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The geometries and electronic structures of Os3(CO)g(us-172,12,12-Ceo) (OSF1), Os3(CO)s-
(P(CH23)3)(us-1°,m?,m?-Ceo) (OsF2), and their mono-, di-, tri-, and tetra-anions were calculated
using a density functional method. Our calculations show that all three Os atoms are
coordinated to Cgo in a w-type mode for the mono- and dianions, as well as in the neutral
OsF1 and OsF2 complexes, but that third and fourth electron reductions form mixed o—m-
type coordinated compounds. A third electron reduction produces the Os3(CO)o(us-172,72,1m*-
Co0)®~ and Os3(CO)g(P(CHa)3)(uz-1%,1n%,1m*-Ce0)®~ complexes, while a fourth electron reduction
produces the Os3(CO)qo(us-12,1m,7-Ceo)*~ and Os3(CO)s(P(CH3)3)(us-12,m%,1-Ceo)*~ complexes.
Our reduction potentials are calculated, in qualitatively good agreement with experimental
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data obtained using cyclic voltammetry.

Introduction

The study of the chemical and physical properties of
fullerenes is a dynamic field of research,! and there has
been considerable interest in the anions of Cge?3 and
exohedral metallofullerenes.*~® Understanding the ef-
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fect of the metal substituent on the redox properties of
Ceo is crucial for the development of specific electronic
and optical applications, and the binding of Cgp to
inorganic fragments has also demonstrated the remark-
able versatility of this fullerene in its reactions with
organometallic species.

In fullerene-metal cluster complexes, the exohedral
metallofullerene chemistry is dominated by 7-type Ceo—
metal bonds, as it has an 72-Cgo bonding mode with most
metals® and u-12,n?-Cso bonding modes for bimetallic
Re,, Ru,, and Ir,.6 Some transition metals are known
to interact with the sprayed sw-orbitals of fullerene five-
and six-membered rings.” Various Cgo—metal cluster
complexes® have been prepared, and a variety of cluster
frameworks shown to bind to Cgp via a face-capping
cyclohexatriene-like bonding mode, uz-12,72,7%-Ceo. Re-
cently, Park et al.® reported the first example of a
ligand-induced conversion of a 7 to 0 Ceo—metal com-
plex. They demonstrated the transformation of the
bonding mode of Cgo 0n an Osz framework, from the us-
n2,n%n? bonding mode to the uz-nt,7% 1t bonding mode
that was induced by an external ligand.

In our study, we performed density functional calcu-
lations on neutral and variable anions (Q = —1 to —4)
of Cso0, OSg(CO)g(‘ltg-nz,nz,nz-Cao) (OSFl), and OS3(CO)3-
(P(CH3)3)(u3-1%,17%,1n%-Ceo) (OsF2) (see Figure 1) to ex-
amine their structures, electrochemical properties, and
the bonding modes between the metal cluster and the
Ceo. Park et al.?2 have reported the synthesis and
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0s5(COY(s1’ %, M ~Cso)  Os3(CO)s(P(CH3)s) (-0’ 1% P —Cn)

Figure 1. Structures of Cg, Os3(CO)g(us-172721?-Ceo)-
(OsF1), and Os3(CO)s(P(CHa)s)(us-12,1?17%-Ceo) (OSF2).

characterization of us-5?, 1%, 7?-Ceo triosmium cluster
complexes, OsF1 and OsF2, and electrochemical studies
in 1,2-dichlorobenzene (DCB) solvent. The Ossz core
bonds symmetrically to a Cg face of Cgo, and each metal
atom is bound in an #? fashion. To the best of our
knowledge, there have been no theoretical or experi-
mental studies on the geometries and electronic struc-
tures of metallofullerene anions. The optimized struc-
tures demonstrate that there are reduction-induced
changes from z to o bond type in the OsF1 and OsF2
complexes. Theoretical reduction potentials (RPs) for
Ceso, OsF1, OsF2, and their anions were calculated and
compared with the available experimental RP values®
using cyclic voltammetry.

Computational Section

Our calculations were based on the density functional
theory (DFT) at the generalized gradient approximation
(GGA) level (employing Becke's 1988 functional for
exchange and Perdew and Wang's 1991 functional for
correlation, BPW9119). The energy-adjusted relativistic
effective core potential (RECP)!! was used for the Os
atoms. Double numerical plus polarization (DNP) basis
sets were used for the C, H, O, and P atoms, and the
valence electrons for Os were also expanded using the
DNP basis set. All the structures of Cgg, OsF1, OsF2,
and their anions (Q = —1 to —4) as described were
optimized without any symmetry restriction using the
analytical gradients of the energies. To estimate higher
accuracy molecular energies, relativistic all-electron
Douglas—Kroll calculations!? were performed on the
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Table 1. Calculated and Experimental Structural
Parameters for Cg and Ru3(CO)qe(u3-72,m%,1m%-Cso)
)

(bond lengths in A

calculation experiment?

Ceo [6,6]° 1.400 1.40
[6,5]° 1.453 1.45

Rus(CO)e(uz-72,m%n>-Ce0) RUl—Ru2 2.913 2.8737
Rul—Ru3 2.931 2.8790
Ru2—Ru3 2.942 2.8988
Rul—-C1 2.263 2.245
Rul—C2 2.336 2.324
Ru2—C3 2.275 2.228
Ru2—C4 2.343 2.301
Ru3—C5 2.283 2.213
Ru3—C6 2.348 2.296
ci-c2 1.443 1.417
Cc2-C3 1.481 1.456
C3—C4 1.438 1.447
C4—-C5 1.480 1.469
C5-C6 1.442 1.416
C6—C1 1.480 1.473

a Experimental values for Cgo are in ref 3, and those for

Ru3(CO)o(uz-n2,72,m%-Ceo in ref 8d. ® The C—C bond corresponding
to the fusion of two six-membered ring. ¢ The C—C bond corre-
sponding to the fusion of a six-membered ring and a five-membered

ring.

Table 2. Calculated Electron Affinities and
Reduction Potentials (to the standard Fc/Fc™
Scale) for Cgo, OsF1, OsF2, and Their Anions (Q =

—1to —4)

reduction potential

charge electron affinity2  theory?  experiment¢
Cso 0 —1.24 -1.24 —1.08
-1 —4.31 —2.08 —1.46
-2 —7.43 —2.96 —1.90
-3 —10.42 —3.74 —2.38
OsF1 0 —0.92 -1.11 —0.98
-1 —3.67 —1.89 —1.33
-2 —6.28 —2.74 —1.61
-3 —8.78 —3.38 -1.74
OsF2 0 —-1.15 —-1.25 —1.06
-1 —3.86 —2.04 —1.42
-2 —6.54 —2.98 —1.93
-3 —9.04 —3.54 —1.95

a Electron affinities were shifted so that the electron affinity of
Ceo corresponds to the reduction potential of Cg. ® Calculated
reduction potentials on the ferrocene/ferrocenium (Fc/Fc*) scale.
¢ Experimental reduction potentials on the ferrocene/ferrocenium
(Fc/Fct) scale examined by cyclic voltammetry.82

RECP-optimized geometries. Calculations were per-
formed on singlet and triplet states of OsF12~/4~ and
OsF227/4= and doublet and quartet states of OsF13~
and OsF23-, as several spin states are possible for
OsF12-83-14= and OsF22/3-/4~ The low spin states of
OsF1 and OsF2 anions (singlet and doublet states,
respectively) were calculated to be more stable, and
these were used to obtain the electron affinity (EA) and
RP values of OsF1 and OsF2, shown in Table 2. The
solvation energies were calculated using the conductor-
like screening model (COSMO),3 to take into account
bulk solvent effects. A dielectric constant value of ¢ =
7.5 was employed in the Douglas—Kroll COSMO calcu-
lations, because DCB was used as the solvent in ref 7a.
All the calculations were performed using the Dmol3
software package.l4
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Results and Discussion

Ce0, OsF1, OsF2, and their anions were optimized
without any symmetry restriction, and we compared the
optimized geometry parameters with the available
experimental data.® We optimized the geometry param-
eters of OsF1 and OsF2 and wanted to compare their
geometry parameters with any experimental results.
Unfortunately, these have not been determined experi-
mentally, and so the experimental geometry parameters
of a complex analogous to OsF1, Rus(CO)o(us-12,1%n?
Ce0),8 were compared with the calculated geometry
parameters of Ruz(CO)g(us-12,1%,1n%-Ceo). Details on the
geometries obtained are listed in Table 1. Comparison
of the data indicates that our method is accurate enough
to obtain the geometries of the metallofullerenes.

The optimized structures and the highest occupied
molecular orbitals (HOMOSs) for OsF1, OsF2, and their
anions (Q = —1 to —4) are shown in Figure 2. The
neutral OsF1 complex, as shown in Figure 2, has close
to C3, symmetry, which agrees with the NMR spectrum.8
The Oss triangle is positioned centrally over a six-
membered carbon ring (Cs-ring) in the Cgo moiety, and
the two planes are nearly parallel as in Ruz(CO)q(us-
12,1m2,1%-Ceo). The metal—metal bond lengths of OsF1 are
longer than those of Rus(CO)q(uz-72,7%,7?-Ceo) by about
0.05-0.07 A For both RU3(CO)9(/,£3-772,772,772-C50) and
OsF1, the Cg-ring of the Cgo moiety takes the form of
cyclohexatriene, with each of its double bonds s-coor-
dinated to a metal atom in an #? mode. The Ru—C bond
distances show a short—long pattern at each metal
center, with the average short distance being 2.273 A
and the average long distance being 2.342 A. On the
other hand, the Os atoms are located centrally over the
double bonds of the Cg-ring with an average bond length
being 2.339 A. This is somewhat longer than the average
Ru—C bond distance of 2.308 A. OsF2, a trimethylphos-
phine-substituted complex, has the phosphine group
located at an equatorial site and does not possess
symmetry (C; point group). The Osz triangle is also
positioned centrally over a Cg ring in Cg, and each
metal atom is coordinated to the double bonds of the
Ce-ring in an 2 mode.

The addition of electrons to the neutral complex
changes the electronic structure and bond type of the
Os—CJ[Cgg] bond. A detailed representation of the changes
in geometry is depicted in Figure 2, which shows top
view geometries of the two Cg-rings: rings A and B, in
the Cgo moiety of OsF1, OsF2, and their anions. Ring A
is the six-membered carbon ring in the Cgp moiety over
which the Osgs triangle is coordinated, and ring B is the
Ce-ring opposite ring A in the Cgo moiety. The circles
on ring A denote the three Os atoms. In the neutral
OsF1 and OsF2 complexes, the bond lengths of ring B
are virtually identical to those of free Cgo, while the bond
lengths of ring A are longer than those of free Cgo by
0.028—0.056 A, because of the z-type coordination to the
Os atoms. The average Os—0Os bond length (ra,[Os—0s])
is 2.995 A. In the first and second electron reductions
of OsF1, the changes in geometry of rings A and B are
within 0.015 A, and the three Os atoms remain s-coor-
dinated to each of the three double bonds in ring A. All
the Os—Os bond distances shrink slightly on the first
and second electron reductions, and the rg[Os—0s]
value for the dianion of OsF1 is 2.975 A.
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Although both the first and second reductions slightly
change the geometries of OsF1, the most notable change
occurs after the third electron reduction. The Os3 atom
of ring A is no longer m-coordinated to the Cgo, but
instead it binds to the C6 atom in a o-type mode, while
the Os1 and Os2 atoms remain s-coordinated to the (C1,
C2) and (C3, C4) atoms, respectively. In this way, Osz-
(CO)o(uz-n2m?n?Ceo)? is transformed to Os(CO)g(us-
72m%5%-Ce0)3~ by the third electron reduction. The C6
atom, which is bound to the Os atom in a o-type mode,
moves toward the Os atom. The sum of the three angles
around the sp3-hybridized C6 atom (330°) is consider-
ably smaller than the sums of the angles of the other
five carbon atoms (average = 350°) that possess sp?
hybridization. The dihedral angles between the C1—
C2—C5 plane and the C1-C5—C6 plane are 13° for Osz-
(CO)o(us-172,5%,51-Ce0)>~, while the corresponding dihe-
dral angles for the neutral complexes and the mono- and
dianions of OsF1 are less than 3°. The Os1—0s2 and
Os1—0s3 bond lengths are also shortened by the third
electron reduction, but the Os2—0s3 bond length be-
comes elongated from 2.975 A to 3.004 A. The HOMOs
of the trianions of OsF1 clearly show that fractions of
accepted electrons are present in the Os3(CO)g moiety,
unlike in the mono- and dianions, and the accepted
electrons present in the Os3(CO)g moiety contribute to
the antibonding orbital of the Os2—0s3 bond. This
results in its elongation. The tetra-anion of OsF1
remains a mixed o—m-type compound, Os3(CO)g(us-
n?,nt,nt-Ceo)*~. The Os2 and Os3 atoms are coordinated
to the C3 and C6 atoms, respectively, in a o-type
fashion, and the Osl1 atom is w-coordinated to the C1
and C2 atoms in an 52 mode. The sum of the three
angles around the sp3-hybridized C3 and C6 atoms (330°
and 331°, respectively) is considerably smaller than the
sum of the angles around the other four sp2-hybridized
carbon atoms (average = 350°). The sp3-hybridized C3
and C6 atoms are displaced from the smooth curvature
of the Cgo ligand. The dihedral angle between the C2—
C4—C5 plane and the C2—C3—C4 plane is 13°, and the
dihedral angle between the C1-C2—C5 plane and the
C1—-C5-C6 plane is 16°. The 0s2—0s3 bond length of
OsF1 becomes extended, lengthening from 3.004 A to
3.065 A. HOMO distributions similar to those observed
for the trianions are observed in the tetra-anions. The
molecular orbital (MO) diagram for the neutral geom-
etry of OsF1 is shown in Figure 3. The first two
reductions are of the Cgp fragment, as the LUMO of
OsF1 is nearly entirely Cgo-based (ti,). Therefore, the
three Os atoms remain s-coordinated to each of the
three double bonds in ring A. The LUMO+1 orbitals of
OsF1 are formed from the LUMO of Os3(CO)g and two
of the LUMO(ty,) orbitals of Csp, which explains why
the Os3(CO)g moiety can accept electrons in the third
and fourth reductions.

The changes in geometry of OsF2 on successive
reductions are similar to those observed for OsF1. The
OsF2 complex is also changed to a mixed o—n-type
compound, Os3(CO)s(P(CHz3)3)(uz-n%1n%n*-Ce0)®~, by a
third electron reduction. However, for the tetra-anions,
the bonding modes of the Cgo moieties of OsF2 on the
Os3 framework are different from those of OsF1. Unlike
the Os3(CO)o(uz-172,1n*-Ceo)*~ complex, only the Os3
atom is coordinated to the C6 atom in a ¢ mode, and
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OsF12

A
1.402 1.401 1.402 1.405 1.409
1 1454 1. 1453 1 453 146 1.453 145 1.453
B
1.401 1401 1.40 1401 1. 402 141 1416 1.41 1416
1.453 1.453 1.452 1.445 1.448
OsF1 OsF11 OsF11 OsF13 OsF1+4
(a) OsF1
OsF2 OsF21 OsF22 OsF23 OsF2+4
1.441 1.436 1.433
1.461
1 487 1 1.485 1. 1.484 1
1 o4
A 1
1.459
1449,y L3 1ass 1487 = 1447 Lo
1.402 1.402 1.403 1.416 1.419
1. 1453 1. 1.453 1. 1.452 1.45 1444 145 1.446
B 1.40: 1.403 1. 1.402 1. 1.403 1. 1411 1. 1.415
1.453 1.453 1452 1.461 1.459
OsF2 OsF21 OsF21 OsF23 OsF2+4
(b) OsF2

Figure 2. HOMO, optimized geometries, and Cg-rings in Cgo moiety of OsF1, OsF2, and their anions (Q = —1 to —4)

(bond lengths are in A).

the result is OSg(CO)g(P(CH3)3)(/,£3-7]2,7]2,7]1-C60)47. This
implies that the transformation of the bonding mode of
Ceo from uz-n2,ntnt to us-n%1%n* can occur on an Os3
framework by substituting a CO ligand with a P(CH3)3

ligand. It is not clear why this transformation occurs.
However, we found that substitution of the CO ligand
by the P(CHs); ligand elongates the Os1—0s2 bond
length of the tetra-anion by 0.103 A and the 0s2—0s3
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Figure 4. Calculated electron affinities, reduction poten-
tials, and experimental reduction potentials (to the stan-
dard Fc/Fc* scale) of Cgo, OsF1, OsF2, and their anions (Q
= —1to —4) (EA: electron affinity, RP: reduction potential,
Calc: calculation, Exp: experiment).
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and Os1—0s3 bond lengths by about 0.02 A. For both
OsF1 and OsF2, the geometry changes of ring B are not
sensitive to electron reductions, and changes in the C—C
bond lengths are less than 0.015 A.

The calculated EA and RP values for Cgo, OsF1, OsF2,
and their anions (Q = —1 to —4) are listed in Table 2
along with the experimental cyclic voltammetric values,
which are also depicted in Figure 4. The calculated RP
values are, qualitatively, in good agreement with the
experimental data if bulk solvent effects are taken into
consideration. In the gas phase, OsF1 and OsF2 are
more easily reduced than Cgo. For example, the differ-
ence in EA values reaches 1.64 and 1.38 eV for the
fourth electron reductions of OsF1 and OsF2, respec-
tively. However, the experimental and theoretical RP
values of OsF1 and OsF2 are close to those of Cgo. Our

Organometallics, Vol. 23, No. 16, 2004 3869

i LUMO
Figure 3. Molecular orbital diagrams for Os3(CO)g(us-172,72,17?-Cs0) and LUMO and LUMO++1 for Os3(CO)o(us-12,1m21n?-

calculations show that DCB stabilizes Cgp anions more
than it does OsF1 and OsF2 anions (i.e., the difference
in energy between Cgp anions in the gas phase and in
DCB is greater than the difference in energy between
OsF1 or OsF2 anions in the gas phase and in DCB).
Therefore, the difference in the relative energies of Cg
and OsF1 or OsF2 is decreased. For example, in the gas
phase, the OsF1 anion is more stable than the Cgo anion
by 1.64 eV, but in DCB, the OsF1 anion is more stable
than the Cgo anion by only 0.36 eV. The Os atoms in
the OsF1 and OsF2 anions may not be 18-electron
centers. However, OsF1 and OsF2 anions can exist as
stable forms in DCB, because the solvent stabilizes the
reduced complexes as shown in Figure 4. An analysis
of the solvation energies shows that Cgp, OsF1, and
OsF2 anion complexes are stabilized by the electrostatic
interactions between the metallofullerenes and the
solvent molecules, in the order Cgo > OsF2 > OsF1.
Details on the analysis of the solvation energies are
shown in Table 1 of the Supporting Information.

Conclusion

All three Os atoms are coordinated to the Cs_ring in
a m-type mode for neutral and mono- and dianion
complexes, but the products of the third and fourth
electron reductions are mixed o—m-type compounds.
A third electron reduction produces Os3(CO)q(uz-1%,1%,1'-
Ceo)s_ and OS3(CO)3(P(CH3)3)(/43-7]2,772,771-C50)3_, and a
fourth electron reduction produces Os3(CO)o(us-1%,1m*, 1
C60)47 and OSg(CO)g(P(CH3)3)(/,{3-7]2,772,7]1-C50)47. We have
demonstrated the first transformation of the bonding
mode of Cgo from z to o on an Osz framework solely
induced by a change in electronic structure without
modification of the ligand.
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