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[. Introduction

Within five years following the initial experimental
identification of Cgo as a uniquely stable molecule,*
synthetically useful amounts of Cgs and higher
fullerenes (C7o, C7s, Crs, Css)?> became available to
chemists for manipulation.®4 A portion of that
synthetic manipulation has involved examination of
the reactivity of the fullerenes toward transition
metal compounds, which is the subject of this review.

The majority of studies of fullerene chemistry have
involved Cg, Which is the most abundant species
formed in the widely utilized carbon arc process of
fullerene generation.* The structure of Cg (Figure
1) consists of sixty identical carbon atoms, but there
are two distinct types of C—C bonds. Those bonds
at the 6:6 ring junctions are shorter (bond length 1.38
A) than the bonds at the 6:5 ring junctions (bond
length 1.45 A).5 The bonds at the 6:6 ring junction
behave as olefinic units, and metal ions commonly
coordinate to them in an »2-fashion. Since there are
thirty identical 6:6 ring junctions, the reactivity of
Ceo is complicated by the frequent occurrence of
multiple additions to these 6:6 ring junctions, and
by the regiochemistry of addition. Figure 2 outlines
the eight possible regioisomers that can form when
double addition is restricted to the bonds of 6:6 ring
junctions. The nomenclature of Hirsh is useful in
identifying these as three cis isomers with addenda
on the same hemisphere, the unique equatorial
isomer, and four trans isomers with the addenda on
opposite hemispheres.®

Consideration of the electronic structure of Cgo has
naturally focused on the surface w-orbitals. A mo-
lecular orbital energy diagram is shown in Figure 3.
There are 30 filled #-type orbitals. The 5-fold de-
generate h, orbitals are the HOMOs. The LUMOs
are the triply degenerate t;, orbitals, and a second
set of triply degenerate orbitals of t,g symmetry are
the LUMO++1's. Since the LUMO is relatively low
in energy, Cgo is readily reduced. As predicted by the
nature of the LUMO, six-reversible one-electron
reductions can be observed for Ceo.”~° The reduction
potentials are uniformly spaced with a ca. 0.5 V
difference between successive reduction waves in
cyclic voltammetry. The reduction potentials show
only modest variations when the solvent and/or
supporting electrolyte are changed. In toluene/ac-
etonitrile (4:1, v/v) with tetra(n-butyl)ammonium
hexafluorophosphate as supporting electrolyte, the
reduction potentials for Ceo are —0.98, —1.37, —1.87,

© 1998 American Chemical Society

Published on Web 08/13/1998



2124 Chemical Reviews, 1998, Vol. 98, No. 6

Alan L. Balch received his B.A. degree in chemistry from Cornell University
in 1962. He was a Leeds and Northrop and NSF predoctoral student at
Harvard University with R. H. Holm from 1962 to 1966 but spent the last
of those years at the University of Wisconsin on traveling guidance from
Harvard. He joined the faculty of the University of California, Los Angeles
in 1966 and received the Ph.D from Harvard in 1967. In 1970 he moved
to the University of California, Davis, where he is currently Professor of
Chemistry after serving as Department Chair from 1994 to 1997. He
has served on the editorial boards of Inorganic Chemistry and Dalton
Transactions and on the NIH Metallobiochemistry Study Section (Chair,
1992-1994). His research interests include fullerene chemistry; supramo-
lecular chemistry; synthesis, reactivity, and structure of metal-metal-bonded
compounds; luminescence behavior of transition metal compounds;
metalloporphyrin chemistry; heme degradation and bile pigment formation;
and activation of molecular oxygen.

Marilyn M. Olmstead received her B.A. degree in chemistry from Reed
College in 1965. She was a Woodrow Wilson Fellow from 1965 to 1967
at the University of Wisconsin, Madison, and earned her Ph.D. in inorganic
chemistry under the direction of Richard F. Fenske in 1969. Since 1969
she has been a member of the Department of Chemistry at the University
of California, Davis, as a Lecturer and Postdoctoral and Staff Research
Associate. She served on the Board of Editors of Inorganic Chemistry
from 1988 to 1991. At present, she manages the department's small
molecule X-ray crystallographic facility. Her extensive collaborations have
resulted in over 350 publications. Her research interests are as broad
as her collaborations, but her favorite crystal structures are those of the
fullerenes.

—2.35, —2.85, and —3.26 V versus a ferrocene/
ferrocinium electrode. Numerous salts containing
the fulleride ions have been prepared. Those salts
of composition A3;Ceo, Where A is an alkali metal ion,
have received considerable attention due to the
observation of superconductivity at temperatures up
to ~35 K.20 Although reduction of Cqg is relatively
readily achieved, oxidation is more difficult. Cyclic
voltammetry studies show that Cs undergoes a
single one-electron oxidation at 1.26 mV versus a
ferrocene/ferrocinium electrode in tetrachloroethyl-
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Figure 1. The idealized structure of the fullerene Cg.

Site Isomer Maximum
Symmetry

8 cis-1 Cs

7 cis-2 Cs

6 cis-3 Co

5 equatorial Cs

4 trans-4 Cs

3 trans-3 Co

2 trans-2 Co

1 trans-1 Dop

Figure 2. Regiochemistry of double-addition to Cg. The
eight regioisomers that can form when addition is restricted
to the carbon—carbon bonds at 6:6 ring junctions are named
according to the scheme of Hirsh.®

ene solution with tetra(n-butyl)ammonium hexafluo-
rophosphate as supporting electrolyte.'?

Spectroscopically, Cg is characterized by a singlet
in the 13C NMR spectrum at 143.2 ppm in benzene
solution'? and by four bands in the infrared spectrum
at 1400, 1180, 580, and 510 cm™! with the band at
510 cm™! having the greatest intensity.'* These
infrared active modes are the four ty, vibrations. Ceg
has 174 vibrational modes with 42 fundamentals of
various symmetries. Of these only the four ty,
vibrations are infrared active.'* The electronic ab-
sorption spectrum of Cg is dominated by three
intense bands at 220, 270, and 340 nm which are due
to allowed *Ag — 3Ty, transitions. The purple color
of Cgo solutions results from a set of weaker transi-
tions in the 400—600 nm region that are spin-
forbidden, singlet—singlet transitions.*®

In addition to Cg, the carbon arc process produces
significant quantities of higher fullerenes of which
Cyo is the next most abundant species.’® Cy, like Ceo,
has only one structure that conforms to the isolated
pentagon rule.!” That structure, which has Dsy
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Figure 3. A molecular orbital energy diagram for Cgg
(adapted from ref 7).
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Figure 4. The idealized structure of C;,. The Huckel
swi-bond orders are from ref 18.

symmetry, is shown in Figure 4. The C;, molecule
consists of two Cegp-like hemispheres that are now
bridged by a new set of 10 carbon atoms (labeled e
in Figure 4). The C7o molecule has a layered struc-
ture that is unique among the isolated fullerenes.
There are five types of carbon atoms (label a—e in
Figure 4) that form nine layers. Connecting these
carbon atoms are eight types of C—C bonds. Of these
bonds, four occur between 6:6 ring junctions, and four
involve 6:5 ring junctions. The C—C bond lengths
at the 6:6 ring junctions are again shorter than the
C—C bond lengths at the 6:5 ring junctions, and the
shortest C—C bonds are found at the curved ends of
the C;o molecule. The results of Huckel molecular
orbital calculation are also shown in Figure 4.8 The
C.—Cp and C.—C, bonds at the poles of the molecule
have the highest & bond orders and are expected to
be the most reactive by that criterion.

Multiple additions are also readily observed for Cy.
So far, additions of transition metal complexes which
are generally large relative to the fullerene surface
occur at opposite poles of the molecule. Thus for
double addition, there are three possible isomers if
reactivity is confined to the C,—Cy bonds at opposite
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Figure 5. Sites for double addition to Cy.

ends of the molecule. These three isomers are shown
in Figure 5.

In addition to Cgo and Cyo, the carbon arc process
also produces isolable quantities of Cs, C7s, and Cgy
along with an array of even larger fullerenes in much
lower abundances.’* For Cs there is also only one
structure that conforms to the isolated pentagon rule,
but the molecule has D, symmetry and exists in two
enantiomeric forms.'” The structural complexity of
the higher fullerenes increases markedly with in-
creasing number of carbon atoms. For Cg, there are
five structures that conform to the isolated pentagon
rule. These have the following symmetries: Dy (two
isomers), D3, and C,, (two isomers).l” For Cg4, 24
different isomeric structures are possible that obey
the isolated pentagon rule.’®

This review will cover the array of reactions that
involve transition metal complexes and fullerenes. Of
the fullerenes, most of the work involves Cg, but a
substantial number of studies on C;, have been
conducted as well. Because of limitations in avail-
ability of the parent fullerenes, in only a few cases
have metal complexes been reported to react with
higher fullerenes: Cz, Czg, and Cgq. Only the ex-
posed, outer surface of the fullerenes is readily
accessible to chemical reactions, and thus this review
is restricted to the exohedral chemistry of the
fullerenes. The formation and reactivity of endohe-
dral species in which an atom, generally a non-
transition metal atom, is encapsulated within a
fullerene, are not covered here, but several reviews
are available.?® Several complementary reviews cover
related chemistry. The present review is an update
of an earlier article on transition metal fullerene
complexes.?? Aspects of the organometallic reactivity
of fullerenes have been covered in two reviews,?>23
while another article deals with both endo- and
exohedral metal fullerene interactions.?*

Il. Brief Overview of Reactivity and
Characterization of Isolated Fullerene
Compounds

The reactions of transition metal complexes with
fullerenes result in the formation of an interesting
array of new compounds. Four major types of reac-
tions that yield complexes which may be isolated can
be ascertained: (1) addition of the metal to the
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Scheme 1. Hydrozirconation of Cg

HV
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+ CeoHy + CeoHg

Ceo + (M ~CsHspZrHCl — HpCeo{Zr(n*~CsHs),Cl},

olefinic C—C bonds at 6:6 ring junctions to form 7?-
coordination complexes, (2) reduction of the fullerene
to form fulleride salts, (3) addition of ligating groups
to the fullerene so that the metal center is attached
to the fullerene through some type of bridging ar-
rangement, and (4) the formation of solids in which
the fullerene and a metal complex are cocrystal-
lized.?* The last reaction type may involve some
degree of charge transfer between the individual
components. The survey in Section 111 reports on the
specific compounds that have been prepared so far
via the routes outlined above for each of the transi-
tion elements across the periodic table.

Characterization of the products of the reactions
of fullerenes with transition metal complexes has
involved an array of structural probes. Single-crystal
X-ray diffraction is particularly valuable in providing
metric details about the structure and measuring
structural distortion that results from chemical modi-
fication of the fullerene. X-ray diffraction studies are
also important in identifying not only the primary
site of chemical interaction but in specifying regio-
chemistry and identifying secondary features within
structures that may contribute to the overall stabil-
ity. Of course in cases where the interaction between
the components is weak and generally referred to as
cocrystallization or intercalation,?® X-ray crystal-
lography is particularly important in defining the
nature of the products. Due to the high symmetry
of the fullerenes and many chemically modified
fullerenes, disorder is a common problem that plagues
the analysis of single-crystal diffraction data. Ap-
pending a bulky metal complex to the surface of the
fullerene lowers the symmetry and can produce
ordered materials that are structurally more infor-
mative.

In considering spectroscopic probes for the char-
acterization of fullerene compounds in solution, it has
frequently been more informative to use probes that
involve parts of the molecule that came from the
parent transition metal complex itself rather than the
fullerene portion. Thus infrared spectroscopy can
readily monitor metal ligand characteristics such as
metal hydride or metal carbonyl vibrations rather
than the fullerene vibrations. However the most
intense fullerene band at ~510 cm™! is one that has
had considerable use in characterization of fullerene
compounds. NMR spectroscopic observations that
focus for example on the 3P NMR spectra of metal-
bound phosphines have also proven to be useful

X =Bror OH

structural probes. In contrast, 13C NMR studies of
the fullerene portions, while potentially informative,
are frequently hampered by problems that arise from
poor solubility, lability of the compounds involved,
and spectral complexity that results from both lower-
ing of the fullerene symmetry, and, in many reac-
tions, the formation of a variety of products. The
electronic spectra of fullerenes do show changes upon
chemical reactions. Profound alterations in the UV/
vis absorption spectra are seen upon reduction of the
fullerenes.?® The fulleride salts display unique fea-
tures, particularly at low energies. On the other
hand, coordination of a metal complex to the fullerene
exterior produces small changes in the absorption
spectra, and those that are observed do not appear
to contain useful information for structural determi-
nation.

1. Survey of Isolated Fullerene Complexes
across the Periodic Table

A. Lanthanum, Yttrium, and Scandium

To date no exohedral compounds that involve these
elements have been reported, but extensive work on
endohedral fullerenes with Sc and La has been
described.?°

B. Hafnium, Zirconium, and Titanium

Within this group, the only work reported involves
hydrozirconation of Cg0.2”?® Thus, treatment of Cg
with (#%-CsHs),ZrHCI in benzene yields a deep red
solution which is believed to contain (on the basis of
TH NMR measurements) a mixture of adducts: {#°-
CsH5s)ZrCl} nCeoHn with n =1, 2, and 3 as shown in
Scheme 1. Hydrolysis of this mixture produces CgoHa
in 60% yield along with CgH4 and CgoHs Which can
be separated by HPLC; these hydrides of Cgy have
also been made by other routes.®® Additionally,
treatment of the Cgo hydrozirconation adducts with
N-bromosuccinimide or m-chloroperoxybenzoic acid
results in the formation of Diels—Alder-type adducts
with bromocyclopentadiene or hydroxycyclopentadi-
ene.?® The authors concluded that the hydrozircona-
tion product is cleaved by the added electrophile to
form free Cgs and a substituted cyclopentadiene
(presumably from the (17°-CsHs).Zr unit). Subsequent
Diels—Alder addition of the substituted cyclopenta-
diene to Cgo occurs to form the product.
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Figure 6. The structure of mer-(172-Cgo)W(CO)3(Ph,PCH,-
CH,PPh,) as determined by X-ray crystallography (Re-
printed with permission from ref 32. Copyright 1994
Electrochemical Society.)

C. Tantalum, Niobium, and Vanadium

Treatment of Cgo With (3°-CsHs),TaH3 in benzene
yields brown microcrystals of (1°-CsHs), TaH(172-Ceo),
which has been characterized by infrared spectros-
copy (v(Ta—H), 1791 cm™1, characteristic fullerene
bands at 518 and 529 cm™1).3° Additionally, the
interaction between (°-CsHs),V and Cgo has been
monitored in solution by EPR spectroscopy.®* An
adduct, (17°-CsHs),V(1?-Ceo) is formed reversibly and
detected by its EPR spectrum with g (isotropic) of
2.0001 and A(®V) (isotropic) of —4.58 mT. The
adduct has been isolated from concentrated solutions.

D. Tungsten, Molybdenum, and Chromium

A number of stable 72-Cso complexes of tungsten
and molybdenum have been prepared, and some of
these are particularly stable with respect to loss of
the fullerene. Photolysis of W(CQO)4(Ph,PCH,CH,-
PPh;) and Cg in 1,2-dichlorobenzene produces both
green (7%-Ceo)W(CO)3(Ph,PCH,CH,PPh,) in 80% yield
and deep green (Cgo){ W(CO)3(Ph,PCH,CH,PPhy)}, in
10% yield.®? The two products are separable by
chromatography on activated alumina. Both com-
plexes display exceptional stability. The half-life of
(ﬂZ'CGO)W(CO)3(PthCHzCHZPth) in solution at 110
°C under 60 psig of carbon monoxide is 7 h. An X-ray
crystallographic study of the monoadduct confirms
the n?-bonding mode of the fullerene. The structure
of the complex with its three meridonal carbon
monoxide ligands is shown in Figure 6. Electro-
chemical studies of (17%-Ceo)W(CO)3(Ph,PCH,CH-
PPh;) as shown in Figure 7 reveal that the complex
undergoes three reversible one-electron reductions at
potentials that are shifted by about 0.2 V to more
negative potentials relative to Cg itself. Similar
shifts to negative potentials are characteristic of a
range of compounds with both organic and inorganic
(vide infra) groups added to the fullerene nucleus.3

Chemical Reviews, 1998, Vol. 98, No. 6 2127

CpaFes0 (-1.56)

Potential (V) vs. Ag/AgCl
Figure 7. The cyclic voltammogram of mer-(#2-Cgo)W-
(CO)3(Ph,PCH,CH,PPh,) in toluene/acetonitrile, with 0.1
M[(n-Bu)sN]PFs as supporting electrolyte vs an Ag/AgCl
reference electrode. Ferrocene has been added as a stan-
dard (Reprinted with permission from ref 32. Copyright
1994 Electrochemical Society).

Such behavior is typical of coordinated fullerenes in
which the reductions are localized on the fullerene
portion.

Similarly, photolysis of a 2:1 mixture of Mo(CO),-
(Ph,PCH,CH,PPh;) and Cg, in chlorobenzene pro-
duces bright green mer-(172-Ce)M0o(CO)3(Ph,PCH_-
CH,PPh,) in 30% yield along with a 40% yield of a
mixture of isomers of Cg{Mo(CO)3(Ph,PCH,CH,-
Pth)}z and 5% of Ceo{ MO(CO)3(Ph2PCH2CH2PPh2)}334
These are also remarkably stable with respect to
displacement of the coordinated fullerene. No de-
composition occurred in a solution of (172-Ceo)Mo(CO)s-
(PhoPCH,CH,PPh;) that had been heated under
reflux for 6 h. Analysis of the 3P NMR spectra of
the double addition product, Cgof Mo(CO)3(Ph,PCH>-
CH,PPh,)},, reveals that five isomers are formed in
a 3:29:44:9:15 ratio with the equatorial isomer (see
Figure 2) unambiguously found to be the one with
relative abundance of 15 and the other four isomers
believed to be the four trans-type regioisomers.

Thermolysis of fac-Mo(CO)3;(MeCN)(Ph,PCH,CH,-
PPh,) in the presence of Cgo in chlorobenzene at 80
°C produces the fac isomer of (172-Cg)Mo(CO)3(Ph,-
PCH,CH,PPh,) which has been characterized by 3P
(singlet, 51.5 ppm), 'H, and ¥C NMR spectroscopy,
infrared spectroscopy and mass spectrometry.®> The
fac isomer appears to be more reactive than mer-(»?-
Ce0)M0(CO)3(Ph,PCH,CH,PPh,); since the fac isomer
reacts with CO at 100 °C in chlorobenzene to produce
61% of MO(CO)4(Ph2PCH2CH2PPh2) in 4 h.

In a related reaction, Cgo and fac-W(CO)3(MeCN)-
(1,2-Ph,PCsH4PPh,) react to form a mixture of fac-
and mer'(ﬂz-CGO)W(CO)g(l,Z-Ph2PC5H4PPh2)2.36

Treatment of Cgo with (17°-RCsH,4)>MoH; in toluene
produces green (172-Ceo)Mo(17>-RCsHy)2 (R = H, n-Bu)
which has been characterized spectroscopically.®

The reaction between Cg and Mo(CO)4(diacetyl-
dihydrazone) or Mo(CO),(diacetyldihydrazone)(PPhs),
yields black precipitates that are formulated as (Ceo)-
{Mo(CO)s(diacetyldihydrazone)}, and (Ceo)M0o(CO),-
(PPh3).(diacetyldihydrazone) on the basis of elemen-
tal analysis, 'H NMR, and infrared spectroscopy.3’

Air-stable molybdenum and tungsten complexes,
{ (7>-Ce0)M(CO),(1,10-phenanthroline)(dibutyl male-
ate)}, have been obtained from the reaction of M(CO),-
(1,10-phenanthroline) and Csy in the presence of
dibutylmaleate.®® X-ray crystallographic studies of
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the Mo and W complexes reveal a six-coordinate
geometry about each metal with the cis-CO groups
and the 1,10-phenanthroline ligand lying in a plane
and with the Cgsy moiety bound in #?-fashion.

In contrast to the preceding reactions which all
produce 7?-type complexes, Cr'l(tetraphenylporphy-
rin), Cr'"TPP, reacts with Cg in tetrahydrofuran

solution through electron-transfer according to eq
1.39,40

THF
toluene

Cr'TPP + Cg [Cr''(TPP)"(Ceo)™ (1)

A purple-black, solid material with the composition
Cr(TPP)(Ceo)(THF)3 has been isolated. In toluene
solution, this compounds reverts back to Cr'"TPP and
free Ceo as shown by the shift in the intense Soret
UV/vis absorption from 451 nm (for Cr'"'(TPP)) to 421
nm (for Cr''(TPP)). Magnetic susceptibility measure-
ments show Curie—Weiss behavior that results in a
room-temperature magnetic moment of 4.2(1) ug
which corresponds to the spin only value of 4.27 ug
for noninteracting S = 3/, (Cr') and S = %/, (Ceo")
centers.

E. Rhenium, Technetium, and Manganese

The radical Re(CO)s, as obtained from Re,(CO);o
through photolysis or from (;3-Ph;C)Re(CO), through
thermolysis in the presence of CO, adds to Cgo to
produce Ceof{ Re(CO)s}2.4* The photolytic reaction has
been carefully monitored by infrared spectroscopy
which shows that a new set of carbonyl absorptions
appear at 2134, 2130(sh), 2036, and 1993 cm™? (vs
2070, 2011, and 1969 cm™! for Re,(CO)10). Photo-
generated Cgo{ Re(CO)s}, is unstable in solution and
has not been isolated. Solutions of Cgo{Re(CO)s},
may be obtained in ~90% conversion from Re,(CO)qo
by photolysis, but these solutions decompose in a day
to re-form Re,(CO)10 and free Cgo. In the presence
of carbon tetrachloride, the intermediate Cgof Re-
(CO)s}, decomposes to form Cgo and CIRe(CO)s, but
no Re,(CO)yo is formed. Thus it has been suggested
that the adduct decomposes via Scheme 2. The

Scheme 2. Radical Dissociation from
C50{ Re(CO)5} 2

Ceo{Re(CO)s5}2 — *Ceo{Re(CO)s} + *Re(CO)s
*Cg0{Re(CO)5} — Cgo + *Re(CO)s5
2¢Re(CO)s — Rep(CO)jg (without CCly)

or

*Re(CO)s + CCly — CIRe(CO)s + *CCl3

structure proposed for the adduct, which is shown
in Figure 8, involves g-addition. The two Re-centered
radicals bond to opposite ends of a hexagonal face of
the fullerene in 1,4 positions.

The anion, CgH™, which is prepared by treatment
of Cgo with Li[BEt;H], adds to the coordinated eth-
ylene in [(#>-C,H4)Re(CO)s]t according to the reaction
in eq 2.2 The product, which has been characterized
spectroscopically, has the fullerene linked to the
metal through a hydrocarbon bridge. In a similar

Balch and Olmstead

Figure 8. The proposed structure for Cgo{ Re(CO)s},
(Reprinted from ref 41. Copyright 1993 American Chemical
Society.)

reaction, [(178-CsHs)Mn(CO);](PFs) undergoes addition
of CgoH™ to form CeoH(ﬂs-CeHe)Mn(CO)g.

CH,CH,Re(CO)s
2

In a different vein, reactions of toluene solutions
of (y%-CsMes),Mn with toluene solution of either Cgo
or Cso produce brown solids: [(#°-CsMes),Mn]-2Ceo
and [(#°>-CsMes),Mn]-2C+0.%® The effective magnetic
moments of the compounds (3.13 uf for the Cego
material, 3.34 up for the C;, material) are consistent
with the presence of [(1°-CsMes),Mn]* with S =1 and
a fullerene component with S = /,. The anionic
component may consist of dimeric (Cgo)2~ or of Ceo™
with Cg cocrystallized. The EPR spectrum shows a
single line with g = 2.0023 and a peak to peak width
of 1.6 G. These parameters are consistent with the
presence of (Cgo) ™.

The reaction between K][(17°-MesCs),Mn] and Cgo
proceeds via electron transfer and produces deep red
crystals of K3Ceo'7(THF) as well as (MesCs),Mn,
which is readily removed because of its higher
solubility.** K[(#>-MesCs),Mn] is a strong reductant
(Eyz = —2.17 V vs SCE) that is readily capable of
reducing Cego to the trianion (Ey, for Ceo?> to Ceo®™ =
—1.3 V vs SCE). The red crystals of K3Ceo*7(THF)
as formed in this reaction are not superconducting
as are the M3;Cgo materials that are formed by vapor
transport from Cg and the alkali metals.’® However,
removal of the THF by vacuum-drying at room
temperature followed by annealing at 300 °C for 12
h did yield superconducting KsCgo.

F. Osmium, Ruthenium, and Iron

1. Osmylation

The powerful oxidant, osmium tetroxide, is widely
used to convert olefins into diols.*> Osmate esters
are isolable intermediates in this process. In the
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Scheme 3. Osmylation of Cgo

Chemical Reviews, 1998, Vol. 98, No. 6 2129
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presence of pyridine, osmium tetroxide also forms
stable adducts with polycyclic aromatic hydrocar-
bons.*¢ Treatment of Cg with osmium tetroxide in
the presence of pyridine (py) yields either the single
addition product, Cs0,0s0,(py)2, and/or a mixture
of five double addition products, Cso{ O20s02(py)2}2
as shown in Scheme 3.47751 The yields of the single
and double addition products can be altered by
controlling the stoichiometry of the reaction. The
single addition product can be separated from the
double addition products, since the single addition
product has a higher solubility in toluene. Exchange
of 4-tert-butylpyridine for the pyridine ligands gives
an even more soluble derivative that can be crystal-
lized. A drawing of the structure of this adduct,
Ce60020s0,(4-tert-butylpyridine),-2.5 toluene, as de-
termined from a single-crystal X-ray diffraction
study, is shown in Figure 9.8 Two oxygen atoms of
the osmyl group have been added to the fullerene at
a C—C bond of a 6:6 ring fusion. Addition of this
osmyl group produces a structural perturbation of the
fullerene which is restricted to the vicinity of the
addition site. The unreacted atoms of the fullerene
lie in a shell with a radius of 3.46—3.56 A about the
center with an average center-to-carbon distance of
3.512 A. However, the two carbon atoms that are

Figure 9. The structure of Cg0,0s0,(4-tert-butylpyri-
dine), as determined by X-ray crystallography (from data
in ref 48).

and 4 other isomers

connected to the osmyl function are 3.80(2) and
3.81(2) A away from the center. The structure shown
in Figure 9 has special significance; since it was the
first crystallographic demonstration that the Cg
moiety possessed the soccer ball structure.

The ¥C NMR spectrum of Csp0,0s0,(t-Bupy), that
was enriched in 13C in the fullerene portion has been
thoroughly analyzed. Bond connectivities within the
fullerene moiety have been determined from a 2D
NMR INADEQUATE experiment.>® The chemical
shifts and coupling constants for the 17 different
types of carbon atoms in the fullerene portion of the
molecule are given in Table 1. The two tetracoordi-
nate carbons produce a resonance that is well upfield
of the resonances of the tricoordinate carbon atoms,
which lie in the 137—153 ppm range. While the
chemical shifts within the 137—153 ppm range do not
show a well-defined pattern that correlates with
structure, the C—C coupling constants do show such
a correlation. The C—C coupling constants in the
range 54—57 Hz correspond to C—C bonds at 5:6 ring
junctions, while coupling constants in the 65—71 Hz
range correspond to bonds at 6:6 ring junctions. A
unique 48 Hz coupling constant is found for the C—C
bond at those 6:5 ring junctions which involve the
oxygenated carbon atoms.

The results of a theoretical analysis of the nature
of the molecular orbitals in Cg0,0sO0,(py). are
discussed in Section V.52

Double addition of osmium tetroxide to Cgo pro-
duces five of the eight expected regioisomers shown
in Figure 2. These isomers of Ceo{ 020s02(py)2} 2 have
been separated by HPLC.>® Four of the double
addition products have been studied by *C NMR and
IH NMR spectroscopy. The data indicate that two
of the isolated isomers have Cs symmetry and that
the other two have C, symmetry. 2D NMR studies
on samples that were 2C-enriched in the fullerene
portion led to the identification of one of the C;
isomers as the equatorial isomer and one of the C,
isomers as the trans-3 isomer (see Figure 2). With
the assumption that steric effects preclude the for-
mation of the three cis isomers, it was concluded that
the other C, isomer was the trans-2 isomer and that
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Table 1. 3C NMR Parameters for C0,0sO,(tert-butylpyridine), (from ref 51)

carbon type

chemical shift (ppm)

1J(C,C), Hz (to carbon type)

Os 1 105.38 48(3)
| 2 145.76 57(3), 68(5)
<|3 3 153.03 48(1), 57(2), 71(4)
N 4 137.02 71(3), 56(7)
I 5 139.42 68(2), 56(6), 56(9)
. 3 . 6 145.77 56(5), 67(7), 54(11)
/ \4/ 7 142.75 56(4), 67(6), 55(8)
| | 8 146.10 55(7), 67(13)
L 7 ) 9 141.81 56(5),2 (10)
~ 6/ 10 142.32 (9)2 56(11)
/ 8 11 144.85 54(6), 56(10), 68(12)
AN L e oLy 5o
\10/ N 14 142.48 56%1%) (2
| 15 145.99 56(14), 65(16), 56(17)
14 16 16 145.04 56(12), 65(15)
\l{ 17 148.41 56(15)
|
PR
@ Not first order.
will be seen in a number of structures in later parts
/ of this review.
f Osmylation of Cy in pyridine produces two single
! addition products, C7o{ 0,0s0,(py)2}, which have
been separated by chromatography.5” Analysis of the
3C NMR spectra of the two products has shown that
they have the osmyl groups added to the C,—C;, and
to the C.—C, bonds of the fullerene, respectively (see
Figure 4). The ratio of the amount of the C,—C,
addition product to the amount of the C.—C, addition
L L L L ) product is 2.1:1. The pattern of addition seen for the
400 500 600 700 800 nm

Figure 10. The CD spectra of the (+) and (—) forms of
Cs0{ O,0s02(py)2} 2. (Reprinted from ref 54. Copyright 1993
American Chemical Society.)

the remaining C; isomer was the trans-4 isomer. The
most rapidly eluting isomer was not sufficiently
soluble for NMR analysis, and consequently this
isomer was believed to be the nonpolar, trans-1
isomer.

The trans-2 and trans-3 double addition products,
Ceo{ O20s02(py)2} 2, are chiral molecules with C, sym-
metry, and it has been possible to resolve the two
enantiomers for each.>* By using the Sharpless
cinchona alkaloid ligands during the addition pro-
cess,®®56 asymmetric bis-osmylation of Cg occurs.
Figure 10 shows the CD spectra of the (+) and (-)
forms of the trans-3 isomer of Cgo{ O,0sO02(py)2} 2.
These isomers were obtained after the asymmetric
bis-osmylation by replacement of the chiral Sharpless
ligands with pyridine.>* The array of CD features
in the 500—800 nm region has been ascribed to a
chiral, band-shaped & system. In contrast, a related
chiral osmium complex prepared from a simple olefin
shows only a broad tail in the corresponding region
of its CD spectrum. The enantioselectivity in the bis-
osmylation process has been attributed to attractive
electronic interactions between the ligands coordi-
nated to the osmium reagent and the fullerenes
rather than repulsive, steric effects. There is ample
crystallographic evidence for attractive interactions
between aromatic groups and fullerene surfaces as

osmylation is kinetically controlled and appears to
be governed by two factors: the degree of local
curvature within the fullerene, and the reactivity as
expressed in the w-bond order. The C,—Cy, and C.—
C. bonds have the highest z-bond order, and conse-
guently should be the most reactive sites within the
fullerene. However, on this criterion alone, the C.—
C. bond should be the most reactive, yet the isomer
formed by addition to the C,—C, bond is more
prevalent. The greater reactivity of the C,—C;, bond
has been attributed to the greater degree of curvature
at that site and the degree of pyramidalization of the
carbon atoms.%® A similar trend in reactivity has
been observed for the reaction of Vaska-type iridium
complexes with C7o where addition occurs preferen-
tially at the C,—C;, bond (vide infra).

Distinctly different mixtures of double-addition
products are obtained when additional amounts of
osmium tetroxide are added to the individual isomers
of C70{ O20s0,(py)2}. Six double-addition products
have been obtained from the reaction of the C,—C,
isomer of C7o{ O,0s0,(py)2} with OsO,, but with the
C.—C. isomer of C{0,0s02(py).}, seven double-
addition products were obtained. Four of the prod-
ucts in the two sets had similar chromatographic
behavior and were believed to be the same set of
isomeric double addition products. The formation of
these distinct sets of double-addition products is
further evidence that the osmylation reaction occurs
under Kinetic control.
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Figure 11. The idealized structure of Css (from refs 59
and 60).

The higher fullerene, C, is a chiral molecule with
D, symmetry.'” Figure 11 shows idealized drawings
of Cs6 with 30 different carbon—carbon bonds with
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fifteen of these at 6:6 ring fusions.>®8° Kinetic
resolution of C;¢ has been achieved through the use
of the chiral Sharpless cinchona alkaloid ligands
during the osmylation process.>® If osmylation occurs
at the sites of highest curvature or pyramidalization
(as it does in Cy) then the two bonds designated 1
and 5 in Figure 11 are the likely sites for reaction.
The resolution process involved addition of 1 equiv
of osmium tetroxide to racemic Cs in the presence
of an excess of the chiral ligand. Unreacted C7s was
chromatographically separated from the complexed
fullerene, and the complexed fullerene was reduced
with tin(l1) chloride in pyridine to liberate Cz. The
resolved, purified enantiomers of uncomplexed Cr
show a rich array of features in the 300—800 nm
region of their CD spectra.®®

This method of Kinetic resolution method has also
been applied to samples of Czs and Cgq. Again CD
spectra of the kinetically resolved samples of C;g and
Cgs have been obtained.’* The optically active samples
of Csg and Csgs were found to be configurationally
stable under thermolysis at 600—700 °C and pho-
tolysis at 193 nm. As a result, the barrier for the
Stone—Wales rearrangement in these fullerenes is
quite high.

2. Reactions with Zerovalent Compounds

Low-valent compounds of Os, Ru, and Fe, particu-
larly the carbonyls, also react with Cg. Heating
toluene solution of Cg and Os3(CO);;(NCMe) or
related compounds results in the transformations
shown in Scheme 4.6263 The products have been
characterized by matching the infrared and *C NMR
spectroscopic features for the carbonyl groups with
those of similarly substituted analogues of Osz(CO)..

Scheme 4. Reactions of Triangular Os; Compounds with Cgg

C60 + OS3(CO)11(NCMC) —

Ceo + 083(CO);o(NCMe)y — »

C¢o + Os3(CO);;PPh; —

—_—

CGO + OS3(CO)]O(PPh3)2

MeCN
Me;NO l r co

053(C0),o(NCMe)(n*~Cqp)

j PPh,

053(CO);(PPh3)(n>~Cyp)

l PPh;

053(CO)4(PPh3),(M*~Cyp)
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Figure 12. Top, the structure of Ruz(CO)g(us-172,172,172,Ce0)
as determined by X-ray crystallography (from data in ref
65 and 69). Bottom, the structure of RusC(CO)11(PPhgz)(us-
n?,n?n*-Ceo) as determined by X-ray crystallography (from
data in ref 69).

Limited amounts of double-addition products (i.e.,
Ceo{ Os3(C0O)11}» are also produced in these reactions.
The structure of (17?-Cs0)Os3(CO)11 has been deter-
mined by a single-crystal X-ray diffraction study.®®
Electrochemical studies of (72-Cgp)Os3(CO)11 have
been interpreted to give evidence of Cg-mediated
electron transfer to the osmium cluster for the
addition of a second electron to the complex, while
the first electron is simply added to the fullerene
ligand.®

In contrast, Ru3(CO);, reacts with Cgo to form two
very different products: soluble, Ruz(CO)o(us-12,1%17%*
Cs0)%® and insoluble “RusCeso".%%%7 Red, crystalline
Ruz(CO)g(us-n?,m%n?-Ceo) is formed in 4% yield by
heating Cso and Rus(CO);2 in refluxing hexane solu-
tion for 2 days followed by thin-layer chromatography
on silica with carbon disulfide as eluant.®®> The
structure of the product reveals the novel hexahapto
mode of coordination of the fullerene to three ruthe-
nium atoms as shown in Figure 12. The ruthenium
atoms are positioned over 6:6 ring junctions. The
pattern of coordination, with slight alteration in C—C
bond distances (average short distance, 1.427(19) A,
average long distance, 1.466(15) A) around the Ru-
bound hexagon, resembles the situation observed for
the benzene complex, Rus(CO)g(us-121%1n*-CeHg).58
The osmium analogue, Os3(CO)o(uz-1%17%1?-Ceo), has
also been prepared.®

Insoluble black “RusCeo” is obtained by heating a
mixture of Ru3(CO);, and Cg in toluene for 7 days.667
TEM images of the black residue show that it consists
of an amorphous matrix in which small particles of
ruthenium metal (diameter, 2—5 nm) are imbedded.
Some coordinated carbon monoxide and some toluene
are also found in the sample. The material has
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Figure 13. The structures of (top) Rus(CO)e(uz-172,72,17%C70)
and (bottom) {Ru3(CO)g}.C7 from X-ray crystallographic
studies (from data in ref 70).

catalytic activity in the liquid-phase hydrogenation
of cyclohexenes at 300 K and in the Fischer—Tropsch
hydrogenation of CO at 500 K. The relationship of
this polymer with that of other polymeric materials
such as CgPd, and CgEu, (n = 4—6) deserves
examination (vide infra).

The ruthenium carbide clusters, RusC(CO);s and
RusC(CO),17, react with Cgo followed by treatment
with a tertiary phosphine to form RusC(CO)11(PPh3)-
(u3-772,772,772-C50) and RUGC(CO)lz(PthCHzpphz)(ﬂy
n?,n?1m%-Ceo) in which a triangular face of the ruthe-
nium cluster is capped by the fullerene.® The
structure of RusC(CO)11(PPha)(uz-52,57%17%-Ceo) is com-
pared to that of Rus(CO)e(uz-72,17?1n?-Cso) in Figure
12.

Rus(CO)1, also reacts with Cyo to form two products,
Rus(CO)s(uz-17%,17%,n*-Cr0) and { Rus(CO)e} 2(uz-17°, 1% n*-
C10).”° The structures of these are shown in Figure
13. In both products, the triangular ruthenium
complexes have added to hexagons that involve the
highly pyramidalized carbon atoms at the poles of
the fullerene moiety. Note that the addition of two
triangular complexes occurs at opposite ends of the
C-0 moiety and positions these groups in an analo-
gous fashion to that seen in the addition of two Ir-
(CO)CI(PPh3), groups so that the added groups are
neither as close to one another nor as far apart as
they could be (vide infra).

Ceo reacts with Fe,(CO)y and Ru(CO)s to form (5%
Ce0)Fe(CO)4 and (#?-Ceo)RU(CO)4, respectively.3t7t
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Figure 14. The crystallographically determined structure
of the metal complex in (y*-1,2-(3,5-cyclohexadieno)Ce)-
Fe(CO);3-2.5CS; (from data in ref 74).

These »? complexes have been characterized by 3C
NMR and infrared spectroscopy. The electronic
absorption spectrum of (7?-Ceo)Fe(CO)s4 has been
recorded and assigned by comparison with the results
of semiempirical molecular orbital calculations.” The
increased intensity in the visible range of the spec-
trum of the complex, when compared to that of free
Ceo, Was attributed to the lowering of symmetry and
relaxation of the selection rules for transitions within
the fullerene upon coordination. No evidence for iron
3d to Cg charge transfer in the visible region was
found.

3. Other Addition Reactions

There is a brief report that the arc vaporization of
graphite in the presence of Fe(CO)s produces a
soluble species, FeCg, for which both endohedral and
exohedral structures were discussed.”

Fe3(CO)1, reacts with the modified fullerene, 1,2-
(3,5-cyclohexadieno)Cg, in refluxing benzene accord-
ing to the reaction in eq 3 to form an air- and light-
sensitive Fe(CO); adduct in which the metal is
coordinated to the exterior cyclohexadiene portion
rather than to the fullerene itself.”* The structure

—_—

JFe(CO); (3)

of the product, which is shown in Figure 14, has been
determined by X-ray crystallography. The structural
parameters reveal that there is a strong steric
repulsion between the Fe(CO); unit and the fullerene
that results from the proximity of one of the carbon
monoxide ligands to the fullerene surface.

Reaction of excess [(17°-CsMes)RU(CH3CN);](Os-
SCF37) with Cg is reported to yield brown [(Ceo)-
{RU(CHgCN)z(?’]S-C5M95)}33+](O3SCF37)3.75’76 Unfor-
tunately, this complex has not been obtained in a
crystalline form suitable for X-ray diffraction, pos-
sibly because of the existence of several different
regioisomers. However, this result is of particular

Figure 15. A drawing of A, CeoRu(u-Cl)(u-H)(17°-CsMes),,
and B, CgoRuy(u-Cl)2(17°-CsMes),, as determined by X-ray
crystallography (from data in ref 79).

significance because planar, aromatic hydrocarbons
bind strongly to the (7°>-CsMes)Ru* unit and displace
all acetonitrile ligands, whereas electron-deficient
olefins displace only one acetonitrile ligand.”” Thus,
the reactivity of [(1°-CsMes)Ru(CH3CN);]* toward Cgo
gave one of the first indications that Cg, would not
bind metal centers in the way that planar, aromatic
hydrocarbons would and that electron-deficient ole-
fins were better models for the reactivity of Cg.
Moreover, the m-orbitals on the faces of Cg are
directed away from the position where 7®-coordina-
tion to a six-membered ring would occur and quali-
tatively the degree of metal—ligand orbital overlap
would be diminished relative to a corresponding flat
aromatic molecule like benzene. Theoretical calcula-
tions (vide infra) have borne out this qualitative
argument.’®

The reaction of Cg with an equimolar mixture of
{(#°-CsMes)Ru(u-H)}, and {(#>-CsMes)Ru(u-Cl)}, in
toluene at 90 °C produces green crystals of CgoRu(u-
Cl)(u-H)(17°-CsMes), in 18% yield.” The product,
whose structure is shown in Figure 15A, has two
ruthenium atoms that are coordinated to two adja-
cent C—C bonds at 6:6 ring junctions of the fullerene
and are bridged by both a chloride and a hydride.
The Ru—Ru distance of 2.9554(9) A is indicative of
the presence of a bond between the two metal centers.
A related complex CgoRuz(u-Cl)2(17°-CsMes), was ob-
tained from an analogous reaction of Cg with a 1:2
molar mixture of {(#°>-CsMes)Ru(u-H)}, and {(17°-Cs-
Mes)Ru(u-Cl)} 2. The structure of the dichloro-bridged
complex is also shown in Figure 15B. Again, two
ruthenium atoms are bonded to two adjacent C—C
bonds at 6:6 ring junctions on a common hexagonal
face of the fullerene. The principal difference be-
tween the dichloro-bridged complex and the hydrido-,
chloro-bridged complex involves the Ru—Ru distance.
In CeoRuUx(u-Cl)2(175-CsMes),, that distance is much
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Figure 16. A view of CgS,Fey(CO)s as determined by
X-ray crystallography (from data in ref 80).

longer, 3.461(2) A, and indicative of the lack of any
Ru—Ru bonding. The positive ion FAB mass spec-
trum of CgoRuy(u-H)(u-Cl)(n°-CsMes), shows a peak
at m/z 957 which corresponds to [(17%-Cso)Ru(7°-Cs-
Mes)]*, and the authors propose that this species
utilizes an 7%-mode of coordination of the fullerene
to ruthenium, a situation that would be analogous
to the bonding in the stable [(75-CsHs)Ru(75-CsMes)|*
species. Note that [(17°-Cg0)Ru(17°-CsMes)]* could not
be prepared via straightforward chemical routes in
solution.”76

UV irradiation of toluene solutions of Cg and
Fe,S,(CO)e results in the formation of CgpS,Fe,(CO)s,
as well as multiple addition products, according to
the reaction in eq 4.8°8% The mono-addition product

(OC),Fe

S S
/\/I + Cp —
S

T Fe(CO),
~Fe(cO)
/\ | @

has been characterized by X-ray crystallography. The
structure of the product, which is shown in Figure
16, reveals that the S—S bond in the original iron
complex has been cleaved and that the two sulfur
atoms have added to a 6:6 ring junction of the
fullerene. Similar additions of S;Fe,(CO)s to simple
olefins have been known for some time. CgoS2Fe,-
(CO)s undergoes four reversible, one-electron reduc-
tions which are shifted cathodically by 25 mV as is
typical for many organometallic Cgo adducts. Cg also
reacts with S;Fe,(CO); to give the series of adducts
Co{ S2Fe2(CO)g}n (n = 1—4). These addition reactions
are particularly interesting for their comparison to
the reactivity of sulfur (as Sg) with Cgs and Coo.
Solutions of Sg and Cgo 0r C produce the crystalline
solids Ceo*(Ss)*(CS2) or C70(Ss)s Which are composed
of isolated molecules of the fullerene and cycloocta-
sulfur.82 Additionally, Cs and C-o can be recrystal-
lized from liquid sulfur without chemical attack on
the fullerene.®

[(7°-Cyclohexadienyl)Fe(CO)s](BF4), [(°-cyclohepta-
dlenyI)FE(CO)g](BF4), [(ﬂG-C5H4CH2)Fe(775-C5H5)](BF4),
and [(#°-cyclohexadienyl)Ru(CO);z](BF,) react with
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CeoH™ to form adducts (7*-CeH;CsoH)Fe(CO)s, (17*-
C7HQCGOH)FE(CO)3, (775-C5H4CH2C50H)Fe(775-05H5), and
(n*-CeH7CsoH)RU(CO)s, respectively (see reaction 2 for
a prototypical example).*?

4. Redox Reactions

The electron-reservoir complex, {(1°-CsHs)Fe'(®-
CsMeg)}, is a strong reductant (Ey, = —1.55V vs SCE
in dimethylformamide)® and is able to reduce Cg to
the trianion level. Titration of Cg With {(7°-CsHs)-
Fe'(#%-CeMeg)} produces three dark-brown, air-sensi-
tive, paramagnetic salts: [(17°-CsHs)Fe''(55-CsMeg)t]-
(Ceo), [(17°-CsHs)Fe'(n°-CeMes)*12(Ceo®), and [(n°-
CsHs)Fe!'(78-CsMeg) T 13(Ce0®).82 The EPR spectrum
of [(175-CsHs)Fe'' (58-CeMeg) T](Ceo ) consists of a sharp,
symmetrical line at g = 2.0020 (line width 2.6 G) at
300 K. For the EPR spectrum of [(3°-CsHs)Fe'" (35-
CsMes)™12(Cs0? ) a simlar line also at g = 2.0020 (line
width 4.0 G) is observed at 300 K. However, for [(;°-
CsHs)Fe'' (75-CeMeg) 12(Coo®™), the resonance is ob-
served at g = 2.0040 and exhibits a line width that
drops markedly with decreasing temperature from
46 G at 300 K to 6 G at 4 K.

Black needles of the salt [Ru"(bipyridine)s](Ceo)2
have been obtained through electrocrystallization.8
The reaction is conducted by reducing Cg in a
solution that is saturated with [Ru''(bipyridine)s]-
(PFe¢)2. This reaction is possible because reduction
of the ruthenium complex has a half-wave potential
that is ~700 mV more negative than the potential
needed for the Cg to Cgo~ conversion and 300 mV
more negative than that needed for the Cgo~ to Cgo?~
conversion. Two point conductivity measurements
on a pressed power sample indicate that [Ru''-
(bipyridine)s](Ceo). is a semiconductor with a specific
conductivity of 0.01 Q= cm™! at 25 °C.

5. Cocrystallizations

The oxidation potential for ferrocene is such that
it is not capable of reducing Cg or Cz to their
respective anions. However, mixing solutions of Cg
or C;o and ferrocene results in crystallization of the
solid adducts with similar compositions: Cgo-2{(7°-
C5H5)2F9}86 and C70'2{(175-C5H5)2Fe}.87 The struc-
tures of both solids consist of isolated molecules
which make only van der Waals contact with one
another. A view of the packing within the solids are
shown in Figures 17 and 18. One of the cyclopenta-
dienyl rings of the ferrocene molecule is involved in
m-stacking with Cgo or with Coo.

Additionally, a benzene solution of Cg and Fes-
(CO)4(n>-CsHs)s produces crystals of the ternary
material, Ceo'{Fe4(CO)4(175-C5H5)4}'3CGH5.88 Figure
19 presents views of the arrangement of components
within the solid and gives some dimensions that
relate to the structure. The geometrical features of
the individual molecules do not show any significant
variation from their normal structures, but the
fullerene is ordered in this solid. Of the four cyclo-
pentadienyl rings of the organometallic complex,
three are involved in face-to-face, 7—x interactions
with neighboring Ce molecules. The infrared spec-
trum of the solid shows a slight shift in »(CO) for the
iron cluster (from 1626 cm™1 for { Fe4(CO)4(1°-CsHs)4}
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Figure 17. A diagram that shows the packing of indi-
vidual molecules in Cgo-2{(7°-CsHs),Fe} (from data in ref
86).

FC

k

Figure 18. A diagram that shows the orientation of
individual molecules in C-2{(#°-CsHs),Fe} (from data in
ref 87). Note the similarity of the organization to that
shown in the related Cgo material in Figure 17.

to 1640 cm~tin the ternary cocrystals). This shift is
consistent with the organometallic component func-
tioning as a weak donor.

G. Iridium, Rhodium, and Cobalt
1. Adduct Formation with Vaska-Type Complexes,
Ir(CO)CI(PR3)2

Ir(CO)CI(PPh3), and related complexes with dif-
ferent phosphine ligands react with Cgo in benzene
as shown in eq 5.8° Analogous reactions of electron-

O

C

VPR
Ir(CO)CI(PR;3), + C4p = Ir )

= \pR,

Cl

deficient olefins with Vaska’s complex have been
described previously.®® The reaction shown in eq 5
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Figure 19. Two views of the packing of individual molec-
ular components in Cgo{ Fe4(CO)4(5>-CsHs)4} -3CsHs. (Re-
printed with permission from ref 88. Copyright 1993 Royal
Society of Chemistry.)

is a case of straightforward adduct formation both
from the view of the fullerene and that of the metal
complex (i.e., no ligands are displaced from the
iridium in the process). Moreover, this is generally
a reversible process. However, this ease of dissocia-
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Figure 20. The structure of (2-Cgo)Ir(CO)CI(PPh3), as
determined by an X-ray crystallography (from data in ref
89).

tion and reassociation has a great advantage in that
it facilitates the preparation of crystalline adducts
that are suitable for single-crystal X-ray diffraction.
The facile dissociation and reassociation of these
adducts allows the selection of a single molecular
species from a mixture during the dynamic process
of crystal growth. Thus, as seen later in this section,
adduct formation with complexes of the type 1r(CO)-
CI(ERs3), (E = P or As, R = alkyl or various aryl
groups) has become a valuable tool to gain useful
information about the structure and sites of chemical
reactivity in higher fullerenes and in chemically
modified fullerenes.

Slow diffusion of a concentrated benzene solution
of Ceo into a benzene solution of Ir(CO)CI(PPh3),
produces dark, nearly black crystals of the adduct,
(172-Ce0) Ir(CO)CI(PPh3),*5CsHs6.8%  The structure of the
complex is shown in Figure 20. The iridium atom is
bound to the fullerene through coordination toa C—C
bond at a 6:6 ring junction. The fullerene geometry
is perturbed in the vicinity of the addition; since the
carbon atoms that are coordinated to the iridium
atom are displaced from their normal position in the
fullerene core by about 0.3 A.

Infrared and Mdossbauer spectroscopy have been
utilized to examine the electronic structure of (-
Cs0)Ir(CO)CI(PPh3), and related complexes.®9°1 The
infrared spectra of the products of oxidative additions
to Ir(CO)CI(PPh3), show an increase in the CO
stretching frequency as compared to the parent. The
magnitude of this increase is directly proportional to
the reversibility of the addition and to the degree of
electron withdrawal from the iridium center.%> For
(7%-Ce0)Ir(CO)CI(PPh3),, the increase in »(CO) (from
1953 cm™1 in the parent to 2014 cm™ in the fullerene
adduct) corresponds to cases of easily reversible
additions. Such a change is consistent with the
solution behavior of the adduct which is largely
dissociated into its components through the reverse
of eq 5. The tetracyanoethylene (TCNE) adduct, (?-
TCNE)Ir(CO)CI(PPhs),, and the tetrafluoroethylene
adduct, (72-C,F4)Ir(CO)CI(PPhs),, exhibit larger in-
creases in the CO stretching frequencies (to 2052 and
2057 cm™1, respectively).®? Thus, these highly electron-
deficient olefins are more effective than Cgo in their
ability to remove electron density from iridium
through d-to-r back-bonding. The Mossbauer spectra
of these compounds have also been reported.®* The
decrease in the quadrupolar splitting on adduct
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formation (from 6.52(3) mm/s for 1r(CO)CI(PPhj), to
2.714(15) mm/s for (1?-Ceo)Ir(CO)CI(PPhs), and to
1.837(15) mm/s for (y>TCNE)Ir(CO)CI(PPhs),) has
been attributed to an unconventional redistribution
of d electrons. In comparison to Cg, tetracyanoeth-
ylene is again found to be a more electron-withdraw-
ing substituent. The alterations of the isomer shifts
within the series of compounds—Ir(CO)CI(PPhs),,
+0.022 mm/s; (17?-Ce0)Ir(CO)CI(PPhg),, —0.259 mm/
s; (n?>-TCNE)Ir(CO)CI(PPhz),;, —0.194 mm/s—were
analyzed in terms of a decrease in s electron density
in the adducts.

The reactivity of Vaska's complex can be altered
by modifying the ligands that are present. For
example, alkylphosphines produce Vaska-type com-
plexes that are more prone to oxidative—addition
than complexes with aryl phosphine ligands. Thus,
the binding constant for oxidative addition to 1r(CO)-
Cl(PMe;Ph), is about 200 times larger than it is for
Ir(CO)CI(PPh3),.%2 Consequently ligand modification
has been utilized as a means toward obtaining
multiple addition products of Cg,. Reactions of Cg
with excess (2- to 12-fold) of Ir(CO)CI(PMe,Ph),,%* Ir-
(CO)CI(PEt3)2,% or Ir(CO)CI(PMes),%® has led to the
generally selective crystallization of double addition
products. In each case the pattern of addition in the
isolated, crystalline material is the same; the double-
addition product crystallizes as the trans-1 or para
isomer shown in Figure 2. Statistically, this is the
isomer with the lowest probability of formation, but
it is also the isomer with the highest possible sym-
metry. Thus, it is also likely to have the most
compact structure.

The reaction of Cgy with one modified version of
Vaska's complex, Ir(CO)CI(PMe,Ph),, is complicated
by the formation of four different types of solids.%*
These have been identified as the single addition
product, two crystalline forms of the double addition
product, and an unidentified, apparently amorphous
material. The two different forms of the double
addition products have been examined by X-ray
diffraction, and the structures are compared in
Figure 21. The adducts vary in the orientation of the
substituents on their phosphine ligands and in the
solvate composition, but both have the trans-1 ori-
entation of the two iridium complexes. In the form
which crystallizes as obelisks, the four phenyl rings
of the phosphine ligands are oriented so that they
make face-to-face contact with the fullerene. On the
other hand in the plate-forming modification, the
phenyl substituents are all positioned away from the
fullerene core so that they interact more directly with
one another than they do with the Cg portion.
However, this solid has another interesting arene—
fullerene contact that is not shown in Figure 21. Two
benzene molecules cocrystallize with the adduct
molecule. These benzene rings are oriented nearly
perpendicular to the fullerene surface so that one
hydrogen atom lies only 3.09 A away from an
electron-rich 6:6 ring junction. Such edge-to-surface
interactions are recognized as attractive contribu-
tions to the stability of crystalline arenes.%6-9%°

Figure 22 shows the structures of two other such
adducts with trans-1 geometry, Ceo{ Ir(CO)CI(PMe3),} 2
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Figure 21. The structures of two different conformations
of Cgof Ir(CO)CI(PPhMey),} 2 in A, Ceof Ir(CO)CI(PPhMey),} 2
CesHs and B, Cgof Ir(CO)CI(PPhMe,),} 2:2CsHg (from data in
ref 94). There is a close benzene/Cg contact in the structure
of Ceo{ Ir(CO)CI(PPhMe,),-CsHs that is not shown.

Figure 22. The structures of Cgo{ Ir(CO)CI(PMej3),}, and
Ceo{ Ir(CO)CI(PEt3),} (from data in ref 95).

and Ceof{ Ir(CO)CI(PELs),}2.%° The frequent occurrence
of the trans-1 geometry, in these adducts has been
attributed to the low solubility and efficient crystal
packing of this type of symmetrical structure.
While many of the adducts of fullerenes with
Vaska-type complexes have poor solubility, Cg{Ir-
(CO)CI(PETts3),} 2-CeHe does dissolve to a significant
extent in a 6:4 o-dichlorobenzene/toluene mixture to
allow examination by 3'P NMR spectroscopy.®® This
solvent mixture has a sufficiently large liquid range
so that variable temperature studies down to —80 °C
are feasible. Relevant 3'P{'H} NMR spectra for
solutions of Cgof Ir(CO)CI(PEts),} 2:CeHg are shown in
Figure 23. In this solvent mixture, the 3'P{'H} NMR
spectrum of Ir(CO)CI(PEts), consists of a narrow
singlet at 20.2 ppm at 20 °C. Trace A shows the
spectrum of Ceo{ Ir(CO)CI(PEt3)s}, at 20 °C where two
very broad resonances are present with a relative
intensity ratio of 1.9. Trace B shows the spectrum
of the sample after cooling to —30 °C. The two lines
have sharpened considerably, the upfield line shows
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Figure 23. The 121-MHz 31P{'H} NMR spectra of Cgo{ Ir-
(CO)CI(PELt;),} 2 CsHs dissolved in 6:4 viv mixture of o-
dichlorobenzene and toluene at A, 20 °C; B, —30 °C; C, —80
°C; D, —80 °C after the addition of excess Cgo (Reprinted
from ref 95. Copyright 1994 American Chemical Society).

asymmetry, and the ratio of relative intensities
between the low-field and the high-field resonances
has changed to 0.4. Trace C shows the spectrum that
was obtained after cooling the sample to —80 °C.
Further narrowing of all resonances has occurred,
and the upfield region is now comprised of at least
16 individual components. At this temperature, the
ratio of intensities between the resonance at 20.8
ppm and the group of resonances at ~—18 ppm is
0.15. Addition of an excess of Cg to this sample gives
the 31P{*H} NMR spectrum shown in trace D. Only
a single resonance is observed.

These data are consistent with extensive dissocia-
tion of the adduct in solution as shown in the
reactions in eqs 6 and 7.9

Cool I(CO)CI(PEL,),}, =
Csof IF(CO)CI(PEL,),} + Ir(CO)CI(PEL;), (6)

Ceof IN(CO)CI(PEL,),} = Cy, + Ir(CO)CI(PEL,),
(7)

The resonance at ~20.8 ppm is readily assigned to
free Ir(CO)CI(PEt3),. The broadening seen at 20 °C
in trace A is readily explained by rapid exchange of
the free and fullerene-bound iridium complexes. The
single line seen in trace D can be assigned to the
single addition product, Ceo{ Ir(CO)CI(PELt;).}, which
forms in the presence of excess Cgo through the
reverse of eq 7 and also by the reaction in eq 8. The

Ceol IN(CO)CI(PEL;),}, + Coo =
2C{ IN(CO)CI(PEL,),} (8)



2138 Chemical Reviews, 1998, Vol. 98, No. 6

Figure 24. A view of the molecular packing in (52-Cg)-
Ir(CO)CI(PPh3),°5CsHs which emphasizes the location of
the benzene rings (from data in ref 89).

multiplicity of lines in the —16 to —20 ppm region
have been assigned to the presence of isomeric forms
of the double-addition product and possibly some
higher addition products. Because of their lower
symmetry and the presence of inequivalent phospho-
rus atoms, each of the seven possible regioisomers
for the double-addition products could produce at
least two 3P NMR resonances, and hence the high-
field region of the spectrum is expectedly complex.

Cooling the sample results in alteration of the ratio
of the amounts of free and fullerene-coordinated Ir-
(CO)CI(PEtg), that are present. At room tempera-
ture, free Ir(CO)CI(PEts), is prevalent while at —80
°C, the fullerene-coordinated form is dominant. This
behavior is consistent with thermodynamic consid-
erations in which the entropically driven dissociation
reactions shown in egs 6 and 7 are more significant
at higher temperatures.

The structure of (12-Ceo)Ir(CO)CI(PPhs)2-5(CsHe)
(Figure 20) shows that two of the phenyl rings of the
triphenylphosphine ligands are positioned near the
fullerene surface where they can make face-to-face,
m—m contact.8? Additionally, there are five benzene
molecules in crystals of this complex as shown in the
view of the unit cell in Figure 24. These solvate
molecules fill what would otherwise be voids in the
structure and make z—x contacts as well as edge-
to-face contacts with the fullerene portion and with
one another. The presence of such solvate molecules
within crystalline metallofullerenes and of fullerenes
themselves is extraordinarily common, as has been
observed especially well in Cgo*4CgHg.100:102

The presence of such face-to-face arene/fullerene
contacts in many fullerene containing solids sug-
gested that it should be possible to design new
phosphine ligands which would enhance such 7—x
contacts. To accomplish this, it was necessary to
design a ligand that would allow flat aromatic por-
tions to be connected in such a flexible manner that
they could easily surround the curved exterior of a
fullerene. Toward this end, the new ligand Ph,-
PCH,CsH,OCH,CsHs (Ph,Pbob) was synthesized and
converted into Ir(CO)CI(Ph,Pbob),.1%2 This Vaska-
type complex reacts with Cgo to form (72-Ceo)Ir(CO)-
Cl(Ph,Pbob), which precipitates from benzene solu-
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Figure 25. A drawing of an individual molecule of (%
Ce0)Ir(CO)CI(Ph,Pbob), (from data in ref 103).

Figure 26. A stick drawing and a space filling diagram
of two molecules of (7?-Cg0)1r(CO)CI(Ph,Pbob), which show
how the arms of the Ph,Phob ligand encircle the fullerene
portion of an adjacent molecule. Repetition of this motif
creates infinite chains of these molecules in the crystalline
solid (from data in ref 102).

tion as black crystals. In this solid the fullerene is
bound to iridium in the expected 7?-fashion at a 6:6
ring junction. No benzene is incorporated into the
solid; i.e. (172-Ceo)Ir(CO)CI(Ph,Pbob), crystallizes as
a solvate-free species. The two benzyloxybenzyl
groups of one molecule of the complex cradle the Cgo
portion of the adjacent molecule in a van der Waals
embrace. Figure 25 shows a drawing of an isolated
molecule, while Figure 26 shows how one molecule
embraces the next. The result is a linear array of
molecules that extends throughout the crystal. The
packing efficiency in this solid is remarkable. Two
of the phenyl rings of each benzyloxybenzyl group
make face-to-face w-contact with an adjacent fullerene,
while another phenyl ring makes face-to-face contact
with the fullerene within the molecule. The remain-
ing phenyl ring of each phosphine ligand fits snugly
between two columns of the complexes. While Ir-
(CO)CI(PhyPbob), readily forms a crystalline solid
with Cg, it does not react with Cy to yield crystalline
material under similar conditions. The failure to
form such an adduct with C;o may result from the
larger size of this fullerene and its inability to form
as compact a structure as that shown in Figure 25.

The dendrimeric ligands, Ph,P (3,5-bis(benzyloxy)-
benzyl) (PPh,(G-1)) and Ph,P (3,5-bis(3,5-bis(benzyl-
oxy)oxybenzyl) (PPhy(G-2)) which incorporate five
and nine benzene rings into each phosphine, have
been prepared and utilized to study the reversibility
of Ceo binding to the complexes, Ir(CO)CI(PPh,G-1),
and Ir(CO)CI(PPh,G-2),.19% Analysis of the 3'P NMR
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Figure 27. A molecule with two fullerene units connected
by a dimetallomacrocycle. The structure of (Cgp)21r2(CO),-
Cly(u-PhP(CH,);PPhy), as determined by X-ray crystal-
lography (from data in ref 105).

spectra of the reaction of these complexes with Cgo
produced the first thermodynamic data for fullerene
binding to a transition metal. In chlorobenzene
solution, it was concluded that the dendrimeric arms
of the phosphine ligands did not play a major role in
stabilization of the fullerene adducts. Unfortunately,
solubility considerations precluded examination of
the equilibrium in nonaromatic solvents where the
dendrimeric ligands might have played a greater role
in adduct stabilization.

Metallomacrocycles'® of the type Ir,(CO),Clx{ Ph,-
P(CH3),PPhy},, which have varying spacing between
the two iridium centers, have been prepared and
their ability to coordinate to fullerenes has been
examined. These dimetallic complexes are unable to
make two connections to the same fullerene, but they
are able to form bridges between two fullerene units.
As shown in eq 9, Cgo and Iry(CO),Cl{ Ph,P(CH;)+-
PPh,}, combine to form a stable adduct in which two
fullerenes are chemically connected through the
metallomacrocycle.’%® The structure of the product

is shown in Figure 27. In this case, the bifunctional
metallomacrocycle serves to keep the two fullerene
moieties in the molecule rather far apart. Both the
fullerene center-to-center separation of 16.559 A and
the nonbonded Ir--Ir distance of 8.104 A are long.

Higher fullerenes also yield adducts with Vaska-
type complexes. The adduct, (?-C)1r(CO)CI(PPhz),-
2.5CsHes, is readily formed from the reaction of Czg
with 1r(CO)CI(PPhs), in benzene solution.'% Figure
28 shows the structure of the molecule as determined
in a single-crystal X-ray diffraction study. Init, the
iridium atom is coordinated to a C,—Cy, bond at a 6:6
ring junction at one pole of the C;, moiety. The
structure of the fullerene moiety conforms to expec-
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Figure 28. The structure of (#?-C0)Ir(CO)CI(PPh3),-
2.5C¢Hg as determined by X-ray crystallography (from data
in ref 106).

tations. It possesses an ellipsoidal shape with a 6.82
A diameter and a 7.90 A distance along the (former)
5-fold axis. The curvature of the fullerene portion is
highest at the poles, while the hexagons about the
waist of the molecule are somewhat concave. In
Table 2, the fullerene dimensions obtained from the
structure of (72-C)Ir(CO)CI(PPh3),:2.5C¢He are com-
pared to those obtained from crystalline C+6(Sg),%”
from a related double-addition product,’® from a
theoretical calculation,®® and from an electron dif-
fraction study of Cs (at much higher temperature,
810—835 °C).110111 These data are largely consistent
with one another. However, the electron diffraction
study does give an equatorial C.—C, bond length that
is 0.06 A longer than the other studies. Conse-
guently, in the gas phase at high temperature, the
equatorial hexagons of C7 are not pinched inward
as they are in all other structures that are compared
in Table 2. Complex formation causes only a local
structural deformation of the carbon cage.

In Cyo there are eight types of C—C bonds, four of
which occur at 6:6 ring junctions. Thus, the potential
for the formation of isomeric addition products is
considerable. The isolation of only a single isomer
of (7?-C70)Ir(CO)CI(PPh3), can be attributed in part
to the reversibility of the addition reaction that is
utilized in its formation and crystallization as dis-
cussed above. The isolation of this particular isomer,
with the iridium complex bound to a C,—Cy bond,
reflects both the high & bond order of the C,—Cp
bond,*® and the fact that the molecule is most curved
near the poles. In contrast, the molecule is flattened
at the equator (as seen in Figures 4 and 28). Because
of the curvature at the poles, the carbon atoms of
types C, and C, are the most pyramidalized.58112
Coordination of metal centers to olefins results a
distortion of the olefin so that the substituents are
bent away from the added metal center (i.e. the
carbon atoms of the olefin become pyramidalized). In
the C7 the carbon atoms at the poles are already
somewhat pyramidalized, but even further pyrami-
dalization occurs upon coordination of a metal center.
The pyramidalization of C, and C, increases from
11.96° and 11.96° in Cyg itself to 14.4° and 17.0° in
(17%-C70)Ir(CO)CI(PPh3),.58 Thus, in C; the most
pyramidalized carbon atoms (C,,Cy) are the prime
sites for attachment of organometallic reagents such
as Ir(CO)CI(PPh3), and Pt(PPhs), (vide infra).
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Table 2. Dimensions within Free and Complexed C
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average bond length (A)

bond ab initio calculation C70°6(Ss) (7?-C70)Ir(CO)CI(PPhg), (7?-C0){ Ir(CO)CI(PMe,Ph),}» gas phase
Ca—Ca 1.451 1.453 (3) 1.46 (3) 1.440 (6) 1.461 (8)
Ca—Cyp 1.375 1.387 (4) 1.38 (1)2 1.386 (19)? 1.388 (16)
Cpr—C. 1.446 1.445 (3) 1.45 (3) 1.455 (11) 1.453 (11)
C.—C¢ 1.361 1.378 (3) 1.37 (2) 1.374 (13) 1.386 (25)
C.—Cq 1.457 1.447 (2) 1.43 (2) 1.444 (14) 1.405 (13)
Cy—Cyq 1.415 1.426 (3) 1.44 (1) 1.427 (8) 1.425 (14)
Cu—Ce 1.407 1.414 (2) 1.42 (3) 1.420 (7) 1.405 (13)
Ce—Ce 1.475 1.462 (4) 1.46 (2) 1.458 (7) 1.538 (19)
ref 109 107 106 108 111

@ The bonds that are coordinated to iridium are excluded from the average.

Figure 29. The structure of C7o{ Ir(CO)CI(PPhMe,),}, as
determined by X-ray crystallography (from data in ref 108).

The addition of multiple numbers of Vaska-type
complexes to Cszo has also been explored. So far,
multiple addition has been limited to the formation
of products with two iridium complexes appended to
C70. Figure 5 shows the possible sites for double
addition when the reactivity of Cyq is confined to the
C.—Cy, bonds at its opposite poles. Three double-
addition products can result: addition at site A
brings the two added groups closest to one another,
addition at site C positions the two groups furthest
apart, while addition at site B places them at an
intermediate distance. With the more reactive com-
plex, Ir(CO)CI(PMe,Ph),, both single- and double-
addition products have been obtained as crystalline
solids.’%® The yield of the two products is controlled
by the stoichiometry of the reaction. The structure
of the single-addition product resembles that of the
triphenylphosphine analogue, and again, addition to
a C,—C,;, bond occurs. The reaction of Cyo with a 6-
to 12-fold excess of Ir(CO)CI(PMe,Ph), produces
crystalline (72-C70){ Ir(CO)CI(PMe,Ph),}»-3C¢He, ex-
clusively.1®® The structure of this double-addition
product is shown in Figure 29. This product results
from an addition to site B in C;o (Figure 5). That is
the site which places the two added groups at an
intermediate distance apart. Steric effects are not
responsible for guiding this reaction; since there are
no unfavorable contacts between the added moieties
when they are artificially placed in sites A, B, or C.
In this double-addition product, all of the four phenyl
rings make close w—m contacts with the fullerene
portion, while the methyl substituents on the phos-
phine ligands are directed away from the fullerene.

This orientation of the phenyl rings resembles that
seen for one of the forms of (5?-Cso){ Ir(CO)CI(PMey-
Ph),}, which is shown in Figure 21.%*

The structure of Cgs has also been investigated
through the formation of an adduct with Vaska's
complex. With Cg, there are 24 isomeric structures
that obey the isolated pentagon rule. Thus, its
structure is more complex that Cg or C7o where only
one isolated pentagon structure exists. These 24
structures for Cgs are divided into two disjoint
families.’®® The isomers within each family can be
converted into one another through the pyracylene
or Stone—Wales transformation.'*4 Within the group

Stone-Wales Transformation

of 24 isolated pentagon isomers, there are four D, and
two Dyg isomers, as well as other isomers with
symmetries as high as Dsy and even T4. Calculations
indicate that the D, (22) and Dq (23) isomers shown
in Figure 30 have the lowest energies.'*® Initial 1°C
NMR studies on Cgs have indicated that the 32-line
pattern can be explained by the presence of a 2:1
mixture of these D, (22) and D,q (23) isomers.116:117
However, only recently has an effective chromato-
graphic separation of these isomers has been re-
ported.*'® Further studies of the Cg4 fullerene, par-
ticularly those examining endohedral He@Cg, via *He
NMR spectroscopy, indicate that several other iso-
mers are present,119.120

The addition of an excess of Ir(CO)CI(PPhs), to a
saturated benzene solution of the mixture of isomers
of Cgs formed in the arc process produces black
crystals of (72-Cg)Ir(CO)CI(PPh3),:4CsHs.2?t The re-
sults of a single-crystal X-ray diffraction study are
shown in Figure 31. While the complex itself has no
crystallographically imposed symmetry, the geometry
of the fullerene portion corresponds to the Doy (23)
isomer of Cg4. The distance along the (former) C, axis
that bisects the C(32)—C(53) and C(42)—C(43) bonds
is 8.61 A, while the distance across the two (former)
2-fold axes that are perpendicular to this is 8.34 A.
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D2d (23)

Figure 30. The D, (22) and Dyq (23) isomers of Cgq Which
calculations indicate are the most stable of the 24 isolated
pentagon isomers of Cga.

==y

Figure 31. The crystallographically determined structure
of (7?-Cg4) Ir(CO)CI(PPh3),-4CsHs (from data in ref 121). The
D,q4 isomer of Cg, is the prevelant form that separates upon
crystallization. The arrow points to the C(42)—C(43) bond
directly opposite the C—C bond to which the iridium atom
is coordinated.

The iridium ion is coordinated to the C(32)—C(53)
bond, which is one of the 19 different types of C—C
bonds in Cgs. Huckel calculations indicate that this
is the bond in Cg, that has the highest z-bond order,
and therefore it should be the most reactive.’® As a
consequence of coordination, the length of the C(32)—
C(53) bond (1.455 (6) A) is considerably greater than
that of its unreacted counterpart, the C(42)—C(43)
bond (1.332 (11) A) at the opposite side of the
fullerene.
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Figure 32. A region of additional electron density on the
Cegs surface in the structure of (52-Cgs)lr(CO)CI(PPh3),-
4CgHs (from data in ref 121). This is the region noted by
the arrow in Figure 31.

The selective crystallization of the less abundant
D,q (23) isomer into the adduct, (52-Cgs)lr(CO)CI-
(PPh3),-4CsHs, may be a consequence of the higher
reactivity of this isomer. Huckel molecular orbital
calculations show that the D,q (23) isomer of Cgs has
the most localized z-bonds in the group of fullerenes
that includes Cgo, C70, C76, C7s, and other isomers of
Cs4.1® Consequently, it has been suggested that this
D24 (23) isomer will be the most reactive toward
addition reactions.!®

However, the separation of Cgs isomers that is
achieved through crystallization of the adduct, (3?-
Csg4)Ir(CO)CI(PPh3),:4CeHg, is not complete. Exami-
nation of residual electron density within the fullerene
portion of the adduct indicates that another isomer
of Cg4 is probably present. Difference maps reveal
the presence of electron density near the centers of
six hexagons that are adjacent to three specific bonds.
Figure 32 shows the location of one set of such sites
of electron density, which have been treated as
additional carbon atoms with fractional occupancy.
The observed pattern is a superposition of the two
local structures that are related by a Stone—Wales
transformation.*'* No other orientation of the Dy
(23) isomer of Cg4 would produce the observed pattern
of additional electron density. Itis possible that the
presence of small amounts of other isomers could
produce these features. However, with the limited
amount of data available, an unambiguous identifi-
cation of the isomer (or isomers) of Cgs which is
responsible for these features is not possible. Nev-
ertheless, through adduct formation and crystalliza-
tion, a partial separation of the Cg4 isomers has been
achieved for the first time.

Adduct formation with Vaska's complex has pro-
duced the first set of structures where the three most
common fullerenes, Cgo, C70, and Cgs, can be directly
compared. Figure 33 presents drawings of (2-Cgo)-
Ir(CO)CI(PPh3),, (#?-C70)Ir(CO)CI(PPh3),;, and (?-
Csgs)Ir(CO)CI(PPhs), on the same scale so that the
differences in sizes and shapes of the three fullerenes
are apparent.

The reaction of chemically modified fullerenes with
Vaska's compound can also produce crystalline ma-
terials that give information about their structure



2142 Chemical Reviews, 1998, Vol. 98, No. 6

Figure 33. A comparison of the structures of (72-Ceo)lr-
(CO)CI(PPhy3)y, (7?-C70)1Ir(CO)CI(PPhg),, and (172-Cgg)I1(CO)-
CI(PPhg),. The three drawings were made to the same
scale. van der Waals contours are represented.

Figure 34. A view of (#2-Cg0)Ir(CO)CI(PPhs), as deter-
mined by X-ray crystallography (from data in ref 125). The
epoxide oxygen is disordered over two sites.

and reactivity. Several fullerene oxidation products
have been examined and characterized using this
methodology. The simplest fullerene oxide, Cg0, has
the epoxide structure,'?2123 put crystallizes with the
oxygen atom disordered over the entire fullerene
surface.’** However, CgO reacts with Ir(CO)CI-
(PPhs), to form black crystals of (72-CgO)Ir(CO)CI-
(PPh3)2-5CeHs which show much more limited disor-
der.??> The structure of the adduct, as determined
by X-ray diffraction, is shown in Figure 34. The
epoxide functionality is clearly present. The O(1)—
C(3)—C(4) unit forms a nearly equilateral triangle;
the C—O distances (1.445(12), 1.462(12) A) and the
C—C distance (1.480(11) A) are within the range
expected for an epoxide unit. Surprisingly, in the
context of examples of multiple addition of metal
complexes to Cgo, the addition occurs so that the
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iridium center binds to a 6:6 ring junction that shares
a common hexagonal face with the epoxide unit. The
nonbonded Ir—O(1) separation is large (3.463(7) A),
and it is clear that there is no direct interaction
between the iridium and oxygen atoms. This obser-
vation is particularly significant since there are cases
known where low-valent metal complexes do insert
into the C—O bonds of epoxides.’? In the solid-state
structure of (?-C0O)Ir(CO)CI(PPh3),-5C¢Hs, the ep-
oxide oxygen atom occupies two sites (O(1) and O(1"))
with different occupancies, but both sites are simi-
larly situated with regard to the placement of the
iridium atom.

Some loss of oxygen from CgoO is observed during
the growth of crystals of (#?-CgQO)Ir(CO)CI(PPhg),:
5C¢He.1?5 This deoxygenation may result from a
small degree of phosphine dissociation from the
parent complex, since free triphenylphosphine reacts
with CgoO to form Cgo and triphenylphosphine ox-
ide.*?” The use of Ir(CO)CI(AsPhys), for adduct forma-
tion avoids these problems, because triphenylarsine
is less reactive than triphenylphosphine toward
deoxygenation of C¢O.%27 Crystallographic analysis
of the resulting adduct, (72-CeO)Ir(CO)CI(AsPhs),-
4.82CsH;s-0.18CHCI3, shows that the epoxide function
is again present and that the organometallic group
binds in the immediate proximity of the epoxide.
However, the degree of disorder in the location of the
epoxide oxygen atom found in this compound is
greater than that found in the triphenylphosphine
analogue; since there are four sites which are oc-
cupied by oxygen atoms in the solid-state structure
of (7’]2-C600)|r(CO)Cl(ASPh3)2'482C6H5'018CHC|3

Oxidation of Cgp with m-chloroperoxybenzoic acid
produces CgoO, two separable isomers of CgO-, and
three separable isomers of Cg03.228 All of these
oxides react with triphenylphosphine to form Cg, and
hence all contain epoxide functionalities.’?® 13C NMR
spectroscopy has shown that the most abundant
isomer of Cg0O, has Cs symmetry, and is one of the
three isomers shown in Figure 35.128 Reaction of this
isomer with Ir(CO)CI(PPhs), yields a crystalline
adduct, (7]2-C5002)|r(CO)Cl(PPh3)2’5C6H5. This com-
pound has been studied by single-crystal X-ray dif-
fraction, but again there is a significant degree of
disorder in the locations of the oxygen atoms. These
oxygen atoms are found at seven partially occupied
sites over 6:6 ring junctions on the fullerene surface.
Analysis of the relative populations of these sites
indictates that the CgO, isomer that is present is
the cis-1 isomer (see Figure 2). This isomer has the
two epoxide groups on a common hexagonal face of
the fullerene. Figure 36 shows the structure of the
prevalent form of the adduct that is present. This
figure also includes a drawing of the fullerene surface
which shows the locations of the seven sites where
oxygen atoms are found, as well as the relative
populations of these sites. In the predominant form
of the adduct, the iridium atom is coordinated to two
carbon atoms that are immediately adjacent to both
of the epoxide groups. Thus, despite the disorder,
crystallographic analysis of the adduct has allowed
differentiation among the three possible Cg0O, iso-
mers whose structures are consistent with the ob-
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Figure 35. (A) Drawings of the three Cs isomers of Cgg
diepoxide with Cs symmetry that are consistent with the
observed 3C NMR spectrum and (B) drawings of the two
known isomers of C40O.

Figure 36. (A) A view of the predominant form of
(7?-Cg002)Ir(CO)CI(PPh3), that is present in the crystalline
adduct. (B) A drawing of the fullerene portion which shows
the relative location of the iridium center, the seven sites
that are occupied by epoxide oxygen atoms, and the relative
populations of these seven sites (from data in ref 128).

served pattern of 13C NMR resonances for the diep-
oxide.
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Figure 37. Drawings of the two forms of (2-C7,0)Ir(CO)-
CI(PPhs), that share a common site in crystalline (72-C700)-
Ir(CO)CI(PPh3),-5CsHs (from data in ref 131).

Oxidation of Cyq yields C7,0, which has been found
to exist in two isomeric forms.'3 Both isomers are
epoxides: one has the oxygen atom located above a
Ca—Cy;, bond of the fullerene, while the other has the
oxygen atom located over a C.—C, bond of fullerene
as shown in Figure 35. Reaction of a mixture of the
two CoO isomers with Ir(CO)CI(PPhg), yields (#?-
C700)Ir(CO)CI(PPh3),-5CsHe.13  As shown in Figure
37, X-ray crystallography of the adduct shows that
C+00 has the epoxide structure and that the iridium
complex is bound to a C—C bond that is immediately
adjacent to the epoxide. However, as with the other
fullerene oxide adduct structures, there is a signifi-
cant degree of disorder in this structure as well.
Thus as with crystalline (17?-Ceo) Ir(CO)(PPhg)s-5CsHg, 2
there are two sites for the oxygen atoms. Remark-
ably, there are also two different orientations of the
C7o unit. These two orientations occupy a common
site. Figure 38 shows the relationship between these
two orientations. In this drawing one C;o molecule
is shown with solid lines connecting the atoms while
the other C;o molecule has open lines connecting the
atoms. The locations of the 5-fold rotation axes of
the fullerenes are shown by the arrows. Note the
similarity of the immediate environment surrounding
the iridium centers in both orientations and the
similarity in the local C7o structures near the poles.
The crystal structure of (?-C700)Ir(CO)CI(PPh3),-
5CeHs is consistent with the presence of two C;00
isomers in the solid. After the structural analysis, a
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Figure 38. A view of two superimposed molecules of Cv.
The molecules are oriented so that the Cs ring at the pole
of one molecule (shown with solid lines) overlaps with one
of the five Cs rings that is immediately adjacent to the pole
of the other C;9 molecule (shown with hollow lines). The
arrows show the locations of the 5-fold rotation axes in the
two molecules.

Figure 39. The crystallographically determined structure
of Cso{ |I'2C|2(774-C3H12)2} 2*2CgHg with a diagram that ex-
pands the coordination geometry in the vicinity of the two
iridium atoms (from data in ref 132).

chromatographic means of separation of the two
isomers of C,,0O was devised.

2. Addition of |I’2(‘u-C|)2(774-C8H12)2 to Cgo

Mixing benzene solutions of Cgso and Iry(u-Cl)a(7*-
CgH1z)> produces black crystals of Ceo{ Ir2Cly(%-
CgHi2)2}2°2CsHs.  The structure of the adduct is
shown in Figure 39.1%2 Two of the dimeric iridium
complexes are bound to the opposite ends of the Cg
moiety. Each iridium is #?-coordinated to a single
C—C bond at a 6:6 ring junction of the fullerene. The
two iridium atoms of each binuclear, chloro-bridged
unit coordinate to C—C bonds on a common hexago-
nal face of the fullerene. The presence of the chlo-
robridges constrains the location of the two iridium
centers to one hexagon of the fullerene. The Ir—C
distances are similar to those found for the Vaska-
type adducts that were described in Section G.
Addition of Iry(u-Cl)y(*-CgH1z)2 to Cgo results in a
decrease in the isomer shift in the %Ir Mdssbauer
spectrum of the adduct.*®313* Little else is known
about addition reactions of the inorganic component,
|r2(/,t-C|)2(774-C8H12)2.
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3. Reaction of (17°-CgH5)Ir(CO)(12-CgHyo) with Ceo

Heating a benzene solution of the indenyl iridium
complex, (7°-CgH7)Ir(CO)(1?-CgH14), With Cg for 8 h
produces the new complex (12-Ceo)Ir(CO)(°-CoH>) as
shown in eq 10.1%° Black (572-Ceo)Ir(CO)(1°-CoH7)

(m*-CoHIr(CO)YM*-CgHig) + Coo —

Irm>-CoH7)CO (10)
+ CgHiq

dissolves in aromatic and chlorinated solvents to give
stable solutions. The infrared spectrum of (2-Cgo)-
Ir(CO)(n°-CyH7) shows a carbon monoxide stretching
vibration at 1998 cm™! that is shifted to higher
energy than that of the parent olefin complex, (3?-
Ceo)IF(CO)(>-CoH7) at 1954 cm~t. This shift is
consistent with the withdrawal of electrons from the
iridium center onto the fullerene through the d-to-
z* type of back-bonding.

(7?-Ce0)Ir(CO)(17°-CoHy7) is reduced electrochemically
in two reversible, one-electron processes.'*® The
potentials for these processes are shifted by ~0.1 V
to more negative values relative to those of Cso. Such
cathodic shifts are consistent with the effects seen
for the addition of other metal complexes to Cgo.2* The
reduction of (172-Ceo) Ir(CO)(17°-CoH-) has been followed
by infrared spectroelectrochemistry. During reduc-
tion to form the monoanion, the carbon monoxide
stretching frequency is lowered by 12 cm~!. Further
reduction to the dianion produces an additional shift
in v(CO) by 23 cm™. Since these shifts are relatively
small, the reductions are largely centered on the
fullerene portion of the molecule.

Thin films of (?-Cgo)1r(CO)(57°-CoH-) on gold elec-
trodes show surface-enhanced Raman spectra with
added complexity (compared to Cg itself) that is due
to the lower symmetry of the adducts.*®’

The electronic absorption spectrum of (2-Ceo)lr-
(CO)(n>-CgHy7) is similar to that of Cg, with the
exception of a new band at 436 nm. This new feature
has been assigned to a Ceo-based transition that gains
intensity through the lower symmetry of the ad-
duct.’3 Photolysis of a toluene solution (32-Ce)lr-
(CO)(5-CoH7) at 388 nm produces a transient ab-
sorption spectrum with maxima at 420, 490, and 720
nm. This spectrum is similar to the transient ab-
sorption spectrum obtained after photolysis of a
solution of uncomplexed Cgo. The excited-state life-
time for this transient form of (52-Ce)Ir(CO)(17°-CoH-)
is 100 ns under O,-free conditions. Thus, its lifetime
is 500 times shorter than that of free Cgo. Addition
of dioxygen reduces the lifetime of the excited state
of (72-Ceo)1r(CO)(15-CoH5). In the presence of tetra-
methylethylene, energy transfer from the excited
state of (7?-Ceo)Ir(CO)(1°-CoHy7) results in the forma-
tion of singlet oxygen and subsequent production of
a hydroperoxide.
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Figure 40. A drawing of the structure of one of the two
independent molecules of (7?-Ceo)RhH(CO)(PPhs),. The
location of the hydrogen atom is presumed to be trans to
the carbon monoxide ligand but it was not located in the
crystal structure analysis (from data in ref 140).

4. Reaction of Cgy with the Hydrogenation Catalyst,
RhH(CO)(PPhs)3

RhH(CO)(PPh3); is a useful catalyst for the homo-
geneous hydrogenation of olefins.’3® However, efforts
to use Rh(CO)H(PPhs); to catalyze the hydrogenation
of Ceo have not been successful. Nevertheless, RhH-
(CO)(PPhg); does react with Cgo as shown in eq 11.

RhH(CO)(PPh;); + Cgy —

+PPh; (11

The deep green complex, (17?-Ceo)RhH(CO)(PPhs),, has
been isolated as crystals suitable for X-ray diffrac-
tion.»% Figure 40 shows a view of one of the two
independent, but structurally similar, molecules
within the solid. The arrangement within the (;?-
Ceo)Rh(PPh3), unit is very similar to the analogous
portion of (2-Ceo)Ir(CO)CI(PPhs), (Figure 20). Elec-
tron density in the hydride position was not directly
observed by the crystallographic study, as is fre-
quently the case for metal hydrides. However, there
is little doubt that the hydride ligand resides in the
space trans to the carbon monoxide ligand. Green
(7>-Cs0)Rh(CO)H(PPh3), is stable in solution with
respect to dissociation of the fullerene. The spectro-
scopic data for this complex indicate that the hydride
ligand is bound to rhodium and not to the fullerene.
The *H NMR resonance for the hydride appears as a
triplet at —9.33 ppm with 2Jpy = 8.4 Hz. The value
of *Jrnu is too small to be observed for both the Ceo
adduct and the parent complex, Rh(CO)H(PPh3);.13°

Although (172-Cs0)Rh(CO)H(PPhs), is not effective
in stoichiometric or catalytic hydrogenation of Cg,
it is a hydroformylation catalyst for ethylene and
propylene.3:140  However, hydrogenation of Cs to
form CgoH2 has been achieved using a heterogeneous
rhodium-catalyzed process.**!

Electrochemical studies of (17?-Cso)Rh(CO)H(PPh3),
reveal that the complex undergoes extensive dis-
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Figure 41. The structure of (7?-Cgo)Rh(acac)(3,5-dimeth-
ylpyridine), as determined by X-ray crystallography (from
data in ref 147).

sociation of the fullerene upon either oxidation or
reduction.*#?

An analogous complex of C7o, (17?-C70)Rh(CO)H-
(PPhs)2, has also been prepared.*3-145 The iridium
analogue of (72-Ceo)RN(CO)H(PPh3),, i.e. (2-Ceo)lr-
(CO)H(PPhg),, has been prepared from the reaction
of Cgp with Ir(CO)H,CI(PPh3), in the presence of
potassium hydroxide.46

5. Other Additions

A benzene solution of Cg and Rh(acac)(C,H,)2
produces a brown precipitate with poor solubility that
is presumed to be polymeric.'*” The polymer dis-
solves in 3,5-dimethylpyridine, and dilution with
benzene yields the five-coordinate Rh(I) complex (3?-
Cso)Rh(acac)(3,5-dimethylpyridine), whose structure,
as determined by X-ray crystallography, is shown in
Figure 41.

Fluxional processes within (7?-Ceo)M(NO)(PPh3),
(M = Rhor Ir) and (?-Cs)Rh(CO)H(PPhs), have been
examined by 3C NMR spectroscopy.*® At low tem-
peratures the spectra are consistent with simple #?-
fullerene coordination, but warming the THF solution
produces spectral changes that have been interpreted
in terms of fluxional processes that involve rotation
about the metal-fullerene bond and subsequent
metal—fragment migration over the fullerene surface.
For sorting out the fullerene resonances in molecules
of this type, the 2D EXSY measurements are par-
ticularly useful.

The reaction of Cgo With (°-bicyclo[3.2.0]hepta-1,3-
dienyl)(n*-tetraphenylcyclobutadiene)cobalt(l) pro-
ceeds via a ring slippage reaction through an #°-

Ph Ph Ph o Ceo
Ph Ph

Ph Ph

(12)
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Figure 42. The structure of the [4+2] cycloadduct (n*-
Ph,C4)Co(7°-CsH3(CH.).Cqo) as determined crystallographi-
cally (from data in ref 149).

Scheme 5. Ring Opening Reactions of Cgy (ref 151)

A

g‘\

=T
oS

intermediate that undergoes a [4+2] cycloaddition to
the fullerene, as shown in eq 12.149

Similar [4+2] cycloadditions of this cobalt complex
to simple olefins have been reported previously.*>®
The cycloadduct has been unambiguously character-
ized by X-ray crystallography. The structure of the
cycloadduct is shown in Figure 42.

One of the most remarkable transformations in
transition metal—fullerene chemistry involves the
ring-opening reactions outlined in Scheme 5.151.152
The 1,2-(3,5-cyclohexadieno)Ceo (A, Scheme 5) un-
dergoes [4+4] photoaddition to produce B transiently.
Intermediate B is rapidly converted by a retro
[2+2+2] cycloreversion to form the isolable bis-
methano[12]annulene C. Purple C reacts with (°-
CsHs)Co(CO), to form D, in which the cobalt center
is coordinated in an n?-fashion to the nonfullerene
double bond that was present in C and in an
ni-fashion to two of the carbon atoms of the fullerene
portion. The structure of D, which is shown in Figure
43, has been elucidated by X-ray crystallography. The
separations between the cobalt center and these two
carbon atoms are 1.923(8) and 1.902(8) A. The
distance between the two carbon atoms is 2.41(1) A,
which is no longer a bonded distance. Thus, the
chemistry outlined in Scheme 5 offers an interesting
instance in which the fullerene cage is somewhat
disrupted during chemical transformations. An imagi-
native article by Rubin that describes a variety of
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Figure 43. The structure of (5-CsHs)Co(t,7,72-CesH4) as
determined by X-ray crystallography (from data in ref 151).

approaches to the opening of the fullerenes has been
published.52

6. Redox Reactions

The reduction potential of cobaltocene (—0.9 V vs
SCE) is such that it is capable of reducing Ceo by one
or two electrons.*%153 Addition of cobaltocene to Cgo
in a 1:1 ratio in benzonitrile solution yields brown
[(7°-CsHs)>C07](Ceo™)-PhCN.4° Addition of excess co-
baltocene is reported to generate the dianion, (Cgp?).%°
The EPR spectrum of [(5°-CsHs)>,C0*](Ceo~)-PhCN in
tetrahydrofuran shows a resonance at g = 1.9969
with a temperature-dependent line width (7 G at 4.5
K, 24 G at 130 K). Additionally, the material shows
a sharp spike of low intensity at g = 2.000. Reed
and co-workers suggest that the spike arises from
thermal population of an excited state that could
result from splitting of the degeneracy of the 2T,
state. Reduction was suggested to cause a distortion
from I, to Dsg Ssymmetry that would split the 2T, state
into 2A,, and 2Ey, states.*® However, the absence of
this spike in other salts raises the possibility that
the spike results from species other than (Ceo).

Treatment of Cgo With excess cobaltocene in carbon
disulfide produces black crystals of [(#°-CsHs).Co™]-
(Ce07)*CS; that are barely suitable for X-ray diffrac-
tion.’® A view of molecular packing of the compo-
nents is given in Figure 44. The Cg~ anion shows
orientational disorder with two different orientations
resolved. Unfortunately, the poor crystal quality and
the disorder do not allow a meaningful analysis of
the effect of reduction on the geometry of the fulleride
component. The dimensions of the cobalt complex,
however, are consistent with the presence of the
cobalticinium ion rather than neutral cobaltocene.
The EPR spectrum, with a narrow line at g = 1.998
which broadens on warming, is indicative of electron
transfer to give the fulleride ion. The EPR spectrum
at 4 K does not show the known features of neutral
cobaltocene, nor does it show evidence of a narrow
spike at higher temperatures.

The anionic carbonyl compound, Na[Co(CO)4], re-
acts with Cgo with a total loss of carbon monoxide to
produce an amorphous black solid with the composi-
tion NaCoCgo:3THF.'> The infrared spectrum of the
solid contains broader Cgo bands at 1428, 1181, 575,
and 526 cm~* but no bands due to carbon monoxide
ligands. The Raman spectrum of the powder is very
similar to that of (57>-Ceo)Pt(PPhs), (see Figure 49).
Magnetic susceptibility and EPR studies indicate
that the material is paramagnetic with approxi-
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Figure 44. A view of the structure of [(3°-CsHs),Co*]-
[Cs0-]:CS, down the c axis showing the relative orientations
of the three components (from data in ref 153).

mately two unpaired electrons per formula unit with
an EPR lineatg=1.991. A polymeric structure with
a (73-Ceo)(u-Co)(17*-Ceo) unit that has alkylic or dienic
coordination between the metal and the fullerene has
been proposed. This material may be structurally
related to other metal—Cgo polymers such as CgoPdy
(vide infra).

7. Cocrystallizations

Solutions of Cgp, C79, and CgO and cobalt(ll)
octaethylporphyrin (Co"(OEP)) produce crystalline
precipitates with the compositions Cgo-2{ Co''(OEP)}-
CHC|3, C70'CO“(OEP)'C6H6'CHC|3 and CGOO'Z{CO“‘
(OEP)}-CHCI3.5% X-ray crystallographic studies re-
veal that there is no direct covalent link between the
cobalt porphyrin and the fullerene and that the cobalt
is not coordinated to any part of the fullerene (or to
the epoxide function in Cg0Q). The fullerenes do
closely approach the porphyrin planes as shown in
Figure 45 for Cgo:2{ Co''(OEP),}-CHCI;. Part A shows
the arrangement of the two porphyrin units about
the fullerene. The distances between the cobalt
atoms and adjacent carbon atoms are in the range
2.7—2.9 A, which is short for van der Waals contacts
but too long to represent any chemical bonding
between the units. However, it is likely that there
is some degree of charge transfer between the indi-
vidual components. Such interactions may also be
involved in the use of porphyrin-modified materials
for the chromatographic separation of fullerenes.>®
In addition to the close but asymmetrical fullerene/
porphyrin contact, these compounds also show back-
to-back Co"(OEP)/Co"(OEP)interactions. Thefullerenes/
Co''(OEP) and Co''(OEP)/Co'"'(OEP) interactions
produce continuous chains of molecules in the solid
state as shown in Part B of Figure 45.
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Figure 45. (A) A drawing of the interaction of the two
porphyrins with Cgg in Cgo+{ Co''(OEP)}-CHCIs. (B) A chain
of molecules connected by Cgo/2Co!'(OEP) and Co''(OEP)/
Co"'(OEP) interactions (from ref 155).

H. Platinum, Palladium, and Nickel

1. Addition of M(PR3), Units to Fullerenes

Mixing solutions of Cg and (PhzP).Pt(n?-CoHy,)
produces black (17?-Ceo)Pt(PPhs), according to eq
13.7576.157.158 At the platinum site, this is a substitu-

(R4P),Pt(*-C,H,) + Cgp—

+CH, (13)

tion reaction in which one olefin, Cg, replaces
another, ethylene. The structure of the product has
been determined by single-crystal X-ray diffraction
and is shown in Figure 46.”> This was the first
compound in which %?-coordination of a fullerene to
a metal was demonstrated. The overall coordination
geometry at the platinum atom resembles that of the
precursor (PhsP),Pt(52-C,H,).*%° For the fullerene,
the C—C bond (with a bond length of 1.502(30) A)
where the platinum atom is bound is considerably
longer than the average C—C distances (1.388(30) A)
at the other 6:6 ring junctions. The platinum—carbon
distances, 2.145(24) and 2.115(23) A, are similar to
the corresponding distances, 2.106(4) and 2.116(9) A,
in the parent ethylene adduct. To accommodate the
pyramidalization that occurs upon olefin-like coor-
dination, the carbon atoms that are coordinated to
the platinum atom are pulled away from the surface
of the fullerene as is also observed in related com-
plexes such as (72-Ce)Ir(CO)CI(PPhs), (see Section
G.1). Thus the pyramidalization of the two platinum-
bound carbon atoms is 15.4° versus 11.64° for the
carbon atoms in Cg.%®

The 3P NMR spectrum of (PhsP),Pt(#?-Cso) in
tetrahydrofuran solution consists of a singlet at 27.0
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Figure 46. Drawing of the structures of (A) (5?-Ceo)Pt-
(PPhs), and (B) (172-Ceo)Pd(PPh3), as determined by X-ray
crystallography from refs 75 and 160, respectively.

ppm with satellites due to coupling to 1°°Pt with 1Jpp
of 3936 Hz.”™ For comparison, the 3P NMR spectrum
of (Ph3P),Pt(172-C,Hy,) consists of a similar resonance
at 38.4 ppm with Jpip of 3738 Hz.

Related complexes with nickel, palladium, and
platinum can also be obtained by treatment of Cg
with M(PR3), via eq 14.76157.160 Other adducts have

Cso T M(PRy), — (172—C60)M(PR3)2 + 2PR; (14)

R = Etor Ph M = Pt, Pd, Ni

also been prepared from the reaction of M{P(OR)3} 4
with Cg.2%1 Figure 46 shows the structure of the
palladium complex, (7?-Ceo)Pd(PPhg),, as determined
by single-crystal X-ray diffraction.’© The overall
structure is similar to that of the platinum analogue
as comparison of the two structures in Figure 46
shows. However, the phenyl ring locations are dif-
ferent in the two structures. Two phenyl rings lie
over the Cg moiety in the palladium complex where
they make z—m contacts with the cluster. In the
analogous platinum compound that sort of contact
is lacking. Remarkably, the phenyl ring orientation
seen in the palladium complex is also seen in a
number of other organometallic adducts of the
fullerenes. For example the structure of the (172-Ceo)-
Ir(PPh3), portion of (172-Ceo)IrCI(CO)(PPhs), closely
resembles the structure of (3?-Cgo)Pd(PPhs), (compare
Figures 20 and 46B). The reaction between Ph,-
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Figure 47. Two views of the structure of Ceo{ Pt(PEt3),}6
as determined crystallographically (from data in ref 165).
The top view shows the Cgo{ PtP,}¢ core while the lower
drawing shows space-filling van der Waals contours that
show how effectively the surface of the fullerene is covered
by the Pt(PEts), groups.

CHCH,HgPt(PPh3),Br and Cg also yields (7?-Ceo)-
Pt(PPh;),.162

An optically active fullerene complex has been
obtained through the reaction of (5?-Cso)Pt(PPhs),
with the optically active, chelating diphosphine,
+DIOP (2,3-O,0'-isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane).6® The product, (;7?-
Ce0)Pt(+DIOP), has been characterized by X-ray
crystallography. The structure is similar to that of
(17%-Ce0)Pd(PPh3),1%° with two of the phenyl rings of
the DIOP ligand making close face-to-face contact
with the fullerene.

The complex, (7?-Ceo)Pd(PPh3),, has been used as
both a homogeneous and heterogeneous catalyst in
the conversion of a substituted acetylene to an
olefin.164

Multiple addition to Cg has been examined through
the reactions of M(PEtsz), (M = Pt or Pd) with this
fullerene. With an excess of M(PEts),;, a stable
hexaaddition product is obtained as shown in eq
15.185 The product, Cso{ M(PEt3),} 6, has been isolated

Ceo + BM(PEL,), — Cgof M(PEL,),} ¢ + 12PEt, (15)

and crystallized as a single isomer. The structure
of the platinum adduct, as determined by X-ray
crystallography, is shown in Figure 47.1%> The six
platinum atoms are arranged in an octahedral array
about the fullerene core with each platinum atom
coordinated to a C—C bond at a 6:6 ring junction. The
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arrangement of the phosphorus atoms lowers the
symmetry of the array so that the CgPtsP1, core has
nearly ideal Ty, symmetry, which in and by itself is
an unusual geometric arrangement. The placement
of the Pt(PEts), groups at the six octahedral sites on
the fullerene surface positions these groups as far
apart as possible and consequently minimizes steric
interaction between them. As a result of the size of
the phosphine ligands, the surface of the fullerene is
nearly completely surrounded by the added groups.

The formation of Ceof Pt(PEt3),}6 OCcurs in a step-
wise manner, and some spectroscopic information is
available on the intermediates, Cgof Pt(PEts3),}, (with
n =2, 3, 4, and 5) that are produced.'® It has been
suggested that the lability of the assembly increases
as the addition process proceeds through the addition
of more and more Pt(PEts), groups to the fullerene.
Moreover, the stepwise addition may not always
occur at the sites required to form the final product
with its octahedral array of the CgoPts core.

The Pt(PEts), groups can be plucked from (Cgo){ Pt-
(PEts)2} 6 by supplying appropriate ligands to coordi-
nate to platinum in place of the fullerene. Thus,
addition of diphenylacetylene to (Ceo){ Pt(PEts)2}6
rapidly produces Cgof Pt(PEts)2}s and (3?-C,Ph,)Pt-
(PEts),.. The facile occurrence of this type of reaction
gives credence to the notion that the Pt(PEts), groups
in (Ceo){ Pt(PEts).}s are labile with respect to dis-
sociation.

The regiochemistry of addition of the six Pt(PEts),
groups to Cgo provided an early insight into multiple
addition patterns to Cg,. Subsequent work on mul-
tiple additions of organic substituents to Cg has
shown that the pattern of addition which places
groups in an octahedral arrangement about the
fullerene core is preferred in part because this
arrangement leaves six isolated hexagons with ben-
zenoid character in the product.16®

Electrochemical studies on these platinum adducts
are more complex than the behavior observed with
some fullerene complexes such as (172-Ceo) W(CO)3(Ph,-
PCH,CH,PPh,) (see Figure 7),%2 where simple revers-
ible reductions are observed. For these platinum
complexes, cyclic voltammetry reveals fullerene based
reductions with enhanced lability of the anionic
forms.’> The electrochemical behaviors of (;7?-Ceo)-
Pt(PPhs), and Cgo are compared in the cyclic voltam-
mograms shown in Figure 48. The three reduction
waves (Mlc, M2c, and M3c) are assigned to the
electrochemically reversible formation of [(52-Ceo)Pt-
(Pph3)2]_, [(772-C60)Pt(PPh3)2]2_, and [(772'C60)Pt'
(PPh3)2]3, respectively. The reduction potentials for
the platinum adducts are shifted by ~0.3 V to more
negative values than those of Cg for each of the three
reduction steps. The voltammogram in Figure 48
indicates that some free Cq is present at the begin-
ning of the experiment. Moreover, the concentration
of free Cgo grows as the sample is cycled through the
reduction process. Thus, the reduced forms are
susceptible to dissociation of the Pt(PPhs), unit and
the fulleride ion. The rates of dissociation have been
examined for a variety of related (52-Ce)M(PR3),
complexes. The rate of dissociation is faster for PPhs
rather than PEt; as the ligand. The rate of dissocia-
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Figure 48. Cyclic voltammograms of (A) (72-Ceo)Pt(PPh3);
and (B) Cgo in tetrahydrofuran solution with (n-BusN)(PFe)
as supporting electrolyte and a platinum disk electrode.
(Reprinted from ref 157. Copyright 1992 American Chemi-
cal Society.)

tion is faster for Ni than Pd and faster for Pd than
for Pt. Dissociation is faster from the trianion than
from the dianion or from the monoanion. The reduc-
tion potentials for the series of adducts (Ceo){ Pt-
(PEts)2}n, with n = 1—4, show a 0.36 V cathodic shift
for each added metal for the initial reduction to form
the corresponding monoanions. Since the three ad-
ducts, (7>-Ceo)M(PEtz), with M = Ni, Pd, and Pt, are
reduced at similar potentials, the reduction process
is largely localized on the fullerene and there is little
difference in the degree of electron donation from
metal to fullerene among these three metal com-
plexes. Related electrochemical studies on (172-Ceo)-
Pd(PPhg), alone and mixed with Pd(PPhs), confirm
that a complex set of equilibria occur that involve (?-
Ceo)Pd(PPhs),, polymetalated complexes, Ceof Pd-
(PPhz)2}n, and free Cgo.167

The oxidative behavior of these complexes has also
been examined electrochemically.*®® The monoaddi-
tion products, (72-Ceo)M(PELt3), with M = Ni, Pd, and
Pt, undergo irreversible two-electron oxidations which
are tentatively described by eq 16. The potentials

(7*-Ce)M(PEt), — 2¢” — Cqo + “(Et3P)2M2+(1:1|_6)

for these processes increase in the order Ni < Pd <
Pt, so the reactions are viewed as metal-centered.
Within the series, Ceof{ Pt(PEts)2}n (N = 1—4), the ease
of oxidation increases as additional Pt(PEts), groups
are added to the fullerene, but again oxidation results
in the stepwise loss of Pt(PEts), groups.

The Raman spectra of these platinum and pal-
ladium compounds show clear evidence of the lower
symmetry of Cso When it is bound to a metal atom.6°
While Cq itself has only 10 vibrations (of the possible
174 modes) that are Raman-active, the adducts show
additional Raman active, fullerene-derived bands.
The FT-Raman spectra of Cgo, (?-Cs0)Pd(PPhs),, and
(7%-Ceo)Pt(PPh3), are shown in Figure 49. With
excitation at 1.064 um, the vibrational bands from
the fullerene dominate the spectrum, while the
vibrational bands of the phosphine ligands have low
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Figure 49. FT-Raman spectra of (a) Ceo, (b) (%-Ceo)Pd-
(PPh3),, and (c) (7?-Ceo)Pt(PPhg),. (Reprinted from ref 169.
Copyright 1992 American Chemical Society.)

intensity. Thus, effects of the lowered symmetry of
the fullerene portion are readily apparent. For
example in Figure 49, the nondegenerate Ay band at
1468 cm~t is a sharp, single band in all three spectra,
while the degenerate Hy band at 772 cm™t in Cg is
split into five components in the adducts. Addition-
ally, bands that were Raman-inactive in the spec-
trum of Cg itself appear in the spectra of the adducts.
The C—C bonds of the fullerene appear to be weak-
ened by metal-to-fullerene, d-to-z, back-bonding;
since the high-frequency Cgy, modes are shifted to
slightly lower frequencies in the adducts. Similarly,
symmetry-lowering effects were also seen in the
Raman spectra of the hexaaddition products, Ceo-
{M(PEts)2}s. Analogous effects have also been ob-
served in the Raman spectrum of (12-Cgo)Ir(CO)(1°-
C9H7).137

The absorption spectrum of photoexcited (7?-Ceo)-
Pd(PPhj3), has been observed to produce bands at 870
and 1010 nm through picosecond and nanosecond
laser spectroscopy.t’® The photoexcited state of this
complex has been interpreted as a superposition of
the charge-transfer (Ceo) and S; states of Ceo. The
photoreactivity of (72-Ceo)Pt{ P(OPh)s}» has been ex-
amined. Metal-to-ligand charge-transfer excitation
leads to dissociation to form free Cg and Pt-

Balch and Olmstead

Figure 50. The crystallographically determined structure
of (C7o){Pt(PPh3),}s (from data in ref 173). In A, the
substituents on the phosphine ligands are omitted. In B,
space-filling van der Waals contours are shown which
reveal that the mid-section of the C;o moiety is left bare
even with the four bulky platinum complexes attached.

{P(OPh)3},, which is trapped through reaction with
chloroform or dioxygen."*

The reactivity of the phosphoryl radicals, ‘P(O)-
(OPr), with (?-Cso)M(PPh3), (M = Pd, Pt) has been
examined by EPR spectroscopy. Evidence for the
existence of unstable spin adducts is available, but
these undergo dissociation of the M(PPhs), unit.1’?

The reaction of C7o with (2-C,H,)Pt(PPhs), pro-
duces four adducts, (Czo){ Pt(PPhs)2}n where n =
1-4.1® The products show 3!P NMR spectra that
indicate the first two additions occur at the C,—C,
bonds at opposite ends of the fullerene, while the next
two additions occur at the C.—C. bonds also at
opposite ends of the C;; moiety. Only the tetra-
addition product has been obtained in crystalline
form that is suitable for X-ray crystallography. The
structure is shown in Figure 50. The product has
the C7o(PtP2)4 core arranged so that it has idealized
C,y symmetry. The pattern of addition differs from
what one might expect on the basis of the known
structure of Co{ Ir(CO)CI(PMe,Ph),},, which occurs
as isomer B (see Figure 5), and also on the basis of
studies of the cyclopropanation of C;, which show
that the B isomer is the most prevalent product. In
the C,o{ PtP,}4 core, the two PtP, groups that are
bonded to the C,—C, bonds of the fullerene have a
relative orientation that corresponds to the double
addition product with isomeric structure A (Figure
5). Hence, it is not possible at this stage to predict
the geometry of C;o adducts on the basis of the
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Scheme 6. Formation and Reactions of Fullerene/Pd® (or Pt°) Polymers
C¢o + (PhCN),PdCl,

leﬁ

PR
Pdy(dba); + Cqp —— CgoPd, ——>

or

Pd(1,5—cyclooctadiene),

limited knowledge that we have of simple single- and
double-addition products.

2. Formation of Pd(0) and Pt(0) Polymers

Addition of the labile complex, Pd,(dba);-CHCI;
(dba is dibenzylideneacetone), to a benzene solution
of Ceo yields a black, amorphous, air-stable solid, as
shown in Scheme 6.174175 This material is insoluble
in common organic solvents and, consequently, is
believed to have a polymeric structure. The product’s
composition, CgoPd, (with n = 1—7), depends on the
reaction conditions. When excess Cq is present, a
material with composition CgPd; is obtained. This
material has infrared bands at 1429, 1182.5, 576.5,
and 527 cm™! that are similar to, but broader, than
those of Cgo. The CgoPd; material is believed to be a
one-dimensional polymer with alternating palladium
atoms and Cgo units in the chain. Materials with
higher Pd/Cg ratios are believed to have palladium
atoms that cross-link two chains. A second type of
palladium atom that merely sits on the fullerene
surface may also be present. Heating solid CgoPd;
in toluene results in the partial dissolution of Cg,
and the formation of a solid with a Pd/Cg ratio
between 2 and 3. Magnetic susceptibility studies of
CeoPd, indicate that these materials may be para-
magnetic.'’® These polymers have also been exam-
ined by electron microscopy.t’”” For CgPds, one-
fourth of the sample consisted of small crystals of Pd
in an amorphous matrix. The rest of the sample was
free of Pd crystals and showed local crystallinity. Ten
percent of the material gave an electron diffraction
pattern that was interpreted in terms of a model of
a CgoPds octahedral unit with each palladium center
bridging two fullerene units. The local structure
proposed is analogous to that observed crystallo-
graphically for Ceo{ Pt(PEt3),}6.1% Treatment of black

polymeric CgoPd, with phosphine or phosphite ligands
results in the dissolution of the solid, and the known
complexes, (72-Cso)Pd(PR3),, can be isolated from
these solutions.1’®

A related platinum polymer, CgPt,, has also been
made through the reaction of Cgo with Pt(dba),'"® or
with Pt(1,5-cyclooctadiene),.'®® Black CgoPt reacts
with chelating diphosphines to yield (172-Cgo)Pt-
(thP(CHz)nPth) (n =2o0r 3).180 CsoPd,, and CgoPt,
also dissolve in toluene in the presence of isocyanide
ligands to produce either one of two types of com-
plexes: (1) (#?-Cso)M(CNR), (M = Pd, Pt), which is
analogous to (72-Ceo)M(PPhgz), (see Figure 46) but
where isocyanide ligands have replaced the tri-
phenylphosphine ligands, or (2) Ceo(CNR),Pd(CNR),
with the unusual structure shown in Scheme 6.18!

Black, polymeric CgoPd, can also be made electro-
chemically.'® Figure 51 shows multiple-scan cyclic
voltammograms of a mixture of Cg and (PhCN),-
PdCl; in a 4:1 toluene/acetonitrile mixture with tetra-
(n-butylammonium)hexafluorophosphate as the sup-
porting electrolyte and a gold electrode. Note that
successive scans result in an increase in the current
due to the growth of the electrode surface as a result
of the deposition of the black material on the gold
electrode. The deposit is not palladium metal which
has markedly different electrochemical characteris-
tics. Analysis by energy-dispersive X-ray spectros-
copy shows that both carbon and palladium are
present in the deposit but that chlorine is not.
Measurements of the resistivity of the deposit suggest
that it develops a window of increased conductivity
at potentials below —0.7 V.

CeoPdn with n > 2.8 is a catalyst for hydrogenation
of acetylenes and olefins at room temperature.l’®
Because polymers with lower Pd/Cg, ratios are inac-
tive as catalysts, it has been suggested that the
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Figure 51. Multiscan cyclic voltammograms of a mixture
of Cgo and (PhCN),PdCl; in 4:1 toluene/acetonitrile with
0.1 M (BusN)PFs as supporting electrolyte and a gold
electrode. The reference electrode is a SCE (from ref 182).

exposed, surface palladium atoms, rather than the
buried, cross-linking palladium atoms, are involved
in this process. Further physical and structural
characterization of this polymer appears warranted.
This compound may be related to a few other materi-
als such as NaCoCgo-3(tetrahydrofuran)'> and Cgo-
Eun (n = 1-6)*®3 which appear to have polymeric
structures with some degree of covalent metal—
fullerene bonding.

3. Redox Reactions

Mixing carbon disulfide solutions of (3°-CsMes);Ni
and Cgo produces dark red [(#°-CsMes)2Ni*] [Ceo ]
CS,.18 The structure, as determined by an X-ray
crystallographic study, shows that the (Cso)~ unit has
undergone a distortion due to axial compression so
that there is a short axis dimension, 6.878(6) A (from
the midpoint of a C—C bond at a 6:6 ring junction to
the opposite midpoint), and two corresponding longer
orthogonal distances, 6.965(5) A and 6.976(5) A. This
structural change may result from the expected
Jahn—Teller distortion but the interaction with the
[(7°-CsMes):Ni]* ions, as shown in Figure 52, may
also be responsible for the reshaping of the fulleride
ion.

4. Cocrystallizations

Attempts to coordinate PdCI, units onto Cg through
reaction with the extremely labile complex, (PhCN),-
PdCl;, which is a known precursor to olefin com-
plexes, have resulted in the formation of the ternary
material Cgo°2(PdsCl12)-2.5CsH¢ that crytallizes from
benzene solution.*® A view of the unit cell of this
compound is shown in Figure 53. The PdsCly,
cluster, which has dimensions similar to that of Cgo
(trans Cl---Cl distance, 6.54 A; trans Pd---Pd distance,
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Figure 52. Stereoscopic view of the packing in [(#%-Cs-
Mes),Nit][Cso-]:CS,. (Reprinted from ref 184. Copyright
1995 American Chemical Society.)

Figure 53. A section through the structure of Cg-2(Pde-
Cl3,)-2.5CsHs which shows the relative locations of the
three molecular components. The Cgo molecules, which are
disordered, are represented at their experimentally deter-
mined locations by idealized drawings of the molecule.
(Reprinted from ref 185. Copyright 1996 American Chemi-
cal Society.)

4.67 A), forms by a spontaneous, self-association
process. Benzene rings are interspersed between the
fullerene and the PdsCly, clusters. There is signifi-
cant attraction between PdsCl;, and aromatic mol-
ecules, since a variety of binary and ternary cocrys-
tals of PdsCly,; with aromatic molecules (benzene,
mesitylene, durene, and hexamethylbenzene) have
been prepared.18

l. Gold, Silver, and Copper

Ceo and PhzPAUCI cocrystallize from toluene solu-
tion to form Cgp-4{(PhsP)AuUCI}+-0.1CsHsCH3.1% As
shown in Figure 54, the solid consists of isolated Cgo
and PhsPAUCI units without any covalent interaction
between the two components. In solution, Ag(CFs-
SQOs) is reported to produce small perturbation of the
absorption spectrum of Cgo Which has been chemically
modified through the addition of a potentially coor-
dinating amino—polyether side chain.'®” The spectral
changes are is attributed to Ag™—x interactions.

The reaction of Cgo with the organocuprate, [Ph,-
Cu] -, that is generated from PhMgBr and Me,SCuBFr,
produces both a novel addition pattern in the product,
CeoPhsH, that is obtained after hydrolysis, and a
modified fullerene that is able to function as an #®-
ligand.'® The relevant chemistry is summarized in
Scheme 7. The authors speculate that the Cgo/[Ph,-
Cu] ™ reaction occurs by two successive 1,4 additions
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Scheme 7. Formation of Pentaphenyl and Pentahapto Chemically Modified Fullerenes (ref 187)

PhMgBr

Me,SCuBr
Ce0

Figure 54. The array of molecular components in
Cs0°2{ (Ph3PAUCI} 4+0.1CcHsCH3. (Reprinted with permis-
sion from ref 186. Copyright 1996 John Wiley & Sons
Limited.)

of the phenyl groups to the fullerene in a reaction
that contrasts with the general monoaddition reac-
tions of Grignard and organolithium reagents with
Ceo. The addition pattern in CsoPhsH, which can also
be made from CgCls,18% effectively isolates one
pentagonal face of the fullerene and produces an
anion with Cs symmetry,'8% that is capable of form-
ing adducts with Et3PCu™ and TIt. These adducts
appear to utilize n°-coordination of the modified
fullerene. This sort of bonding has been confirmed
by X-ray crystallography for the thallium complex,
as shown in Figure 55. The thallium atom is located

i
‘
. \\\o—.o.\u—'
NS4

b %
Figure 55. A view of (15-PhsCeo) Tl as determined by X-ray
crystallography (from data in ref 187).

oy
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2.60 A above the center of the adjacent pentagonal
face of the modified fullerene. The TI-C bond
lengths fall in a narrow range, 2.85(1) to 2.90 (1) A,
and are comparable to the corresponding distances
in TI(75-CsBz5).1°° The eventual coordination of a
variety of transition metal centers to this uniquely
modified fullerene has been anticipated.'®’

IV. Gas-Phase Studies of Fullerene Interactions
with Transition Metal lons

The interplay of gas-phase observations and even-
tual condensed-phase isolation has been particularly
important to the development of fullerene chemis-
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Scheme 8

try.12 Mass spectrometric observations were among
the first studies to demonstrate that fullerenes are
capable of binding transition metal ions. Such stud-
ies continue to provide interesting targets for the
synthetic chemist to isolate in solid form. This
section reviews gas-phase formation of fullerene
metal adducts rather than mass spectrometric stud-
ies which are used to provide compositional informa-
tion on isolated fullerene complexes.

A multistep process involving the generation of Fe*t
by laser desorption from an iron target, reaction of
Fe™ with gaseous pentane to form Fe(CyHz,)" (n =
2—5) and subsequent ligand exchange with gaseous
Cego 0Or Cy, produces FeCgo™ and FeCo" which were
isolated by ion cyclotron resonance techniques.®!
Collision-induced dissociation (CID) of FeCgo" results
in the formation of Cgo* and requires relatively small
activation energies. The fragmentation to form Ceo™,
rather than the loss of C, units, and the low energies
(0.6—11.8 eV in centers of mass energy) of this
process were interpreted to indicate that the iron was
bound to the exterior of the fullerene.

The bis-Cg metal adduct, Ni(Cg)2t, was observed
in a related reaction in which Ni* was prepared by
laser desorption, %8Nit was isolated by double reso-
nance ejection of the other Ni isotopes, and Cgo Vapor
was reacted with %8Ni* to generate ®NiCg and
subsequently 5'Ni(Cg0)2".1%? This work led to the
suggestion that a family of bis-fullerene “dumbbell”
complexes that are analogous to the metallocenes
should be isolable. However, to date, with the
exception of the polymeric materials such as Cgo-
Pdn1417 and NaCoCgo-3THF,'5 discrete bis-fullerene/
metal complexes have not been isolated by wet
chemical techniques.

Subsequent studies reveal that a range of exter-
nally bound complexes, M(Cs0)" Where M is Fe, Co,
Ni, Cu, Rh, La, and VO, can be formed and that the
Fe, Co, Ni, and Cu complexes dissociate to form Cgo™*
while LaCg™ and VOCgo" dissociate to form La™ and
VO*. The pattern of dissociations is in accord with
the relative ionization potentials involved.'%

The gas-phase reactions between an array of
carbon cluster ions, C,*, and Fe(CO)s demonstrated
that Ce™ and C7o™ display unique reactivities which
has led to the formation of the highly abundant ions,
CosoFe(CO),™ and C7oFe(CO)4t.2%4  Collisionally in-
duced dissociation of C¢oFe(CO),™ forms CgoFe(CO), "
(n = 3, 2, 1, 0) while secondary reactions of CgoFe-
(CO)4+ with FE(CO)s forms CeoFEz(CO)8+, C60F63(CO)3+,
CeoFeg(CO)9+, and C60F84(CO)11+.

These gas-phase ions, MCg ", have been demon-
strated to undergo further chemical modifications
through gas-phase reactions. Thus, Co(Ce)* reacts
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(metallacycle)

with Cgo and with olefins (ethylene, propene, 1-butene,
isobutene) to form Co(Ce)," and Co(Cep)olefin™ in
which dissociation data suggests that the added
ligands are bound to the metal.'%® However, cyclo-
propane reacts with Co(Ceo)* to form both Co(Ceo)-
((:Hz);|__4Jr and Ceo(CH2)1_3+. CID of CO(Ceo)nJr pro-
duces Ceo(CH2), (n = 1 or 2) with low activation
energies. Reaction of Cg with Co(Ceso)(CH>), yields
Cs0C0(Cg0)(CHy)n rather than a simple ligand dis-
placement.'®®> As a consequence of these observed
reactions, Co(Ce)(CHy>)n is proposed to have a met-
allacyclic structure with four- or five-membered rings
that incorporate the fullerene, cobalt, and the meth-
ylene groups.

Related metallacycles have also been observed in
gas-phase reactions of Fe(benzyne)* and Fe(biphen-
ylene)™ with Cg.2% Thus Fe(benzyne)™ and Cg react
to form Fe(Ceo)(CsHa4)™. The ion Fe(Ceo)(CsHa)* frag-
ments by two routes upon collisionally induced dis-
sociation to form Cgo(CsHa)* and Fe, and Fe(CgHa)*
and Cgo, respectively. Of the three structures shown
in Scheme 8 for Fe(Ce0)(CsHa4)™, it is suggested that
the metallacyclic structure C is most consistent with
the observed fragmentation pattern.

The gas-phase reaction of Rh(Ceo)t with methyl
iodide produces CgoRh(CH,)n* (n = 2 or 3) for which
metallacyclic structures that may or may not involve
the fullerene have been considered.®’

The gas-phase reactions of Mn* and Mn,* with Cg
in a guided-ion beam mass spectrometer have pro-
duced evidence for the existence of two forms of Mn-
(Ce0)*.1% In one form the manganese ion is weakly
bound and this form is formulated as an exohedral
adduct. The other form is more difficult to obtain
yet is more stable toward decomposition. The latter
form may be an endohedral complex with manganese
trapped within the fullerene or it may be an exohe-
dral adduct with the metal multiply bonded to the
fullerene framework.

Transition metal atom coated fullerenes with much
higher coverages of the exterior with metal centers
have also been observed. Metal vapors were obtained
by laser desorption of the metal inside a condensation
cell and combined with fullerene vapor from a
resistively heated oven.’®%2% The mixture is quenched
by low-pressure helium and analyzed by time-of-
flight mass spectrometry. Clusters of the types
CeoVx", CeoTix", and CgoZrst have been examined.'%°
For Ti strong features in the mass spectra suggest
SpeCiaI Stablllty of CeoTi30+, CeoTi72+, and CsoTi52+.
With Ti* and Cy, the spectral features of ions with
composition, CTigs™, CzTiza", and CoTig", are
especially intense. For vanadium and Cg, the magic
numbers correspond to compositions CeoVss™, CeoV73™,
and CgVe,". Photodissociation of these highly coated
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HOMO

Figure 56. Orbital surface plots of the five h, (HOMO) and three t;, (LUMO) orbitals of Cgo (Reprinted with permission

from ref 209. Copyright 1994 Elsevier Science.)

clusters can yield either loss of single metal atoms
or formation of metal—carbon clusters such as VgCj,.2%
Related fullerenes with alkali and alkaline earth
metal ions as outer coatings have also been ob-
served.202-204

V. Theoretical Studies of the Electronic
Structures of Metal Fullerene Complexes

A number of theoretical analyses of the electronic
structures of transition metal fullerene complexes
have appeared. Several of these have focused on
complexes of the type (17?-Ceso)M(PR3). with M = Pd
or pt_2057210

The symmetrical structure of Cg produces a set of
degenerate HOMO and LUMO orbitals (see Figure
3) that are distributed over the surface of the
molecule. Figure 56 shows the spatial distribution
of the five degenerate h, orbitals which constitute the
HOMO and the three t;, orbitals that are the
LUMO.?® These orbitals have been analyzed by
fragment analysis which focuses on the 12 pentago-
nal faces of the fullerene.?°829° Within the pentagons
the frontier orbitals of Cg resemble the well-known
e'’-orbital of the cyclopentadienyl group with a single
node perpendicular to the plane of the pentagon. The
total electron density provided by filling of the set of
five hy orbitals (the HOMO's) is shown as A in Figure
57 while filling of the three ty, orbitals produces the
distribution shown as B in Figure 57.2%° The filled
hy orbitals provide net z-bonding that is localized
over the 6:6 ring junctions of the fullerene and net
m-antibonding between the carbon atoms at the 6:5
ring junctions. Thus the HOMO is set up to be an
electron donor and the sites above the 6:6 ring
junctions are optimal for o-donation.

Lichtenberger and co-workers have systematically
examined the bonding between a palladium atom or

Figure 57. Surface electron density plots for a fully
occupied hy, (HOMO), A, and t;,, (LUMO), B, orbitals of Cg.
(Reprinted with permission from ref 209. Copyright 1994
Elsevier Science.)

a silver(l) ion and Cg at five different sites on the
fullerene surface.?%52%° These sites are (1) directly
over a single carbon atom (representing »*-coordina-
tion), (2) above the midpoint of a 6:6 ring junction
(representing n?-coordination), (3) above the midpoint
of a 6:5 ring junction, (4) above the center of a
pentagonal face (representing #®>-coordination), and
(5) above the center of a hexagonal face (representing
n®-coordination). Only two of these sites, the site
above a 6:6 ring junction (2-bonding) and the site
above a pentagonal face (1°-bonding), lead to an
attractive interaction; the others produced net re-
pulsive interactions. The n?-bonding site is favored
over the 7°-bonding site, and the differentiation
between these sites increases as the electron density
on the metal increases. In general, the binding of
Cso to a metal center is weaker than that to a smaller
molecule such as ethylene.
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Figure 58. Sites of negative charge within (52-Cgo)Pt-
(PH3),. The location of the platinum atom is designated by
the small diamond. (Reprinted with permission from ref
205. Copyright 1993 Elsevier Science.)

The effects of multiple addition to Cg, have also
been probed. Calculations on (172-Ceo)Pt(PHs), show
that the negative charge transferred from platinum
to the fullerene is delocalized to a greater extent in
Ceo than it is in the corresponding ethylene com-
plex.29520% The effect is localized in the hemisphere
closest to the metal as seen in Figure 58.2%5 There
is nearly negligible perturbation of the more remote
hemisphere. Consequently, it is difficult to predict
the pattern of multiple additions to Cso. Calculations
on the equatorial and trans-1 isomers (see Figure 2)
of (52-Cso)Ni(PHz3), reveal a negligible energetic dif-
ference between the isomers.?® However, another
extended Huickel analysis of (72-Cgo)Pt(PHs3), revealed
a slight preference for the second addition occurring
at the trans-1 site as is experimentally observed for
the double addition of iridium compounds (see Fig-
ures 21 and 22).2%® The metal—Cgo *-antibonding
orbital which should be the third LUMO could be
responsible for stabilization of the trans-1 site.
Analyses of the electronic structure of the hexa-
addition product, Cgof Pt(PEts)2}s, (Figure 47) have
also been made.?06:208

The electronic structure of C¢,0,0s0,(py), has also
been examined by molecular orbital calculations.5?
These calculations show that the molecular orbitals
near the frontier portion are not strongly affected by
the addition of the osmyl group and that the orbitals
that are involved in the formation of the adduct lie
lower in energy. In the osmylation product, the
HOMO-LUMO gap is narrowed relative to that in
unreacted Ceyo.

Electronic structure calculations have also been
used to probe the differences between (#°>-CsHs) and
(7°-Ceo) coordination as well as those between (-
CsHs) and (178-Cgo) coordination.”®208-211 The [M(#°-
CsHs)]™ (M = Fe, Ru, Os) moiety bonds more strongly
to a (#°>-CsHs)~ unit than to a pentagonal fullerene
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Figure 59. A schematic drawing showing the hypothetical
bonding of one My (M = Co or Rh) unit within the fcc lattice
of Cgo. (Reprinted from ref 213. Copyright 1996 American
Chemical Society.)

face. The overlap population is greater for bonding
to the cyclopentadienyl group than it is for the
fullerene.?'! Additionally, the cyclopentadienyl anion
is a better donor of electron density than is the
fullerene. The effects are accentuated when the six-
membered rings of benzene and those of Cg are
compared. Overlap populations are greater for co-
ordination of a M(75-CsHg) (M = Cr, Mo, W) unit to
another benzene molecule than for coordination to a
hexagonal face of Ceo.

The natures of metal—fullerene interactions have
also been explored in terms of the pyramidalization
of the fullerene carbon atoms, the strain present
within these curved clusters, and the strain release
that accompanies adduct formation.?'?2 The analysis
of the orientation of the surface m-orbitals suggests
that while %% and #®-coordination on the exterior
faces of fullerenes is unfavorable, the interior surface
presents z-orbitals that are well disposed for overlap
with metal centers.

Calculations have also been performed on hypo-
thetical metal cluster fullerides with composition Ceo-
(My)2 where M is either cobalt or rhodium.?13.214
Goldberg and Hoffmann have found that it is geo-
metrically feasible to utilize the tetrahedral and
octahedral holes in the face-centered cubic structure
of solid Cgo to bind tetrahedral M, units and octahe-
dral Mg units, respectively. A schematic drawing
that shows the location of one such tetrahedral unit
in the Cg lattice is shown in Figure 59. Molecular
orbital and band structure calculations indicate that
the bonding within this sort of fulleride has a
significant covalent component and thus differs from
the alkali metal fullerides.’® The Cgo(M4), materials
are predicted to be metallic but there is no way of
predicting whether they will be superconducting.?**
It remains to be seen whether known, isolated, but
amorphous, materials such as CgoPdn contain metal
cluster units within their structures.

VI. Fullerenes with Ligating Centers Attached

With the development of an extensive organic
chemistry of fullerenes, it is now possible to construct
a variety of modified fullerenes that incorporate
metal-binding groups into their structure. The syn-
thesis of such fullerene-containing ligands offers the
potential to exploit the chemical reactivity, redox and
electron-acceptor characteristics, photochemical be-
havior, electron-withdrawing properties, and novel
structural features that a fullerene group provides.
The molecules in this class of fullerene-containing



Transition Metal Fullerene Complexes

Chemical Reviews, 1998, Vol. 98, No. 6 2157

Scheme 9. Selected Examples of Fullerenes Bearing Ligating Substituents

Fullerene-Polypyridines
(ref. 217-220)

Fullerene-Phosphines
(ref. 215,216)

Fullerene-Crown Ethers
(ref. 223-225)

ligands have metal-binding sites that are generally
remote from the fullerene.

A survey of some selected examples of these ligands
is shown in Scheme 9.215-234 These fullerene-contain-
ing ligands include relatively simple molecules such
as the fullerene phosphines,?'5216 along with more
complex structures that include polypyridine
groups,?7-220 metallocenes,??1222 crown ethers,?23-225
and porphyrins.??6-234 The attachment of the more
complex structures is generally accomplished through
cyclopropanation with a diazomethane or through
addition of an azomethine ylide.

The fullerene phosphines, however, have been
made through the direct addition of phosphide or
borane-protected phosphide nucleophiles to Cg, and
subsequent protonation of the resulting anion.?15216
Some palladium and platinum complexes of these
fullerene phosphines have been made. These com-
plexes, of the type (fullerene phosphine),MCl,, show
both multielectron redox behavior and catalytic ac-
tivity in Grignard reagent/styrene cross coupling
reactions.?1®

The fullerene—ferrocene compounds have been
utilized to probe intramolecular electron trans-
fer.221222. Steady-state fluorescence and time-resolved
flash photolysis studies have been utilized to examine
the effect of a variety of spacers on the electron-
transfer kinetics between the two components.??!
With saturated spacers between the ferrocene and
fullerene moieties, long-lived charge separated states
with 71, = 2 us have been observed.??! Related
studies of intramolecular charge transfer in fullerene—
porphyrin diads and related fullerene—porphyrin—
carotene triads have been conducted.?3

Chemically modified fullerenes that bear additional
olefinic groups or acetylene functions can also act as
ligands through these added units. In part, that is
the case with the modified fullerene shown in Scheme

Fullerene-Metallocenes
(ref. 221,222)

|
Z = nothing, -CO(CH,)-,, -(CH=CH)-,

Fullerene-Porphyrins
(ref. 226-234)

5.151  Alkynyl(hydride) adducts of Cgy have these
substituents placed at 1,2-positions on the cage.?®®
2-H,1-(Me3SiC=C)Cqp reacts with Co,(CO)g to form
{2-H,1-(Me3SiC=C)Cqo} Co,(CO)s and with (17°-CsHs),-
le(CO)z to form {Z-H,l-(ME3SiCEC)C50}Niz(ﬂS-
CsHs)2.2%% The structure of the latter complex has
been determined by X-ray crystallography and shown
to involve coordination of both nickel atoms to the
acetylenic portion of the molecule. There is no direct
interaction of the nickel atoms and the fullerene
portion of the compound.

Polyhydroxylated fullerenes, fullerenols—Cgo(OH)y,
which are available through a variety of chemical
routes,?%237 have been converted into polydentate
phosphine ligands.?®® Thus chloro diphenylphos-
phine reacts with Ceo(OH)1. to produce the highly air-
sensitive Cgo(OPPhy)12, which forms complexes with
transition metals.?®® For example, reaction with
{RhCI(CO)_}, produces a brown material formulated
as Ceo(OPPhy)12{ RhCI(CO),} { RNCI(CO)} 5. Similarly,
an orange brown compound which analyzed as
Cs0(OPPh,)15M0g(CO)s3;2PPh3+5H,0 was obtained from
the reaction of Mo(CO),(MeCN),(PPh3), and Cgo-
(OPPhy)15.

VII. Coordination Chemistry of Fullerene
Fragments

A number of polyaromatic hydrocarbons (PAH's)
with nonplanar structures that are related to the
fullerenes are known, and the number of these curved
hydrocarbons is growing.?**-24t The simplest fullerene
fragment is corannulene, CyoH1o, Which has a central
five-membered ring that is surrounded by five hex-
agonal rings.?*? At present, the largest fullerene-like
fragment which has been isolated and characterized
is triacenaphthotriphenylene, CssH1,.243 This com-
pound has a hexagonal base that is surrounded by,
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corannulene triacenaphthotriphenylene
and part of, three corannulene-like units. Figure 60
shows the crystallographically determined structures
of the bowl-shaped hydrocarbons CyHi0?** and
CssH12?*® and compares these to the structure of
Ce0.2%6 While corannulene is flatter than the corre-
sponding portion of Cg, the base of CssHiz is very
similar to the corresponding part of Ceo but splays
outward at its rim. The pyramidalization (as defined
by the z-orbital axis vector, POAV)? of the five base
carbon atoms in CyoHio (98.72°) is significantly less
than that of Cg (101.64°), but the pyramidalization
(101.91 and 102.38° for the two types of carbon
atoms) for the six carbon atoms in the base of CssHj»
is actually greater than that in Cgo. The availability
of these novel hydrocarbons allows the study not only
of the exterior surfaces of curved, fullerene-like
molecules, but also of the interior surfaces and the
edges.

It is likely that the chemistry of these curved
fullerene fragments will develop rapidly in the near
future, but so far only two studies of their reactivity
toward a transition metal complexes have been
reported. The reaction of corannulene with [(;75-Cs-
Mes)Ru(CH3CN)3](OsSCF37), known for its ability to
react with a variety of hydrocarbons through replace-
ment of the three acetonitrile ligands, produces [(7°-
C1oH20)RU(17°-CsMes) T](0sSCF3 ™) which has been char-
acterized spectroscopically in solution.?*” Analysis of
the variable-temperature 'H NMR spectra of the
complex indicates that the ruthenium atoms is
coordinated to one hexagonal ring of the corannulene
moiety and that the ruthenium center remains on
that one ring on the NMR time scale. It is not
presently known whether the metal is bound to the
concave or the convex surface of corannulene, but the
NMR spectral data are consistent with either rapid
concave/convex interconversion or slow concave/
convex interconversion with only one isomer being
detectable. [(776'C10H20)RU(WS-C5M65)+](035CF37) is
sensitive to atmospheric conditions and readily un-
dergoes exchange of the corannulene portion for
either three acetonitrile molecules or one benzene
molecule.

The reaction of semibuckminsterfullerene, CzoHiz,
with Pt(C,H,)(PPhs), does not result in simple coor-
dination of a Pt(PPhs), unit to a 6:6 ring junction but
rather to insertion of the platinum into one of the
C—C bonds on the edge of the hydrocarbon as shown
in eq 18.2% The structure of the product, which
retains considerable curvature in the hydrocarbon
portion, is shown in Figure 61. The unusual C—C
bond breaking seen in eq 18 has been attributed to
relief of the strain present in the five-membered rings
at the edge of the parent hydrocarbon. Related
reactivity at the edge of another fullerene fragment,
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Figure 60. A comparison of the carbon atom positions of
CxoHio (corannulene) and Cgo, and CzgHji2 and Cgo (from
data in refs 244 and 245). The Cg structure is shown with
hollow lines between the atomic positions.

Figure 61. The structure of (C3sH12)Pt(PPh3), (from data
in ref 248).

CssHa4, has been observed to result in facile oxidation,
with cleavage of a C—C bond within a six-membered
ring, to produce the nearly planar dione, C3sH140,.24°

L]
+ Pt(C,H,)(PPhy), — “@,‘ (18)

S08¢

R P’P[‘PR
3 3

Semibuckminster-
fullerene

VIII. Transition Metals and Carbon Nanotubes and
Other Nanostructures

Carbon nanotubes are hollow tubules that are
made up of cylindrical graphitic shells with diameters
of 10 to 25 A.250251 The nanotubes, which may be as
long as several microns, can be single-walled or
nested inside one another. For the nested, multi-
walled tubes the spacing between the layers is ~3.4
A, which is the typical spacing also seen in graphite
sheets. The structural features of these tubes are
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crograph of a carbon nanotube which is partially filled with
spherical nanoparticles of silver. (Reprinted from ref 252a.
Copyright 1996 American Chemical Society.)

generally probed by electron microscopy. Figure 62
shows an high-resolution transmission electron mi-
crograph of a multiwalled carbon nanotube.?? In this
case the hollow space in the center of the tube is
partially filled with spherical nanocrystals of silver
(vide infra), but completely hollow tubes exist as well.
Many potential applications of filled and empty
nanotubes have been suggested based on the unique
electronic, mechanical and magnetic properties of
these nanostructures. Transition metals have been
observed to influence the growth patterns in nano-
tube formation and serve as catalysts for their
preparation. Additionally, transition metals or their
compounds have also been incorporated on the inte-
rior (as seen in Figure 62) and exterior of the
nanostructures themselves.

Carbon nanotubes are formed by several processes.
The arc discharge process utilizing graphite rods in
a low-pressure helium atmosphere that was initially
developed for the preparation of fullerenes also can
produce carbon nanotubes.?>®* When transition met-
als are also present during the arc discharge process,
the formation of threadlike filaments of single-walled
nanotubes is frequently enhanced.?>*-2%° The initial
preparations used graphite rods with small amounts
of iron and an argon/methane atmosphere or graphite
rods with a cobalt metal insert and a helium atmo-
sphere.?%52% |n the case of iron, the formation of
round particles of Fe;C accompanied the formation
of the nanotubes while in the cobalt case, cobalt
clusters formed along with the nanotubes. Other
metals used include iron, cobalt, nickel, copper,
platinum, silver, lanthanum, tungsten, and yttrium.
Of these, silver, lanthanum, tungsten, and copper
were not effective in producing single-walled nano-
tubes, while the other metals did enhance single-
walled nanotube formation.

Carbon nanotubes can also be obtained through
catalytic decomposition of acetylene and other hydro-
carbons.?60-263 Transition metal catalysts including
cobalt on silica and iron on silica and zeolites have
been utilized. Both straight and coiled nanotubes can
be obtained from these procedures.
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Laser vaporization of composite rods of graphite
with nickel and cobalt in an oven at 1200 °C results
in a high yield (50% of vaporized carbon) of single-
walled nanotubes.?64-26¢ This method is reported to
give greater control over the preparation. It has been
utilized to give single-walled nanotubes with metallic
conductivity which are organized in “ropes” that
involve 100—500 nanotubes packed together in a
triangular fashion.?®> The role of the cobalt or nickel
“catalysts” in these preparations has been suggested
to involve a metal ion chemisorbed at an open edge
of the carbon net as shown below:

Notice that the structure suggested for this interme-
diate is modeled by the platinum complex shown in
Figure 61 where a platinum atom is situated on the
edge of a fullerene fragment.?® Mobility of the metal
atom about the edge of the growing tube is postulated
to keep the tube structure intact by annealing any
pentagonal units or other high energy defects in the
(10,10) single-walled nanotube.?6®

Isolated single-walled carbon nanotubes can also
be obtained from the disproportionation of carbon
monoxide at 1200 °C with a molybdenum catalyst.?¢”
The catalyst is prepared from bis(acetylacetonato)-
dioxomolybdenum(VI1) and fused alumina nanopar-
ticles. The diameter of the tube that forms is related
to the size of the catalyst particle which is found
attached at the end of the tube.

The growth of carbon nanotubes with a variety of
different metal catalysts and procedures has
spawned speculation on the mechanisms of tube
growth.265267-269 In addition to the scooting of metal
atoms about the edge of a growing tubule as shown
in the diagram above, other proposals have emerged.
For the case of catalysis by molybdenum particles, a
“yarmulke mechanism” is proposed by which nano-
tubes are nucleated by a catalytic particle that
protects the tube from having a vulnerable open edge
during growth. Molecular dynamics calculations
have provided a theoretical framework for the growth
of single-walled nanotubes from metal carbide par-
ticles through a root-growth mechanism.?%8 The
possibility that Ceo acts as a template during single-
walled nanotube growth has been suggested.?®® A
schematic drawing of this concept is shown in Figure
63. In this proposed process, the metal atoms (cobalt
or nickel in the case of 10,10 nanotube formation) are
m-bound to the outside of the fullerene as well as to
the inside of the nanotube. The geometric factors for
such a model closely predict the outer circumference
of the nanotube to be 13.6—13.8 A, which agrees with
the experimental data, and the model has been used
to make a set of predictions about nanotube growth.?%°
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Figure 63. A drawing of the proposed role of Cg as a
template for carbon-nanotube formation in which metal
atoms are simultaneously bound to the fullerene and the
nanotube (Reprinted with permission from ref 269. Copy-
right 1997 Elsevier Science.)

Carbon particles containing transition metals or
compounds are found not only at the ends of nano-
tubes but also encased within graphitic networks. For
example, crystalline gold clusters have been found
to be enclosed within graphitic carbon onion-like
units which are produced by the arc discharge with
gold-impregnated graphite rods.?”® In an intense
electron beam, these gold clusters migrate out of the
graphitic cages, presumably through a process of
opening and subsequent closing of the fullerene-like
cages.

Polyhedral carbon particles with diameters of 20—
40 nm have been found to encapsulate microcrystal-
line LaC,.?"* These particles were obtained via the
arc discharge method with La,Os-doped graphite
rods. The carbon framework was found to protect the
LaC, core from hydrolysis. Carbon nanocapsules
containing platinum group metals have also been
obtained via arc discharge techniques?’? as have
capsules containing hafnium.?7

The arc discharge method has also been used to
form carbon nanotubes filled with a variety of metals
or metal carbides including those of the transition
metals: Ti, Cr, Fe, Co, Ni, Cu, Zn, Mo, Pd, Ta, and
W.272 Continuous “nanowires” are observed in many
cases to completely fill the interior of these tubes.?"?

Preformed carbon nanotubes have been found to
bind transition metals on either their interior or
exterior surfaces.?”>~285 Open carbon nanotubes tubes
can be filled with molten materials such as V,0s and
MoOjs through capillary action.?7827° Oxidation can
open the curved, closed ends of nanotubes, and allow
chemicals access to the interior space within a
tubule.?5-277 However, oxidation can also introduce
acidic surface groups (—CO;H and —OH) on the
nanotubes, and these acidic groups offer another
favorable site for binding metal complexes on the
nanotube outer surface.?’7? Treatment of such
oxidized, opened nanotubes with aqueous solutions
of palladium nitrate followed by drying, and reduc-
tion under H; at 250 °C results in crystallites of
metallic palladium on the inside and the outside of
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the nanotubes.?”> Solid metal carbide nanorods have
been obtained by treating empty carbon nanotubes
with volatile oxide or halide species (TiO or Ti + I,).2%

Carbon nanotubes have been utilized as supports
for heterogeneous catalysts by treating a suspension
of the tubes with tris(2,5-pentanedionate)ruthenium-
(111), evaporation and reduction under hydrogen.28®
The catalyst, which has ruthenium particles on the
outside of the tubes (from transmission electron
microscopy), is more selective than a corresponding
material with an Al,O3; support in the hydrogenation
of cinnamaldehyde to cinnamyl alcohol.

[X. Other Related Transition Metal-Carbon
Compounds

A number of related transition metal—carbon com-
pounds have also attracted interest in recent years.
These include complexes of other, all-carbon ligands
as well as species in which a carbon—metal frame-
work forms.

As noted earlier, there are extensive studies on
fullerenes with a variety of metal ions, general
lanthanide and alkaline earth ions, residing on the
interior—the endohedral fullerenes.?® A comprehen-
sive review on these is in preparation. At this stage,
there is a considerable body of evidence that indicates
that indeed the metal centers reside within the
interior of the fullerene. However, definitive struc-
tural information regarding details of the metal
fullerene interaction remains lacking in this area.
Thus as seen in this review, we know in detail how
metals bind to the outer surface of fullerenes and how
they produce small but significant alterations to the
fullerene structure. But comparable information
about the structural effects of metals on the inside
of fullerenes is lacking.

There has been considerable development of the
chemistry of organometallic species with acetylenic
and polyacetylene chains. These rodlike (—Cy—)n?"
units can form bridges between organometallic end
caps. The ruthenium and rhenium complexes shown
below are examples of the types of complexes that
form:287, 288

PPh
J APPh,

Php” ,4Ru— =C—C=C—Ru
Ph,P

NO PhsP
/ \
Ré—(C=C),-Re
\ /

PPh;  NO

n=2,4,6,12,16,20

The family of rhenium complexes that have been
isolated is really quite remarkable. A set of mol-
ecules with 4, 6, 8, 12, 16, and 20 carbon atoms in
linear arrays have been produced and isolated as
crystalline solids.?®® These molecules have interest-
ing electronic transitions with molar extinction coef-
ficients over 105 M~ cm™1 in their visible absorption
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M14C13

Figure 64. Proposed structures for MgCy, and My4Ci3 (3
x 3 x 3 fcc latice structure) (from refs 298 and 300).

spectra. The electronic transitions move to the red
as the carbon chain length increases. A review on
these all-carbon ligands, which also includes discus-
sion of the cyclo-Cs bridging ligand, is available.?8°

Castleman and co-workers and others have identi-
fied a family of metal—carbon clusters, “metcars”,
that are formulated as polyhedral arrays made of
carbon and metal atoms.2%0-2% The first of these is
[TigCyo]", for which both the T, and T4 structures
shown in Figure 64 have been proposed.??02%7.2% This
species has been prepared by reaction of titanium
atoms with hydrocarbon (CH,, C,H,, CgHs, etc.)
vapors and identified by mass spectrometry. Evi-
dence that the titanium atoms are on the surface of
this cluster comes from its reactivity. In the gas
phase [TigCi2]* reacts with ammonia to form the
series of adducts, [Tig(NH3),C12]" with n = 0-8, in
which the ammonia molecules appear to be coordi-
nated to the titanium atoms.?®® Related adducts are
known to be formed with s-bonding molecules such
as ethylene and with halogens.?%32% Clusters of the
type [MgC1,]" with vanadium, zirconium, and hafni-
um as well as with chromium, molybdenum, and iron
have also been observed via mass spectrometric
techniques.?912%

Although these metcars are generally studied in
the gas phases, there is one report that solid material
containing neutral MgCi> (M = Ti, V) has been
isolated.?®® This synthesis utilizes the arc discharge
method with titanium/graphite or vanadium/graphite
composite rods. The procedure yields a soot contain-
ing fullerene as well as metal, metal oxides, and the
metcars in yields up to 1%. However, no information
regarding the solubility or solution-phase properties
of TigCy2 has yet appeared. Manipulation of these
metcars in solution will probably require utilization
of a suitable coordinating environment to supply
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ligands to bind to the metal atoms and to segregate
individual clusters.

In addition to the [MgCi,]" clusters, a family of
larger clusters can also be observed when laser-
evaporated titanium or vanadium reacts with meth-
ane or acetylene.3®© Among these, the [M14Cy3]" (M
= Ti, V) clusters are particularly abundant and
stable. These clusters are believed to have the
structure of a 3 x 3 x 3 fcc lattice fragment, as shown
in Figure 64. Theoretical calculations relating to the
electronic structure and reactivity of this unit are
available.?01302 The [M14C13]" is postulated to contain
isolated carbon atoms, whereas [MgC1,]" contains six
C; units.

Metal atoms can also be incorporated into the
fabric of a fullerene framework.303304 Gas-phase
[NbC,]* clusters are generated by pulsed laser va-
porization of niobium carbide/graphite composite rods
and studied by injection—ion drift-tube mass spec-
trometry.3% Fullerene, bicyclic ring, and monocyclic
ring species are formed in this process. For even-
numbered carbon clusters, the drift time behaviors
of [C4o]* @and [NbCyo]* are similar, and an endohedral
structure is proposed for [NbCg4]t. However, for
[NbCs3o]* the drift time is longer than for either
[NbCao]* or [Cao]*. Additionally, [NbChevem] ™ is un-
reactive toward N, and O, whereas [NbCpdg)]™"
reacts with the added gases. Thus, it is concluded
that the [NbCnedg)]™ units have a fullerene-type
structure with the niobium atoms as an integral part
of the shell. However, it is probable that the niobium
atom protrudes from the carbon shell because of the
greater length of the Nb—C bonds relative to the C—C
bonds.3® Similar data have been obtained for [La,C,]*
(n = 28—100) metallofullerenes.3®* Notice that a
related structure with a cobalt atom incorporated into
the framework of a chemically modified Cgo molecule
is formed in Scheme 5.1%! Its structure is shown in
Figure 43.

X. Conclusions

Starting with the observations that gas-phase
metal ions could be attached to the outer surfaces of
the fullerenes,'%%192 there has been extensive devel-
opment of the condensed phase inorganic and orga-
nometallic fullerene chemistry with transition met-
als. Several types of products of reactions of transition
metal complexes with fullerenes have been identified.

Direct coordination of metal centers to fullerenes
so far has led almost exclusively to the isolation of
the n?-type of compounds, even in cases of addition
of multiple metal centers to the fullerene. Although
several metal centers can be appended to a single
fullerene; the highest coverage achieved for an iso-
lated complex involves the six platinum atoms bound
to Ceo in Ceof Pt(PEts)2}s (see Figure 47),%5 as well
as the six ruthenium centers attached to C;g in Coo-
{Ru3(CO)g}» (see Figure 13).7° This coverage does not
come close to rivaling the high metal coatings ob-
served in gas-phase studies.'°?% While bis-fullerene
complexes have been observed in the gas phase,'®?
an example of an isolated form of such a bis-fullerene
complex has yet to be prepared. While the fullerene
unit may seem large, from the viewpoint of attach-
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ment to a metal center, it is not an exceptionally
bulky ligand. The cone angle of Cg has been esti-
mated to be 120°,%%® and consequently the formation
of bis- and even tris-fullerene-ligated metal com-
plexes may be anticipated as sterically feasible.

As seen in reactions 4 and 12 and Scheme 3, metal
complexes such as 0sO, and S;Fe;(CO)s add to
fullerenes through ligand sites which become bridges
between the fullerene and the metal. The discovery
of a wider variety of such ligand additions to fullerene
surfaces may be anticipated, as the range of metal
complexes used to explore fullerene reactivity in-
creases.

The ability of the fullerene unit to accept electrons
means that redox reactions have the potential to
occur whenever strongly reducing reagents are in-
volved in reactions with fullerenes. This mode of
reaction is particularly predominant in the reactions
of many first row transition metal metallocenes with
Ce0, Where a number of fulleride salts have been
prepared.

One of the more remarkable features of fullerenes
is their ability to cocrystallize with an array of
different molecules. The formation of such crystal-
line materials is not limited to transition metal
complexes, but there are a variety of transition metal
complexes that do cocrystallize as can be seen by
referring to Figures 17, 18, 19, 45, 53, and 54. In
some of these there may be a degree of ground-state
electron transfer involved in stabilization of the solid
array.

Chemically modified fullerenes promise to present
even more varied features to the array of reactions
of fullerenes with transition metal complexes. The
remarkable reactions shown in Scheme 5, where a
fullerene C—C bond is ruptured and a cobalt atom is
incorporated into the fullerene core,*®' and those
shown in Scheme 7, where a five-membered ring
capable of #°-coordination is isolated on the fullerene
surface,'®’ give a good indication of the new directions
that can be expected in this area.
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