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We performed extensive density functional calculations on
various metallofullerene complexes and their polyanions to
gain insight into novel η1 and η2[6:5] metal (M)–C60 bonding
modes. For LnMC60 (L = ligand), the η1 mode is calculated to
be the most stable, followed by η2[6:5] and η2[6:6] for –3 anions,
in contrast to η2[6:6] �� η2[6:5] ≈ η1 for neutral cases. This ob-
servation is responsible for the transformation from η2[6:6] to
η1 for LnM3C60, such as [Os3(CO)9C60], upon successive elec-
tron reductions. Our energy partitioning analysis (EPA) indi-
cates that the π-type character of η2[6:6] is much larger than
that of η2[6:5]. An electron addition decreases the π-type inter-

Introduction

Considerable research effort has been devoted to creating
a variety of [60]fullerene-based (C60) derivatives. Their nu-
merous applications in materials science include optical,
magnetic, electronic, catalytic, and biological applica-
tions.[1–8] In particular, many researchers have examined ex-
ohedral metallofullerene complexes to investigate and
understand the effects of metal (M) coordination on the
chemical and physical properties of C60, as well as the reac-
tivities and electrochemical properties of these complexes,
ultimately to develop new electronic nanomaterials and
nanodevices.[9–14] Although every carbon atom in C60 is
chemically equivalent, the structure of C60 offers many dif-
ferent possible bonding sites and modes of interaction with
metals. These sites are (1) directly over a single carbon atom
(representing η1-coordination), (2) above the midpoint of a
6:6 ring junction (η2-coordination, η2[6:6]), (3) above the
midpoint of a 6:5 ring junction (η2[6:5]), (4) above the center
of a pentagonal face (η5-coordination), and (5) above the
center of a hexagonal face (η6-coordination) (see Figure 1).
Continuous development in metal–C60 chemistry led to the
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action of both the η2[6:6] and η2[6:5] modes by about 35%,
whereas it has little effect on σ-type interactions. Because of
the large proportion of π-character in η2[6:6] coordination, the
stability of η2[6:6] coordination decreases steeply as electron
reductions continue. On the basis of the EPA results, we
could explain why the reaction of [Os3(CO)8(CNR)(µ3-
η2[6:6],η2[6:6],η2[6:6]-C60)] (R = CH2Ph) with CNR (4e donor)
produces [Os3(CO)8(CNR)(µ3-CNR)(µ3-η1,η2[6:5],η1-C60)]. The
η1 and η2[6:5] bonding modes of M–C60 are crucial to fully
understand the bonding nature of M–C60 bonds in exohedral
metallofullerene complexes.

synthesis of various metallofullerene complexes with η1-,[15]

η2-,[10,16–22] η5-,[23–25] and η6-bonding modes[26], but pecu-
liar chemistry is dominated by π-type M–C60 interactions,
as a metal atom is attached in an η2 fashion to a [6:6] bond
in C60. There have been various metallofullerene complexes

Figure 1. Five possible metal–C60 bonding modes.
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with an η2[6:6] M–C60 bond across the periodic table.[10,16–22]

The chemistry of metal–C60 cluster σ complexes has re-
mained relatively unexplored, although such complexes are
very important in the selective functionalization of
C60.[22,27–31] Herein, we show that the η1 and η2[6:5] bonding
modes of M–C60 are crucial to fully understanding the
bonding nature of M–C60 bonds in exohedral metallofuller-
ene complexes.

Shapley et al.[32–34] and Park et al.[35–39] independently
prepared various LnMx(C60)y complexes and demonstrated
that a variety of cluster frameworks [Re3(µ-H)3, Ru3, Os3,
Ru5C, Os5C, PtRu5C, Ru6C, and Ru6] can bind to C60

through a face-capping cyclohexatriene-like bonding mode:
µ3-η2,η2,η2-C60. The metallofullerene complexes with this
relatively strong bonding mode exhibited remarkable ther-
mal and electrochemical stabilities, uniquely suitable for
various device applications, which is in contrast to other
previously known η2-C60 metal cluster complexes.[11] Park
et al.[35,38] demonstrated an interesting strong electronic
communication between C60 and metal cluster centers that
can be readily fine-tuned by controlling the electronic prop-
erties of the attached ligands on the metal cluster center.
Electrochemical studies of C60 derivatives of Ir4 and Rh6

clusters have also revealed strong electronic interactions be-
tween C60 cages, through the metal cluster spacers.[13] Park
et al.[12] reported a highly ordered [60]fullerene triosmium
cluster–zinc porphyrin dyad self-assembled monolayer
(SAM) on an indium–tin oxide surface. These exhibited the
highest photocurrent generation efficiency (19.5%) reported
for dyad photovoltaic cells based on SAMs.

Park et al.[40] reported the first example of an η2 (π-type)
to η1 (σ-type) conversion in a neutral [LnOs3C60] complex;
the authors demonstrated the transformation of the bond-
ing mode of C60 on an Os3 framework by using X-ray crys-
tallography, from the µ3-η2,η2,η2 bonding mode to the µ3-
η1,η2,η1 bonding mode, which was induced by an external
ligand. It is very interesting that the µ3-η2[6:6],η2[6:6],η2[6:6]

bonding mode was transformed into the µ3-η1,η2[6:5],η1

mode, but the origin is unknown. Kim et al.[41] predicted
from their density functional calculations for µ3-η2,η2,η2

[Os3(CO)9C60] that the transformation of the µ3-η2,η2,η2

mode (neutral) into the µ3-η2,η1,η1 (–4 anion) bonding
mode of C60 can occur only by electron reductions. In this
study, we performed extensive density functional calcula-
tions on various LnMC60 and LnM3C60 complexes and their
polyanions to gain insight into novel η1 and η2[6:5] M–C60

bonding modes.

Computational Details

Our calculations were based on density functional theory
(DFT) at the generalized gradient approximation (GGA)
level (employing Becke’s 1988 functional for exchange and
Perdew–Wang’s 1991 functional for correlation:
BPW91[42,43]). The energy-consistent relativistic effective
core potential (RECP)[44] was used for the metal atoms.
Double numerical plus polarization (DNP) basis sets were
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also used for C, N, O, and H atoms. All metal–C60 com-
plexes were optimized for the neutral and anionic states.
Various multiplicities were considered: the closed-shell and
open-shell species are singlet and doublet, respectively. The
vibrational frequencies were calculated at the optimized
geometries for LnM3C60 to confirm that the structures are
true local minima. The following convergence criteria (all
given in atomic units) were imposed: energy, 2 �10–5; maxi-
mum gradient, 4� 10–3; and maximum displacement,
5�10–3. All calculations were performed by using Accelrys’
DFT program DMol3.[45,46]

The nature of the metal–C60 bonding was investigated
at the optimized geometries by DMol3 through the energy
partitioning analysis (EPA) of the program package ADF,
based on the EPA method of Morokuma and Ziegler.[47–49]

The bond energy can be decomposed into contributions
from three terms: ∆E = ∆Eprep + ∆Ester + ∆Eorb

The preparation energy (∆Eprep) is the energy necessary
to deform the bonding moieties from their respective iso-
lated equilibrium geometries into the geometries they as-
sume in the bound complex. The steric energy (∆Ester) is
the sum of two terms, one corresponding to the electrostatic
interaction (∆Eelst) between the fragments and the other to
the Pauli repulsion energy (∆Epauli). ∆Ester should not be
confused with the loosely defined steric interaction between
substituents in a molecule. The orbital interaction energy
(∆Eorb) is the energy due to the attractive interactions be-
tween occupied orbitals of one fragment and empty orbitals
of the other fragment, as well as between the occupied and
empty orbitals within a given fragment (polarization). The
bonding analysis was carried out at the BPW91/TZP level
of theory. The a� orbital interactions of the complexes with
Cs symmetry correspond to σ and π�, and the a�� interac-
tions correspond to π� and δ. The a� and a�� contributions
can be regarded as σ and π interactions, because the contri-
bution of π� and δ orbital interactions can safely be as-
sumed to be small.[50]

Results and Discussion

We evaluated the relative energies for the η2[6:6], η2[6:5],
η1, η5, and η6 bonding modes of twelve LnMC60 (M = Cr,
Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir; L = H, CO)
complexes and their anions, where the neutral complexes
comply with the 18-electron rule (see Table 1). The opti-
mized structures of LnMC60 are presented in the Support-
ing Information. The geometries were constrained to main-
tain the bonding modes. The geometries of the η2[6,5] and
η2[6,6] complexes were optimized under Cs symmetry con-
straints. The geometries of the η1, η5, and η6 complexes
were optimized by constraining several dihedral angles. For
instance, six dihedral angles were constrained to maintain
the η6 bonding mode. One of the dihedral angles was con-
stituted by the metal atom, one C atom in the six-membered
ring connected to the metal atom, and two C atoms in the
opposite six-membered ring (see the Supporting Infor-
mation). Because the η5 and η6 coordinations are very un-
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Table 1. Relative energies (in kcal/mol) for the five bonding modes of LnMC60 (M = Cr, Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir; L
= H, CO). The structures were optimized with geometry constraints (see the Supporting Information).

neutral –1 –2 –3 neutral –1 –2 –3 neutral –1 –2 –3

[Cr(CO)5C60] [Mo(CO)5C60] [W(CO)5C60]

η2[6:5] –1.1 –0.5 0.5 0.7 –2.0 –1.2 0.6 0.4 –2.4 –1.2 1.0 1.2
η2[6:6] –7.8 –1.9 4.8 [a] –8.7 –2.9 3.6 5.7 –9.7 –2.9 4.7 6.1
η1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
η5 8.6 10.5 10.9 7.6 9.2 11.4 12.8 9.3 10.4 12.8 14.1 11.0
η6 3.3 [a] [a] [a] 5.3 [a] [a] [a] 7.0 11.1 [a] [a]

[MnH(CO)4C60] [TcH(CO)4C60] [ReH(CO)4C60]

η2[6:5] –2.1 –0.7 1.0 0.9 –2.3 –1.5 0.6 1.1 –2.6 –1.3 1.4 2.6
η2[6:6] –11.0 –4.4 2.9 6.7 –10.8 –5.0 2.3 5.6 –12.1 –5.5 3.0 6.8
η1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
η5 10.0 12.3 13.6 10.0 9.8 11.8 13.5 10.6 11.7 13.9 16.2 [a]

η6 5.5 [a] [a] [a] 5.4 [a] [a] [a] 7.9 11.7 11.7 [a]

[Fe(CO)4C60] [Ru(CO)4C60] [Os(CO)4C60]

η2[6:5] –2.8 –0.3 2.3 0.3 0.8 0.6 2.6 0.3 0.4 0.5 2.8 3.0
η2[6:6] –15.2 –7.2 1.6 6.6 –11.2 –5.6 2.2 6.3 –12.4 –6.4 2.3 7.3
η1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
η5 10.5 10.3 8.0 [a] 9.6 8.6 7.7 [a] 11.1 9.8 8.5 [a]

η6 10.4 11.3 [a] [a] 9.1 9.6 5.4 [a] 10.1 10.5 9.0 [a]

[CoH(CO)3C60] [RhH(CO)3C60] [IrH(CO)3C60]

η2[6:5] –1.3 –0.4 1.4 3.0 1.0 0.8 2.2 2.1 1.8 1.4 3.2 4.1
η2[6:6] –11.9 –6.1 0.7 4.5 –7.8 –3.2 3.0 5.4 –10.2 –4.2 3.7 7.8
η1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
η5 12.0 13.5 14.7 12.0 9.1 10.3 12.4 9.9 10.1 11.8 [a] [a]

η6 [a] [a] [a] [a] [a] [a] [a] [a] [a] [a] [a] [a]

[a] Dissociated.

stable for all neutral and anion structures, we depicted the
results only for the η2[6:6], η2[6:5], and η1 bonding modes in
Figure 2. For all neutral metallofullerene complexes, η2[6:6]

coordination of C60 is the most stable, which is in harmony
with the fact that the metallofullerene chemistry is domi-
nated by η2[6:6] coordination of C60 to the metal center. It
is worth noting that the successive addition of electrons to
metallofullerene complexes significantly changes the rela-
tive energies of the three isomers. The stability of η2[6:6] co-
ordination decreases steeply as electron reductions con-
tinue. Even for Cr(CO)5C60, complexes with η2[6:6] coordi-
nation are dissociated after the third electron reductions,
whereas the η2[6:5] and η1 structures exist as local minima.
The η1 mode is calculated to be the most stable, followed
by η2[6:5] and η2[6:6] for –3 anions, in contrast to η2[6:6] ��
η2[6:5] ≈ η1 for neutral cases. This observation seems to be
responsible for the transformation from η2[6:6] to η1 for
LnM3C60, such as [Os3(CO)9C60], upon successive electron
reductions.[41] Although no X-ray structures for anionic
[LnM3C60] (or [LnMC60]) complexes have been reported, cy-
clic voltammetry (CV) measurements have provided their
reduction potentials for various LnM3C60 complexes. We
were able to reproduce the experimental CV data, with a
small mean deviation of 0.02 V, for [Os3(CO)9C60] and
[Re3H3(CO)9C60], by using the density functional calcula-
tions of reduction potentials (see Table 2). CV modeling[51]

for metallofullerene complexes is described in the Support-
ing Information. Our results for [LnM3C60] and [LnMC60]
complexes strongly imply that such η2[6:6] to η1 conversions
can occur in general LnMx(C60)y-type metallofullerenes.
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Figure 2. Relative energies (in kcal/mol) of η2[6:6] and η2[6:5] with
respect to η1. Optimized structures are given in the Supporting
Information.
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Table 2. Calculated reduction potentials (to the standard Fc/Fc+

scale) for [Os3(CO)9C60] and [Re3H3(CO)9C60].

Bonding mode[a] Charge Calcd.[b] Exp.[c]

[Os3(CO)9C60] (2,2,2) 0
(2,2,2) –1 –0.97 –0.98
(2,2,2) –2 –1.29 –1.33
(2,2,1) –3 –1.65 –1.61
(2,1,1) –4 –1.73 –1.74

[Re3H3(CO)9C60] (2,2,2) 0
(2,2,2) –1 –0.91 –0.95
(2,2,2) –2 –1.21 –1.24
(2,2,1) –3 –1.36 –1.34
(2,1,1) –4 –1.73 –1.73

[a] (2,2,2) denotes the µ3-η2,η2,η2 bonding mode. [b] The calculated
reduction potentials were improved relative to those in ref.[51] by
searching for more stable structures of [Os3(CO)9C60], [Re3H3-
(CO)9C60], and their anions. [c] Ref.[35,38]

One can easily assume that the bonding nature of η1 and
η2 modes is quite different. It is worth noting that the η1

and η2[6:5] bond strengths become high, as electron re-
ductions proceed, with respect to the corresponding η2[6:6]

bond strength. To get a detailed insight into the nature of
the M–C60 bond in the [LnMC60] complexes, Os–C60 bond-
ing analysis was performed for neutral and –1 anion
[Os(CO)4C60] complexes. It should be mentioned that the
metallofullerene complexes containing Os metal atoms have
been the most widely investigated in experi-
ments.[11,14,32,33,35,37,52–55] The nature of M–C60 bonding has
been investigated through energy partitioning analysis
(EPA); the results are given in Table 3. The three top entries
in Table 3 give the values of the dissociation energy De,
∆Eprep, ∆Ester, and ∆Eorb. The attractive Os–C60 bonding
comes mainly from ∆Eorb, rather than ∆Ester. The orbital
interactions having a�(σ) and a��(π) symmetry can be distin-
guished by EPA calculations.[50] Table 3 clearly shows that
the η1 and η2 modes are σ- and π-type, respectively, as ex-
pected. However, we stress that the π-type character of
η2[6:6] (σ/π = 1:1.6) is much larger than that of η2[6:5] (σ/π
= 1:1.2). An electron addition decreases the π-type interac-
tion of both the η2[6:6] and η2[6:5] modes by about 35%,
whereas it has little effect on σ-type interactions. Because
of the large proportion of π-character in η2[6:6] coordina-
tion, the stabilities of η2[6:6] coordination decrease steeply
as electron reductions continue. Even in the –1 anion state,
the η2[6:6] and η2[6:5] bonding modes are π- and σ-dominant,
respectively. As a result, the η1 mode is the most stable,
followed by η2[6:5] and η2[6:6] for the higher –3 anion com-
plex. The EPA results reveal that the reason that the η2[6:5]

mode is more stable than the η2[6:6] mode is the relatively
large σ-character of the η2[6:5] mode, that is, the η2[6:5] mode
is preferable to the η2[6:6] mode for electron-rich environ-
ments.

On the basis of the EPA results, we can expect that intro-
duction of an electron-donating ligand to a metal cluster
framework would cause the complexes to have η1 or η2[6:5]

M–C60 bonding modes, even in a neutral state. Actually, the
reaction of [Os3(CO)8(CNR)(µ3-η2[6:6],η2[6:6],η2[6:6]-C60)] (R
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Table 3. Energy partitioning analysis (in kcal/mol) of [Os(CO)4C60]
and [Os(CO)4C60]–1.

η1 η2[6:6] η2[6:5] η1 η2[6:6] η2[6:5]

[Os(CO)4C60][a] [Os(CO)4C60]–1[b]

De –15.0 –30.1 –16.2 –20.0 –28.9 –20.6
∆Eprep 10.8 28.1 21.2 10.8 20.5 13.7
∆Ester 40.6 59.2 48.6 32.5 46.2 32.6
∆Epauli 128.5 186.8 141.4 127.7 166.9 120.7
∆Eelst –88.0 –127.7 –92.8 –95.1 –120.8 –88.1
∆Eorb –66.3 –117.4 –86.0 –63.3 –95.5 –66.9
∆Ea�(σ) –60.6 –45.9 –39.1 –58.6 –45.6 –38.5
∆Ea��(π) –5.7 –71.5 –46.9 –4.7 –49.9 –28.4

[a] Main orbital interactions between the HOMOs of Os(CO)4 and
the LUMOs of C60 are presented in the Supporting Information.
[b] The singly occupied molecular orbitals (SOMO) for the
η2[6:6],η2[6:5] and [η1-Os(CO)4C60]–1 complexes are shown in the
Supporting Information.

= CH2Ph) (1) and CNR (4e donor) at 80 °C in chloroben-
zene forms [Os3(CO)8(CNR)(µ3-CNR)(µ3-η1,η2[6:5],η1-C60)]
(see Scheme 1).[40]

Scheme 1. Reaction of [Os3(CO)8(CNR)(µ3-η2[6:6],η2[6:6],η2[6:6]-C60)]
(R = CH2Ph) (1) with CNR.

We note that the transformation to the µ3-η1,η2[6:5],η1

mode is very interesting because the transformation from
µ3-η2[6:6],η2[6:6],η2[6:6] to µ3-η1,η2[6:6],η1 is more plausible
than to µ3-η1,η2[6:5],η1, as shown in Scheme 1. When the µ3-
CNR ligand is introduced, the Os3 framework seems to be
mobile on the C60 surface, and ultimately binds to C60 as
the most stable form. We optimized the various low-lying
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structures of the [Os3(CO)8(CNR)(µ3-CNR)C60] isomers.
The results, along with the relative energies, are presented
in Figure 3. More information on the optimized structures
is presented in the Supporting Information. The experimen-
tally observed µ3-η1,η2[6:5],η1 isomer is calculated to be the
most stable and is 4.9 kcal/mol more stable than the µ3-
η1,η2[6:6],η1 isomer. We could not obtain a stable µ3-
η1,η1,η1 isomer that was 29.7 kcal/mol higher than the µ3-
η1,η2[6:5],η1 isomer, which is ascribable to the distorted Os3

framework resulting from the introduced µ3-CNR ligand.

Figure 3. Relative energies (in kcal/mol) for [Os3(CO)8(CNR)(µ3-
CNR)C60]. �: Osmium; CO and CNR ligands are omitted for clar-
ity.

Conclusions

We have performed extensive density functional calcula-
tions on various [LnMC60] and [LnM3C60] complexes and
their polyanions to gain insight into novel η1 and η2[6:5] M–
C60 bonding modes. For [LnMC60], the η1 mode is calcu-
lated to be the most stable, followed by η2[6:5] and η2[6:6] for
–3 anions, in contrast to η2[6:6] �� η2[6:5] ≈ η1 for neutral
cases. This observation seems to be responsible for the
transformation from η2[6:6] to η1 for [LnM3C60], such as
[Os3(CO)9C60], upon successive electron reductions. Our
EPA calculations indicate that the π-type character of η2[6:6]

is much larger than that of η2[6:5]. The addition of an elec-
tron significantly decreases the π-type interaction of both
the η2[6:6] and η2[6:5] modes, whereas it has little effect on
σ-type interactions. Because of the large proportion of π-
character of η2[6:6] coordination, the stability of η2[6:6] coor-
dination decreases steeply as electron reductions continue.
On the basis of the EPA results, we could explain why the
reaction of [Os3(CO)8(CNR)(µ3-η2[6:6],η2[6:6],η2[6:6]-C60)] (R
= CH2Ph) with CNR (4e donor) produces [Os3(CO)8-
(CNR)(µ3-CNR)(µ3-η1,η2[6:5],η1-C60)].

In exohedral metallofullerene chemistry, understanding
the η1 and η2[6:5] bonding modes is as important as under-
standing the η2[6:6] mode. We have unraveled an aspect of
C60: its behavior as a versatile multifunctional ligand exhib-
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its various σ- and π-bonding modes. Our finding could be
helpful for the interpretation and understanding of the pe-
culiar chemistry of transition-metal complexes with fuller-
enes.
Supporting Information (see footnote on the first page of this arti-
cle): Optimized structures of LnMC60; SOMOs of the Os(CO)4-
C60

�1 complexes; main occupied–unoccupied orbital interactions
for the Os(CO)4C60 complexes; CV modeling for metallofullerene
complexes.
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