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Introduction

Ever since the initial discovery of fullerenes, scientists
worldwide have studied the solid-state properties of these
molecules, which range from superconductivity to applica-
tions in nanostructure devices.[1] The spherical structure of

fullerenes, which consist exclusively of electron-rich hexa-
gons and electron-deficient pentagons, evoked lively interest
in relating their properties to conventional one-dimensional
p systems. The extraordinary electron-acceptor properties
of, for example, the most abundant fullerene, C60, which has
a diameter of 7.8 %, have led to the ingenious utilization of
such nanoscale architectures in light-induced electron-trans-
fer studies and solar-energy conversion.[2] It is mainly the
small reorganization energy, which fullerenes exhibit in elec-
tron-transfer reactions, that accounts for the noteworthy de-
velopments in these areas.[3] In particular, ultrafast charge
separation together with very slow charge recombination
lead to the formation of unprecedented long-lived radical-
ion-pair states in high quantum yields.[4] Ferrocenes are fre-
quently employed as either the terminal electron donor or
part of a redox chain in electron-transfer relay systems,
owing to their ease of oxidation. The combination of these
remarkable electron-accepting and -donating properties, re-
spectively, has resulted in noteworthy advances in photoin-
duced charge separation and has, thus, attracted interest in
the area of solar-energy-conversion systems.[5]

Metallic bridges have, for instance, been implemented be-
tween the donor and acceptor moieties as mediators or ini-
tiators for photoinduced charge-separation processes. Metal-
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containing groups such as metalloporphyrins are known to
act as chromophores, which expedite/promote electron-
transfer processes from the ferrocene part to the fullerene
part under visible-light irradiation.[6] Moreover, the use of
metalloporphyrins has been beneficial in achieving long-
lived radical-ion-pair states.[7] However, reports of such
metal-connected arrays have been rather limited, and the re-
sults have been, in general, less clear-cut than desired.[8] We
asked ourselves the question about the photophysical behav-
ior of a compound in which a metal atom is bonded to the
fullerene in an h5-p manner.[9,10] Does the metal atom act as
a mediator, a suppresser, or cause unexpected behavior?
Another motivation for this investigation concerns the wide
diversity of h5-p-fullerene–metal complexes relative to the
numerous organometallic compounds containing fullerene
in which the metal and the fullerene moieties are connected
but also separated by organic groups, as exemplified by the
well-known fulleropyrrolidine unit.[11] We therefore antici-
pated that such metal–h5-fullerene complexes would allow
us to create a new class of donor–metal-acceptor arrays.
Herein, we report the synthesis and charge-separation fea-
tures of new fullerene–ruthenium–ferrocene linked arrays,
[Ru ACHTUNGTRENNUNG(C60Me5)R(CO)2] (R=C6H4Fc and C�CFc; Fc= ferro-
cenyl). A detailed photophysical investigation revealed that
placing a ruthenium atom directly on the fullerene core ac-
celerates the singlet-to-intersystem crossing, and that the oc-
currence of the charge-separated state depends on the struc-
ture around the metal center.

Results and Discussion

Synthesis and Characterization of
[Ru ACHTUNGTRENNUNG(C60Me5)ACHTUNGTRENNUNG(C6H4Fc)(CO)2] (1) and [Ru ACHTUNGTRENNUNG(C60Me5)

ACHTUNGTRENNUNG(C�CFc)(CO)2] (2)

The synthesis of the dyads 1 and 2 was achieved by the
direct coupling of a ruthenium–fullerene complex with a fer-
rocene-containing magnesium or lithium reagent
(Scheme 1). Thus, the treatment of a ruthenium–penta-
ACHTUNGTRENNUNG(methyl)[60]fullerene–chloro complex, [Ru ACHTUNGTRENNUNG(C60Me5)Cl(CO)2]
(3),[12] with a ferrocenylphenyl Grignard reagent in THF at
50 8C afforded [Ru ACHTUNGTRENNUNG(C60Me5) ACHTUNGTRENNUNG(C6H4Fc)(CO)2] (1) as a red
powder in 34% yield (Scheme 1a). Compound 1 was stable
in air as a solid for over 6 months. A direct bond between
the ruthenium atom and the ferrocenyl groups failed to

form without the phenylene bridge, which is probably due
to the steric bulk of the fullerene moiety. [Ru ACHTUNGTRENNUNG(C60Me5)
ACHTUNGTRENNUNG(C�CFc)(CO)2] (2) was synthesized by a similar procedure.
Reaction of 3 with ferrocenylethynyllithium in THF at 25 8C
gave 2 in 72% yield (Scheme 1b). Both compounds were
soluble in aromatic solvents, carbon disulfide (CS2), chloro-
form, methylene chloride, and THF, and insoluble in aceto-
nitrile, alcohols, and water. These ruthenium–fullerene com-
plexes were purified by preparative HPLC equipped with
Cosmosil Buckyprep columns (Nacalai Tesque, Inc.) fol-
lowed by recrystallization from CS2, which gave black crys-
tals of 1 and 2.
Compounds 1 and 2 were characterized by combustion

analysis, atmospheric pressure chemical ionization mass
spectrometry (APCI-MS), UV/Vis, IR, and NMR spectros-
copy, and X-ray crystallographic analysis. The UV/Vis spec-
tra of 1 and 2 exhibited a spectral pattern characteristic of
neutral penta ACHTUNGTRENNUNG(organo)[60]fullerene derivatives[13] with ab-
sorption maxima at l=350 and 390 nm, which indicates the
absence of ground-state intramolecular charge separation.
In the 13C NMR spectrum of 2, signals due to the ethynyl
carbon atoms were observed in the typical ethyne region at
d=121.82 (Ru�C) and 106.42 ppm (Fc�C). The IR spec-
trum of 2 exhibited asymmetric and symmetric stretching vi-
brations of the carbonyl groups at 2040 and 1994 cm�1 as
well as a C�C stretching vibration of the bridge at
2040 cm�1. The CO vibration frequencies are similar to
those found for the starting material 3 (2045 and 1999 cm�1),
which indicates the absence of the inductive electron-donat-
ing effect of the ferrocenylethynyl group in the ground state
of 2. The C�C stretching frequency of 2 is comparable to
that of the related pentamethylcyclopentadienyl compound
[Ru ACHTUNGTRENNUNG(C5Me5)ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(C�CFc)] (ñ ACHTUNGTRENNUNG(C�C)=2072 cm�1).[14]
Single crystals of 1 and 2 were obtained by the slow diffu-

sion of ethanol into a solution of 1 in carbon disulfide and a
solution of 2 in chlorobenzene, respectively. X-ray crystallo-

Abstract in Japanese:

Scheme 1. Synthesis of the ruthenium h5-pentamethyl[60]fullerene com-
plexes bearing the ferrocenyl group.
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graphic analysis was performed to confirm the molecular
structures and to approximate the distances between the
fullerene and ferrocene parts (Figures 1 and 2). The average

distance between the center of gravity of C60 and the iron
atom for 1 and 2 was estimated to be 10.40 and 9.67 %, re-
spectively, which implies that the donor–acceptor distance is
shorter in 2 than in 1. In the crystal packing of 1, a pairwise
arrangement of the molecules was observed (Figure 3). This
molecular arrangement suggests the presence of weak elec-
tronic interactions between the fullerene and the ferrocene
moiety in the solid state. This interaction may account for
the very dark color of these complexes.

Electrochemical Investigations

Cyclic voltammetric measurements were conducted to probe
the donor–acceptor properties of 1 and 2 in solution. Com-
pound 1 underwent one reversible one-electron-oxidation

step of the ferrocene moiety at E1=2
=�0.01 V and two rever-

sible one-electron-reduction steps of the fullerene moiety at
E1=2

=�1.33 and �1.83 V (Figure 4). The two reduction po-
tentials of 1 are roughly comparable to those reported for
C60Me5 and C60Ph5 metal complexes.

[15] Of note is the stabili-
ty upon one-electron oxidation and one-electron reduction.
This stability offered an opportunity to study the photoin-
duced charge-separation processes. It was reported that
metal–fullerene complexes are often reduced irreversibly
because of cleavage of the metal–fullerene bonds upon re-
duction.[15c]

Compound 2 exhibited a reversible one-electron-oxida-
tion step of the ferrocene moiety at E1=2

=�0.02 V and a re-
versible one-electron-reduction step of the fullerene part at
E1=2

=�1.35 V, followed by an irreversible one-electron-re-
duction step of the fullerene part at Ep=�1.84 V. The first
reduction potential of 2 is slightly higher than that for [Ru-
ACHTUNGTRENNUNG(C60Me5) ACHTUNGTRENNUNG(C�CPh)(CO)2], which has a PhCC group instead

Figure 1. Crystal structure of 1. a) ORTEP drawing with ellipsoids at the
30% probability level. b) Side view of the space-filling model. c) Top
view of the space-filling model.

Figure 2. Crystal structure of a single molecule of 2·PhCl. Solvent mole-
cules are omitted for clarity. a) ORTEP drawing with ellipsoids at the
30% probability level. b) Side view of the space-filling model. c) Top
view of the space-filling model.

Figure 3. A pair of molecules of compound 1 as found in the crystal.

Figure 4. Cyclic voltammogram of 1 in THF containing nBu4NClO4 as
the supporting electrolyte (scan rate 100 mVs�1) recorded at 25 8C.
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of the FcCC group (E1=2
=�1.32 V for 1 and �1.91 V for

2).[12] We estimated the HOMO–LUMO energy gaps on the
basis of the oxidation and reduction potentials of the ferro-
cene and fullerene moieties (E1=2

ox�E1=2
red) to be 1.32 and

1.33 eV for 1 and 2, respectively. Despite the similar energy
gap, the photoinduced charge-separation behavior of the
two compounds were found to be quite different from each
other.

Photophysical and Intramolecular Charge-Separation
Properties

Both donor–acceptor conjugates 1 and 2 were examined by
steady-state fluorescence spectroscopy in toluene and THF
at room temperature (Table 1). The penta ACHTUNGTRENNUNG(organo)-

hydro[60]fullerene C60Me5H,
[13b,16] with a fluorescence maxi-

mum at 615 nm and a fluorescence quantum yield of 2.2Q
10�3 (in toluene and THF), was used as a reference system.
The donor–acceptor conjugates 1 and 2 exhibited a signifi-
cant quenching of the fullerene-centered fluorescence rela-
tive to that of C60Me5H (Figure 5). Such quenching is indica-
tive of an accelerated deactivation of the singlet excited
state. The fluorescence quantum yields for 1 and 2 were
1.0Q10�4 and 1.2Q10�4 in toluene and 0.8Q10�4 and 1.1Q
10�4 in THF, respectively. These small differences may be as-
cribed to the variations in the donor–acceptor distances (see
above) and/or solvent-polarity dependences.
In the next step, transient absorption measurements were

carried out for 1 and 2 in toluene and THF to shed light on
the nature of the products evolving from the intramolecular
deactivation. Monitoring of the time evolution of the char-
acteristic features of the singlet excited state of C60 is a con-
venient way to identify the spectral features of the resulting
photoproducts and to determine the absolute rate constants
for the intramolecular decay.
We first investigated the transient absorption spectra of

the fullerene reference, C60Me5H. As the corresponding
time–absorption profiles indicate, the singlet excited states
were formed nearly instantaneously, which is likely to in-
volve internal deactivation starting from the energetically
higher-lying excited states. Typical features of the singlet–
singlet transitions are maxima in the visible range at 580 nm
and at 900 nm in the near-infrared (NIR) region.[17] Multiwa-
velength analysis of the singlet decay reveals singlet-excited-
state lifetimes of (705�10) ps. These lifetimes imply an effi-

cient spin-forbidden intersystem crossing that transforms the
singlet excited states into the energetically lower-lying trip-
let excited states. The transient absorption spectra of the
corresponding triplet excited states show maxima at 665 nm.
This was confirmed independently by recording the spectra
at the end of the femtosecond experiment timescale and at
the beginning of the nanosecond experiment timescale.
Next, we examined the donor–acceptor complex 1. Of

particular importance is the observation of the fullerene sin-
glet excited state in all the experiments. This observation at-
tests to the successful photoexcitation of the fullerene core.
Regardless of the solvent polarity and donor–acceptor com-
position, the fullerene singlet excited state decayed with ac-
celerated dynamics, relative to the reference system. In 1,
the fullerene singlet excited state decayed with lifetimes of
21 and 10.5 ps in toluene and THF, respectively. Such a sol-
vent-dependent acceleration suggests, at first glance (kinetic
analysis), the presence of intramolecular charge-separation
processes. However, upon closer inspection of the spectro-
scopic changes, two different photoproducts were identified.
Figure 6 reveals that in toluene the spectroscopic marker of
the fullerene triplet excited state, namely, a maximum at
655 nm, evolved simultaneously with the decay of the singlet
excited state (maxima at 580 and 900 nm). This led us to
conclude that a heavy-atom effect by the ruthenium atom is
responsible for the rapid intersystem crossing. Notably, the
similarly bound ruthenocene [Ru ACHTUNGTRENNUNG(C60Me5)Cp] (Cp=cyclo-
pentadienyl) [18] was shown to lead to the same reactivity,
albeit with somewhat weaker impact (190 ps).[10] On the con-
trary, the spectral features in THF bear no resemblance with
those of the fullerene triplet excited state; the transient
maximum at 655 nm was not observed in THF. Instead, we
see in Figure 7 that a series of absorption bands with
maxima at 450, 555, 1025, and 1295 nm grew with kinetics
that are practically identical to that of the singlet decay. The
NIR fingerprint bears close resemblance to those seen for a
variety of fullerenes and fullerene derivatives.[19] In the visi-
ble region, on the other hand, the transient spectrum match-

Table 1. Photophysical properties of C60Me5H, [Fe ACHTUNGTRENNUNG(C60Me5)Cp], 1, and 2.

Compound Fluorescence quantum
yield (f)

t ACHTUNGTRENNUNG(singlet) [ps] t(radical ion
pair) [ps]

THF Toluene THF Toluene THF Toluene

C60Me5H 2.2Q10�3 2.2Q10�3 650 705 –[a] –[a]

[Fe ACHTUNGTRENNUNG(C60Me5)Cp] 1.6Q10�5 2.4Q10�5 0.7 0.8 28 35
1 0.8Q10�4 1.0Q10�4 10.5 21 355 –[a]

2 1.1Q10�4 1.2Q10�4 3.0 5.5 152 �100

[a] No radical-ion-pair formation was observed.

Figure 5. Room-temperature fluorescence spectra of C60Me5H (dotted
line), 1 (dashed line), and 2 (solid line) in toluene recorded with solutions
that exhibit an optical absorption of 0.14 (a.u.) at an excitation wave-
length of 400 nm.
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es completely that of the charge-separated state generated
in a series of buckyferrocenes.[10] It is safe to assume that
the driving force for the charge separation in toluene is in-
sufficient to compete with the accelerated intersystem cross-
ings (heavy-atom effect). This is apparently different in
THF, in which the charge separation occurs twice as fast.
The radical-ion-pair state is, however, metastable and
decays on the timescale of several hundred picoseconds
back to the ground state. For THF as a solvent, we deter-
mined a decay lifetime of 355 ps.
An alternative strategy of accelerating the charge separa-

tion suggests better electronic coupling between the donor
and acceptor moieties. The reduction of the spatial separa-
tion, for example, is a probate approach. In fact, this is real-
ized in the ferrocenylethynyl derivative 2. Both THF and
toluene support intramolecular charge separation, as evi-
denced by the spectroscopic markers of the fullerene radical
anion[20] throughout the visible (450 and 555 nm) and NIR
region (1020 and 1195 nm) (Figure 8). In the context of the
dynamics of accelerated intersystem crossings, which appa-
rently dominate the photophysics of the aforementioned

compound 1, no spectroscopic evidence that would imply in-
volvement of the formation of a fullerene triplet excited
state was obtained for 2. Interestingly, both processes
(charge separation and charge recombination) were notably
accelerated. In particular, lifetimes of 3.0 ps for charge sepa-
ration and 152 ps for charge recombination, which were
measured in THF, reflect the closer spacing of the donor
and acceptor moieties.[21]

Conclusions

We have synthesized new fullerene–ferrocene dyads 1 and 2
by the coupling of a fullerene core with a ferrocene unit
through a Ru metal atom and a conjugative bridge, and
demonstrated, through photophysical measurements, the
competition between photoinduced charge separation and
accelerated intersystem crossing (heavy-atom effect). The
outcome of the photophysical processes depends on the
bridging motifs. Upon photoirradiation, compound 1 con-
verts rapidly into the corresponding triplet state in toluene,

Figure 6. a) Differential absorption spectra (visible and NIR) obtained
upon femtosecond flash photolysis (387 nm, 150 nJ)) of 1 in nitrogen-sa-
turated toluene with several time delays between 0 and 100 ps at room
temperature. OD is the optical density. The arrows indicate the temporal
evolution. b) Time–absorption profiles of the spectra shown above at 655
(black) and 900 nm (orange), monitoring the singlet-to-triplet intersystem
crossing.

Figure 7. a) Differential absorption spectra (visible and NIR) obtained
upon femtosecond flash photolysis (387 nm, 150 nJ) of 1 in nitrogen-satu-
rated THF with several time delays between 0 and 100 ps at room tem-
perature. The arrows indicate the temporal evolution. b) Time–absorp-
tion profiles of the spectra shown above at 450 (brown), 900 (black), and
1200 nm (red), monitoring the charge separation.
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whereas charge separation takes place only in the more
polar THF. Compound 2, on the other hand, formed the
charge-separated state in both toluene and THF.
On the basis of the charge separation caused by the intra-

molecular electron transfer from the iron atom to the fuller-
ene moiety of compound 2, one can draw two resonance
forms, namely, an ethynyl form A and an allenylidene[22]

form B (Scheme 2). This resonance stabilization provides a
reasonable explanation for the formation of the charge-sep-

arated state. The feasibility of such an allenylidene rutheni-
um structure was previously demonstrated by the synthesis
and crystal structure of the cationic allenylidene complex
[Ru(h5-C60Me5)((R)-prophos)(=C=C=CHC6H4NMe2)] ACHTUNGTRENNUNG[PF6]
(prophos=1,2-bis(diphenylphosphanyl)propane).[22] The dif-
ferent effects of the acetylene and the phenylene bridges
must be due to the better electrochemical communication
through the former. The separations between the first and
second oxidation potentials in the symmetric bisferrocene
systems bearing phenylene[23] and acetylene[24] bridges were
reported to be 131 (Fc–C6H4–Fc)

[23a] and 135 mV (Fc�C�C�
Fc),[24a] respectively, and this difference is considered to
show that the acetylene bridge is a better conjugative bridge
than the phenylene. The structural dependency of the photo-
physical properties in the present compounds illustrate how
a minor structure modification of these compact molecules
can change the molecular function. The availability of a va-
riety of h5-C60R5 ligands

[25–27] and their metal complexes[28]

provide diverse opportunities for creating organometallic
molecular wires and nanoscale organic devices.[29]

Experimental Section

General Considerations and Materials

All air- or moisture-sensitive reactions were carried out with standard
Schlenk techniques. HPLC analysis was performed on a Shimadzu LC-
10A system equipped with an SPD-M10A diode array detector and a
Buckyprep column (Nacalai Tesque, Inc., 4.6 mm i.d.Q250 mm). Prepara-
tive HPLC was performed on a Shimadzu LC-6AD system equipped
with an SPD-6A UV detector (l =350 nm) and a Buckyprep column (Na-
calai Tesque, Inc., 20 mm i.d.Q250 mm). NMR spectra were recorded on
a JEOL EX-400 (400 MHz) or ECA-500 (500 MHz) spectrometer.
Chemical shifts are reported in parts per million with tetramethylsilane
(d=0.00 ppm) as the internal reference for 1H and a carbonated solvent
(e.g., d=77.00 ppm for chloroform) for 13C. Infrared spectra and APCI
mass spectra were recorded on ReactIR 1000 and Waters ZQ2000 spec-
trometers, respectively. Elemental analysis was performed at the Organic
Elemental Analysis Laboratory in the Department of Chemistry, The
University of Tokyo. A solution of nBuLi in hexane was purchased from
Tokyo Chemical Industry Co. Ethynylferrocene (FcC�CH) was prepared
from acetylferrocene according to the literature procedure.[30] 4-Bromo-
phenylferrocene (FcC6H4Br) was prepared according to the literature
procedure.[31]

Syntheses

1: Ferrocenylphenyl magnesium bromide (0.6 mL, 0.152 mmol) was
added to a solution of 3 (100 mg, 0.101 mmol) in THF (20 mL) at 25 8C.
The reaction mixture was stirred for 1 h at 25 8C. After removal of the
solvent under reduced pressure, the mixture was diluted with toluene and
filtered through a pad of silica gel. The crude product was analyzed by
HPLC (toluene/2-propanol=7:3, flow rate=2.0 mLmin�1, retention
time=4.95 min). Purification with silica-gel column chromatography (tol-
uene/hexane=2:1) and preparative HPLC (toluene/2-propanol=7:3;
flow rate=17 mLmin�1) afforded 1 (59.2 mg, 24% yield) as a red
powder. 1H NMR (CDCl3, 25 8C): d=2.31 (s, 15H, C60Me5), 3.99 (s, 5H,
C5H5), 4.26 (s, 2H, C5H4), 4.28 (s, 2H, C5H4), 7.24–7.26 (m, 2H, Ar),
7.79–7.81 ppm (m, 2H, Ar); 13C{1H} NMR (CS2/CDCl3, 25 8C): d =30.5
(5C, C60Me5), 51.1 (5C, C60 ACHTUNGTRENNUNG(sp

3)), 66.3 (2C, C5H4), 69.1 (2C, C5H4), 70.0
(5C, C5H5), 112.8 (5C, C60), 125.5 (2C, Ar), 128.2 (1C, C5H4), 129.2 (1C,
Ar), 135.5 (1C, Ar), 143.9 (10C, C60), 144.0 (10C, C60), 146.2 (2C, Ar),
147.0 (5C, C60), 148.2 (10C, C60), 148.7 (5C, C60), 152.7 (10C, C60),
200.9 ppm (2C, CO); HRMS (APCI+ ): m/z calcd for C83H29FeO2Ru:
1215.0560 [M+H]+ ; found: 1215.0586.

Figure 8. a) Differential absorption spectra (visible and NIR) obtained
upon femtosecond flash photolysis (387 nm, 150 nJ) of 2 in nitrogen-satu-
rated THF with several time delays between 0 and 25 ps at room temper-
ature. The arrows indicate the temporal evolution. b) Time–absorption
profiles of the spectra shown above at 470 (brown), 913 (black), and
1200 nm (orange), monitoring the charge separation.

Scheme 2. The ethynyl (A) and allenylidene (B) resonance forms of com-
pound 2.

846 www.chemasianj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2008, 3, 841 – 848

FULL PAPERS
Y. Matsuo, D. M. Guldi, E. Nakamura et al.



2 : A solution of nBuLi (0.099 mmol) in hexane (0.062 mL) was added to
a solution of ethynylferrocenyl (23.5 mg, 0.112 mmol) in THF (2.0 mL) at
�78 8C. The reaction mixture was allowed to warm to room temperature
and was then stirred for 30 min at 25 8C. The obtained reaction mixture
was added to a solution of 3 (81.4 mg, 0.0823 mmol) in THF (2.0 mL) at
25 8C. The reaction mixture was stirred for 10 min at 25 8C. After removal
of the solvent under reduced pressure, the mixture was diluted with tolu-
ene and filtered through a pad of silica gel. The crude product was ana-
lyzed by HPLC (toluene/2-propanol=7:3, flow rate=1.0 mLmin�1, reten-
tion time=10.7 min). Purification with silica-gel column chromatography
(toluene/hexane=2:1) and preparative HPLC (toluene/2-propanol=6:4;
flow rate=12 mLmin�1) afforded 2 (68.9 mg, 72% yield) as a red
powder. M.p.: 220–230 8C (decomp.); IR (diamond probe): ñ=2040 (s)
(C=O), 1994 (s) (C=O), 2040 cm�1(s) (C�C); 1H NMR (CDCl3, 25 8C):
d=2.53 (s, 15H, C60Me5), 4.04 (t, J=1.8 Hz, 2H, C5H4), 4.14 (s, 5H,
C5H5), 4.28 ppm (t, J=1.8 Hz, 2H, C5H4);

13C NMR (CS2/CDCl3, 25 8C):
d=30.5 (q, 1JC,H=130.8 Hz, 5C, C60Me5), 50.4 (s, 5C, C60ACHTUNGTRENNUNG(sp

3)), 67.2 (d,
1JC,H=176.7 Hz, 2C, 2,5-C5H4), 69.5 (d,

1JC,H=174.4 Hz, 5C, C5H5), 70.4
(d, 1JC,H=175.6 Hz, 2C, 3,4-C5H4), 106.4 (s, 1C, CCFc), 107.7 (s, 1C, 1-
C5H4), 111.7 (s, 5C, C60(Cp)), 121.8 (s, 1C, RuCC), 143.5 (s, 10C, C60),
143.5 (s, 10C, C60), 146.6 (s, 5C, C60), 147.8 (s, 10C, C60), 148.2 (s, 5C,
C60), 152.0 (s, 10C, C60), 196.5 ppm (s, 2C, CO); MS (APCI+ ): m/z=

1162 [M]+ ; elemental analysis: calcd (%) for C79H24FeO2Ru· ACHTUNGTRENNUNG(C7H8): C
82.36, H 2.57; found: C 81.98, H 2.94.

X-ray Crystallographic Analysis

X-ray diffraction data of 1 and 2 were collected on a Rigaku RAXIS-
RAPID II imaging plate diffractometer with graphite-monochromated
MoKa radiation (l=0.71075 %). The structures of 1 and 2 were solved by
direct methods (SIR97). The positional and thermal parameters of the
non-hydrogen atoms were refined anisotropically on F2 by the full-matrix
least-squares method with SHELXL-97. The hydrogen atoms were
placed at calculated positions and refined with a riding model on their
corresponding carbon atoms. CCDC-666251 (1) and -666252 (2) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre at www.ccdc.cam.ac.uk/dad_request7cif.

Electrochemical Measurements

Electrochemical measurements were performed on a BAS CV-50W vol-
tammetric analyzer. A glassy-carbon electrode was used as the working
electrode, and the counter electrode was a platinum coil. All potentials
were measured against an Ag/Ag+ reference electrode and corrected
against Fc/Fc+ . Cyclic voltammetry was performed at a scan rate of
100 mVs�1. All half-wave potentials, E1=2 , are given by (Epc+Epa)/2, in
which Epc and Epa are the cathodic and anodic peak potentials, respec-
tively.

Photophysical Studies

Femtosecond transient absorption studies were performed with 387-nm
laser pulses (1 kHz, 150-fs pulse width) from an amplified Ti/sapphire
laser system (Clark-MXR, Inc.). Nanosecond laser flash photolysis ex-
periments were performed with 337-nm laser pulses from a nitrogen laser
(8-ns pulse width) with front-face excitation geometry. Fluorescence life-
times were measured with a Laser Strobe fluorescence lifetime spectrom-
eter (Photon Technology International) with 337-nm laser pulses from a
nitrogen laser fiber-coupled to a lens-based T-formal sample compart-
ment equipped with a stroboscopic detector. Details of the Laser Strobe
systems are described on the manufacturerWs website. Emission spectra
were recorded with an SLM 8100 spectrofluorometer. The experiments
were performed at room temperature. Each spectrum represents an aver-
age of at least five individual scans, and appropriate corrections were ap-
plied when necessary.
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