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Abstract: Fullerene coordination li-
gands bearing one bipyridine or terpyr-
idine unit were synthesized, and their
coordination to ruthenium(i) formed
linear rod-like donor—-acceptor systems.
Steady-state fluorescence of [Ru(bpy),-
(bpy-Cg)]** showed a rapid solvent-de-

Time-resolved flash photolysis in
CH;CN revealed characteristic transi-
ent absorption changes that have been
ascribed to the formation of the Cg,
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triplet state, suggesting that photoexci-
tation of [Ru(bpy),(bpy-Ce,)]** results
in a rapid intramolecular transduction
of triplet excited state energy. The elec-
trochemical studies on both [Ru(bpy),-
(bpy-Cep)"* and  [Ru(tpy)(tpy-Ceo)]**
indicated electronic coupling between

pendent, intramolecular quenching of
the ruthenium(im) MLCT excited state.

Introduction

Photoinduced electron transfer (ET) and energy transfer
(ENT) in molecular systems combining various donors and
fullerene acceptors have been extensively studied, and their
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the metal center and the fullerene core.

electrochemical and photophysical properties are particular-
ly interesting.! In recent years, the preparation of various
donor-acceptor systems by coordination of fullerene deriva-
tives bearing one pyridine or polypyridine unit to transition
metals have been reported in the literature.¥ Modulation
of the electronic coupling between Cg, acceptor and various
donors is a major goal in the synthetic organic chemistry of
fullerenes that may lead to more efficient behavior in
charge-transfer processes.!) In the pursuit of optimal elec-
tronic and structural connectors between fullerene cores and
photo- and/or electroactive donors, our interest was drawn
to N-pyridinofulleropyrrolidine compounds. We have previ-
ously reported on one such ligand, N-pyridyl-3,4-fulleropyr-
rolidine (1).P! Strong electronic interaction between the full-
erene core and metalloporphyrin donors was observed in
the study of its axial ligation with a variety of metallopor-
phyrins, suggesting interesting photochemically induced ET
or ENT mechanisms.

The synthesis and study of polypyridylruthenium com-
plexes with electron-accepting fullerene cores is particularly
interesting from both the photophysical and electrochemical
points of view.”! Several polypyridine ligands, such as 2,2'-bi-
pyridine (bpy), 2,2":6',6"-terpyridine (tpy), 1,10-ortho-phen-
anthroline, 3-(2-pyridyl)pyrazoline, 2,3-bipyridine-2-yl-quin-
oxaline, and 3,6-di(2-pyridyl)pyridazine, have been covalent-
ly attached to Cy, through either flexible or rigid spacers.*’]
We were interested in the synthesis of the bipyridine and
terpyridine variants of compound 1, in which the bipyridyl
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and terpyridyl building blocks were directly attached to the
nitrogen atom of the fulleropyrrolidines. Compounds 2 and
3 can serve as bidentate and tridentate ligands, respectively,
to coordinate transition metals. The fulleropyrrolidine nitro-
gen atom has good communication with the fullerene
core;® therefore we decided to employ a combination of
these structural elements for the bridge between the fuller-
ene core and metal centers. We report herein on the syn-
thesis, electrochemistry and photophysics of [Ru(bpy),(bpy-
Ce)l[PF¢],, as well as the synthesis and electrochemical

study on [Ru(tpy)(tpy-Ce)][PFs].-

Results and Discussion

Synthesis of fulleropyrrolidine 2 and its complex [Ru(bpy),-
(bpy-Cs)1[PF¢], (5): To prepare a fulleropyrrolidine 2 with
a bipyridyl substituent, the precursor N-[4-(2,2"-bipyridyl)]-
glycine (4) had first to be prepared. As far as we know, this
compound has not been reported previously. In our previous
study, N-pyridylglycine was prepared in a high yield by the
treatment of 4-aminopyridine with HCHO, NaHSO;, KCN
and HCLP! The same treatment of 4-aminobipyridine only
afforded 4 in very low yield, mainly due to the insolubility
of 4-aminobipyridine in water. Compound 4 was finally syn-
thesized from 4-amino-(2,2'-bipyridine) through reductive
amination (H,, 35 psi, 10% Pd/C) with ethyl glyoxylate! in
a yield of 82% in the presence of concentrated HCI
(Scheme 1). 4-Amino-(2,2"-bipyridine) was prepared in three
steps from 2,2'-bipyridine by sequential oxidation, nitration,
and catalytic reduction by using slightly modified procedures
from the literature.l'"”! N-Bipyridylfulleropyrrolidine (2) was
then synthesized in 52 % yield by azomethine ylide cycload-
dition to Cg (Scheme 1) and characterized by NMR spec-
troscopy and MALDI-MS. The coordination of ligand 2 to
Ru" was accomplished by refluxing with [Ru(bpy),(Cl),] in
the presence of excess NH,PF; in a mixture of 1,2-dichloro-
ethane (DCE) and orthodichlorobenzene (ODCB). The
mixed solvent was necessary to ensure that all starting mate-
rials were sufficiently dissolved. The coordination reaction
was monitored by TLC, until the disappearance of com-
pound 2. Complex 5§ was very soluble in acetonitrile and rea-
sonably soluble in acetone, benzonitrile, and CH,Cl,. Its
MALDI mass spectrum shows peaks at m/z=1474.6 and
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Scheme 1. Synthesis of fulleropyrrolidine 2 and its Ru" complex 5.

1330.2 corresponding to the loss of one PF¢ and two PFg
groups, respectively. Interestingly, ions corresponding to ad-
dition of oxygen, that is, [M-2PF+O]* and
[M—2PF+0,]* were also observed.

To explore the nature of this unique complex, molecular
modeling was performed at the semiempirical AM1 level
using Spartan. The complex incorporates a linear metal—full-
erene communication pathway through the pyrrolidine ni-
trogen atom on the basis of the computational study
(Figure 1). The bipyridyl unit was directly attached to the ni-
trogen atom of the pyrrolidine ring to ensure a linear rod-
like donor-acceptor structure. A similar configuration was
also observed in the study of axial ligation of ligand 1 with
Zn-TPPP!

Electrochemistry and spectroelectrochemistry of complex 5:
The analysis of the cyclic voltammetric behaviour of dyad 5§
was obtained in 0.1M TBA[PF4]/CH,Cl, (TBA =tetrabutyl-
ammonium) at the glassy carbon electrode (GCE). The
CVs of ligand 2, complex 5, and reference compound [Ru-
(bpy)s]** in the cathodic region are shown in Figure 2. From
the comparison of the redox potentials of complex § with
those of ligand 2 and the reference compound, the reduc-
tions with E,, values of —1.03, —1.39, and —1.92 V were as-
signed to Cg-centered one-electron reversible reduction
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Figure 1. Spartan model of complex 5.
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Figure 2. Cyclic Voltammograms of [Ru(bpy);]Cl, (black), bpy-Cq, (red)
and complex 5 (blue) in CH,Cl, with 0.1 TBA[PF].

processes, and the reduction located at —1.78 V was as-
signed to the first reduction of the [Ru(bpy);]** unit. The
reduction potentials of the fullerene moiety shifted positive-
ly by 30-50 mV from ligand 2 to complex 5, suggesting that
reduction of the fullerene unit in complex 5 is easier than
that in the free ligand 2. On the other hand, the Ru-based
reduction potentials of the complex 5 shifted negatively by
50 mV relative to those of the reference compound [Ru-
(bpy);]Cl,, suggesting that the reduction of ruthenium metal
center becomes more difficult in the complex. Similar elec-
trochemical results were also obtained in PhCN (see Sup-
porting Information). The first Ru-based oxidation potential
of complex 5 is negatively shifted by 140 mV relative to that
of [Ru(bpy);]Cl, in PhCN, and this negative oxidation po-
tential shift was 250 mV in CH,Cl, (Table 1). This half-wave
potential change (compared to the small Cg-centered reduc-
tion potential changes, that is, 30-50 mV) can be explained
by the electron-donating effect of the amino substituent on
one bpy unit in dyad 5.
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Table 1. E,;, [V vs. Fc/Fc*] values for the bpy series in CH,Cl, and for
tpy series in ODCB/CH;CN (4:1) with 0.1m TBAPF.

Oxidation Reduction
1 11 111 v A\

Ceo-bpy ~1.06 —1.44 —1.96
[Ru(bpy),(bpy-Ce) ™ 0.69 -1.03 -139 -1.78 -1.92 -2.05
[Ru(bpy)s]** 0.94 -1.73 -1.98
Ceotpy -1.07 —1.46 —1.99
[Ru(tpy)(tpy-Ceo)*+  0.59 —-1.04 -143 -1.76 -2.02
[Ru(tpy).]** 0.86 ~1.66 —1.96
[Ru(tpy)(tpy-NH,)J**  0.58 -1.75

Thin-layer UV/Vis spectroelectrochemistry was carried
out in CH,Cl, containing 0.2m TBA[PF¢]. The spectral
changes of complex 5 obtained upon the first reduction and
first oxidation in CH,Cl, are illustrated in Figure 3. A spec-
trum with maxima at 770 and 995 nm was obtained upon the
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Figure 3. Thin-layer UV/Vis spectral changes of complex 5 during the
first reduction (top) and the first oxidation (bottom) in CH,Cl, contain-
ing 0.2M TBA[PF].

first controlled-potential reduction at —0.70 V. The absorp-
tion band around 1000 nm is known to be a diagnostic
marker of monofunctionalized fullerene radical anion.!'!
The spectral changes obtained upon the electrochemical oxi-
dation of complex § at an applied potential of 1.40 V were
almost identical to that of [Ru(bpy);]Cl, obtained under the
same experimental conditions, and indicated that the first
oxidation of complex 5 occurred at the ruthenium metal
center.
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Absorption spectra: The ground-state absorption spectra of
complex 5, ligand 2, and reference compound [Ru(bpy);]Cl,
were recorded in CH,CI, (Figure 4). Complex 5 shows the
typical absorption bands of both the fullerene ligand and
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Figure 4. Absorption spectra of ligand 2, complex 5 and [Ru(bpy);]Cl, in
CH,CL,

the reference compound, namely the monofunctionalized
fulleropyrrolidine band at 430 nm and the metal-to-ligand
charge transfer (MLCT) transition band of the trisbipyridyl
ruthenium complex at 400-500 nm. The MLCT absorption
of dyad 5 is subjected to a red-shift relative to the reference
compound [Ru(bpy);]**. In line with the electrochemical re-
sults, these data suggest there is electronic coupling existing
between the fullerene core and the ruthenium metal center.

Luminescence spectra and time-resolved photolysis: To in-
vestigate the extent of electronic interaction between the
MLCT excited state and the fullerene ground state, steady
state and time-resolved emission measurements were carried
out with dyad 5 in solvents of different polarity, and com-
pared to that of reference compound [Ru(bpy);]Cl,. Consid-
ering the nature of the ruthenium MLCT excited states,
namely, triplet character and lifetimes that are on the order
of hundreds of nanoseconds, the presence of molecular
oxygen plays an indispensable role. In particular, it quench-
es the MLCT excited state through singlet oxygen forma-
tion. Consequently, it was necessary to conduct all emission
and transient absorption experiments in oxygen-free solu-
tions. We tested [Ru(bpy);]Cl, in acetonitrile and complex 5
in dichloromethane, dichloromethane/acetonitrile, and ace-
tonitrile by monitoring the characteristically broad and in-
tense MLCT emission that centers around 610 nm. The
emission spectra were taken for solutions with equal absorb-
ance at the 456 nm excitation wavelength. Relative to [Ru-
(bpy)s]**, we noticed a strong quenching of the emission in-
tensity for the cation of complex 5 (Figure 5). Interestingly,
the extent of emission quenching increases with solvent po-
larity, and the relative intensities are 0.14 in dichlorome-
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Figure 5. Room temperature emission spectra of [Ru(bpy);]Cl, in deoxy-
genated acetonitrile (solid line) and complex 5 in deoxygenated CH,Cl,
(dotted line) and deoxygenated CH;CN (dashed line) with matching ab-
sorption at the 456 nm.

thane, 0.1 in dichloromethane/acetonitrile, and 0.07 in aceto-
nitrile; the emission intensity of [Ru(bpy);]** in acetonitrile
was set arbitrarily as 1. This trend infers highly efficient
electronic couplings between the donor and acceptor com-
ponents. A similar trend evolves when looking at the time-
resolved emission decays. For [Ru(bpy);]** in acetonitrile, a
lifetime of 565 ns is seen, while a lifetime of 0.31 ns was de-
rived for complex 5.

Steady-state and time-resolved emission experiments
reveal unmistakable evidence for pronounced quenching of
the MLCT excited-state emission. A product assignment is,
however, only possible through complementary transient ab-
sorption measurements. We then investigated [Ru(bpy),]**
and [Ru(bpy),(bpy-Ce)]** upon 387 nm excitation with
150 fs laser pulses. This is expected to form the MLCT excit-
ed state almost exclusively, while ligand-centered m—m*
states are not involved at all and fullerene-centered excited
states are formed only as a minor product (i.e., less than
5%). For [Ru(bpy);]’" we noted a transient absorption
spectrum, which on the 1.5 ns scale did not give rise to any
appreciable decay (Figure 6). Features of the transient ab-
sorption spectrum include strong bleaching of the MLCT
transition in the range between 400 and 470 nm and a broad
spectrum in the red part of the recorded spectrum. In fact,
turning to nanosecond spectroscopy reveals that the MLCT
excited-state decays, similar to the conclusion of the time-re-
solved emission experiments, back to the ground state with
unimolecular kinetics. From the decay profiles an MLCT ex-
cited-state lifetime of around 350 ns has previously been de-
termined.”!

When photoexciting complex 5 in acetonitrile, the spectral
characteristics at early times (i.e., immediately following the
150 fs laser pulse) are essentially identical to what has been
seen for [Ru(bpy);]**. The only notable difference is a slight
red shift (Figure 6). These observations affirm the successful
MLCT excited-state formation despite the presence of the
fullerene. The transient absorptions are, however, unstable
on the 1.5 ns timescale. In particular, a rapid decay is dis-
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Figure 6. Top: Differential absorption spectra (visible) obtained upon
femtosecond flash photolysis (387 nm) of [Ru(bpy);]Cl, (5.0x10°m) in
CH;CN with several time delays between 0 and 1500 ps at room tempera-
ture. Middle: Differential absorption spectra (visible) obtained upon
femtosecond flash photolysis (387 nm) of complex 5 (5.0x10°°m) in
CH;CN with several time delays between 0 and 1500 ps at room tempera-
ture. Bottom: Time-absorption profiles of [Ru(bpy);]Cl, (red) and com-
plex 5 (black) at 450 nm.

cernable, from which a much shorter MLCT excited-state
lifetime of 0.27 ns in acetonitrile was derived. At the conclu-
sion of the intramolecular MLCT excited-state decay, spec-
tral changes evolve that are reminiscent of the fullerene

Chem. Eur. J. 2006, 12, 4241 -4248
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triplet excited state—a broad transient with a maximum at
700 nm—suggesting a rapid intramolecular transduction of
triplet excited state energy as shown in Equation (1).

[(bPY)Z'RU'(bPY'Cﬁo)]2+ - [(bPY)2'3*RU'(bPY'Cﬁo)]2+ -

1
[(bpy),-Ru-(bpy-"*Cg)[** .
Such a decay mechanism finds further support upon con-
sidering the redox potentials for 1) reducing the electron-ac-
cepting fullerene and 2) oxidizing the electron-donating
[Ru(bpy);]** complex. The energy of the radical ion pair
state is determined as 1.64 eV, which is noticeably higher
than that of the fullerene triplet excited state (1.5eV).P
Since triplet-excited-state energy transfer and charge separa-
tion both involve electron transfer, the smaller energy gap
for the former process (i.e., 0.36 eV)—relative to the latter
one (i.e., 0.5 eV)—governs the photoreactivity of complex 5.

Synthesis of fulleropyrrolidine 3 and [Ru(tpy)(tpy-Ce)l-
[PFsl, (8): N-terpyridyl-3,4-fulleropyrrolidine (3) and its
complex [Ru(tpy)(tpy-Cq)][PFs], (8) were synthesized and
we expected the electronic coupling between the fullerene
core and pyridyl nitrogen atoms to be the same as that in
the case of pyridinofullerene ligands 1 and 2. Ligand 3 is an
important intermediate compound in our ongoing studies.
Herein, we report the synthesis, characterization and elec-
trochemical behaviour of compound 3 and 8. In a manner
similar to N-bipyridyl-3,4-fulleropyrrolidine (2), compound
3 was synthesized by [342] cycloaddition of the azomethine
ylide derived from formaldehyde and N-terpyridylglycine
(7), which was prepared from 4’-aminoterpyridine (6) by re-
ductive amination with ethyl glyoxylate!! in the presence of
conc. HCI (Scheme 2). The characterization of compound 7
was established on the basis of MALDI-MS, and 'H, °C,
and COSY NMR spectroscopy. 4’-Aminoterpyridine was
synthesized from commercially available 4’-chloroterpyri-
dine in three steps. 4-Chloroterpyridine was refluxed with
excess hydrazine in isobutanol to form 4'-hydrazinoterpyri-
dine, which was subsequently transformed to 4’-azidoterpyri-
dine in almost quantitative yield."”! Reaction of 4'-azidoter-
pyridine with hydrogen sulfide at 0°C in a mixed solvent of
methanol and dichloromethane yielded 4'-aminoterpyridine.
Complex 8 was prepared using similar procedures reported
previously.®7 Both ligand 3 and complex 8 were character-
ized by NMR spectroscopy and MALDI-MS. The mass
spectrum of complex 8 shows peaks corresponding to the
loss of two, one, and zero PF;~ counterions.

Electrochemistry of [Ru(tpy)(tpy-Cy)1[PFl, (8): The cyclic
voltammetric behaviour of complex 8 was measured in 1,2-
dichlorobenzene/CH,;CN (4:1). The E,, values of ligand 3,
complex 8, and reference compounds [Ru(tpy),][PF¢],""* and
[Ru(tpy)(tpy-NH,)|[PF¢],'") are summarized in Table 1.
From the CV response of complex 8, one oxidation and four
reduction processes were recorded. The first two reversible
waves at —1.04 and —1.43V versus Fc/Fct correspond to
the first and second reduction processes of Cy,. The third re-
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series of three N-pyridinoful-
leropyrrolidines 1--3  reveal
that they are a new type of
fullerene ligand with unique
electronic properties. In partic-
ular, the existence of electronic
coupling between the polypyr-
idyl nitrogen atom and fuller-
ene core makes them potential
candidates of building blocks

.
H,S \/\[1)

10% Pd/C

Cgp» HCHO
[Ru(terpy)Cls]

ODCB, reflux

Scheme 2. Synthesis of fulleropyrrolidine ligand 3 and its Ru" complex 8.

duction at —1.76 V is quasireversible and is assigned to the
first reduction of the metal center. The fourth reduction at
—2.02 V is broad, which is probably due to the combination
of the third reduction of Cy, and the second reduction of the
ruthenium metal center. Compared to those of compound 3,
the first two reductions of compound 8 are anodically shift-
ed by 30 mV, which indicates electronic coupling between
Cgo and the terpyridyl nitrogen atoms. Similar anodical shifts
of Cy-based reduction potentials were also obtained in the
case of N-bipyridylfulleropyrrolidine and N-pyridylfullero-
pyrrolidine.”! The first ruthenium-based reduction of com-
plex 8 is negatively shifted by 100 mV and the first oxidation
potential is negatively shifted by 270 mV, relative to [Ru-
(tpy),]**, which are much bigger than those shifts for Cg,-
centered reductions. This could be due to the existence of
the amino substituent on one tpy residue in complex 8.

Conclusion

In this paper, we have described the synthesis, electrochem-
istry and photophysical behaviour of [Ru(bpy),(bpy-Ce)]**
and/or [Ru(tpy)(tpy-Ce)]*" complexes, in which one bpy or
tpy unit was directly attached to the nitrogen atom of a full-
eropyrrolidine to ensure a linear communication pathway
between the two components. Our studies on the whole
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for molecular electronics, such
as molecular wires and transis-
7 tors. In this light, pyridyl or
polypyridyl fulleropyrrolidine
multiple adducts with defined
geometry between pyridyl liga-
tion sites need to be properly
designed and synthesized. Co-
ordination-driven self-assembly
of these fullerene—polypyridyl
building blocks may lead to
novel supramolecular architec-
tures with interesting electron-
ic properties.¥

NHCH,COOH

Experimental Section

General: Reagents were purchased
from commercial suppliers and used
without further purification. NMR
spectra were obtained on a Bruker
AVANCE-400 or AVANCE-500 NMR spectrometer. The mass spectra
were obtained by using a Bruker Omni Flex MALDI-TOF. Fluorescence
was monitored by using a Shimadzu RF-5301 spectrophotometer, and ab-
sorption spectra were measured on a Perkin-Elmer spectrophotometer.

Electrochemical measurements: All electrochemical measurements were
performed in redistilled solvents (degassed with Ar) with 0.1 TBA[PF;]
as the supporting electrolyte on a CHI 660 Electrochemical Workstation
(CH Instruments Inc, Austin, Texas). A platinum wire was employed as
the counter electrode. A silver wire was used as the reference. Ferrocene
(Fc) was added as an internal reference and all the potentials were refer-
enced relative to the Fc/Fc* couple. A glassy carbon electrode (CHI,
3 mm in diameter), polished with 0.3 um aluminum paste and ultrasoni-
cated in deionized water and CH,Cl, bath, was used as the working elec-
trode. UV/Vis spectroelectrochemical experiments were performed with
a home-built thin-layer cell, which had a light transparent platinum-net
working electrode. Potentials were applied and monitored with an
EG&G PAR Model 173 potentiostat. Time-resolved UV/Vis spectra
were recorded with a Hewlett-Packard Model 8453 diode array spectro-
photometer.

Photophysical measurements: Femtosecond transient absorption studies
were performed with 387 nm laser pulses (1 kHz, 150 fs pulse width)
from an amplified Ti:Sapphire laser system (CPA 2101, Clark-MXR).
Nanosecond laser flash photolysis experiments were performed with
337 nm laser pulses from a nitrogen laser (8 ns pulse width) in a front
face excitation geometry. Fluorescence lifetimes were measured with a
Laser Strope Fluorescence Lifetime Spectrometer (Photon Technology
International) with 337 nm laser pulses from a nitrogen laser fiber-cou-
pled to a lens-based T-formal sample compartment equipped with a stro-
boscopic detector. Details of the Laser Strobe systems are described on
the manufacture’s web site. Emission spectra were recorded with a SLM

Chem. Eur. J. 2006, 12, 4241 -4248
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8100 spectrofluorometer. The experiments were performed at room tem-
perature. Each spectrum represents an average of at least five individual
scans, and appropriate corrections were applied whenever necessary.
Synthesis of 4-amino-2,2'-bipyridine: A mixture of 4-nitro-2,2-bipyridine-
N-oxide (1.1 g, 5.1 mmol) in methanol (20 mL) and 10% Pd/C (0.23 g)
was cooled in an ice bath and vigorously stirred under an inert atmos-
phere. Powder sodium borohydride (2.5 g) was added in small portions.
Stirring and cooling was continued until gas evolution ceased, and the
dissolution of suspended reactant was complete during the course of the
reaction. The catalyst was removed by filtration and methanol was
evaporated under reduced pressure. Water (60 mL) was added and the
aqueous solution was thoroughly extracted with five portions of diethyl
ether (50 mL). The combined organic extracts were dried over Na,SO,
and evaporated to yield white solid (0.86 g, 95%). '"H NMR (300 MHz,
CDCly): 6=4.56 (br, 2H; -NH,), 6.52 (dd, J=5.4, 2.4 Hz, 1H), 7.35 (ddd,
J=1.1, 48, 1.2 Hz, 1H), 7.66 (d, J=2.4Hz, 1H), 7.80 (ddd, J=8.0, 7.7,
1.8 Hz, 1H), 8.27 (d, J=5.4 Hz, 1H), 8.35 (d, /=8.0 Hz, 1H), 8.64 ppm
(d, J=6.4 Hz, 1H); "CNMR (75 MHz, CDCL,): 6=107.1, 109.7, 121.3,
123.5, 136.8, 149.0, 150.0, 153.9, 156.7, 157.0 ppm; ESI-MS: m/z: 174.1
[M+H]*.

Synthesis of N-bipyridyl glycine (4): A solution of 4'-amino-2,2'-bipyri-
dine (1.9 g, 12 mmol), ethyl glyoxylate (50 % in toluene, 2.4 g, 12 mmol),
water (6 mL), and concentrated HCl (7 mL) were allowed to stand at
25°C for 1h in a hydrogenation bottle. Catalyst (100 mg of 10% Pd on
carbon) was added, and the mixture was hydrogenated on a low-pressure
reaction apparatus charged initially at 35 psi until no further absorption
of hydrogen was evident (5 h). Water (25 mL) was added, and the mix-
ture was heated on a water bath to dissolve any white precipitate formed
during the reaction. Removal of the catalyst by filtration of the warm
mixture and evaporation of the filtrate gave the glycine hydrochloride as
white solid. Concentrated HCI was added, and the residue was heated at
60°C for 20 mins and then cooled to 0°C. Collection of the solid by
vacuum filtration gave (1.52 g, yield 80%) of tan powder in its HCI salt
form. The HCI salt was treated with stoichiometric NaOH solid to give
compound 4. "H NMR (HCI salt; 400 MHz, D,0): 6=8.63 (d, J=6.7 Hz,
1H), 8.11-8.24 (m, 2H), 7.89 (m, 2H), 7.30-7.49 (m, 2H), 6.62 (d, J=
5.6 Hz, 2H), 3.80 ppm (s, 2H); MS (MALDI): m/z: 230 [M+1]*.
Synthesis of N-[4-(2,2'-bipyridyl) [fulleropyrrolidine (2): A mixture of Cg,
(100 mg, 0.14 mmol), paraformaldehyde (21 mg, 0.7 mmol), and N-bipyri-
dylglycine (62 mg, 0.28 mmol) was heated at reflux in o-dichlorobenzene
(10 mL) under N, for 5h. The solution was washed with NaCl aqueous
solution and dried over Na,SO,. The solvent was removed under reduced
pressure. The crude product was purified by flash column chromatogra-
phy on silica (eluant: toluene, then toluene/triethylamine 100:2), afford-
ing fulleropyrrolidine 2 (49 mg, 52%). '"H NMR (300 MHz, CS,/CHCl,, 2/
3): 6=5.50 (s, 4H), 7.06 (dd, J=5.6, 2.1 Hz, 1H), 7.29 (ddd, /=7.1, 4.9,
1.3 Hz, 1H), 7.80 (ddd, /=8.1, 7.1, 1.5 Hz, 1H), 8.31 (d, J=2.2 Hz, 1H),
8.48 (d, J=5.0 Hz, 1H), 8.55 (d, J=8.1 Hz, 1H), 8.64 ppm (d, /=6.4 Hz,
1H); MALDI-MS: m/z: 917.9 [M]*.

Synthesis of ruthenium complex 5: A mixture of fulleropyrrolidine 2
(35 mg, 0.038 mmol) and [Ru(bpy),CL] (23.3 mg, 0.045 mmol) was re-
fluxed under nitrogen in the dark for 6h in the presence of excess
NH,PF, (61.2mg, 0.38 mmol) in a mixed solvent DCE (10 mL) and
ODCB (10mL). DCE was removed after the completion of reaction
monitored by TLC. Toluene (10 mL) was added to the resulting mixture,
and precipitates were collected by means of gravity filtration. The result-
ing residue was washed with water and toluene four times, until there no
color was left in the filtrate, and dried to give products (31.7 mg, 49%).
'"H NMR (300 MHz, CD;CN): §=2.24 (s, 4H), 7.30-7.39 (m, SH), 7.68-
7.82 (m. 6H), 8.00-8.11 (m, 6H), 8.42-8.54 ppm (m, 6 H); the last four
sets of proton peaks were characteristic for ruthenium(i) tris(bipyridine)
complexes;** MALDI-MS: m/z: 1474.6 [M—PF,]*, 1328.2 [M—2PF]*,
1344.4 [M—2PF+0]", 1360.2 [M—2PF(+0,]*.

Synthesis of 4'-hydrazino-2,2":6',2"-terpyridine: 4'-Chloro-2,2":6'2"-terpyr-
idine (600 mg, 2.2 mmol) was dissolved in isobutanol (12 mL) with warm-
ing. Excess of hydrazine (4 mL) was added. The mixture was then heated
to reflux under argon, with stirring for overnight. After cooling, white
crystals precipitated out of solution. They were collected by filtration and
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washed with a few drops of water to yield pure 4'-hydrazino-2,2":6',2"-ter-
pyridine (489 mg, 84%). M.p 195-197°C; '"H NMR (300 MHz; CDCl,):
0=28.69 (d, J=4.6 Hz, 2H;), 8.53 (d, /=8.0 Hz, 2H), 7.90 (dd, /=74,
1.6 Hz, 2H), 7.82 (s, 2H), 7.41 (dd, J=7.4, 49 Hz, 2H), 435 (brs, 1H),
3.33 ppm (brs, 2H); MS (ESI): m/z: 264.26 [M+H]".

Synthesis of 4'-azido-2,2:6',2"-terpyridine: A solution of 4'-hydrazino-
2,2":6'2"-terpyridine (0.26 g 1.0 mmol) in acetic acid (2.0 mL) and water
(1.0 mL) was treated dropwise at 0°C with a cold solution of sodium ni-
trite (0.69 g; 1.0 mmol) in water (2.0 mL). A pale brown solid was pre-
cipitated. When the addition was complete, diethyl ether (20 mL) was
added and the aqueous layer was adjusted to alkaline by the addition of
solid NaOH beads. The precipitates dissolved and the aqueous phase was
further extracted with diethyl ether. The combined organic layers were
evaporated and dried to give the product as pale yellow solid (0.27 g,
98%). Crystallization from a mixture of methanol and dichloromethane
gave pale yellow needles. 'H NMR (400 MHz CDCl;): §=7.37 (ddd, J=
5.9,4.8,1.0Hz, 2H), 7.87 (ddd, /=7.8, 7.4, 1.8 Hz, 2H), 8.16 (s, 2H), 8.60
(d, J=8.0Hz, 2H), 8.72 ppm (d, J=4.7 Hz, 2H); “C NMR (100 MHz
CDCLy): 6=111.4, 121.6, 124.3, 137.3, 148.9, 151.0, 155.0, 156.8 ppm; MS
(ESI): m/z: 275 [M+H]".

Synthesis of 4'-amino-2,2:6',2"-terpyridine (6): A solution of 4’-azido-
2,2":6',2"-terpyridine (0.45 g 1.6 mmol) in a mixture of dichloromethane
(5.0 mL) and methanol (5.0 mL) was treated with excess hydrogen sulfide
at 0°C, and the solution was kept at room temperature for 5 h until com-
plete consumption of the azido compound. The solution was degassed
with nitrogen to remove H,S and then evaporated to dryness. The residue
was treated with 2m H,SO, and the mixture was filtered and washed with
CH,Cl,. Subsequently, the remaining solution was basified using 50 %
NaOH and extracted with CH,Cl,. The combined organic layers were
evaporated to give pale yellow solid. Crystallization from petroleum
ether/dichloromethane gave pale brown solid (0.38 g, 95%). 'H NMR
(400 MHz CDCL,): 6=4.35 (br, 2H), 7.32 (dd, J=6.0, 4.8 Hz, 2H), 7.71
(s, 2H), 7.84 (ddd, J=17.7, 7.4, 1.8Hz, 2H), 8.59 (d, /=8.0Hz, 2H),
8.68 ppm (d, J=4.7Hz, 2H); "CNMR (100 MHz CDCly): 6=106.8,
121.3, 123.6, 136.8, 148.9, 154.6, 156.3, 156.5 ppm; MS: m/z 248.5
[M+H]*.

Synthesis of N-terpyridyl glycine (7): A mixture of 4’-amino-2,2":6',2"-ter-
pyridine (0.25 g, 1.2 mmol), ethyl glyoxylate (50% in toluene, 0.24 g,
1.2 mmol), water (1 mL), and concentrated HCl (1 mL) was allowed to
stand at 25°C for 1 h in a hydrogenation bottle. Catalyst (100 mg of 10 %
Pd on carbon) was added, and the mixture was hydrogenated on a low-
pressure reaction apparatus charged initially at 35 psi until no further ab-
sorption of hydrogen was evident (5 h). Water (3 mL) was added, and the
mixture was heated on a water bath to dissolve any white precipitate
formed during the reaction. Removal of the catalyst by filtration of the
warm mixture and evaporation of the filtrate gave the glycine hydro-
chloride as white solid. Concentrated HCl was added, and the residue
was heated at 60°C for 20 min and then cooled to 0°C. Collection of the
solid by vacuum filtration gave (0.18 g, yield 70 %) of tan powder in its
HCI salt form. The HCI salt was treated with stoichiometric NaOH beads
to give compound 7. '"H NMR (HCI salt; 400 MHz, D,0): 6=8.58 (d, J=
5.2 Hz, 2H), 835 (t, J=7.6 Hz, 2H), 828 (d, J=7.8 Hz, 2H), 7.82 (t, J=
6.4 Hz, 2H), 7.05 (s, 2H), 3.84 ppm (s, 2H); *C NMR (100 MHz, D,0):
0=43.6, 108.6, 123.7, 127.9, 142.2, 145.6, 147.3, 156.5, 172.7 ppm; MS
(MALDI): m/z: 307 [M+1]*, 306 [M]*.

Synthesis of N-[4'-(2,2":6',2"-terpyridyl) Jfulleropyrrolidine (3): A mixture
of Cq (100 mg, 0.14 mmol), paraformaldehyde (21 mg, 0.7 mmol) and N-
terpyridylglycine (89 mg, 0.28 mmol) was heated at reflux in o-dichloro-
benzene (10 mL) under N, for 5 h. The reaction mixture was purified by
flash column chromatography on silica (eluant: toluene, then toluene/
triethylamine 100:6), affording fulleropyrrolidine 3 (46 mg, 48%).
'"HNMR (400 MHz, CDCL): 6=5.53 (s, 4H), 7.37 (ddd, J=6.1, 4.3,
1.1 Hz, 1H), 7.90 (ddd, /=7.9, 7.1, 1.4 Hz, 1H), 8.43 (s, 2H), 8.71 (d, J=
8.0Hz, 1H), 8.72ppm (dd, J=5.8, 1.4 Hz, 2H); CNMR (100 MHz,
CS,/CDClLy): 6=61.5, 69.5, 107.8, 121.4, 123.8, 136.2, 136.5, 140.5, 142.1,
142.2, 142.3, 142.8, 143.3, 144.7, 145.4, 145.7, 145.8, 145.9, 146.2, 146.4,
147.5, 148.9, 154.0, 154.5, 156.3 ppm; MALDI-MS: m/z: 994.9 [M]*.
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Synthesis of ruthenium complex 8: Synthesis of complex 8 followed a
similar procedure reported by Diederich and co-workers.* The yield of
this reaction was 49%. 'HNMR (500 MHz, CD,CL,): 6=5.79 (s, 4H),
7.10 (dd, J=6.1, 1.1 Hz, 2H), 7.17 (dd, /=5.8, 1.4 Hz, 2H), 7.26 (dd, J=
7.9, 1.4 Hz, 2H), 7.56 (d, J=7.5Hz, 2H), 7.85 (m, 5H), 8.31 (m, 2H),
8.39 (s, 2H), 8.50 (m, 2H), 8.66 ppm (m, 2H); MALDI-MS: m/z: 1328.7
[M—2PF(]*, 1473.5 [M—PF,]*.

Synthesis of [Ru(tpy)(tpy-NH,)][PF], and [Ru(tpy),][PF],: Synthesis of
the two compounds followed reported procedures.™!
[(tpy)Ru(tpy-NH,)](PF,),: '"HNMR (500 MHz, MeOD): 6=7.04 (ddd,
J=6.8,4.2,13 Hz, 2H), 7.22 (m, 4H), 7.51 (ddd, J=7.8, 7.4, 1.1 Hz, 2H),
7.80 (ddd, J=6.5, 5.3, 1.5 Hz, 2H), 7.88 (ddd, /=77, 7.1, 1.0 Hz, 2H),
7.92 (s, 2H), 829 (m, 3H), 8.54 (d, /=8.0Hz, 2H), 8.80 ppm (d, /=
5.8 Hz, 2H).

[Ru(tpy),][PFy],: '"H NMR (500 MHz, MeOD): 6=7.35 (ddd, J=6.7, 4.2,
1.2 Hz, 4H), 7.73 (dd, /=6.0, 4.8 Hz, 4H), 8.10 (ddd, /=74, 7.0, 1.4 Hz,
4H), 8.60 (t, J=5.8 Hz, 2H), 8.82 (d, /=8.4 Hz, 4H), 9.09 ppm (d, /=
5.9 Hz, 4H); MALDI-MS: m/z: 567.4 [M—2PF]*, 710.5 [M—PF]*.
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