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ABSTRACT

[60]Fullerene can bind a variety of metal clusters via 72-Cgo, u-17%
7?-Ceo, and us-n%n?m?-Ceo m-type bonding modes. Multiple Ceso
additions to a single cluster core have also been demonstrated.
Modification of the coordination sphere of cluster moieties has
resulted in novel transformation of the coordination mode of the
Ceo ligand between zr and o (us-n*:n17%-Ceo and us-n*m%51-Ceo) types
as well as reversible interconversion between us-17%7%n?-Ce and
u-n7%n?-Ceo. The uz-n%n?n?>-Ceo metal cluster complexes show
remarkable electrochemical stability and an unusually strong
electronic communication between Cg and metal cluster centers.

Introduction

Full-fledged research efforts in Cg science, made possible
by the availability of fullerene Cgo in mass quantity,* have
produced numerous fullerene derivatives.>® In particular,
exohedral metallofullerenes have attracted a lot of atten-
tion concerning the effects of metal coordination on the
chemical and physical properties of Cg as well as with
the direct analogy to carbon nanotubes decorated by
metal nanoparticles.®* Prior to our investigations on the
interaction between Cg and metal clusters, exohedral
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metallofullerene chemistry was dominated by 7-type Cgo—
metal interactions with 72-Cg, (for most metals)® and -7
n?-Ceo (for bimetallic Re,, Ruy, and Ir,)¢ bonding modes.
Our group and that of Shapley have independently
prepared various Cg—metal cluster complexes and dem-
onstrated that a variety of cluster frameworks [Rez(u-H)s,”
Rus,89 0s3,19712 RusC,1314 OssC,1516 PtRuUsC,* RugC,*? and
Rhs!’] can bind to Cg via a face-capping cyclohexatriene-
like bonding mode, uz-n?17%n?-Ce. In particular, we have
been interested in converting the us-7?:1%17?-Cs bonding
mode to new ones by modifying the coordination sphere
of the metal centers to which Cgq is coordinated, and we
have unraveled an aspect of Cq as a versatile, multifunc-
tional ligand exhibiting various z- and o-bonding modes.
We also demonstrated an unusually strong electronic
communication between Cg and metal cluster centers
that can be readily fine-tuned with attached ligands on
the metal cluster. Although there have been several
reviews on metallofullerene complexes featuring our
earlier results,® they fall short of describing the significant
advances achieved recently in the area of Cg—metal
cluster complexes. In this Account, we aim to discuss
general synthetic methods, novel bonding modes of the
Ceo ligand on cluster frameworks, and unique electro-
chemical properties of Cgp—metal cluster complexes.
7 complex
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Synthesis and Structural Characterization of
usn>n*n?-Cq Metal Clusters
[60]Fullerene—metal cluster complexes have been pre-
pared either by direct thermal reaction of the second-row
transition metal carbonyl clusters with Cg or by chemical
activation of the third-row metal carbonyl clusters with
MesNO/MeCN followed by reaction with Cg.”"%" Chlo-
robenzene is the solvent of choice for the preparation of
the Cg—metal cluster complexes because it dissolves a
large quantity of Cg, has a relatively high boiling point
that is useful for thermal reactions, and can be easily
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FIGURE 1. Molecular structure of 1.

removed under vacuum due to its high volatility. Most
Ceso—metal cluster compounds thus prepared are soluble
in solvents such as carbon disulfide, toluene, chloroben-
zene, and 1,2-dichlorobenzene.

Trinuclear Clusters. The first Cqo—metal cluster com-
plex, 0s3(CO)11(7?-Ceo) (1),%81° was prepared from the
reaction of Os3(CO)1;(NCMe) and Cg. The Cgo moiety in
1 takes an equatorial position at an osmium atom in an
n? fashion by binding through a 6—6 ring fusion, as shown
in Figure 1. The Os—C, (Ceo) bond lengths (2.21 and 2.26
A) are comparable to those in other 52-Cg, complexes.
The metal-coordinated C—C (Cg) bond length of 1.42 A
is only slightly elongated from 1.38 A, the length of an
unperturbed double bond of Cg, implying that the z-back-
donation in 1 is significantly suppressed by the presence
of strong sr-acid carbonyl ligands on the osmium atoms.
Longer C—C distances have been observed for other #?-
Cso complexes with donor phosphine ligands at the metal
center: 1.45 A in Pd(PPhs),(17%-Ceo),* 1.48 A in RhH(CO)-
(PPhs)y(17-Ce0),% 1.50 A in W(CO)s(dppe)(17>-Ce0),”" and
1.53 A in Ir(CO)CI(PPhs),Ceo.%° Various substitution prod-
ucts of 1, such as 0s3(CO)10(NCMe)(12-Ces), OS3(CO)10-
(PPhg)(ﬂZ-CSO), and OSg(CO)g(PRg,)z(ﬂZ-Ceo) (R = Me, Ph),
have also been prepared and characterized.°

Successive losses of the carbonyl ligands from 1 might
be expected to form u-1%17?-Ceo and uz-12%n?17?>-Cg cOM-
plexes, but thermolysis of Os3(CO)10(NCMe)(17%-Cy0) affords
Os3(CO)g(us-n%n?1%-Ceo) (2) as the only product (23%).1°
A better yield (32%) was obtained from an alternative
reaction of Os3(CO);0(NCMe), and Cg in refluxing chlo-
robenzene.!® The first structural details of the uz-12n%n?-
Cso bonding mode were elucidated by Shapley et al. on
the complex Ruz(CO)q(us-n?1%n?-Ceo) (3, see Figure 2),
which is obtained from the reaction between Ru3(CO);,
and Cg in refluxing hexane (4%) or chlorobenzene (16%).8
The Ruj triangle is positioned centrally over a six-
membered carbon ring in Cg, and the two planes are
essentially parallel (dihedral angle = 0.9°). The Cs-ring of
Ceo takes the form of cyclohexatriene, with each of its
double bonds coordinated to a metal center. The average
metal-coordinated C—C (Cg) bond length (1.43 A) and the
average M—C (Cep) length (2.27 A) in 3 show little
difference from those in 1. The failure to form stable M(#°-
Cs0) compounds has been attributed to the curvature of
Ceo, Which orients each exohedral p-x orbital at an angle
(ca. 10°) away from perpendicular to the face of the Ce-

FIGURE 2. Molecular structure of 3.
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FIGURE 3. Propeller-like geometry for phosphine substitution in 2.

ring.?’ The geometry of the metal triangle in 3, however,
provides effective overlap with the Cg p-7 orbitals. A
similar face-capping bonding pattern was previously
reported for cluster compounds with benzene or related
arenes.?!

Homologous complexes 2 and 3 undergo carbonyl
substitution reactions with phosphine ligands to afford
Mg(co)g_n(PPh3)n(/43-772:1’]2:772-C50) (M =Ru,Os;n=1, 2)9’11
or Mg(co)gfn(PMeg)n(//tg-?’]z:ﬂz:ﬂz-ct;o) (M =0s;n=1, 2,
3)* by reaction of lightly stabilized Os3(CQO)g_,(NCMe),-
(us-n*m*n?-Ceqo) with a corresponding phosphine and by
thermal reaction of 3 with PPhg, respectively. A propeller-
like geometry is adopted for the phosphine ligands at the
equatorial positions in Os3(CO)g—n(PMes)n(uz-17%17%1?-Ceo)
(n =1, 2, 3), as shown in Figure 3.2

Another lightly stabilized third-row metal cluster, Res-
(u-H)3(CO)11(NCMe), reacts with Cg to produce Rez(u-H)s-
(CO)o(us-1%:n*1?-Ceo) (4) in 50% yield.” Compound 4 forms
monosubstitution products Res(u-H)s(CO)g(L) (us-n:1%1>-
Ceo0) (L = PPh3 or CNCH,Ph) by chemical activation with
Me3zNO/MeCN and subsequent reaction with PPh; in
refluxing chlorobenzene or by treatment with PhCH,N=
PPhs at room temperature.” Interestingly, the phosphine
or isocyanide ligand in these compounds takes an axial
position on a rhenium atom for both steric and electronic
reasons.”

Penta- or Hexanuclear Clusters. Reaction of a penta-
nuclear, square-pyramidal carbido cluster RusC(CO);s with
Ceo in refluxing chlorobenzene, followed by addition of
PPh; or 1,2-bis(dipheylphosphino)ethane (dppe), forms
RusC(CO)11(PPhg)(us-n%n%n?-Ceo) (5) and RusC(CO)1o(dppe)-
(uz-n?%1%-Ceo) (6), respectively (Scheme 1).2314 Complexes
5 and 6 can be alternatively prepared by direct reaction
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Scheme 1
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of phosphine-substituted RusC(CO)14(PPh3) or RusC(CO)13-
(dppe) with Cso. Regardless of the reaction sequence, the
ligand substitution reactions are regiospecific. The Cg is
coordinated to a triangular face of square-pyramidal RusC
framework, and the phosphine ligand coordinates the
basal ruthenium atom that does not interact with the Cgq
ligand. The osmium analogue of 5, OssC(CO);1(PPhz)(us-
n?n?n?-Ceo) (7) is obtained by chemical activation of OssC-
(CO)1u(PPh3) with 2 equiv of MesNO/MeCN at room
temperature, followed by reaction with Cg in refluxing
chlorobenzene.1516

Three hexanuclear octahedral cluster frameworks,
RusC,:3 PtRusC,* and Rhg,1” can interact with Cg via the
us-n?n%n*- bonding mode, as shown in Scheme 2. Reac-
tion of RusC(CO);7 with Cgo in refluxing chlorobenzene,
followed by addition of 1,2-bis(dipheylphosphino)methane
(dppm), produces RusC(CO)12(dppm)(us-17%17%1?-Ceo) (8),*
and a similar treatment of PtRusC(CO); or PtRusC(CO)14-
(COD) with Cgp and dppe forms PtRusC(CO)q;(dppe)(us-
n?m%1%-Ceo) (9).** The non-carbido hexanuclear complex
Rhg(CO)o(dppm)2(us-1%:1m213-Ceo) (10) can be prepared by
direct thermal interaction of Rhg(CO)12(dppm), with Cg.Y’
Interestingly, syntheses of hexanuclear Cg cluster com-
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FIGURE 4. Molecular structure of 11. Phenyl groups except ipso-
carbons are removed for clarity.

plexes are specific to the preparation methods, as shown
in Scheme 2.

Multiple Cgo Coordination on a Single Cluster Core.
Until recently, multiple coordination of Cs to a single
metal center had not been accomplished, even though Cq,
with a cone angle of 120°, is not an exceptionally bulky
ligand. However, a metal cluster such as Rhg(CO)q»-
(dppm),, which has enough electron-donating ligands to
compensate for the electron-withdrawing effect of Cg, can
form a stable bisfullerene adduct with a striking feature
of a single metal bridging two Cg, cages.’” Reaction of 10
with excess Cg in refluxing chlorobenzene, followed by
treatment with benzyl isocyanide at room temperature,
forms a fullerene—metal cluster sandwich complex, Rhe-
(CO)s(dppm)2(CNCH,CeHs) (uz-1%:1n%1m2-Ceo)2 (11), which is
the first example of multiple Cgo coordination on a single
metal atom.” Compound 11 exhibits two face-capping Ceo
ligands on two Rh; triangles, joined by a common Rh
metal center, as shown in Figure 4. Although the central
rhodium metal atom of the puckered bowtie framework
is coordinated by two electron-withdrawing Cg ligands,
the four Rheenra—C (Ceo) distances (av. 2.17 A) are com-
parable to the other eight Rh—C (Cg) distances (av. 2.19
A), implying that the electron density within the cluster
unit is highly delocalized. This Cgo—metal cluster sandwich
compound should serve as a model compound for two
carbon nanotubes connected by a heterogeneous inor-
ganic junction, which might find useful applications in
future electronic materials. Closely following our report
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a8 R = CH,CgHs. Reagents and conditions: (1) RNC, CICgHs, 80 °C; (2)
(a) MesNO, MeCN/CICgHs, RT, (b) PPhs, CICsHs, 70 °C; (3) CO (2 atm),
CICgHs, 100 °C; (4) PPhs, CICgHs, 132 °C.

of the first bisfullerene adduct, Tang et al. reported the
preparation of monometallic bisfullerene compounds,
[M(57%-Cs0)2(CO)2(dbcbipy)] (M = W and Mo, dbcbipy =
4,4'-di(butylcarboxyl)-2,2'-bipyridine), in which two trans
Ceo ligands bind to a single metal atom in an #? fashion.??

Ligand-Induced Transformation of Cg Bonding
Modes

Interconversion between & and ¢ Bonding Modes. Reac-
tion of OSg(CO)g(CNR)(Iug-nz:?’]z:ﬂz-CBQ) (R = CH2C5H5) (12)
and CNR at 80 °C in chlorobenzene forms two isomeric
o—x mixed type compounds, Os3(CO)s(CNR)(u3-CNR)(us-
ntnp?mt-Ceo) (13a,b) (Scheme 3).22 The external CNR ligand
inserts into an Os—0Os bond to give a bent Os; framework
and coordinates to the three osmium metal centers via a
4e-donor uz-n? bonding mode. The other terminal isocya-
nide ligand occupies an equatorial position at the central
osmium atom for 13a and at the terminal osmium atom
for 13b.

Figure 5 shows the molecular structure of 13a, which
is the first structurally characterized Cq—metal o-complex.
The two outer osmium atoms coordinate to the C1 and
C4 atoms of the Cgq ligand in a ¢ fashion, respectively,
while the central osmium atom is z-coordinated to the
C2 and C3 atoms in an #?> mode. The two Os—C (Cqg)
o-bonds (2.25 and 2.26 A) are shorter than the Os—C;
m-interaction (av. 2.42 A). The bond lengths of C2—C3
(1.44 A) and C5—C6 (1.36 A) reveal double bond character,
and the other four C—C bonds (av. 1.52 A) exhibit single
bond character. In 13a, the sums of three angles around
sp3-hybridized carbons (328° and 327°) are considerably
smaller than those (av. 351°) for the other four carbon
atoms with a sp? hybridization. Thus, the two sp3-
hybridized carbon atoms (C1 and C4) are pulled away

FIGURE 5. Molecular structure of 13a. Phenyl groups except ipso-
carbons are removed for clarity.

from the smooth curvature of the Cg ligand, which is
manifested by the boat shape of the Cg-ring, with sp3-
hybridized carbon atoms at the bow and stern positions,
as shown in Figure 5. The general structural features of
13b are similar to those of 13a.

The cyclohexatriene-like Cg-ring of Cg in 12 has
undergone orbital reorganization to form a 1,4-cyclohexa-
diene-like ring in 13a and 13b. It can be envisaged that
the 4e-donor CNR ligand formally provides two electrons
to the antibonding orbital of an Os—Os interaction in 12,
resulting in the scission of the Os—0Os bond. The remnant
two electrons from the CNR ligand interrupt two s-inter-
actions in 12 to give two Os—C (Cg) o-bonds and an
uncoordinated C=C bond in 13a and 13b. The 1,4-
addition isomer of Cg—metal o-complexes has been
proposed previously in a few cases, such as in Ce{Re-
(CO)5}2 and Ceo{ MO(CO)g(?’]S-CsH4C02Et)}2.24

While thermal reaction of 12 with CNR produces a
mixture of 13a and 13b, photolysis reaction of 12 with
CNR by a medium-pressure Hg lamp selectively affords
13b. Compounds 13a and 13b are not interconvertible
either under irradiation or at elevated temperatures, which
eliminates the possibility of interconversion between 13a
and 13b by intermetallic movement of the terminal CNR
ligand. The diradical species formed by homolytic cleavage
of an Os—0s bond of 12 under photochemical conditions
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FIGURE 6. Molecular structure of 14. Phenyl groups except ipso-
carbons are removed for clarity.

is likely to be stabilized by the donor property of the
terminal CNR ligand, to result in the selective formation
of 13b.

Decarbonylation of 13b with MesNO/MeCN and sub-
sequent reaction with PPh; produces Os;(CO)7(CNR)(us-
CNR)(PPhg)(us-nt:;:n?-Ceo) (14), in which the PPh; ligand
occupies an equatorial position of a terminal osmium
atom by replacing a carbonyl ligand (Figure 6).2° The us-
ntm?nt-Ceo (1,4-disubstituted cyclohexadiene-like Cg-ring)
moiety in 13b has undergone further orbital rearrange-
ment to form the us-ntt:n?-Ce (1,2-disubstituted cyclo-
hexadiene-like Cs-ring) ligand (Scheme 3). The two Os—C
(Cso) o-bonds (2.24, 2.25 A) are shorter than the z-bond
(av. 2.45 A), as previously observed in 13a and 13b. The
bond lengths of C1—C2 (1.43 A) and C5—C6 (1.39 A) reveal
double bond character, and the other four C—C bonds (av.
1.51 A) show single bond character, clearly indicating the
1,3-cyclohexadiene nature of the Cg-ring of Cg. While the
bulky PPh; ligand is coordinated at the less hindered outer
osmium site, a similar reaction with PMe; produces Os;-
(CO)7(CNR)(us-CNR)(PMes)(uz-1t:n%nt-Ceo) (15), in which
the smaller PMe; ligand merely substitutes an axial
carbonyl ligand on a central osmium atom without
changing the Cs bonding mode. The metal center coor-
dinated by the donor phosphine ligand apparently prefers
a m-interaction with Cgy because of back-donation from
the metal to Cg. The PPh3 ligand is easily replaced by CO
to result in clean conversion of 14 to 13b, which repre-
sents a reversible interconversion between the us-nt:n%
n*-Ceo and uz-n:nt:p?-Cs bonding modes.

Further interaction of 14 with PPh; at an elevated
temperature forms a z-type complex, Os3(CO)s(CNR)(us-
CNCH2C5H4)(PPh3)(/l-Pth)(/t-?]z:ﬂz-Cao) (16), in which the
Ceo ligand has regained the cyclohexatriene-like Cs-ring
hybridization (Scheme 3).2> One Os—Os bond in 14 is
ruptured, and the two intact osmium metals are bridged
by a u-n?1%-Cg ligand. The bridging isocyanide ligand is
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carbons are removed for clarity.

Scheme 42
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2R = CH,CgHs, P = PPhs. Reagents and conditions: (1) CO (1 atm),
CICgHs, 80 °C; (2) CICgHs, 132 °C; (3) RNC, CIC¢Hs, RT; (4) ClCgHs, 100
°C; (5) (a) Me3sNO, MeCN/CICg¢Hs, RT, (b) CICsHs, 132 °C; (6) CO (3 atm),
CICgHs, 55 °C; (7) excess PhsP=NCH,Ph, CICgHs, RT.

bonded to all three Os centers, but the phenyl group
orthometalates to the released osmium atom, forming a
five-membered metalacycle (OsNCy3), as shown in Figure
7. A benzene molecule, formed by coupling of a hydride
from the orthometalation and a phenyl group from PPhg,
is dissociated from the molecule to give the u-PPh, moiety.

Reversible Interconversion between p-p27?-Cgs and
ﬂg-ﬂz:ﬂzﬂ]z-ct;o. OS5C(CO)11(PPh3)(//£3-7]2:7]2:172-C60) (7) reacts
with CO to form OssC(CO)12(PPhs)(u-7%5%-Ceo) (17), in
which two adjacent double bonds in a Cg-ring of Cgo bridge
the two basal osmium atoms (Scheme 4).156 The third
uncoordinated double bond in the Ce-ring of 17 is placed
away from the Os; triangle; the Cgo ligand apparently
rotates by 180° during the conversion of 7 to 17. A similar



[60]Fullerene—Metal Cluster Complexes Lee et al.

Scheme 5
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u-n?1?-Ceo bonding mode with two metal centers has been
previously reported for dinuclear metal compounds such
as (u-n217?-Ceo)[Ir2Cl2(1,5-COD);]2, (4-12:1?-Ceo)[CP'2RU (11~
Cl)z] (Cp' = ﬂS-C5Me5), and (/4-7”]2:1’]2-C60)[R62H8(PMG3)4].6
Thermolysis of 17 results in loss of a carbonyl ligand, Ceo
rotation by 180°, and re-formation of a Os—C, (Cg) bond
to give 7, which demonstrates a reversible interconversion
between u-1n%n?-Ceo and uz-n?n2:n?-Ceo.1516

The reaction pathways for the reversible interconver-
sion between 7 and 17 have been investigated by a
labeling study with a benzyl isocyanide ligand, CNR (R =
CH,CsHs). The reaction of 7 with CNR at room temper-
ature results in an addition product, OssC(CO);1(PPhs)-
(CNR)(uz-n%n%1?-Ceo) (18), in which the us-n%1%n*-Ceo
bonding mode is unaffected, but one of the OSapicai—OSpasal
bonds in the square-pyramidal OssC framework is cleaved
to form a “wing-tip-bridged butterfly” framework.>1% The
kinetic product 18 is transformed to a thermodynamic
isomer, OssC(CO)11(PPh3)(CNR)(u-7%n?-Cgo) (19), at 100 °C;
an Os—O0s bond is re-formed between the bridged and
“hinge” osmium atoms, followed by CNR ligand migration
to an adjacent basal Os atom and removal of the Os;picai—
C, (Cgqp) interaction.’® In this transformation, the Cg
rotation does not take place, unlike the interconversion
between 7 and 17. Decarbonylation of 19 with Me;NO/
MeCN and subsequent heating results in the formation
of OssC(CO)19(PPh3)(CNR)(us-n%1%1?-Ceo) (20), which can
be reconverted to 19 by interaction with CO, revealing
another example of the reversible interconversion between
u-1?1?-Ceo and uz-n?m%n?-Ceo on a cluster framework.16

The origin of the disparity in the placement of the u-7?:
n?-Cgo ligand in 17 and 19 seems to be electronic, since
the steric environment around the Cq ligand appears to
be essentially identical in both compounds. Two plausible
mechanisms can be proposed to explain the 180° rotation
in the conversion of 7 to 17. One obvious possibility would
be a 180° rotation of the Cg ligand with the cluster core
intact, via pathways of u-7%7?-Ce to 7*-Ce and to u-n?
n?-Ceo, as shown in Scheme 5a. Even though the 7*-Cg
bonding mode has yet to be discovered, the 7*-cyclohexa-
diene moiety on a metal center has been well documented
for Os; cluster compounds.?® The other mechanism,
hinted at by the isocyanide ligand addition reaction of 7,
would be a metal framework rearrangement, which in-
volves a series of Os—0Os bond scissions and formations

180o

rotation

@@::“@*@:

Y
-CO
O

)3

to invert the square-pyramidal OssC cluster framework
(Scheme 5b). In this “octahedral site exchange” mecha-
nism, a carbonyl addition induces an Os—Os bond scission
to give a bridged “butterfly” intermediate analogous to 18,
where the bridging osmium center moves into an empty
vertex of an imaginary octahedron to form a half-inverted
square-pyramidal geometry. Repeating similar processes
may produce the inverted product. A similar cluster
framework rearrangement was observed in a related arene
cluster compound, RusC(CO)12(%-CeHe).?”

Electrochemical Properties

Free Cg is known to be fairly electronegative, being
reducible up to C¢®~ due to its triply degenerate LUMO.?8
Electrochemical studies of monometallic Cg, derivatives
such as (7°-CoH7)Ir(CO)(172-Cep)?° and (EtzP),M(7?-Ceo)
(M = Ni, Pd, Pt)® have revealed Cgo-localized sequential
reductions and their electrochemical instability upon
reduction. Half-wave potentials (Ei/2) observed in cyclic
voltammetric studies are summarized in Table 1 for free
Ceo and for various triosmium and trirhenium cluster
complexes with 72-Cgo and us-n?:1%1>-Cep ligands. The first
reduction wave of Os3(CO)11(17%-Ceo) (1), at E;p = —1.08 V,
is slightly more negative than that of free Cq, at E;p =
—1.05 V., which is consistent with metal-to-Cg, 7-back-
donation, as was shown in other monometallic Csg com-
plexes.?®3° However, the second and third reductions
appear at potentials more positive by 0.10 and 0.29 V,
respectively, than those of free Cg. This unusual anodic
shifts and the IR spectroelectrochemical study of 1 imply
that the first electron accepted via the Cq ligand in 1 is
delocalized to the triosmium center with its strong z-acid
carbonyl ligands, as shown in Scheme 6.1° The first
reduction potentials of phosphine-substituted Os;(CO)10-
(PPh3)(17°-Ce0) (21) and Os3(CO)o(PPh3)2(17°-Ceo) (22) are
further shifted to potentials more negative relative to 1
by 0.08 and 0.11 V, respectively, reflecting the electron-
donating nature of the phosphine ligands. The anodic
shifts of the third reduction potentials of 21 (0.22 V) and
22 (0.14 V) compared to that of free Cq reveal that a
similar Cg;-mediated electron delocalization occurs in 212~
and 22% species. Reduced species of 1, 21, and 22
undergo fast decomposition, as shown in Scheme 6, and
thus detailed electrochemical studies are precluded for 7?-
Ceo Cluster complexes.
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Table 1. Half-Wave Potentials (Ei2 Vs E°rerc+) Of Free Coo and Various 52-Ceo and us-n25%nm%-Ce Metal Clusters

compound Eqp01 Eyp~2 Eyp 23 Eyp34 solvent ref
Coeo —1.05 (—1.08) —1.41 (—1.44) —1.87 (—1.90) DM/Tol 19
083(CO)11(72-Ceo) (1) ~1.08 (~1.12) —1.31 (—1.34) b (—1.61) DM/Tol 19
053(CO)10(PPh3)(172-Ceo) (21) ~1.16 (~1.18) —1.44 (—1.49) b (—1.68) DM/Tol 19
053(CO)o(PPh3)(172-Ceo) (22) -1.19 (-1.21) —1.53 (~1.56) b (—1.76) DM/Tol 19
Ceo —1.08 —1.46 —1.90 —2.38 DCB 11
053(CO)o(uz-n2:5%n?-Ceo) (2) -0.98 -1.33 -1.61 —-1.74 DCB 11
Os3(CO)s(PMes)(uz-1%12:1-Ceo) -1.06 -1.42 -1.93 -1.95 DCB 11
053(C0)7(PM83)2(/t3-772:172:7]2*C60) -1.13 —1.48 —-2.09 DCB 11
Cso —1.06 —1.43 —-1.91 —2.38 CB 7
Rea(u-H)a(CO)o(us-72:5212-Cao) (4) -0.95 —1.24 -1.34 -1.73 cB 7
Rea(u-H)s(CO)s(PPhs)(us-1212:5%-Ceo) —1.04 -1.35 ~1.75 -1.77 cB 7

a The cathodic peak potentials (Epc) at the scan rate of 20.5 V/s are given in parentheses. ? Half-wave potentials could not be obtained

due to very fast decomposition of 13-, 213-, and 223-.

Scheme 6

1 = ([085(COY TH[Cogl} =i [055(CO), JF[Ceol* ) —m 15

|

: e . € 3
Co === Co=—=Cq
+ +
Os3(COYyy”

*The electron-localized moiety 0s3(CO)
On the other hand, the us-n?7%n?-Cso metal cluster
complexes show reversible redox waves within the solvent
cutoff and remarkable electrochemical stabilities. The Cgo-
localized first and second reduction waves of Osz(CO)g-
(ua-n*m*n*-Ceo) (2) and Res(u-H)s(CO)s(us-11*1?*-Ceo) (4)
are shifted to more positive potentials by 0.10 and 0.13 V
and by 0.11 and 0.19 V, respectively, in comparison with
those of free Cgo.”!* This anodic shift may be ascribed to
the inductive effect of the metal carbonyl cluster addends
on the stabilization of the Cgo-localized LUMO. The anodic
shifts of the third and fourth waves of 2 (0.29, 0.64 V) and
4 (0.57, 0.65 V) are even more pronounced, which suggests
that the electron density in 227, 237, 427, and 4% is
significantly delocalized to the metal cluster center. A
theoretical study on the ruthenium analogue 3 seems to
support our electrochemical data.’! While the first two
reductions place electrons in the mostly Cgo-based LUMO,
the two LUMO + 1 orbitals contain some Ru3(CO)g char-
acter and thus allow electron delocalization into the
cluster moiety.3! Substitution of phosphine ligands in 2
and 4 not only results in cathodic shifts of reduction
potentials due to the donating property of the ligands, but
also influences the overall electrochemical behavior of the
Cso complexes, as shown in Table 1. Similar Cgo-mediated
electron delocalization into the cluster moiety and phos-
phine ligand-induced cathodic shifts of reduction poten-
tials were also observed for RusC—Cg and PtRusC—Cg
clusters.®? This observation promises an important pos-
sibility that the electronic properties of Cgo—metal cluster
complexes can be fine-tuned by modification in the
coordination sphere of the metal cluster moieties.

Bisfullerene compounds have received considerable
attention due to their potential for future optical and
electronic applications.®® In the cases of organic bis-
fullerene compounds, a weak, through-space electronic
communication between Cg, cages has been observed only
for C1200,3* C120(CH2)2,% and C150C,%¢ where the fullerenes
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FIGURE 8. Cyclic voltammogram of 11 (Scan rate = 10 mV/s).

are directly bonded to each other or are separated by a
single carbon spacer. The intercage electronic com-
munication can be dramatically increased by the presence
of a metal cluster spacer. The cyclic voltammogram (CV)
of RhG(CO)S(dppm)z(CNCH2C6H5)(/A3-7’]2:1’]2:1’]2-C50)2 (11) ex-
hibits six well-separated reversible, one-electron redox
waves localized at Cq cages (Figure 8).17 Each redox wave
of 11 corresponds to sequential, pairwise addition of six
electrons into the two Cgo centers to form Cgo~—Rhg—Ceo,
Ceso —Rhg—Cego™, Ceozf_Rhs_Ceoi, .., and ultimately C6037_
Rhs—Ceo®~. The electronic environment for the two Cg
centers in 11 is very similar despite the difference in
coordination spheres around the two Cg centers, since
there is little difference between donor effects of a
phosphine ligand and a benzyl isocyanide ligand in Cgo—
metal cluster complexes.” Therefore, the large peak
separations [A(Ey2t,E12?) = 0.19 V, A(Ey2%E1.*) = 0.24 V,
and A(E1/2°E1/2%) = 0.29 V] in the three redox pairs of the
two Cg ligands reflect an unusually strong electronic
communication between the two Cg centers via the Rhg
spacer. In compound 11, the long distance (3.55 A)
between the two Cg centers limits z-orbital overlap of
separate Cgo cages, and thus contribution of the through-
space electronic communication is expected to be negli-
gible. The second redox wave in each pair in the CVs of
11 becomes increasingly separated from the first wave as
the reduction proceeds, presumably due to the effects of
increasing Coulombic repulsion between the two Cg
moieties.
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Concluding Remarks

[60]Fullerene can bind a variety of metal clusters via #?-
Ce0, u-1%1%-Ceo, and uz-n%n?n?-Ceo -type bonding modes,
acting as 2e-, 4e-, and 6e-donor ligands. Interestingly,
modification of the coordination sphere of uz-1%7%1?-Cso
metal cluster complexes results in new bonding modes,
such as z-type u-n%n?-Cq and o—o mixed types us-n*:n:
n*- and us-nt:pt?-Ceo, Where Cqp is a 4e-donor ligand. Such
a facile orbital rehybridization on a cluster core provides
a new synthetic route to Ceo—metal o-complexes, which
are very important in selective functionalization of Cgo.
The Cg—metal cluster complexes reveal an unusual
electronic communication between Cgg and metal cluster
moieties. In particular, the effective overlap of Cg p-7
orbitals and metal d-z orbitals in uz-%n%n?-Cs metal
cluster complexes leads to a remarkable electrochemical
stability of the reduced states and a strong electrochemical
interaction between Cgy and cluster centers as well as
between two Cgy cages bridged by a metal cluster spacer.
The electronic properties of Cgo—metal cluster complexes
can be readily fine-tuned by modification of the ligands
of metal cluster moieties. Further development in Cg—
metal cluster chemistry, utilizing a number of available
cluster systems, would undoubtedly result in not only the
discovery of new interaction types between Cg and metal
surfaces but also practical applications of this unique
family of Cg—metal cluster compounds in electronic
device fabrication.
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