immediate change of the color into dark red, C: symmetric {H and*3C NMR). Similarly, a deprotonation/
and subsequent protonation with aqueous HCl afforded a doublypalladation sequengefforded Pd[Go(biphenyl}(CHPh)](z-

alkylated product gArsR:H (7a: Ar = biphenyl and R= CH,-
Ph; 7b: Ar = Ph and R= CH,Ph;8a Ar = biphenyl and R
= CHPh; 8b: Ar = Ph and R= CHPh) as a predominant
product? in 65—75% yield. This chemical reactivity parallels
that of the fullerene dianiondg?—.67-811The reaction may take
place in three-stages as proposed fg2Chy Fukuzumi?-8that
is, electron transfer froria,bto the alkyl halide (to generate a
radical dianiorda,band an alkyl radical) followed by radical
radical coupling to give a mono-alkylated produgp&sR?-,
and $2 reaction with the alkyl halide to generateg®&sR,™.
We noted thaBa,b is much more reactive thang@~ which
requires a 26-100 fold excess of the benzyl halide to obtain a
reasonable reaction raté1! The initial electron-transfer step

(41) Reactions with Mel, (MgSi),CHCI, and BrCHCO,Et gave a complex
mixture of many regioisomers and the starting compo8agb.
(42) Determination of regioselectivity of the reaction was impossible for

methallyl) (L0) as a single regioisomer in 90% yield (Scheme
5), and its'H and 3C NMR spectra also indicated th@;
symmetry. These pieces of information limited the range of
structural possibility, which was then reduced into one.
Addition of PhCHMgCI to 7a in THF at 25°C afforded
Coo(biphenyl(CH.Ph%H2 (11) in 82% yield (Scheme 5). The
IH NMR spectrum ofl 1 exhibited five sets of two -H signals
due to the top and bottom hydrogen atoms (i.e., five regioiso-
mers). This as well as the UWis spectrum is essentially the
same as that of a known compounghi@esPhsH,** possessing
the same regiochemistry 44. Reaction of7a with the benzyl
Grignard reagent, followed by an addition of [RuCp(MegJN)
[PFs] gave air-stable Ru[gy(biphenyl}(CH,PhkH]Cp (12) as
a mixture of three regioisomers. It is a dark-green compound
(Amax = ca. 700 nm). Compoundl emits orange-red light
(Amax = 622 nm,® = 1.0%) upon irradiation almax = 365

numerous possibilities of nonessential regioisomers: For instance, even Nm, but ruthenium complef2 is not luminescent. Therl1

the compounds7a,b and 8a,b consist of an inseparable mixture of
regioisomers as to the location of the hydrogen atom. With this limitation
in mind, we concluded that the regioselectivity of the alkylation reaction
was very high.
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(43) Electron transfer from >~ to RX is the rate-limiting step in the formation
of RCso™. See ref 7.
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was doubly deprotonated by 4.5 equiv of KH into a dianion Table 1. Crystal Data and Structure Analysis Results for 1a and
[K*(thf)n]2[Ceo(biphenyl(CHzPh)%?7] (13). The cyclopentadi- 5a

enyl proton surrounded by the five biphenyl groups was la-(THF); 5a-(THF)s (hexane)

deprotonated upon addition of the first 1.5 equiv of KH, and  formula GisH117/KOg CisH124K200

the proton next to the benzyl groups was removed slowly with ~ crystal system monoclinic triclinic
space group P2;/n (No. 14) P1(No. 2)

the remaining 3 equiv. The compoud@® was Cs symmetric

_ : _ X R, Ry (I > 20(1)) 0.1044, 0.3048 0.1174,0.3077
(*H and3C NMR). With the above pieces of information, we R1, wR2 (all data) 0.1487, 0.3559 0.1820, 0.3651
concluded that the dialkylation of the triani@a,b took place GOF onF2 1.286 1.226
regioselectively to introduce two benzyl groups on two fullerene 2 é 393?88 ﬁggzgg
carpon atom; located on the opposite side of the tpp cyclopen- ¢ & 19:546(3) 21:761(4)
tadienide moiety. The two benzyl groupsia,b are in a 1,4- a, deg 90 81.860(9)
relation to each other in the hexagon. Interestingly, and perhaps #: geg 3(1)-404(5) 7772§le((£)9))
. . ) . . . L y, deg .
not without reason, this 1,4-substitution is r_nechgmstlcally v A2 11007(2) 5600(2)
related to the same 1,4-located carbon atoniajrthat is, the z 4 2
C49* atom where anionic charge resides, and the C59* atom T,K 153(2) 153(2)
~ i crystal size, mm 0.85, 0.65, 0.20 0.54,0.26,0.22
where the C.C bond forms (cf. F|.gure 5). Dealcd g/C? 1.312 1.338
In conclusion, selective reduction of organofullerene com- g . "9, deg 4.12,51.72 4.34,51.9
pounds with carefully chosen reduction agents affords well- no. refl. measured (unique) 16563 16858
defined, synthetically useful organofullerene polyanions. The no.refl. measured - 20(1)) 9667 9159
no. parameters 1486 1524

investigation has given basic information to the chemistry of
reduced penta(aryl)fullerene molecules that have so far been

generated as transient species and studied only through elecyometers, respectively. When THE-and chloroformd were used as
trochemical measurements. The study not only elucidated thesolvent, spectra were referenced to residual solvent protons itHthe
properties and reactivities of anion and polyanions of the NMR spectra (3.58 and 7.26 ppm) and to solvent carbons if®te
organofullerenes about which rather little has so far been known, NMR spectra (67.4 and 77.0 ppm). Mass spectra were measured on
but also provided new synthetic entries to functionalized Shimadzu LCMS-QP8000 and Waters ZQ2000 LC-mass spectrometer.
fullerenes. The reduction methodology has provided a variety High-resolution mass spectra were measured on a JEOL JMS-T100LC
of new structures such as dimer-, hepta- and octa-alkylated APC/ESI-TOF mass spectrometer.

compounds such & and 7—13. Given the new conjugation Electrochemical Measurements.Cyclic voltammetry (CV) was

networké44 and the organometallic ligand systénfisund in performed using a BAS CV-50W voltammetric analyzer and three-

7—13 (such as luminescent fused corannulene), we expect thatelectrode cell with a glassy carbon working electrode and a platinum

the alkvlati trateqies b d th ducti hemistry i wire counter electrode. All potentials were recorded against an Ag/
€ alkylation strategies based on the reduc |0.n ¢ emls ry1s Ag" reference electrode and corrected against FcAEWY was measured

complementary to the organocopper rotesd will provide at a scan rate of 100 mV/s.

useful possibilities for material science applicatiéf%2°45The

_ : g 4 > ESR Measurement.ESR spectra ofla and6a were recorded on a
selective reduction methodology will also find use in polyfunc-  3eQL continuous wave X-band spectrometer, JES-RE2X, equipped with
tionalization of carbon clusters other than [60]fullerene.

a helium flow-temperature controller. All measurements were performed
by using sealed ESR tubes. THF solution samples were measured using
2-mm quartz ESR tubes.

UV —vis—NIR Measurement. UV —vis—NIR spectra offaand6a
were recorded on a HITACHI U3500 spectrometer. All solutions were
prepared in spectrograde THF that was distilled from Na/K alloy by
trap-to-trap distillation prior to the measurements.

X-ray Crystallographic Analysis. Single crystals ofla and 5a
suitable for X-ray diffraction studies were grown and subjected to data
Penta(phenyl)[60]fullerene and penta(biphenyl)[60]fullerene were pre- collection. The data sets were collected on a MacScience DIP2030
pared according to the literatuf®d1°Benzyl bromide was purchased Imaging Plate diffractometer using Mook(graphite monochromated,
from Tokyo Kasei Kogyo Co., Ltd. and was distilled under reduced 1 = 0.71069 A) radiation. Crystal data and data statistics are
pressure. Chemical yields of the potassium complexes were calculatedsummarized in Table 1. The structurela and5a was solved by the
on a postulate that three THF molecules coordinate to one potassiumdirected method (SIR97.The positional and thermal parameters of
atom. non-hydrogen atoms were refined anisotropically Fsnby the full-

HPLC analyses for reactions affording air-stable neutral compounds matrix least-squares method, using SHELXL#9Hydrogen atoms
were performed on Shimadzu LC-10A system equipped with SPD- were placed at calculated positions and refined “riding” on their
M10A diode array detector. Preparative HPLC separations were corresponding carbon atoms. In the subsequent refinement, the function
performed by use of Buckyprep column (Nacalai Tesque Co., 20 mm Y (F? — F?)? was minimized, wher¢F,| and |F| are the observed
x 250 mm) using toluene/2-propanol (5/5) or toluene/hexane (5/5) as and calculated structure factor amplitudes, respectively. The agreement

Experimental Section

General. All manipulations were carried out under argon using
standard Schlenk techniques. THF, THE-and hexane were dried over
Na/K alloy and purified by trap-to-trap distillation before use.
Chloroformd was used as received. The water content of the solvent
was determined with a Karl Fischer Moisture Titrator (MK-210, Kyoto
Electronics Company) to be less than 20 ppm for THF and THF-

eluent. All*H (400 MHz, 500 MHz) and=C (100 MHz, 125 MHz)
NMR spectra were recorded on JEOL ECX400 and ECA500 spec-

indices are defined as R Y (||Fol — |Fc||)/3|Fol and wR2= [Yw
(Fo? — FAAS (wFM]Y2CCDC No. 2717561a) and No. 27195753).

(44) (a) RandicM. Chem. Re. 2003 103 3449-3606. (b) Scott, L. TAngew.
Chem., Int. Ed2003 42, 4133-4135. (c) Hoffmann, Rint. J. Philos.
Chem.2003 9, 7—-10. (d) Matsuo, Y.; Tahara, K.; Nakamura,&g. Lett.
2003 5, 3181-3184.

(45) Isobe, H.; Mashima, H.; Yorimitsu, H.; Nakamura,®&g. Lett.2003 5,
4461-4463.

(46) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giacovazzo,
C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R.Appl.
Crystallogr. 1999 32, 115-119.

(47) Sheldrick, G. MPrograms for Crystal Structure AnalysiRelease 97-2;
Institut fir Anorganische Chemie der Univergjthammanstrasse 4, D-3400
Gotingen, Germany, 1998.
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Preparation of [K(thf) n][Ced(CsH4s-Ph-4)] (1a). A Schlenk tube
was charged with g(biphenyl}H (500 mg, 0.336 mmol) and potassium
hydride (40 mg, 1.01 mmol) which was washed with dried hexane.
Addition of THF (60 mL) to the Schlenk tube at 2& gave a dark-
red solution with evolving klgas. After stirring for 20 min at 25C,

(500 mg, 0.452 mmol) by using potassium/mercury amalgam ghave
(809 mg, 0.432 mmol, 96% yield).

Preparation of Ceg(biphenyl)s(CH,Ph),H (7a). Method A. To a
black—green solution oBa (300 mg, 0.133 mmol) in THF (10 mL)
was added benzyl bromide (79.7 mg, 0.466 mmol) at@5The color

the reaction mixture was transferred to a centrifugation tube via cannula. of the solution immediately changed to dark red. After stirring for 2
The dark-red solution was separated from potassium hydride by min, aqueous HCI (1 N, 0.2 mL) was dropped into the solution.
centrifugation and transferred to a Schlenk tube. Solvent was removedMethanol (60 mL) was added to the reaction mixture to precipitate red
under reduced pressure, and the dark-red microcrystalline solid wasmicrocrystals, which were collected by filtration. The crystalline crude

washed with dried hexane to obtala (568 mg, 0.326 mmol, 97%
yield). I1H NMR (THF-ds, 500 MHz): 6 7.15 (t, Ph, 5H), 7.27 (t, Ph,
10H), 7.36 (d, GHs, 10H), 7.51 (d, Ph, 10H), 8.04 (d,s84, 10H).
BC{H} NMR (THF-dg, 125 MHz): 6 62.18 (Go(sp’), 5C), 126.90
(biphenyl, 10C), 127.27 (biphenyl, 5C), 127.71 (biphenyl, 10C), 128.84
(biphenyl, 5C), 129.24 (biphenyl, 10C), 129.84 (biphenyl, 10C), 139.32
(biphenyl, 5C), 142.50 (biphenyl, 5C), 143.32¢CL0C), 145.62 (G,

5C), 146.65 (Go, 5C), 147.41 (G, 10C), 149.38 (G, 5C), 149.41
(Cso, 10C), 159.88 (o, 10C).

Preparation of [K(thf) n]2[Ced(CesH4-Ph-4)] (4a). Method A. To a
potassium/mercury amalgam (1.0 wt %; K: 50 mg, 1.3 mmol; Hg:
5.0 g) was added a solution @& (500 mg, 0.287 mmol) in THF (40
mL) at 25°C. After stirring for 24 h at 25C, the reaction mixture
was transferred to a centrifugation tube via cannula. The dark-brown
solution was separated from the mercury amalgam by centrifugation.
The supernatant solution was transferred to a Schlenk tube, and solven
was removed under reduced pressure. The resulting black microcrys-
talline solid was washed with dried hexane to ob#&ar{550 mg, 0.275
mmol, 96% vyield). Air-sensitive open-shell compou#d was char-
acterized by the ESR, UWis—NIR spectroscopy and by the X-ray
crystallography.

Method B. Alternatively, the title compound could be directly
prepared by the treatment ofdbiphenyl}H (500 mg, 0.336 mmol)
and potassium/mercury amalgam (1.0 wt %; K: 50 mg, 1.3 mmol;

solid was purified by silica gel column chromatography using eluent
CSy/toluene (from 10/0 to 8/2). The intense red band following the
yellow band was collected, and the solution was concentrated under
reduced pressure. Methanol was added to the concentrated solution to
give a red crystalline precipitate, which was collected by filtration and
washed with methanol to afforga (167 mg, 0.100 mmol, 75% yield)

as an inseparable mixture of five regioisomers as to the position of the
hydrogen atom. The NMR and high-resolution APCI-TOF MS spectra
were measured for the mixturéd NMR (CDCl;, 500 MHz): 6 3.35—

4.09 (m, 4H, ®©i,Ph), 5.33, 5.36, 5.37, 5.42, and 5.46 Xs5, 1H,
Cso-H), 7.27-8.05 (m, 55H, aromatic protons}C{*H} NMR (CDCl,,

125 MHz): 0 47.0-47.8 (CHPh), 58.54-61.25 (C(sp)-H, C(sp)-

Ph, and C(s)-CH,), 127.01-154.89 (aromatic carbons). HRMS
(APCI-TOF, negativewz calcd for GsHse [M — H]~ 1668.4650,
found: 1668.4645. Anal. Calcd for&Hso: C, 96.38; H, 3.62.
Found: C, 96.21; H, 3.59.

Method B. Cso(biphenyl}H (1.00 g, 0.672 mmol) and potassium
metal (263 mg, 6.72 mmol) were placed in a Schlenk tube to which
was added THF (40 mL). Hydrogen gas evolved, and the color of the
solution changed to dark red after stirring # h at 25°C. Further
stirring for 18 h gave a dark-green solution which was transferred to
an another Schlenk tube via cannula. To this solution was added benzyl
bromide (402 mg, 2.35 mmol) at 28C. The color of the solution
changed from dark green to dark red. After stirring for 2 min, aqueous

Hg: 5.0 g). The same preparation procedure described above wasHCI (1 N, 1.0 mL) and methanol (200 mL) were added to obtain crude

performed to obtaita (638 mg, 0.319 mmol, 95% yield).

Preparation of [K(thf) n]o[CeoPhs] (4b). Method A. Starting material
[K(thf) J[CecPhe] (1b) was prepared according to a previous paper.
The same potassium/mercury amalgam reduction was performed to
obtain4b. Complex4b (569 mg, 0.352 mmol, 96% yield) was derived
from 1b (500 mg, 0.367 mmol). The title compoudd is also an air-
sensitive and ESR-active compound.

Method B. The procedure described féawas performed to obtain
4b. Reduction of GPhsH (500 mg, 0.452 mmol) by using potassium/
mercury amalgam (1.0 wt %; K: 50 mg, 1.3 mmol; Hg: 5.0 g) gave
4b (711 mg, 0.440 mmol, 97% yield).

Preparation of [K(thf) n]s[Ced(CeH4-Ph-4)] (6a). Method A. Mi-
crocrystalline solids ota (500 mg, 0.287 mmol) and potassium metal
(28.0 mg, 0.717 mmol) were placed in a Schlenk tube, and THF (40
mL) was added at 25C to start the reduction. After stirring for 18 h
at this temperature, a dark-green solution6afwas obtained. THF

microcrystal, which was subjected to purification as with method A
described above. The title compound (751 mg, 0.450 mmol, 67% yield)
was obtained as red crystals.

Preparation of CgPhs(CH2Ph),H (7b). The procedure described
for 7a was performed to obtaiib. Compound7b (890 mg, 0.690
mmol, 69% yield) was synthesized from£hH (1.11 g, 1.00 mmol),
benzyl bromide (599 mg, 3.50 mmol), potassium metal (391 mg, 10.0
mmol), and THF (50 mL)!H NMR (CDCls;, 400 MHz): ¢ 3.3-3.6
(m, 2H, CHHPh), 3.8-4.1 (m, 2H, CHHPh), 5.20, 5.22, 5.24, 5.29,
and 5.33 (sx 5, 1H, G-H), 7.0-8.0 (m, 35H, Ph)3C{'H} NMR
(CDCls, 100 MHz): 6 47.3-47.8 (CH2Ph), 58.4-60.0 (C(sp)-Ph and
C(sp))-CH,), 61.82, 62.35, 62.82, 63.43, and 63.72 (Csth), 126.7
129.0 (Ph), 131.6131.4 (Ph), 136.8136.9 {pso-Ph (CHPh)), 137.5-
137.6 {pso-Ph (CHPh)), 139.7-164.1 (Go(sp) andipso-Ph (Go—
Ph)). HRMS (APCI-TOF, negativa)vz calcd for GodHze [M — H]~
1288.3085, found: 1288.3087. Anal. Calcd fopfls: C, 96.87; H,

was removed under reduced pressure, and the resulting dark-green soli®.13. Found: C, 96.70; H, 3.03.

(pyrophorig was washed with dry hexane to obt&a(615 mg, 0.273
mmol, 95%). Characterization of the title compound was performed
by UV—vis—NIR and ESR spectroscopy.

Method B. An alternative procedure for the preparation6af is
reduction of Go(biphenylyH. Treatment of microcrystalline solids of
Cso(biphenyl}H (500 mg, 0.336 mmol) and potassium metal (112 mg,
2.86 mmol) in THF (40 mL) gave the same dark-green solution. The
solution was transferred to a centrifugation tube via cannula under
argon, and insoluble materials were removed by centrifugation. Drying

Preparation of Cgo(biphenyl)s(CHPh,),H (8a). The procedure
described foi7awas performed to obtai®a. CompoundBa (174 mg,
0.0955 mmol, 71% yield) was synthesized frory@iphenyl}H (200
mg, 0.134 mmol), diphenylmethyl bromide (116 mg, 0.470 mmol),
potassium metal (52.0 mg, 1.34 mmol), and THF (20 AHLNMR
(CDCls, 400 MHz): 6 5.38-5.83 (m, 3H, Ge-H and CGHPhy), 6.80—
8.33 (m, 65H, Ph):C{*H} NMR (CDCl;, 100 MHz): 6 57.3-66.4
(sP® C(Ce0)-Ph, C(Ce0)-CH, C(Cs0)-H, andCHPhy), 126.1-164.3 (sp
carbon of Gy and aromatic carbons). HRMS (APCI-TOF, negative)

under reduced pressure and washing with hexane afforded the air- andwz calcd for GseHe7 [M — H]~ 1820.5276, found: 1820.5267. Anal.

moisture-sensitive dark-green powdr (725 mg, 0.322 mmol, 96%).
Preparation of [K(thf) n]s[CedPhs] (6b). The procedures described
for 6a were performed to obtaib. Reduction oflb (500 mg, 0.367
mmol) by using potassium metal (35.9 mg, 0.918 mmol) afforéled
(651 mg, 0.348 mmol, 95% yield). Alternatively, reduction gHehsH
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Calcd for GadHes: C, 96.24; H, 3.76. Found: C, 96.02; H, 3.64.
Preparation of CePhs(CHPhy),H (8b). The procedure described
for 7a was performed to obtai8b. Compound8b (187 mg, 0.130
mmol, 72% yield) was synthesized fromshH (200 mg, 0.181
mmol), diphenylmethyl bromide (157 mg, 0.634 mmol), potassium
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metal (71.0 mg, 1.81 mmol), and THF (20 mit).NMR (CDCl;, 400 and fullerene spcarbons). HRMS (APCI-TOF, positivez calcd for

MHz): 6 5.21-5.32 (sx 10, 2H, (HPhy), 5.67, 5.67, 5.69, 5.70, and CisHesPd [M]T 1828.4235, found: 1828.4238. Anal. Calcd fagdss

571 (sx 5, 1H, GoH), 6.82-8.45 (m, 45H, Ph)33C{H} NMR Pd: C, 90.55; H, 3.63. Found: C, 90.40; H, 3.49.

(CDCls, 100 MHz): 6 57.5-66.1 (sp C(Ceo)-Ph, C(Ceo)-CH, C(Ceo)- Preparation of Ceo(biphenyl)s(CH2Ph)sH. (11). To a solution of

H, andCHPy), 126.5-158.0 (Ph). HRMS (APCI-TOF, negativayz 7a (200 mg, 0.120 mmol) in THF (20 mL) was added a THF solution

calcd for GigHa7 [M — H]~ 1440.3711, found: 1440.3713. Anal. Caled  of PhACHMgCI (0.70 M, 0.34 mL, 0.24 mmol) at 25C. After stirring

for CuudHag: C, 96.64; H, 3.36. Found: C, 96.51; H, 3.32. for 10 min at 25°C, the solution was quenched with saturated,8H
Preparation of [K(thf) »][C eo(biphenyl)s(CH2Ph),] (9). Compound aqueous solution (0.05 mL). Solvent was removed under reduced

7a (100 mg, 0.060 mmol) and pre-washed KH (3.0 mg, 0.072 mmol) pressure, and the resulting crude solid was purified by silica gel column

were placed in a Schlenk tube, and then THF (10 mL) was added at 25chromatography using G8luene (from 10/0 to 7/3) eluent. The orange

°C. Hydrogen gas evolved, and the color of the solution changed from band was collected, and the solvent was evaporated to a small volume

red brown to dark red. After stirring for 30 min at 2&, insoluble under reduced pressure. Methanol was added to the concentrated
material was removed by centrifugation. Removal of a solvent and solution to give orange-yellow microcrystdl$ (173 mg, 0.098 mmol,
washing with dry hexane afforded air-sensitive dark-red poWd&a.0 82% yield) as an inseparable mixture of five regioisomers as to the
mg, 0.057 mmol, 95% yield}H NMR (THF-ds, 400 MHz): 6 3.49 position of the hydrogen atom. The NMR and high-resolution APCI-
(d, 2y—n = 12.8 Hz, 1H, Ph€&IH), 3.56 (d,?Jy—y = 12.8 Hz, 1H, TOF MS spectra were measured for the mixtuite.NMR (CDCls,
PhCHH), 3.98 (d,2J4-n = 12.8 Hz, 1H, PhE&H), 4.03 (d,?Ju-n = 500 MHz): 6 2.90-3.50 (m, 6H, G&i,Ph), 4.83, 4.84, 4.87, 4.88, and
12.8 Hz, 1H, Ph@&H), 7.1-7.6 (m, 45H, Ph and &1,), 7.82 (d,3J4-n 4.91 (sx 5, 1H, G-H bottom indene moiety), 5.35, 5.35, 5.47, 5.51,

= 7.6 Hz, 2H,0-CsHa), 7.90 (d,2Jy—n = 7.6 Hz, 2H,0-CeH4), 7.97 (d, and 5.57 (sx 5, 1H, GgH top cyclopentadiene moiety), 7.48.17

3J4—n = 7.6 Hz, 2H,0-CgHy), 8.20 (d,3J4—n = 7.6 Hz, 2H,0-CsHy), (m, 60H, aryl groups)*3C{*H} NMR (CDCls, 125 MHz): 6 44.45-

8.25 (d,%Jy—n = 7.6 Hz, 2H,0-CsHs). BC{'H} NMR (THF-ds, 100 49.90 (CHPh), 56.05-62.84 (sp carbon atoms of &), 127.0+-157.39
MHz): o 47.01 (PICH,), 48.86 (PICH,), 59.43 (C(sp)-CHy), 60.72 (aryl groups). HRMS (APCI-TOF, negativeyz calcd for GuiHer [M
(C(sp)-CHy), 61.84 (C(sP)-CeHa), 61.85 (C(sP)-CeHa), 62.22 (C(sP)- — H]~ 1760.5276, found: 1760.5279. Anal. Calcd forsflss: C,
CsHa), 62.23 (C(spP-CsHa), 62.64 (C(sp-CsHa), 126.01, 126.65, 96.11; H, 3.89. Found: C, 95.98; H, 3.83.
126.70, 126.83, 127.15, 127.37, 127.64, 127.66, 127.71, 128.58, 128.72, Preparation of Ru[Ceo(biphenyl)s(CH,Ph);H]Cp (12). To a solu-
128.84, 129.18, 129.23, 129.65, 129.76, 129.82, 130.02, 130.17, 132.14tion of 7a (50 mg, 0.030 mmol) in THF (5.0 mL) was added a THF
132.37, 138.06, 138.88, 138.93, 139.03, 139.08, 139.48, 139.69, 140.00solution of PhCHMgCI (0.70 M, 0.085 mL, 0.060 mmol) at 2%C.
141.55, 142.39, 142.57,142.61, 142.76, 143.25, 143.49, 143.75, 143.87 After stirring for 10 min at 25C, [RuCp(MeCN}][PF¢] (30 mg, 0.070
144.36, 144.98, 145.75, 145.98, 146.25, 146.35, 146.46, 147.21, 147.45mmol) was added to the solution. The resulting red solution was stirred
147.81, 148.26, 148.52, 148.99, 149.48, 149.72, 150.39, 151.34, 151.67for 5 min at 25°C, and the solution was quenched with saturated-NH
152.25,152.41, 153.01, 153.31, 154.21, 155.70, 156.78, 158.33, 159.22C| aqueous solution (0.10 mL). Insoluble products were separated
160.31, 161.53, 162.27, 162.83, and 163.2% (grbon of G, and through a pad of silica gel (eluent: toluene) and purified by silica gel
aromatic carbons). column chromatography using @®luene (from 10/0 to 7/3) eluent.
Preparation of Pd[Cgo(biphenyl)s(CH2Ph)](zz-methallyl) (10). A The brown-green band was collected, and the solvent was evaporated
THF solution offBUOK (1.0 M, 0.033 mL, 0.033 mmol) was added to  to a small volume under reduced pressure. Methanol was added to the
a solution of7a (50 mg, 0.030 mmol) in THF (5.0 mL). The color of ~ concentrated solution to give orange-yellow microcrysi2l§42.6 mg,
the solution changed from red to dark red, indicating formatio8.of ~ 0.0221 mmol, 74% yield) as an inseparable mixture of three regioiso-
After stirring for 10 min at 25C, [Pd¢z-methallyl)CI} (3.6 mg, 0.018 ~ mers as to the position of the hydrogen atom. The NMR and high-
mmol) was added to the solution. The resulting red solution was stirred resolution APCI-TOF MS spectra were measured for the mixgie.
for 5 min at 25°C, and the solution was quenched with saturated-NH ~ NMR (CDCls, 500 MHz): 6 3.93-4.25 (m, 6H, CHPh), 5.16, 5.18,
Cl aqueous solution (0.10 mL). Insoluble products were separated and 5.20 (sx 3, 5H, Cp), 5.46, 5.55, and 5.63 {s3, 1H, Go-H top
through a pad of silica gel (eluent: toluene), and purification by HPLC cyclopentadiene moiety), 7.28.14 (m, 60H, aryl groups):*C{*H}
(Nacalai Tesque, Buckyprep, 20 250 mm, eluent: toluene/hexane NMR (CDCl, 125 MHz): 6 52.98-56.02 (CHPh), 58.75-61.69 (sp
= 4/6) was performed. The fractions containit@were collected and ~ carbon atoms of ), 71.75, 71.66, and 71.67 (Cp), 98:688.72
evaporated to a small volume, and precipitation with methanol afforded (fullerene indenyl moiety), 126.98157.20 (aryl groups). HRMS

10 (49 mg, 0.027 mmol, 90% yieldfH NMR (CDCls, 500 MHz): & (APCI-TOF, negativejn/z calcd for GagH71Ru [M — H]~ 1925.4640,

1.68 (s, Me, 3H), 2.04 (s, Gianti), 2H), 3.08 (s, Ck{syn), 2H), 3.37 found: 1925.4638. Anal. Calcd forigH7,Ru: C, 90.99; H, 3.77.

(d, 24y = 13.0 Hz, 1H, Ph@&H), 3.45 (d,2Jy_ = 13.0 Hz, 1H, Found: C, 90.88; H, 3.72.

PhCHH), 3.91 (d,2J4-n = 12.7 Hz, 1H, Ph&H), 3.99 (d,2}y-n = Preparation of [K(thf) ,][Ceo(biphenyl)s(CHzPh)4] (13). Compound

12.7 Hz, 1H, PhE&H), 7.1-8.1 (m, 55H, Ph and ¢,). **C{*H} NMR 11 (20 mg, 0.011 mmol) and pre-washed KH (1.4 mg, 0.035 mmol)
(CDCl, 125 MHz): 6 21.60 (methallyl Me), 47.38QH.Ph), 47.85 were placed in a NMR tube and then was added Tgl0.5 mL) by
(CH2Ph), 57.65 (methallyl Cb), 58.51 (C(sP)-CeHa), 58.71 (C(sP)- trap-to-trap distillation. After evolution of hydrogen gas became
CsHa), 58.81 (C(sP)-CHy), 59.00 (C(sP)-CeHa), 59.13 (C(sP)-CeHa), complete, the NMR tube was sealed under reduced pressure. This
59.25 (C(sP)-CeHs), 59.92 (C(sP)-CH,), 115.93 (methallylCMe), sample was subjected to measurement of'HhéNMR spectrum.H

119.45 (fullerene cyclopentadienyl moiety), 120.05 (FCp), 120.38 NMR (THF-ds, 500 MHz): 6 3.39 (d,?J4-n = 12.6 Hz, 2H, CHPh),
(FCp), 120.52 (FCp), 120.77 (FCp), 126.35, 126.38, 126.42, 126.51, 3.60 (d,?Jy—n = 12.6 Hz, 2H, CHPh), 3.76 (s, 2H, CkPh), 7.11-
126.53, 126.98, 127.01, 127.06, 127.40, 127.44, 128.10, 128.21, 128.387.55 (m, 46H, Ar), 7.60 (d, 2H, Ar), 7.87 (d, 2H, Ar), 8.03 (d, 4H,
128.51, 128.65, 128.73, 128.76, 128.78, 128.82, 128.86, 129.01, 131.15Ar), 8.12 (d, 4H, Ar), 8.36 (d, 2H, Ar)=C{*H} NMR (THF-ds, 125
131.44,132.23, 135.72, 136.34, 136.86, 137.63, 137.84, 139.82, 139.92MHz): ¢ 52.42 CH,Ph), 52.65 CH,Ph), 58.85 (shC(Cs0)-CHy), 60.25
139.99, 140.01, 140.09, 140.32, 140.34, 140.37, 140.41, 141.64, 141.89(sp’ C(Cs0)-CH>), 60.88 (sp C(Cso)-Ar), 61.48 (sp C(Cs0)-Ar), 61.67
142.86, 143.25, 143.59, 143.68, 143.70, 143.81, 143.87, 144.01, 144.16(sp’* C(Ceo)-Ar), 122.96, 123.62, 125.89, 126.16, 126.29, 126.57, 126.65,
144.45, 144,58, 144.62, 144.72, 145.59, 145.67, 145.84, 146.22, 146.43126.82, 126.94, 127.14,127.21, 127.44, 127.55, 127.62, 127.64, 127.86,
146.96, 147.66, 147.69, 147.74, 147.86, 148.28, 148.82, 149.11, 149.32128.03, 128.42, 129.26, 129.30, 129.36, 130.01, 130.13, 130.36, 132.08,
149.41, 149.63, 149.69,150.55, 150.93, 151.08, 151.68, 152.15, 152.21132.15, 132.66, 137.76, 138.52, 138.59, 138.75, 139.85, 140.97, 141.52,
152.72,152.81, 153.01, 153.75, 153.78, 154.71, 154.85, 155.05, 155.83141.93, 142.75, 142.77, 144.21, 144.24, 144.54, 146.13, 146.18, 146.57,
158.85, 159.77, 160.68, and 164.37 (aromatic Ph agtdh Carbons 147.09, 147.74,148.29, 148.59, 148.75, 149.60, 150.47, 150.67, 150.85,
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